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Abstract: Here, we analyze changes in the optical spectra of activated copper-exchanged zeolites
during methane activation with Tamm-Dancoff time-dependent density functional theory, TDA-
DFT, while using the ®B2PLYP functional. Two active sites, [Cu20]*" and [Cusz03]*", were
studied. For [Cu20]", the 22700 cm™! peak is associated with p-oxo 2p — Cu 3d/4s charge transfer.
Of the [Cu20]* methane C-H activation intermediates that we examined, only [Cu-O(H)(H)-Cu]
and [Cu-O(H)(CH3)-Cu] have spectra that match experimental observations. After methane
activation, the p-oxo 2p orbitals lose two electrons and become hybridized with methanol C 2p
orbitals and/or H 1s orbitals. The frontier unoccupied orbitals become more Cu 4s/4p Rydberg-
like, reducing overlap with occupied orbitals. These effects cause the disappearance of the 22700
cm™! peak. For [Cusz0s]*", the exact structures of the species formed after methane activation are
unknown. Thus, we considered 8 possible structures. Several of these provide significant decrease
in intensity near 23000-38000 cm’!, as seen experimentally. Notably, these species involve either
rebound of the separated methyl to a p-oxo atom or its remote stabilization at a Brensted acid site
in exchange for the acidic proton. These spectral changes are caused by the same mechanism seen
in [Cu20]*" and are likely responsible for the observed reduced intensities near 23000-38000 cm®
!. Thus, TDA-DFT calculations with ®B2PLYP provide molecular-level understanding of the

evolution of copper-oxo active sites during methane-to-methanol conversion.
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1. INTRODUCTION

Methane in natural gas is a source of energy and a starting point for making various chemical
intermediates.!> However, due to the expensive nature of storing and transporting natural gas,
there is great interest in the development of cheap and environmentally friendly approaches to
convert methane to methanol.? This conversion of methane to a liquid derivative is one of the holy
grails of hydrocarbon chemistry and chemical catalysis. A critical challenge is balancing the
requirement of high temperatures or highly reactive substrates to activate the stable methane C-H
bond while preventing over-oxidation to species like CO; or CO. Interestingly, copper-exchanged
zeolites are one of the most exciting species for achieving this conversion at moderate
temperatures, albeit in a stoichiometric, rather than catalytic fashion.*’ Thus, there has been great
interest in understanding the properties of these zeolites. Specifically, there is interest in
understanding the nature of the copper-oxo active sites as well as the impact of the zeolite
framework’s second coordination sphere on methane-to-methanol conversion.®® This has led to
many detailed experimental characterizations of the copper-exchanged zeolites, with great interest
in the evolution of their properties during the step-wise conversion of methane to methanol.
Spectroscopic techniques like X-ray diffraction, NMR, EPR, IR and resonant Raman have been
extensively used to study copper-exchanged zeolites. Additionally, UV-Vis/NIR spectroscopy has
been used to study the evolution of the copper-oxo active sites during their activation and reaction
with methane.!%-?® By activation, we mean high-temperature processes for forming the copper-oxo
active sites from Cu?* ions that are typically introduced into the zeolite by ion-exchange methods.
In many areas of advanced chemistry, it is common to use quantum-mechanical computational
analysis to provide insights and support for experimental spectroscopic data.”’” However,
interpretation of the UV-Vis/NIR spectra of copper-exchanged zeolites has not been widespread.
This is partly because of the size of the zeolitic systems, necessitating the use of periodic boundary
conditions or large cluster models. This limits one’s ability to use the highest quality
computational methods to study these systems. For this reason, most studies on the optical spectra
of copper-exchanged zeolites have used time-dependent linear-response density functional theory
(TD-DFT) ? or Hartree-Fock theory (TD-HF).?’ As examples, Woertink et al. showed that the
observed peak at 22700 cm™! in the optical spectrum of the mono-(pi-oxo) dicopper [Cu2O]*" active
site within zeolite ZSM-5 can be reproduced well with TD-DFT calculations while using the

B3LYP functional.*® Li et al. used a combination of ab initio molecular dynamics and TD-DFT to
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show the importance of exchange-site heterogeneity and dynamics on the UV-Vis spectrum of
copper-oxo dimers and polynuclear species in the SSZ-13 zeolite.>! Géltl et al. used a novel,
parameterized TD-HF-type approach to compute the absorption and photoluminescence spectra
of Cu(l) sites in the SSZ-13 zeolite.>? Also recently, Ipek et al. used Green functions-based
methods as well as the Bethe-Salpeter equation®*-* to compute the optical spectra of the p-(n*n?)
bent-peroxo dicopper [Cu202]*" in the SSZ zeolite.*> Interestingly, TD-DFT is far cheaper than
the approaches used by Ipek et al. However, TD-DFT calculations on transition metal species are
often problematic due to static correlation effects as well as other deficiencies in approximate
Kohn-Sham density functionals.’**® Some other deficiencies include the presence of ghost
excitations, incorrect treatment of charge-transfer effects as well as difficulties associated with
handling systems with broken-symmetry open-shell singlet wavefunctions.?®**" Fortunately,
there have been significant advances in practical TD-DFT over the last few decades. As such,
some of these problems already have some practical solutions.*! Towards this end, some of us

P,*-* can provide excellent

recently reported that a fairly new density functional, ®B2PLY
accuracies for predicting the spectra of several copper-oxo active site motifs implicated in
methane-to-methanol conversion, MMC.* This functional is a long-range corrected double-
hybrid functional. It uses a previously-described configuration-interaction singles and double,
CIS(D)-style*>**47 scheme to predict electronic transitions, when used for computing absorption
spectra.**** The long-range correction allows for good treatment of charge-transfer problems
while the corrections for CIS(D)-style scheme might be useful for multi-electron processes.
Interestingly, despite the various advances within TD-DFT, there has been no detailed quantum-
mechanical description of the changes in the UV-Vis spectra of copper-exchanged zeolites during
methane activation.

Here, we use TD-DFT calculations with ®@B2PLYP to probe UV-Vis spectra of the mono-(p-0x0)
dicopper [Cu20]*" and tris-(pn-oxo) tricopper [CusOs]*" active sites. Specifically, we report the
calculated spectra for these species, before and after reaction with methane. We provide quantum-
mechanical insights into how methane activation causes the disappearance of some signature
peaks: 22700 cm™! for [Cu20]*" and 30000-38000 cm™ for [Cu3Os]*".>*® This is important for
identifying intermediate species involved during stepwise stoichiometric methane activation.
Electronic structure understanding of the spectral changes provides a formal description of the

evolution of the copper-oxo active sites. Additionally, it is important to ascertain the utility of



®B2PLYP during methane activation as well as during active site formation and regeneration.

This is likely to be very useful in future spectroscopic characterizations of novel active site motifs.

2 METHODOLOGY

2.1. Geometry Optimizations: All cluster models in this work were optimized with the
B3LYP*-! functional while accounting for dispersion effects with the D3BJ scheme.>?>?> Due to
the large number and sizes of the complexes, Figures 1 and 2, we used the def2-SVP basis sets®
for all atoms. For [Cu2O]*" and [Cu303]*" as well as their intra-zeolite methoxy intermediates, we
separately optimized the high- and low-spin states. Energies were considered to be converged
after reaching 1 x 10" a.u. thresholds. These geometry optimizations were performed with the
ORCA v4.2.1 software code.’’” Vibrational frequency analyses were carried out analytically to
ensure that the optimized structures corresponded to local minima. Most of our optimized
structures had only positive vibrational frequencies. In a few cases with imaginary frequencies
(less than 200 cm™!), we ascertained that these motions were centered on the terminating protons
of the cluster models.

2.2.  Electronic Structure Analysis: To analyze the characteristics of the molecular orbitals
of the [Cu20]*" and [CuzO3]*" cluster models, we considered the Lowdin orbital populations. This
maintains the features of Mulliken analysis, without the heavy basis set dependence.

2.3.  TD-DFT Calculations: Using the ORCA v4.2.1°" software code and the Tamm-Dancoff
approximation,®® TDA-DFT, we computed the UV-Vis spectra of all species in Figures 1 and 2
with the ®B2PLYP functional.*? These calculations were performed with the cc-pVDZ>%%! basis
set. We have shown that TDA-DFT spectra of copper oxo species are largely independent of basis
set size.*> We used the resolution of identity and chain-of-spheres approximation, RIJCOSX,%
with def2-TZVP® auxiliary correlation basis sets. We requested 100-200 states during all TDA-
DFT calculations. TDA-DFT spectra for the [CuxO]** and [CuzO3]*" species were fitted with a

Lorentzian functions® with full widths at half maxima of 1200 and 3500 cm!, respectively.

3 RESULTS AND DISCUSSIONS

3.1. Dicopper Mono-Oxo [Cuz0]*" System:

3.1.1. Cluster models: To create a cluster model for [CuO]*", we took this active site and achieved
charge neutrality by adding two aluminate tetrahedra to the metal centers. We then added silicate

tetrahedra, ensuring a good description of the second-coordination spheres around the metals,



Figure 1. We constructed this model from an optimized unit cell of ZSM-5.7-126566 The model was
extracted from an optimized unit cell with Al atoms placed at the crossing of the straight and
sinusoidal pores. There are two T-sites between the Al atoms. Cu centers were arranged near the
aluminate tetrahedra in accordance with the descriptions of Tsai et al.®” and Arvidsson et al.*® Cu-
ZSM-5 has been demonstrated for stepwise and continuous catalytic MMC. The spectroscopic

properties of the [Cu20]*" active site in this zeolite have also been investigated.
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Figure 1: Optimized structures of the cluster models of [Cu20]**. A is the cluster model for the
active site. B-E are possible intermediates formed after methane C-H activation. The considered
spin states are provided.

To examine the impact of methane activation on the spectra of [Cu20]*", we considered strongly-
bound methanol at the active site. This makes sense as Oord et al.®® have demonstrated that
methane reaction with copper oxo sites is accompanied by detection of vibrational overtones due
to Cu(CH3)(H20) or Cu(CH3)(OH) species.®” For [Cu20]**, the methyl group and proton from
methane are bound to the p-oxo atom, Figure 1. This concurs with the mechanism described by
several workers.%¢%°3 Alayon et al. have also proposed the formation of [Cu-O(CH3)-Cu]** and
[Cu-O(H)-Cu]** species with the separated methyl group migrating to another active site, Figure

1b and Ic, respectively. [Cu-O(H)-Cu]*" is also relevant if the separated methyl group becomes



stabilized at a Bronsted acid site, BAS. Stabilization of the methyl group could also occur with
exchange with an acidic proton. This leads to [Cu-O(Hz2)-Cu]*" as shown in Figure le.

3.1.2. Spin state of [Cu>0]*" active site: Single point calculations on the optimized structures of
the singlet and triplet states of the [Cu2O]*" cluster model, Figure 1a, reveals that the singlet state
is more stable. Indeed with B3LYP, CAM-B3LYP’* and ®B2LYP, we found that the singlet state
is favored over the triplet state by 2.8, 3.0 and 2.6 kcal/mol, respectively. Based on these relative
energies, the triplet state will contribute less than 1.2% of the population for the [Cu2O]*" active
site, assuming a Boltzmann population distribution. This agrees very well with the absence of any

1.13

EPR signal in experiments on copper-loaded ZSM-5 by Groothaert et al.”” As such, we shall focus

most of our discussions on the singlet state.

3.1.3. Ground state electronic structure: The frontier orbitals of the singlet state of the [Cu20]*"
cluster model are shown in Figure 2. The highest singly occupied molecular orbitals (HSOMOs)
are largely made up of p-oxo 2p atomic orbitals (AOs), albeit with appreciable contributions from
Cu 3d AOs. Specifically, in the a-electron manifold, the HSOMO has 72.2% p-oxo 2p and 12.4%
Cu 3d AO contributions. Similarly, the HSOMO in the -electron manifold is made of 71.5% AO
from the p-oxo 2p and 12.5% from the Cu 3d. We see the same behavior in the next highest
SOMOs, HSOMO-1s. In the a-electron manifold, the HSOMO-1 is made up of 38.6% from the
p-oxo 2p, 30.3% from the p-oxo 2p and 13.8% from the Cu 3d AOs. And in the B-electron
manifold, there is 55.6% from the p-oxo 2p, 11.1% from the p-oxo 2p and 14.5% from the Cu 3d
AOs, Figure 2. On the other hand, the lowest unoccupied molecular orbitals (LUMO) of the
[Cu0]*" cluster model are largely localized on the Cu centers. In the a-electron manifold, the
LUMO contains 33.5% Cu 4s and 38.5% Cu 3d AO contributions. In the B-electron manifold, the
LUMO contains 29.4% Cu 4s and 45.1% Cu 3d. Based on this analysis of the frontier molecular
orbitals (MOs), excitations from the HSOMOs and HSOMO-1s to the LUMOs will mainly be of
p-oxo 2p — Cu 3d/4s charge transfer character.

3.1.4. Methane activation and electronic structure: After activation of the methane C-H bond, one
possible intermediate is strongly-bound methanol is shown in Figure 1d. We chose to analyze the
electronic structure of this species (1d) due to spectroscopic observations of methanol, after
contacting methane with activated zeolites. This is even prior to treatment with water. The frontier
orbitals for the singlet state this species are shown in Figure 3. For this species, the singlet state is

39.8 kcal/mol more stable than the triplet state. Interestingly, there are no frontier orbitals with



significant p-oxo 2p AO contributions after methane activation. Indeed between HSOMO and
HSOMO-30, a span of about 4.5 eV (36432 cm™), the highest p-oxo 2p contributions to any MO
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Figure 2: Frontier orbitals of the open-shell singlet ground state of the [Cu20]*" cluster model
obtained with the ®B2LYP functional and cc-pVDZ basis sets.

are less than 3%. Close examination reveals that the p-oxo 2p AOs are significantly stabilized due
to hybridization with the methyl C 2p AOs. These MOs now have eigenvalues around -16 to -20
eV, Figure 2, in contrast to the situation before methane activation, Figure 2, where they have
eigenvalues of around -11 eV. Thus, the nature of the HSOMO and HSOMO-1 have dramatically
changed. After methane activation, these are now predominantly Cu based. As example, HSOMO
contains 52.2% contribution from Cu 3d AOs. Interestingly, the LUMOs are now predominantly

of Cu 4s and 4p character after methane activation. Indeed, there are very little contributions from
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Figure 3: Frontier orbitals of the open-shell singlet ground state of the [Cu2O]*" active site after
methane activation. These were obtained at the @B2LYP/cc-pVDZ level.

Cu 3d AOs to the LUMOs, a stark contrast to the situation before methane activation.

Based on the stabilization of the C 2p and O 2p hybrid orbitals; the 3d character of HSOMO and
HSOMO-1; as well as significant 4p character of the LUMOs, Figure 3, we conclude that methane
activation is accompanied by electron transfer from MOs with significant p-oxo 2p AO character
to MOs with significant Cu 3d character. This indicates a 2-electron reduction of both Cu?* centers
in [Cux0]* [2Cu?*" — 2Cu" or 2Cu*" — Cu + Cu**, depending on the exchange-correlation density
functional]. Additionally, the significant contribution of 4p AOs to the LUMOs after methane
activation is indicative of a more diffuse and Rydberg-like character, see Figures 2 and 3. This
would suggests poor spatial overlap during electronic transitions involving these orbitals. Thus, it
is reasonable to expect that methane activation will lead to significant reduction in the oscillator

strengths of transitions to the low-lying Cu 4s and 4p LUMOs.
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3.1.5. Methane activation and TDA-DFT spectra: The spectra obtained at the wB2PLYP/cc-
pVDZ level for the [Cu20]*" cluster model before (Figure 1a) and after methane activation (Figure
1b-d) are shown in in Figure 4. Before methane activation, there is a prominent calculated feature
at 22889 cm™!, in great agreement with the experimental band at 22700 cm™'. We and Woertink et
al. have previously described this feature as being due to p-oxo 2p — Cu 3d/4s charge transfer.>%%

Indeed, it is specifically due to transitions from the p-oxo 2p HSOMO and HSOMO-1 to the Cu

4s/3d LUMO, Figure 3. The difference density illustrates clearly the charge-transfer nature of this

I T T T T T T T T T T
10000 15000 20000 25000 30000 35000

Transition Energies (cm'1)

Figure 4: Calculated spectra obtained at the ®B2PLYP/cc-pVDZ level for the [CuxO]** cluster
model and possible intermediates after methane activation. The difference densities between the
ground and excited states are shown as insets.

transition, see inset of Figure 4. Indeed, the difference density reveals depletion of electron density
on the p-oxo atom (blue color) and aggregation of electron densities in the excited state on the Cu
centers (yellow). In addition to the feature at 22889 cm™', TDA-DFT also yields a significantly
less intense charge-transfer peak at 26307 cm™'. Moreover, Groothaert reported a signature 22700
cm’! peak as well as a relatively weaker band near 30000 cm™! in their characterization of O»-

activated Cu-ZSM-5. Thus, our calculations agree quite well with experimental data.
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After methane C-H activation, the features at 22889 and 26307 cm™' have disappeared in the
intermediate with strongly bound methanol, 1d. There are now only minor peaks at 27566, 29841
and 31063 cm™!, Figure 4. As noted earlier, these are weaker as they involve transitions to Cu
4s/4p diffuse Rydberg-type orbitals, Figure 3. The energy shift is due to the fact that the nature of
the occupied frontier orbitals changed dramatically upon methane activation, Figures 3 and 4.
Interestingly, the disappearance of the 22700 cm™ feature from the experimental UV-Vis spectra
of Os-activated Cu-ZSM-5 has been used to monitor the kinetics of methane activation.>
Therefore, ®B2PLYP can reproduce these experimental observations as well as furnish a
molecular-level understanding of the peak’s disappearance.

Interestingly, Figure 4 shows that both 1¢ also has reduced intensities in the 20000-35000 region.
However, it now features lower-energy transitions below 20000 cm™. This is also the case for 1b.
The new features below 20000 cm™' and in the case of 1b, around 32300 cm™', have not been
reported experimentally. On the other hand, 1e features reduced intensities near 20000 cm™ and
has no new features, just like 1d. Examination of the electronic structures of 1e reveals similar
stabilization of the frontier MOs with p-oxo 2p AOs character as well as presence of significant
4s/4p character of the LUMOs, as was seen for 1d. Similarity between the spectra of 1d, and 1e
shows a limitation of UV-Vis spectroscopy; experimental observations could be due to multiple
intra-zeolite intermediates.

3.2. Tricopper Trioxo [Cu303]** System:

3.2.1. Cluster models: To create a cluster model for [Cu3O3]**, we took the metal oxo core and
added two aluminate tetrahedra to the first coordination sphere of the metals, Figure 5. This leads
to a cluster model of the 8MR of zeolite mordenite (MOR). This model has been previously used
to study methane over-oxidation as well as electronic structure and spectroscopic properties of
[Cuz03]*". Additionally, many claims of unique preparations of the tricopper site have been for
copper-exchanged MOR.

For [Cu3Os3]*", the exact natures of the intermediates formed after methane activation are
unknown. As such, we have considered various arrangements of the methyl and proton around the
active site, Figure 5b-i1. First, we considered situations where the separated proton and methyl
groups are sited at different p-oxo atoms (5b, Sc¢ and 5d). The methyl could also rebound to the
reactive p-oxo atom (Se and 5f). Interestingly, recent experimental and theoretical reports have

suggested that the methyl group is actually not stabilized at the active site. Several workers have
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shown that the methoxy is formed at Brensted acid sites.”””” We have also shown that stabilization
of the methyl at the active site is a recipe for over-oxidation.”®’” Considering these, we optimized
the geometries of other possible structures. First, the methyl group could be stabilized away from
the active site. This leads to structure 5g in Figure 5g. Conversely, the methyl could be stabilized

on framework aluminates in exchange for a proton. This proton can be located at a new p-oxo

atom (5h) or at the reactive p-oxo atom (5i).

Figure 5: Optimized structures of the cluster models of [Cu3Os]**. A is the cluster model for the
active site. B-I are possible intermediates formed after methane C-H activation. The ground spin
states of these species are provided.

3.2.2. Spin state of [Cu303]** active site: We previously discussed that GGA density functionals
predict the doublet state of the [CuszO3]*" active site is more stable the high-spin quartet state.*°
Vogiatzis et al. reported that the energy difference between the doublet and quartet states is
consistent between GGA functionals and multireference methods.®! As such, we shall focus our
discussions on the doublet state of our cluster model, Figure Sa.

3.2.3. Ground state electronic structure: The frontier orbitals of the singlet state of the [CuzO3]**
cluster model are shown in Figures 6 and 7. In the a-spin manifold, the HSOMO consists largely
of 2p AOs from two p-oxo atoms of the [CuzOs] core; 79.4% 2p AOs from both. It also contains
6.4% from Cu 3d AOs, Figure 7. A similar situation is seen for HSOMO-1; 71.8% p-oxo and
7.8 % 3d. HSOMO-2 has significant 2p contributions from an aluminate oxo group, Figure 6.

However, the second largest contribution to this orbital is from p-oxo 2p AOs. The dominance
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of the p-oxo 2p AOs in the frontier a-spin orbitals extends to HSOMO-3 and HSOMO-4.
HSOMO-4 has 36% contribution from p-oxo 2p AOs as well as 8.9% from Cu 3d AOs from
Cu. It also has about 33.6% contribution from an aluminate oxo group. The LUMO has some
antibonding character containing also 74.9% 2p AO contributions from two p-oxo atoms. It also
contains a minor contribution of 4.0% from Cu 4p orbitals. The LUMO+1 orbital is however
dominated by Cu 4s and 4p AOs; 46.2 and 5.6% respectively.

71.8% p-0O 2p
7.8% Cu 3d T/

79.4% p—0O 2p 46.2% Cu 4s

6.4% Cu 3d 5.6% Cu 4p
(HSOMO) (LUMO+1)

Eigenvalues (eV)

] 336% 0, 2p

4326 u-02p
-114 (HSOMO-2)

74.9% u-0O 2p
(LUMO)

12 4

52.6% -0 2p
6.7% Cu 3d
(HSOMO-3)

Figure 6: Frontier a-orbitals of the [Cu3zO3]*" cluster model at ©B2LYP/cc-pVDZ level.

Examination of the B-spin orbitals shows that the LUMO+1 is also largely centered on the Cu
centers, with 45.7% Cu 4s and 4.2% Cu 3d. The LUMO, HSOMO and HSOMO-1 are however
dominated by p-oxo 2p AOs, just like for the a-spin orbitals. Based on Figures 6 and 7, we can
conclude that excitations into the LUMOs will be of p-oxo 2p — 2p character. Excitations into

LUMO+1 will have significant ligand-to-metal charge transfer character (u-oxo 2p — Cu 4s).
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Figure 7: Frontier B-orbitals of the [CuszO3]** cluster model at ®B2LYP/cc-pVDZ level.

3.2.3. Methane activation and TDA-DFT spectra: Several workers have examined methane
activation by the [Cu303]*" active site in the SMR of MOR. It was reported that the reflectance
of the band near 31000 cm™ decreases after contact with methane.”*®%? Indeed, a difference
spectrum reported by Ikuno et al. showed reduction for features between 23000 and 38000 cm”
182" As stated earlier, the exact natures of the intermediate species formed after methane
activation by [CuzO3]** are somewhat unknown. For this reason, the TDA-DFT spectrum of 5a
is compared to spectra for Sb-5i in Figures 8 and 9. Assignment of the spectral features of the
[CusO3]*" active site, 5a, is presented in Table 1. We highlight that unlike the features at 14530,
25383 and 30110 cm™!, the peaks at 34139 and 36563 cm™! have significant contributions from
Cu-centered 4s, 4p and 3d AOs in the relevant virtual orbitals.
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Figure 9: Comparison of calculated spectra of [Cu3O3]*" to several possible intermediates for
methane activation, Se-5i.

15

1
42000



Table 1: Characters of the dominant excitations, in cm™, in the TDA-DFT spectrum of [Cu303]>".

Calculated Experiment Largest contributions Character

Major Peak Constituents

14530 10000-2000 a-HSOMO — LUMO U-0X0 2p — H-0XO0 2p
25383 ~ 24000 a-HSOMO-2 — LUMO framework — active-site CT
30110 ~ 31000 a-HSOMO-4 — LUMO framework — active-site CT
34139 ~ 34000 B-HSOMO — LUMO and p-0xo 2p — p-oxo 2p and
a-HSOMO — LUMO+1 p-oxo 2p — Cu 4s
36563 36448 ~ 38500 B-HSOMO — LUMO+1 p-oxo 2p — Cu 4s/3d
37002 B-HSOMO-1 — LUMO p-oxo 2p — p-oxo 2p and Cu 4p

There are a couple of important things to note regarding the spectra shown in Figures 8 and 9.
First, the peak at 14530 cm™! has disappeared in most of the intermediate species. This suggests
that the absorbance of the feature near 12000 cm™ should decrease after methane activation.
However, the behavior of the feature at 12000 cm™ in the experimental data appears to depend
on the set up. Several workers have reported a modest decrease in the reflectance of this region
after methane activation.”®? Others have reported an increase.®® All experimental reports are
however consistent regarding decrease in the reflectance of the 23000-38000 cm™! region. As
such, we shall focus our emphasis on this region.

Second, of the possible intermediates that we considered, only 5b, S¢, Sd and Sh show lower
oscillator strengths in portions of the 23000-38000 cm™! region, Figures 8 and 9. We repeat that
in 5b-d, the methyl rebounds to the active site whereas in 5h, the separated methyl is exchanged
with a Bronsted acid proton, Figure 5. These 2 possibilities have emerged as candidates for the
stabilized strongly-bound methoxy.”>’67879:83-85 Examination of the calculated spectra shows
that Sb-c predict substantial decrease in the intensities at 23000-25000 cm™ and 30000-36000
cm’!. They however have higher intensities near 29000 cm™'. 5d has higher intensities than 5a
near 32500 cm’!, Figure 8. Sh has similar intensities as 5a near 32000 cm™!, Figure 9. For 5b-d
and 5h, the intensities are also higher in the regions above 39000 cm™'. Overall, the intensities
for Sh are more consistently lower than for 5a across the whole 23000-38000 cm™! region.

1

Other possible intermediates have higher intensities in the 23000-38000 cm™ region. For

example, Se predict significantly higher intensities near 37000 cm™. Also 5i predicts a huge

jump in intensity near 20000 cm™'. These do not conform to the experimental findings.”**?
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Oscillator Strength

Based on these considerations, we focus subsequent discussions on Sh. We again repeat that
recent experimental results have shown that the separated methyl group is stabilized at
BASs.”>7%85 Quantum-mechanical computations have shown that exchange of the acidic proton
of a BAS with the methyl is indeed energetically feasible.’”® Stabilization of the acidic proton at
the active site p-oxo atom and the methyl at a basic framework aluminate has been shown to be
a crucial mechanism for avoiding over-oxidation.”>’® All of these point towards Sh.

3.2.4. Impact of structural dynamics: We performed ab initio molecular dynamics (AIMD)
simulations on the periodic structure of Sh at 300 K. After equilibration for 8 ps, we performed
3 simulations of 8 ps length, starting from 3 different structures. From the resulting trajectories,
we randomly selected 5 structures of each. These were truncated to the size of the species in
Figure 5. Dangling oxygen atoms were capped with protons and positions of the protons were
optimized. Full details are provided in the Supporting Information. We then computed the UV-
Vis spectra at the ®B2PLYP/cc-pVDZ level. These are compared with spectra for the optimized
structure at 0 K in Figure 10 and in the Supporting Information.

Overall, the clusters from AIMD display the same general property as the DFT-optimized
structure. They all have lower intensities near the 23000-38000 cm™! region than 5a. Some of
these AIMD clusters also shift the 19000 cm™! feature of Sh to lower energies; to near 17500

cm’! in the case of 5h-3, as an example, Figure 10. However, like the DFT-optimized structure,
0.15 -
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Figure 10: TDA-DFT spectra of cluster models of Sh obtained from AIMD simulations (1-3) are
compared to geometry optimized models for 5a and Sh.

17



all the AIMD species feature higher intensities beyond 38000 cm™! than 5a.

3.2.5. Methane activation and Electronic Structure: The frontier orbitals of Sh are presented in
Figure 11. Before methane activation, there were 6 p-oxo 2p-dominated MOs, containing 6
electrons. Two of these had significant o-type character, with associated unoccupied c*-type

orbitals, Figures 7 and 8. As discussed earlier, transitions between these orbitals are responsible
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Figure 11: Frontier orbitals of the doublet state of the [CuzO3]*" active site after methane
activation to form structure Sh. These were obtained at the ®B2LYP/cc-pVDZ level.

for the peak at 14530 cm™’. Crucially, after methane activation, some p-oxo 2p-dominated
orbitals still remain in the frontier region, albeit with significantly higher contributions from Cu

3d and Cu 4p orbitals. Specifically, the a-spin HSOMO, HSOMO-1, HSOMO-2 orbitals of Sh
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have 19.7%, 24.1% and 30.9% contributions from Cu AOs, respectively, Figure 11. Indeed,
after formation of Sh, the o*-type pu-oxo 2p orbitals are no longer in the frontier region. The
frontier region is now thoroughly dominated by orbitals with significant Cu character, rather
than p-oxo 2p. In Figure 11, we show that the a-spin LUMO has 67% AOs contribution from
Cu while the LUMO+1 has 65%. Similarly, the B-spin LUMO has 66.9% contribution from Cu
AOs. We are to compare these with the a-spin and 8 -spin LUMOs for Sa which contain 74.9%
and 66.0% from Cu AOs, respectively. Close examination of Figures 6, 7 and 11 also indicate
that the frontier virtual orbitals of 5h are more unstable (more positive eigenvalues) than those
of 5a. Also, the frontier occupied orbitals of Sh are more stable (more negative eigenvalues)
than those of 5a. These findings are quite similar to those of the [Cu2O]*" system, see Sections
3.1.4 and 3.1.5. The significant contribution of Cu AOs to the LUMOs after methane activation
(indicative of a more diffuse and Rydberg-like character) and stabilization of frontier p-oxo 2p
occupied orbitals suggests poor spatial overlap during transitions between these orbitals. Thus,
methane activation leads to significant reduction in the oscillator strengths of transitions to the
low-lying Cu-based LUMOs. We also expect a shift to higher transition energies.

Table 2 shows the assignment of the calculated spectral features of Sh. A peak at 19128 cm’!
contains excitations from the p-oxo 2p occupied orbitals ae-HSOMO-1 to HSOMO, LUMO and
LUMO+1. These final orbitals have significant contributions from Cu AOs. Thus, compared to
Sa, this peak is shifted to higher energies and is less intense. The same phenomenon plays out
across the 23000-38000 cm™! region. The intensities for 5h are thus lower than that of 5a across
this region. Interestingly, beyond 38000 cm™! the intensities of Sh are larger than for Sa, Figure
9. For 5a, the computed peak at 36563 cm™ underestimates the experimental feature near 38500-

41000 cm™. Thus, one would expect that based on Figure 11, the absorption intensities of the

intra-zeolite intermediates would exceed that of [CuzO03]*" beyond the 38500-41000 cm™! region.

Table 2: Characters of the dominant excitations, in cm™, in the TDA-DFT spectrum of 5h.

Calculated Largest contributions Character

19128 a-HSOMO-1 — HSOMO, LUMO & LUMO+1 p-oxo 2p — p-oxo 2p; Cu 4s, 4p 3d
32090 B-HSOMO-2 — HOMO framework — active-site CT
36238 a-HSOMO-2 — HOMO H-0X0 2p — U-0X0 2p

39521 a-HSOMO-3 — HOMO and -HSOMO-3 — HOMO framework — p-oxo 2p

19



CONCLUSIONS

The UV-Vis spectra of copper-oxo active sites within copper-exchanged zeolites are analyzed
with cluster-model Tamm-Dancoff time-dependent DFT (TDA-DFT) calculations. These
systems are of interest due to their ability to activate the methane C-H bond, selectively
converting it to methanol. Specifically, TDA-DFT calculations with ®B2PLYP were used to
probe evolution of electronic structure properties and optical spectra of the [Cu.0]*" and
[Cus0s]* active sites during methane activation. We provide molecular-level understanding of
changes in the UV-Vis spectra of copper-exchanged zeolites after contact with methane.

It is established that prior to methane activation, ®B2PLYP provides great agreement with the
experimental optical spectra of [Cu,0]*" and [Cu303]*". Particularly for [CusOs]*", it provides
bands at 14530, 25383, 30110, 34139 and 36563 cm’!, in agreement with experimental features
near 12000, ~24000, 31000, 34000 and 38500-40000 cm™'. The signature peak observed for
[Cu20]*" at 22700 cm™ is predicted to be at 22889 cm™ with ®B2PLYP. The less intense feature
near 30000 cm™! in the experimental data is also captured with ®B2PLYP.

After methane activation by [Cu.0]*", the calculated optical of [Cu-O(H)(H)-Cu] and [Cu-
O(H)(CH3)-Cu] clearly show a disappearance of 22889 cm! feature. By contrast, the spectra for
[Cu-O(H)-Cu] and [Cu-O(CHs3)-Cu] either do not lead to sufficient reduction of the 22889 cm'!
feature or also provide extraneous new features in the 10000-20000 cm™ region. These new
features are in great disaccordance with previously reported experimental data. In [Cu-O(H)(H)-
Cu] and [Cu-O(H)(CHj3)-Cu], electrons in the p-oxo 2p-dominated orbitals of [Cu,0]*" become
stabilized and hybridized with C 2p and/or H 1s orbitals from the separated methyl and proton
of methane. Electronic structure analysis show a clear transfer of 2 electrons to the copper
centers. This dramatically changes the nature of the low-lying unoccupied orbitals. Specifically
the p-oxo 2p contributions to low-lying unoccupied orbitals are removed. Additionally,
contributions from Cu 4s and 4p atomic orbitals to these orbitals become dramatically higher.
The virtual orbitals thus acquire a more diffuse Rydberg-like character, leading to decreased
spatial and/or energy overlaps with the occupied valence orbitals. These effects shift the energies
and leads to a dramatic decrease in the oscillator strengths of the 22889 cm™! feature. This
concurs with the disappearance of the 22700 cm™! band after methane activation, as seen in our

TDA-DFT spectra and previous experimental data.
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For the more complicated [CuzO3]*" system, previous reports stated that methane activation is
associated with a decrease in intensity in the 23000-38000 cm™!' region. However, the exact
structure of the intermediate species formed after methane activation by [Cu303]*" is unknown.
Using a set of 8 possible structures, we found that several structures exhibited reduced oscillator
strengths in parts of the 23000-38000 cm! region. Interestingly, these species correspond to
rebound of the methyl group to an active site p-oxo atom or remotely in exchange for a Brensted
acid proton. Recent experimental and theoretical studies have described how stabilization of the
methyl at Brensted acid sites is crucial for preventing over-oxidation. Our TDA-DFT results are
thus another evidence supporting such assertions. To understand the lower intensities in the
23000-38000 cm! region, we discovered that a similar phenomenon as seen in [Cu20]*" results
in shifting the spectra to higher energies and lower intensities (predominance of Cu atomic
orbital contributions in the low-lying virtual orbitals as well as stabilization of the frontier
occupied orbitals due to hybridization with H 1s orbitals).

Thus, we conclude that ®B2PLYP is useful for studying the UV-Vis spectra of copper-oxo
active site species implicated in methane-to-methanol conversion. It is capable of describing the
evolution of these species during the conversion process. Using this approach, we gain a
molecular-level understanding into the properties of copper-oxo species implicated in methane-

to-methanol conversion.
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Synopsis: Evolution of the UV-Vis spectra of copper-oxo active sites after methane C-H
activation are investigated with TDA-DFT calculations. Our calculations reproduce the spectra
of these sites after methane activation. For [Cu2O]*" and [CuzO3]?*, similarities in the computed
and experimental spectra is used to ascertain the structure of kinetically trapped intermediates
that prevent formation of over-oxidation products. Electronic structure origins of the impact of

methane activation on UV-Vis spectra are provided.
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