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Preface

The structure of this thesis work may appear somewhat confusing at first; this
was, to a certain measure, both an inevitable and a wanted result. The PhD
project from which it stems started along with (and was completely funded by)
the ERC project titled “Unravelling the secrets of Cu—based catalyst for C-H
activation (CuBE)”, which focused on the synthesis, characterization and
eventual application of the titular materials. The project encompassed several
types of Cu-based catalysts, both in the homogeneous (metallorganic
complexes, enzymes) and the heterogeneous (zeolites, metal-organic
frameworks) phase. My work in this context has primarily been in the
investigation of two of these classes of materials through experimental and
theoretical techniques; characterization (and the development of
characterization tools) is meant to be the primary, cross-material focus of this
thesis irrespective of the specific system under study.

The first class of materials investigated in this work is that of Cu-exchanged
zeolites. The literature on these materials and their application is so vast that
an equally lengthy document could be written as a systematic review on the
topic, so three specific aspects were inquired in this instance: the
characterization and quantification of Cu(l) species, the relationship between
the Cu(l)/Cu(ll) redox cycle and the formation of multimeric species, and the
problem of the Al distribution in these materials.

Focus is then shifted towards Cu-based organometallic complexes, showcasing
modified bipyridine and tetradentate imine-imidazole ligands. The former were
subject to an extensive multitechnique characterization, which identified one
of the complexes as candidate for catalytic activity; more sophisticated
approaches to characterization were employed to investigate its oxidation by
tert-butyl hydroperoxide and the resulting species. The latter was instead
studied in its interaction with oxidizing/reducing agents, with the aim of
characterizing the Cu(l)/Cu(ll) cycle with a combined XAS/DFT approach.



Chapter 1
Introduction

1.1 C-H bond selective activation and the role of Cu

The activation of the C-H bond of hydrocarbons is today a century-old problem,
with first reports dating as far back as 1902 when Otto Dimroth reacted
benzene with Hg(ll) acetate, although the mechanistic aspects of the procedure
used by Dimroth are not very close to modern approaches to this reaction.'™
The consequences that less impactful procedures to carry out this reaction(s)
would have on the chemical industry in terms of energy consumption, resource
management and environmental issues are hard to overstate, and it has been
accordingly named a “Holy Grail” or “dream” reaction. A relevant example of
this importance is the wide interest in the direct oxidation of CH4 to CH3OH, as
the alcohol analogue poses significantly reduced issues in transport and
stocking of this resource. Anthropogenic sources account for almost two thirds
of CHs worldwide emissions,® contributing to global warming due to its
properties as greenhouse gas and wasting significant amounts of this energy-
rich resource.” One of the reasons for the release of this gas in the atmosphere
is the inefficiency in the application of the current technology for CHa
valorisation in remote zones or small plants, with consequent flaring or plain
air release in the worst case; even when proper treatment can be carried out,
the syngas-based technologies currently used for this purpose are energy-
intensive and often only viable for large-scale applications.® For these reasons,
much scientific effort has been devoted to the development of catalytic
procedures that could directly convert CHs to CH3OH, bypassing the syngas
formation step of the reaction.? Ironically, the C-H bond in CH4 is the most
difficult to activate among simple alkanes, due to its high dissociation energy
(440 kJ/mol) and its highly symmetrical structure. Even when activation of this
bond is performed with acceptable yields, overoxidation to CO; is usually an
issue due to the higher reactivity of partial oxidation products (e.g., CH3OH).
This selectivity vs conversion issue has plagued all the chemical systems
proposed to carry out this reaction, as can be seen in Figure 1.1.
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Figure 1.1 Selectivity vs conversion for different systems for the direct conversion of CHs to
CHsOH; scatter points and graph from Ref 10712,

The highest conversions have historically been achieved by catalysts in the
homogeneous phase, especially when converting CHa to other derivatives (e.g.,
methyl trifluoroacetate);!® the drawback of these approaches, apart from the
need for an additional step to obtain CH30OH, has been the need for precious
metal-based complexes and/or harsh reaction conditions (in terms of pressure
and acidity of the medium). Materials that were able to retain high selectivity
(e.g., Cu-exchanged zeolites) have been instead characterized by very poor
yields, also due to the chemical looping processes that need to be employed in
most cases to perform the reaction using them. The interest soon shifted from
trying to optimize conditions to make these materials perform better (since
reaching economically viable industrial processes using them may not be even
possible)'# to understanding what makes them so selective and translate these
conditions into different classes of catalysts. Another driving force for the quest
of developing new catalysts with patterns that are known to enhance the
reaction can be inferred by the yellow box in Figure 1.1: as is often the case for
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catalytically demanding reactions, enzymatic systems like particulate methane
monooxigenases (pMMOs) have been found to perform direct conversion of
CHs to CH3OH in mild conditions (ambient temperature and pressure in
aqueous solution) and using Cu as active metal.'>'7 Similarly, proteins from the
Iytic polysaccharide monooxygenase (LPMO) family have been discovered to
selectively oxidize the C-H bond in long chain polysaccharides and could
possibly be employed for similar reactions.'®3° Synthetic “biomimetic” (or
more accurately, biologically inspired)? catalysts trying to replicate these
metal-organic patterns have been developed,3! though no material that can
satisfy requirements for industrial application has been found yet. Some
authors have tried to exploit this enormous number of attempts as a starting
point for top-down approaches, using the available data to develop kinetic
models of the reaction to predict the characteristics needed to build a working
catalyst32 or even training machine learning algorithms with this data to
directly predict chemical structures that would work.33

1.2 Characterization of Cu catalysts

The most common redox chemistry of Cu is centred around the 1-electron
Cu(1)/Cu(ll) couple, although Cu(lll) has also been observed and studied.3*
Common inorganic salts of Cu(l) are generally unstable in aqueous solution, as
disproportionation to metallic Cu and Cu(ll) readily happens upon dissolution in
H,O. Stabilization of this oxidation state can be achieved by both inorganic and
organic ligands generating species with differing redox potential. Cu(l)
complexes are often characterized by low coordination numbers (2-4), both
because of the low formal charge of the metal and the filled d-orbital set; when
it is coordinated by four ligands, the metal site usually prefers tetrahedral
configuration with respect with square planar. In contrast, Cu(ll) is most often
found in octahedral coordination with strong Jahn-Teller distortions. These
general trends can be subject to great variability depending on the ligands, the
solvent or host material and the reaction conditions. As an example, widely
accepted notions in inorganic chemistry, like the aforementioned octahedral
coordination of Cu(ll), were revealed to only hold true in the solid state, while a
wider variety of structurally plastic lower-coordinated geometries were found
to exist in solution even for apparently simple ligands like H20,3°*2 CH3CN*3
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and NHs.** Because of this variability, a plethora of experimental and
theoretical tools have been developed in the years to study the geometrical
and electronic structure of these species in an attempt to find structure-
property relationships. While X-ray diffraction is surely the most direct way to
obtain structural parameters in a decisive manner,*=° many systems cannot
be characterized using this technique: apart from the often challenging task of
obtaining high-quality crystals for diffraction in single-crystal studies, samples
that are not characterized by long-range order (like diluted Cu sites in zeolites
and Cu complexes in solution) require different approaches. An increasing
popularity of total scattering-based techniques (like pair distribution function
analysis) in the recent years has allowed to retrieve this structural sensitivity
even in disordered cases, with the caveats of intensive data analysis
procedures and the requirement of synchrotron light.>'™>” A major role in
structural determination has also been played by Cu K-edge EXAFS
spectroscopy,”® > allowing for extremely accurate determination of bond
distances in the vicinity of the metal atom regardless of long- or short-range
order; the use of EXAFS (and X-ray spectroscopy in general) has been a staple
of the materials science community for years, but use of this technique for
studies in solution is also becoming frequent.3437,4041,43,76-80 Although lab-scale
instruments are becoming more common,8! X-ray spectroscopy today remains
a large-scale facility-dependent technique. Vibrational spectroscopies (mainly
infrared and Raman) are often employed in lab-scale characterization to
provide structural evidence for the formation of particular groups in the
sample, via direct identification of functional groups or indirect observations
(e.g., perturbation of other vibrational modes or interaction of the sites with
probe  molecules).8278649,87-9060,91,92  Flectronic  spectroscopies involving
transitions in the HOMO-LUMO (UV-Vis) or core-valence (XAS/XES) regions are
routinely used as a probe for oxidation state and coordination geometry
around Cu;60,67,93—9734,71,98—10243,82,83,85,98,103—109 Whlle EPR Spectroscopy can
retrieve similar and complementary information to electronic spectroscopy in
this context*?11%-117 (and especially fine details can be investigated using pulsed
techniques),'*¥122 NMR spectroscopy is usually discarded as an option in the
presence of paramagnetic Cu(ll) species (with some notable exceptions).120:124-
127 |sothermal gas adsorption/desorption can be used to perform quantitative
speciation studies on solid materials (see Appendix A3), and temperature-
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programmed adsorption/desorption experiments have been used to both
study thermal stability of adducts and identify species based on their evolution
as a function of temperature.113114128-132 Cytting-edge electron microscopy
techniques can provide information on solid catalysts from the reactor to the
atomistic scale with remarkable Z-contrast.'33-13> Virtually all techniques listed
above can be and have been supported by quantum chemistry calculations in
the frame of density functional of wavefunction theories, since reliable ways of
calculating not only geometries and energies, but practically any kind of
spectroscopy with unprecedented accuracy is available today for both periodic
and molecular systems. Sophisticated molecular dynamic and metadynamic
simulation schemes are also available for cases in which time evolution of the
system is important and/or several minima in the potential energy surface
require investigation of simulation of averaged properties. The need to extract,
treat, interpret and predict an ever-increasing amount of data is reflected by
the rise in popularity of multivariate statistical methods and machine learning-
assisted approaches to characterization; one very powerful and practically cost-
free example of these methods (i.e., multivariate curve resolution)36139 jg
extensively applied to spectroscopic characterization in this document. As a
final remark, the experimental techniques described above are rarely used in
isolation in model conditions: the spread of multitechnique studies exploiting
in situ (i.e., in the temperature/pressure/chemical conditions of the reaction
under investigation) and operando (i.e., with simultaneous quantitative
assessment of reaction products) conditions?-°0:143-152,82,83,109,110,126,140-142 3
be taken as a testament of both the challenge of identifying active species and
mechanisms in catalytic systems and the tremendous insight that can be
gained by interfacing different techniques and analytical tools.
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Chapter 2
Cu-exchanged zeolites

2.1 Materials & methods

2.1.1 Cu-zeolites

The Cu-exchanged zeolites studied in this work belong to three classes of
materials: Cu-ZSM-5 (MFI topology),® Cu-SSZ-13 (CHA topology),? Cu-MOR
(MOR topology).? These materials show relatively narrow pore structures,
ranging between 3.8 and 7.0 A widths with 2- (MOR) and 3-dimensional
channels (ZSM-5 and SSZ-13). A visualization of the three frameworks is
depicted in Figure 2.1.

Ve

Figure 2.1 Visualization of the three framework topologies of MFl, CHA and MOR. Colour code:
O in red, Si in yellow. MFI is visualized along the crystallographic b axis, while CHA and MOR are
visualized along the crystallographic c axis (based on the reference IZA structures).*

Preparation of these materials may be achieved through classical hydrothermal
synthesis with the possible inclusion of seeds to direct the reaction product
towards one specific framework topology; templating agents are sometimes
used, especially when low Al concentrations are desired, or mesoporosity
wants to be introduced.® Solution ion exchange protocols are usually employed
to introduce Cu in the material as extraframework cation to substitute the ones
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that resulted from the synthesis (most often H*, NH4* or alkali).®” With respect
to other possible methods (like sublimation of CuCl), exchange in solution
provides an easy way to introduce Cu using a water-soluble salt bearing a
counteranion that can then be easily removed via calcination (e.g., Cu(ll)
acetate). High temperature treatment of the material is often necessary
regardless of the source of Cu before characterization, as water and other
adsorbates can be present in the material and may need to be removed prior
to characterization. A critical aspect of solution ion exchange is the control of
pH of the resulting suspension: the speciation of Cu ions in the liquid phase is
affected by the acidity of the solution, as is shown in Figure 2.2.
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Figure 2.2 Theoretical copper speciation for hydroxyl Cu complexes in pure water for a total
copper concentration of 1 mg/I. Adapted from Ref &.

Depending on the pH, the formation of Cu hydroxide can be favoured, which is
associated with the successive unwanted formation of Cu oxide aggregates in
the solution or in the material after calcination;? in contrast, too low pH values
result in an excess of H* ions that compete with the Cu for ion substitution in
the material, potentially slowing down the exchange and preventing high Cu
loadings. The use of Cu(ll) acetate as the source of the metal ion is then
convenient, since it offers the possibility to prepare acetic acid/acetate buffers
to accurately control the pH during exchange at the desired value (usually

around 4-5 when high concentrations in the final material are the target). Cu
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exchange is usually performed on NHas*-exchanged materials, independent of
the cations already present in the as-synthesized material: the reason for this
two-step exchange procedure is that it has been shown that exchanging Cu
from NHs" instead of H* or alkali usually leads to high Cu loadings more easily.°
Since the metal is usually introduced as a Cu?* cation, Cu/Al ratios are in the
range 0-0.5; in cases where the Cu site is reduced, the additional positive
charge needed to balance the negative one from the framework is usually
attributed to acidic protons resulting in some way from the reaction. Cu/Al
ratios >0.5 are usually ascribed to the formation of isolated clusters in the
pores as the only way to accumulate non-framework-bound Cu. The list of the
materials discussed throughout this work is reported in Table 2.1.

Table 2.1 List of Cu-zeolites used in this work. All Si/Al and Cu/Al are reported as molar ratios.
Unless specified otherwise, materials have been synthesized in the context of the iCSI (industrial
Catalysis Science and Innovation) project. a) Commercial parent material from Zeolyst
International (CBV 21A). b) Commercial parent material from Zeolyst International (CBV
5524G). ¢) Commercial parent material from Zeolyst International (CBV 2314). d) Cu exchange
procedure performed by the author.

Name Si/Al Cu/Al Reference
(0.48)Cu-CHA(15) 15 0.48 1
(0.35)Cu-CHA(5) 5 0.35 12
(0.32)Cu-MOR(11)? 11 0.36 13
(0.21)Cu-MOR(6.5) 6.5 0.21 1
(0.48)Cu-MFI(25) b4 25 0.48 15
(0.35)Cu-MFI(11.5) ¢ 11.5 0.35 15
Na-MOR 7.3 0 16
NHs-MOR 7.3 0 16

As a final note, care should be taken in determining the composition of the
prepared materials. The final concentration of Cu in the material is not known
a priori, and the Al content can be different compared to the stoichiometry
used for the reactants during synthesis and/or can be modified during ion
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exchange. If quantitative relationships want to be established between a
reaction promoted by the catalyst and its composition (usually in terms of Si/Al
and Cu/Al molar ratios, or of Al and Cu weight percentage), accurate
measurements of such composition must be performed. A technique that is
often used to retrieve these concentrations is energy-dispersive X-ray
spectroscopy (EDS) from scanning electron microscopy (SEM); although this is
surely useful to have an estimate of Cu incorporation in the material, SEM-EDS
is not a quantitative technique for determination of Cu and especially Si and Al
amounts in a porous, solid material for at least two reasons:

1) Less than roughly 10% of emission of core-excited atoms with Z<15
(such as Si and Al) consists of X-ray emission, while most of the
relaxation occurs via (often undetected) Auger decay. This inherently
limits the sensitivity of standard SEM-EDS measurements on light
atoms.’

2) Accurate analytical methods for elemental analysis require the use of
standard materials to build a calibration curve from which the unknown
sample concentration is then interpolated, so that at least systematic
errors can be compensated (or at least minimized). Such reference
materials are difficult to produce for solid samples and specifically for
complex matrices, so that in practice calibration-less measurements are
often performed. This procedure can give sufficient semi-quantitative
results but is, generally speaking, incorrect for absolute quantitative
determination of elemental composition.8

Accurate quantitative information on the composition of these materials is
achieved via elemental analysis techniques, such as inductively coupled plasma
optical emission spectroscopy (ICP-OES) or microwave plasma atomic emission
spectroscopy (MP-AES). Both of these techniques can be impractical, due to
the need to dissolve the samples in solution for analysis; this is usually
performed for silicates via digestion in HF, with some additional complications
in case Si needs to be measured because of the volatility of Si fluorides.® The
overall inconvenience of this sample pretreatment procedure, along with the
possible lack of the necessary instrumentation, is probably the cause of the
spread of SEM-EDS as a technique for elemental analysis in solids, which can
contribute to inconsistency and possibly lack of reproducibility in the literature.
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2.1.2 Experimental characterization of solid materials

Characterization of solid materials (in a broad sense) is an important but often
challenging task that has sparked the interest of scientists interested in
heterogeneous catalysis for many years. Compared to the homogeneous phase
(i.e., systems in solution) several complications arise, such as i) the more
complicated procedure needed to obtain different concentrations of species
that are homogeneously distributed in the material, ii) the harder and
sometimes ill-defined task of obtaining standard reference materials, iii) the
possible (and frequent) heterogeneity of active species, iv) the presence of an
interface between the material and the reactants (solid-solid, solid-liquid, solid-
gas), v) the role of an often complex and non-innocent matrix, vi) the different
interaction of light with a solid compared to a liquid solution, the latter of
which is usually characterized by transmission and absorption as the major
components of interaction. Points v) and vi) have been of particular relevance
in this work, as most of the characterization techniques that have been
employed are spectroscopies. Additional challenges emerge when such
techniques have to be adopted in in situ/operando mode, as the additional
requirements of homogeneously subjecting a solid material to thermochemical
treatment in a controlled environment while possibly testing its performance
through online analytical techniques is not an easy task and strongly technique-
dependent.

Transmission IR spectroscopy has been widely used to characterize the surface
properties of porous materials and specifically Cu-zeolites. The data presented
in this work were acquired on an Invenio R spectrophotometer from Bruker,
equipped with a mercury cadmium telluride (MCT) cryodetector, a resolution
of 2 cm™ and averaging 32 scans (64 for background spectrum, collected with
an empty measurement chamber). Samples were prepared as self-supporting
pellets of pressed powder; hydraulic press loads in the range 2-3 tons usually
result in pellets without cracks, although some less sturdy materials (e.g.,
MOFs)?° could experience structure collapse or loss of crystallinity at these
pressures. The resulting pellet was weighed on a precision scale and its area
was measured by digitally evaluating its picture on graph paper via the Imagel
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software.?! The pellet was then placed in a gold envelope as an inert structural
support and inserted in a glass cell equipped with IR-transparent windows
(usually KBr), which can then be connected to a vacuum line for
thermochemical treatment. Gas probe molecules (i.e., CO) were introduced
through a vacuum line connected to the cell during measurement from a CO-
filled glass balloon; pressure of the gas in the 10%-100 mbar range was
measured through a multiscale Pirani gauge. The spectrum of the material was
acquired in transmission mode and plotted in absorbance scale; this is not
formally correct, as absorbance as a quantity presupposes that all non-
transmitted light is absorbed, while scattering effects on these materials are
often present. For this reason, it is always important not to use the raw reading
of absorbance in the spectrum as proportional to concentration, but to
consider scattering effects in the considered spectral region and, when
possible, subtract a background spectrum of the sample prior to the reaction of
interest. Another important variable to consider for signal intensity is the
thickness of the pellet, which is usually unknown and very difficult to measure.
If comparisons between different samples want to be drawn, care should be
taken to at least normalize the spectra to the thickness of the pellet: this is
usually achieved by normalization to overtone peaks of bulk vibration modes,
the fundamentals of which are too intense to be measured in transmission
mode. Specific cells that allow to heat the sample and flow gas reactants in the
sample environment while spectra are being measured are available
commercially for transmission, diffuse reflectance or attenuated total
reflectance IR spectroscopy; these systems allow to get closer to operando
conditions, but need to be thoroughly tested for air-tightness to be reliable, as
even trace amounts of water leaking in the cell from the atmosphere can have
a dramatic effect on these materials.

Raman spectroscopy is a vibrational technique that can be used in a
complementary manner to IR for the study of these materials. It presents
several advantages, such as i) selectivity towards symmetrical vibrational
modes (in contrast to IR), ii) possibility to extend the energy range to lower
wavenumbers (down to 300 cm™ in the case of this work, compared to 500 cm"
L for IR), iii) possibility to work in resonant conditions, selectively enhancing the
intensity of specific vibrations. The main drawbacks associated with the use of
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this technique in this context are the inherent low cross-section of the Raman
scattering, reflecting in low S/N ratios and thus long acquisition times, and the
possible interference of fluorescence from species in the sample (e.g., Cu(l),
carbonaceous residues). In favourable cases, however, Raman spectroscopy
can provide otherwise unattainable information, as will be shown in Section
2.3. The sample was inserted in a capillary in powder form; reactive gases were
flown through the ends of the capillary, and heating was achieved through a
coil connected to an electrical power supply. All spectra were collected with a
Renishaw inVia Raman microscope spectrometer, equipped with a He-Cd laser
(Kimmon Koha IK series) emitting at 442 nm as excitation source. The excitation
light was focused on samples through a 20x objective, analyzed by a 2400
lines/mm grating and detected by a CCD detector. The laser power was set to
ca. 0.1 mW at the sample, in order to avoid sample degradation induced by the
radiation.

UV-Vis-NIR diffuse reflectance (DR) spectroscopy has been widely used to study
Cu-zeolites, as it is able to probe the states around the Fermi energy of solid
materials that contain transition metals and obtain specific information about
the metal centre. In the case of Cu-zeolites, the negligible absorption of the
matrix in almost the entirety of the explored range of wavenumbers allows to
probe d-d and charge transfer (CT) transitions due to Cu, which are highly
affected by the speciation of the metal centre. The reactivity involved in the
reactions studied in this work mainly involves the Cu(l)/Cu(ll) redox couple;
since Cu(l) has a d*° electronic configuration, in which d-d transitions are not
observed, the technique also offers the possibility to check the evolution of the
oxidation state of the metal during reaction. Powdered samples are usually the
preferred form for DR spectroscopy, as diffuse reflectance is maximized in
these conditions; coincidentally, this also makes the system closer to reactor
conditions in which catalytic tests are performed and is thus particularly fit for
in situ/operando setups. Developing such a setup was one of the main
objectives of this work: a scheme of the result is shown in Figure 2.3.
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Figure 2.3 Scheme of the experimental setup developed to perform operando UV-Vis-NIR DR
spectroscopy on solid samples.

The setup is comprised of 4 mass flow controllers (MFC) that allow accurate gas
flows to reach the sample through stainless steel and/or inert plastic tubes.
One of the MFC lines is connected to a temperature-controlled bubbler for wet
gas experiments, and all lines after the bubbler are heated to prevent
condensation within the tubes. A straight quartz tube (9 mm internal diameter)
contains the sample powder (ca. 100 mg) positioned on a quartz wool plug, and
a thermocouple is inserted in the tube approximately at the same height as the
sample, which is then inserted in an oven; the temperature is read through the
thermocouple and controlled in a very accurate and responsive manner
through a PID. A custom made, temperature resistant (up to 600°C) fibre optic
is inserted in the oven and probes the sample through the reactor wall
perpendicular to it. Light in the UV-Vis-NIR range is produced by an Avantes
Avalight-DH-S light source (including both a deuterium and a halogen lamp),
which is then shone on the sample through the fibre; reflected light is then
recollected by the outer channels of the fibre and analyzed via an Avantes
AvaSpec-ULS2048XL-EVO detector. Since absorption bands in solids are usually
very broad compared to species in solution, 100 um slits were used to enhance
light collection and improve time resolution (<5 s/spectrum in most cases). The
effluents can then be directed towards a mass spectrometer and/or a gas
chromatograph for product quantification. Since absorption bands (especially
CT transitions) can be very intense depending on the sample, use of the
Kubelka-Munk function is not proper and can lead to heavily distorted
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spectra;?>?* for this reason, all spectra are collected and reported as
reflectance (%) using tetrafluoroethylene powder as blank for 100%
reflectance. Since the data obtained using this setup did not fit with discussion
topics reported throughout this chapter, some examples of data acquisition
and setup development are reported in Appendix Al.

X-ray absorption spectroscopy (XAS) is one of the most used techniques in the
materials science community to study solid samples, especially metal sites
dispersed in light matrices, involving electronic transitions from core states to
unoccupied states or the continuum via photoelectric effect. XAS in
transmission mode is a bulk-sensitive technique with exceptional element-
selectivity; it can have time resolution of minutes or even seconds per
spectrum depending on the energy range (for Cu), can be coupled with other
spectroscopies (e.g., DRIFTS) and XRD and can be used in in situ and operando
configuration. It is still mostly a large-scale facility dependent technique,
although recent progress has been made for laboratory sources. Although not
discussed in this work, surface specific information can be obtained using
electron yield detection, and particularly dilute samples can be measured in
strongly absorbing matrices using fluorescence detection (see Sections 2.4 and
3.3). The XAS spectrum is usually divided in two zones depending on the
incident energy of the X-ray beam, namely the X-ray absorption near edge
structure (XANES) region below and just above the edge energy and the
extended x-ray absorption fine structure (EXAFS) region some tens of eV above
the edge energy. The XANES region gives information about the oxidation state
and the coordination geometry of the probed element, while the EXAFS region
is used to get accurate information on the coordination number and the
distance of atoms in the close proximity (up to ca. 6 A, depending on data
quality) of the element after a fitting procedure. EXAFS spectra can also
provide information on the identity of the neighbouring atoms if their atomic
number is sufficiently different; this ability, and specifically the possibility to
distinguish contributions from heavy atoms has been greatly enhanced by
recent developments such as wavelet transform analysis (see Section 2.3 and
Appendix A2). XAS experiments performed through this work were performed
at different light sources and in different configurations. The experiments
described in Section 2.2 were performed at the BM23 beamline of the
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European Synchrotron Radiation Facility (ESRF, Grenoble, France)?® using the
Microtomo cell,?® allowing for thermochemical treatment of the sample in
pellet form during spectral acquisition. More detailed information on the cell
and beamline characteristics can be found in Appendix A5. The experiments
described in Section 2.3 were performed at the XAFS beamline of Elettra
Sincrotrone Trieste (Basovizza, Italy) on pre-activated sample pellets that had
been stored in a glovebox, vacuum-sealed in plastic bags and stored in an N;-
filled canister for transportation. More detailed information on the beamline
characteristics can be found in Appendix A2. The experiments described in
Section 2.4 were performed at the Phoenix Il beamline of the Swiss Light
Source (SLS, Villigen, Switzerland), equipped with an Apple-Il undulator. Each
material was pressed into 9 mm diameter self-supporting pellet and placed in
the 6-slot Cu holder (also used to heat the pellets to the required temperature)
inside the vacuum sample chamber (10°-10® mbar). When necessary, the
sample was exposed to diluted O, directly in the sample chamber and re-
evacuated prior to measurement. The Al K-edge spectra were acquired in
fluorescence mode employing a planar grating monochromator to scan the
incident energy. The incoming beam intensity (lo) was monitored by measuring
the drain current from a Ni covered thin polyethylene foil placed in the beam
path, while the X-ray fluorescence signal was detected by a single-element Si
drift diode. Al K-edge spectra were recorded in the 1420-1836 eV range with a
0.2 eV resolution in the XANES region and a 2.5 eV resolution in the EXAFS
region. Spectra were aligned in edge energy according to spectra of an Al foil
acquired in the same conditions. The Athena software from the Demeter
package?’ was used for spectra normalization and visualization.

Isothermal volumetric adsorption measurements allow to indirectly probe and
quantify the Cu(l) content in Cu-zeolites, exploiting the selective adsorption of
CO on such sites. Experiments were performed on a commercial volumetric
apparatus (Micromeritics ASAP 2020, Norcross GA) at 50°C. The sample was
inserted as pellet fragments in a custom quartz volumetric cell with
connections that allow thermochemical treatment of the sample prior to
measurement. The burette was placed in a thermal jacket filled with
thermostatic fluid, allowing for precise temperature control. All activation
procedures for the samples have been performed on vacuum lines replicating
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the ones employed for IR spectroscopy applied to the same study. Details on
the gases and the treatment can be found in Appendix A3 and in Section 2.2.

2.1.3 Computational methods

Structure optimization on the materials presented in the next sections have
been performed in the frame of density functional theory (DFT) using the
CRYSTAL17 software,?® which is specifically designed to exploit symmetry in
solid systems. All periodic structures and adducts were optimized at the B3LYP
level?®3° with D3 correction for dispersive forces;3! triple-zeta basis sets of the
Ahlrichs family3? were chosen for Cu and atoms of the adsorbed species (NHs,
CO), while framework atoms were described by double-zeta basis sets
specifically built for similar cases.3®3* All energetics were calculated on the
obtained models by calculating harmonic frequencies on a subset of atoms
consisting of the Cu cation, the sorbed molecule(s) when present, the
framework Al and its surrounding atoms up to the second coordination sphere
(4 O and 4 Si). Variations in electronic energy (AE), enthalpy (AH) and Gibbs
free energy (AG) at the relevant temperatures and pressures were calculated
according to Equation 2.1:

aX = ZXproducts - ZXreactants withX =E,H or G Eqg.2.1
All additional parameters and settings are specified in Appendices A3 and A5.

Calculation of pre-edge and rising-edge XANES spectra was performed in the
frame of time-dependent density functional theory (TD-DFT) using the ORCA
software (version 5.0.3).3>737 Cluster models of the involved species were cut
from the optimized periodic structures described previously using the Moldraw
software,3® including the absorber element and its nearest neighbouring
atoms, saturating any dangling bond on the Si with H atoms. Systematically
more complex clusters were cut to include only Cu and the first, second, or
third O-Si units shells around Al, respectively; in cases in which small rings
would be cut off too crudely with this approach, the whole ring structure was
kept instead. Spectra were calculated on these cluster models and showed
converged spectral features already at the mid-complexity level (i.e., Cu,
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adsorbed molecules, two Si-O shells around Al plus saturating H atoms) and
were thus used for all TD-DFT calculations. An example of such structures is
portrayed in Figure 2.4 for clarity.

F-T s 3 Bl - T
I I ! I
1 1 N % I Y <
o O -a, Fas . 1
1 [ I ¢ o o~ | O~y & o 1
| O ! ) & ! # 1
I ' Y o ; Yo !l Q0 &
I A § ! ¥ I
I ' b 20 T ¢
e 1 Q =-a, ! 1 Q
: I 4 I S
I | 1 Do s :
I | 1 Y |
I I ! I
I ! ! I
I Small model ! Medium model ! Big model |
: 1 Si, 1 O neighbours : 2 Si, 2 O neighbours : 3 Si, 3 O neighbours |
1
U U U — - e e - e - - - - U Sy —

Figure 2.4 Examples of cluster models cut from the optimized periodic structure for Cu in the 8-
member ring of Cu-MOR. Colour code: H in white, C in black, O in red, Al in brown, Si in yellow,
Cu in blue.

The TD-DFT calculations were performed within the Tamm-Dancoff
approximation using the range-separated hybrid GGA CAM-B3LYP functional.®
The ZORA approximation*® was employed to account for relativistic effects, in
conjunction with the ZORA-def2-TZVP(-f) basis set recontracted for the purpose
by Pantazis and coworkers.** The auxiliary SARC/J basis set*™*3 was used in
conjunction with the resolution of identity (RI) approximation for Coulomb
integrals (as is default in ORCA 5.0). Spin-orbit coupling was considered using
the spin-orbit mean field approximation (SOMF(1X)), and TightSCF settings
(2.5E-7 tolerance in energy) were used for wavefunction convergence. The
excitation space was mapped from the 1s core orbital of Cu to any unoccupied
state up to 300 roots, with a maximum value of the Davidson expansion space
of 900 (MaxDim 900). Contributions from the electric quadrupole were
considered (DoQuad True) and natural transition orbitals (NTO) were
calculated to aid in the interpretation of the spectra (DoNTO true); NTOs were
rendered using the orca_plot utility and visualized using the VESTA software.%
All spectra were obtained by applying Gaussian broadening of 2.3 width to the
calculated electronic transitions via the orca_mapspc utility and shifted by -5
eV (Cu) or +34 eV (Al) to match experimental spectra.
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Multivariate curve regression (MCR) using the alternating least squares (ALS)
algorithm was performed on XAS spectra using the graphical user interface
developed by Jaumot et al. in the MATLAB environment;* the specific settings
that were used in the data decomposition procedure can be found in
Appendices A3 and AS5.

2.2 Reducibility of Cu in zeolites

Compared to the plethora of CuxOy species that have been characterized for
Cu(ll), Cu(l) is usually described as a bare cation electrostatically bound to the
framework negative charge in the proximity of an Al site (in the conditions that
characterize these reactions). This is to be expected to some level from basic
inorganic chemistry arguments stemming from ligand field theory, as well as
from examples of systems in the homogeneous phase.*®*” The single positive
charge of this relatively soft cation is balanced by the framework without the
need for additional anions, and Cu(l) is usually characterized by lower
coordination numbers compared to Cu(ll). The species that have been
addressed as responsible for the activation of the C-H bond by Cu-zeolites
almost exclusively consist of Cu(ll) species, possibly forming adducts or
multinuclear Cu that include O atoms.*®4° Cu(l) is usually invoked as the redox
partner of Cu(ll) in a one-electron mechanism that is somehow coupled with
the oxidation reaction occurring on the C atom of the alkane; as such,
spectroscopic, reactivity and mechanistic studies have mainly focused on the
Cu(ll) state and investigated the Cu(l) counterpart as a necessary but ultimately
secondary focus in the catalytic or stepwise reaction profile. Some reports in
the literature, however, suggest that the maximum concentration of Cu(l) that
is attainable in the material correlates with productivity,'? suggesting that
either the possibility to form Cu(l) is necessary to form the actual active
species, or that a fraction of “redox inert” sites are present in the materials,
leading to an overall lower concentration of active Cu sites. Moreover,
Artsiusheuski et al. very recently explored the key role of Cu(l) sites in the
conversion of CH3;OH to gaseous alkanes and olefins over Cu-exchanged
mordenite.*® It is thus apparent that ways to characterize and quantify the
amount of Cu(l) present in the zeolite at a given time during reaction can
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provide useful information on the performance of the catalyst. Unfortunately,
not many techniques are available for this task, as the d° configuration (and
thus singlet spin state) of these species precludes the use of EPR spectroscopy,
as well as the information usually attainable by d-d transitions in electronic
spectra. In the past decades, XAS has been frequently used as a reliable
selective tool to detect and characterize Cu(l) species in Cu-zeolites; the use of
linear combination fitting (LCF) or multivariate algorithms has further allowed
to quantify in a reliable way the amount of Cu(l) in these materials, and is often
the technique of choice to study variations in the oxidation state of Cu.!%14>1-53
Unfortunately, XAS is still mainly a synchrotron-based technique, especially if
good time resolution is needed, leading to cost and time issues even in cases
when the proposal for an experiment is accepted. For this reason, developing
cheap, easy, and lab-scale techniques to measure and quantify Cu(l) in these
materials is an interesting although challenging feat. Decades of studies on
adsorption of probe molecules on metal centres in Cu-zeolites led to the
description of stable, structurally well-defined adducts of Cu with carbon
monoxide; depending on temperature and CO partial pressure, several Cu®, Cu*
and Cu?* adducts with multiple coordinating CO molecules are possible, but
around room temperature only [Cu(CO)]* is able to form and be stable upon
evacuation in Cu-ZSM-5.54>7 Cu(l) monocarbonyls could then be used as
selective, quantifiable markers provided that a reliable experimental technique
is able to retrieve the concentration of these adducts in the material. IR
spectroscopy has been used as a convenient way to characterize these species,
since the characteristic vibrational frequency of the [Cu(CO)]* adduct is shifted
with respect to the stretching frequency of gaseous CO and falls in a range of
the IR spectrum where basically no spectral interference occurs. IR spectra
showing the process of CO adsorption and subsequent evacuation of CO on a
pre-reduced sample of Cu-ZSM-5 (Si/Al = 11.5, Cu/Al = 0.35) are shown in
Figure 2.5.
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Figure 2.5 Interaction of CO over the pre-reduced (0.35)Cu-MFI(11.5) sample. (a) Effect of
increasing pressure of CO (from black to orange). (b) Effect of outgassing on the sample
exposed to 192 mbar of CO (from orange to red). Adapted from Appendix A3.

As can be seen from Figure 2.5a, and in agreement with the literature on the
topic, increasing pressure of CO on the sample leads to the formation of mono
and dicarbonyl species on Cu(l), characterized by vibrations at 2157 cm™
(stretching of CO in [Cu(CO)]*) and 2178, 2151 cm™ (symmetric and asymmetric
stretching of CO in [Cu(CO).]*), respectively. The shift in CO stretching
frequencies of these adducts with respect to the one of non-interacting CO in
the gas phase®® (2143 cm™, the rotovibrational profile of gaseous CO can be
seen at high pressure in Figures 2.5a and 2.5b) has been justified in terms of
strong o-donation with partial t-back-donation contributions.>>®° An additional
band at 2108 cm™ grows in parallel to the one at 2157 cm?, which is consistent
with Cu(l)*3CO adducts forming from the 13CO isotopologue.??%3 It is interesting
to note that all the vibrations pertaining to these complexes present very
defined and symmetric profiles with small bandwidth, testifying to the
formation of very homogeneous and structurally well-defined species,
resembling what has been found for similar Cu-carbonyls in the homogeneous
phase.’ Figure 2.5b shows that upon outgassing (residual pressure < 5x107
mbar) the Cu(l) dicarbonyl adducts revert to [Cu(CO)]*; even after prolonged
vacuum treatment the intensity of the monocarbonyl band does not undergo
significant changes, confirming the irreversibility of this species at 50°C (the
assumed sample temperature after long exposure to the IR beam).
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Unfortunately, the molar attenuation coefficient for the vibration at 2157 cm™
is not known (and it is not guaranteed to be the same a priori for all similar
species in different materials), making it impossible to retrieve the
concentration of [Cu(CO)]* by use of IR spectroscopy alone. Since Cu(l)
monocarbonyls are the only species that form irreversibly at 50°C, however,
the formation of these species after a specific thermochemical treatment could
be assessed by isothermal adsorption volumetry experiments by following this
procedure:

1) The sample is exposed to the reaction conditions for which the amount
of Cu(l) needs to be quantified. In validating this technique, reaction of
Cu-ZSM-5 samples with NHs3 at 500°C for 30 minutes followed by
evacuation was employed as a reproducible way to quantitatively
reduce the Cu in the material to Cu(l).

2) A (primary) CO adsorption isotherm is measured on the material at
50°C: at the pressures where a plateau is observed, all possible adducts
are formed (mainly Cu* mono- and multicarbonyls); after the sample is
outgassed, only the Cu(l) monocarbonyls remain.

3) A (secondary) CO adsorption isotherm is measured on the same
material at 50°C: since all Cu(l) is already present as [Cu(CO)]* adducts,
only the reversible species (all possible adducts apart from [Cu(CO)]*)
would form, leading to a lower isotherm at plateau pressures.

4) Subtraction of the secondary isotherm from the primary isotherm
provides the number of irreversible species at plateau pressures; if
[Cu(CO)]* are the only irreversible species, the amount of adsorbed CO
at plateau corresponds to the amount of Cu(l) in the sample.

An example of this procedure applied to the same sample shown in Figure 2.5
is reported in Figure 2.6.
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Figure 2.6 CO adsorption isotherms performed at 50 °C on the pre-reduced (0.35)Cu-MFI(11.5)
sample. Orange: primary isotherm (P); brown: secondary isotherm (S); red: difference between
the primary and secondary isotherm (P-S), used to calculate the amount of irreversibly bound
CO. Adapted from Appendix A3.

Once the amount of adsorbed CO is retrieved, the fraction of Cu(l) in the
sample is easily calculated from the equation:

Cu(1)(%) = (nags * FWs) * 100

Where Cu(l)(%) is the percentage of Cu(l) in the sample, nqas is the amount of
adsorbed CO (in units of mmolco/gsample) and FWs is the formula weight of the
sample (in units of gsample/mmolcy), easily calculated from the known
concentration of the sample. Repeated measurements on the same sample
retrieved a concentration of Cu(l) after pre-reduction in NH3 at 500°C of ~90%,
in line with data from XAS; relative standard deviations in the measurements
were found to be below 5%, attesting to the robustness of this method.

The reliability of this technique was further investigated by cross-checking it
against IR data on a series of Cu-ZSM-5 samples presenting different Al and Cu
concentrations. Figure 2.7 shows the IR spectra of four pre-reduced Cu-ZSM-5
materials after interaction with CO and the correspondence with volumetric
data on the same set of samples.
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Figure 2.7 CO adsorbed on the four reference Cu-ZSM-5 samples; number in parentheses reflect
composition of the samples in molar ratios, according to (Cu/Al)Cu-MFI(Si/Al). (a) IR spectra of
the samples after interaction with 200 mbar CO and outgassing. (b) Uptake of irreversibly
bound CO on the samples versus integrated area of the Cu(l) monocarbonyl species. Adapted
from Appendix A3.

The IR spectra portrayed in Figure 2.7a (normalized to framework modes as
detailed in Appendix A3) follow the trend in total Cu content among the
samples, with more intense [Cu(CO)]* fingerprint bands in samples with higher
Cu loading. Moreover, the integrated area of the monocarbonyl band
correlates well with the CO uptake measured by isothermal adsorption
volumetry, as highlighted in Figure 2.7b. This finding confirms the fact that the
two techniques, although relying on different principles and experimental
apparatuses, can describe and measure the phenomenon in reliably
comparable ways. The quantification obtained by the volumetry experiments
was thus applied to retrieve the molar attenuation coefficient of the vibrational
feature of [Cu(CO)]*. While the Beer-Lambert law is often a fair approximation
for spectra collected in the homogeneous phase (although care needs to be
taken whenever using this equation to avoid the many pitfalls that can
characterize this limiting law),®* applications to solid materials tend to be more
complex and need to be carefully checked both a priori and a posteriori;®> in
this case, scattering contribution to absorbance were eliminated by subtracting
the spectrum of the material prior to CO adsorption, and linearity was checked
for a series of Cu concentrations in an appropriate absorbance range. In
favourable cases, the integrated absorbance and
concentration is linear, and the Beer-Lambert equation can be expressed in

relationship between

terms of spectroscopic and geometrical parameters of the sample as follows:
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A= Cw

Where A is the integrated area (in absorbance) of a band referring to a specific
vibration (in this case, the vibrational feature of [Cu(CO)]* at 2157 cm™, in units
of cm?), € is the integrated molar attenuation coefficient of the same
vibrational mode (in units of cm/umol), C is the concentration of the species
associated with the vibrational mode (in units of umol/g), w is the mass of the
sample (in units of g) and S is the geometrical surface of the sample pellet (in
units of cm?). From a series of IR experiments like the ones portrayed in Figure
2.7a (without normalizing for framework modes) and coupled volumetric
measurements on the same materials, a least-squares linear regression of A vs
Cw/S provides the molar attenuation coefficient as the slope of the line, as
illustrated in Figure 2.8.
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Figure 2.8 Linear model for quantifying the molar attenuation coefficient relative to the Cu(l)
monocarbonyl adducts. Points with the same colour indicate replicas measured on different
pellets of the same material. R? for the linear model is 0.992. Adapted from Appendix A3.

In this specific case, € was measured to be 11.5 + 0.3 cm/umol, a rather high
number compared to signals involved in adducts with other absorbed
molecules; as a comparison, the attenuation coefficient for a diagnostic band
of pyridine adsorbed on Brgnsted acid protons in zeolites is €(B)1s45 = 1.09-1.54
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cm/umol.®® Such a high attenuation coefficient guarantees that even low
amounts of Cu(l) can be detected and quantified via IR spectroscopy in a wide
range of Cu-ZSM-5 materials (0.16-2.6 wt% in this case), although spectra of
samples with high concentrations of Cu(l) and overall high Cu loadings could be
problematic due to signal saturation problems with thick pellets.

The choice of Cu-ZSM-5 as a benchmark material for this study was made
based on the simplicity and homogeneity of the possible sites for Cu in this
topology (small, straight pores with no side pockets), as well as the abundancy
of literature studies on the material and its properties with respect to
adsorption of probe molecules on the Cu sites. Although one might be tempted
to extend the methodology to other materials, as interactions of CO with Cu in
zeolites have been described for many topologies,>*®7-%° the stability of these
adducts in different structural environments might present some differences if
guantification is an aim. Moreover, the same reduction treatment applied to
different materials could lead to different qualitative and quantitative results,
so an independent technique to address this problem must be employed for
the task. Coincidentally, not many cases of XAS applied to study and quantify
the interaction of CO with Cu-zeolites other than Cu-ZSM-5 have been reported
in the literature, making it an interesting topic on both the fundamental and
applied sides. A set of 6 Cu-zeolite samples with different topology and
composition were considered for this study; their characteristics are
summarized in Table 2.1 (Section 2.1). This specific set of samples was chosen
because of the ample characterization data collected on them in previous
studies (see related publications) and because of the general abundancy of
literature studying these specific framework types for several reactions (e.g.,
NH3-SCR, DMTM). In situ XAS measurements were collected on the materials
replicating the reduction protocol used for the IR/volumetry experiments
(using gas flows instead of static treatment for convenience), subsequently
exposing the sample to CO and finally performing a temperature-programmed
desorption (TPD) protocol; a schematic representation of the steps involved in
the in situ experiments is reported in Figure 2.9.
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Figure 2.9 Scheme of the thermochemical treatment employed in the in situ XAS experiments
for all Cu-zeolite samples reported in Table 2.1. All heating ramps were set to 5°C/min, while
cooling was performed without a constant ramp rate at the highest speed possible (ca.

30°C/min). Adapted from Appendix A5.

The complete dataset resulting from the experiment can be found in Appendix

A5. The pure spectral and concentration profiles retrieved with MCR analysis
on the reaction steps at 500°C are displayed in Figure 2.10 for the sample with

higher Cu loading in each framework.
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Figure 2.10 Pure spectral (top) and concentration (bottom) profiles extracted by MCR-ALS on
(0.35)Cu-CHA(5), (0.32)Cu-MOR(11) and (0.35)Cu-MFI(11.5) (from left to right) during the steps
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at 500°C described in Figure 2.9. Insets: zoom on the 1s-3d transition zone of the edge. Adapted
from Appendix A5.

The general spectral features of these samples (Figure 2.10, top panels) agree
with the abundant literature on the topic. PC1 is easily associated to Cu(ll)
species (with some residual Cu(l) in the case of Cu-CHA, probably due to self-
reduction phenomena),’®’! as testified by the weak dipole-forbidden 1s—3d
transition at 8978 eV and the shakedown transition at 8987 eV (both
characteristic of Cu?*), as well as a shift in absorption edge at higher energies
compared to the other spectra and a higher intensity of the white line,
suggesting relatively high coordination numbers (4-6).”27 PC2 and PC3, in
contrast, are consistent with low-coordinated (1-3) Cu(l) species from the very
intense 1s—4p transition at 8983 eV characteristic of Cu* and a low white line
intensity.”>’3 PC2 is likely attributable to linear diamino [Cu(NHs)2]* complexes
that have been shown to form in the zeolite matrix in similar conditions,’*7>
while PC3 is probably representative of bare Cu* ions coordinated to the
framework after removal of NHs; due to the high-temperature treatment in
inert atmosphere. Interestingly, PC2 and PC3 in the case of Cu-CHA materials
are significantly different compared to the other frameworks, with a more
structured rising edge/white line profile; this could be due to minute but
significant structural differences in the vicinity of Cu induced by the CHA
framework and the known mobility of [Cu(NHs);]* adducts described in these
materials.”> The concentration profiles (Figure 2.10, bottom panels) hint at a
guantitative formation of linear Cu(l) amino complexes for all materials, with
NHs desorption rates that follow the order CHA>>MOR>MFI (from faster to
slower); indeed, some residual NH3 coordinated on Cu after evacuation at high
temperature was observed in the case of the previously discussed Cu-ZSM-5
materials, further displaced from the metal sites after interaction with CO (see
Appendix A3 for more details). Another interesting aspect is the transient
formation of bare Cu(l) ions right after interaction of NHs3 with the samples
(PC3 at ~ 30 min in Figure 2.10, lower panels): the first molecules of NH3
diffusing in the oxidized sample react with Cu(ll) to form bare Cu(l) sites, that
then react with additional NHs molecules to form the linear adducts. After
cooling down the samples, the sample was exposed to CO and subsequently
flushed with He to desorb the reversible adducts; the results from MCR analysis
of these reaction steps are reported in Figure 2.11.
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Figure 2.11 Pure spectral (top) and concentration (bottom) profiles extracted by MCR-ALS on
(0.35)Cu-CHA(5), (0.32)Cu-MOR(11) and (0.35)Cu-MFI(11.5) (from left to right) during the steps
at 50°C described in Figure 2.9. Insets: zoom on the 1s—3d transition zone of the edge. Adapted
from Appendix A5.

The initial states at 50°C (PC1) in this spectral series match well the final states
described in Figure 2.10, confirming that the Cu sites do not significantly
change upon temperature decrease. The literature is very scarce on XAS
spectra of the interaction of CO with Cu-zeolites, but some species have been
reported and assigned before’® without assigning the origin of the different
spectral features. Considering the concentration profiles shown in Figure 2.11
(bottom panels) and the general trend in carbonyl formation in these materials,
it is safe to assume that PC2 and PC3 from Figure 2.11 (top panels) correspond
to [Cu(CO);]* and [Cu(CO)]* species, respectively; this is further testified by the
transient formation of PC3 as soon as CO is introduced in the cell,
corresponding to a first fraction of monocarbonyls forming until the Cu(l) sites
are saturated and the dicarbonyls start forming. Upon flushing with He, the
[Cu(CO)2]* species revert back to [Cu(CO)]*; although these species appear to
be stable in these conditions, some amount of desorption to form bare Cu(l)
sites can be noticed from the recovery of a fraction of PC1 in the case of Cu-

CHA and from an increase in the 1s—4p transition of bare Cu(l) in the original
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spectra (see Appendix A5). To understand the origin of the peculiar rising edge
profile of the spectra corresponding to [Cu(CO)]* and [Cu(CO),]*, simulation of
XANES spectra for the species involved in this reaction are reported in Figure
2.12.
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Figure 2.12 Pure spectral profiles extracted by MCR-ALS on (0.35)Cu-MFI(11.5) corresponding to
the [Cu(CO)«]* adducts shown in Figure 2.11 (right panel) and comparison with calculated
XANES spectra of the corresponding adducts for two crystallographic sites of Al (t8 and t10).
The bar plots correspond to the position of each transition as described by TD-DFT. Structures
on the right depict natural transition orbitals associated with the transitions marked in the
spectra (isovalue = 0.02).

For both adducts the calculated spectra match quite well the experiment, with
recognisable features that are well described by the NTO analysis. The feature
at 8981 eV that is present without significant shift for both adducts is due to a

doublet of almost degenerate 1s—mt transition from the core electron orbital of
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the metal to the set of bonding m orbitals between the Cu and the CO
molecule(s) (transitions marked as 1 and 2 in Figure 2.12). The transition
present at 8986.5 eV in the spectrum of [Cu(CO)]* is assigned to a 1s—m*
transition from the core electron orbital to an antibonding n* orbital between
Cu and CO; this transition also appears as a doublet, although the
corresponding 1* orbital of the set is shifted at higher energies as it partially
overlaps to more diffuse orbitals (not shown for brevity). In the case of
[Cu(CO)2]*, the mixing is so severe that the 1s—mn* transitions are not as well
defined and lie at even higher energies (resulting in the weaker shoulder at ca.
8987 eV in the spectrum). The partial overlap of these orbitals with those of
some atoms in the framework in the case of the more sterically hindered
[Cu(CO)2]* complexes is responsible for the more pronounced loss of
degeneracy in the m set that act as acceptor for the transition at 8986.5 eV, as
can be noticed by both the split in the calculated transitions (0.15 vs 0.06 eV
for [Cu(CO)2]* and [Cu(CO)]* respectively in both Al sites) and the slightly larger
width of the band associated to this transition in [Cu(CO)2]* compared to
[Cu(CO)]*. This effect is likely responsible for the shift in the position of both
1s—n* and 1s—m transitions depending on the Al site (negligible in the case of
[Cu(CO)I*). Given the differences in the calculated rising edge XANES for these
species in all three frameworks (not shown for brevity), an argument could be
made on the possible different population of Al sites in these materials;
although this falls outside of the scope of this study, some additional
considerations on this topic will be presented in Section 2.4.

To investigate the thermal stability of the remaining [Cu(CO)]* adducts, as well
as the possible reactivity at higher temperatures, a TPD protocol was
performed as last step of the treatment for all materials. The resulting spectral
and concentration profiles from MCR are shown in Figure 2.13.

45



Cu-CHA ——rc1:[cucoy Cu-MOR ——rct:[cucoy Cu-MFlI  ——Fct:[cucoy’
——PC2: Cu(l) LT ——PC2: Cu(l) LT ——PC2: Cu(l) LT
——PC3: Cu(l) HT ——PC3: Cu(l) HT ——PC3: Cu(l) HT
[m)
x
X
=
&
‘©
g /
5
=z
0.2 0.2 0. 2]
8974 8976 8978 8980 8974 8976 8978 8980 8974 8976 8978 8980
8980 8990 9000 9010 9020 8980 8990 9000 9010 9020 8980 8990 9000 9010 9020
Energy / eV Energy / eV Energy / eV
1.0 1.0 1.0
0.8+ 0.8 0.8+
c
o
T 0864 06 0.6
g
2 044 0.4 0.4
&
& 02 02 0.2
0.0+ 0.0 0.0

50

150 250 350

Temperature / °C

450

50

250 350

Temperature / °C

150 450

50

150

250 350
Temperature / °C

450

Figure 2.13 Pure spectral (top) and concentration (bottom) profiles extracted by MCR-ALS on
(0.35)Cu-CHA(5), (0.32)Cu-MOR(11) and (0.35)Cu-MFI(11.5) (from left to right) during the TPD
protocol described in Figure 2.9. Insets: zoom on the 1s—»3d transition zone of the edge.
Adapted from Appendix A5.

For all three materials, thermal treatment results in the subsequent
appearance of two species ascribable to bare Cu(l) coordinated to the
framework; while both of these species resemble the ones obtained after NHs
desorption (Figure 2.10, top panels), they appear to be predominant at
different temperatures, possibly hinting at different equilibrium positions of Cu
depending on the temperature. The exception to this trend is Cu-CHA, for
which only the low-temperature Cu(l) species resembles the state after NH3
desorption, while the high-temperature one is more similar to the spectra of
Cu(l) in the other materials. This peculiar behaviour could be due to the narrow
pore structure of CHA, in which recent studies have proposed NHsz-mediated
mobilization of Cu(l).”>”7 as can be noticed from the
concentration profiles (Figure 2.13, bottom panels), the thermal stability of the
monocarbonyl adducts in Cu-CHA is lower compared to the other materials,

Furthermore,

with the depletion of these species occurring at ca. 250°C for CHA compared

350°C for the other

representative sites for each topology were calculated using DFT to further
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inquire this difference in stability; the resulting temperature-pressure phase
diagrams are reported in Figure 2.14.
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Figure 2.14 Temperature-pressure phase diagrams calculated for the bare Cu(l) sites and
[Cu(CO)«]* adducts for the two representative sites chosen for each framework topology. Stars
in the picture indicate the conditions at which volumetric measurements are performed to
measure the amount of monocarbonyl complexes. As can be seen in the top-rightmost panel,
the [Cu(CO)xJ* adduct is not stable in the 8-membered ring of MOR and is thus labelled as
[Cu(CO)]* + CO. Adapted from Appendix A5.

In agreement with experimental data, the calculated thermal stability at low
CO partial pressures (10 mbar) of [Cu(CO)]* adducts for Cu-CHA is significantly
lower than for the other frameworks in the calculated sites; in particular,
supposing an equal population of the two sites in all cases, the average
decomposition temperature for Cu-CHA is 162°C compared to 275 and 340°C
for MOR and MFI, respectively. From the calculated contributions to Gibbs free
energy, this striking difference is mostly due to enthalpic rather than entropic
factors (see Appendix A5 for details). This trend could also explain the different
amounts of Cu* measured for these materials using isothermal adsorption
volumetry, the results of which are shown in Table 2.2.

47



Table 2.2 Cu* concentrations measured by isothermal volumetric adsorption of CO at 50 °C on
the 3 Cu-zeolite samples discussed in this section.

Sample CO uptake (mmol/g) Cu* concentration (%)
(0.35)Cu-CHA(5) 0.480 60.6
(0.32)Cu-MOR(11) 0.322 74.6
(0.35)Cu-MFI(11.5) 0.401 89.1

From this set of measurements, it appears that a lower amount of Cu(l) is
formed in Cu-MOR and especially in Cu-CHA, in clear contradiction with the
XAS data. This discrepancy can be rationalized in terms of a different stability of
the monocarbonyl Cu(l) adducts in the three frameworks, considering the
different timescales to which the two measurements are subject (less than 1h
of inert gas flow for XAS, up to several hours for volumetry); in this frame,
kinetic factors of CO desorption from stable but long-term partially reversible
[Cu(CO)]* adducts are consistent with the differences measured by the two
techniques.

Overall, this set of experiments explored the often-neglected Cu(l) side of Cu-
zeolite reactivity, with a particular attention at Cu reducibility as a function of
sample composition and topology. All samples in the investigated subset
showed similar response to the chosen reduction treatment, with quantitative
formation of Cu(l) and no detectable sign of metallic Cu. Although with some
kinetic effects to keep in mind depending on the sample, CO isothermal
adsorption volumetry is a useful tool to consider when quantification of Cu(l)
sites is needed but access to a large-scale facility is not available. In the case of
Cu-ZSM-5, validation of this technique has been provided on a set of samples
and has been applied to build a reliable model for quantification via IR
spectroscopy, widening the toolbox of lab techniques that can be used for the
task. Last but not least, a series of computational and statistical tools has been
applied to a large (but not enormous) dataset allowing for in-depth knowledge
about the thermodynamic, kinetic and spectroscopic features of Cu(l)-carbonyl
adducts, with insights on the peculiar electronic structure of these species and

its influence on spectroscopic properties.
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2.3 Cu(ll) and multinuclear species

Compared to Cu(l), Cu(ll) species described in DMTM studies in zeolites present
dramatic variability in their structure depending on the host material, the Cu
concentration and the reaction conditions. This heterogeneity is not surprising,
considering the different properties of this cation: the increase in charge
requires an additional counterion to balance, which can originate from the
framework or from extraframework species, and Cu(ll) usually prefers higher
coordination (octahedral, 6-coordinated) compared to Cu(l) (tetrahedral, 4-
coordinated). Jahn-Teller distortions (that are unlikely for the d*° configuration
of Cu(l)) further contribute in forming less symmetric structures in case of
Cu(ll). Some trends have been identified on the behaviour of Cu(ll) relative to
framework topology/composition, such as the preference to form Cu(Z); sites
(where Z denotes ligation to a framework site contributing one negative charge
equivalent) over Cu(Z)(OH) in high-Al materials.®® In recent years, more and
more species have been identified as active sites for DMTM, typically
presenting the form CuxOyH,. Monomeric Cu(ll) species like [CUOH]* pairs have
been recently proposed to be active in some conditions as identified by EPR
and resonance Raman spectroscopies,’”® but the majority of research has
focused on studying multinuclear species of the type CuxOy, where two or more
Cu atoms are connected by one or two O atoms. Since the Cu(l)/Cu(ll) redox
cycle and the local environment of Cu both play an essential role in the
reactivity of DMTM, their response to a series of gas-phase reactants was
investigated in an attempt to correlate the extent of oxidation with the
proximity of Cu atoms; XAS was the technique of choice due to its sensitivity to
both of these properties even in disordered systems. The same Cu-MOR
material described in the previous section (Si/Al = 6.5, Cu/Al = 0.21) was
employed for this study, since previously characterized materials based on
commercial precursors showed significant TiO2 pollution that could hinder the
analysis, as identified by Raman spectroscopy shown in Figure 2.15.
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Figure 2.15 Raman spectra (A = 442 nm) of the (0.18)Cu-MOR(7) material described by Pappas
et al.® (grey) and the (0.21)Cu-MOR(6.5) material discussed in Section 2.2 (black). Grey
diamonds indicate vibrations due to amounts of TiO: present in the material. Adapted from
Appendix A2.

The material shown in grey in Figure 2.15 presents characteristic signals at 395,
515 and 635 cm™ which have been assigned to the anatase phase in TiO2, most
likely originating from the commercial material that was ion-exchanged with Cu
to obtain the final material.!®> Since the parent Na-MOR material (CBV10A,
Zeolyst) is frequently employed as a starting material for the synthesis of Cu-
MOR samples, the in-house-synthesized (0.21)Cu-MOR(6.5) material was
preferred. A series of thermochemical treatments was applied to this material
to study their effect on the redox speciation of Cu and the formation of Cu
pairs. The explored conditions are illustrated in Table 2.3.



Table 2.3 Thermochemical treatments explored to study the redox reactivity and its influence in
Cu pair formation in (0.21)Cu-MOR(6.5). All samples have been outgassed in vacuum at 500°C
before their respective treatment.

Sample n° Treatment conditions Treatment temperature
1 NH3 500°C
2 NH; 250°C
3 H> 250°C
4 co 250°C
5 CHa 250°C
6 Vacuum (<10* mbar) 250°C
7 0, 500°C
8 NH; followed by O, 500°C

The XAS spectra collected for each thermochemical treatment are reported in
Figure 2.16, comprising the XANES part of the spectra and the FT-EXAFS spectra
as well as a linear combination fit (LCF) reconstruction of the dataset obtained
by using samples 1 and 8 as references (details in Appendix A2).
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Figure 2.16 XAS spectra collected on (0.21)Cu-MOR(6.5) after the thermochemical treatments
listed in Table 2.3. a) Normalized XANES spectra; inset: zoom on the 1s—3d transition zone of
the edge. b) Phase-uncorrected, k’>-weighted FT-EXAFS spectra. c) LCF reconstruction of the
XANES dataset shown in panel a, using as references spectra 1 and 8. Adapted from Appendix
A2.

As can be noticed from Figure 2.16a, the extent of reduction achieved by
treatment in NHs is markedly temperature-dependent: when reduction was
carried out at 500°C virtually all Cu was reduced, in agreement with the data
shown in Section 2.3 (Figure 2.10), while the sample reduced at 250°C showed
a residual amount of Cu(ll). This difference in amount of Cu(l) is evident in the
XANES spectra presenting a more intense Cu* 1s—3d transition at 8983 eV for
sample 1, as well as a less intense white line and a weak first-shell peak in the
FT-EXAFS spectrum due to neighbouring O atoms, consistent with a low-
coordinated Cu(l) site attached to the framework. By comparison, sample 2
shows a weak but noticeable contribution from a Cu?* 1s—3d transition at
8978 eV in the XANES spectrum, as well as a structured second-shell peak in
the FT-EXAFS, consistent with higher coordination and stemming mainly from
Cu-Al/Si and Cu-Cu single scattering contributions. The other samples are
characterized by the same features with an increasing abundance of Cu(ll) from

1 to 8: treatment in H; at 250°C results in roughly the same amount of Cu(l) as
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treatment with NHs at the same temperature. Exposure to CH4 or CO leads to
an even lower amount of Cu(l) (less than 50% according to LCF), and appear to
be no more effective in reducing the sample than the self-reduction
phenomena triggered by vacuum treatment at 500°C.”%7? Lastly, exposure to
0O, yields quantitatively oxidized samples with no detectable trace of Cu(l),
independent of the pre-reduction treatment (partial self-reduction in vacuum
vs quantitative reduction in NHs). This clear but qualitative trend in oxidation
state depending on the treatment is confirmed and quantified via LCF, and is
correlated to structural features by the EXAFS spectra. Unfortunately, specific
Cu-Cu contributions hinting at the formation of Cu pairs are not resolved in the
FT-EXAFS spectra, as such contributions are expected to occur at distances of
2.8-3.4 A based on DFT models and reports from the literature.” Strong
contributions do not appear to be present in this zone of the EXAFS spectra of
the pure Cu(l) state characteristic of sample 1, but they would nonetheless be
indistinguishable from the signal due to framework atoms (taking phase
correction into account) in case of Cu(ll). Contributions that overlap in R-space
could, however, be resolved in k-space of the EXAFS spectrum for elements
with sufficiently different atomic number, as the backscattering amplitude
factor for heavier elements present additional maxima at higher wavenumbers;
this is the case for Cu, that is characterized by a maximum in the backscattering
amplitude factor at ca. 7 A that is absent for framework atoms (considering
Cu-X single scattering contributions, where X = Cu, Si, Al or O). The information
concerning distance from the absorber and nature of the scatterer can then be
simultaneously pictured in so called wavelet-transformed (WT) EXAFS spectra,
effectively showing a 2D-map of the R- and k-space in which the scattering
phenomenon is observed. Figure 2.17 portrays WT-EXAFS maps for the samples
listed in Table 2.3 in the zone of interest for the supposed Cu-Cu contributions.
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Figure 2.17 WT-EXAFS spectra obtained on (0.21)Cu-MOR(6.5) after the thermochemical
treatments listed in Table 2.3. Boxes on top of the figure represent the zones in k-space
associated with principal contributions from the single scattering paths listed in the box.
Adapted from Appendix A2.

As can be noticed from the figure, a first lobe is present for all samples at
values of k = 2.0-4.0 A* and R = 2.0-3.0 A, corresponding to contributions from
the framework atoms and following the trend qualitatively described for FT-
EXAFS. Interestingly, a distinct contribution at similar R-values but at k-values
of 6.0-8.0 Al appears as the amount of Cu(ll) increases, related to specific
contributions from Cu-Cu scattering paths. This finding directly correlates the
oxidation of Cu to Cu(ll) to the formation of Cu-pairs at a relatively short
distance (thus probably bridged by a single O atom) that are not present when
the majority of the metal is present as Cu(l) (at least within the ca. 5 A distance
detectable by EXAFS). This qualitative observation was quantitatively assessed
by integrating the WT-EXAFS maps in the 2.0-4.0 A range (where Cu-Cu
contributions appear) to yield the corresponding power density functions
@R(k); the result of this operation for all WT-EXAFS spectra is depicted in Figure
2.18.
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Figure 2.18 a) Power density functions calculated for the WT-EXAFS spectra depicted in Figure
2.17. Boxes on top of the figure represent the zones in k-space associated with principal
contributions from the single scattering paths listed in the box. b) Concentration of Cu(ll)
retrieved from LCF-XANES vs power density function evaluated at 6.8 A for each spectrum,
showing the correlation between the two quantities. Adapted from Appendix A2.

As can be noticed from the @Ff(k), the contribution from Cu-Cu scattering paths
to the WT-EXAFS spectra depicted in Figure 2.17 showed a clear quantitative
relationship with the amount of Cu(ll) present in the sample. Fits of the FT-
EXAFS spectra based on different possible multinuclear Cu species are
consistent with a mono-p-oxo dicopper site ([Cu'"-O-Cu'"]?*), already described
in the literature, and exclude the presence of side-on and end-on peroxo
dicopper sites ([Cu"-O0-Cu'1?*) (see Appendix A2 for more details on the EXAFS
fitting procedure and the models used for the study). As additional
experimental evidence on the formation of these species, Figure 2.19 reports
the resonance Raman spectra of (0.21)Cu-MOR(6.5) in its hydrated form and
after oxidation in Oz at 500°C.
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Figure 2.19 Resonance Raman spectra (A = 442 nm) of the (0.21)Cu-MOR(6.5) material
discussed in Section 2.2 in its hydrated form (black) and after oxidation at 500°C in pure O:
(red). Grey diamonds indicate vibrations due to amounts of TiO2 present in the material. The
spectra have been normalized to the vibrational mode of the MOR framework at 400 cm™.
Adapted from Appendix A2.

In the hydrated sample, characteristic framework vibrations can be noticed at
400 and 450 cm™? involving 5- and 4-membered rings, respectively, as well as
broader contributions at ca. 800 and 1100 cm™ corresponding to symmetric
and antysimmetric T-O-T vibrations (where T = Si or Al) for both state of the
sample, in agreement with literature on zeolites and other silicates.2%%2 The
oxidized sample presents additional features at 470, 535, 875 and ca. 1000 cm”
1. these features are consistent with the formation of two families of [Cu'"-O-
Cu'"]?*, probably situated in the constrained side-pocket sites of the Cu-MOR,
according to an in-depth study on a Cu-MOR sample treated in similar
conditions.®? In particular, the vibrations at 470 and 875 cm™ have been
assigned to the symmetric and antisymmetric stretch of the Cu-O-Cu core,
while the vibrations at 535 and 1000 cm™ are due to a perturbed T-site
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vibration and its combination with the symmetric stretching of Cu-O-Cu,
respectively.

Although the finding that Cu(ll) forms multinuclear species more readily than
Cu(l) may seem trivial, a direct and quantitative correlation between the
oxidation state and Cu pairing was established for a series of samples by just
using ex situ XAS data with the aid of advanced data treatment procedures. The
amount of information extracted from a relatively small experimental set is
considerable, and this methodology can be used to add species-selective
features to the already element-selective nature of XAS by exploiting the
bidimensional (R- and k-space) nature of WT-EXAFS.

2.4 Al distribution

The fact that different frameworks and compositions of Cu-zeolites can
promote the formation of different Cu species, with subsequent impact on
reactivity, is at least partially due to the different possible configuration of Al
isomorphic substituents in the lattice. As an example of this impact, the
distance and positions of the negative charges induced by Al sites in the pores
affects the average Cu-Cu distance and the possibility to form bridged
multinuclear species; the abundancy and position of Al sites has been also
correlated to the formation of Cu(Z); redox-inert Cu sites,! contributing to the
well-known non-monotonic relationship between Cu loading and catalyst
performance.!? It is not surprising then that several synthetic procedures have
attempted to direct Al atoms in the framework towards specific patterns or
completely random, well-dispersed distributions.2%8> In parallel, many
characterization techniques have been proposed to determine the siting of Al
atoms due to a particular synthesis procedure; some of these methods are
based on techniques that are intrinsically sensitive to properties of Al (like
solid-state 2’Al MAS NMR,%7 anomalous scattering XRD®® and atom probe
tomography®®~191), while other approaches exploit selective interaction
(adsorption/desorption) of probe molecules with protons or other cations
associated  with Al atoms/pairs®?71%  or  other cation-specific
techniques®19>1%_ |n the context of this rich interest in solving the “Al
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distribution problem”, some attempts were also made in directly probing the Al
K-edge with XAS,>6197-113 which should in principle be very sensitive to the local
environment of Al atoms in the framework. One of the caveats of using this
technique is that the registered spectra display an average of all probed sites,
making it difficult to quantitatively assess the different siting; the amount of
octahedral Al (deriving from steaming-induced dealumination) is easily
determined from features of the XANES spectra, while creative approaches
involving simulation of EXAFS using molecular dynamics and simulation of
XANES features were used to explore the Al proximity and the effect of H,0 in
the pores. Since spectral features depending on Al siting have been both
predicted and observed to be extremely similar to each other, an approach
based on molecular dynamics-assisted machine learning to extract information
on the two-body pair distribution function associated with the Al sites and on
their specific amount in the investigated catalysts. The training set required to
perform this study was generated considering all possible symmetry-restricted
Al sites for a given sample composition, with the aim of calculating Al K-edge
XANES and EXAFS spectra to correlate with experiments. The sample set this
study consisted of a series of H-, Na-, K- and Cu-exchanged zeolites mainly of
the MOR topology, that were measured in their hydrated form and after
dehydration at 450°C; as specified in Table 2.1, these samples were prepared in
the context of the iCSI project and have been thoroughly characterized in a
previous publication.® Given the energy range required to measure Al K-edge
spectra, Cu Ls-edge spectra were also measured where relevant; as the latter
are still under treatment, they will not be presented in this work. The choice of
mordenite as the main framework under investigation was made based on the
number of independent crystallographic sites in this topology: with only 4 non-
equivalent T-sites available, MOR should display enough variability in Al
coordination environment to detect changes in the spectra, but without
making the number of possible combinations impractical for calculations. As a
comparison, the CHA framework presents only 1 independent T-site (meaning
all Al sites should be virtually identical) while the MFI framework presents 12
(leading to increased calculation cost and likely having different structures with
indistinguishable properties). In a simplified one-particle electron-hole picture,
K-edge transitions consist of core-to-valence transitions between orbitals
(below the edge energy) and of core-to-continuum transitions with the ejected
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electron interacting mainly with nearby scattering atoms (above the edge
energy). This means that the XANES part of the spectrum can be considered as
a fairly local property of the system, and the calculated spectra for a given Al
site should be approximately independent on the vicinity of other Al atoms in
the framework (especially considering the distance imposed by Lowenstein’s
rule). XANES spectra for the 4 independent T-sites in the post-edge region of
the spectrum, calculated with a multiple scattering approach, are shown in
Figure 2.20.

[u,us _:; ) cb'c‘dt:- s c:‘dq
—o revYe

]
;o]

ux

Normalized

T T T T
1565 1570 1575 1580 1585
Energy / eV

Figure 2.20 Left: simulated Al K-edge XANES spectra for the four symmetry-independent
tetrahedral sites in MOR. Right: position of the sites inside the MOR framework (view along the
crystallographic ¢ and b axes). Simulations were performed on optimized structures using the
FDMNES code.

Although the simulated spectra look very similar, some significant differences
are present, and machine learning-based approaches have proven to be able to
extract significant information even from apparently indistinguishable XANES
spectra.!'*117 Of course, the simple case of single substitution of a Si with an Al
T-site is scarcely representative of a real system, which is most likely comprised
of a non-uniform extended substitution of Al and a given composition of the
material in terms of Al/Si ratio; at the same time, multiple substitutions turn
the problem into a combinatorial study, with the number of possible structures
increasing according to the binomial coefficient:

!
(Z) K (nn— 1!

where n is the number T-sites and k is the occupancy by Al atoms. Some back-
of-the-envelope calculations quickly lead to the conclusion that for the Al/Si of
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11 (eventually expandable to 7) considered in this study, use of the MOR
primitive cell as an extended system consists of a first practical solution, as
summarized in Figure 2.21.
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Figure 2.21 Structure of the all-Si crystallographic (left) and primitive (right) cell of MOR, with
the corresponding number of Al substitutions and possible structures calculated according to
the binomial coefficient of sites and occupancy. Colour code: Si in yellow, O in red.

The 276 structures obtained via double substitution in the primitive cell do not
take into account that some combinations are symmetry-equivalent, and
removal of redundant Al couples using space group symmetry operators leads
to 48 independent configurations; only 38 of these structures respect
Lowenstein’s rule (i.e., Al sites are not allowed to share coordination by the
same O) and are thus accepted in the set. Charge balance is obtained by
inclusion of a light cation (Na* as a first case), which can be located in the 8- or
12-membered ring for some Al positions (accommodation in side pockets was
not considered at this stage): after these considerations, the final set of
structures included 138 configurations. Of course, introducing a cation in a
proportion different from 1:1 with Al would lead to an even higher number of
possible sites, further increasing the complexity of the problem. Another
challenge in dealing with these materials from a computational point of view is
the exceptional flexibility of the Si-O-Si bond angles, which in silicates span
between 90°-180°; this flexibility gives rise to an extremely flat PES, which
makes it difficult to find the global minimum from educated guesses only and
can require post-HF treatment for very accurate results.3* Since global

minimum search strategies based on molecular dynamics like simulated
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annealing were too expensive for this screening, we adopted a simplified
scheme described in the literature that can lead to similar results at a fraction
of the cost by optimization-quick heating-quick cooling cycles to obtain
minimum structures and energies.!*® An initial ranking of structure stability
could then be obtained by considering the Boltzmann population of
configurations according to the relative energy. In order to account for
hydration effects, since implicit solvation is not expected to simulate well the
specific interactions of H;O molecules on hydrophilic sites; attempts on
including such effects in the periodic models almost never converged and led
to significant increase of the computational cost when they did, with a single
solvation cycle costing up to 10 SCF cycles. Explicit solvation using 12 molecules
of solvent per cell (as reported in the literature from experiments with similar
materials)''® was integrated in the model and treated with a reoptimization
and molecular dynamics treatment (H20 molecules only, 10 ps, NVT ensemble,
T =127 °C) followed by simulated annealing. This methodology was applied to
obtain models of dry/hydrated structures for Na-MOR and NH4s-MOR (the dry
form of which consists of H-MOR due to NHs desorption). According to this
method, an average of 3 structures accounted for >80% of Boltzmann
population of the configurations. It should be stressed again that the models
used for calculations were characterized by a different Si/Al ratio compared to
the actual materials (11 vs 7.3, respectively); a more consistent (though
extremely more expensive, as noted in Figure 2.21) composition will be the
topic of another work.

The most stable structure for each hydrated case and its corresponding dry
configuration were used to calculate XANES spectra within the one-particle
approximation using TD-DFT. Based on the supposed local nature of K-edge
XANES orbital-based transitions, cluster models obtained by cutting the
periodic structures were used as a basis for these calculations. Since each
structure based on the primitive cell contained two distinct Al sites, a
calculation on the cluster including both Al atoms was compared with
calculations on smaller sub-clusters including one Al at a time; the results are
shown in Figure 2.22.
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Figure 2.22 Calculated Al K-edge XANES spectra of the H-MOR clusters obtained from the most
stable hydrated NHs+-MOR periodic structures (Si/Al = 11, corresponding to 2 Al sites per
primitive cell) shown on top. Left: comparison of simulated spectra for the two Al sites
calculated on separate sub-clusters and their sum. Right: comparison of the spectra obtained as
a sum of spectra for two different sites and the spectrum for a cluster comprising both Al
atoms.

Encouragingly, the pre- and rising-edge profiles of the simulated spectra for the
two different Al sites in the same configuration (labelled as Al; and Al in Figure
2.22) display similar but distinct features. NTO analysis of the transitions
involved in these calculated spectra is not trivial: compared with Cu K-edge,
where core-to-valence transitions often involve well-separated and localized
metal d orbitals in the pre-edge, Al orbitals are usually similar in energy and
symmetry to ligand orbitals and give rise to diffuse, hard to interpret molecular
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orbitals.'?° Some of these features will be discussed shortly in comparison with
experimental data and with reports from the literature. Another important
aspect is the striking similarity between the sum of the spectra due to
individual Al sites (Al1 + Al) and the spectrum calculated on the full cluster
model including both sites (Al1Al;) portrayed in Figure 2.22 (right panel): apart
from differences in the high energy region (which is not well-described by
orbital-based approaches anyway), probably due to the difference in number
of calculated states/number of atoms in the cluster, the pre- and rising-edge
part of the spectra are identical, confirming that separating the contribution of
the two Al sites gives consistent results with larger models.

Calculated XANES spectra within the TD-DFT frame almost always exhibit a
systematic shift in energy compared to the experimental spectra due to
shortcomings of DFT. Ideally, since this shift is often found to be consistent
within K-edge calculations for the same element, one would calculate the
spectrum on a reference sample for which features are reliably known to
determine the shift, which would then be applied to other cases. In this case,
the shift could not be determined a priori due to both the lack of evident pre-
edge signals for the Al K-edge in standard samples and the overall scarcity of
TD-DFT studies at this edge in the literature. The discussion of these spectra is
thus based on similarity with previous findings and comparison with the
general structure of the experimental data. For instance, Vjunov et al.
calculated similar spectral profiles with a different computational setup, and
assigned a shift of +15.6 eV to the computed spectra based on similarity with
the experiment;!'3 although care should be taken in assigning calculated
features within an orbital-based approach at energies above the edge, the
general shape of the edge is well-reproduced and comprises features in the
pre-edge that match with the experiment (vide infra). Based on this reasoning,
a shift of +34.0 eV is assigned to the Al K-edge spectra calculated in this work,
which the difference from the shift found by Vjunov et al. due to the difference
in computational setup. Comparison of experimental and computed spectra for
the hydrated (NHs-) and dehydrated (H-) MOR samples are shown in Figure
2.23.
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Figure 2.23 Top: experimental Al K-edge XANES spectra of a NHs-MOR sample in its hydrated
(NH4* cation) and dehydrated (H* cation) forms. Bottom: calculated Al K-edge XANES spectra of
the (hydrated) NH4+-MOR and (dehydrated) H-MOR clusters described in Figure 2.22.

Interestingly, the spectra calculated for the Al, cluster bear a striking
resemblance to the experimental set, hinting at a possible preferential siting in
the material. In contrast, the calculated spectra for hydrated forms of Al; and
Al clusters are almost identical and very similar to the hydrated experimental
spectrum (and hydrated forms of similar materials, not shown here for the sake
of brevity). This suggests that hydration somehow masks the differences
between different sites, as suggested by the models showing coordination of
the cations by H,O molecules with subsequent weaker interaction with the
framework in the proximity of Al. Indeed, the peculiar pre-edge feature that
emerges at ca. 1565 in the experimental and calculated spectra for the
dehydrated materials has been correlated by Vjunov et al. to the presence of
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the non-solvated H* cation, inducing a distortion in the AlO4 unit. Although the
NTOs for this transition are very diffuse and difficult to interpret, previous
studies?™122 on the appearance of a similar pre-edge feature in several
aluminosilicates have correlated it with the ability of the Al 3s orbital to
hybridize with O 2s and 2p orbitals if symmetry of the AlO4™ unit is lowered due
to vibrations (at high temperature) or if a cation is close enough to the
structure to distort the tetrahedra. This is the case for these models, where the
average Al-O distance in hydrated clusters is 1.75 A, but one of the bonds is
significantly lengthened when H;0 is removed, as showed in Table 2.4.

Table 2.4 Bond lengths associated to Al-O bonds in the hydrated and dehydrated models for Al:
and Al clusters.

Structure Average Al-O distance Al-O(-H) distance
NH,-MOR (Al1) 1.76 A /
NH,-MOR (Al,) 1.76 A /

H-MOR (Al) 1.78 A 1.94 A
H-MOR (Al) 1.78 A 1.96 A

The lengthened bond corresponds to the H-bound O atom in both cases. In the
Al; cluster, the H* is in partial interaction with another O in the framework,
possibly lowering the distortion effect on the AlO4 unit; for comparison, the
OH bond in the Al; cluster points towards the 12-membered ring without any
further interactions of the H* with the framework.

Although the experimental data on the other samples needs to be treated and
compared to the large computed dataset, these preliminary results are
encouraging. Minute differences in the spectra can be interpreted in terms of
orbital- or scattering-based approaches, subsequently tracing them back to
structural differences induced by the Al sites and their interaction with the
environment (framework, extra-framework cations, solvent). The ongoing work
on these systems will focus on the analysis of the correlation between
experimental/calculated spectral features and structural parameters, with the
aim of training a machine-learning assisted model that could be able to
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quantitatively determine key structural features in terms of Al siting depending
on Al K-edge XAS spectra.
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Chapter 3
Cu-based organometallic complexes

3.1 Materials & methods

3.1.1 Cu complexes

In their original, as-synthesized form the organometallic Cu complexes studied
in Sections 3.2 and 3.3 are tetracoordinated Cu(l) complexes ligated by 2,2-
bipyridine-based ligands; these bidentate ligands chelate Cu via the two
pyridine-like N atoms, and are characterized by reduced flexibility due to the
extended aromatic system of which their backbone is composed. Although
bipyridines usually exists in their trans form, which is the most stable
conformer in crystalline form,%? ligation to Cu in mononuclear complexes
forces them to the cis conformation. Even though Cu(bipyridyl) and
Cu(bipyridyl)s complexes have been observed and described in the literature,
the present work focuses on Cu(bipyridyl). complexes, in which the bipyridine
ligands bind the Cu(l) site in tetrahedral geometry and differ due to small
substituents in the 6,6’ or 5,5’ positions. The synthesis procedure (as detailed
in Appendix A4) was performed by Barbara Centrella in the context of her
currently ongoing PhD project; the process is rather simple, as it only requires
the dissolution of the Cu(l) salt (in this case [Cu(CH3CN)4]PFs) and the ligand in
ca. 1:2 proportion in CH,Cly; stirring of the solution for 3h at room temperature
in inert atmosphere lead to quantitative yields of the (possibly) substituted
[Cu(2,2’-bipyridyl)2]PFs complex after filtration. A pictorial representation of the
synthetic procedure is given in Figure 3.1.
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Figure 3.1 Scheme of the synthetic procedure employed to obtain the substituted [Cu(L):]PFs
complexes. Adapted from Appendix A4.

All samples are recovered as dark red-brown powders. Although they are air-
stable and show no sign of long-term (in terms of months to vyears)
decomposition, the original Cu(l) source needs to be stored in air-free, dry
atmosphere to prevent oxidation of Cu(ll). As traces of oxidized compounds
were initially found in the first batches of samples, purification of the salt
before use is desirable; this is easily achieved by dissolution in an apolar, non-
coordinating solvent (like CH,Cl;) and filtration to remove the insoluble
oxidized fraction. For reasons discussed in the following sections, essentially
due to the steric effects of the substituents, all complexes except [Cu(6,6’-
dimethyl-2,2’-bipyridyl),]PFs are sensitive to even mildly coordinating solvents
and were dissolved in CH;Cl; unless specified otherwise to avoid solvent-
induced decomposition. Dissolution in CH3CN for all complexes apart from
[Cu(6,6’-dimethyl-2,2’-bipyridyl)2]PFs was quickly followed by loss of colour and
coordination of the Cu(l) by the solvent to revert to [Cu(CH3CN)4]PFs. Oxidation
of the Cu(l) complexes was performed using NOPF¢ (in powder form) or tert-
butyl hydroperoxide (tBuOOH from now on, 5-6 M solution in decane). In all
cases apart from reaction of [Cu(6,6’-dimethyl-2,2’-bipyridyl)2]PFs with
tBuOOH, the oxidized forms of the complexes exhibit a severely reduced
solubility in CH;Cl, with manifest precipitation of coloured fine powders,
effectively limiting the range of concentrations that can be employed to study
them. To test the redox reversibility of the complexes, cyclohexene (CsH10) was
used as both a reducing agent and substrate for C-H bond oxidation.
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Preparation of [Cu(6,6’-dimethyl-2,2’-bipyridyl),(H.0)](OTf), (OTf = triflate) and
[Cu(6,6’-dimethyl-2,2’-bipyridyl)2](ClO4),, employed as reference Cu(ll) states
and discussed in Section 3.3, has been performed according to literature
procedure.>*  Briefly, [Cu(6,6’-dimethyl-2,2’-bipyridyl)2(H.0)](OTf),  was
prepared by mixing 4 ml of a 0.25 M solution of Cu(OTf); in CH,Cl; with 6 ml of
a 0.38 M solution of 6,6’-dimethyl-2,2’-bipyridine in CHCl> (thus attaining a
metal:ligand proportion of 1:2.2) in a reaction flask. The liquid immediately
changed from a blue solution to a green suspension, and after 1h of stirring at
room temperature in air the precipitate was filtrated, washed twice with
diethyl ether and recovered as a light green powder in quantitative yield. The
use of a chloride salt (CuCl;) as a metal source was avoided due to the
possibility of the CI" anion to enter the first coordination sphere of the metal.
[Cu(6,6’-dimethyl-2,2’-bipyridyl)2](ClOa4), was prepared by dissolving ca. 0.5 g of
Cu(ClOg4)2 hexahydrate in 200 mL of H,O , adding 0.5 g of 6,6’-dimethyl-2,2’-
bipyridine and agitating vigorously for 1h. An excess of KCIO4 was added as a
solid and the resulting precipitate was filtered and washed with cold water. The
resulting red/brown powder was vacuum-dried at 50 °C in vacuo for 1 h and
stored in a Schlenk flask to avoid contact with air moisture. Due to the
increased polarity of this compound compared to its Cu(l) analogue, its
solubility in CHCl; is very poor; CHsNO; was thus employed as a polar, non-
coordinating solvent to dissolve it.

The complexes presented in Section 3.4 are based on an N,N,N,N-tetradentate
ligand that binds Cu in a structural motif based on imine and imidazole
coordination, as portrayed in Figure 3.2.

O._OMe
Ol
l\Jf'(?u,N’J
NGNS,
\_Q\,NH
0”>OMe -OTf

Figure 3.2 Structure of the Cu(l) form of the tetradentate bis(imine-imidazole) complex
described in Section 3.4. Adapted from Ref °.
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Synthesis procedures for the Cu(l) and Cu(ll) forms of the complex (referred to
as IGO1 and 1G01b from now on) are reported elsewhere® and have been
performed by Dr. Isabelle Gerz in the context of her PhD project,® together with
basic characterization confirming their structure. Among a series of other
similar complexes, this motif was chosen due to its structural similarity to the
active site of pMMO and LPMO enzymes which are known to perform C-H bond
cleavage.”*' Since redox activity of IGO1 and IGO1lb were detected in
interaction with tBuOOH and H;0,, catalytic tests for the oxidation of
cyclohexane and cyclohexene using these complex/peroxide mixtures have
been performed; the catalytic aspects of these systems are still under
investigation and fall beyond the scope of this work, which will focus on the
characterization of the oxidized/reduced forms using XAS and DFT.

3.1.2 Experimental characterization of complexes in solution

Vibrational spectroscopies can be very useful as a direct way to characterize
the structure of metal complexes; compared to the solid materials reported in
Chapter 2, however, some complications arise. Vibrational data on air-stable
complexes can be easily acquired on the complexes in powder form, with the
caveats that i) the structure of the complex can change upon dissolution due to
crystal packing forces and/or specific solvation effects and ii) not all species
that form in solution are necessarily possible to isolate in solid form. For this
reason, acquisition of in situ vibrational data has been preferred when possible
in this work. Collecting such data in solution is severely hindered by the
presence of the solvent which is, by definition, present in dramatically larger
amounts compared to the analyte. Furthermore, the concentration of the
latter must often be kept low enough to be comparable to data acquired using
other techniques (e.g., UV-Vis spectroscopy) or to avoid aggregation
phenomena; in the case of the complexes studied in this work, solubility issues
also limit the use of higher concentrations. If electronic transitions are present
in the UV-Vis range for the species under investigation, resonance conditions
may be exploited in Raman spectroscopy to boost the selectivity on vibrations
that involve the analyte, provided that the correct laser line is available and
that the electronic transition(s) possesses favourable symmetry characteristics.
Another possible advantage of Raman spectroscopy in the study of metal
complexes is the possibility to extend the explored spectral region in the lower
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wavenumbers region (down to 10 cm™ in extreme cases), adding the possibility
to directly observe vibrations involving the metal centre; unfortunately, this
was not the case for this study as the experimental setup only allowed to
collection down to 800 cm™. All spectra on powder or solution (nominal
concentration 1 mM in CHxCl;) were acquired using a 244 nm (40984 cm™)
laser line. Measurements were performed on a Renishaw Raman microscope
equipped respectively with an a Thorlabs UV-B 15x (NA = 0.31) objective
through which the laser light was focused on the sample. The resulting
backscattered light (collected through the objective described above) was then
analysed through a | mm™ grating. In order to prevent the possible thermal
degradation of the investigated samples induced by the focused beam, a
custom-made apparatus which allows holder movement (rotation) during
measurements was adopted.!? The presented spectra were obtained by
averaging 3 consecutive measurements (from which the stability of the sample
during the measurement was confirmed), each one resulting from the sum of
20 acquisitions of 20 s each.

Solvent effects can hardly be suppressed when performing IR spectroscopy on
a sample in solution, and transmission spectroscopy is particularly problematic
due to the absorption of the solvent completely blinding certain spectral
windows. Multiple-reflection attenuated total reflectance (ATR) spectroscopy
can be used to boost signals from the analyte, but has proven unsuccessful in
this study. To minimize the effect of the solvent and collect IR spectra in
transmission mode, an Omni-cell sandwich cell with adjustable optical path
from Specac was used to minimize the thickness of the sample solution. A

picture of the cell is portrayed in Figure 3.3.




Figure 3.3 Disassembled parts composing the Specac Omni-cell system: metal case (a), screw
blocks (b) plastic support (c), inert rubber sheaths and spacer (d), KBr window (e).

The rubber spacer of the cell allows to select different thicknesses of the liquid
introduced in the cell; 1 mm was chosen in this case to decrease blind regions
in the spectrum due to intense absorption form the solvent. For the same
reason, CH;Cl, was chosen as a solvent due to its symmetry and thus limited
number of vibrational modes. Once assembled, the cell can be placed in
vertical position to let the IR beam pass through the sample while guaranteeing
liquid-tightness. The sample can be introduced in the cell cavity via the holes in
the KBr windows; since the solution is very volatile and collection of spectra
over a long time could not be guaranteed without evaporation, a new aliquot
of sample was introduced in the cell for each measurement from a reaction
reservoir. Spectra were collected on a 2 mM solution of complex in CH.Cl;
using an Invenio R spectrophotometer from Bruker, equipped with a mercury
cadmium telluride (MCT) cryodetector, a resolution of 4 cm™ and averaging 32
scans (64 for background spectrum, collected with a solvent-filled cell).

UV-Vis-NIR spectroscopy (Section 3.1) was performed on the samples with an
Avantes AvaSpec-ULS2048XL-EVO fibre optics spectrometer (25 pum slits),
coupled to an Avantes Avalight-DH-S light source (equipped with a deuterium
and a halogen lamp). Fibre optics with a high-OH fused silica core of 100 um in
diameter were used. Integration times and averaging were optimized for each
sample to guarantee the best compromise between spectral and time
resolution. The solutions were examined using Hellma flow-through high-
performance quartz glass (QS grade) cuvettes with screw connections;
depending on the concentration, a cuvette with an appropriate optical path
length was selected between 0.1, 1 and 10 mm. The flow was regulated
between the cuvette and the liquid reservoir by means of a peristaltic pump
using FEP (fluorinated ethylene propylene), PTFE (polytetrafluoroethylene) and
fluorinated rubber connections.

UV-Vis-NIR spectra coupled with EPR measurements (Section 3.2) were

collected on a dispersive Agilent 8454 spectrophotometer on a 2 mm cuvette

and on a 10 mm cuvette with a 40 ml reservoir and septum stopper. Sample

aliquots (0.1 mL) were extracted with a micropipette after each UV-Vis

spectrum and frozen for EPR analysis. Spectra for the kinetic analysis (reaction
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order and rate constants) were collected on a Varian Cary5000
spectrophotometer (for the 10 mm optical path) and the fibre optics setup
described for Section 3.1 (for the 1 mm optical path). The sample was reacted
in a 25 ml flask with a stopper septum and measures via a Hellma quartz glass
(QS grade) screw-cap cuvette filled with the solution (for the 10 mm optical
path) or a flow-through high-performance quartz glass (QS grade) cuvette with
screw connections (for the 1 mm optical path) to continuously flow solution
from the reservoir. The flow was regulated between the cuvette and the liquid
reservoir by means of a peristaltic pump using FEP (fluorinated ethylene
propylene), PTFE (polytetrafluoroethylene) and fluorinated rubber
connections.

EPR spectroscopy is one of the election techniques to study systems
characterized by magnetic properties. The entity of the splitting between
electron-spin levels induced by the magnetic field determines the exceptional
sensitivity to compounds containing unpaired electrons, and thus to dilute
solutions of paramagnetic metallorganic complexes. Due to its d*° electronic
configuration, Cu(l) is EPR-silent, and any conversion to Cu(ll) states is readily
detected by the technique even in trace amounts (provided that the electronic
ground state is in doublet spin configuration). The single unpaired electron of
Cu(ll) is not subject to zero-field splitting phenomena, yielding spectra that are
often straightforward to interpret compared to other metals (e.g., Cr or Fe).1314
Depending on the local coordination of the metal centre, continuous wave
(CW) EPR spectra can change to reflect change in symmetry and nature of the
ligands, providing information on speciation that is not retrievable by common
NMR techniques for paramagnetic samples. CW X-band EPR spectra were
collected on a Bruker E500 ELEXSYS spectrometer system equipped with an
ER4116DM dual-mode cavity and an Oxford Instruments ESR 900 continuous-
flow liquid helium cryostat interfaced with an ITC Mercury temperature
controller (3.8-300 K range). The microwave unit was a high sensitivity ER049X
Bruker superX bridge with integrated microwave frequency counter. A
magnetic field controller ERO83CS was calibrated externally using a ERO35M
Bruker NMR field probe. The spectra were analyzed, simulated and fitted using
EasySpin.'> All spin concentrations and relative ratios were calculated by the
numerically-integrated area of the simulation corrected by the respective Aasa-
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Vanngard factors.!® Saturation effects were excluded by checking linearity
between double integral of the spectrum and square root of power in a power
series of a 1:1 CHsCN/CHCl, 1 mM solution of [Cu(6,6’-dimethyl-2,2’-
bipyridyl)2(CH3CN)](ClO4); in the range of 0.0079-5.02 mW, the power used in
all experiments was set to 0.63 mW.

Cu K-edge XAS spectra on Cu(bipyridyl), complexes (Section 3.3) were collected
at the BM31 beamline at ESRF (Grenoble), in fluorescence mode using a Si-drift
detector. The incident (lp) and was detected in the range within 8780 and 9800
eV (40 min/scan, 3 spectra collected per sample) using an ionization chamber
filled with a mixture of He and Ar. The collected XAS spectra were then aligned
in energy and normalized to unity edge jump using the Athena software from
the Demeter package.l” EXAFS fits on these systems have been performed by
Daniele Bonavia in the context of his master’s thesis project. The flow system
for the solution (5 mM in CH,Cl,) was the same adopted for the fibre-optics UV-
Vis analysis, while a Kapton capillary (internal diameter = 1.0 mm) connected to
the hydraulic system was used as a flow-through cell.

Cu K-edge XAS spectra of tetradentate imine-imidazole complexes (Section 3.4)
were collected at the BM31 beamline at ESRF (Grenoble). The experiments
were conducted by introducing liquid samples (7.5 mM solutions in
dimethylformamide) in a fixed-volume cell (Omni-cell, Specac) with optimized
optical path length for transmission XAS measurements. Although close to the
limits of the technique, transmission mode was still feasible in the case of these
samples (maximum absorption <2.5 in all cases but one, edge jump in the
range 0.1-1 in all cases). The volume of liquid was confined between two
Kapton windows, and the specific optical path length was set via fluorinated
rubber spacers of the required thickness, in order to guarantee both tightness
and chemical inertness. Spectra were collected in transmission mode, using a
water-cooled flat Si(111) double crystal monochromator. The incident (lo) and
transmitted (l1) X-ray intensity was detected using 30 cm-length ionization
chambers filled with a mixture of He and Ar. The XAS spectrum of a Cu metal
foil was collected between measurements for energy calibration/alignment
purposes. Continuous scans were performed in the 8860-10000 eV range, with
a constant energy step of 0.5 eV; acquisition time was ca. 3.5 min/scan. The
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collected XAS spectra were then aligned in energy and normalized to unity
edge jump using the Athena software from the Demeter package.'’

3.1.3 Computational methods

DFT simulations were performed with the ORCA 5.0.3 code.'®29 All structures
were optimized using the hybrid B3LYP functional?! and the def2-TZVP basis set
developed by Ahlrichs and coworkers.?? The def2/) basis?® sets along with chain
of spheres approximation (RIJCOSX)?** were used for the Rl (resolution of
identity) approximation to the Coulomb integrals. Dispersive forces were
included in the calculation through the Grimme D3 empirical scheme with
Becke—Johnson damping.?® The effect of solvation was implicitly accounted for
via the conductor-like polarizable continuum model (CPCM)?¢27 method; when
solvent mixtures were employed, an average value of the dielectric constant
and refraction index for the two solvents was used to approximate the
properties of the mixture. Test calculations provided insignificant or
inconsistent results when the counterion was added; this effect could be due
to the non- or weak-coordinating nature of the counterions present in all
complexes (OTf, ClOs, PF¢): their effect on the geometry due to purely
electrostatic attraction to the complex cation could be overestimated in the
absence of explicit solvent molecules, and they were thus not included in the
final calculations. Initial models were geometrically optimized, and vibrational
frequencies were computed; the absence of imaginary frequencies confirmed
that minimum structures were obtained.

UV-Vis spectra in the full range and K-edge X-ray absorption spectra in the pre-
edge region were calculated by time-dependent DFT within Tamm-Dancoff
approximation with the CAM-B3LYP functional®® on the optimized geometries.
Relativistic effects were taken into account using the Douglas-Kroll-Hess
(DKH)?° approximation, with the recontracted DKH-def2-TZVP basis set.*® The
SARC/) basis sets3® were used for the Rl approximation to the Coulomb
integrals. The oscillator strengths were computed based on the sum of the
electric dipole, magnetic dipole and electric quadrupole contributions. The
transitions were assigned based on the inspection of the natural transition
orbitals. The XANES spectra along the relaxed PES scan presented in Figure 3.10
were calculated using the B3LYP functional to reduce computational cost; all

86



other settings were the same employed for the calculation of other XANES
spectra. XANES spectral width was set to 2.3 eV for all spectra and a -6.0 eV
shift was applied to match experimental spectra. UV-Vis spectral width was set
to 2500 cm™ using the orca_mapspc utility; no shift was applied to the
calculated spectra.

More accurate calculations involving the d-d transitions part of the UV-Vis
spectra were performed within the CAS-SCF formalism using the def2-TZVP
basis set.?? The considered active space for Cu(ll) species consisted of 9
electrons (according to the d° electron configuration) in 5 orbitals (the 3d set
for Cu); attempts at including ligand orbitals or 4d metal shells in the active
space due to partial overlap did not significantly change the calculated
transitions and were thus excluded. Partial correction for the dynamic
correlation was included via the NEVPT2 method.3133 Spectral width was set to
3000 cm™* using the orca_mapspc utility; no shift was applied to the calculated
spectra.

Calculation of the g-tensor values for EPR were performed within the ZORA
approximation3* using the double-hybrid PBEO-DH functional,®® ZORA-def2-
TZVPP basis set for Cu and the ZORA-def2-TZVP basis set for all other atoms.3°
All other settings were chosen according to the detailed study by Drosou et
al.3®

Calculation of the g-tensor values for EPR were performed using hybrid
B3PW91 functional,?3’ aug-cc-pVTZ-J basis set®® for Cu and the ZORA-def2-
TZVP basis set for all other atoms.3? All other settings were chosen according to
the detailed study by Gémez-Pifieiro et al.?®

Multivariate curve regression (MCR) using the alternating least squares (ALS)
algorithm was performed on UV-Vis, EPR and IR spectra using the graphical
user interface developed by Jaumot et al. in the MATLAB environment;*° the
specific settings that were used in the data decomposition procedure are
specified in Table 3.1.
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Table 3.1 Constraints, convergence parameters and figures of merit upon convergence of the
MCR procedures utilized on the listed techniques throughout Chapter 3. C = constraint applied
to concentration profiles, S = constraint applied to spectral profiles.

Constraint UV-Vis EPR IR
N° of pure species 3 2 3
Non-negativity CS C CS
Unimodality / / /
Closure C / C
Max iterations 50 50 250
Convergence 0.1 0.1 0.1
Figure of merit UV-Vis EPR IR
N° of iterations 2 14 198
o vs exp. Data 0.005 0.038 0.003
Lack of fit (PCA) 4.67% 0.039% 0.001%
Lack of fit (exp) 5.07% 4.73% 1.02%
R? at convergence 0.997 0.998 0.999

In the case of IR spectroscopy, zones of intense solvent absorption were
removed from the input dataset in order to reduce random variability in the
spectra and aid convergence.

3.2 Cu-bipyridyl complexes: multitechnique
characterization and redox reversibility

The use of bipyridine-based ligands to stabilize and exploit Cu(l)/Cu(ll) metal

centres is certainly not new, as 2,2’-bipyridine has been described as "the most

widely used ligand”. *'The four-fold coordination easily accommodates typical

coordination preferences of Cu(l) and Cu(ll) metallic sites, while the bidentate
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ligation of bipyridine guarantees reduced lability of the complexes. While
tetrahedral coordination is perfectly compatible with Cu(l), once oxidation
occurs the geometry tends toward a square-planar configuration; this can allow
additional ligand molecules (e.g., H.0) to enter the coordination sphere
forming 5- and 6-coordinated species and possibly disrupting the simple bis
bipyridine form and hindering back-reduction of the complex. This issue with
redox reversibility of the Cu(l)/Cu(ll) couple in bipyridine complexes has been
addressed in research involving dye-sensitized solar cells, for which the redox
cyclability is one of the key properties of the device. Even slight substitutions in
the bipyridine ring can have an important impact on the redox potential of the
couple, as has been studied by Giordano et al.,®> due to both steric and
electronic effects. It has been found that the simple inclusion of a methyl group
in the 6,6° positions increases the half-wave redox potential (from
cyclovoltammetry) of the couple by 428 mV compared to the unsubstituted
system; as a comparison, substitution in the 5,5’ position only has an impact of
-79 mV on the potential. This increase of the redox potential, indicating a Cu(l)
centre that is more difficult to oxidize, can be explained by the steric
constraints imposed by the methyl moieties in the proximity of the metal atom
in the case of [Cu(6,6'-dimethyl-2,2’-bipyridyl)2]PFs: for comparison, DFT-
calculated PES scans around the angle formed between the two bipyridyl
planes are reported in Figure 3.4 for [Cu(6,6’-dimethyl-2,2’-bipyridyl).]* and
[Cu(2,2’-bipyridyl).]*.
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Figure 3.4 Left: relaxed PES scans (electronic energies) of [Cu(2,2’-bipyridyl):]* and [Cu(6,6"-
dimethyl-2,2’-bipyridyl)2]* along the reaction coordinate consisting of the dihedral angle
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between the two bipyridine planes. The dashed grey line indicates thermally accessible
geometries at 25°C. Right: DFT minimum structures obtained for the Cu(l) and Cu(ll) states of
[Cu(2,2’-bipyridyl)2]* and [Cu(6,6’-dimethyl-2,2’-bipyridyl);]*. Colour code: H in white, N in cyan,
Cin black, Cu in blue. Relative energies are referred to the minimum point in each PES.

As can be noticed from the relaxed PES scans, the Cu(l) form of the
unsubstituted bipyridyl complex is much more flexible around the angle
determined by the bipyridine planes compared to the substituted one,
essentially due to the steric constraints imposed by the methyl moieties close
to the Cu centre. Consistently, the equilibrium geometry for the Cu(ll) form of
the unsubstituted complex is more twisted compared to the one of the
complex bearing the methyl moieties, which appears substantially unchanged
compared to its Cu(l) form. A summary of these geometric parameters is
provided in Table 3.2.

Table 3.2 Structural parameters calculated for the Cu(l) and Cu(ll) forms of [Cu(6,6’-dimethyl-
2,2’-bipyridyl)2]* and [Cu(2,2’-bipyridyl)z]*. Numbers in parenthesis indicate parameters form
experimental XRD data.**™%

Species Angle in Cu(l) form A angle Cu(1)/Cu(ll)
[Cu(2,2’-bipyridyl),]* 83.4° (76.8°) -44.3° (-38.6°)
[Cu(6,6’-dimethyl-2,2’-bipyridyl),]* 88.3°(80.7°) -22.6° (-19.3°)

The resistance of [Cu(6,6’-dimethyl-2,2’-bipyridine).]PFs towards twisting of the
bipyridine planes makes it unique among the set of complexes studied in this
work. Upon oxidation using NOPFs and tBuOOH, all complexes almost
immediately reacted with a manifest change of colour from deep red to pale
blue. The sole exception was [Cu(6,6’-dimethyl-2,2’-bipyridyl);:]PFs, which
turned pale yellow upon oxidation with tBuOOH in the timescale of hours;
resistance towards oxidation was connected to the more rigid structure of this
complex compared to the others. The choice of the two different oxidizing
agents (as discussed more in detail in Appendix A4) was made to distinguish
the possible formation of oxygenated Cu(ll) species after reaction with tBuOOH
compared to a pure oxidation to Cu(ll) without any additional species legating
the metal. Examples in the literature reported the use of NOPFs as a one-
electron oxidizing agent that exploit the NO*/NO redox couple with release of
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NO in the gas phase after reaction.*>*% No specific NO vibration features were
detected by IR upon reaction, indicating that the nitrosyl radicals produced by
the reaction effectively escape the solution phase and do not coordinate Cu as
such, although EPR spectra on the oxidized phase of [Cu(6,6’-dimethyl-2,2’-
bipyridyl);]PFe after this reaction seem to indicate degradation of the complex.
Nonetheless, since structural information on the oxidized forms of the
complexes is not attainable with regular *H-NMR in solution due to the
paramagnetic nature of the species, UV-Vis and Raman spectroscopies assisted
by DFT calculations were exploited to study the behaviour of these systems.
UV-Vis spectra of the four complexes listed in Figure 3.1 in their Cu(l) form and
after oxidation are reported in Figure 3.5.
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Figure 3.5 UV-Vis spectra of the four complexes in their pristine form and after reaction with
tBuOOH and NOPFs. Solutions were prepared with a concentration of 5 mM in CH2Cl2. Data in
the inset show the spectra in the region 17500-9000 cm™, in correspondence with the x-scale in
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the main panels. Main panel: 0.1 cm optical path. Inset: 1.0 cm optical path. The spectra for the
two cuvette thicknesses were registered simultaneously on the same sample solution
recirculating between the two and a reservoir. Spectra are reported in absorbance without any
additional treatment. Adapted from Appendix A4.

Spectra for all materials in their reduced form consist of two intense and
structured transitions at ca. 38000 and 2000 cm™?; similar transitions at slightly
shifted wavenumbers are present also in the spectra of the ligands in solution
and can be assigned (based on NTO analysis of simulated structures) to m->m*
transitions between the conjugated aromatic systems; some of the structure in
these bands in the spectra of the complexes appears to be due to metal to
ligand charge transfer (MLCT) transitions from the Cu d, orbitals to t* orbitals
of the ligands. The broad and asymmetric feature around 22500 cm™ only
appears in the Cu(l) complexes with specific, ligand-dependent characteristics
and was assigned to a MLCT from the Cu dy; orbital to the n* orbitals of the
ligand system. This transition, which is the main reason for the deep red colour
of the samples, is diagnostic of Cu(l) for the complexes; the corresponding
Cu(ll) also exhibited similar transitions but with much lower intensities, as will
be shown in Section 3.3. Once oxidation occurs, many of the spectra appeared
to lose intensity, in particular in the case of oxidation using NOPFs: this is due
to the sudden precipitation of part of the oxidized form, which formed a
coloured powder at the bottom of the reaction flask (around the NOPFg
powder added in excess) after oxidation. Despite lowering of concentration in
some cases, in the unsubstituted and in the 5,5’ -dimethyl substituted samples
the spectra of the oxidized species using NOPFs and tBuOOH are very similar
(right panels in Figure 3.5): the split between the two main bands above 30000
cm™ increases, and two weak bands appear at ca. 10000 and 14000 cm™
corresponding to d-d bands of Cu(ll). In contrast, the two oxidizing agents
appeared to have a different effect on the 6,6’-dimethyl and -dimethoxy
substituted samples (left panels in Figure 3.5): a larger splitting in the bands in
the UV region was also observed here, with specific differences in the band at
ca. 30000 cm™ depending on the oxidizing agent; furthermore, in the case of
the 6,6’-dimethyl substituted sample, oxidation with NOPFe leaded to the
formation of a single d-d band at ca. 12500 cm™, while oxidation using tBuOOH
yielded two d-d bands similar to the ones obtained for the other complexes. An
additional band formed at 26500 cm™ upon oxidation of [Cu(6,6’-dimethyl-2,2’-
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bipyridyl)2]PFe with tBuOOH; this peculiar behaviour hinted at the formation of
a different species depending on the oxidizing agent on the two 6,6
substituted complexes, most probably due to the proximity of the substituents
to the Cu centre. The interaction of the complexes with tBuOOH was studied
with Raman spectroscopy to characterize differences in their vibrational
features upon oxidation: the resulting spectra are presented in Figure 3.6.
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Figure 3.6 Raman spectra (A = 244 nm) of the four complexes in their pristine form (darker
colours) and after reaction with tBuOOH (lighter colours). Black and grey curves refer to spectra
of the ligands and of pure CHzCl, respectively. Solutions were prepared with a concentration of
5 mM in CHxCl>. Spectra were normalized to the CHCl> peak at 1425 cm™ for the sake of
comparison. Adapted from Appendix A4.

For all complexes, oxidation using tBuOOH only resulted in minor changes in
the vibrational features observed in Raman spectra; this fact, coupled with the
absence of any characteristic band of the free ligands upon oxidation, suggests
that the reaction with the peroxide does not substantially disrupt the backbone
structure of the complex. Upon closer inspection, minor differences in the
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spectra (especially for the unsubstituted and the 6,6’-dimethyl substituted
complexes) arise upon oxidation: the peaks at 1028 and 1014 cm’,
respectively, displayed an shift to higher wavenumbers after oxidation of 10
cm™ (20 cm™ compared to the trans isomer of the bare ligands), while the
corresponding bands for the other two complexes appear to only shift slightly.
This vibrational mode was assigned via DFT to a breathing mode of the
aromatic rings involving the N atoms, leading to its sensitivity to the presence
and oxidation state of Cu. The combination of the information obtained from
electronic and vibrational spectroscopies suggested that:

1. Both oxidizing agents are efficient in converting the complexes,
probably in a quantitative way, from Cu(l) to Cu(ll) states.

2. For two of the complexes, [Cu(6,6’-dimethyl-2,2’-bipyridyl).]PFs and
[Cu(6,6’-dimethoxy-2,2’-bipyridyl);]PFs, the species obtained via the
two oxidation pathways appear to be different.

3. The structural backbone of the complexes upon oxidation using
tBuOOH is not disrupted nor is it severely modified.

4. The electronic structure involving the Cu centre and its surrounding is
significantly different after oxidation.

To inquire the specific nature of the oxidized state of the complexes,
cyclohexene was added to the oxidized samples as a reducing agent. UV-Vis
spectra of all solutions remained unchanged after the addition, apart from the
one containing [Cu(6,6’-dimethyl-2,2’-bipyridyl);]PFes oxidized using tBUuOOH, as
shown in Figure 3.7.
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Figure 3.7 UV-Vis spectra of [Cu(6,6’-dimethyl-2,2’-bipyridyl):]PFs in its Cu(l) form, after
reaction with tBuOOH and after interaction with cyclohexene. Solutions were prepared with a
concentration of 5 mM in CH:Cl>. Spectra are reported in absorbance without any additional
treatment. Adapted from Appendix A4.

The spectrum of the complex after oxidation with tBuOOH and interaction with
cyclohexene was found to be practically identical to the initial [Cu(6,6’-
dimethyl-2,2’-bipyridyl)2]PFs, with small intensity differences ascribable to
dilution effects; quantitative reversal to the Cu(l) form after interaction with
cyclohexene was also observed by XANES and EPR spectroscopies. The Cu(ll)
species obtained from the reaction of [Cu(6,6’-dimethyl-2,2’-bipyridyl);]PFe
with tBuOOH appears to be the only reactive species towards cyclohexene,
regenerating the original Cu(l) complex. This very interesting result highlights
the possibility that this system can be exploited as i) a reversible Cu(l)/Cu(ll)
redox couple and ii) a catalyst for hydrocarbon oxidation reactions. Analysis of
the solution after reaction with cyclohexene via GC-MS found amounts of
cyclohexenone and cyclohexanone in the mixture, the latter of which is
probably at least partly deriving from the tautomerization of cyclohexenol. The
presence of oxygenated products of the starting alkene led to consider the
possibility of a Cu(ll) species containing at least one atom of O in its structure
as a result of the oxidation of the original complex with tBuOOH: once
cyclohexene is introduced in the mixture, this species would be able to both
oxidize and oxygenate the alkene, reverting the complex back to its Cu(l) state.
From the reaction products that were detected, the mechanism is unlikely to
simply consist of an electrophilic addition on the alkene (due to at least partial
retention of the unsaturated C=C bond), and seemed to involve in some way a
saturated C-H bond; the electron-rich alkene moiety of the molecule likely has
some aiding effect in the reaction, since addition of cyclohexane to the solution
containing the oxidized complex did not yield any detectable oxidation product
at room temperature in the timescale of several hours.

After a screening of the properties of the four complexes as a function of
simple substitutions in the bipyridine backbone, the results seemed to indicate
that substitution in the 6,6" position imparted peculiar properties at the
electronic level on the complex. Of the two 6,6’ substituted complexes,
[Cu(6,6’-dimethyl-2,2’-bipyridyl)2]PFe showed particularly slow oxidation
kinetics when reacted with tBuOOH, and the resulting Cu(ll) species was able to
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both revert quantitatively to its Cu(l) form after reaction with cyclohexene and
promote oxidation of the alkene with addition of an O to the structure to form
oxygenated products with retention of the C=C double bond. The identity of
this Cu(ll) remained unknown at this point, as well as the actual role of such
species in the oxygenation of the substrate; The study was further expanded to
investigate the oxidation reaction of [Cu(6,6’-dimethyl-2,2’-bipyridyl);]PFs with
tBUOOH, possibly identifying the active species involved in the reaction with
the alkene.

3.3 Study on the oxidation of [Cu(6,6’-dimethyl-2,2’-
bipyridyl),](PFs). with tBuOOH

The peculiar behaviour of [Cu(6,6’-dimethyl-2,2’-bipyridyl).]PFs in its tBUOOH-
assisted redox cycle presented in the previous section highlighted how the
electronic structure of the complex significantly changes upon oxidation, while
its overall structure remains virtually unchanged in its organic backbone.
Although NMR characterization could not be straightforwardly performed on
this oxidized species due to its paramagnetic nature, all experimental evidence
pointed to an oxidation event exclusively centred on the metal with the
possible formation of an adduct. In addition to UV-Vis spectroscopy, already
presented in the previous section, Cu K-edge XAS spectroscopy was employed
as a complementary electronic spectroscopy to explore the metal centre
involved in this reaction. Due to its peculiar element selectivity, this technique
has been applied to study fine details regarding Cu centres in heterogeneous,
homogeneous and enzymatic systems over the years. The XANES part of the
spectrum probes the core-to-valence electronic transitions of the material,
accessing complementary information to the valence-centred states probed by
UV-Vis and offering crucial information on the oxidation state and coordination
environment of Cu; the EXAFS part can then be used to extract structural
information on the neighbouring atoms surrounding the metal, with high
accuracy in the determination of interatomic distances and coordination
numbers. Unfortunately, the requirements to perform XAS in transmission
mode could not be met for the solution of the complex, in which the dilution of

the analyte and background absorption from the solvent (mainly due to the Cl
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in CH,Cl,) led to poor absorption due to the analyte and strong absorption from
the matrix. Fluorescence detection had to be employed on the samples,
leading to long acquisition times (in the order of hours per spectrum) and
reduced signal/noise ratio. As an example of this effect, Figure 3.8 displays XAS
spectra in the EXAFS regions for the [Cu(6,6’-dimethyl-2,2’-bipyridyl);]PFe
complex in transmission mode (on the pelletized powder) and fluorescence
mode (on a 5 mM solution of the sample in CH,Cl).
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Figure 3.8 k*-weighted Cu K-edge EXAFS spectra of [Cu(6,6’-dimethyl-2,2’-bipyridyl):]PFs
acquired in fluorescence mode (on a 5 mM solution of the complex in CH2Clz) and in
transmission mode (on a sample pellet).

Although the EXAFS signal of the complex as a solid and in solution is extremely
similar (hinting at a very similar structure in the vicinity of Cu in the two
phases), a major loss in signal/noise ratio is evident in the case of fluorescence
acquisition. The signal/noise ratio of the XANES part of the spectra was also
affected by fluorescence acquisition, although to a lesser degree; the XANES
spectra collected for [Cu(6,6’-dimethyl-2,2’-bipyridyl)2]PFs before and after
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reaction with tBuOOH, along with TD-DFT simulations for the Cu(l) and Cu(ll)
forms of the complex, are shown in Figure 3.9.
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Figure 3.9 Left panel: normalized pre-edge and rising edge XANES spectra of [Cu(6,6’-dimethyl-
2,2’-bipyridyl)2]PFs in solution (black) and pellet form (grey) along with TD-DFT simulated
spectrum of [Cu(6,6’-dimethyl-2,2’-bipyridyl)z]* (blue). Right panel: normalized pre-edge and
rising edge XANES spectra of [Cu(6,6’-dimethyl-2,2’-bipyridyl):]PFs in solution after addition of
tBuOOH (red) along with TD-DFT simulated spectrum of [Cu(6,6’-dimethyl-2,2’-bipyridyl).]?*
(orange). Calculated spectra are displayed with an energy shift of -6 eV and Gaussian lineshape
width of 2.3 eV.

The initial state of [Cu(6,6’-dimethyl-2,2’-bipyridyl).]PFe (Figure 3.9, left panel)
is consistent with a purely Cu(l) species, as confirmed by the absence of any
Cu?* 1s—3d transition at 8978 eV and the presence of the dipole-allowed Cu*
1s—4p transition at 8983 eV. NTO analysis on the calculated spectrum
confirms the nature of this feature and allows to assign the feature at 8979 eV
to a charge transfer transition of the 1s core electron to a delocalized 1 system
on the bipyridine rings. The spectrum collected on the pellet shows only minor
differences compared to the one in solution, indicating a very similar
coordinative environment around Cu and further testifying the rigidity of the
structure for this complex; for comparison, the data for Cu(l) states in pellet
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and solution are shown for the unsubstituted [Cu(2,2’-bipyridyl),]PFs in Figure
3.10, along with calculated XANES spectra for relaxed PES scan points along the
angle between the bipyridine planes in both cases.
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Figure 3.10 Simulated (from blue to red) and experimental (thick lines) Cu K-edge XANES
spectra (pre- and rising-edge features) for the two complexes. Minimum structure in thick red.
Grey boxes in the legend indicate thermally accessible angles at 25°C. Left panel: [Cu(2,2’-
bipyridyl).]*. Right panel: [Cu(6,6-dimethyl-2,2"-bipyridyl).]*. The B3LYP functional was used to
reduce computational cost.

As can be seen from the experimental spectra of [Cu(2,2’-bipyridyl):]PFs,
dissolution in CH,Cl, has a significant effect on the spectral features, with the
appearance of two prominent features at 8982.5 and 8987 eV. This behaviour
can be explained at least partially by the wide range of accessible
conformational angles along the bipyridine planes in this structure, as already
portrayed in Figure 3.4; such a difference is reproduced by the change in
calculated spectra on the different positions on the PES, that display minor but
significant changes in features at energies compatibles with those observed in
the experimental spectra (i.e., those thermally accessible at 25 °C according to
the PES reported in Figure 3.4). After reaction with tBuOOH (Figure 3.9, right
panel), the experimental XANES spectrum is consistent with a Cu(ll) species:
the appearance of a weak dipole-forbidden Cu?* 1s—3d transition at 8978 eV
(see inset), the absence of any trace of the Cu* 1s—4p transition at 8983 eV
and the slight but noticeable shift of the absorption edge to higher energy
values are all in agreement with the oxidation of the metal centre. In this case,
though, the simulated spectrum does not necessarily reproduce well the
experiment: a small mismatch in the predicted position of the 1s—3d
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transition and the intense predicted transition at 8989 eV suggest a simple
oxidation of the metal centre with no further change in the structure is not
likely. It has to be stated, though, that Cu(ll) K-edge XANES rarely offers the
possibility to discriminate between different coordination motifs: apart from
some cases where high energy resolution fluorescence detected (HERFD)
XANES is collected,*” the Cu(ll) K-edge does not usually show intense features
and appears rather smooth (as is the case in Figure 3.9, right panel), making it
difficult to reliably compare it with calculated spectra. To explore structural
aspects of these species, EXAFS spectra for states corresponding to the ones
shown in Figure 3.9 (left panel) were collected and are shown in Figure 3.11.
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Figure 3.11 Magnitude of FT-EXAFS spectra of [Cu(6,6’-dimethyl-2,2"-bipyridyl):]PFs before
(black) and after (red) reaction with tBuOOH, obtained by Fourier transforming k’x(k) spectra
(inset) in the 2.6-9.6 A~ range.

As can be seen from the FT-EXAFS spectra, oxidation using tBuOOH
qualitatively results in an increase in the first-and second-shell contributions
around Cu. First-shell fits of the spectra are consistent with a 4-fold
coordination for the Cu(l) species, while a 5-fold coordination pattern around
Cu is consistent with the oxidized species. A slight decrease in the Cu-N
distance is predicted by the fits upon oxidation (from 2.01 to 1.99 A), while the
coordination number on Cu increases from 4 (4 N neighbours) to 5 (4 N

neighbours + 1 light atom neighbour): in agreement with qualitative analysis of
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the spectra, one additional atom appears to be present in the first coordination
shell of Cu, with a fitted distance of 1.94 A. Unfortunately, the identity of the
5t ligand could not be determined by this experiment due to the limited Z-
contrast of EXAFS.

To further characterize the oxidized phase of the complex, EPR spectroscopy
was performed on the sample along reaction with tBuOOH. Simultaneous UV-
Vis characterization was performed on the same solution as a control
technique; the resulting in situ UV-Vis/EPR spectrokinetic series is reported in
Figure 3.12.
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Figure 3.12 Left panel: UV-Vis spectra of a 1 mM [Cu(6,6’-dimethyl-2,2’-bipyridyl)2]PFs during
reaction with tBuOOH (1:5 ratio) in a 1:1 CH3CN/CHCl> mixture. A 0.2 cm cuvette was used for
the experiment. Right panel: X-band EPR spectra on the same solution.

The starting point of the reaction is consistent with a purely Cu(l) species, as
the UV-Vis spectrum does not display any appreciable signal attributable to d-d
transitions in the 17000-9000 cm™ zone and no signal is visible in the
corresponding EPR spectrum (in agreement with the d'© EPR-silent
configuration of Cu(l)). In the first 6 h of reaction, a significant loss of the Cu(l)
species was observed (indicated by the drop in intensity of the 22700 cm™*
MLCT transition in the UV-Vis), together with the appearance of a Cu(ll) species
characterized by two d-d transitions at ca. 13700 and 9700 cm™ (already
observed in the previous section, Figure 3.5) and an intense EPR signal.
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Interestingly, when the reaction was allowed to proceed for longer times, a
new species appeared that indicated once again Cu(ll) character, featuring a
broad band at ca. 11000 cm™ in the UV-Vis spectrum and a remarkably
different signal in the EPR spectrum. This evolution of the spectral profiles
along reaction indicates that i) the initial Cu(l) species is converted (probably
completely, according to UV-Vis) to a first Cu(ll) species after reaction with
tBuOOH, ii) this first Cu(ll) species converts to a second Cu(ll) species over time,
with somewhat slower kinetics, that has remarkably different EPR features and
slightly different UV-Vis features (especially in the d-d zone). To allow for a
more specific identification of these species, MCR decomposition of the
dataset shown in Figure 3.12 was performed; the resulting pure spectral and
concentration profiles are reported in Figure 3.13.
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Figure 3.13 Pure spectral and concentration profiles retrieved by the MCR-ALS algorithm
applied to the reaction profiles of [Cu(6,6’-dimethyl-2,2’-bipyridyl):]PFs and tBuOOH. Top: pure
spectral profiles obtained from MCR-ALS for UV-Vis (left) and EPR (right). Bottom: pure
concentration profiles obtained from MCR-ALS for UV-Vis (left) and EPR (right).
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The red species in Figure 3.13 (left panels) corresponds to the tail of the MLCT
band associated to Cu(l), that was added to aid convergence in the algorithm
but could not be completely inserted in the dataset in the d-d range due to
differences in intensity. The black and blue spectra correspond to the first and
second Cu(ll) species that form upon oxidation of [Cu(6,6’-dimethyl-2,2’-
bipyridyl)2]PFs using tBuOOH, and will be referred to as PC1 and PC2 from this
point for the sake of clarity; UV-Vis experiments confirm that both of these
species revert to Cu(l) once exposed to an excess of cyclohexene, indicating
that both are reactive towards the substrate or that equilibrium effects favour
the formation of the more reactive species when the system is exposed to
CeH1o. Since the assignment of both species to a Cu(ll) state is unambiguous at
this point, the difference between PC1 and PC2 as registered by UV-Vis and EPR
is consistent with a change in coordination environment around the metal site.
In order to assess specific differences in the spectra, fits of the pure species in
terms of spin-Hamiltonian EPR parameters were performed, as portrayed in
Figure 3.14.
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Figure 3.14 Pure spectral profiles for the EPR dataset as retrieved from MCR (black curves) and
best fits (red curves) with corresponding spin-Hamiltonian parameters.

The EPR spectra for the two species suggest that a change in the configuration
of the ligands around the Cu(ll) site occurs when PC1 is converted into PC2:
both qualitative inspection of the spectrum of PC1 and fitted spin-Hamiltonian
parameters indicate a more rhombic structure, similar to that found in [Cu(6,6’-
dimethyl-2,2’-bipyridyl)2(CH3CN)](ClOa4)>, [Cu(6,6’-dimethyl-2,2’-
bipyridyl)2(H20)](Otf),  (shown in Figure  3.15) and [Cu(2,2’-
bipiridyl)2(CH30H)]SO4;*® calculation of R-values as indicated in the literature®
are consistent with a more rhombic, trigonal bipyramidal structure for PC1 and
a more axial, square-based pyramidal structure for PC2.
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Figure 3.15 X-band EPR spectra of a 1 mM solution of [Cu(6,6’-dimethyl-2,2’-
bipyridyl)2(CH3sCN)](ClO4): (dark yellow) and [Cu(6,6’-dimethyl-2,2’-bipyridyl)2(CH3CN)](ClO4)2
(magenta). The EPR spectrum of PC1 collected in the same experimental conditions as already
portrayed in Figure 3.14 is reported in black for comparison.
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In agreement with the values reported in Figure 3.14 and the similarity

between the spectra portrayed in Figure 3.15, spin-Hamiltonian parameters for
a series of adducts of the type [Cu(6,6-dimethyl-2,2’-bipyridyl)s(X)"]@"*
calculated using DFT were found to be more similar to the ones fitted for PC1

when X was a small, neutral species or a Cl;; the results of these calculations

are reported in Table 3.3.

Table 3.3 Simulated spin-Hamiltonian parameters for adducts of the [Cu(6,6’-dimethyl-2,2’-
bipyridyl)2(X)]?"* type. The row marked with “/” is relative to the simulated [Cu(6,6’-dimethyl-
2,2’-bipyridyl)2]* complex without additional ligands. The rows highlighted in green report the
fitted parameters for PC1 and PC2. g-tensors were considered rhombic if calculated |gx-gy| >

0.07.
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In contrast, assignment of PC2 from calculated EPR values proved particularly
difficult due to the variety of values obtained and the high number of possible
consistent species. It is worth to mention that the simulated DFT structures
that most resemble the structural insight given by EXAFS spectroscopy (in
terms of Cu-X distance) appear to be oxygenated, monovalent anions, with Cu-
O distances that approach the 1.94 A fitted distance with deviations of 0.02 A
on average (compared to 0.1 A differences in the case of other species and
even larger deviations in average Cu-Npppy distances). Similarly, the
characteristic features of the d-d bands retrieved from MCR for PC1 and PC2
(as reported in Figure 3.13, top-left panel) are summarized in Table 3.4.

Table 3.4 Parameters relative to the d-d transitions retrieved by Gaussian curve fitting of
spectra for the two species formed after reaction of [Cu(6,6"-dimethyl-2,2"-bipyridyl):]JPFs with
tBuOOH.

Species Band energy / cm™  Band splitting/cm? FWHM/cm? &/ Mlcm?

PC1 13701, 9671 4030 3684, 2935 144,76

PC2 10914, 8189 2725 3775, 2903 103, 53

The molar absorption coefficient (€) of the bands assigned to d-d transitions is
relatively weak (the MLCT transition for Cu(l) is roughly one order of magnitude
more intense) due to their low dipole transition moment and in line with values
found in the literature for Cu(ll) species.®®>? As was already qualitatively
observed, the broad band in the spectrum of PC2 is comprised of two partially
overlapping absorptions; the possibility of additional components at lower
wavenumbers was excluded by inspection of extended spectra encompassing
the NIR region. Apart from a different position of the bands, the split between
the two d-d bands is severely affected by the change in coordination
environment. Calculation of UV-Vis spectra was performed on the same
structures used for EPR simulations to check if the trends from the two
spectroscopies were in line; the results for the possible [Cu(6,6’-dimethyl-2,2’-
bipyridyl)2(X)]?"* adducts listed in Table 3.4 in the MLCT and d-d zones are
shown in Figure 3.16, together with their respective MCR profiles.
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Figure 3.16 Top: pure spectral profiles retrieved by the MCR-ALS algorithm corresponding to
[Cu(6,6"-dimethyl-2,2"-bipyridyl)2]PFs, PC1 and PC2 in the MLCT (left) and d-d (right) transitions
zones. Bottom: simulated UV-Vis spectra for adducts of the [Cu(6,6’-dimethyl-2,2’-
bipyridyl)2(X)"]?™* type in the MLCT (left) and d-d (right) transitions zone; the simulated
spectrum for [Cu(6,6’-dimethyl-2,2"-bipyridyl):]* is reported in red in the MLCT zone for
comparison’s sake. The two sub-figures (labelled PC1 and PC2) refer to the species consistent
with EPR and EXAFS analysis as reported above.

The calculated UV-Vis spectra were found to be consistent with what was
previously deduced from EXAFS and EPR spectroscopy. In the MLCT region
(Figure 3.16, left panel) small neutral ligands (together with CI- and OH") result
in very low CT transitions in the Cu(ll) state, consistently with the MCR-
retrieved spectrum for PC1; meanwhile, negatively charged ligands binding via
an O atom result in more intense CT transition (although they are all weaker
than the Cu(l) MLCT), in line with the spectrum retrieved for PC2. A similar
situation was found for the calculated transitions in the d-d zone (Figure 3.16,
right panel), although no significant bathochromic shift was found in the
spectra listed as candidates for PC2 compared to PC1.

The concentration profiles presented in Figure 3.13 (bottom panels) suggested
slower kinetics for the second reaction (i.e., the conversion of PC1 to PC2): in
1:5 proportions between complex and peroxide, PC1 peaks in concentration at
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ca. 6.7 h from the start of the reaction, while PC2 reaches a plateau after up to
50 h. A semi-quantitative fit of the concentration profiles (supposing first-order
kinetics for all species involved) led to an estimate of k1 = 10k, where k1 and ka
are the rate constant for the first and second reaction, respectively. Even
though the agreement was not point-to-point, the concentration profiles
retrieved using MCR on the two separate techniques were in very good
agreement, especially considering the different conditions in which they were
registered (continuous monitoring in the same cuvette in the case of UV-Vis vs
aliquots measured in EPR tubes) and the different sources of error involved for
them (mainly the uncertainty in weighing the powder for UV-Vis vs additional
uncertainty in dispensing the liquid in each EPR tube with micropipettes). To
further validate the reliability of this method, spin quantification on EPR
spectra was performed by means of a standard solution of [Cu(6,6’-dimethyl-
2,2’-bipyridyl)2(CH3CN)](ClO4)2 complex; the comparison between the MCR-
extracted profiles and the one obtained from spin quantification is reported in
Figure 3.17.
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Figure 3.17 Comparison of concentration profiles obtained from MCR on EPR data (black curve),
MCR on UV-Vis data (red curve) and spin quantification (blue curve). The relative concentration
of Cu(ll) for the spin quantification procedure (left axis) was obtained by dividing the absolute
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amount by the total Cu concentration, while the MCR curves were obtained by summing the
relative amounts of PC1 and PC2 in each step. The horizontal line is placed in correspondence of
the total Cu concentration (right axis).

The relative amounts obtained by MCR are in line with the spin quantification
curve, which is in turn consistent with the total amount of Cu within the
expected experimental error. Even the dip in the concentration registered for
MCR-EPR at ca. 400 min is reproduced by the spin quantification, making it
possible to ascribe this partially off-trend point to small systematic errors
associated to the sample preparation for EPR measurements. By combining the
spin quantification and the relative proportions of the species obtained
through MCR, the Aasa-Vanngard factors'® could be calculated for PC1 and PC2
and the total concentration of Cu(ll) was calculated on the experimental points
in which Cu(l) was not present in significant amounts (< 1%, 400 min from
reaction start) according to the formula:

Jsa st Tsa MAse  |Pet for Gt SCar
*Jst g Tt MAst | Pra foa Gsa SCsa

sa

Csa =

Where C is the molar concentration, J is the double integral of the EPR signal,
g is the Aasa-Vanngard factor for a species (a weighted average was used
according to MCR concentrations), T is the temperature, MA is the modulation
amplitude, P is the microwave power, fis the diameter of the EPR tube, G is the
detector gain, SC is the number of scans per spectrum and the subscripts “sa”
and “st” indicate sample and standard, respectively. An average deviation of
1.5% was obtained compared to the known total Cu concentration of the
solution, testifying to the accuracy of this methodology to quantify Cu(ll)
species in a mixture and assigning the relative concentrations.

To retrieve more accurate information about the kinetics of these two
reactions (involving conversion of [Cu(6,6’-dimethyl-2,2’-bipyridyl),]PFs to PC1
and PC1 to PC2, respectively; reaction 1 and reaction 2 henceforth), a
spectrokinetic study was conducted exploiting the Ostwald method of flooding.
Briefly, if the two known reactants have unknown reaction order, and
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supposing that the kinetic process is represented by a single reaction rate
constant, the reaction rate can be written as:

v(t) = k[A]()*[B](t)¥

Where v(t) is the reaction rate for the process, k is the rate constant, [A](t) and
[B](t) are the concentrations of the two reagents as a function of time, and x
and y are the reaction orders for A and B, respectively. If B is present in excess
in the mixture, [B](t) = [B]o at any given point of the reaction, and the reaction
rate becomes:

v(t) = k'[A](D)*

With k' = k[B]o¥. By monitoring the time dependence of [A], and if the reaction
is first-order in A, the equation:

In[A] = —k't + In[4],

Is found to be linear and the conditional k’ rate constant specific for a given [B]o
can be retrieved. By varying the excess of B (i.e., [B]o) the reaction order y for B
and the general reaction rate constant k can be calculated with a In[B]o vs In(k’)
linear plot according to:

In(k") = In(k) + yln[B],

With the slope and the exponentiation of the intercept yielding the reaction
order for B and the general reaction rate constant, respectively. The two
reactions were run with a tBuOOH:Cu ratio of 1, 10, 20, 60, 100 and 200 and
monitored spectroscopically with UV-Vis: the intensity of the MLCT band at
21626 cm™ was used to quantify the decay over time of [Cu(6,6’-dimethyl-2,2’-
bipyridyl);]PFs (thus characterizing reaction 1), while a two-components fit of
the d-d zone of the spectrum was used to quantify the conversion of PC1 to
PC2 over time (thus characterizing reaction 2). An example of the spectral
series obtained through this method is shown in Figure 3.18.
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Figure 3.18 Spectrokinetic series of reactions 1 and 2 as monitored by in situ UV-Vis
spectroscopy. The starting solution of [Cu(6,6’-dimethyl-2,2’-bipyridyl)2]PFs was 2 mM in a 1:1
CH3CN/CH:Cl2 mixture in all cases. Left panel: UV-Vis spectra in the MLCT region of [Cu(6,6'-
dimethyl-2,2’-bipyridyl):]JPFs during reaction with tBuOOH (1:20 ratio). Right panel: UV-Vis
spectra in the d-d region of [Cu(6,6'-dimethyl-2,2"-bipyridyl):]PFs during reaction with tBuOOH
(1:10 ratio).

All plots of In[A] vs t (where A = [Cu(6,6’-dimethyl-2,2’-bipyridyl)2]PFs and PC1
for reactions 1 and 2, respectively) and In[tBuOOH]o vs In(k’) displayed good
linearity; data on the 1:1 proportion between complex and peroxide was not
used to build this model due to the condition of [tBuOOH](t) = [tBuOOH]o not
being valid for this composition of the solution. The kinetic parameters
calculated using this model on reactions 1 and 2 are reported in Table 3.5.

Table 3.5 Kinetic parameters obtained for reactions 1 and 2. The reaction schemes are not in
stoichiometric balance and do not necessarily include all reactants and products, but only
involve the detected species in the spectrokinetic study. L = 6,6’-dimethyl-2,2’-bipyridyl.

Reaction scheme Reaction order Rate constant

[Cu(L)2]PFe + tBUOOH -> PC1 1 for [Cu(L)2]PFs ki = (1.440.1)-103 Hz-M %>
0.5 for tBuOOH

PC1 + tBuOOH -> PC2 1 for PC1 k, = (4.010.4)-10'4 Hz-M-67
0.67 for tBUuOOH

From the kinetic data obtained, both reactions appear to have a first-order
dependence on the reactant containing Cu ([Cu(6,6’-dimethyl-2,2’-
bipyridyl)2]PFe and PC1 for reactions 1 and 2, respectively), while fractional
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reaction orders were registered for tBUOOH in both cases, suggesting a more
complex reaction mechanism involving multiple elementary steps. This agrees
with i) the fact that the formation of PC2 is observed even in 1:1 proportion
between complex and tBuOOH (suggesting that the complex is the limiting
reagent) and ii) the absence of detectable residual organic radicals in the EPR
spectra. In particular, point ii) is consistent with an overall complex:peroxide
stoichiometry of 2:1 (where complex may refer to either Cu(6,6’-dimethyl-2,2’-
bipyridyl)PFs or PC1): supposing that homolytic cleavage of some moiety of
tBuOOH is involved, the 1-electron oxidation of Cu(l) to Cu(ll) would leave one
of the free radicals in solution, possibly detectable by EPR (at least in the case
of Reaction 1). Consistently with those semi-quantitatively determined by the
MCR concentration profiles, the rate constants for both reactions are quite
low, in a ki1 = 3.5k, proportion. The rate constant for the first reaction, involving
oxidation of N-ligated Cu(l), is in line with similar reactions already proposed in
the literature.®®> The reliability of this model, however, is based on the
supposition that:

1. Reaction 1 goes to completion before reaction 2 starts (i.e., [PCl]o =
[Cu*o).

2. No side reactions occur that consume tBuOOH.
3. The concentration of tBUOOH at the start of reaction 2 is 0.5:[Cu]o.

Although condition 1) is approximately verified, as confirmed by UV-Vis
spectrokinetic profiles, conditions 2) and 3) remained unchecked at this point.
Moreover, the choice of the solvent was found to be important: in the absence
of CHyCl,, adding tBuOOH to a solution of complex did not result in any
detectable reaction, as reported in Figure 3.19.
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Figure 3.19 UV-Vis spectra of a 1 mM solution of [Cu(6,6-dimethyl-2,2"-bipyridyl)2]PFs in CH2Cl;
and CHsCN after 70h of reaction with tBuOOH (in 1:5 proportion of complex:peroxide). The
spectrum of the solution in CH3CN before reaction with tBuOOH is reported in red. Spectra were
acquired using fibre optics in a 1.0 cm cuvette.

The spectrum of the starting solution in CH3CN of [Cu(6,6'-dimethyl-2,2'-
bipyridyl):]PFs is not reported in Figure 3.19 since it shows the same features as
the one in CHCl, (i.e., the starting Cu(l) form of the complex is the same
regardless of the solvent). After 70h of reaction with a 5-fold excess of
tBUOOH, the spectrum of the solution in CHxCl, is consistent with the
formation of PC2, while the one for the solution in CH3CN remains practically
unchanged; addition of small amounts of CH>Cl, to the latter solution promotes
the start of the reaction. This behaviour seems to suggest a role of the
chlorinated solvent in the reaction: if CH3CN was somehow responsible for
guenching the reaction, small additions of CH,Cl, would likely not be able to
start it.

While UV-Vis and EPR spectroscopy provided specific, consistent information
on the metallic centre, the evolution of tBuOOH along reaction could be
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probed via in situ transmission IR spectroscopy. Since the detector for the IR
spectrophotometer needs to be cooled with liquid N2 every 6h, the series was
collected with a 100-fold tBuOOH excess over 4h to ensure peak concentration
of PC1 at ca. 30 min and PC2 at ca. 4h. A full-range IR spectrum of the starting
[Cu(6,6'-dimethyl-2,2'-bipyridyl);]PFs solution prior to oxidation is shown in
Figure 3.20.
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Figure 3.20 Transmission IR spectra of a 2 mM solution of [Cu(6,6’-dimethyl-2,2"-bipyridyl):]PFs
in CHzCl2. The signals marked in the spectra are due to liquid H20 impurities in the solvent or
windows and gaseous CO: in the measurement chamber. Zones covered in dashed rectangles
are blind windows due to absorption of the solvent.

The spectrum of the complex in solution in its Cu(l) form is consistent with both
spectra of the pure ligand>® and spectra of Cu-complexes bearing similar
ligands,>* with intense absorptions due to stretching modes of the rings (1599
and 1575 cm™?) and bending modes of the backbone (847 cm™). Some notable
interferences can be noted in the spectrum, namely stretching vibrations of
H,O (at 3686 and 3600 cm™) present in the solvent and/or KBr windows and
CO, (at 2359 and 2338 cm™) present as gas in the sample chamber and
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dissolved in the liquid phase; moreover, strong absorptions from the solvent
completely preclude the acquisition of reliable data in some spectral intervals
(marked with dashed rectangles in Figure 3.20). To aid interpretation and check
kinetic behaviour, the MCR-ALS was run on the time series of IR spectra; the
resulting spectral and concentration profiles are portrayed in Figure 3.21.
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Figure 3.21 Pure spectral (top) and concentration (bottom) profiles retrieved by the MCR-ALS
algorithm applied to the IR reaction profiles of [Cu(6,6"-dimethyl-2,2"-bipyridyl)2]PFs and
tBuOOH. Blind zones due to intense solvent absorption were removed from the input to aid
convergence.

The algorithm successfully assigns 3 pure components to the dataset,
identifying the starting point (the signals due to the combination of [Cu(6,6'-
dimethyl-2,2'-bipyridyl)2]PFs and tBuOOH) and two additional components.
Even with some confusion due to the continuous generation of reaction
products, the concentration profiles reflect the kinetic behaviour described by
UV-Vis spectrokinetic analysis, confirming that i) the last two components
correspond to PC1 and PC2 (together with a mixture of reaction products) and
ii) the reaction proceeded consistently with what was previously observed with
no detectable interference from the IR setup. The IR spectra in the high
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wavenumber zone collected during reaction of [Cu(6,6'-dimethyl-2,2’-
bipyridyl);]PFs with tBuOOH (along with reference spectra of H,0 and tBuOOH)
are shown in Figure 3.22.
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Figure 3.22 Left: transmission IR spectra (high wavenumbers) of a 2 mM solution of [Cu(6,6'-
dimethyl-2,2’-bipyridyl)2]JPFs in CH:Cl2 during reaction with tBuOOH. Right: transmission IR
spectra (high wavenumbers) of a 150 mM solution of in CH2Cl> tBuOOH (green curves) and a
saturated solution of Hz20 in CH2Cl2 (black curve).

The experimental spectra during the oxidation reaction (Figure 3.22, left panel)
showed the evolution of three main signals at 3683 (practically unchanged),
3600 (with an increasing trend) and 3529 cm™ (with a decreasing trend). In
order to assign these signals, the IR spectra of tBUOOH and H,0 in CH,Cl; in the
same experimental conditions are shown in Figure 3.22 (right panel). Since
signals at the same wavenumbers were retrieved in this control experiment,
these features can be assigned to Vasym and vsym of H,0 (3683 and 3600 cm™?,
respectively) and von of tBUOOH (3529 cm™); furthermore, the spectrum of
tBUOOH in the absence of Cu shows no significant decrease in intensity of the
signal at 3529 cm™ as a function of time. Comparison of the two sets of spectra
leads to the conclusion that i) some amount of H,O was already present in the
tBuUOOH solution and ii) the peroxide is stable in a CHxCl, solution for more
than 1 h. The amount of water present at the start of the oxidation experiment
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is thus likely to come from the addition of tBuOOH. Although the signal at 3683
cm™ remained unchanged during the oxidation reaction (hinting that the
amount of H,0 in the solution remained constant), the signal at 3600 cm™
significantly increased over time: this trend can be explained in terms of the
formation of tBuOH as reaction product, with the signal at 3600 cm™ being
compatible with its von;>> other signals due to tBuOH grew with the same trend
along the oxidation series (vide infra). The formation of this co-product was
accompanied by a consumption of tBuOOH, as testified by the significant
decrease in the signal at 3529 cm™; this decrease, corresponding to more than
30% of the signal of the peroxide, is not explainable in terms of the sole
reaction with [Cu(6,6'-dimethyl-2,2'-bipyridyl)2]PFes in a 100-fold excess of
tBuOOH, and has to be due to side reactions involving this molecule. The
reaction order on tBuOOH and reaction rates retrieved from the UV-Vis
spectrokinetic study must be taken with care after this finding. Since tBuOOH
was observed to be stable in the absence of the complex, and the oxidation
reaction was observed not to start in the absence of CHCl;, a possible
hypothesis is that the Cu(l) centre is able to catalyze the degradation of
tBUOOH, with a role of CH,Cl, as a possible co-catalyst or as a free radical
propagator. IR spectra in the lower wavenumber zone corresponding to the
ones shown in Figure 3.22 (left panel) are reported in Figure 3.23.

01

PC1,PC2 PC2

PC2 (shift)
|

Absorbance

A {{1;0’/);25‘."[,';”
T i T T T T T T ///////// T
2400 2250 2100 1950 1800 1650 1500 1050 900 750 600

Wavenumber Wavenumber

TRy

Figure 3.23 Transmission IR spectra (low wavenumbers) of a 2 mM solution of [Cu(6,6"-
dimethyl-2,2’-bipyridyl):]PFs in CH:Cl: during reaction with tBuOOH. The spectra correspond to
the ones shown in Figure 3.22 (left panel) with the same time scale (curves from red to blue).
Zones covered in dashed rectangles are blind windows due to absorption of the solvent.
Components assigned to PC1, PC2 or tBuOH are marked in the figure together with the
presence of significant shifts in the bands.
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As can be noticed, not many vibrations that can be directly associated with PC1
were observed upon reaction; this may be due to i) inaccessibility of vibrational
features (due to spectral interference from other species, blind windows from
the solvent, IR inactivity of some modes, modes under 500 cm™) or ii) an
intrinsically low number of new vibrations in PC1 compared to [Cu(6,6'-
dimethyl-2,2'-bipyridyl);]PFs; the latter hypothesis would be consistent with
the UV-Vis and EPR data indicating a small, neutral molecule (H;0, tBuOH) or a
Cl" anion as additional ligand. Acquisition of spectra in a solution obtained from
1:1 molar ratios of complex:peroxide did not result in the detection of
additional signals possibly covered by the intense signals of tBuOOH and tBuOH
in the 1:100 proportion; obtaining reliable signals in the OH stretching zone
with this method is, however, very difficult due to spectral interference of trace
amounts of H,O from the solvent or KBr windows, making it impossible to
exclude the formation of adducts with H,O or tBuOH completely. The features
associated with the formation of PC2 seem to suggest a more complex
structure, since more absorptions appeared in the spectra at reaction times
consistent with its formation; although a univocal assignment is difficult to
make, the vibrational features are at least consistent with reports in the
literature on [CuOOR]* species (with R = H or C,Hm) with reported signals for vo.
o and vcu-o in the 800-900 and 500-650 cm™ ranges, respectively. Assighment of
PC2 to one of these species is certainly not plausible on the basis of this
comparison alone, but it is at least consistent with EXAFS, UV-Vis and EPR data
suggesting an R(0O)O species as the most compatible ligand within the explored
pool of species.

This multitechnique, computationally aided study on the oxidation reaction of
[Cu(6,6'-dimethyl-2,2'-bipyridyl);]PFs by tBuOOH showed how an apparently
simple chemical problem could require unpredictable effort in its study. The
one-electron Cu(l)/Cu(ll) conversion, the apparently easy two-reactants system
and the slow kinetics allowing to characterize most species involved in the
reaction all suggested that identification of such species and the reaction
mechanism would not be such a challenging task; yet, several complications
such as the rapid degradation of tBuOOH (only detected by IR) and the
detection of two separate Cu(ll) species (as highlighted by EPR spectroscopy)
revealed how in situ multitechnique characterization can be often necessary to
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disentangle even apparently trivial problems. Furthermore, the role of
multivariate algorithms to disentangle complex dataset comprised of mixtures
of spectra was found to be fundamental to obtain fine details on the species
that form, with the added benefit of retrieving concentration profiles of the
system under investigation. Although a definitive assignment of the chemical
identity of PC1 and PC2 is still somewhat ambiguous, many possible species
were excluded and general geometrical/electronic requirements for the
remaining candidates have been established.

3.4 Tetradentate Cu complexes

Enzymatic systems that are able to selectively cleave the C-H bond with
relatively simple metal-based active sites usually manage to do so in relatively
mild conditions.’® It is no surprise that synthetic efforts that aim to replicate
such exceptional reactivity often try to reproduce the same coordination motifs
around the metal centre of choice in an easier to control environment (like an
organometallic complex or a sterically constrained solid material).>”~° Since full
replication of the intricate and large biological system is neither feasible nor
desired, the focus of bioinspired efforts is directed at reproducing the
electronic and geometrical features of the active site. This is the case for the
complexes characterized in this section, that employ a bis(imine)-bis(imidazole)
coordinating pattern that can tightly bind the Cu site in a structural motif that
can still be flexible and reactive towards redox reactions. Air stability of the
complex in solid form allowed to safely characterize the starting Cu(l) form in
which it was synthesized: extensive characterization was performed on the
Cu(l) state of this complex in a previous study,> comprising NMR spectroscopy,
X-ray diffraction, X-ray absorption/emission spectroscopies and DFT; current
developments on these systems are ongoing, focusing on their catalytic
performance for C-H selective activation. Since catalytic tests on the selective
oxidation of cyclohexane and cyclohexene using peroxides as oxidizing agents
and these complexes as catalysts involve the Cu(l)/Cu(ll) redox cycle, further
characterization was employed to study the species responsible for this
reactivity. As a starting point, the Cu(l) form of the complex was exposed to
H>0 and H,0; as possible oxidizing agents for the Cu centre, with subsequent
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re-reduction of the metal via L-ascorbic acid (HAsc); the XAS spectra

corresponding to these states are shown in Figure 3.24.
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Figure 3.24 Cu K-edge XAS spectra of species obtained after reaction of a 7.5 mM solution of
1G0O1 (Cu(l) form) in dimethylformamide with different reactants. Left panel: normalized XANES
spectra. Right panel: k’x(k) EXAFS spectra (top) and magnitude of FT-EXAFS spectra (bottom).
The Fourier transform of the EXAFS spectra was applied in the 2.48-11.1 A range.

The XANES spectrum of the initial state of 1GO1 (1) confirmed a Cu(l) species is
the major component, in agreement with previous studies on the powder form
of the sample:® this can be inferred by both the edge position (8990 eV) and
the presence of the Cu(l) dipole-allowed 1s—4p transition at ca. 8983 eV. The
relatively low intensity of this transition suggested either/both a relatively high
coordination number (3-4) or/and a bent angle (i.e., a non-linear configuration)
in case of low coordination.*” As a comparison, single-crystal XRD data found
the sample in solid form to present a tetracoordinated Cu site with similar Cu-N
bond lengths 2.05 A on average. Upon addition of H,0 or H;0,, the XANES
spectra are consistent with a complete oxidation to a Cu(ll) state: this is
confirmed by the shift in the edge position to higher energies (8990.9 eV), the
absence of the Cu(l) 1s—4p transition and the formation of the weak dipole-
forbidden Cu(ll) 1s—3d transition at ca. 8978 eV. The spectral quality of the
sample oxidized in H,O (11) was found to be poor compared to the one
oxidized in H202 (2), probably because of the formation of bubbles and/or
precipitates in the reaction mixture. Although the XANES spectrum is still
interpretable, this interference made it difficult to extract good-quality FT-
EXAFS spectra from (11). As expected for a Cu(ll) state, the coordination
number on Cu seemed to increase: this is noticeable both from the higher
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intensity of the white line and on the overall increase of the intensity of the
first- and second-shell contribution on the FT-EXAFS for (2) and (11). From what
can be observed from XAS spectroscopy only, the two states obtained after
oxidation using H20; and H;0 are practically indistinguishable. It also has to be
considered that contact with H,0 necessarily implies a major fraction of H,0 in
the reaction environment, as water is the solvent (if not also a byproduct of
reaction) of H,0,. Upon reaction of the oxidized states with L-ascorbic acid, the
Cu(ll) species converted back to a Cu(l) state (as confirmed by the XANES
spectra), though this time small but significant differences can be noticed in the
white line region and especially in the 1s—4p transition compared to the
original spectrum (1). Considering the FT-EXAFS is affected in shape but not
much in intensity compared to (1), a change in the coordination
environment/electronic structure without significant change in coordination
number may explain the differences in these data. A possibility is the formation
of a relatively low amount of linear Cu(l) species (e.g., Cu coordinated by
fragments of partial hydrolysis of the ligand) that would contribute significantly
to the XANES but only weakly to changes in the EXAFS. A third possibility,
considering also that preliminary mass spectrometry data suggest additional O
atoms retained in the Cu(l) states after an oxidation-reduction, is that OH"
groups formed during the oxidation are coordinating the Cu(l) as
additional/substitutive ligands (e.g., N-Cu*-N + OH" >N + N-Cu*-OH"). The initial
Cu(l) form presents a triflate as counterion, and when the sample is oxidized to
a Cu(ll) state an additional counterion is needed to balance the charge: this
could be possibly supplied by an OH™ formed during the reaction, that could
then be retained (after re-reduction using L-ascorbic acid) by the Cu(l) as
counterion due to the low coordination ability of the triflate anion compared to
an OH-.

To explore the possible configuration of these Cu(l) states, a series of DFT
optimizations were carried out on the geometry of the complex. The structure
obtained using the hybrid B3LYP functional for IGO1 is reported in Figure 3.25.
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Figure 3.25 Optimized B3LYP structure of IGO1 from two different viewpoints. Colour code: H in
white, C in black, N in cyan, O in red, F in green, S in yellow, Cu in blue.

As can be seen, the DFT minimum using the B3LYP functional converges to an
almost perfect linear coordination for Cu(l), with a Nimidazole-Cu-Nimidazole angle of
175°. This functional is widely used in the literature for geometry optimizations
(including the previous study on this same complex) and is typically regarded as
appropriate for this purpose. However, similar coordination patterns usually
give rise to a very intense 1s—4p transition (as shown in Section 2.2), in
contrast with the experimental feature being relatively low in this case. Since
such a coordination geometry would also be at odds with the structure found
for the solid, that also presents an experimental XANES spectrum similar to the
one found for the solution, this discrepancy could be due to an incorrect
computational description of the system. Indeed, by using a range-separated
hybrid functional (CAM-B3LYP) two minimum structures with similar energy
can be obtained: while one of them is very similar to the B3LYP minimum point,
the other displays a bent Nimidazole-CU-Nimidazole angle (155° instead of 175°), in
which the two Nimine atoms are also involved in the coordination of Cu. A
comparison between the two minima is displayed in Figure 3.26.
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Figure 3.26 Optimized B3LYP (left) and CAM-B3LYP (right) structures of IGO1 from the same
viewpoint. The structure labelled as “CAM-B3LYP” refer to the bent structure minimum found
for the complex. Colour code: H in white, C in black, N in cyan, O in red, F in green, S in yellow,
Cu in blue.

The structure obtained using the CAM-B3LYP functional was found to be more
similar to the structure in the solid sample, with average Cu-Nimidazole and Cu-
Nimine distances of 1.97 and 2.36 A, respectively. Simulation of XANES spectra
for these two geometries confirms that such a decrease in the Nimidazole-Cu-
Nimidazole bite angle would give rise to a less intense 1s—4p transition in the
case of these structures, as shown in Figure 3.27.
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Figure 3.27 Normalized pre-edge and rising edge XANES spectra of IGO1 in solution (thick blue)
corresponding to sample (1) in Figure 3.24 along with TD-DFT simulated spectra of the
structures shown in Figure 3.26 optimized using the B3LYP (thin black) and the CAM-B3LYP (thin
blue) functionals. Calculated spectra are displayed with an energy shift of -6 eV and Gaussian
lineshape width of 2.3 eV.

Such a striking dependency of the geometry on the choice of the functional,
resulting in very different simulated spectra, was not expected initially; in order
to rationalize this discrepancy, relaxed PES scans along the Nimidazole-CU-Nimidazole
angle for the two functionals were run. The resulting curves are shown for the
two functionals in Figure 3.28.
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Figure 3.28 Relaxed PES scans (electronic energies) of 1GO1 along the reaction coordinate
consisting of the Nimidazole-Cu-Nimidazole angle using the B3LYP (black) and CAM-B3LYP (blue)
functionals. The dashed grey line indicates thermally accessible geometries at 25°C. Relative
energies are referred to the minimum point in each PES.

The calculation of these PES scans turned out to be quite computationally
expensive because of the general flatness of the PES around these angle values
which, in turn, reflects a remarkable flexibility of this structure; such a flat PES
profile is consistent with what was already observed on this complex in the
solid form.> Essentially all angles in the range 135-180° are calculated to be
thermally accessible at room temperature. As a comparison, the PES around
the same angle in the case of Cu(ll) (IGO1b complex, vide infra) is reported in
Figure 3.29.
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Figure 3.28 Relaxed PES scans (electronic energies) of 1GO1 (blue) and 1GO1b (red) along the
reaction coordinate consisting of the Nimidazole-CU-Nimidazole angle using the CAM-B3LYP
functional. The dashed grey line indicates thermally accessible geometries at 25°C. Relative
energies are referred to the minimum point in each PES.

The Cu(ll) structure showed no particular dependence on the functional and
displayed a more common, harmonic-like flexibility (accessible angles between
100-110°). Preliminary molecular dynamics (MD) simulations on the Cu(l) state
showed that the triflate counterion is displaced when explicit solvent
molecules are introduced, and the structure is confirmed to be very flexible:
angles oscillated in the same range found by DFT and the equilibrium position
settled around 155°. With this new picture in mind, a possibility is for this
system to display such a strong flexibility that the resulting XANES spectrum
could be an average of several geometries that fall in this wide range of angles.
This would be consistent with the experimental XANES, in which a simple linear
coordination geometry approaching 180° would be unlikely to reproduce the
spectrum of (1). Furthermore, the displacement of the triflate in the MD
simulations could be indicative of a very weakly bound ionic couple, in which
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implicit solvation through the CPCM model could lead to an overestimation of
the interaction between the complex cation and the triflate anion.

Another possible explanation for the unusual intensity of the 1s—4p transition
after reduction with L-ascorbic acid could be partial hydrolysis of the ligand
after introduction of H,0; or H,0 in the system: in both cases of Cu(l) ligation
by (i) a partially hydrolysed ligand or (ii) two 4-imidazolecarboxaldehydes
resulting from complete hydrolysis of the ligand, the geometry around Cu(l)
was found to be more linear; the structures corresponding to these hypotheses
along with the corresponding simulated XANES spectra are shown in Figure
3.29.
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Figure 3.29 Calculated pre-edge and rising edge XANES spectra of possible Cu(l) complexes
(shown on the right) resulting from partial hydrolysis of the ligand. Calculated spectra are
displayed with an energy shift of -6 eV and Gaussian lineshape width of 2.3 eV.

In both the case of linear and T-shaped coordination, the resulting Cu(l) 1s—4p
transition was predicted to be more intense than in the tetracoordinated case.
Mass spectrometry of the solution after introduction of H,0; or H,O found
minor fragments consistent with 4-imidazolecarboxaldehyde, showing that at
least part of the ligand is hydrolysed at the imine site after introduction of the
oxidizing agent.

XAS spectra corresponding to species obtained using a solution of IGO1b as the
starting point are depicted in Figure 3.30.

128



Ky(k) I A?

——5: Cu(ll)

6.6 ——6: Cu(ll}+H,0,

Normalized ux(E)

——7: Cu(ll)+HAsc
04 ——8: Cu(ll)+H,0,+HAsc %
——13: Cu(ll)+H,0 =
0.2 <
e
0.0 . . . . . r . . -
8960 8980 9000 9020 9040 0 L ¢ R‘j 5 4 & e
Energy / eV

Figure 3.30 Cu K-edge XAS spectra of species obtained after reaction of a 7.5 mM solution of
IGO1b (Cu(ll) form) in dimethylformamide with different reactants. Left panel: normalized
XANES spectra. Right panel: k’x(k) EXAFS spectra (top) and magnitude of FT-EXAFS spectra
(bottom). The Fourier transform of the EXAFS spectra was applied in the 2.48-11.1 A range.

The as-prepared material (5) showed XAS spectra consistent with the general
shape of a Cu(ll) species (e.g., Figures 3.9 and 3.24)and was found to be very
similar to the oxidized states previously discussed (spectra 2 and 11 in Figure
3.24) in both the XANES and EXAFS parts. When 1G01b was directly reduced
using L-ascorbic acid, the resulting XANES spectrum (7) was extremely similar
to the one obtained for 1G01 (1), with a relatively weak Cu(l) 1s—4p transition:
this fact, together with NMR and MS data, suggest that this species
corresponds to a simple reduction to the as-synthesized Cu(l) complex (1G01).
When H,0; was added to the solution of IGO1b (6), the spectral shape was
mainly unaffected in both the XANES and EXAFS regions, although some
differences could be spotted in the rising edge and white line region;
something similar seemed to occur after the addition of H,O (13). These
differences appear even more significant when considering that after reduction
on a sample that was exposed to H20; (8) the final Cu(l) state was found to
show significant differences compared to (7), and resembled in fact the other
Cu(l) states obtained starting from IG01 (spectra 3 and 12 in Figure 3.24). This
seems to suggest that addition of H,0,/H,0 already had an effect on the Cu(ll)
state (IGO1b). Unfortunately, as already commented in Section 3.3, Cu K-edge
XAS is a very powerful technique to spot differences in Cu(l) states, but a bit
less direct when Cu(ll) states are involved: the edge profile is generally “flatter”
and presents less features, leading to simulations that are usually undecisive
and can be less useful for interpretation; as an example of this, the
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experimental and simulated XANES spectra for IGO1b are reported in Figure
3.31.
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Figure 3.31 Normalized pre-edge and rising edge XANES spectra of IGO1b in solution (thick line)
corresponding to sample (5) in Figure 3.30 along with the TD-DFT simulated spectrum of its
calculated structure (shown in overlay). Calculated spectra are displayed with an energy shift of
-6 eV and Gaussian lineshape width of 2.3 eV.

As can be seen, the calculated spectrum is certainly consistent with the
experimental one; nonetheless, virtually any Cu(ll) structure similar to the one
displayed in Figure 3.31 could produce similar spectra with no significant
features to correlate to the experimental spectrum apart from the Cu(ll)
1s—3d transition at ca. 8978 eV.

This DFT-assisted XAS study on the Cu(l) and Cu(ll) forms of imine/imidazole
tetracoordinated complexes and their interaction with oxidizing/reducing
agents was further proof that relatively smaller structures (compared to the
ones shown in Chapter 2) do not necessarily imply simpler characterization.
Subtle differences in speciation and structural flexibility can lead to challenging
situations in which the combination of experimental and computational tools
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can make the difference. XANES showed that there is additional reactivity
other than plain oxidation when H;0; is added to these Cu complex; however,
because Cu(l) states are generally richer in features compared to Cu(ll) in Cu K-
edge XAS, these changes were best observed indirectly after reduction. UV-Vis
and EPR studies are ongoing on these systems to better characterize the Cu(ll)
part of these materials.
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Conclusions

The rather wide scope of this thesis work described some of the
characterization tools that can be developed and used to study systems that
exploit the rich redox chemistry of Cu, with a special focus on Cu-exchanged
zeolites and tetracoordinated Cu-based metallorganic complexes. Although the
specific discussion topics were diverse and widely different from one another,
several common threads can be found throughout this work as general
conclusions. The Cu(l)/Cu(ll) redox couple can at first be thought of as a
“simple”, even textbook-like system: compared to other transition metals, for
instance, one would think that the relatively simple d°/d° electron
configuration (resulting in singlet or doublet spin states) would give rise to
repetitive, easily identifiable and interpretable patterns in electronic and EPR
spectra. Depending on the level of detail that is required for the specific
problem, however, this thesis is at least a testament to the complexity that can
arise even in this apparently straightforward case. Special care should be taken
when connecting trends that were established in solid materials and systems in
solution, as these connections can be underestimated or overestimated
depending on the case. If there is one, single fil rouge connecting all the studies
discussed in this thesis, it is undoubtedly that multitechnique, in situ
characterization is today a strict requirement to answer complex questions on
apparently simple problems. A single, cutting-edge technique may be able to
give precious and unprecedented information on a system, but comprehensive
understanding can often only be reached by simultaneously looking at it from
different perspectives — or with different wavelengths. Similarly, there is
arguably no good reason not to employ theoretical tools (in the form of
guantum chemistry and multivariate methods) to make sense of the enormous
and possibly ambiguous data that is collected experimentally: most (if not all)
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data in this work could not be processed or understood without such methods,
which become more inexpensive and approachable by the day.
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Appendix Al



The development of reliable experimental setups to perform in situ and
operando spectroscopy has been one of the objectives of this PhD project;
although no specific case for UV-Vis spectroscopy on solid materials has been
reported in the main text, the development of one such setup is reported in
Figure 2.3. The reason for interest in setups of this kind should be evident from
the many examples of in situ spectroscopy reported throughout the document:
studies of the materials that go beyond basic characterization of the as
synthesized form but inspect them in their working conditions are of
paramount importance. Some of the main arguments for the characterization
of materials by means of in situ spectroscopies include:

1) Residual components from synthesis or previous treatment may still be
present in the material (e.g., templating agents in zeolites or porous
materials) that influence the properties of the catalyst.

2) The formation (or degradation) of certain species may be promoted by
the reaction conditions (e.g., temperature or pressure) as opposed to ex
situ studies.

3) The experimental technique itself may be sensitive to changes in
reaction conditions, which can lead to the formation of artifacts.

Even though the formation of a specific species is identified with in situ
spectroscopy, and supposing the concentration of said species decreases when
the reactant is introduced, deducing that the observed species is responsible
for catalysis is technically not correct. Quantitative assessment of the
productivity and selectivity towards a specific product or class of products
should be provided if a claim on the aforementioned species as an active site
wants to be proposed, i.e., operando spectroscopy should be performed; if this
is not the case, disappearance of said species after introduction of the reagent
could be equally ascribable to degradation of the catalyst, introduction of
pollutants along with the reagent, or more complex mechanisms if selectivity is
not controlled. A specific note should be pointed out while discussing ex situ/in
situ/operando spectroscopy. In situ spectroscopy should specifically refer to
spectroscopy performed in reaction conditions, whatever the specifics of such
reaction may be in terms of reaction temperature, pressure, chemical
environment or other relevant variables. In case the performance of the
catalyst is simultaneously evaluated by analytical measurements of products in



a quantitative manner (i.e., productivity and selectivity are assessed), this
methodology may be called operando spectroscopy. All labels akin to simil-
operando, quasi-operando or such are at the least of questionable value, since
catalyst performance is either measured simultaneously (operando) or it is not
(in situ). That being said, the development of operando (and in situ)
experimental setups is surely not trivial, since conditions for optimal
acquisition of spectra can often be partially or completely incompatible with
the reaction conditions that need to be reproduced; further complications may
arise when connecting product analysers that may be sensitive to specific
thermochemical conditions. Figure Al.1 reports an example of the first version
of an operando setup for DR-UV-Vis spectroscopy system developed in the
context of the author’s master thesis project.

Figure A1.1 First version of experimental setup for operando DR-UV-Vis spectroscopy. LTA
zeolite traps positioned as water traps.

In this first version of the setup, the sample was pressed and sieved into a high
purity sapphire reactor to allow for collection of both UV-Vis and Raman
spectra. Heating was achieved via a NiCr coil powered through a low-voltage
supply system and connected to a PID device for accurate temperature ramp
control; gaseous reactants were connected to the reactor via Swagelok
stainless steel connectors, and effluents were directed towards analytics (mass
spectrometer) via the same type of connections. The fibre optics for UV-Vis



light irradiation and collection, as described in section 2.1, was in direct contact
with the reactor window. An example on data collected with this setup on a Cu-
ZSM-5 sample is shown in Figure Al1.2.
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Figure A1.2 In situ DR-UV-Vis data collected on a Cu-ZSM-5 sample in He at 50°C.

As can be noticed from the spectra (which show some variability depending on
pre-treatment) systematic significant interferences were present in the 20000-
25000 cm™ zone, which could be attributed to spurious reflections of the
cylindrical sapphire reactor and small differences in the position of the fibre
optics with respect with the measurement on the blank. This case specifically
testifies to the inconvenience of such distortions on the spectra in the
assessment of the band at ca. 22700 cm? that forms depending on
pretreatment conditions. Furthermore, non-perfect fitting of the Swagelok
components with the reactor sometimes led to small air leaks; although these
were confirmed to be only traces amounts by online mass spectrometry, the
enormous sensitivity of these materials to even minute amounts of H,O was
enough to severely reduce the productivity of the catalyst (testifying again on
the importance of operando spectroscopy). In order to reduce both the
spectral interference and air pollution effects on this setup, a new version was



developed according to Figure 2.3. A significant improvement on both

airtightness and spectral quality was achieved, as testified by the spectra
shown in Figure A1.3.
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Figure A1.3 In situ DR-UV-Vis data collected on a Cu-SSZ-13 sample during treatment in NH3 at
500°C.

Although some minor interferences are still present, the spectral quality of the
spectrum was significantly enhanced it was possible to reliably monitor spectral
features in all zones of the spectra. A key factor in this upgrade was played by
the new quartz reactor cell with increased diameter compared to the sapphire
one, providing a flatter surface of the reactor wall which led to less spurious
reflections, as well as a tighter slot for the fibre optics that allowed for more
reproducible positioning of the probe. Depending on the specific reaction,
though, a reactor with a smaller internal diameter may be needed to properly
reproduce experimental conditions; this fact once again testifies to the
dilemma of optimal conditions for spectroscopy vs reactivity in the
development of setups for operando characterization.
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Abstract: A series of gas-phase reactants is used to treat a Cu-
exchanged mordenite zeolite with the aim of studying the
influence of the reaction environment on the formation of Cu
pairs. The rearrangement of Cu ions to form multimeric sites as
a function of their oxidation state was probed by X-ray
absorption spectroscopy (XAS) and also by applying ad-
vanced analysis through wavelet transform, a method able to
specifically locate Cu—Cu interactions also in the presence of
overlapping contributions from other scattering paths. The
nature of the Cu-oxo species formed upon oxidation was
further crosschecked by DFT-assisted fitting of the EXAFS
data and by resonant Raman spectroscopy. Altogether, the Cu'/
Cu" speciation clearly correlates with Cu proximity, with metal
ion pairs quantitatively forming under an oxidative environ-
ment.

Introduction

Within the paradigm of an improved use of fossil
resources, strategies facilitating the exploitation of many
small/remote natural gas sources (including biogas) is of
utmost importance.? In particular, chemical processes able
to transform methane (the main constituent of natural gas)
into liquid analogues are desirable for a simplified handling
and transportation. The presently implemented syngas-based
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technologies are energy intensive processes, thus econom-
ically viable only for large-scale applications.”) As an alter-
native, the direct conversion of methane to methanol
(DMTM) via partial oxidation represents a promising route.
In analogy to biological systems (e.g. methanotrophic bacteria
hosting the pMMO enzymes),/*! several Cu-based catalysts
for DMTM have been developed and studied.”” Among them,
Cu-exchanged zeolites have received much attention after the
discovery of their activity in DMTM by Schoonheydt’s group
in 2005." Many different topologies and compositions (in
terms of Si/Al and Cu/Al ratios) have been explored, aiming
at finding structure—activity relationships.”’ A combination of
experimental and theoretical techniques has been applied to
identify the active species responsible for this reactivity, and
many mechanisms have been proposed to explain their
formation and outstanding selectivity. Moreover, different
reaction conditions heavily impact the speciation of Cu inside
the zeolite framework, thus influencing DMTM.!""! Overall,
the Cu'/Cu" redox cycle and the local coordination environ-
ment around Cu sites are the key features for understanding
these complex systems.

In this context, opportune gas-phase reactants (e.g. NH;)
affect both Cu speciation and framework distribution when
used prior to oxidation, as the coordinative nature of NHj;
enhances the Cu cations’ mobility.'""! Accordingly, the Cu
speciation in the framework changes,'” as well as the average
Cu—Cu distance, in turn conditioning the formation of active
species. Indeed, these are supposedly multinuclear Cu sites
bridged by O atoms; different Cu—Cu distances could affect
oxidation pathways and drive towards different speciation.
Thereby, understanding the effect of the redox history of
a Cu-zeolite on the final speciation of Cu sites (including Cu-
oxo species) is relevant for optimizing both DMTM catalysts
and reaction protocols. Accordingly, a selection of reducing
agents has been used to activate a Cu-MOR sample sub-
sequently characterized through XAS, aiming at probing the
oxidation state and local environment of the resulting species.
Furthermore, the application of Wavelet Transform (WT)
Analysis!"®! on these data allowed us correlating the existence
of Cu-Cu interactions with the fraction of reduced/oxidized
Cu species. Through DFT-supported fitting of the EXAFS
data, specific Cu-oxo species were identified.

Results and Discussion

In this work, we focus on an ad hoc synthesized Cu-MOR
(Si/A1=8.22 and Cu/Al=0.27, atomic ratios from EDX),
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prepared and characterized as described in Section S1 of the
Supporting Information (SI). Basic characterization data
(powder XRD and N, adsorption isotherm at 77 K) are
provided in Figure S1 of the SI. We relied on a home-made
material rather than on a commercial one, since Cu-MOR
samples we previously studied!"! have been proved to contain
traces of TiO, (anatase polymorph), as shown in Figure S2 of
the SI, making it unsuitable for Raman and optical character-
ization. Figure 1a and c shows the ex situ XAS data collected
at RT for the Cu-MOR treated according to Section S1.1.
Each sample was subjected to a specific gas-phase redox
treatment. Reduction in NH;, H,, CO and CH, was per-
formed at 250°C. A sample deeply reduced in NH; at 500°C
was also prepared. Regardless the reduction treatment, each
sample was subsequently outgassed at 500°C to ensure
complete desorption of species possibly coordinating the Cu
ions. Oxidized samples were produced by exposing the
sample, possibly pre-reduced in NH; at 500°C, to pure O, at
500°C. Finally, a sample that just underwent vacuum dehy-
dration (thus triggering self-reduction) was considered. Given
the edge energy position and the observed XANES features,
any contributions from metallic Cu, even in the form of small
Cu’ clusters, can be safely ruled out over the whole set of
investigated samples (see also Figure S3). The XANES
spectrum in Figure 1a, belonging to the sample reduced at
500°C in the presence of NHj, shows no traces of the pre-edge
1s—3d transition arising at ca. 8978 eV (see the inset in
Figure 1a), typical of Cu' ions. Conversely, it is characterized
by a prominent 1s—d4p rising-edge peak located at ca.
8983 ¢V and by a low intensity in the white line (WL) region,
typical of a site with a low coordination number. In the limit
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of the energy resolution, these spectral features infer the
existence of a quasi-linear pure Cu' site, in accordance with
previous studies, also involving model compounds.!%141!
This interpretation is in line with the phase-uncorrected FT-
EXAFS spectrum (Figure 1b): the first-shell maximum is
observed at 1.5 A, with a shoulder extending within 1.8-2.6 A.
The low intensity of the first-shell peak agrees with a twofold
coordinated Cu' center, most likely with framework oxygen
atoms. The XANES spectra of the samples treated in NH; and
in H, at 250°C are still dominated by a Cu' species, but the
presence a minor fraction of Cu" sites is indicated by the
appearance of the Cu'' 1s—4p transition at ca. 8987 eV. Subtle
modifications are also noted in the pre-edge range, pointing to
a trace of the Cu" 1s—3d peak. Yet, within the available
energy resolution, we cannot conclusively comment about
this inherently weak spectral feature in samples 2 and 3.
Consistently, if compared to the NH; 500 °C state, the EXAFS
spectrum exhibits a more intense first-shell peak and a struc-
tured second-shell peak, consistent with the presence of Cu'"!
sites interacting with the framework and having a higher
coordination number. The XANES spectra corresponding to
the samples reduced in CO, CH, and self-reduced (SR) are
almost mutually identical.

From these profiles an increase in the relative contribu-
tion from Cu" centers is clear, determining the abatement of
the Cu' 1s—4p transition and causing the increase of the Cu"
1s—3d and 1s—4p ones. Overall, XANES indicates an almost
equal Cu'/Cu" fraction with a potential slight preference for
Cu" in these samples. The related EXAFS spectra show the
same first- and second-shell features described before, but
more intense due to the larger fraction of Cu" sites.

b)
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Figure 1. a) XANES spectra and b) k*-weighted module of FT-EXAFS for Cu-MOR; c) linear combination fit of XANES spectra (samples 1 and 8
taken as references): 1) reduced in NH; at 500°C; 2) reduced in NH; at 250°C; 3) reduced in H, at 250°C; 4) reduced in CO at 250°C; 5) reduced
in CH, at 250°C; 6) self-reduced by vacuum dehydration at 500°C; 7) directly oxidized in O, at 500°C; and 8) pre-reduced in NH; and oxidized in

0, at 500°C. In the inset of (a), the magnification of the weak Cu" 1s—3

d transition is reported. Vertical dotted lines highlight the Cu' 1s—4p

(A); Cu" 1s—4p (B); and Cu" 1s—3d (C) transitions. The errors affecting the Cu'/Cu" fractions obtained from LCF are as low as 0.01.
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Finally, in agreement with the literature,'“'"% the
XANES spectra of the samples oxidized at 500 °C account for
a largely dominant Cu" oxidation state. The Cu' 1s—d4p
transition is absent in the XANES of both oxidized samples,
inferring a pure Cu" state. The corresponding EXAFS spectra
are consistent with three/fourfold O-ligated Cu", located at
well-defined ion-exchange sites in the zeolite framework.*!?!
The second shell appears well-structured and it stems mainly
from the Cu-Al/Si and Cu-Cu single scattering (SS) contri-
butions.

The amount of Cu' and Cu" species in each XANES
spectrum was obtained by linear combination fit (LCF)?* on
the normalized XANES (Figure 1a), in the 8975-9020 eV
range. The number of chemical species was defined through
a Principal Component Analysis™2" (see Figure S4 of the SI)
and set to two. The XANES spectra of samples reduced in
NH; (sample 1) and pre-reduced in NH; and then oxidized in
0O, at 500°C (sample 8) were chosen as standards for the least-
square procedure.” The XANES LCF provided a very small
Riacior (0.04%) concerning the reconstruction of the exper-
imental XANES, indicating that the selected references are
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2.4
2.2
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suitable to reproduce each single XANES spectrum of the
dataset; a direct comparison between experimental and LCF
curves can be found in Figure S5. The Cu'-Cu" fraction,
retrieved by this approach, is reported in Figure 1c. The
samples treated with NH; and H, at 250°C show an almost
equivalent larger abundance (about 65%) of Cu' sites.
Instead, the self-reduced sample and the ones treated with
CO or CH, show a lower fraction of Cu' sites (below 40 %),
becoming closely nil in the sample directly oxidized at 500°C
(<5%). Due to its sensitivity to the chemical nature of the
scatterers surrounding the absorbing atom, we employed the
WT approach to provide a more robust description of high R
EXAFS features.">*! All the WT representations show a main
lobe at low R values (4k: 0.0-12.5 A~ and AR: 0.5-2.0 A), as
observed on the full two dimensional (k,R) maps in Figure S6.
As previously described, this feature is due to the SS
contributions arising from the (extra-)framework oxygen
atoms located in the first coordination shell of the Cu centers.
Figure 2 shows, for each treatment, the region of the WT map
involving the EXAFS second- and third-shells (Ak: 0.0-
12.5 A~ and AR: 2.0-4.0 A), where Cu—Cu contributions are

1.0

0.0

2 4 6 81012 2 4 6 8 1012 2 4 6 8 1012 2 4 6 8 1012

k (A k (A

k (A" k (A

Figure 2. Wavelet transform representation of the EXAFS signal for Cu-MOR: 1) reduced in NH; at 500°C; 2) reduced in NH; at 250°C;

3) reduced in H, at 250°C; 4) reduced in CO at 250°C; 5) reduced in CH, at 250°C; 6) self-reduced by vacuum dehydration at 500°C; 7) directly
oxidized in O, at 500°C; and 8) pre-reduced in NH; and oxidized in O, at 500°C. Boxes in the upper part of the figure highlight the region of
maximum intensity in k for Cu—O, Cu-Si/Al and Cu-Cu scattering paths. Vertical lines highlight the position of maximum in k for Cu—Cu

scattering path.

Angew. Chem. Int. Ed. 2021, 60, 25891-25896 © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH ~Www.angewandte.org 25893

) SUODIPUOD) PUE SWIDY, AY) 23S “[€ZOT/TI/71] U0 Areiqr 2uiuQ A[IA “BIEIRUBIYI0D) AQ GOLEOTTOT AUE/Z001 0 1/10p/wi0d KajimKreaquautjuoy/:sdny woiy papeojumod ‘6 ‘1Z0T ‘ELLEITST

Kok

10,

ASULOIT SUOWIO)) dANLAI) d[qesridde ayy Aq pauIdA0S a1k SA[INIR Y() 12N Jo SI[NI J0f AIRIQIT dUI[uQ AJIA UO (


http://www.angewandte.org

GDCh
=

expected. The WT map of the sample reduced in NH; at
500°C only shows a weak lobe at k values around 4.0 A", In
this region, the backscattering amplitude factor terms for Cu—
O and Cu-Al/Si SS have their maxima, largely overlapped
(see Figure S7). The WT map confirms that the shoulder
appearing in the FT-EXAFS for this sample derives from
weak scattering paths involving the farther framework O and
Si/Al atoms of the low coordinated Cu' site. In the WT maps
of samples reduced at 250°C in NH; and H,, the low k-region
becomes more structured. A second lobe appears at higher k
values (Ak: 5.0-7.0 A"' and AR: 2.0-4.0 A), arising from
intensified contributions of scattering paths among Si/Al and
Cu'" sites, superimposed to contributions from the lattice O
farther from Cu centers. The presence of a small Cu-Cu
contribution cannot be excluded, albeit overshadowed by
signal from the framework atoms. In fact, a weak ridge is
observed at 7.0 A~!, where the backscattering amplitude
factor for a Cu—Cu SS has its maximum. The latter presents
increased intensity in the WT maps of samples reduced in CO,
CH, and SR. Finally, this feature reaches its maximum
intensity for both samples oxidized in O, at 500°C, that is,
when the content of Cu' sites is the highest.>¥ At its
maximum development, this sub-lobe extends over a rather
broad R-space range, pointing to a relatively high level of
structural disorder in the Cu—Cu interatomic distance distri-
bution. In order to comparatively assess the presence of Cu—
Cu scattering contributions through the investigated states,
similarly to some previous reports,'***3! we computed the
power density function @%(k) of each WT representation.
This quantity was obtained integrating the squared modulus
of the WT over the R range within 2.0 and 4.0 A, which
ensures the inclusion, if present, of whatever Cu-Cu path
contribution. Figure 3 a shows the results of these calculations.
Herein, a first peak is located for all the states between 0.0—
5.5 A", ascribed to the WT low-k sub-lobes, which collec-
tively account for the contribution due to O, Si and Al atomic
neighbors surrounding the Cu centers. The second, weaker
peak (6.0-8.0 A™") is ascribable to Cu-Cu contributions,
reflecting the high-k sub-lobe in the WT maps discussed
before. The intensity of this peak, as measured at its
maximum at 6.8 A~' for each of the considered states, nicely
correlates with the Cu" fraction as previously determined by
XANES LCF. Such a result, depicted in Figure 3b, quantita-
tively confirms the preference of Cu" toward the formation of
multimeric species, whereas Cu' ions remain preferentially
separated. The approach of Cu ions in their oxidized form,
coherently observed in an oxidative environment, is most
probably accompanied by the formation of Cu-oxo species,
supposedly active in DMTM. Thus, their exact identification
is of utmost interest toward a better understanding of the
methane oxidation process (despite not explicitly investigated
here). Furthermore, the observation of fingerprints of specific
Cu-oxo species also supports the qualitative analysis of Cu—
Cu distances as inferred by EXAFS data obtained via Fourier
or Wavelet transform. Thereby, an EXAFS fitting procedure
was carried out. In particular, we focused our analysis on the
two extreme cases: i) at the most reduced sample, that is,
treated at 500°C in NH; (sample 1 in Figure 1); and ii) further
oxidized in pure O, at 500°C (sample 8 in Figure 1). As
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Figure 3. a) Power density function @F of each WT representation,
integrated over the 2.0-4.0 A range, for Cu-MOR: 1) reduced in NH; at
500°C; 2) reduced in NH; at 250°C; 3) reduced in H, at 250°C;

4) reduced in CO at 250°C; 5) reduced in CH, at 250°C; 6) self-
reduced by vacuum dehydration at 500°C; 7) directly oxidized in O, at
500°C; and 8) pre-reduced in NH; and oxidized in O, at 500°C.

b) Value of ®* at k=6.8 A~ (highlighted by the vertical dotted line in
(a) as a function of the Cu" fraction as obtained from LCF of XANES
spectra (see Figure 1c). Boxes in the upper part of the Figure highlight
the region of maximum intensity in k for Cu-O, Cu-Si/Al and Cu-Cu
scattering paths. Vertical lines highlight the position of maximum in k
for Cu—Cu scattering path.

structural guess we created, on the basis of the recent
literature,['*131417.2232 four DFT models as described in detail
in the Section S5 of SI. The Cu(-oxo) models were hosted in
the eight-membered rings of the side pocket of MOR
structure, where the siting of Al atoms (i.e. the anchoring
site for the Cu ions) was selected on the basis of a systematic
prescreening of all possible configurations (see Figure S8 for
the considered Al substitutional sites and Table S1 for main
outcomes). Four Cu(-oxo) structures were considered (graph-
ically represented in Figure S9): a couple of Cu' ions (labeled
2[Cu'l"), a mono-p-oxo dicopper site ([Cu'-O-Cu"]*") and
two peroxo dicopper sites, owning a different spatial config-
uration ([Cu"™-O0-Cu"]*"geon and [Cu-O0O-Cu" > 4on)- The
fit on the reduced sample was performed considering the
2[Cu']*, whereas that for the oxidized state was attempted
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with all the aforementioned Cu-oxo models. Nonetheless,
only the fit based on the [Cu"™-O-Cu"]*" structure was
sufficiently in agreement with the experimental data (see
Section S6 of the SI) and will be discussed herein. The
EXAFS fit results, summarized in Figure 4 and Table S2 of
the SI (fixed coordination numbers for the 2[Cu']" and the
[Cu"-O-Cu"]*" DFT models are given in Table S3 and S4,
respectively) and the in Table, properly reproduce the
experimental spectra (Rj,,, lower than 1% in both the cases)
and provided a set of physically reliable optimized parame-
ters. Results obtained for a fit attempt performed with the
[Cu"-O0-Cu"** 4eon structural model are reported in Ta-
ble S5 (fixed coordination numbers in Table S6), though some
physically inconsistent parameters were obtained. The fitting
strategies and parametrization adopted are described in
Section S6.1 of the SI, while the individual EXAFS path
contributions are shown in Figure S10 and S11. Raw data and
best-fit in k-space are shown in Figure S12.

Focusing on the sample reduced in NH; at 500°C, the
EXAFS first-shell feature mostly originates from the SS paths
involving the framework oxygen atoms sited close to the Cu
absorbers. The latter were found to be approximately in phase
(see Figure S10) with an average Cu—Oy,, distance refined at
1.93+0.01 A. The broadening of the first-shell peak toward
longer distances can be ascribed to a second type of O
framework atoms at a slightly longer distance from the
absorber (i.e. Cu—Oy,,). The contribution from farther frame-
work atoms (O, Al and Si) is instead weak since, due to the
high heterogeneity of the Cu-sites, these paths are in
antiphase to each other, causing the abatement of their
EXAFS signals (see Figure S10). Indeed, high R-values
features are absent, in accordance with the related WT

a) 1, @ @@
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Figure 4. Phase-uncorrected (red) modulus and imaginary part (blue)
of the experimental and best-fit FT EXAFS spectra for a) the most
reduced sample (i.e. treated at 500°C in NH,, sample 1 in Figure 1);
and b) further oxidized in pure O, at 500°C (sample 8 in Figure 1).
Experimental data are shown as open circles, the best fits as solid
lines. The structural models adopted in the fit are shown in (a’)
(2[Cu'), only one Cu ion of the pair showed here for clarity) and (b)
(([Cu"-O-Cu"*"). Atoms color code: Cu, green; Si, gray; Al, yellow; O,
red. The atoms included in the fitting model are shown in bright
colors. The entire structure of the models is reported in Figure S9a,b.
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representation (see Figure 2, panel 1). Finally, the interaction
involving the Cu—Cu path was not included in the fit, since the
interatomic distance among the two Cu' atoms in the 2[Cu']"
DFT model is > 5.0 A, that is, outside the limit of detectability
of FT-EXAFS analysis for this case. Considering the EXAFS
spectrum of Cu-MOR activated in O, at 500°C after pre-
reduction in NHj; at 500°C, the first-shell of the experimental
FT-profile is successfully reproduced considering two subs-
hell of O neighbors in the first-coordination sphere, involving
framework (Oy,;) and extraframework (O, that is, involved
in the formation of Cu-oxo species) O atoms. These two
families of O atoms contribute in partial antiphase (see
Figure S11) at 1.93 +0.02 and 1.97 +0.02 A, respectively. The
second maximum of the FT-EXAFS is effectively modelled
by the SS contribution of a single Ty, (Al) atom at a distance
of 2.68£0.01 A from the Cu absorber. In the high-R range,
the contribution from farther framework O and Si atoms (fw)
is observed too. Finally, a Cu—Cu contribution is refined at
3.2840.08 A (ca. 2.88 A in the phase uncorrected FT-EXAFS
plot), consistent with previous WIT-EXAFS fitting results on
oxidized Cu-MOR,"¥ as well as conventional EXAFS fitting
on Cu-CHA "% Based on a more symmetrical mono-j1-oxo
dicopper site model, Sushkevich et al.’” reported instead
shorter Cu—Cu separations around 2.85 A, yet associated with
minority Cu-species, as indicated by coordination numbers of
ca. 0.3. Not surprisingly, our EXAFS analysis revealed
a relatively high Debye—Waller factor associated with Cu—
Cu scattering path, properly reflecting the broad intensity
distribution observed for the Cu—Cu sub-lobe in the WT maps
(Figure 2). The small deviation (ca. —0.02 A) of the fitted R,
from the DFT distance fully supports the choice of this
structure for the EXAFS fitting refinement, in line with the
occurrence of such type of [Cu"-O-Cu"]**cores as a dominant,
although not exclusive, configuration under the adopted
pretreatment conditions.

Conclusion

In summary, a sample of Cu-mordenite was systematically
treated with a broad set of gas-phase reactants to gain specific
information on the influence of different redox-active mol-
ecules on Cu pairing. XAS was employed to simultaneously
probe the oxidation state and the proximity of the Cu sites as
a function of different redox treatments. In addition, the WT
approach (augmented by the power density function analysis)
was demonstrated being an irreplaceable tool toward the
selective assessment of Cu—Cu contributions in the XAS
dataset, showing a relation between the oxidation state of the
metal center and the proximity of Cu sites. For the first time,
the presence of Cu pairs was quantitatively correlated to the
fraction of oxidized Cu sites present in the sample. DFT-
assisted EXAFS fitting further allowed identifying the finger-
prints of the Cu-oxo species formed after oxidative treatment
as due to dimeric Cu-O-Cu sites (also confirmed by resonant
Raman spectroscopy, see Figure S13). As multiple Cu sites
have been proved to work cooperatively through the redox
pathways that lead both to activation of the material and
reaction with methane, reliably monitoring the specific
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interactions between the metal sites is essential to understand
the mechanism underlying these processes. In addition,
exploring how different reactants interact with these materi-
als help in identifying relationships between the activation
protocol and the reaction performances. Exploring in a ration-
al way the range of variability that characterizes these systems
(topology, composition, reactants, temperatures) with tools
capable to detect such specific features and trends will be the
key to a better understanding of selective DMTM process,
pointing toward ad hoc engineering of catalysts and reaction
protocols that could maximize selectivity and productivity.
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because of their importance in industrial energetic and environ- H . a

mental processes. Cu redox speciation lies at the center of many of e ‘
these processes but is experimentally difficult to investigate in a 18

quantitative manner with regular laboratory equipment. This work 3 -
presents a novel technique for this purpose that exploits the V;'es’”’e H
selective adsorption of CO over accessible Cu(I) sites to quantify 2

them. In particular, isothermal volumetric adsorption measure-
ments are performed at S0 °C on a series of opportunely pre-
reduced Cu-ZSM-5 to assess the relative fraction of Cu(I); the
setup is fairly simple and only requires a regular volumetric
adsorption apparatus to perform the actual measurement.
Repeatability tests are carried out on the measurement and
activation protocols to assess the precision of the technique, and the relative standard deviation (RSD) obtained is less than 5%.
Based on the results obtained for these materials, the same CO adsorption protocol is studied for the sample using infrared
spectroscopy, and a good correlation is found between the results of the volumetric measurements and the absorbance of the peak
assigned to the Cu(I)—CO adducts. A linear model is built for this correlation, and the molar attenuation coefficient is obtained,
allowing for spectrophotometric quantification. The good sensitivity of the spectrophotometric approach and the precision and
simplicity of the volumetric approach form a complementary set of tools to quantitatively study Cu redox speciation in these
materials at the laboratory scale, allowing for a wide range of Cu compositions to be accurately investigated.
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1. INTRODUCTION

Cu-exchanged zeolites have received increasing attention in the
last decades for their performance as heterogeneous redox
catalysts. The ability of these materials to perform environ-

applicable for quantitative studies as in the case of UV—vis the
molar attenuation coeflicient of the species is unknown.
Although XAS is currently the gold standard for quantitative
Cu redox speciation analysis in these materials,"® performing

mentally and industrially crucial reactions, like NH;-mediated
selective catalytic reduction (SCR) for NO, abatement' and
direct conversion of methane to methanol (DMTM),” led the
scientific community to study the mechanisms underlying the
peculiar reactivities involved; moreover, the peculiar structural
properties of Cu zeolites impart astounding selectivities to
these catalysts,” thus encouraging the development of new
porous materials also featuring enhanced productivity (e.g.,
Cu-MOFs).” ™ Studying these materials under conditions that
are relevant to the reaction they perform is, however, a very
difficult task, and many experimental and computational
techniques have been exploited in the years to tackle this
problem.®™"” In particular, the assessment of the oxidation
state of the Cu in these materials is of paramount importance,
as the Cu(I)/Cu(1l) cycle lies at the base of both NH;-SCR
and DMTM reactions. The techniques that are most frequently
applied for this investigation are electronic spectroscopies, such
as diffuse reflectance (DR) UV—vis spectroscopy and X-ray
absorption spectroscopy (XAS); however, only the latter is

© 2022 The Authors. Published by
American Chemical Society
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the experiment calls for exploiting large-scale facilities, making
it costly, time-consuming, and effectively limiting a thorough
understanding of this variable when access to a synchrotron is
not feasible. Moreover, quantitative XAS analysis introduces
further issues: for example, widely used methods like linear
combination fit (LCF) need the spectra of the pure species as
input, which are very difficult to obtain for these materials. In
this work, the development and validation of a quantitative
technique to monitor the amount of Cu(I) based on the
selective interaction of CO with Cu(I) in the zeolite
framework is presented. By exploiting volumetric isothermal
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adsorption of CO on a series of Cu-ZSM-S materials, the
amount of accessible Cu(I) after a reductive treatment is
assessed with a laboratory adsorption apparatus; furthermore,
repeatability tests are carried out to measure the precision of
the technique, both in terms of the uncertainty due to the
instrumental measurement itself and the one introduced by the
pretreatment procedure. The results are used to calculate the
molar attenuation coefficient of the IR fingerprint of the
Cu(I)-CO adducts, to allow for semiquantitative IR studies in
the same context. Other indirect techniques are available for
studying Cu(II)/Cu(I) speciation; one of the most frequently
used, especially in studies concerning NH;-SCR, is temper-
ature-programmed reduction (TPR) with a mixture of NH;
and NO."?° This technique has been successfully applied to
titrate the amount of Cu(Il) in Cu zeolites, and is thus
complementary to the ones proposed herein that aim at
titrating Cu(I) sites. When performing NH;-NO TPR, the
Cu(I) fraction is usually retrieved via mass balance, supposing
that no other oxidation states are present other than Cu(I) and
Cu(I). In this context, the approach developed in this work
has several advantages. First of all, it allows directly measuring
the amount of Cu(I), avoiding mass balance in cases where
other oxidation states may be present (e.g.,, Cu(0)); moreover,
it can be coupled with NH;-NO TPR to retrieve the possible
fraction of Cu that is present in states other than Cu(II) and
Cu(I) via mass balance. Another advantage of the proposed
techniques is the relative ease of use, both in terms of
operating conditions (e.g., near-room-temperature measure-
ments) and required instrumentation (adsorption apparatus
and/or IR spectrophotometer). Chemisorption of probe
molecules and IR spectroscopy have been extensively applied
for studying Cu speciation in Cu zeolites,”' ~>* and a recent
contribution from Xie et al. applies a complementary
experimental and theoretical study to find key indicators for
the formation of Cu dimers in Cu-ZSM-5 materials and their
relationship with catalytic activity.”*

The choice of Cu-ZSM-$ materials for this study was based
on two main reasons: (i) sharp and narrow IR bands associated
with the Cu(I)-CO, adducts, due to the homogeneity of the
environment surrounding Cu species in ZSM-S, (ii) full
accessibility of the cations by the probe molecule as all of the
substitutional positions for cations are exposed in the channels
in the MFI framework. Evidence from IR spectroscopy clearly
suggests an irreversible, species-selective chemisorption of CO
on Cu(I) sites at SO °C and at a pressure < 10~ mbar. On the
basis of previous reports””’ and as further supported by
density functional theory (DFT) investigation reported herein,
the stable species are Cu(I) monocarbonyls; thus, the amount
of irreversibly adsorbed CO directly titrates the fraction of
Cu(I) in the zeolite host. A quantitative approach was
developed based on these observations, with the aim of
producing an accurate and precise technique for Cu redox
speciation studies in these materials.

The same approach could be applied to Cu zeolites
belonging to different framework types, obtaining analogous
results. However, different topologies are characterized by a
less homogeneous environment of Cu species that cause the
formation of slightly different Cu-CO, adducts, implying larger
bandwidths and small shifts in the band position.”>™*’
Moreover, in the case of some topologies, Cu location can
hamper the accessibility of some Cu species that are
consequently hardly probed by CO. Examples are the cations

located inside the sodalite cavities in FAU or LTA**™>° or in
the side pockets of MOR.>**’

2. EXPERIMENTAL SECTION

2.1. Materials. Two commercial ZSM-S samples were used for
this study: CBV 2314 (Zeolyst International, Si/Al ratio: 1L.,
nominal cation form: ammonium, Na,O weight %: 0.05, data from
producer) and CBV 5524G (Zeolyst International, Si/Al ratio: 2S5,
nominal cation form: ammonium, Na,O weight %: 0.05, data from
producer). Initially, the NH,-ZSM-$ samples were exchanged by a 1
M NH,NO; solution at 70 °C for 6 h, to obtain the sample in a purely
ammonium form. The exchange procedure was repeated three times,
supplying fresh NH,NO; solution at each stage. At the end of the
third repetition, the sample was washed with abundant distilled water
and dried at 70 °C for 2 h. Finally, the amount of Cu(Il) acetate
monohydrate (Sigma-Aldrich, 99.99%) required to obtain a
concentration of 1 and 20 mM (for lower and higher Cu loadings,
respectively) was dissolved in water and the ammonium form of the
zeolite was added to the solution (250 mL per zeolite gram). The
mixture was stirred at room temperature for 48 h and then the
obtained Cu zeolite was filtered and washed. The procedure was
repeated twice for selected samples, to approach stoichiometric
exchange (Cu/Al = 0.5). Finally, the exchanged zeolite as recovered
by filtration was dried at 100 °C overnight and calcined at 550 °C for
S h to remove the residual acetate. In all cases, the solution was
buffered with acetic acid in the 4—5 pH range, to avoid the formation
of extraframework CuO, species. The Cu loading of the materials,
expressed as Cu/Al ratios, was evaluated by inductively coupled
plasma optical emission spectroscopy (ICP-OES): the composition of
the obtained materials is summarized in Table 1.

Table 1. List of Cu Zeolites Used in This Work”

name Si/AI* Cu/Al®
(0.07)Cu-MFI(11.5) 115 0.07
(0.35)Cu-MFI(11.5) 11§ 035
(0.45)Cu-MFI(11.5) 115 0.45°
(0.05)Cu-MFI(25) 25 0.05
(0.48)Cu-MFI(25) 25 0.48°

“(a) Si/Al ratio supplied by the producer (Zeolyst International). (b)
Cu/Al ratios measured by ICP-OES. All Si/Al and Cu/Al are reported
as molar ratios. (c) Exchange procedure repeated twice.

2.2. Methods. Carbon monoxide (supplied by Sapio SRL,
99.99998% purity grade) adsorption isotherms were measured on a
commercial volumetric apparatus (Micromeritics ASAP 2020, Nor-
cross GA) at S0 °C. This specific temperature was selected since it is
estimated for a sample exposed to an IR beam during an IR
experiment, where precise Cu-carbonyl stability is expected (vide
infra). The samples were ground in a mortar and pelletized, to prevent
any powder residues from moving out of the cell while exposed to
gas/vacuum treatment. The pellets were then inserted in a custom
adsorption cell (Figure S1) consisting of a quartz burette with
connections that allow for vacuum and thermochemical treatment;
the cell is equipped with a plug-in thermal jacket for measurements in
thermostatic fluid.** The sample temperature was kept constant using
an external isothermal liquid bath (Julabo F2S-EH). Prior to the
measurements, Cu zeolite pellets were treated at a high temperature
on a vacuum line equipped with a turbomolecular pump; full details
on the treatment can be found in the next section. The sample is
usually measured in the form of pellet fragments, to avoid possible
damage to the instrumentation; depending on the amount of sample
and cell volume, the finer part of a powder could escape the cell if the
pressure is abruptly changed (e.g, if evacuating starting from a high
pressure). If the measurement strictly needs to be performed on a
powder (e.g., if there is proof that the form of the sample may
influence the composition, or if it is directly sampled out of a catalytic
bed), the instrumental parameters can be tuned to perform safe
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experiments; for instance, the outgassing can be performed with
smaller, more frequent steps.

Transmission IR spectra were acquired using an Invenio R
spectrophotometer from Bruker, equipped with a mercury cadmium
telluride (MCT) cryodetector, a resolution of 2 cm™" and averaging
32 scans (64 for background spectrum, collected with an empty
measurement chamber). The samples were sieved and pressed into
self-supporting pellets, placed in a gold envelope, and inserted in a
quartz cell equipped with KBr windows (optical path: 2 mm); to be
able to calculate the molar attenuation coefficients, the area and the
weight of the pellets were measured. For transmission IR
spectrophotometry, the sample needs to be pressed into a pellet
form to guarantee uniform thickness and to minimize scattering
effects; this implies that samples in powder form cannot be measured
as such by employing this technique.

2.3. Activation Protocol. For the coupled IR/volumetry
experiments on all samples, the activation protocol was performed
as follows. The sample cell was heated from room temperature to 550
°C with a ramp of S °C/min in dynamical vacuum. O, (100 mbar)
was then dosed and kept in contact with the sample at the same
temperature for 30 min. The sample was then outgassed at the same
temperature for 40 min. Under these conditions, most of the Cu in
the samples was converted to Cu(I), as suggested by the almost
absent (within the detection limit of conventional XANES) 1s > 4p
transition due to Cu(I) (8983 eV) in the XAS spectrum of the
material (see Figure S2). Then, a controlled NH; treatment was
performed to maximize the amount of Cu(I). Previous data showed
that prolonged treatment in NHj at a high temperature (ie., S00 °C)
can reduce 75—90% of the total Cu to Cu(I).*’ This result is
qualitatively supported by XANES data collected for the (0.45)Cu-
MFI(11.5) sample (Figure S2). Accordingly, 100 mbar of NH; was
dosed on the sample at 550 °C for 30 min. Finally, outgassing was
performed at the same temperature until a residual pressure of § X
107* mbar was achieved, then the sample was cooled down to room
temperature. This procedure aimed to maximize the amount of highly
uncoordinated Cu(I) that would have been probed by CO.

For both repeatability tests, the activation protocol was performed
as follows. The sample was heated from room temperature to 500 °C
with a ramp of 5 °C/min in dynamical vacuum. O, was then dosed
and kept in contact with the sample at the same temperature for 1 h.
The sample was then outgassed at the same temperature for 40 min.
NHj; was dosed on the sample at 500 °C for 1 h. Finally, outgassing
was performed at the same temperature for 1 h and the sample was
cooled down to room temperature. The only difference between the
two activation protocols was the partial pressure of the gases (300 vs
100 mbar) to take into account the different amounts of sample used
(ca. 300 vs 80 mg per replica).

2.4. Computational Details. The (co-)adsorption of CO and
NH; on Cu-ZSM-5 was simulated at the DFT level of theory by
means of the CRYSTAL17 periodic code.*” ZSM-5 models and
computational parameters were adapted from the previous report by
Morra et al.*' In brief, Cu(I) substitution was investigated at three
different sites, ie., those with Al occupying the T7, T8, and T10
tetrahedral positions in the MFI framework. The Al siting has been
chosen on the basis of occupancies experimentally obtained by X-ray
diffraction (XRD) on Cs-ZSM-S samples."” The calculations were
carried out with the hybrid GGA B3LYP functional.”** Dispersive
interaction has been included empirically through the Grimme D3
scheme.® Concerning the basis set, the framework atoms have been
described through a double-{ quality basis set; in detail, the basis set
proposed by Nada and co-workers was adopted for Si and O atoms,*
whereas the Al was described with the basis set from Catti et al.:*’
such choice provides a good description of zeolitic frameworks at a
reasonable computational cost.***7*" Concerning the extraframe-
work Cu cations, as well as atoms of sorbed molecules, these have
been described through the Ahlrichs TZVP basis.”' The truncations
for the mono- and bielectronic integral (TOLINTEG) were set to {7
77 7 25}. The sampling in the reciprocal space (SHRINK) was set to
{22}, for a total of 8 k points. The maximum order of shell multipoles
in the long-range zone for the electron—electron Coulomb interaction
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(POLEORDR keyword) was chosen to be 6. All of the other
parameters were set to default values according to the CRYSTAL17
manual.”

Each Cu(I) model was geometry optimized and, upon screening,
T10 was revealed to be significantly more stable than T7/T8,
accounting for 99% of the substituted sites on a Boltzmann
population basis. Accordingly, the adsorption processes were
simulated only for the T10 site. Molecular adducts were manually
built and further optimized. The following adducts were considered:
Cu(I)(CO), Cu(I)(CO),, Cu(I)(NH;), and Cu(I)(NH,;)(CO). The
main geometrical parameters for each structure are given in Table SI.
To evaluate the vibrational properties and the thermodynamic
functions describing the Cu adducts (enthalpies and Gibbs free
energies), harmonic frequencies were computed for a subset of atoms
including the Cu(I) cation; the sorbed molecule(s); and the Al
framework atom and its neighbors up to the second coordination shell
(namely, 4 O and 4 Si atoms).

The variation of electronic energy (AE), enthalpy (AH), and Gibbs
free energy (AG) associated with the formation of an adduct,
evaluated under experimentally relevant p, T conditions, were
computed as follows

AX = 3 Xy = X Koo W X = E, H or G

The relevant processes for which formation/dissociation energetics
have been computed, selected on the basis of experimental evidence,
are summarized in Table 2.

Table 2. Relevant Processes of Cu(I) Adduct Formation/
Dissociation Investigated by DFT

# process

1 Cu(I)(CO) ZCu(I) + CO — ZCu(I)(CO)
formation

2 Cu(D)(co), ZCu(1)(CO) + CO — ZCu(I)(CO),
formation

3 Cu(I)(NH,) ZCu(I) + NH, — ZCu(I)(NH,)
formation

4 Cu(I)(CO)(NH,) ZCu(I)(NH;) + CO — ZCu(I)(CO)(NH;)
formation

3. RESULTS AND DISCUSSION

3.1. CO Adsorption on Cu Zeolites. Detailed character-
ization of the interaction of CO with Cu-exchanged zeolites
has been available for more than 20 years.”*”*** In particular,
IR and X-ray spectroscopies highlight how the interaction of
CO with Cu(I) sites is heavily dependent on the temperature
and the partial pressure of CO, while interaction with Cu(1I) is
generally negligible at ambient conditions. At 50 °C, and
generally near room temperature, increasing pressures of CO
favor the formation of Cu(I)CO and Cu(I)(CO), adducts in a
subsequent manner, as is evident from IR spectra of CO dosed
on a pre-reduced material (Figure 1). For Cu-ZSM-S materials,
as already reported in the literature, an absorption band is first
formed at 2157 cm™ corresponding to the CO stretching
frequency in the Cu-monocarbonyl adducts; when pressure is
increased, this band starts decreasing in intensity in
correspondence with the appearance of two bands at 2178
and 2151 cm™, assigned to the symmetric and antisymmetric
stretching of the CO molecules in Cu-dicarbonyl adducts
(along with the rotovibrational profile of the CO in the
gaseous phase) (Figure 1a).>* An additional weak band can be
noticed at 2108 cm™' when the CO is first dosed and when the
sample is outgassed: this has been assigned to the stretching
mode of Cu(I)'*CO adducts, based on the relative intensity
and position of this band (matching the expected isotopic shift,
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Figure 1. Interaction of CO over the pre-reduced (0.35)Cu-
MFI(11.5) sample. (a) Effect of increasing pressure of CO (from
black to orange). (b) Effect of outgassing on the sample exposed to
192 mbar of CO (from orange to red). (c) Effect of CO on the OH
stretching modes. (d) Effect of CO on the perturbation of framework
modes by Cu.

as estimated via harmonic oscillator model, of —48 cm™) with
respect to the Cu(1)'2CO one.**™>* The spectra are very well
defined with bands characterized by a small bandwidth, very
similar to what would be expected in the case of a
homogeneous complex. This suggests the formation of uniform
complexes characterized by a very similar structure.”® If the
sample is evacuated, the trend is reversed and the single band
corresponding to the Cu-monocarbonyls is restored (Figure
1b); thanks to the depletion of Cu dicarbonyls, the intensity of
the monocarbonyls band reaches its maximum intensity.
Further evacuation does not change the band intensity even
at long time scales (several hours), suggesting an irreversible
interaction between the Cu(I) and the adsorbed CO.

The high stability of the Cu(I)CO, together with its
unusually high CO stretching frequencies have been explained
in terms of Cu(I)CO bonds where electrostatic and o-dative
covalent contributions are predominant, as well as contribution
from z-back-donation.”

After activation, the material presents three main peaks in
the 3800—3500 cm™' region (Figure lc), assigned, respec-
tively, to the O—H stretching modes of isolated silanols on the
surface (3745 cm™), partial extraframework AIOH species
(3664 cm™"), and Al(OH)Si Brensted sites (3610 cm™').>”°
Upon CO dosages at room temperature, we do not expect any
erosion of the Bronsted sites, due to the low proton affinity of
the probe;61 conversely, as soon as CO is introduced, both
signals associated with the stronger acidic protons (i.e., AIOH
and Al(OH)Si) are partially consumed. This unexpected fact
can be explained considering the presence of traces of NH;
coordinated to Cu sites, that are displaced once CO is
admitted in the cell and can further react with the acidic
proton sites and form some NH," species. The formation of
NH," explains the decrease in intensity of the band peaked at
ca. 3300 cm™' (assigned to a N—H stretching of residual
NH;), as well as the growth of broad bands centered at 2963,
2800, and 2598 cm™ and the peak at 1450 cm™, due to the

ammonium bending mode® (Figure $3). A direct interaction
of CO with the Bronsted acid sites is thus excluded, based on
the absence of any characteristic peak associated with this
adduct (1169—1175 cm™); furthermore, the literature agrees
that this interaction is only present at significantly lower
temperatures (e.g,, liquid N, temperature).”’> The displace-
ment of NH; from Cu sites appears quantitative upon CO
dosage; thus, the residual fraction of coordinated ammonia is
not affecting the Cu(I) titration by CO.

This vision is further confirmed by inspecting the 1050—850
em™! zone of the IR spectra (Figure 1d): for Cu-exchanged
zeolites in which the cation can interact strongly with the
framework (i.e., it is barely screened by ligands) the
appearance of one or more peaks associated to the cation-
perturbed framework modes is expected.*® As can be seen, only
a small absorption at 979 cm™ is present after activation; when
a high pressure of CO is introduced, this shoulder disappears,
and a stronger and sharper contribution appears at 967 cm™
after the sample is outgassed. This is consistent with an initial
coordination of Cu by NH; molecules that are readily
displaced by CO, which coordinates the Cu sites upon
increasing pressure as Cu dicarbonyls; when the sample is
outgassed, the Cu(I) reverts to stable monocarbonyl
complexes without further coordination by NH; (suggested
by the appearance of the strong peak at 967 cm™ and the fact
that the Bronsted protons in the high-frequency zone do not
recover their initial intensity).

A similar trend was observed in all of the samples, apart from
the appearance of an additional component at 2133 cm™" when
CO pressure is increased, mainly visible in the case of the
(0.48)Cu-MFI(25) material. This peak has been assigned to a
mixed ligand [Cu(NH,;)(CO)]* complex,* testifying that for
this sample, the removal of NH; was less effective (Figures S4
and SS). However, the presence of some NH; does not
invalidate the measurement with CO, due to the stronger
interaction of CO that displace NH;. For the sake of
completeness, the data obtained on this sample are reported
in the supporting.

3.2. Description of Volumetric Methodology and
Validation. Based on the phenomenon described above,
isothermal volumetric adsorption measurements of CO at 50
°C (i.e., the temperature of the sample under the IR beam) can
be exploited to quantify the amount of Cu(I) accessible by this
gaseous probe. The procedure works as follows. A primary CO
adsorption isotherm is collected for the treated sample: when
the gas is dosed, the probe is adsorbed on the Cu sites with a
species distribution dictated by the pressure (as detected by IR
spectroscopy). When a plateau is reached, most of the CO is
adsorbed on Cu(1) sites as dicarbonyls; upon evacuation, these
revert to Cu(I) monocarbonyls; thus, only the fraction of
irreversibly adsorbed CO is retained. Subsequently, a
secondary CO adsorption isotherm is collected; since the
Cu(I) sites are already bonding a CO molecule each, the
secondary isotherm only accounts for the reversible CO
fraction (i.e, Cu dicarbonyls). By subtracting the two
isotherms, the value at the elbow point represents the amount
of CO irreversibly bound to the catalyst (in mmol/g); since
the composition of the catalyst is known and the irreversibly
bound CO is in a 1:1 ratio with the Cu(I) sites, the percentage
of Cu(I) over the total amount of Cu can be easily calculated.
An example of this measurement for a Cu-ZSM-5 sample is
shown in Figure 2. The complete dataset of isotherms for all
considered materials is reported in Figure S6.
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Figure 2. CO adsorption isotherms performed at 50 °C on the pre-
reduced (0.35)Cu-MFI(11.5) sample. Orange: primary isotherm (P);
brown: secondary isotherm (S); red: difference between the primary
and secondary isotherm (P—S), used to calculate the amount of
irreversibly bound CO.

The concentration of reduced Cu detected by the volumetric
technique is in line with XAS results (see Figure S2), so
repeatability tests were performed to assess the precision of
this method for quantitative purposes; the (0.35)Cu-
MFI(11.5) material was used for all of these tests. Two main
sources of uncertainty for this technique were identified, being
the uncertainty intrinsic to the volumetric measurement itself
and the one associated with the treatment procedure, and two
separate sets of experiments were devised to calculate them.

Since errors associated with the pretreatment were estimated
to be higher than the ones related to the measurement itself, all
possible interferences from the activation procedure were
excluded for the first step. This was done by activating a large
batch of the sample and storing it in an Ar-filled glovebox
(residual O, and H,O concentrations < 0.5 ppm); an adequate
portion of this identical sample was taken time after time for
three replica measurements, which were compared to check
instrumental repeatability. The results are summarized in Table

3.

Table 3. Results of the Instrumental Repeatability Tests on
the (0.35)Cu-MFI(11.5) Sample

replica  irreversibly adsorbed CO (mmol/g)  Cu(I) concentration (%)

1 0.3389 75.2
2 0.3231 71.7
3 0.3110 69.0

As can be noticed, the amount of adsorbed CO shows a
decreasing trend in time, which is reflected in the Cu(I)
concentration. Each measurement can take up to 24 h, so this
decrease could be ascribed to small amounts of pollutants
inside the glovebox. For instance, very small amounts of water
inside the inert environment could potentially lead to Cu(I)
oxidation to Cu(Il) over long periods of time, as has been
already reported in the literature.®* It has been also shown that
introducing H,O in such materials when CO is interacting with
Cu(I) (ie, when monocarbonyls are present) can lead to
mixed ligand H,0/CO adduct,®® which are, however,
reversible in vacuum and do not seem to be able to oxidize
Cu(I). Regardless of the source of the pollution, it has to be
stressed that under normal operating conditions (i.e., not in
conditions similar to this test, in which a sensitive sample has
been stocked for a long time because of the way the

experiment had to be performed), the sample is measured in
the same cell in which it is activated, and so possible pollutants
are unlikely to reach the material during transfer from the
vacuum line to the instrument. It should also be noted that the
standard measurement procedure does not include any transfer
in the glovebox, so this particular interference is not an issue
for the actual measurements. The calculated RSD of the results
from this test is 4.3%, although if a systematic error is present
in this case due to sample pollution over time, this may not be
an accurate indicator for measurement uncertainty. Nonethe-
less, the sources of uncertainty strictly related to the
measurement procedure should include instrumental parame-
ters that are set or measured by the instrument. In particular,
supposing repeated measurements on samples that have the
same exact composition (in terms of Cu(I) amount), errors
can arise from weighing the sample in the cell (as well as the
empty cell before the sample is introduced), dosing and
measuring the gas pressure (done automatically by the
volumetric instrument), equilibration times, small drifts in
the isothermal bath and other similar effects. Overall, each of
these sources of uncertainty is reported and certified for the
instruments (balances, volumetric apparatus, thermocouples,
etc.) and can, in principle, be used to calculate a total
measurement-related uncertainty through the propagation of
error. The actual value for this kind of uncertainty will depend
on the specific instruments adopted, and it is outside the scope
of this work to extensively discuss these aspects.

The uncertainty associated with the treatment was
subsequently calculated; the procedure involved the activation
and measurements of three separate replicas of the same
sample that were prepared and measured one after the other in
separate cells. The results are reported in Table 4.

Table 4. Results of the Treatment Repeatability Tests on the
(0.35)Cu-MFI(11.5) Sample

replica irreversibly adsorbed CO (mmol/g)  Cu(I) concentration (%)

1 0.4123 915
2 0.411S 91.4
3 0.3801 84.4

As expected, the uncertainty related to the treatment is
slightly higher (relative standard deviation: 4.58%); this can be
ascribed to small differences in the activation procedure such
as gas pressures not being exactly the same, slight differences in
the temperature and exposition time, different times between
disconnecting the cell from the vacuum lines and connecting it
to the volumetric apparatus, and so on. Overall, though the
error is not very high, it is advisable to operate in replicas when
possible. The higher Cu(I) content detected by this experi-
ment compared to the previous one can be ascribed to
different effects, namely, (i) the overall simpler and shorter
procedure, (ii) the smaller volume of the cell, and (iii) the
lower amount of pelletized sample. It should be noted,
however, that both of these experiments aimed at assessing the
repeatability of their respective step of the procedure, ie.,
calculating the variance of the different replicas; differences in
the mean value for the two experiments are thus expected, as
the procedure for the two experiments is different.

3.3. Insights from Periodic DFT Calculations. Table S
lists the energetic values obtained for the formation of
simulated adducts from DFT calculations.
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Table S. AE, AH, and AG Values (in kJ/mol) Computed for the Formation of Cu(I)-CO/NH; Adducts Listed in Table 2 (T =

50 °C)
AH AG
adduct # AE p = 0.001 mbar p = 100 mbar p = 0.001 mbar p = 100 mbar
1 —169.3 —163.1 —163.1 —80.3 —111.2
2 —65.8 =72.5 —63.6 12.2 -9.9
3 —203.2 —192.9 —192.9 —107.6 —138.5
4 —81.3 —78.8 —78.8 6.6 —-24.3
—— (0.05)Cu-MFI(25)
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Figure 3. CO adsorbed on the four reference Cu-ZSM-S samples. (a) IR spectra of the samples after interaction with 200 mbar CO and outgassing
(spectra have been normalized, and the spectrum of material prior to CO dosage has been subtracted). (b) Uptake of irreversibly bound CO on the
samples versus integrated area of the Cu(I) monocarbonyl species. The intercept has been fixed to 0.

All of the adsorption events simulated here do not cause any
significant deformation of the MFI framework, as testified by
the negligible modification of the cell parameters and,
consequently, of the cell volume; the local surrounding of
Cu(1) is, instead, significantly affected (see Figures S7, S8 and
Table S1). The subsequent adsorption of two CO molecules
brings the Cu(I) from its original bipodal coordination to the
framework O atoms toward a quasi-tetrahedral coordination
environment, passing through a planar, triligated structure
upon the adsorption of a single CO molecule.”* The
adsorption of a NH; molecule induces an even more severe
deformation, with Cu(I) coordinated in an almost linear
geometry between a single-framework O and the adsorbed
molecule, as already proposed for other Cu-CHA during NHj;-
temperature programmed desorption (TPD) experiments.17
By adsorbing a further CO molecule, the coordination turns
back to a more regular quasi-tetrahedral environment.
Thermodynamic functions were evaluated at conditions
relevant for the sake of experiments interpretation, ie., at a
temperature of S0 °C and at values of pressure representative
for a complete adsorption (100 mbar) and for a full desorption
of reversible fractions (0.001 mbar). Overall, all of the
simulated processes are exothermic, with a large dependence
of the evolved heat on the number of coordinated molecules
(i, significantly lower in the event of the adsorption of a
second molecule); the computed values are in good agreement
with calorimetric data previously reported in the literature.%®
Furthermore, the variation of the pressure has a limited effect
on AH values. Instead, this impacts much more in the AG
values: as a matter of fact, most of the processes are
exoergonic, but some turn to endoergonic at the lower
pressure value. In detail, the monocarbonyl adduct (1) is
always stable, regardless of the considered pressure. Con-
versely, the dicarbonyl adduct (2) is stable only at high
pressures, whereas it is expected to easily desorb as the
pressure is decreased, in line with experimental observations.
The same behavior commented for 1 is also observed for the
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ammonia adduct (3) that exhibits the highest stability among
the considered structures. Finally, the formation of a mixed
NH,;-CO adduct (4), where a CO molecule is adsorbed on a
preexisting ammonia adduct (3), is favored at a high pressure,
whereas it turns slightly unstable upon pressure decrease. The
overall description by DFT fully supports the experimental
observations: the superior stability of monocarbonyls against
dicarbonyls enforces the assumptions at the basis of the
volumetric titration method. Also, the polluting effect of
residual ammonia is highlighted, as in the case of isolated
Cu(l) sites: (i) the NH; adduct is more stable than the CO
one, inferring the CO adsorption event could not in principle
displace a preadsorbed ammonia molecule; and (ii) the
stability of the mixed adduct is not achieved at a low pressure.
Thereby, Cu(l) sites interacting with residuals of NHj, not
desorbed during the material activation, cannot be titrated by
CO within the proposed experimental conditions, thus
constituting a relevant contribution to the treatment-related
uncertainty. However, the residual amount of NH; is small (as
from IR measurements); thus, the untitrated Cu(I) fraction is
most probably contributing to the error of the method.
Furthermore, IR spectroscopy experimentally shows that part
of the NH; is displaced to the Bronsted acid sites through a
mechanism not described by our simplified DFT model. The
contribution of NH; pollution is then even lower than
expected from the bare simulation results.

3.4. Calculation of Molar Attenuation Coefficient.
Once the precision of the volumetric methodology was
assessed, the same protocol was used to measure the amount
of accessible Cu(I) in all Cu-ZSM-S samples. All of the
materials show a total Cu(I) content of around 85% after NH,
reduction at 550 °C and are in very good correlation with the
IR data collected on samples treated under the same
conditions and exposed to CO (Figure 3).

The spectra reported in Figure 3a show the interaction of
CO with the reduced samples, and have been treated to obtain
comparable data; full information on the normalization
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procedure can be found in the SI (Section S6). As can be seen
in Figure 3b, the correlation with the volumetric data acquired
on the four samples is very good. This agreement suggests that
IR spectrophotometry can be used as a semiquantitative tool
for the same purpose if the molar attenuation coefficient of the
Cu(I) monocarbonyl vibration is known. The application of
the Beer—Lambert law to solid materials is not trivial, and one
should be aware that scattering effects and differences between
the geometrical and the optical thickness can lead to incorrect
results.”” These conditions must be checked a posteriori (see
Section S7, Figures S9 and S10 in the SI for the complete
statistical analysis), and the molar attenuation coefficient can
be obtained by applying the following equation:
pimol

]c( " )iu(e)

S(em?)

cm

A (em™) = e[

pmol
where A is the integrated area of the band of interest, &
represents the integrated molar attenuation coeflicient of the
band, C is the concentration of the species (in this case, the
concentrations resulting from the volumetric technique were
used), and S and w are the geometrical area and the weight of
the sample pellet, respectively. By plotting A vs Cw/S, the
molar attenuation coefficient of the band is the slope of the
line, as shown for this case in Figure 4.
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Figure 4. Linear model for quantifying the molar attenuation
coefficient relative to the Cu(I) monocarbonyl adducts. For the
(0.07)Cu-MFI(11.5), (0.35)Cu-MFI(11.5), and (0.48)Cu-MFI(25)
samples, two replicas were measured. The intercept has been fixed to
0.

To retain the quantitative aspect of this analysis, the
integrated areas of the monocarbonyl peaks are calculated on
the non-normalized spectra after subtraction of the spectra of
the corresponding activated material. The model is linear in a
range corresponding to a large spectrum of possible
compositions of Cu-ZSM-5 materials and Cu zeolites in
general (0.16—2.6 Cu wt %), and the molar attenuation
coefficient obtained with this method corresponds to 11.5 +
0.3 cm/pmol; details on the statistical analysis can be found in
the SL In 2012, Géra-Marek et al>® performed a similar
analysis on one sample of Cu-ZSM-5 and used the results to
determine Cu speciation in Cu zeolites of different topologies.
In their study, they decided to use the absorbance instead of
the integral of the peak, so the two molar attenuation
coefficients cannot be directly compared, also because of the
likely difference in pellet weight. By fitting the data obtained in
the present work using a model that employs absorbance
instead of the integral of the peak, a similar (not integral)
molar attenuation coefficient is obtained (1.2 instead of 1.3
cm?/pumol); this discrepancy is most likely due to a different
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sample set (i.e,, a wider range of Cu(I) concentrations) and
the decision not to include the origin point (0,0) explicitly in
the dataset. As a matter of fact, using the equation proposed in
the present work allows comparison between materials with
different compositions and, most importantly, bandwidth is
somehow taken into account by the use of the integrated molar
attenuation coeflicient. In particular, the same interaction on
zeolites that bear different topologies may show different
bandwidths and band symmetries due to the relative
inhomogeneity of the sites; this, in turn, may lead to inaccurate
quantitative results if the absorbance value is used instead of
the peak integral. Finally, it is important to note how the value
for the integrated molar attenuation coefficient is rather high;
as a comparison, the integrated molar attenuation coefficient
for pyridine adsorbed on Brensted acid sites on zeolites is
€(B) 545 = 1.02 cm/pumol. This confirms the high sensitivity of
the technique, making its application advantageous even when
the Cu(I) content is low (low Cu content of the sample and/
or low reduced fraction). For very high Cu(I) contents, the
absorbance may exceed the limit in which the Beer—Lambert
law can be safely applied; the volumetric approach is, however,
an accurate technique even for these cases. In this sense, the
two techniques can be thought of as complementary since
volumetric measurements may not be as accurate for samples
that show too low adsorption.

Bl CONCLUSIONS

The selective interaction of CO with Cu(I) has been exploited
to develop a novel technique to quantitatively assess the
amount of accessible Cu(I) sites in Cu zeolites, using a set of
Cu-ZSM-$ with variable composition as reference materials.
This volumetric adsorption technique allows us to access Cu
redox speciation, a key variable in many catalytic processes
based on this class of materials, by means of common
laboratory instrumentation; in addition, repeatability tests on
the measurements further reported a good precision for this
methodology (relative error < $%). This quantification, applied
to a selected range of Cu-ZSM-5 materials, nicely correlates
with the area of the IR band associated with Cu(I)
monocarbonyl species; by modeling this correlation with the
Beer—Lambert law, the molar attenuation coefficient for this
peak has been calculated, allowing for easily accessible
semiquantitative IR studies on these materials. Future work
will expand this concept toward different zeolites, to explore
the applicability of these methods to materials with more
complex topology (e.g., featuring potentially inaccessible Cu(I)
sites) but more relevant for their catalytic activity.
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A multi-technique approach to unveil the redox
behaviour and potentiality of homoleptic Cu'
complexes based on substituted bipyridine ligands
in oxygenation reactions+
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The effect of differently substituted 2,2'-bipyridine ligands (i.e. 6,6'-dimethyl-2,2'-bipyridine, 5,5'-
dimethyl-2,2'-bipyridine, 6,6'-dimethoxy-2,2'-bipyridine and 2,2'-bipyridine) on the reversible oxidation
of the resulting Cu' homoleptic complexes is investigated by means of a multi-technique approach (elec-
tronic and vibrational spectroscopies, DFT, electrochemistry). Among the four tested complexes,
[Cu'(6,6'-dimethyl-2,2'-bipyridine),] (PFs) shows a peculiar behavior when oxidized with an organic per-
oxide (i.e. tert-butyl hydroperoxide, tBUOOH). The simultaneous use of UV-Vis-NIR and Raman spec-
troscopy methods and cyclovoltammetry, supported by DFT based calculations, allowed identifying (i) the
change in the oxidation state of the copper ion and (ii) some peculiar modification in the local structure
of the metal leading to the formation of a [Cu"OH]* species. The latter, being able to oxidize a model
molecule (i.e. cyclohexene) and showing the restoration of the original Cu' complex and the formation of
cyclohexanone, confirms the potential of these simple homoleptic Cu' complexes as model catalysts for

rsc.li/dalton partial oxygenation reactions.

Introduction

Copper is one of the most available transition metals in the
Earth’s crust and seawater;"? it is usually produced in a rela-
tively high quantity (19.7 Mtons in 2017) and low cost (6$ per
kg).> Moreover, Cu requires lower energy for its production
compared to other metals (cradle-to-gate LCA),* and a straight-
forward recycling could further decrease the CO,-eq. emissions
for its life cycle.” Copper is a redox active metal that, beside
the metallic state (Cu’), can reach three different oxidation
states (Cu', Cu" and Cu™). Nature, as well as and synthetic
and industrial chemistry, takes advantage of its one-electron
(Cu' to cu™) or two-electron (Cu' to Cu™) redox chemistry to
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carry out a plethora of chemical reactions, from oxygenation to
hydroxylation and from C-C to C-N bond formation.®

To be effectively exploited as a redox catalyst, Cu” needs to
be stabilized by molecular ligands’ or supramolecular struc-
tures (e.g. zeolites or metal organic frameworks® ') preferring
the former for homogeneous and the latter for heterogeneous
reactions. Focusing on homogeneous complexes, an almost
infinite library of ligands able to form stable complexes with
both Cu' and Cu" centres have been designed and syn-
thesized."" Among them, a central role has been played by 2,2’
bipyridine (bpy), mainly due to its low cost and synthetic easi-
ness; indeed, bpy has been described as “the most widely used
ligand”"* in both homoleptic and heteroleptic fashions. The
bpy ligands show excellent behaviour to firmly complex both
cu' and Cu", enabling, when appropriately substituted, the
reversibility of the oxidation state of the metal. As a matter of
fact, the redox potential of the Cu'/Cu" couple, and thus the
reversibility of the conversion, is affected by the steric hin-
drance nearby the metal centre."'* Besides the energy
required for the electron transfer, one should also consider
the reorganization energy required for the conformational
change, as tetra-coordinated Cu' is stabilized in a tetrahedral
symmetry, while Cu" prefers a square planar one."® The energy
required for the conformational change is usually relatively

Dalton Trans., 2022, 51,14439-1445] | 14439
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high, but it could be lowered by modulating the steric hin-
drance around the metal centre.'® With opportune hindrance
constraints the Cu' complex can be forced toward a distorted
tetrahedral geometry that can easily switch to a Cu" square
planar one.'” At the same time, the square planar geometry of
Cu" will be distorted as well,'® facilitating the back-reduction
to the Cu' state."® These features allowed the successful exploi-
tation of Cu(bpy),,, complexes in different fields dealing with
the redox process, such as Dye-Sensitized Solar Cells
(DSSCs)**?®  and  Light-emitting  Electrochemical ~ Cells
(LECs)***” and also as asymmetric catalysts®® and as linkers in
MOFs.”

Cu' systems (constructed in situ using a Cu-salt as the
copper source and bpy as the ligand, in a 1:1 stoichiometric
ratio) in oxidation reactions of organic compounds have been
extensively studied, among the others, by Stahl and
coworkers.**® In 2011,>° they reported the oxidation of
primary alcohols using a mixture of Cu'(ACN), as the copper
source, bpy (1 eq.) and NMI (N-methylimidazole, 2 eq.) as
ligands, molecular oxygen as the oxidant and a nitroxyl source
(i.e. TEMPO) as the co-catalyst to regenerate Cu', thereby
increasing the low catalytic efficiency previously reported.**
They proved that this Cu' mixture leads to an almost quantitat-
ive yield only if the Cu source is a Br~ salt, whereas very poor
yields are obtained in the presence of Cl~ salts. A couple of
years later, Stahl*! successfully tested similar mixtures for the
oxidation of secondary alcohols (with ABNO as the nitroxyl
radical): the decoration of the bpy ligand with methoxyl
groups at the 4-4' position provided a higher yield, whereas no
oxidation was detected using 6,6'-dimethylbipyridine. The
same group also investigated the oxidation of amines to
imines®> and the lactonization of diols®® using analogous
systems. They tested different substituents at the 4,4’ position
(i.e. methyl, methoxyl or tertbutyl) showing comparable yields;
indeed, replacing NMI with DMAP (in a 2: 1 ratio with respect
to the Cu source) further improves the reaction yield, especially
in coordinating solvents (e.g. THF, DMSO...). A similar
approach (a mixture of CuBr:6,6-'Bubpy: DMAP 1:1:3 in
ACN) has also been reported by Oisaki and Kanai,*® for the oxi-
dation of amines to imines and C-C couplings: in this case,
‘Bu-substituted bpy outperforms bpy. Chiba reported the
incorporation of atmospheric oxygen in activated
N-alkylamidines leading to the oxidation of a tertiary C-H
bond:*® in this case, phen-based mixtures lead to better yields
than bpy-based systems.

It should be recalled that bpy-based Cu" supramolecular
systems (i.e. MOFs*”*%) as well as other Cu’™ 39742
based on N-chelating ligands (in a 1:1 ratio) have been
exploited in oxidation, oxygenation or hydroxylation reactions,
but their discussion falls outside the aim of the present paper.
On the other hand, the literature on Cu: bpy 1:2 mixtures for
oxygenation reactions is extremely scarce. To the best of our
knowledge, the only report on Cu' systems by Sawyer dates
back to 1993:** the bpy ligand was mixed in a 2: 1 ratio with a
Cu' source in the ACN/pyridine system using H,0, or tBuOOH
as the oxidant; cyclohexane or cyclohexene was oxidized to the

mixtures
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corresponding peroxides and ketones with a relatively low
yield (that is three times higher for the unsaturated substrate).
They proposed (but not validated) different reaction patterns
initiated by the deprotonation of the peroxide reactant
mediated by pyridine that leads to the formation of a reactive
Cu-OOR intermediate. Similarly, Repo et al.** reported the use
of a Cu":bpy 1:2 mixture for the oxidation of 2,2"-biphenol
proving that the substitution of the bipyridine ligand is of
pivotal importance in the tuning of the catalytic activity.

In all the described approaches, the main proposed reac-
tion mechanism involves the formation of hydroperoxide
species bound to the metallic center, as also proved by the pro-
duction of ROOH (where R is an aliphatic substrate) as the
main product.”” However, Cu(bpy);(L)o, complexes are
always obtained in situ by mixing a stoichiometric amount of
the ligand and Cu source in ACN. Although this methodology
leads to the product formation and avoids an additional syn-
thetic step, it has a major drawback: as brilliantly evidenced by
Tuczek,*® the one-pot approach does not allow controlling the
real chemical structure of the catalyst; as a matter of fact, apart
from the desired (or proposed) one, other species (involving
both homoleptic systems and heteroleptic ones and also
including the solvent as the possible ligand*®*’) are likely to
form. Indeed, ACN has a recognized coordination power*® and
could induce ligand exchange (especially if present in a very
large excess, as occurring when it is adopted as a solvent); this
equilibrium is further complicated if pyridine (as a base) is
added,*® due to its even higher coordination ability. To avoid
this issue, two approaches could be followed: (i) the ex situ syn-
thesis (and characterization) of the complexes to be used as
catalysts and/or (ii) the development of an accessible experi-
mental method to follow the chemical modification of the
complexes during the reaction. A first step toward (i) has been
recently made by Shul’pin et al. synthesizing both Cu' and Cu"
phenanthroline-based homoleptic complexes (possibly modi-
fied with an additional ancillary ligand) having a fair activity
(in the Cu" form) for the oxidation of cyclohexene by H,0, in
ACN. Nevertheless, it should be pointed out that, even in this
case, the integrity of the complexes after the dissolution in
ACN has not been proved.

Throughout this paper, we select and synthesize four
different homoleptic Cu'(bpy), complexes aiming at investi-
gating the effect of the nature and position of the substituent
of 2,2-bipyridine on the redox behaviour of the Cu center. A
multi-technique approach (electronic and vibrational spectro-
scopies and electrochemistry) supported by computational
analyses is exploited to investigate the chemical modification
of Cu complexes undergoing a redox cycle by exploiting a com-
bination of different solvents and oxidants. We highlight that
the 6,6-dimethyl-2,2-bipyridyl Cu' complex shows a peculiar
reversibility, strongly differing from its homologues. Thus, a
more detailed dynamic analysis (simultaneous time-resolved
UV-Vis-NIR and Raman analyses) of this system, conducted at
Elettra synchrotron, proved almost quantitative reversibility of
the redox cycle and the ability to easily oxidize a targeted mole-
cule (i.e. cyclohexene).

This journal is © The Royal Society of Chemistry 2022
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Results and discussion

Design of modified 2-2'-bipyridine ligands and selection of
oxidation conditions

Among the various modifiers to decorate the 2-2-bipyridine
skeleton, methyl was selected as the simplest substituent
bound both at the 6,6' and 5,5' positions leading to 6,6
dimethyl-2,2"-bipyridine (coded BPA) and 5,5-dimethyl-2,2"-
bipyridine (BPB), respectively; as a modifier impacting both
the electronic properties and the steric hindrance of the
ligand, methyl was replaced by a methoxy moiety (6,6-
dimethoxy-2,2"-bipyridine, BPC). To have a comparison with
literature data,*’ the unsubstituted 2,2-bipyridine (BPD) was
also considered. To obtain the complexes, the ligands were
reacted with tetrakis(acetonitrile)Cu(r) hexafluorophosphate as
both a copper and counterion source (see Scheme 1 and the
Experimental section for further details); indeed, the ligand
exchange reaction was promoted by the higher coordination
strength of the bipyridine ligands: as a result, [Cu'(6,6-
dimethyl-2,2"-bipyridine),] (PFs) (CuBPA), [Cu'(5,5'-dimethyl-
2,2"-bipyridine),] (PFs) (CuBPB), [Cu'(6,6'-dimethoxy-2,2"-bipyri-
dine),] (PFs) (CuBPC) and [Cu'(2,2"-bipyridine),] (PFs) (CuBPD)
were obtained with almost quantitative yields. It is noteworthy
that complex formation reactions are fast and easy to repro-
duce, making the process inexpensive and scalable.

Aiming at driving a homogeneous redox reaction, the
choice of both the solvent and oxidant (to be used in conjunc-
tion with the Cu complexes) is crucial, and it could seriously
impact the effectiveness of the reaction. In this context, the
most exploited solvent in the literature is ACN, that is also
valuable for its (electro)chemical inertness and its well-known
simple spectroscopic fingerprint, that allows one to predict the
signals of the sample.”® Unfortunately, when dissolved in ACN,
all the complexes, but CuBPA, tend to degrade quickly, as
proved by the loss of color of the solution (Fig. S1t). This was
attributed to a ligand exchange between all of the three BPB,
BPC, and BPD and ACN, ascribable to the large excess of the
latter.

To further prove this instability, we dissolved Cu'(bpy),
complexes in degassed ACN; even in this case, a colorless solu-
tion is obtained proving the loss of the MLCT band (vide infra);
very interestingly, when the solvent is allowed to slowly evapor-
ate (under nitrogen), a more and more reddish solution is
obtained, and when all the solvent is removed, a dark red
powered is obtained, proving that the instauration of a ligand

' R /R R\
7 N
I » 10
Ne N~ N,, CH,Cl, NN N F
—:N-C{u-N*_'— +2 T» ;;u f:;?_l_p
AN, S
R R R

R =H, Me, MeO

R=CH3 6,6-dimethyl-2,2-bipyridine (BPA)
R=CH3 5,5"-dimethyl-2,2"-bipyridine (BPB)

R=0CH3 6,6-dimethoxy-2,2"-bipyridine (BPC)

R=H 2,2"-bipyridine (BPD)

Scheme 1 Scheme of synthetic procedure.
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exchange equilibrium is the main reason for instability. A
partial oxidation of Cu' due to atmospheric oxygen could not
be completely excluded. These results match well with the evi-
dence found in a previous paper by some of us®' and with the
results of Sawyer et al.** The kinetics of the ligand exchange
reaction is sensibly influenced by the nature of the substituent
and its position on the bipyridine ligand;>* specifically, it is
really fast for CuBPB and CuBPD and a bit slower for CuBPC;
on the other hand, only limited reaction (tested by mass spec-
trometry, not shown) occurred with CuBPA, ascribable to the
higher steric hindrance of the methyl moieties (at the 6,6'
position).

Thus, we were forced to change the solvent, and we resolved
to dichloromethane (DCM), which ensures a high solubility of
Cu' complexes coupled with a well-known spectroscopic finger-
print. Unfortunately, Cu" counterparts are insoluble in DCM,
preventing us to propose a comparison with the reduced com-
plexes. A possible strategy to improve the solubility of
[Cu"(bpy),]** complexes consists of the use of ancillary ligands
(i.e. CI7), but this will seriously impact the complexes’ geome-
try, making a comparison unreliable.

With respect to the oxidant, both hydrogen peroxide (H,0,)
and tert-butyl hydroperoxide (tBuOOH) have been tested
relying on the literature.****>® The former is more reactive®
but it has a high water content, whereas the latter’s reaction, a
milder oxidant,> could be more easily controlled. Hydrogen
peroxide (30% w/w in water) is just partially soluble in DCM;
therefore, when the oxidation reaction occurs, the resulting
Cu" complex is mainly observed in water, as proved by the
greenish color of the aqueous phase; only traces were found in
the organic phase. Thus, we resolved to tBuOOH, assuring a
homogeneous organic phase. The milder reactivity of tBuOOH
could be fairly considered as a valuable point in order to finely
tune the reactivity of CuPBX by the ligand design. To precisely
follow the redox processes and to detect the involved species,
we exploited a multi-technique approach (i.e. cyclic voltamme-
try, Raman, UV-Vis-NIR). Indeed, it will be immediately con-
cluded that the nature of the ligands complexing Cu' heavily
impacts the oxidation process.

Electrochemical characterization of pristine and oxidized
complexes

Cyclic voltammetry, more generally electrochemistry, is one of
the techniques of election to investigate the oxidation state of
metal complexes due to the high electroactivity of the metal
centre.>® This also implies that the redox potential of the com-
plexes could be dramatically influenced by the nature of the
ligands accounting for both electronic and steric effects. In the
present case, the ligand could influence the accessibility of
oxidant species to the copper centre. The voltammograms of
the pristine and oxidized (with tBuOOH) complexes are
reported in Fig. 1.

All the complexes show good electrochemical stability in
DCM (no changes are highlighted upon continuous cycling),
and the voltammograms are characterized by a reversible
redox peak, the position of which strongly depends on the

Dalton Trans., 2022, 51,14439-14451 | 14441
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Fig. 1 Cyclovoltammograms of pristine complexes (darker lines) and
after 50 cycles from the addition of tBuOOH (0.1 ml of tBuOOH 5.5 M
n-decane solution) as oxidant (lighter lines). Complexes were dissolved
(5 mM) in a solution of DCM containing TBAPFg (0.1 M) as a supporting
electrolyte. CV's starting potential has been set to 0 V vs. Ag/AgCl and
the scan is conducted toward positive values.

nature of the ligand. E;, of the unsubstituted bipyridyl
complex (CuBPD) is located at 269 mV vs. Ag/AgCl; the inser-
tion of methyl in position 5 (CuBPB) just slightly influences
the electrochemical behaviour of the complex leading to a
more easily oxidizable copper atom (E;, = 190 mV). The inser-
tion of methoxy moieties in the ligands at positions 6 and 6’
(CuBPC) leads to a less easily oxidizable system (E;, =
324 mvV); this could be due to a higher hindrance of the
methoxy group. Recently, Giordano et al> pointed out that
the oxygen could partially coordinate the copper atom redu-
cing its proneness to oxidation. According to the literature,’”
CuBPA shows the highest redox potential (E;,, = 697 mV) due
to the steric hindrance of the methyl group that likely causes
more severe distortion of the oxidized complex geometry (see ¢
parameter in Table S17). This trend is in good agreement with
the one calculated using DFT (Table S1t). Indeed, the higher
potential of CuBPA could also be an indicator of a more ener-
getic-costly Cu' — Cu" transition. CVs could also give some
insights into the Cu' — Cu" redox kinetics, with AE, (i.e. the
voltage difference between the oxidation and reduction peaks)
being directly related to the latter;® the higher AE,, the lower
the kinetic of the electronic oxidation. Within the analysed
complexes, CuBPA shows a higher AE, (0.24 V) followed by
CuBPD (0.21 V), CuBPC (0.17 V) and CuBPB (0.16 V), that are
comparable to that of the Fe/Fe' couple (0.27 V).

The effect of substituents is even clearer after the addition
of the oxidant ({BuOOH): as soon as the latter was added, the
voltammograms evolved differently as a consequence of the
substitution on the pyridine rings. No matter the complex
involved, the electrochemical oxidation is always faster com-
pared to the simple addition of an oxidant. This proves that
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the oxidation is (partially) assisted by potential cycling. After
50 cycles from the addition of tBuOOH, the voltammogram of
CuPBA is almost flat, proving that the concentration of the
reduced form of the complex is close to zero, as also evidenced
by UV-Vis-NIR (vide infra). A small shoulder could still be
detected at ca. 1 V, which could be ascribed to the presence of
meta-stable species generated throughout the oxidation
process: indeed, this shoulder tends to vanish at longer times.
As expected, CuBPB and CuBPD behave similarly; the voltam-
mograms of both the complexes are completely flat in the oxi-
dation scan up to 0.6 V, but they present a more pronounced
shoulder at 740 mV and 640 mV, respectively. Very interest-
ingly, an irreversible oxidation process could be evidenced at a
potential higher than 0.9 V, which could be likely ascribed to
the oxidation of the ligand.

This process seems to be catalyzed by the presence of a
metal; as a matter of fact, the sole ligands (Fig. S21) do not
show any oxidation process at V < 1.2 V even after the addition
of tBuOOH. Another interesting point could be evidenced:
while CuBPA’s voltammogram is almost flat throughout the
reduction cycle, CuBPD and (even more) CuBPB show an irre-
versible, very broad reduction peak; the latter is placed at the
same potential of the Cu" — Cu' reduction, well correlating
with literature reports.”* This is a fair hint that the addition of
tBuOOH leads (at least partially) to pure electronic oxidation,
the result of which is a Cu" complex that does not involve the
presence of any oxo-species. This feature is even more evident
when CuBPC is oxidized, for which a sharp and irreversible
peak (0.27 V vs. Ag/AgCl) is recorded. The absence of an associ-
ated oxidation peak is due to the presence of tBuOOH (added
in excess) in the solution that chemically re-oxidizes the Cu'
complex as soon as the latter is electrochemically produced.

Characterization of electronic transitions of the pristine and
oxidized complexes

Before going into detail with the description of the effect of
the oxidation/oxygenation process on different complexes, a
precise assignment of the electronic transitions observed
experimentally has been conducted supported by DFT. Indeed,
the simulated results are in good and qualitative agreement
with the experimental ones (Fig. S3-S5t1 and related discus-
sion), thus making them valuable support for the interpret-
ation of the data-set presented hereafter. The UV-Vis spectra of
the four Cu complexes, both in their pristine state and in two
different oxidation pathways (i.e. using NOPF, or tBuOOH), are
reported in Fig. 2 (top frame). The choice of tBuOOH was dis-
cussed above, whereas NOPF, was also tested as an alternative
oxidizing agent because of the suspicion of oxygenated species
formed. It is reported in the literature that the NO" species is
able to oxidize metal centres with a single electron transfer
mechanism, releasing gaseous NO.'®?*> However, due to the
good coordination ability of nitrosyl molecules,”*° the for-
mation of a Cu"-pentacoordinate species could not be a priori
excluded. Therefore, tBuOOH could likely lead to the for-
mation of a Cu"-O(bpy),"/Cu"-OH(bpy), (PFs~) species,
whereas NOPF, would preferably form Cu'(PF), with likely a

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Top: UV-Vis spectra of the four complexes in their pristine form
and after reaction with tBUOOH and NOPFg. Solutions were prepared
with a concentration of 5 mM (DCM). Data in the inset show the spectra
in the region 17 500-9000 cm™, in correspondence with the x-scale in
the main panels. Main panel: 1 mm optical path. Inset: 10 mm optical
path. The spectra for the two cuvette thicknesses were registered simul-
taneously on the same sample solution recirculating between the two
and a reservoir. Spectra are reported in absorbance without any
additional treatment. Bottom: Zoom of UV-Vis to highlight the occur-
rence of the band at 26 500 cm™ (377 nm) after the oxidation with
tBUOOH. Optical path: 1 mm.

NO ancillary ligand. By comparing the final state of the com-
plexes that reacted with the two oxidants, one could discrimi-
nate electronic oxidation from oxygenation since the two poss-
ible outcomes should present different electronic structures
and geometries.

In their pristine form, the complexes show two main peaks
located around 28 000 cm™" and 22 000 cm™" (Fig. S3t). On the
basis of a natural transition orbital (NTO, see Fig. S6t for
Cu'BPA) analysis of the simulated electronic transitions, this
peculiar band is ascribed to a metal to ligand charge transfer
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(MLCT) from the Cu d,, orbital (hybridized with some N sp”
orbitals) to the n* orbitals of the ligands.®® The differences
between the complexes in the region above 28000 cm™" are
mainly due to the differences in the structure of the ligands
(Fig. S77). The high energy contribution, represented by the
simulated transition at 35000 cm™?, is instead due to a second
MLCT from the Cu d,. orbital to the n* orbitals of the ligands.
The identified MLCT is of particular interest since they can be
exploited to achieve resonant Raman conditions with oppor-
tune excitation wavelengths, thus allowing a preferential
enhancement of vibrational modes having the same symmetry
as that for the electronic transition (thus strictly related to the
Cu” cation). One should note that this evidence is not consist-
ent with the UV-Vis spectra of CuBPD (obtained in situ in ACN)
reported by Sawyer et al;** they showed a spectrum without
any transition in the visible region. This observation could
suggest that the effective formation of a Cu'(bpy),” complex is
not occurring under these conditions.

Meaningful changes appear in this region for all complexes
upon oxidation: they arise from a combination of structural
and electronic effects, as they result from both perturbation of
the ligand transitions and differences in the MLCT transitions.
On the other hand, the band around 22000 cm™ differs
slightly between the complexes, but disappears completely for
all of them upon oxidation, with a subsequent appearance of
one or two bands in the region between 17 500 and 9000 cm™*
(Fig. 2, top frame insets); the latter is assigned to d-d tran-
sitions on the metal centre. Interestingly, most complexes
show two distinct bands at around 13700 and 10 000 cm™’,
likely indicating a geometrical distortion of the d° system; the
only exception in this trend is that CuBPA is oxidized using
NOPFg, suggesting differences in the coordination structure of
this sample for the two oxidation pathways.

As can be seen in Fig. 2 (bottom frame), CuBPA is also
characterized by a peculiar absorption at 26 500 cm™" (377 nm)
after oxidation with tBuOOH (absent when treated with NOPF);
the intensity of this peak is five times more intense than the
main d-d transition. This band could be fairly attributed to the
formation of an oxygenated species (i.e. Cu"-O(bpy),", Cu"-OH
(bpy)," or Cu"-OOH(bpy),", vide infra) and it accounts for the
different coloration of the ¢(BuOOH-oxidized solutions (see
Fig. S8t). On the other hand, the spectra of the other samples
seem to be very similar, no matter the nature of the oxidant;
this could be fairly ascribed to the lower protection offered by
the ligands other than BPA. Interestingly, a sizeable drop in the
intensity of the d-d transition is observed upon oxidation with
NOPF: this is most probably due to solubility issues (bare Cu**
complexes are less soluble in DCM than Cu’ ones), also causing
precipitation (i.e. a blue precipitate could be detected) and the
formation of suspensions, decreasing the collected signal as a
consequence of scattering phenomena.

Characterization of vibrational modes of the pristine and
oxidized complexes

The reaction of Cu complexes in DCM solutions with the
tBuOOH oxidizing agent has also been followed by Raman
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Spectroscopy, adopting the experimental set-up described in
the Experimental section and choosing a 244 nm exciting laser
line to fully exploit the resonance conditions, thus overcoming
possible scarce sensitivity due to the adopted concentration. It
is worth mentioning here that DFT calculations are able to
properly reproduce the position of the peaks in the Raman
spectra of the parent solid powders thus making them valuable
support for the interpretation of the data-set presented here-
after. A more detailed analysis is provided in the SI (Fig. S9-
S11+ and related discussion).

The results are reported in Fig. 3, where the spectra
obtained for the pristine/oxidized complexes (solid colored
lines) are compared with those obtained for the respective
parent ligands (solid grey lines) and bare DCM (solid black
line). For the sake of comparison, the Raman spectra obtained
for the pristine/oxidized complexes are normalized at the DCM
peak falling at 1425 cm™". As it can be seen from the reported
data, the reaction with tBuOOH causes just small variations in
the Raman spectra of the complexes when compared to those
obtained for the pristine ones; this suggests that the original
structure of the Cu containing complexes is maintained after
the reaction (also testified by the fact that no clear bands
ascribable to bare ligands appear after tBuOOH addition),
further highlighting the peculiarity of our approach.

However, a closer inspection of the spectra of the CuBPA
(see also Fig. S121) and CuBPD complexes reveals a blue-shift
(Av; = 410 em™ for both complexes, and +20 cm™' with
respect to the bare ligands in the ¢rans configuration) of the
peaks at 1014 em™" and 1028 ecm™ (1Y), respectively, after
interaction with tBuOOH; this shift is very faint in CuBPC and
not observable for CuBPB. Furthermore, with respect to the
CuBPA complex, a blue-shift of the peak at 1324 em™ (v5Y)

CuBPA CuBPB

Raman counts / a.u.

CuBPC

CuBPD

Raman counts / a.u.

anI T le\l T T ml

1800 1600 1400 1200 1000

Raman shift / cm’’

T T T T
1600 1400 1200 1000

Raman shift / cm”

Fig. 3 Raman spectra of DCM solutions of ligands (grey curves), pris-
tine complex and oxidized complexes for CuBPA (red panel), CuBPB
(blue panel), CuBPC (green panel), CuBPD (violet panel). In all the
panels, darker colour refers to the solution after the addition of
tBUOOH. DCM spectrum (in black) is reported for the sake of clarity
(black curves).
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can be observed (Av, ~+10 em™"). From the reported data, it
can be concluded that Raman Spectroscopy can be fruitfully
used to follow the reactivity of such complexes with respect to
oxidizing agents.

Evidence from the proposed multi-technique approach

The proposed multi-technique approach allows us to highlight
a dramatic influence of the nature and the position of a substi-
tuent on the oxidation (oxygenation) reaction of 2-2'-bipyri-
dine-based Cu' complexes. As a matter of fact, each technique
provides interesting but sometimes partial insights. UV-Vis-
NIR spectroscopy shows, after the addition of an appropriate
oxidant, the formation of a Cu" species as proved by the occur-
rence of d-d transitions at higher wavelengths (the inset in the
top frame of Fig. 2). Indeed, for CuBPA, the choice of the oxi-
dizing agent seems to be particularly meaningful, leading to
different spectra when NOPFs is employed in place of
tBuOOH. Indeed, the peculiar behaviour of CuBPA could be
clearly evidenced by the presence of an additional peak at
26500 cm™" (CuBPA treated with tBuOOH). This unique behav-
ior of CuBPA could be rationalized by referring to the electro-
chemical data of all the complexes: CuBPA shows remarkably
higher redox potential and, once oxidized, it becomes electro-
chemically inactive in the investigated potential window; this
is a fair evidence that, on the one hand, Cu"BPA is not the
(main) result of the oxidation and, on the other hand, the
product of the oxidation is stable and does not immediately
react with other species or incur in self-oxidation reactions.
The other complexes seem to have a different fate as a results
of the addition of tBuOOH; CuBPC tends to be oxidized to its
initial Cu®" form as proved by the persistence of the electro-
chemical reduction peak at 0.27 V and Cu"BPC is particularly
stable due to the effect of the methoxy groups close to the
copper site. CuBPB and CuBPD, instead, seem to incur in a
(partial) self-oxidation reaction as proved by the appearance of
an additional oxidation peak at V > 0.5 V.** In this context,
Raman analyses are very meaningful to highlight that the reac-
tion with tBuOOH does not significantly impact the vibrational
transitions characteristic of each system, proving that the oxi-
dation process neither dramatically changes the chemical
environment of the metal centre nor destroys the ligand.

The findings mentioned above prove that CuBPA shows a
peculiar behaviour, likely giving rise to stable oxygenated
Cu"(bpy)," species. To further investigate the nature of such
species, we performed DFT simulation of the UV-Vis and
Raman spectra for some hypothetical structures (whose opti-
mized geometries are reported in Fig. S131). The outcomes,
compared with experimental results, are reported in Fig. 4. By
qualitative comparison of the experimental UV-vis spectrum of
CuBPA oxidized by ¢BuOOH with the simulated spectra of
Ccu"-0O(bpy)," and Cu"-OH(bpy),", both the models show elec-
tronic transitions in the 25 000-30 000 cm™ region.

In detail, the CuBPA-OH structure better reproduces the
experimental profile, with a well-distinguished band peaking
at 29 000 cm™". This assignment is further confirmed by the
good agreement of the calculated d-d transitions for Cu"-OH

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Computed (solid lines) UV-Vis (top frame) and Raman (bottom
frame) spectra vs. experimental ones (dashed lines) for CuBPA bearing a
Cu-0Oy specie: oxyl- (red lines) and hydroxo- (blue lines). Experimental
UV-Vis has been collected with an optical path of 1 mm. Experimental
Raman has been collected with a 244 nm excitation wavelength (aster-
isks highlight the features of DCM). Simulated spectra have been convo-
luted with Gaussian functions (FWMH set to 5 cm™ for Raman, to
1000 cm™ for UV-Vis). Computed vibrational frequencies have been
scaled by a multiplicative factor (0.978).

(bpy),'with those experimentally observed. Other options,
such as Cu"-OOH(bpy)," or Cu"(bpy)," (Fig. S141) seem to be
unlikely, showing simulated spectra that sizeably differ from
the experimental ones (especially when electronic transitions
are considered). One should note that the selected functional
and basic set are in line with the ones conventionally exploited
in the literature (Table S2+).

This assignment is also supported by the thermodynamic
stability of the species, as the Gibbs free energy of formation
(calculated according to the reactions shown in Scheme S17)
for Cu"-OH(bpy)," is lower than that of Cu"-O(bpy)," or Cu"-
OOH(bpy)," (26.9 kJ mol ™" vs. 36.3 k] mol~" or 214.8 k] mol ™",
respectively). In the case of Raman spectroscopy, unfortu-
nately, specific Cu-O modes are not detectable under the
adopted experimental conditions. Nonetheless, the simulated
spectra for Cu"-O(bpy),’, Cu"-OOH(bpy)," and Cu"-OH
(bpy)," show a shift for the " mode observed between +25
and +32 cm™" with respect to trans-BPA, in line with experi-
mental results. This result confirms that the models correctly
account for the screening effect of the O/OH group on the Cu"
ion, as the Av$" value obtained for a isolated Cu" is +38 ecm™
from simulation (Table S37). A further confirmation could be
obtained from the quite good correlation between g/r (the

This journal is © The Royal Society of Chemistry 2022
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elementary charge/ionic radius ratio of M™") and computed
Av, between pristine trans-BPA and cis-BPA in the M* complex
(Fig. S151) for the calculation performed on M™(cis-BPA),
(where M™" = Li*, Na*, K", Cu", Be*", Mg>" or Ca*"); indeed,
ALY > 0 has been observed for the BPD interacting with the
surface species of Si0, and Al,0;.

Aiming at proving the reversibility of the oxygenation reac-
tion experimented by the Cu site, we treated the oxidized solu-
tion with a common oxidizable substrate (i.e. cyclohexene);
after the addition, the solution of oxidized CuBPA turns to a
dark orange solution (i.e. the same as pristine CuBPA,
vide infra). This reversibility is even more clear when the reac-
tion between activated CuBPA and cyclohexene is followed by
CV (Fig. S167): indeed, after the addition, the voltammogram
evolves towards the characteristic redox peaks of Cu'BPA.
Complementary findings have been obtained by coupling
Raman (@Elettra synchrotron) and UV-Vis spectroscopy with
an in situ approach (vide infra). However, other complexes,
namely CuBPB, CuBPC and CuBPD, do not show the same
behaviour: indeed, no remarkable modifications could be evi-
denced after the addition of cyclohexene, proving that the oxy-
genated species, if obtained and stable, are not reactive
enough (or not able) to promote the oxidation of cyclohexene.

Exploitation of the in situ synchrotron-based Raman/UV-Vis
simultaneous set-up

As proved in the previous section, CuBPA shows a peculiar
behaviour compared to the other complexes tested within this
work. Electrochemistry proved that once oxidized, CuBPA is
able to return to its Cu' state when an appropriate reductant is
added. This observation is supported by the fact that the most
probable species, i.e. Cu"-OH(bpy),", has a slightly positive
formation energy (i.e. 23.3 kJ mol™"), and thus the hydroxyl
moiety is potentially reactive toward a reductant. It should be
noted that electrochemistry gives meaningful insights into the
electroactive species only and, thus, eventual degradation of
the complexes or the formation of products of interest could
be hardly detectable. Moreover, the continuous supply of elec-
trons (due to the CV approach) could have no trivial effect on
reduction reaction catalysis.

To further shed light on the reactivity of the selected
complex during its redox cycle, we resolved to joint and simul-
taneous monitoring of the reaction solution by means of both
vibrational and electronic spectroscopy. This allows us to
finely detect some modification of the different substrates in
the reaction solution. Following this idea, it clearly appears
that the adopted exciting laser line (i.e. 244 nm) can suffer
from sensitivity problems (Fig. 3, red panel): in fact, 15", even
if still visible, undergoes a drastic loss in intensity after CuBPA
reacts with tBuOOH. This is mainly ascribable to a change in
energy for reaching resonance conditions in the reacted
system, limiting our ability to finely follow the redox cycle. To
avoid this, at the synchrotron facility Elettra, we finely screened
the excitation wavelengths (i.e. 226 nm, 244 nm and 266 nm)
and by selecting the 266 nm line we were able to obtain clear
spectra for all the tested solutions. The major drawback in the
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employment of synchrotron radiation is the relatively low
intensity of the incident radiation in the exploited range,
forcing us to use relatively long acquisition times and to
average the measurements on 3 scans at least. It was possible
to record one Raman spectrum every 30 minutes, much slower
than the time resolution ensured by the UV-Vis-NIR set-up
(one spectrum each minute). The effect of oxidant (ie.
tBuOOH) and (then) reductant (ie. cyclohexene) addition
could be finely followed by means of UV-Vis-NIR spectroscopy
(Fig. S171); as soon as tBuOOH is added to a 1 mM solution of
CuBPA, the intensity of the characteristic absorption peak
starts to slowly but constantly decrease and simultaneously a
broad peak (at 26 500 cm™") grows. After 150 minutes, the elec-
tronic spectrum of oxidized CuBPA is invariant. At this stage,
the Raman spectrum of the same solution (green profile in
Fig. 5) presents two main differences compared to the spec-
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trum recorded at ¢ = 0 (red profile in Fig. 5): a clear shift
toward a lower Raman shift of the band at 1050 cm™ and a
broadening of the peak at 1600 cm™'. The former is directly
related to the change in the coordination of the metal ion, and
it is consistent with the formation of a Cu"~OH(bpy),"species
(vide supra), whereas the latter is directly related to the
vibrational modes of the bipyridine ring and, thus, less sensi-
tive to the charge state of the metal. This could be ascribable
both to a change in the geometry of the ligand and to the irre-
versible oxidation of the latter. To check this and to eventually
prove the reversibility of the oxidation process of the Cu
centre, we added an equimolar (with respect to ¢tBuOOH)
amount of cyclohexene. Following this addition, the UV-Vis-
NIR (Raman) spectrum of the solution starts to rapidly evolve,
and the recovery of the peak centred at 22 000 cm™" can be
easily detected. After only 90 minutes from the addition (¢ =
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Fig. 5 Synchrotron Raman (top) and UV-Vis-NIR (middle) spectra of pristine CuBPA solution (1 mM in DCM, red lines) and after the addition of
tBuOOH (green lines) and cyclohexene (blue lines). Measurements are made simultaneously on the same solution exploiting the custom-made set-
up described above (Raman exciting wavelength = 266 nm). Synchrotron Raman spectrum recorded with an exciting wavelength of 226 nm

(bottom) in the same conditions.
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240 minutes), the peak is completely recovered (the discre-
pancy in the absorbance value is due to the dilution of the
solution caused by the addition of oxidant and reductant solu-
tions). After 240 minutes, the Raman spectrum (blue curves in
Fig. 5) also shows the same vibrational mode of the pristine
solution. The only difference is due to the rise of a broad con-
tribution in the 1688-1620 cm™ range, ie. at frequencies
quite different from that characterizing C=C stretching in
cyclohexene (1651 cm™), thereby suggesting that new species
are formed; unfortunately, resonance conditions obtained for
CuBPA employing exciting light falling at 266 nm prevent the
obtainment of much more clear signals. For this reason, the
same reaction has been followed by adopting exciting light at
226 nm: the results are reported in the bottom panel of Fig. 5.
It is worth noting here that under such conditions the broad
signal is substituted by two narrower peaks centred at 1680
and 1620 cm™" respectively, the highest one witnessing for the
presence of a carbonylic species (i.e. C=O0 stretching) and the
lowest for a conjugated C=C, probably the cyclohexanone that
is one of the oxidation products of cyclohexene.'®***3 The
presence of both cyclohexanone and cyclohexen-2-one (compa-
tible with the vibration at 1620 cm™) has been further con-
firmed by GC-MS analyses (Fig. S187). It should be noted that
the MS spectrum of cyclohexanone is slightly more compli-
cated than expected due to the dynamic equilibrium with
cyclohex-1-en-1-ol (its enolic tautomer). We would like to stress
that GC-MS spectra were collected as a control to justify the
arising spectroscopic features. A more detailed analysis of the
obtained products and the extension of the reaction scope will
be discussed in a forthcoming paper.

Experimental
Materials and methods

All chemicals and solvents used were purchased from Merck
(if not differently specified) and employed without further
purification. 5,5-Dimethyl-2,2"-bipyridine, 6,6-dimethyl-2,2"-
bipyridine and tert-butyl hydroperoxide were purchased from
TCI. Copper complexes were synthesized under a N, atmo-
sphere to prevent the oxidation of the metal centre and were
obtained in excellent yield (>95%), according to a literature
procedure. To oxidize the metal centre to Cu", hydrogen per-
oxide (30% in water), nitrosonium hexafluorophosphate and
tert-butyl hydroperoxide (5.5 M in decane) were employed in
appropriate ratios; cyclohexene was then used as an oxidizable
substrate to verify the reversibility of the oxidation/oxygenation
of the metal centre. A multi-technique approach was used to
follow the redox cycle: cyclic voltammetry, Raman and UV-Vis-
NIR.

Synthetic procedures

Synthesis of the ligand 6,6"-dimethoxy-2,2"-bipyridyl (BPC).
The 6,6"-dimethoxy-2,2"-bipyridyl ligand was synthesized under
a N, atmosphere to minimize the presence of water in the reac-
tion mixture, according to a literature procedure.”® A white
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solid was obtained with 80% yield (0340 g). "H NMR (CDCl,): &
=8.02 (2H, d), 7.68 (2H, dd), 6.75 (2H, d), 4.04 (6H, s).

General synthesis of copper(1) complexes. Copper complexes
were synthesized following the literature reports® by mixing
tetrakis(acetonitrile)copper(r) hexafluorophosphate and the
bipyridine ligand (1:2 ratio) in anhydrous CH,Cl,. The solu-
tion was stirred under a N, atmosphere for three hours and,
after stripping the solvent, the product was obtained as a
coloured powder in excellent yield.

[Cu(6,6'-dimethyl-2,2"-bipyridyl),] (PFs) (CuBPA). Following
the above-mentioned general procedure, 0.98 g of the desired
complex was obtained as a red powder with a yield of 98%. 'H
NMR (600 MHz, (CD;),CO) 6 8.55 (d, ] = 8 Hz, 1H), 8.20 (t,] = 8
Hz, 1H), 7.69 (d, J = 8 Hz, 1H), 2.35 (s, 3H), 2.09 (solvent
residual peak).

[Cu(5,5'-dimethyl-2,2"-bipyridyl),] (PFs) (CuBPB). Following
the above-mentioned general procedure, 0.95 g of the desired
complex was obtained as a violet powder with a yield of 95%.
"H NMR (600 MHz, (CD5),CO) & 8.62 (d, J = 8 Hz, 1H), 8.58 (s,
1H), 8.13 (d, J = 8 Hz, 1H), 2.45 (s, 3H), 2.09 (solvent residual
peak).

[Cu(6,6'-dimethoxy-2,2"-bipyridyl),] (PFs) (CuBPC). Following
the above-mentioned general procedure, 0.97 g of the desired
complex was obtained as a dark powder with a yield of 97%.
'H NMR (600 MHz, (CD3),CO) & 8.27 (m, 2H), 7.32 (d, J = 7 Hz,
1H), 3.76 (s, 3H), 2.09 (solvent residual peak).

[Cu(2,2"-bipyridyl),] (PFs) (CuBPD). Following the above-
mentioned general procedure, 0.97 g of the desired complex
was obtained as a brown powder with a yield of 97%. "H NMR
(600 MHz, (CD5),CO) & 8.81 (s, 1H), 8.35 (s, 1H), 7.82 (s, 1H),
2.09 (solvent residual peak).

NMR spectra details. The NMR spectra were recorded on a
Jeol ECZ-R 600 MHz instrument, in (CD;),CO, using the
residual solvent peak as an internal reference ((CD;),CO, 'H:
2.09 ppm).** All the chemical shifts are reported in delta (5)
units. Coupling constants are reported in Hertz (Hz).
Multiplicity is reported as follows: s (singlet), d (doublet), t
(triplet), and m (multiplet). For each experiment, 8 scans were
used with 5 s of relaxation and an acquisition time of 2.9 s.
The spectra were recorded at —40 °C (Fig. S19-S227).

Computational details. DFT simulations on Cu-complexes
were performed with the Gaussian G16 (rev. B.01) code®® by
exploiting the hybrid B3LYP functional.*® Unrestricted wave-
functions were adopted for all calculations, also when consid-
ering singlet states. Spin multiplicity was set to 1 (singlet state)
for the initial Cu' structures, whereas it was set to 2 (doublet)
for Cu" and hydro(pero)xo or 3 (triplet) for Cu" oxyl models.
The def2-TZVP basis set developed by Ahlrichs and co-
workers®® was adopted in the description of all atoms.
Dispersive forces were included in the calculation through the
Grimme D3 empirical scheme with Becke-Johnson damping.®”
The effect of solvation was implicitly accounted for via the
polarizable conductor calculation model (CPCM) method.*®%°

Fig. S37 shows the structure of the structural models
adopted in the calculations of the starting Cu' complexes.
Their structure was manually constructed by positioning the
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two bipyridyl ligands, oriented with the N atoms tetrahedrally
coordinating the Cu atom at a distance of 2.0 A. Counterion(s)
were not included in the structural model. These initial
models were geometrically optimized, and vibrational frequen-
cies (including IR and Raman intensities) were computed. The
absence of imaginary frequencies confirmed that minimum
structures were obtained. From the optimized structures of the
Cu' complexes, Cu" models were constructed by imposing the
correct charge-spin, further optimized and adopted in fre-
quency calculations. For the only CuBPA complex, we also
simulated some hypothetical structures of Cu-O, species, as
expected to form upon interaction with ¢BuOOH, namely:
Cu"-O(bpy)," (oxyl), Cu"-OH(bpy)," (hydroxo) and Cu"-OOH
(bpy)," (hydroperoxyl). Their optimized structures are shown
in Fig. S13.1 The main geometrical parameters for each model
and their computed Cu'/Cu" oxidation potentials are reported
in Tables S1 and S2.}

UV-Vis spectroscopic characterization. UV-Vis-NIR spec-
troscopy was performed on the samples with an Avantes
AvaSpec-ULS2048XL-EVO fibre optics spectrometer (25 pm slits),
coupled to an Avantes AvaLight-DH-S light source (equipped
with a deuterium and a halogen lamp). Fibre optics with a
high-OH fused silica core of 100 pm in diameter were used.
Integration times and averaging were optimized for each sample
to guarantee the best compromise between spectral and time
resolution. The solutions were examined using Hellma flow-
through high-performance quartz glass (QS grade) cuvettes with
screw connections; depending on the concentration, a cuvette
with an appropriate optical path length was selected between
0.1, 1 and 10 mm. The flow was regulated between the cuvette
(s) and the liquid reservoir by means of a peristaltic pump
using FEP (fluorinated ethylene propylene), PTFE
(polytetrafluoroethylene) and fluorinated rubber connections.

Raman spectra of the solid powders of the Cu complexes.
The whole set of Cu-based [2-2"-Bpy] homoleptic complexes in
the form of solid powders were investigated through Raman
Spectroscopy in order to obtain their major vibrational fea-
tures. For the sake of comparison, all the parent [2-2"-Bpy]
based ligands were also measured. Two different exciting laser
lines (hereafter ELL) were adopted, emitting respectively at
785 nm (12739 cm™') and 244 nm (40984 cm™Y).
Measurements were performed on a Renishaw Raman micro-
scope equipped respectively with an Olympus 20x ULWD (NA =
0.40) and a Thorlabs UV-B 15x (NA = 0.31) objective through
which the EEL was focused on the sample. The resulting back-
scattered light (collected through the objectives described
above) was then analysed respectively through 1200 1 mm™
and 3600 | mm™" gratings. In order to prevent the possible
thermal degradation of the investigated samples induced by
the focused ELL, custom-made apparatus which allows holder
movement (rotation) during measurements was adopted.”
The presented spectra were obtained by averaging 3 consecu-
tive measurements (from which the stability of the sample
during the measurement was confirmed), each one resulting
from the sum of 10 acquisitions of 20 s (ELL = 785 nm) or the
sum of 20 acquisitions of 20 s each (ELL = 244 nm).
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Raman spectra of the DCM solutions of the Cu complexes.
Raman spectroscopy was adopted, as a complement to other
techniques, to characterize, from a vibrational point of view,
the whole set of Cu based [2,2"-bpy] homoleptic complexes
(and, for the sake of comparison, their parent 2,2-bpy based
ligands) in the form of DCM solutions (a nominal concen-
tration of 1 mM). Furthermore, a deep analysis of the obtained
Raman spectra helped to get insights into the species formed
when tert-butyl hydroperoxide was added in preparing the
DCM solutions of such complexes. To overcome the possible
drawbacks due to the low concentration, the 244 nm
(40984 cm™) ELL was adopted in order to exploit as much as
possible the Resonant conditions. Measurements were per-
formed on a Renishaw Raman Microscope equipped with a
15x% (NA = 0.31) objective through which the ELL was focused
on the sample. The resulting back-scattered light (collected
through the objective) was then analysed by 3600 1 mm™
grating. Measurements were performed on the DCM solutions
of the complexes placed in UV-Vis Hellma quartz (QS grade)
cuvettes: the solutions were magnetically stirred continuously
during the measurement thanks to the apparatus already
described.”® The presented spectra were obtained by averaging
3 consecutive measurements (from which the stability of the
sample along the measurement was confirmed), each one
resulting from the sum of 20 acquisitions of 20 s each.

Electrochemical characterization (cyclic voltammetry).
Electrochemical characterization (cyclic voltammetry, CV) was
performed by means of a BioLogic sp150 potentiostat. A three-
electrode set-up was employed with a Pt disc (diameter =
5 mm) as the working electrode, a Pt wire as the counter-elec-
trode and Ag/AgCl as the reference electrode. For the analysis
of the Cu' species, the complexes were dissolved (5 mM) in a
solution of DCM containing tetrabutylammonium hexafluoro-
phosphate (TBAPFg, 0.1 M) as the supporting electrolyte. CVs
were recorded at 100 mV s, Before each measurement, the
electrolyte was degassed with Argon to avoid the presence of
oxygen. To analyse the oxidized sample, 0.1 ml of the tBuOOH
solution was added to the Cu' solution. A similar approach
was employed when the effect of the cyclohexene as a reduc-
tant was investigated.

Raman spectra of the DCM solutions of the Cu complexes at
the IUVS beamline. In situ Raman measurements on the
systems described above were also performed by exploiting the
facilities available at the BL10.2-IUVS beamline of Elettra
Sincrotrone Trieste (Italy).”" After the initial screening of some
of the available exciting wavelengths, we resolved to use
266 nm (4.66 eV, 37 594 cm ™) by regulating the undulator gap
and using a Czerny-Turner monochromator (Acton SP2750,
Princeton Instruments, Acton, MA, USA) equipped with a holo-
graphic grating at 1800 | mm™" to monochromatize the incom-
ing synchrotron radiation. Raman spectra were obtained in a
back-scattered geometry by using a triple-stage spectrometer
(Trivista, Princeton Instruments, Acton, MA, USA) with a spec-
tral resolution of 2.3 cm™" per pixel. Calibration of the spectro-
meter was standardized using cyclohexane. The possible
photo/thermal damage effect due to the prolonged exposure of

This journal is © The Royal Society of Chemistry 2022
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the sample to exciting radiation was reduced by continuously
moving the sample cell (UV-Vis Hellma quartz glass cuvette,
QS grade) during the measurements. Each measurement con-
sists of 30 scans of 30 seconds each, and then it is averaged
between three successive scans.

UV-Vis/Raman simultaneous analyses at synchrotron. To
provide simultaneous evidence on both the electronic tran-
sitions (UV-Vis-NIR) and vibrational modes (Raman, 266 or
226 nm exciting wavelength) of the selected complex under-
going a redox cycle, i.e. oxidation and reduction, a custom-
made set-up was also employed (see Fig. S237). This consists
of a three-necked flask within which the investigated solution
was allowed to recirculate thanks to a peristaltic pump. Two of
the necks are closed with a PTFE stopper with two holes for
the inlet and outlet tubes (1/16 inches diameter, in PTFE). The
former goes from the flask (behaving as a reservoir) to the
Raman (or UV-Vis-NIR) cuvette, whereas the latter makes the
opposite. This system allows one to obtain a continuous flow
of the solution. The reservoir is located halfway between the
Raman and UV-Vis-NIR cuvettes to ensure the simultaneity
between the two measurements. One should note that UV-Vis-
NIR spectra were recorded each minute, whereas Raman
spectra were recorded with a lower time resolution (each
15 minutes). The addition of the oxidant (and then of the
reductant) was performed directly within the flask.

Gas chromatography/mass spectroscopy coupled analyses.
GC-MS analyses were carried out on a trace Polaris q (by
ThermoFischer), implemented with an Rxi 5Sil MS column
(30 mm 0.25 mm 0.25um) with a Splitless injector using
Helium (1 ml min™") as the gas carrier. The oven was initially
set at 35 °C and the temperature was increased up to 150° C
(ramp 10° C min™"). The gas was detected by using an EI-Mass
Spectrometer (Tsource = 200 °C) working in the scan mode (m/z
=40-150) by means of an ionic trap analyser.

Conclusions

Throughout this paper, the redox behaviour of homoleptic
copper 2,2"-bipyridine-based complexes toward the reaction
with specific oxidants has been investigated by means of a
multi-technique approach coupling electrochemistry and
vibrational/electronic spectroscopy and supported by compu-
tational data. The selected complexes differ in the nature and
the position of the substituent on the ligand skeleton. This
has a dramatic influence on both the stability and the redox
potential of the resulting complexes. Indeed, only CuBPA (i.e.
[Cu(6,6-dimethyl-2,2"-bipyridyl),] (PFs) complex) exhibits a
peculiar behaviour in the reaction with specific oxidants (i.e.
tBUOOH or NOPFg); indeed, the spectroscopic and electro-
chemical characterization of CuBPA gave some evidence of the
formation of a (stable) Cu" hydroxyl-species when reacted with
tBuOOH, as proved by the appearance of an absorption peak at
ca. 26500 cm™" (UV-Vis-NIR) and a marked shift of the peak
located at 1014 cm™ (Raman). By means of DFT calculations,
this relatively stable oxygen-containing species was identified

This journal is © The Royal Society of Chemistry 2022
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as Cu"-OH(bpy),". These findings push us to further investi-
gate the redox reactivity of CuBPA by means of a simultaneous
UV-Vis-NIR/Raman experiment taking advantage of synchro-
tron facilities at Elettra: the formation of an oxygen-modified
Cu" species after the reaction with tBuOOH has been con-
firmed. Additionally, the latter could oxidize relatively fast a
target compound (i.e. cyclohexene) and quantitatively form
back the Cu' complex, as also confirmed by electrochemical
measurements. It should be noted that the specific reaction
mechanism of the redox cycle is still under investigation
taking advantage of both laboratories and synchrotron light-
based experiments, but some oxygenated products have been
already detected. The above-reported results open the way
toward the application of Cu(BPA) as a precursor of a class of
properly designed (homoleptic) copper bipyridine complexes
in oxygenation reactions among which the Direct Methane to
Methanol reaction is the most challenging one.
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A series of Cu-exchanged zeolites differing in framework topology and composition are studied through in situ X-
ray Absorption Spectroscopy (XAS) to highlight differences in reducibility depending on the characteristics of the
different samples. After reduction at high temperature in NH3, the samples are exposed to CO at 50 °C followed
by a temperature-programmed desorption to study the different stability of carbonyl species forming on the Cu™
sites. Multivariate Curve Analysis applied to the XAS data allows extracting concentration profiles and pure

spectral profiles on the species involved during several steps of the reaction. While all the samples are quanti-
tatively reduced after treatment in NHs, the stability of the [Cu(CO)]" sites shows a dependence on the topology
of the materials. DFT calculations on possible sites occupied by Cu in the different frameworks are consistent
with the stability trends observed experimentally and, together with isothermal volumetric CO adsorption data,
confirm the particular instability of the Cu™-monocarbonyls formed in the CHA framework.

1. Introduction

Cu-exchanged zeolites are widely studied materials for their perfor-
mance on several relevant reactions, such as the direct conversion of
methane to methanol (DMTM) [1] and the NHs-mediated selective
catalytic reduction (SCR) of NOy in Diesel engine exhaust [2]. The
reactivity of such materials as catalysts is usually based on the cu®t/cut
redox cycle [3] as a means to promote redox reactions on the respective
substrate. To better understand (and possibly enhance) the performance
of these materials, in-depth investigation of their properties in condi-
tions as close as possible to the ones involved in the reaction is of
paramount importance. For this task, several techniques have been
developed and applied, comprising in situ and operando spectroscopies
[4-9], computational modelling [10-15], diffraction [1,16,17], electron
microscopy [18] and more [19,20]. Due to the importance of the Cu
redox cycle in the catalytic activity, the quantification of the relative
amount of Cu?"/Cu” species at any moment of the reaction is a key
information for mechanistic elucidation. While Cu?* can be detected by
several experimental techniques, Cu® can be more challenging to
quantitatively assess: for instance, the d [10] electronic configuration of
such species excludes the use of EPR spectroscopy, and the absence of

* Corresponding author.
E-mail address: matteo.signorile@unito.it (M. Signorile).

https://doi.org/10.1016/j.cattod.2023.114403

d-d transition bands in UV-Vis spectroscopy also hinders the charac-
terization. Even when Cu™ sites are not directly involved in the reactions
under study (for instance, in DMTM the proposed active species most
often involve Cu®>" adducts), the reducibility of the Cu (and thus the
reversibility of the redox cycle) has been correlated with catalytic per-
formance [21]. X-ray Absorption Spectroscopy (XAS) is widely used as
the main spectroscopic technique for quantitative assessment in this
field, due to its sensitivity, element-selectivity and the possibility to
perform in situ and operando experiments with relative ease. Data
treatment procedures such as Linear Combination Fit (LCF) can then be
used to extract the relative amounts of Cu components in different
oxidation states and coordination environment based on previously
acquired spectra of standard materials. While quantification through
LCF is often challenging for solid materials, due to the lack of repre-
sentative and/or easily reproduceable standards, statistical approach
such as Multivariate Curve Resolution (MCR) have been successfully
applied to several cases [22-24], showing good performance also for
difficult cases. One of the main drawbacks of this technique is, however,
the fact that it is still mostly accessible through large scale facilities (i.e.,
synchrotron sources). Recently, some attempts have been made to find
an alternative approach to obtain the same information; a recent
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publication from our group provided a simple way to titrate Cu in
Cu-ZSM-5 materials by means of broadly available lab instrumentation
(such as isothermal volumetric adsorption and/or infrared spectros-
copy), exploiting CO as a probe molecule at room temperature and low
partial pressure [25]. It has been widely proved that under such con-
ditions, CO selectively and irreversibly binds Cu® to form stable mon-
ocarbonyl adducts [26-29], that can then be used to titrate the amount
of Cu™ in the materials.

In this work, we investigate the reduction behaviour of a series of Cu-
exchanged zeolites by high temperature (500 °C) reduction in the
presence of NH3 via MCR-assisted XAS. The pre-reduced materials are
then cooled down to 50 °C and exposed to CO as a probe molecule, to
directly assess the reversibility of the interaction of CO with these ma-
terials. A TPD protocol is subsequently applied on the materials to check
the stability range of these adducts and how the decomposition takes
place. Six Cu-zeolites of different topologies that are relevant for cata-
lytic applications (e.g., CHA, MOR and MFI) and with different com-
positions in terms of Al and Cu content are explored in order to highlight
framework- and composition-specific trends. The data are then
compared with volumetric results and DFT calculations to validate and
rationalize these specific differences.

2. Experimental
2.1. Materials

All the materials mentioned in this paper have been synthesised and
characterized in previous studies. Details about the synthetic proced-
ures, composition and characterization methodologies can be found in
the respective references listed in Table 1, in which the Si/Al and Cu/Al
ratios are also reported for all samples.

2.2. Methods

2.2.1. X-ray absorption spectroscopy

The in situ XAS data were collected at the BM23 beamline [33] of the
European Synchrotron Radiation Facility (ESRF), under the beamtime
awarded through the CH-6264 proposal [34]. The Microtomo [35]
reactor cell, developed by the ESRF sample environment group, was
chosen as sample environment. The powdered Cu-zeolites were pre-
pared in the form of self-supporting pellets of 1.3 cm diameter with
masses optimized for transmission-mode XAS measurements (ca. 40 mg,
resulting in Apx= in the range 0.6-1.0 with total absorption after the
edge of less than px=2.5 for all samples) and placed inside the reactor
cell. The temperature of the sample was controlled by the heating system
integrated in the Microtomo cell. The total gas flow rate and the
composition of the feed were adjusted by a set of mass flow controllers
controlled by a remote terminal. The in situ Cu K-edge spectra were
acquired in transmission mode, employing a double-crystal Si(111)
monochromator to scan the incident energy, and ionization chambers to
detect incident (Ip) and transmitted photons (I;). A Cu metal foil was
measured simultaneously with all the collected XAS spectra by means of
a third ionization chamber (1), for energy calibration purposes. [36,37]
The chambers were filled with a He/Ar mixture up to 2 bar with Ar
partial pressure of 0.1 and 0.3 bar for Iy and I; 5 chambers, respectively.

Table 1
List of Cu-zeolites used in this work. All Si/Al and Cu/Al are reported as molar
ratios.

Name Si/Al Cu/Al Reference
(0.48)Cu-CHA(15) 15 0.48 [30]
(0.35)Cu-CHA(5) 5 0.35 [30]
(0.32)Cu-MOR(11) 11 0.36 [31]
(0.21)Cu-MOR(6.5) 6.5 0.21 [32]
(0.48)Cu-MFI(25) 25 0.48 [25]
(0.35)Cu-MFI(11.5) 11.5 0.35 [25]
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The XAS signal was monitored as a function of time/temperature during
the treatment steps, with acquisitions of ca. 2 min/scan in the
8830-9800 eV energy range. Spectra were collected in continuous mode
with energy step of 0.3 eV, then were rebinned with constant energy
steps of 5 eV in the pre-edge region (8928 — 8960 eV) and 0.3 eV in the
XANES region (8960 — 9050 eV); a uniform sampling step in k-space of
0.08 A~! was adopted in the extended region of the spectra. The energy
ranges in the XANES scans analysed in this work were aligned using the
simultaneously measured data for the Cu metal foil and normalized to
unity edge jump. A custom Python-based script based on the Larch li-
brary [38] was employed for data alignment and normalization.

2.2.2. XANES statistical analysis and multivariate curve resolution

All the analysed XANES datasets comprised a range of spectra in the
range 8070-9020 eV, with the number of spectra depending on the
considered treatment step (vide infra). The XANES spectra collected
throughout this work were analysed sample-wise via a Multivariate
Curve Resolution (MCR) approach. [22,39,40] This technique involves
the decomposition of experimental data in a set of pure spectra and
concentration profiles, which can be used as qualitative and quantitative
descriptive tools when a mixture of several species is present. An initial
guess was generated via a Principal Component Analysis (PCA) of the
experimental data, which provides a set of pure spectra based on the
selected number of Principal Components (PC); the PCs are then used to
initialize the Alternating Least Squares (ALS) algorithm, an iterative
process that provides the spectra and concentration profiles upon
convergence. The number of relevant PCs (n) for each instance was
selected by locating the elbow point of the relative Scree plot (corre-
sponding to the K pC), visually inspecting the residual variances and
evaluating the goodness of fit in the interval k-1 < n < k + 1. The
convergence tolerance on the Lack of Fit (LOF) parameter for two suc-
cessive iterations was set to 0.1%. After selection of the PCs, the
MCR-ALS routine was initialized using the SIMPLISMA method [40].
XANES spectra are particularly suited for MCR-ALS analysis, since the
element-selective characteristic of this technique allows to exploit some
constraint that greatly enhance the efficiency of the algorithm, i.e.,
non-negativity of both spectral and concentration profiles, as well as
closure for concentration profiles (i.e., summing to 1) can be employed
to drive the algorithm toward a stable solution. [41] Indeed, in all cases
convergence was achieved in less than 25 iterations, with final LOF
values < 0.5%. Quality of reproduction of the experimental data was
evaluated through the %Rgactor, defined as:

D — DPA
Wy = 22D

1Dl
where D and D' are the original and the PCA reconstructed dataset,
while the subscripts i and j are the respective rows and columns. For
every dataset, the %Rpactor Was > 99.999%.

2.2.3. Isothermal volumetric adsorption measurements

Carbon monoxide (supplied by Sapio SRL, 99.99998% purity grade)
adsorption isotherms were measured on a commercial volumetric
apparatus (Micromeritics ASAP 2020) at 50 °C.

The samples were mortar ground and pelletized, in order to prevent
any powder residues from moving out of the cell, while exposing to gas/
vacuum treatment. The pellets were then inserted in a custom adsorp-
tion cell (Fig. S1) [42]. The sample temperature was kept constant by
using an external isothermal liquid bath (Julabo F25-EH). Prior to the
measurements, Cu-zeolite pellets were treated at high temperature on a
vacuum line equipped with a turbomolecular pump; full details on the
treatment can be found in the next section. After treatment, a primary
CO adsorption measurement was performed on the sample, followed by
an outgassing time interval of 2 h and a secondary CO adsorption run. As
described in a previous publication [25], the difference between the
primary and the secondary adsorption isotherms yields the amount of
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irreversibly bound CO per gram of material, which can then be con-
verted (supposing a 1:1 ratio between Cu™" and CO) to the amount of Cu™
through the equation:

/
Cu* (%) = CO uptake (M) « formula  weight ( g ) * 100
g mmolc,

2.3. Treatment protocols

For the in situ XAS measurements, the same treatment procedure was
applied to all samples, as shown in Fig. S2 and briefly described in the
following. The gas employed for the experiments were supplied to the
ESRF and consisted of the following: NH3, 0.4 mol% in He (Air Prod-
ucts); CO, 5 mol% in He (Air Liquide); Oz, pure (Air Liquide); He, pure
(Air Products). The sample was heated in a pure O, flow from room
temperature to 500 °C with a ramp of 5 °C/min and kept at the same
temperature for 10 min. After a He flush for 15 min, the sample was
exposed to NH3 (0.4 mol% mixture in He) at the same temperature for
40 min. He was dosed again to the sample for 80 min at 500 °C; the inert
environment was kept while ramping down to 50 °C, after which the
sample was kept in isothermal conditions for 10 more minutes. The
sample was then exposed to CO (5 mol% mixture in He) for 15 min, and
subsequently flushed with He for 120 min. Finally, the temperature was
raised from 50 °C to 500 °C in He with a ramp of 5 °C/min. Mass flow
controllers were calibrated for each mixture and used to keep a constant
gas flow of 30 ml/min for each step of the procedure.

For all volumetric experiments, the following activation protocol
was employed. The sample cell was heated from room temperature to
500 °C with a ramp of 5°C/min under dynamic vacuum (residual
pressure < 10" mbar). O3 (100 mbar) was then dosed and kept in
contact with the sample at the same temperature for 30 min. The sample
was then outgassed at the same temperature for 40 min. In this way, we
brought all the samples to their most oxidized state. Then, a controlled
NH; treatment was performed in order to maximize the amount of Cu™
species. Previous studies on the topic showed that high temperature
treatment in the presence of NH; leads to a Cu™ content in the 75-92%
range; [25,32] this is further confirmed in the present study (vide infra).
Accordingly, 100 mbar of NH3 were dosed on the sample at 500 °C for
30 min. Finally, outgassing was performed at the same temperature until
a residual pressure of < 10 mbar was achieved, then the sample was
cooled down to room temperature. This procedure aims at maximizing
the amount of highly uncoordinated Cu™ that can be probed by CO.
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2.4. Computational details

The adsorption of CO on the different Cu-zeolites studied experi-
mentally was simulated at DFT level of theory by means of the CRYS-
TAL17 periodic code [43]. For each framework, Cu® substitution was
studied at different positions, aiming at accounting for the possible
heterogeneity of the CO adsorption sites as a function of the ring system
hosting the cation. In detail, two sites, placed respectively in a large and
a small ring, were investigated herein. Nomenclature and sites labelling
used hereafter for defining the ring-systems refers to that proposed by
the International Zeolites Association on the Database of Zeolite Struc-
tures [44]. For CHA, Cu' was positioned in the 6-membered ring (-MR)
of the d6r cage or within the 8-MR window of the cha cage, maintaining
the same position for the framework Al that is charge-balanced by the
extraframework ion. The same strategy was adopted for MOR, where Al
was placed in the T4 crystallographic site and the Cu" inside the 8-MR
“side pocket” or in the 12-MR main channel. Finally, MFI models were
adapted from previous report by the authors [25], with Cu™ located near
an Al positioned in the T8 site (Cu™ in a 6-MR on channel wall) or in the
T10 site (Cu* exposed on a 10-MR ring at channels intersection). The
local structure of Cu™ in each model is shown in Fig. 1.

The calculations were carried out with parameters from a previous
work involving Cu-MF], i.e., the hybrid GGA B3LYP functional [45,46].
Dispersive interaction have been included empirically through the
Grimme D3 scheme [47]. The basis set by Nada et al. was adopted for
describing Si and O atoms [48], whereas that by Catti et al. [49] was
used in for Al. Extraframework Cu cations and atoms belonging to sor-
bed carbon monoxide (C and O) have been described by the Ahlrichs
TZVP basis [50]. The truncations for the mono- and bi-electronic inte-
gral (TOLINTEG) were set to {7 7 7 7 25}. The sampling in the reciprocal
space (SHRINK) was set to {2 2} ({3 3} for CHA), providing a total of 8 k
points sampled in MFI and MOR (14 in CHA). The maximum order of
shell multipoles in the long-range zone for the electron-electron
Coulomb interaction (POLEORDR keyword) was chosen to be 6. All
the other parameters were set to default values according to the CRYS-
TAL17 manual [51].

Each Cu® model was geometry optimized, then molecular adducts
with carbon monoxide (mono- and di-carbonyls) were built and further
optimized. The periodic models are provided in Appendix A of SI in cif
format. Finally, the thermodynamic functions describing the Cu adducts
(enthalpies and Gibbs free energies) were evaluated by computing
harmonic frequencies over a subset of atoms including: the Cu™ cation;
the sorbed molecule(s); the Al framework atom and its neighbours up to

N e _‘,\\a
\{
N

N/

oA
MFI, 6-MR MOR, 8-MR

CHA, 8-MR

e 5 -

MFI, 10-MR

F PN
)i (5
3 N

MOR, 12-MR

Fig. 1. Representation of the local structure of Cu* models considered in this work. Atoms colour code: red, O; purple, Al, yellow, Si; blue, Cu.
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the 2nd coordination shell (namely 4 O and 4 Si atoms, possibly
including additional atoms to fully include small 4-MR rings, if
applicable).

The variation of electronic energy (AE), enthalpy (AH) and Gibbs
free energy (AG) associated to the formation of an adduct, evaluated at
experimentally relevant p,T conditions, were computed as it follows:

AX =3 Xpoiics = 9 _Xreagemss, With X = E, H or G
3. Results and discussion
3.1. Effect of topology and composition on stationary states

X-ray spectroscopy has been extensively used as a tool to study Cu-
exchanged zeolites, due to its unique ability to probe the electronic
and geometric structure of the Cu sites in an element selective fashion. In
situ and operando experiments are more and more practicable, and
general trends and features can be described in operating conditions
with good time resolution. XAS spectra in both the XANES and EXAFS
regions were collected during the whole treatment for all samples. For
the sake of brevity, only the XANES spectra corresponding to the sta-
tionary states for each reaction step are described in the following. Fig. 2
(left panel) shows the materials after exposure to O3 at 500 °C. The well-
known features of oxidized Cu-zeolites are present for all samples in a
very similar way, namely the Cu?" 1 s—3d and 1 s—4p transitions at ca.
8978 and 8987 eV, respectively, as well as the high intensity of the white
line. After exposure to NH3 (Fig. 2, central panel), the Cu®* 1 s—3d
transition vanishes and an intense feature at 8983 eV, corresponding to
the Cut 1 s—4p transition, appears. In agreement with the literature,
and as confirmed by MCR-ALS (vide infra), the shape of the spectra for
all materials are consistent with the presence of a major fraction of 2-co-
ordinated Cu' species; in particular, the formation of [Cu(NH3)2]™
linear complexes has been described in similar conditions for related
samples. [3] Interestingly, the Cu-CHA samples show differences in the
rising edge region compared to the other materials; (0.35)Cu-CHA(5) in
particular shows a lower intensity of the Cu™ 1 s—4p transition and a
structured white line. This could be indicative of a lower amount of Cu™
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involved in the formation of [Cu(NH3)»] " complexes or, alternatively, in
a  distorted geometry of such complexes due to
framework/composition-dependent steric constraints. After NHjz is
removed at the same temperature (Fig. 2, right panel), the spectra of the
materials change and group in correspondence to the topology. In both
Cu-CHA samples the intensity of the Cu™ 1 s—4p transition decreases
and the rising edge/white line region is severely modified; this seems to
imply a significative structural modification of the Cu sites after NHs is
removed. Nonetheless, also referring to previous literature, the different
resulting spectrum (with respect to the other frameworks) does not infer
the over-reduction of Cu to the metallic state. In fact, both the XANES
and the corresponding EXAFS spectra for Cu-CHA samples does not
exhibit common features with those of a reference Cu metal foil, as re-
ported in Fig. S3. A decrease in the Cu’ 1 s—4p transition intensity also
occurs for the Cu-MFI samples, with only a slight modification in the
white line region; the spectra of the Cu-MOR materials are the least
affected by the removal of NHj3. The variation upon flushing with He
could be rationalized in terms of the calculated structure for the
framework-coordinated Cu™ sites shown in Fig. 1: in particular, for both
Cu-MOR sites the metal is ligated in a quasi-linear fashion by two of the
coordinated oxygen atoms compared to the other frameworks, which
would lead to an enhanced intensity of the 1 s—4p transition. For the
sake of brevity, MCR-ALS decomposition of this part of the reaction is
reported in the SI (Figs. S4 and S5). The NH3 desorption rate for the
three materials follows the order CHA> >MOR>MFI (from faster to
slower) as retrieved from MCR-ALS decomposition (Fig. S6). This trend
is likely induced by the small cage structure of the CHA topology:
diffusion problems can be excluded due to the small kinetic diameter of
NHs. [52].

Upon cooling down to 50 °C, all samples retain a similar spectral
shape, as shown in Fig. 3 (left panel), though the white line region for
both Cu-CHA samples is slightly modified again; this peculiar behaviour
could be related to the possibility of the Cu atoms to move from their
initial equilibrium positions inside the zeolitic host upon interaction
with NH3, as suggested in the recent literature. [53,54] The central
panel of Fig. 3 shows the interaction of CO with the samples at the same
temperature. The interaction is very quick, as it will be described in

0, 500°C NH, 500°C

Normalized ux(E)

0.2

8974 8976 8978 8980

8974 8976 8978 8980

He 500°C

8974 8976 8978 8980

T T T T T
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Energy / eV

T
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Fig. 2. Cu K-edge XANES spectra for the six Cu-zeolite samples at key reaction steps (500 °C). Insets: zoom on the 1 s-3d transition zone of the edge. Left panel:
oxidized in O, at 500 °C. Middle panel: reduced in NH; at 500 °C after oxidation and He flush. Right panel: flushed with He at 500 °C after reduction in NH3. Colour
code: blue, (0.48)Cu-CHA(15); navy, (0.35)Cu-CHA(5); red, (0.32)Cu-MOR(11); orange, (0.21)Cu-MOR(6.5); light green, (0.48)Cu-MFI(25); olive, (0.35)Cu-

MFI(11.5).
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Fig. 3. Cu K-edge XANES spectra for the six Cu-zeolite samples at key reaction steps (50 °C). Insets: zoom on the 1 s-3d transition zone of the edge. Left panel: flushed
in He and cooled at 50 °C. Middle panel: exposed to CO at 50 °C. Right panel: flushed with He at 50 °C after exposure to CO. Colour code: blue, (0.48)Cu-CHA(15);
navy, (0.35)Cu-CHA(5); red, (0.32)Cu-MOR(11); orange, (0.21)Cu-MOR(6.5); light green, (0.48)Cu-MFI(25); olive, (0.35)Cu-MFI(11.5).

detail in the next section, and the spectral profiles drastically change
leading to a similar shape for all materials. The Cu® 1 s—4p transition
dramatically decreases, and a sharp feature at ca. 8981 eV appears,
together with a shoulder on the rising edge at ca. 8987 eV. After the CO
is removed from the cell by flushing with He, the spectra reach a new
equilibrium as shown in Fig. 3 (right panel). In these conditions the peak
at 8987 eV becomes more evident, and the feature at 8981 eV decreases
in intensity for some samples (mainly the Cu-CHAs) with a simultaneous
partial recovery of the Cu™ 1 s—4p transition. A key point is that the
spectral profiles of the samples after a prolonged He flushing do not
correspond to those before exposure to CO; this is in agreement with the
formation of at least a fraction of irreversible adducts between the Cu™
sites and the carbon monoxide. According to the literature [28,29,
55-57], and as shown by our group in a recent publication for Cu-MFI
zeolites [25], interaction of CO at 50 °C with Cu sites in the zeolitic
host leads to the formation of a series of carbonyl complexes (i.e., [Cu
(CO)21*, [Cu(CO)]™ and [Cu(CO)1?*). When the CO partial pressure is
lowered (e.g., when vacuum is applied/CO is removed from the gaseous
feed) the only stable species are the Cu" monocarbonyls; in the case of
Cu-MFI samples, [Cu(CO)]™ accounted for up to 89% of total Cu species,
according to volumetric measurements. A reasonable explanation for
the spectral sequence shown in Fig. 3 is then the formation of multiple
carbonyl species upon exposure to CO at relatively high partial pressure,
followed by a partial decomplexation when the CO partial pressure is set
to zero, i.e., during He flushing; the only carbonyl complex that is
retained after this step is [Cu(CO)]" (i.e., the Cu™ monocarbonyl), while
a fraction of the total Cu may still be present as Cu* or Cu?* sites co-
ordinated to the framework. This picture is further confirmed by cal-
culations and MCR analysis (vide infra). Interestingly, the peak at
8983 eV corresponding to the Cut 1 s—4p transition that is partially
restored after flushing likely corresponds to a fraction of Cu™ not coor-
dinated by CO; this seems to happen more prominently for the CHA
topology, and this transition is in fact partly visible for (0.35)Cu-CHA
(5), even in the presence of CO in gas phase. Since the Cu™ 1 s—4p peak
only partially overlaps with the characteristic transitions of CO-bound
Cu® (i.e., the ones at 8981 and 8987 eV), it can be fortuitously used to
qualitatively and semi-quantitatively assess the amount of Cu™ that is
not coordinated by CO. From the spectra portrayed in Fig. 3 (right

panel), the trend seems to be CHA>MOR>MFI in decreasing order of
untitrated Cu®, in good agreement with volumetric data on the same
series of samples reported in Table 2.

Finally, all materials were heated up to 500 °C in He flow to study the
desorption behaviour of CO and its influence on the Cu sites: the XANES
spectra of all materials at the final point of this treatment are reported in
Fig. 4. Though a more detailed discussion of the transient states will be
presented in the next section, it is already apparent that the majority of
Cu in this stationary state is present as Cu™ species; in fact, a comparison
with the spectra of the samples in He at 500 °C after treatment in NH3
(see Fig. 2) confirms a striking similarity between the two situations.
Specific differences on the samples may be due to residual [Cu(NH3)2] ™
complexes in the latter (which present a more intense Cu® 1s—4p
transition, as already discussed) or a slightly different positioning of the
Cu sites in the two cases. This information, together with the MCR
profiles presented in the next section, suggest that the [Cu(CO)]" com-
plexes simply decompose to framework-bound Cu™ and gaseous CO after
thermal treatment; this phenomenon can thus be described as a simple
desorption and does not involve a change of Cu oxidation state nor a
decomposition of CO.

3.2. Quantitative analysis using MCR-ALS

Fig. 5 portrays the MCR-ALS reconstruction on the spectral series
shown in Fig. 3 consisting of the steps at 50 °C for an example material
for each framework, namely (0.35)Cu-CHA(5), (0.32)Cu-MOR(11) and
(0.35)Cu-MFI(11.5); the same reconstruction for the other materials is
reported in Fig. S7. The spectra extracted for the 3 identified compo-
nents are consistent with a bare Cu" species, a Cu* dicarbonyl and a Cu™
monocarbonyl adduct. As already discussed in the previous section, the

Table 2
Cu" concentrations measured by isothermal volumetric adsorption of CO at
50 °C on the 3 samples discussed in the previous section.

Sample CO uptake (mmol/g) Cu' concentration (%)
(0.35)Cu-CHA(5) 0.480 60.6
(0.32)Cu-MOR(11) 0.322 74.6

(0.35)Cu-MFI(11.5) 0.401 89.1
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spectrum of the bare Cu™ is characterized by an intense pre-edge 1 s—4p
transition centred at 8983 eV and by an unstructured white line of
comparable intensity (except in the case of Cu-CHA). This spectral shape
nicely matches the PC1 component shown in Fig. 5. PC2 presents its
higher concentration when CO is present at high partial pressure in the
gaseous feed, thus can be reasonably assigned to a high-coverage situ-
ation, i.e. to the formation of [Cu(CO),]" adducts. Finally, PC3 is
consistent with the presence of [Cu(CO)]* adducts, as it is found to be
stable at 50 °C under a negligible CO partial pressure, as expected from
previous reports. Interestingly, though the shape of the white line region
for the CHA topology is again confirmed, the spectra of the carbonyl
adducts are similar across the three framework types. This fact suggests
a lower involvement of the zeolitic framework in determining the local
structure of the Cu-carbonyl adducts. Although some error stemming
from the algorithm is to be expected, useful information about the
relative proportion of the species can be extracted from the concentra-
tion profiles (bottom panels of Fig. 5). In all cases, the conversion from
bare Cu™ to [Cu(CO),]" adducts is quantitative, but for the CHA to-
pology a complete formation of [Cu(CO)]" species after flushing He is
never achieved: the conversion of [Cu(CO),]" to [Cu(CO)]" is not
quantitative for (0.35)Cu-CHA(5) (c.a. 95%) and is readily accompanied
by the formation of a fraction of bare Cu* species (c.a. 5% for CHA
samples) in less than 45 min, in agreement with what was previously
described (vide supra). The reversibility of these adducts is observed
also for the other materials, but it appears to be enhanced for the CHA
topology, possibly due to the steric constraints imposed by the small
cage system (and the relative abundance of Cu for the (0.35)Cu-CHA(5)
material). In the case of (0.35)Cu-CHA(5) the desorption was registered
for a longer time during the experiment (full range in Fig. S8), and the
MCR concentration profile shows a very clean distinction between the
different species with almost 10% of residual unbound Cu* species after
65 min.

The MCR-ALS reconstruction performed on the TPD step is shown in
Fig. 6 for the selected samples; the reconstruction for the other samples
is reported in Fig. S9. In this case, although not immediately evident
from the experimental spectra, 3 components are retrieved for all
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materials. From the concentration profiles (bottom panels in Fig. 6), it is
apparent that the initial monocarbonyl species first convert to an in-
termediate species at lower temperatures, which then yields the final
species upon further heating. Since the final state highly resembles the
spectrum of the reduced material at 500 °C after NH; removal, the in-
termediate state is probably indicative of a bare Cu™ species bound to
the framework in a different equilibrium position than the one at 500 °C.
For the MOR and MFI framework, this species bears a striking similarity
to the bare Cu' species at 50 °C shown in Fig. 3 (left panel), so the
spectral series can be described in terms of two subsequent events: the
thermally-induced desorption of CO from the [Cu(CO)]* complex,
leading to the formation of a low-temperature bare Cu™ species reaching
maximum concentration at ca. 300 °C, and the geometrical rearrange-
ment of this species at higher temperatures. In the case of CHA, however,
the intermediate state resembles more the intermediates of the other
framework than the state before exposure to CO in Fig. 3 (right panel); a
possible explanation for this difference is a mobilization of the Cu in the
CHA framework due to treatment in NH3, with a subsequent reposi-
tioning after interaction with CO and/or thermal treatment. This species
is also formed at lower temperatures compared to the other frameworks,
and reaches maximum concentration at a temperature of ca. 250 °C and
150 °C for (0.48)Cu-CHA(15) and (0.35)Cu-CHA(5), respectively. An
overall lower thermal stability of Cu-carbonyls in the CHA framework is
in accordance with DFT calculations (vide infra), and is already
apparent from the presence of ca. 10% of the intermediate species at the
starting point of the TPD for (0.35)Cu-CHA(5). It has to be noted,
though, that the Cu density in the framework for (0.35)Cu-CHA(5) is
higher compared to the MOR and MFI samples (0.87 compared to 0.47
and 0.45, respectively), so that concentration-dependent effects may
also play a role in such a striking difference. Still, the same method
applied to the (0.48)Cu-CHA(15) sample (with a 0.45 Cu density) yields
a maximum for the formation of the low-temperature Cu" species at
250 °C, still lower than all other non-CHA samples. Together with the
peculiar speciation of Cu™ species in the CHA framework and the results
from DFT calculations (vide infra), framework-dependent properties
(especially in the case of CHA) appear to play the major role in this case.

3.3. Isothermal volumetric CO adsorption

Results for isothermal volumetric CO adsorption measurements on
the samples described in the previous sections are reported in Table 2
(full isotherms shown in Fig. $10). The amount of Cu" measured on the
samples is in line with the results obtained via MCR-ALS, showing a
slow, but measurable, decomposition of the [Cu(CO)]" adducts over
time in the order CHA> >MOR>MFI. The longer desorption times
employed during the volumetric experiments, compared to the XAS
measurements, can justify the lower amounts of Cu™ computed by this
experimental tool, especially for the CHA topology, where the presence
of a significant fraction of uncoordinated Cu" is already observable in
the spectra (Fig. 3, right panel). The lower stability of the [Cu(CO)]™
adducts in the CHA framework was also confirmed by DFT calculation,
as shown in the next section.

3.4. Insights from simulation

The formation of [Cu(CO),]" adducts on Cu™ at 50 °C in the presence
of CO and the subsequent decomposition to [Cu(CO)]* when the CO
partial pressure is decreased were observed for all the investigated
samples; specific differences were found depending on the framework
type, and especially in the case of CHA, the monocarbonyl complex
appeared to be less stable than in the other topologies. In the view of
getting an atomistic description of the adsorption/desorption processes,
DFT simulations were performed on a set of representative structures for
each topology investigated in this work. As shown in Fig. 1, depending
on the framework topology/ring structure where Cu' is sitting, various
coordination geometries are possible for the ion toward the framework.
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Fig. 3 (vide supra). Insets: zoom on the 1 s-3d transition zone of the edge. Colour code: black, Cu™ coordinated to the framework; red, [Cu(CO),]" complex coor-
dinated to the framework; blue, [Cu(CO)]" complex coordinated to the framework.

The main coordination motifs can be identified are: i) a T-shaped ge-
ometry, with Cu™ bridging across two equidistant framework O atoms,
with the contribution of a third framework O at slightly longer distance,
typical of Cu sitting in large pores; ii) a trigonal geometry, with Cu™
coordinated by three closely equivalent framework O atoms, observed in
smaller pores/more constrained cavities. An exception to this trend is
represented by Cu™ positioned in the 10-MR of MFI, grafted to two non-
collinear, Al-bound O framework atoms. Upon interaction with the first
CO molecule (see graphical representation of optimized structures in
Figs. $11-13), regardless the considered Cu" site, the adsorption event
causes the detachment of the metal ion from the framework, now
assuming a quasi-trigonal coordination with two framework O and the C
atom from the adsorbate. The adsorption of a second CO molecule ex-
pands the Cu™ coordination sphere to a quasi-tetrahedral one, with the
only exception of the Cu™ site hosted in the 8-MR that is unable to co-
ordinate a second CO molecule, as due to the steric constraint imposed
by the confined environment in the MOR side pocket.

Table 3 lists the electronic energy, enthalpy and Gibbs free energy
variations computed for the formation of [Cu(CO)]* and [Cu(CO)2]™"
adducts starting from a bare Cu™ site in different positions inside each
framework.

In all cases, the formation of the carbonyl adducts is thermody-
namically favoured (except for the [Cu(CO)2]" in the 8-membered ring
for the MOR topology, that is not formed in practice). Both in terms of
enthalpy and Gibbs free energy, the MFI topology shows the highest
stability among the series for the formation of [Cu(CO)]" adducts,
consistently with experimental observations. On the other hand, the

CHA framework presents the lowest difference in energies between the
mono- and dicarbonyl species, as well as the highest energy (—38.6 kJ/
mol) for the [Cu(CO)]" adduct in the 6-membered ring position. This
difference is likely the reason for the strikingly different behaviour of the
samples of this topology (especially (0.35)Cu-CHA(5)) upon prolonged
CO desorption.

Finally, calculated phase diagrams showing the stability of [Cu
(CO)2]1" and [Cu(CO),]" adducts as a function of temperature and
pressure are portrayed in Fig. 7.

Although the pressure gauge in the volumetric instrument can
accurately read pressure down to 10> mbar (which has been used as the
lower bound for the phase diagrams), the actual pressure in the sample
cell is likely to be lower than this value since a turbomolecular pump is
used to evacuate the cell; this is also consistent with the MCR recon-
struction, in which no evidence of residual Cu-dicarbonyls (except in the
case of Cu-CHA) is found. As can be observed, the average temperature
for the decomposition of the [Cu(CO)]" to a bare Cu® species at 103
mbar (that well approximates a negligible partial pressure of CO in flow
experiments) in the case of CHA (162 °C) is much lower than that for the
other two frameworks (275 °C and 340 °C for MOR and MFI, respec-
tively), especially in the case of Cu located in the 6-membered rings.
Supposing an unequal occupancy of the Cu sites in the different rings,
the trend in terms of framework topology is still respected. These
average temperatures are in perfect agreement with what was found
from MCR-ALS during the TPD steps for the three samples (see Fig. 6,
bottom panels) confirming the general trend in desorption kinetics and
overall stability for the three topologies.
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Table 3

Electronic energies (AE), enthalpies (AH) and Gibbs free energies (AG) variations associated to the formation of mono- and di-carbonyl molecular adducts on Cu*,
located at different positions within the CHA, MFI and MOR frameworks. All values are reported in kJ/mol. AH and AG computed at 25 °C and 1013 mbar.

AE AH AG AE AH AG
6-MR 8-MR
CHA [Cu(CO)]™ -83.8 -78.2 -38.6 -143.0 -121.8 -76.6
[Cu(CO).1" -56.7 -51.6 -10.4 -75.2 -81.2 -40.3
6-MR 10-MR
MFI [Cu(CO)]™ -125.7 -119.2 -78.7 -169.3 -163.3 -121.0
[Cu(CO),]1™ -51.0 -46.0 -8.9 -65.8 -63.7 -19.7
8-MR 12-MR
MOR [Cu(CO)]* -121.4 -118.8 -72.3 -112.1 -111.3 -75.9
[Cu(CO)]" + CO -29.3 -22.5 7.6 -68.1 -62.9 -20.4

4. Conclusions

A pool of Cu-exchanged zeolites, bearing different topology and
composition, has been systematically investigated after a high temper-
ature reduction protocol in NH3 to quantify the amount of Cu involved in
the reduction to Cu™. Subsequently, interaction with CO at 50 °C and its
desorption upon heating was investigated. MCR-assisted time-resolved
XAS spectroscopy is consistent with a quantitative reduction for all
studied materials, with a different spectral behaviour in the specific case
of CHA. Interaction with CO at lower temperature promotes the for-
mation of [Cu(CO),]" complexes, that easily decompose to [Cu(CO)]™"
upon flushing with inert. Once formed, the latter adducts are stable with

the exception of CHA, which shows a very slow but measurable
decomposition to Cut and CO. In all cases, thermal treatment up to
500 °C in inert promotes the desorption of CO to form two different bare
Cu" species depending on the temperature. For CHA, the low tempera-
ture species is different compared to the one obtained by reducing the
sample and cooling it down; this new species is more similar to the ones

obtained for the other samples, and it is likely related to a different
geometric arrangement inside the CHA pores. Isothermal volumetric CO
adsorption measurements at 50 °C were in agreement with the results
found by XAS: although it is more affected by the CO desorption kinetics,
this indirect methodology allows Cu™ quantitative assessment without
the necessity for large scale facility applications. The particular
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Fig. 7. Phase diagrams depicting the relative stabilities of isolated Cu™, [Cu(CO)]™ and [Cu(CO),]" as a function of temperature and pressure, for each structural
model considered in this work. Yellow stars label the condition at which Cu™ content is evaluated via monocarbonyls titration in the volumetric measurement. As can
be seen in the top-right panel, no stable dicarbonyl adducts are found in the case of the 8-MR in MOR (labelled as [Cu(CO)]" + CO).

behaviour of CHA was studied by periodic DFT calculations and
compared to properties of the other frameworks, confirming the lower
stability of the carbonyl adducts for this framework; calculation of state
diagrams highlighted as the dependence on the temperature and CO
partial pressure were in agreement with the trends retrieved during
temperature-dependent desorption analysed by MCR, with specific dif-
ferences depending on the Cu siting within the different frameworks.
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