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Abstract

Using transition-metal (TM) catalysts in organic chemistry conversion reactions is a well-
established practice due to their superior efficiency. They have been particularly useful in both
methane to methanol conversion (MTM) and carbon dioxide carboxylation reactions (CDC). But
using the anionic forms of these transition metals is relatively recent and has sparked interest in
using them as prospective catalysts, especially in light of experimental evidence supporting their
stability and producibility. This dissertation describes the catalytic potential of the following
transition-metal anions: platinum (Pt), palladium (Pd"), and nickel (Ni~) for both above-
mentioned conversion reactions in addition to iron (Fe”) in the MTM pathway. The dissertation
will emphasize the energy profiles, geometries, turnover frequencies, and electronic structure of
catalysts using DFT and post-Hartree-Fock electronic correlation methods. It will also elucidate
the mechanism of reactions of the most promising routes through orbital analysis. The
introduction briefly describes the computational methods used in this dissertation.

The second chapter covers the MTM pathway starting with an introduction to the
research history performed. It describes our computational findings for the atomic and ligated
TMs catalyzed MTM pathway with emphasis on differentiating between radical and [2+2]
routes. The findings from bare TMs are followed by a discussion of the effect on the catalytic
efficiency of these TMs using the energetic span model and chemical kinetics analysis.

Chapter 3 will outline the catalytic potential of atomic and ligated TMs in CO>
carboxylation reactions with different unsaturated alkanes of various lengths which include
ethene, butadiene, and both conjugated and unconjugated octadiene. Conclusions and discussions

follow both chapters 2 and 3 with a description of the outlook for future work.



Acknowledgments

| am particularly grateful to my advisor, Dr. Evangelos Miliordos, for his teaching,
support, and guidance and for being always available to us throughout the Ph.D. degree process.
| also would like to thank my committee members for their useful insights and comments during
the proposal and annual evaluation meetings. Thanks to Miliordos group members for their
advice, technical assistance, and great scientific conversations. Finally, my deep thanks to
Auburn University’s department of chemistry and biochemistry, as well as Easley (formerly
Hopper) clusters, and Alabama Supercomputer facilities for making these calculations possible

and for their consistent support.



List of Publications and Copyrights

The following papers are incorporated in this dissertation, and they are attached at the end:

1)

2)

3)

Sader, S. and Miliordos, E. (2021) “Methane to methanol conversion facilitated by
anionic transition metal centers: The case of Fe, Ni, Pd, and Pt,” The Journal of Physical
Chemistry A, 125(11), pp. 2364-2373.

Sader, S. and Miliordos, E. (2022) “Being negative can be positive: Metal oxide anions
promise more selective methane to methanol conversion,” Physical Chemistry Chemical
Physics, 24(36), pp. 21583-21587.

E. Claveau, S. Sader., B. A. Jackson, S. N. Khan, E. Miliordos (2023) “Transition metal
oxide complexes as molecular catalysts for selective methane to methanol transformation:
Any prospects or time to retire?”’, Physical Chemistry Chemical Physics), 24, pp. 5313-
5326.

This dissertation contains tables and figures adapted from the above list of publications. The
copyrights for re-using these materials are obtained from the ACS and PCCP publications under
the following statements:

1)

2)

3)

"Reprinted (adapted) with permission from [ Sader, S. and Miliordos, E. (2021)
“Methane to methanol conversion facilitated by anionic transition metal centers: The case
of Fe, Ni, Pd, and Pt,” The Journal of Physical Chemistry A, 125(11), pp. 2364-2373.]
Copyright [2021] American Chemical Society."

"Reprinted (adapted) with permission from [S. Sader and E. Miliordos, Phys. Chem.
Chem. Phys., 2022, 24, 21583]. Copyright [2022] Physical Chemistry Chemical Physics"
"Reprinted (adapted) with permission from [ E. Claveau, S. Sader, B. A. Jackson, S. N.
Khan and E. Miliordos, Phys. Chem. Chem. Chem. Phys., 2023, 25, 5313]. Copyright
[2023] Physical Chemistry Chemical Physics"



Table of Contents

N 011 - Tod OSSR 2
ACKNOWIBAGMENTS. ...ttt r et bbbt 3
List of Publications and COPYIIgNTS. .....cc.oiiiiieiiiie e 4
TS 0 N 1= o] L= OSSPSR 8
LISE OF FIQUIES ...ttt e bt s e st e et eene e s be et e s neenreetennee e 9
CHAPTER 1: Overview of Computational Catalysis Methods............c.ccoovvriiieniieniniicnen 12
1.1 Introduction and DACKGIrOUNG ...........cooiiiiiiiiniiieee s 12

1.2 Objectives and outline of the diSSErtation.............ccceeerereniniiniisieeee s 13

1.3 Wave function-based ab initio Methods............ccoceieiiiiiiiiiiee 14

1.3.1. Hartree equation and self-consistent field (SCF) method.............c.c.ce..... 15

1.3.2. The Hartree-FOCK Method...........ceoviiiiieiiiie e 16

1.3.3. Linear Combination of Atomic Orbitals (LCAO) ......ccccoceverininiiininins 18

1.3.4. Post-Hartree-FOCK Methods ............coeiiiiiiniiiiiiieeee e 19

1.4. Density functional theory (DFT) ..o s 20

1.5. Choice of basis sets for anioniC SYStEMS..........cceieiererireieseseeee s 21

1.6. Pseudo Potential BaSIS SELS .........cciiiiiiiiiiinieieiee e 22

1.7. Calculation of gas-phase chemical reaction rate constant from DFT data .............. 22
CHAPTER 2: Methane to Methanol CONVEISION ............ccoiiiiiiiicieeeee e 25
2.1. Significance and Background ............ccccooeiiiiiiiiiiiee e 25

2.2. Current MTM status and previous WOTK ...........ccooviiiiiieneieeneee e 26

2.3. Computational details ...........cccceiiiiiiiieie s 28



2.3.1. Multi-reference calculation details for assessing the reference state of

METAI OXIARS.. .ttt 30

2.4. Metal oxide electronic structure and relevance to methane activation.................... 31
2.5. MTM mediation with cationic vs. anionic TMS .......cccccevieiininiinieieeee e 33
2.6. Proposed reaction mechanism of MTM catalyzed by atomic M ..........cccceeveeneenee. 35
2.7 RESUITS ...ttt ettt bbbttt e bbb 36
2.7.1. DFT calculated reaction geometries and pathway for Pt™ oxidation........ 36

2.7.2. DFT and CCSD(T) Calculated reaction energy landscape for Pt—mediated
CHZ OXIAALION ...t 39
2.7.3 DFT and CCSD(T) Calculated energy landscape for PCET mechanism in
PE 4 CH4 FEACLION ... 40
2.7.4. Pt"-mediated Methane activation via PCET orbital analysis.................... 41
2.7.5. DFT Calculated reaction energy landscape for Pd™ and Ni~ oxidation
FEACTIONS. ...ttt b etttk e et b bbb bbb 43
2.7.6. Alternative MTM reaction pathway for Pt ..........cccccoviiiiiiiccece 48

2.7.7. CCSD(T)//IMN15 Calculated reaction energy landscape for Fe-(S = 3/2 and

5/2) 0Xidation rEACLIONS .......cveiueeiviiiecieee et 54

2.8. Conclusion and OULIOOK ..o 55
2.9. Impact of ligand addition on catalytic MTM reaction pathway .............ccccccevveeeennene 57
2.9.1 Background on ligands in organometallic chemistry ............cccccoevevinne 57

2.9.2. Computational detailS............ccovieiiiiiiiiiie e 59

2.9.3. Results and diSCUSSIONS ...........ccviiriiieieieiiesie e 60

2.10. Conclusion and final remarks ... 68



CHAPTER 3: TM-Catalyzed Carbon Dioxide Reactions with Unsaturated Alkanes ............... 69

3.1. Significance and Background ............ccccceiiiiiiieiicie s 69
3.2. Computational details ...........ccceieeiieiiiieie e 70
3.3. Proposed catalytic cycle of 6-lactone formation..............ccccvevevvevecceiicse e 71
3L RESUITS ...t 72
3.4.1. Atomic Pt—catalyzed carboxylation with ethylene............cccccceeveennnn. 72
3.5, DUHSCUSSION ...ttt 76

............................................................................................................................. 77

3.5.3. Seven-membered metalolactone ring opening and metal release via
(TSTITSBITS) woverveeeeeeeeeeeeeeeeseese e eee s s es e es e ee s ees s eee s ee e seees s 78
3.6. Ligand impact on Pt -catalyzed carboxylation with ethylene...........c.ccccoooveennen. 80
3.6.1. Results and DiISCUSSION .......c.ccviuirieiniinieieie sttt 82
3.7, CONCIUSIONS ...ttt ettt 86
RETEIENCES ... bbbt 87
Appendix 1 Supporting Material for Chapter 2 ... 93
Appendix 2 Supporting Material for Chapter 3 ... 122



List of Tables
Table 2.1. MN15/aug-cc-pVTZ relative energy (kcal/mol) and experimental yields................ 34

Table 2.2. Activation energy barriers for the Ni, Pd, and Pt species with methyl or biphenyl (Bp)

Table 2.3. Rate constants k for the reaction steps of Figure 2.14, and ti2, TOF, AE for the overall

catalytic cycle employing [M]O™ as CatalysStS........cccueiiriiiiieriiieiie e 67



List of Figures

Figure 1.1. Schematic representation of the self-consistent field (SCF) method ...................... 16
Figure 2.1. Reaction enthalpies for the direct and indirect CHsto CH3OH conversion............. 26
Figure 2.2. Possible CH4 activation mechanisms by metal oXide.............ccccoovvivvciniiiinnnnne. 32

Figure 2.3 Catalytic cycle for the oxidation of CH4 to CH3OH by the anionic metal center (M")
USING N20 8S AN OXTABNT. .....c.eiiiitiieieieeie bbbt eb e 36
Figure 2.4. MN15 intermediate structures (IS) and transition states (TS) for the reaction’s steps
L3 WItN IM S PL ottt sttt a ettt re s 38
Figure 2.5. Energy diagram for the oxidation step of the metal center (eq 1) for different

METNOUOIOGIES ...t bbbttt sttt 39

Figure 2.6. Energy diagram for the methane functionalization steps for different methodologies

..................................................................................................................................................... 41
Figure 2.7. Molecular orbital contours of PtO™ (top), PtOH™ (middle), and CHs...PtOH™
(bottom) involved in the C-H activation ProCeSS ..o s 43
Figure 2.8. MN15 energy diagram for the oxidation of Ni~, Pd™, and Pt to NiO~, PdO", and

T QT oV 0 OO 44

Figure 2.9. RCCSD(T)//MN15 energy diagram for the MO~ + CHs — M~ + CH30H reaction (M
S N TR =0 = OO 47
Figure 2.10. RCCSD(T)//MN15 energy diagrams for several pathways of the Pt + CH4 + N2O
— Pt7 4 CH3OH + N2 FEACTION ..ottt bbb 49
Figure 2.11. Alternative reaction pathways for CHz activation............cc.ccoovveviirenc s 50
Figure 2.12. RCCSD(T)//MN15 (S=5/2) and qCCSD(T)//MN15 (S=3/2) energy diagrams for the

radical and 2+2 mechanisms of the Fe— + CH4 + N20O — Fe— + CH3OH + N2 reaction......... 55



Figure 2.13. Ethylene-platinum orbitals overlap showing competing 7 and ¢ bonds ............... 58
Figure 2.14. Optimized geometries of structures of [Pd(CHs3)4] (top) and [Pd(Bp)2]~ (bottom)
catalysts used in the MTM PAtNWAY .........c.coiveiiiiieiieie e 59
Figure 2.15. Structures of all intermediates and transition states for the CHs + NoO — CH3OH +
N2 reaction facilitated DY PAO T (CHB)a ... ssssesseeessssssssesssesssossessssessessoseeese 60
Figure 2.16. MN15/TZ potential energy diagram for the CHs + N2O — CH3OH + N3 reaction
facilitated by [PAQ(CHSg)g] ™ oot 61
Figure 2.17. Natural orbital (NO) analysis of doublet [Pd(CH3)4]~ showing the spin density of
the singly occupied orbital localized mainly on metal and the two bent methyl groups............ 65
Figure 3.1. Different routes leading to lactone formation from CO; and two ethylene molecules.
M= Pt Pd", Ni~ in free and ligand-complexed fOrms..........ccccccevveiiiiiie i 72
Figure 3.2. Free energy profile for Pt-mediated C-C coupling (TS1 & TS5) and lactone
FOrMALION (TS9) .oieeii ittt e e s e et e e reesbeetesseesreeneereesreentens 73
Figure 3.3. Free energy profile for the Pt—-mediated C-C coupling (TS1), C-O coupling (TS6),
and lactone formation (TS9). Energies are relevant to the reactants ............ccccceeevvevciiecieennns 74
Figure 3.4. Free energy profile for the Pt-mediated C-C coupling (TS3) and C-O coupling
(TS2) and lactone formation (TS7). Energies are relative to the reactants.............cc.ccccovevveenne. 75
Figure 3.5. Free energy profile for the Pt"-mediated C-O coupling (TS2), C-C coupling (TS4),
and lactone formation (TS8). Energies are relevant to the reactants ............cccccooeevvevciicieennns 75
Figure 3.6. Optimized geometries of intermediates and transition states for metalolactone

FOTINIATION ..ot e e s st e e e s e et et e nn e s e nnnnnnnnnnnnnnnnnnnnnnnnnn 76

Figure 3.7. Natural orbital (NO) representation showing the spin density of the single electron in

10



Figure 3.8. Optimized geometries of intermediates and transition states for 7-membered
Metalolactone FOrMALION ...........oiiiiiiie bbb 78
Figure 3.9. Optimized Pt—based CatalySt ...........coveviiiieiieiise e 80

Figure 3.10. Energy landscape for atomic (right) and complexed Pt~ (left) for Pathways A & B

Figure 3.13. Ligand effect on the geometrical shape of reactants for TS1 (C-C) coupling and

IS (O ) I eTo T o] 1T oo SRS PRSSRSSN 83
Figure 3.14. Ni"(Bp) catalyzed CO: reaction with ethylene............c.ccocvvvvininiiiinn i, 84
Figure 3.15. Pd™(Bp) catalyzed CO> reaction with ethylene .............ccocovniniiiineiienc e, 84

11



1. CHAPTER 1: Overview of Computational Catalysis Methods

1.1. Introduction and background

The growing demand for clean and sustainable energy resources is driving the
transformation of the world’s heavy reliance on petroleum into more developed energy systems.
Solar cells, electric cars technology, and biofuels are a few examples of current technologies that
have proven to be efficient in mitigating both world energy requirements and climate change
phenomena. More recently, natural gas and carbon capture and utilization have emerged as
ubiquitous and free chemical feedstocks to synthesize useful chemicals such as methanol and other
fine chemicals. However, for those new technologies to be practically efficient, several obstacles
need to be overcome pertaining to the cost of infrastructures required by these new technologies
as well as transportation and energy conversion cost. Chemical catalysis plays a pivotal role in
developing viable routes in energy conversion, particularly, transition metals owing to their
efficiency and reliability. The process of designing and developing new and cost-effective catalysts
is a challenging process that needs to be addressed before it can be practically useful. It requires
knowledge of the mechanisms and advanced methods that aid in understanding catalyst behavior
and improvement possibilities. Computational chemistry is a routinely utilized tool in studying
various chemical concepts and transformations due to its rising accuracy and efficiency. Perhaps,
organometallic catalysis is one area where quantum chemical calculations have proven to play a
central role as a missing piece in understanding catalytic mechanisms. Density Functional Theory
(DFT) is a commonly utilized method in computational catalysis due to its exceptionally low
computational cost. Still, it has its shortcomings in cases of open shell multireference systems such
as TMs, plus DFT data accuracy is strongly correlated with the right choice of functional.
Therefore, applying advanced electronic correlation methods such as Multi-Reference
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Configuration Interaction (MRCI) is fundamentally important in understanding the status of the
electronic configuration of transition metals (TMs) and provides an accurate prediction of the
electronic structure of TM-containing molecules. Similarly, ClI methods are significant in
situations involving bond-forming or breaking stages, a feature typically missing in singly
referenced methods such as Hartree Fock and DFT. Equally important, methods such as coupled
clusters are critical for both accuracy and size extensivity needed to accurately describe catalytic
pathway energetics.? Among intensely researched areas are methane to methanol conversion and
CO2 sequestration and utilization due to their economic and ecological impacts. Both C-H
activation including MTM pathways and catalytic conversion of CO2 have been widely explored
previously using cationic and neutral forms of TMs in their atomic and oxide forms,>® however,
the potential of negatively charged TMs in CO2 and TM-oxides in MTM pathways is still poorly

explored.

1.2. Objectives and outline of the dissertation

The goal of this dissertation is to theoretically study the catalytic potential of negatively
charged TM ions in MTM and CO; carboxylation reactions with unsaturated hydrocarbons. The
study is mainly focused on the energetics of the gas phase catalytic pathways using DFT and post-
HF electronic correlation methods, geometries, and electronic structures of intermediates and
transition states. Additionally, the catalytic efficiency improvement through ligand design is also
examined in both targeted reactions. The efficiency of each catalytic pathway is assessed using the
energetic span model which provides a quantitative description of catalyst performance through
turnover frequency (TOF) calculations.® X° Our hypothesis behind using anionic TM centers is that
higher activation power is attributable to their capability to populate the anti-bonding C-H orbital

in methane for example, thus disrupting the bond.!* On the other hand, finding ligands that enhance
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the electron affinity (Eea) of the metal center to enable them to regain their electrons at the end of
the cycle is a challenging task. Moreover, the weak ion-dipole interaction force between the
anionic metal center and hydrogen atom of generated methanol, as compared to that in cationic
metal and oxygen of methanol, results in a short interaction period with the created product
(CH30H), facilitating the product release and preventing over-oxidized products. The following is
a concise and general description of the computational methods used in this dissertation. The
complete and detailed accounts of the electronic structure theory can be found in Modern Quantum

Chemistry, a book by Szabo and Ostlund.?

1.3. Wave function-based ab initio methods

Electronic structure calculations based on analytical approximate solutions of
Schrodinger's equation (SE) provide the core requirement for most common computational

chemistry methods. The SE can be described as time-independent SE with the following formula:

I:I\lp(Rl, RZ RN' r,r Tn) = EI'IJ(Rl, RZ RN' r,r Tn) (11)

Where R and r are the coordinates of the nuclei and the electrons respectively.
The Hamiltonian operator H for the time-independent, non-relativistic Schrodinger

equation is:

ZAZB 1

=—2a WVA i sz ZLA + Ya<p — + Zl<] (1.2)

Where A and B are the nuclear indices and i and j are the electronic indices. The first two

terms in the Hamiltonian represent the kinetic energy of the nuclei and electrons, respectively. The
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third, fourth, and fifth terms involve the potential energy due to the attraction of the electrons and
nuclei, the nuclear-nuclear repulsions, and the electron-electron repulsion, respectively. Applying
the Born-Oppenheimer approximation de-couples the electronic and nuclear degrees of freedom

and the Hamiltonian takes the form:

—

1 z
Hepe = =2 Eviz —Yia 2+ Yacs

TiA TAB

ZaZp 1

+ Yicj 5 (1.3)

Here, we focus on the electronic motion which can be described assuming the nuclear

motion is omitted.
1.3.1. Hartree equation and self-consistent field (SCF) method

Hartree proposed the idea that individual electrons can be separated as well, and many-

electron wave function would be a product of one-electron wave functions ¢ as follows:

Yere(ry, Ty . Tn) = P (1) P (1) .. o (1) (1.4)

This wave function assumes that an individual electron moves in a mean-field (V) of all
other electrons and the solution of individual Hartree equations depends on the iterative solution
of all other equations via (Vieff). The iterative process is called self-consistent field (SCF)'? as

shown below in figure 1.1 :
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1 7,
(‘Z Eviz - Z =T +Vieff> ¢i = Ei¢;
7 a4

Guess a set of ¢; ‘ Compute V2™ from the ¢;

!

Solve for all i (_ z %sz _ z f_A + Vieff) b; = E;;
iA

i iA

¢

Did ¢; change considerably from
the previous iteration?

NO

Self-consistency reached,
equations converged

Figure 1.1. Schematic representation of the self-consistent field (SCF) method.

1.3.2. The Hartree-Fock method

Because the Hartree product wave function is not antisymmetric (as required by the Pauli
principle), it does not result in sign adjustment upon exchanging two electrons (which it should),
and the Slater determinant (SD) which was introduced by Fock to represent the wave function as

follows:

L d1(r)  P2(r) .. Pp(ry)
Y(ry,ry .1 = W $1(r2) () .. d()| (1.5)
¢1 (Tn) ¢2(rn) ¢n (Tn)

Using this determinant, a multi-electron system can be represented with a set of spatial and

spin functions where each row uses a different spin-orbital (¢) for the same electron while each
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column uses a different electron with the same spin-orbital. The consequence of such construction
is that switching any electron pair, by interchanging two rows or two columns, results in  sign
change satisfying the Pauli-exclusion principle. Based on the HF method, the energy of the system

is obtained variationally by equation 1.6 assuming a normalized wavefunction and the term

(W 1) =1:
Byp = L0 = (| [w) (1)

To obtain ¢, rearrange Ey, and obtain the Fock equation solved in a Self-Consistent Field
(SCF) approach.
Here, the electronic Hamiltonian consists of electronic energy, nuclear attraction, and

electron-electron repulsion terms as follows:

1
Epp = i hy +-3ice B0 (Jy = Ki) +Van (L7)

Where h; is one-electron energy term that comprises both kinetic energy and electron-

nuclear attraction terms as follows:
1 Z
hi=—-Vi—Zia ﬁ (1.8)
Jij is an integral obtained by the Coulomb operator, arising from the Coulomb repulsion

between electrons, K;; is obtained by the exchange operator, it ensures anti-symmetry and removes

the self-interaction arising from the J;; integrals.
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1.3.3. Linear Combination of Atomic Orbitals (LCAO)
The solution to the one-electron wave function such as the hydrogen atom case, gives the
atomic orbital as an analytical expression, while the solution to the HF wave function is provided

by the molecular orbitals:

¢ = ZZ:l CiuXu (1-9)

The sum over p runs over all n atomic orbitals of the atoms. The ¢;, are called molecular
orbital coefficients and are optimized to minimize the total energy y, is the basis function, for
example, in the H2 molecule, this simple minimal basis set leads to two HF orbital solutions based
on the 1s AOs.

The HF SCF produces in addition to energy, a set of molecular orbitals, and the number of
the later depends on the number of basis functions (BFs) used. Using small numbers of BFs results
in crude results only, while using an infinite number of BFs brings the HF energy close to the exact
solution of HF equations. However, a balance must be achieved between the quality of results and
the level of theory since using many BFs significantly raises the cost of computation, especially
for post-HF.

While a HF wave function advantage is producing size-consistent energy, both its
variational nature and lack of electronic correlation make the HF energy always higher than the
exact value. It follows that the HF method has limited value in chemical applications, instead, HF
has been used today only as a reference wave function and reference energy for correlated wave-

function methods such as coupled-cluster (CC) theory.
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1.3.4. Post-Hartree-Fock methods

For chemical systems that involve TMs, diradicals, and bond stretching, two or more
different configurations might be important to accurately describe the wave function. Choosing
one of them leads to an inaccurate energy description of the system. This inadequacy in single-
referenced methods required the development of the Multi-Configuration Self-Consistent Field
(MCSCF) method, which is more commonly named multireference method. Several methods have
been developed using this approach such as the Complete Active space self-consistent Field
(CASSCF) method where both the coefficients in front of the different configurations and the
orbitals for each determinant are optimized. Another MCSCF method used in this dissertation is

the multi-reference configuration interaction (MRCI) as described in section 1.3.4.2.

1.3.4.1. Complete Active Space Self-Consistent field (CASSCF)

In this method, only orbitals that involve large variations in the electronic configurations
(chemically active) are included in the active space and undergo full Configuration Interaction
(Full CI). For example, consider the d-orbitals of TMs. All other orbitals are either frozen (always
doubly occupied in the core) or virtual (empty). The wave function in CASSCF is obtained by
optimizing a linear combination of configuration state functions (CSFs) that comprise all possible
occupations of the orbitals and electrons in the active space. The active space specification is

important for the accuracy of proper bond cleavage and excited states descriptions.
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1.3.4.2. Multi-reference configuration interaction (MRCI)

In this method, more configurations are added to the wave function by promoting electrons
from the active to the virtual orbitals. The wave function is obtained by optimizing the linear
combination of all possible state functions. Thus, CI will provide a better representation of
correlated systems having more electronic configurations compared to CASSCF. To solve the size-
nonconsistency problem in MRCI, it is often approximated with the Davidson correction

MRCI+Q.1 1

1.3.4.3. Coupled cluster method (CC)

The lack of size-consistency® " and excessive computational cost of MRCI result in the
development of coupled cluster theory. Unlike the MRCI method where the wave function is
expressed as a linear combination of individual state functions, the CC uses an exponential
operator to express all possible excitations such as single (CCS), double (CCSD), and triple
excitations (CCSDT), etc... A special case arises when the triple excitation is included in scaling
the CCSD where triple excitation is added using perturbation theory (CCSD(T)) avoiding the
prohibitive computational cost of CCSDT. The CCSD(T) is referred to as the “gold standard of

quantum chemistry” provided a single determinant serves as a proper reference.

1.4. Density functional theory (DFT)

In this method, the energy is obtained as a functional of the electronic density of the system,
thus, neither prior knowledge of the wave function nor solving SE is required. The mathematical
structure of DFT reduces the prohibitive computational cost resulting from exponential scaling
with the number of electrons required to solve SE into the dimensionality of 3 in DFT, regardless
of the number of electrons of the molecules. Such features make DFT an efficient method for large

systems. The DFT method has passed through several transformative stages of development
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starting from Hohenberg—Kohn theorem®® and ending with the Kohn-Sham DFT?*® functional that

has the form :

E[p] = T[p] + Eext[p] + Ecou [P] + Exc[p] (1.10)

Here, T[p] is the kinetic energy of non-interacting electrons, E.,;[p] is the electron-nuclear
attraction term, E_,; [p] is the electron repulsion term and E,.[p] is the exchange and correlation
potential term. The later term replaces the exact exchange term in the HF method making DFT
superior to HF, having the additional feature of correlation effects. Unfortunately, the exact
expression of the Exc[p] is unknown and is the subject of much method development research.?
The exact functional has been approximated with several empirical modules to give a reasonable
electronic energy result for complex systems. Thus, the selection of functional is critical to obtain
accurate results, which may be sensitive to functional choice. For example, adding an empirical
dispersion correction such as the B3PLYP-D3 functional significantly improves results for
systems with long-range interactions that usually B3LYP 2* alone fails to describe. Noteworthy,
the MN15 functional used in this dissertation is one of the Minnesota series of functionals
proposed by Truhlar’s group.?? This type of functional has been well parameterized for both main
group and transition metal elements and is thus very suitable in organometallic catalytic reaction

modeling.

1.5. Choice of basis sets for anionic systems
For anions or electron-rich atoms/pairs, the basis set must be augmented with diffuse
functions to allow the electron density to expand into a larger volume. On the other hand, the

addition of polarization functions is necessary to give more freedom to electrons to move away
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from each other, thus reducing electron-electron repulsion. This is done by adding a basis function
of a higher angular momentum to the existing one, for example, for s-type orbital, we add a set of
p orbitals, and for p-electrons, we add a set of d-type orbitals. The correlation consistent basis sets
used in this dissertation denote the use of maximum electron correlation energy for each atom,

while the valence denotes it has been applied to valance electrons only.

1.6. Pseudo Potential Basis Sets

For late (heavy) transition metals, these potentials are used to reduce the computational
cost by describing the inner (core) electrons by a potential that is placed in the Hamiltonian. Their
implementation is also important to account for the relativistic effect of these late TMs. These
basis sets comprise two parts: the effective core potential (ECP) describing the inner electrons and
the basis set describing the valence electrons. For example, the Los Alamos National Lab two
double zeta basis set (LANL2DZ) is one of the commonly used effective core potential (pseudo
potential) in computational chemistry, proposed by Hay and Wadt?* 2 that involves relativistic
effects for elements in the fifth and sixth periods; however, it only provides acceptable accuracy
suitable for geometry optimization but not energetics. On the other hand, for accurate energetics,

a higher level of theory basis sets is used.

1.7. Calculation of gas-phase chemical reaction rate constant from DFT data

There are two important assumptions when using ab-initio calculations to calculate
thermodynamic data. First, the equations are derived for non-interacting particles, thus, legitimate
only for an ideal gas. Second, the first low-lying and higher excited states are inaccessible, thus, it
is applicable only for the ground state of the interacting molecules®. The thermodynamic data
generated by Gaussian software?® such as entropy, free energy, and heat capacity are heavily

dependent on partition function g(V, T) calculations which have four contributions: translational,
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vibrational, and rotational which comprises electronic motion (linear, non-linear, and electronic)

according to equation 1.11:

Qtot = Qtrans X Qvib X Qrot X Qelec (111)

The detailed mathematical formulas required to calculate each component are based on
statistical mechanical modeling and are discussed in detail in “Molecular Thermodynamics” by
McQuarrie and Simon?’. For a given reaction that involves an activation barrier, the Transition

State Theory?® rate constant can be obtained based on the following equation:

vi
TST _ kT QTS(D) -5
KTST(T) = o LTk e ™7 (1.12)

where o is the reaction path degeneracy, ky, is Boltzmann’s constant, T is the temperature,
h is Planck’s constant, Na is Avogadro’s number (it disappears for unimolecular reaction rate
constants with units of st). V¥ is the difference in the potential energy between the transition state
(TS, assumed to be located at the saddle point on the PES) and the reactant(s) (zero-point energy
contributions are included in the partition functions). Q™ and QR denote the
total partition functions of the TS and the reactant(s) with the translational partition functions
expressed in per unit volume. QT excludes the reaction coordinate. In the calculation of AG*(T)
(except when the tunneling correction computation is used)?®, the imaginary frequency associated
with the reaction coordinate degree of freedom is removed from the vibrational partition function
of the transition state and, as a result, from the Kinetic treatment. Thus, we express Q'S by the

following formula:

23



QTS(T) = Qf3ns X Quiy X QFsr X QL (1.13)

after replacing Q™ and QR from the above equation to the equation of k™' and some
algebraic manipulations, the zero-point energy corrections and entropy terms are incorporated in
the exponential part (thus V* converts to AG), while the V introduced via the Quans terms remain
in the pre-exponential factor and the final formula for rate constant will be expressed as shown in

eq 1.14 below?:

_a6H)

An
KTST(T) = 020 (3) T e T (1.14)

where AG* (T) represents the standard Gibbs free energy of activation AG? at temperature
T, Anis 1 or 0 for gas-phase bimolecular or unimolecular reactions, respectively; RT/P® has the

unit of the inverse of a concentration).
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2. CHAPTER 2: Methane to Methanol Conversion
2.1. Significance and Background

Presently, the MTM pathway is gaining significant attention from the scientific community
due to its environmental and economic impact. Although CHas exists at a low atmospheric
concentration (compared to COy), its global warming potential is 28-36 times higher than that of
CO2,% due to its high atmospheric residence time and heat absorptivity. Typically, CH4 can be
found in coal, natural gas, and oil. It can also be produced by livestock and other agricultural
activities as well as by the decay of municipal solid waste landfills.®® Methane’s vast abundance
and sustainability make it an excellent feedstock and source of convertible energy to build several
chemically and industrially important molecules such as methanol, ethylene, ethanol, ethylene
glycol, isopropanol, and propylene glycol, etc.®!

Due to the growing demand, methanol came to the forefront of extensively produced
chemicals worldwide due to its scientific and industrial importance.> 3 About 110 million metric
tons are produced worldwide, 40% of which is converted to fuel.** Historically, it is produced by
distillation of burning wood but with low capacity. However, it can also be produced at industrial
levels from both CH4 and CO», raising the economic importance of these molecules and providing
a solution to mitigate their negative environmental impact. Methanol economy gained its solid
ground owing to its unique chemical, physical, and safety properties. Firstly, it is less volatile and
flammable compared to gasoline. Secondly, methanol vapor is only marginally denser than air
which accounts for its low combustibility and thus its high safety profile. Lastly, methanol ignites
about 25% faster than gasoline but releases heat at 1/8 the rate of that of gasoline. To sum up, the
above-mentioned properties make methanol hard to ignite compared to gasoline causing less

damage when burned and safer to transport and store compared to gaseous CH4.%
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In essence, direct, and selective conversion of CH4 in MTM pathway is contingent upon
developing a highly selective catalyst that ensures a high conversion to methanol with minimal
side products. However, activating CHs is a high-stakes challenge owing to its inertness as a
closed-shell molecule. Both methane’s ionization and C-H dissociation energies 3°°% entail a high
oxidation energy requirement. Moreover, its oxidation to methanol is both an intricate and highly
sensitive process concerning its stoichiometric ratio with O that demands a high level of thermal
control to avoid combustion.®’ In addition to thermodynamic difficulty, selectivity is yet another
obstacle that needs to be addressed for the MTM pathway to be practical. Thus, MTM imposes a
challenge for scientists and environmentalists and represents a promising pathway among other

sustainable energy methods.

2.2. Current MTM status and previous work

Industrially, CHa s transformed to methanol through a costly and endothermic centralized
process where natural gas is steamed and passed over a catalyst in a steam reformer producing
syngas initially. The latter (a mixture of Hz and CO) is passed over a catalyst producing methanol .3’
Thermodynamically, producing methanol via the syngas pathway entails as much as +27.6

kcal/mol of steam energy as shown in figure 2.1.

indirect
CHy(g) + HO(g) — > CO(g) +3H; (g)

AH°=+49.3kcalmol™!
CO(g) + 2Hy(g) —— CH;0H(g)
AH°=-21.7kcalmol™!
overall AH°=+27.6kcalmol™!

direct
CHy(@) +1205(g) — CH;0H(g)
AH°=-30.7kcalmol™!

Figure 2.1. Reaction enthalpies for the direct and indirect CH4to CH3OH conversion.
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Moreover, both the hazardous shuttling of CH4 to the main syngas production plant and the low
cost of other energy alternatives including crude oil represent barriers confronting methane
utilization and commercialization. A comprehensive detailed study on syngas history and
production is discussed in a review paper.3! At the laboratory level, several experimentalists have
reported a single-step methanol synthesis using different TM with homogenous and heterogenous
catalysis. However, the low conversion yield and promiscuous selectivity are hampering further
development of these catalysts.> 844 On the other hand, any attempts to enhance methanol yield
will be at the expense of catalyst selectivity.*® Biological enzymes such as methane
monooxygenase can also convert CH4 to methanol using their catalytic binding pockets. Another
work*® reported that methanotrophic bacteria can undertake MTM reactions utilizing redox active
copper or iron centers based on bacterial subtypes; however, factors like scalability, genetic
engineering intricacy, limited rate of conversion as well as a co-enzyme requirements are hindering
the commercialization of this method.*” Concurrently, research spearheaded by Chan et al.
developed a selective and efficient molecular tri-copper cluster catalyst with different ligands
inspired by the monooxygenase enzyme catalytic binding pocket.*® However, its success is
challenged by technical difficulties pertaining to experimental design which requires continuous
removal of (CHsOH/H20) and continuous supply of oxidant (H202/H20) in the reactor.*® On the
other hand, metal oxides are a common family of catalysts with unique properties that catalyze
several important reactions, particularly oxidation (selective and total), acid-base reactions, de-
pollution, and biomass conversion.® The fact that oxide surfaces are covered by oxide O anions,
as their size is much larger than that of M" cations, adds a nucleophilic character to the catalyst
and possibly improves catalyst reactivity and selectivity compared to atomic catalysts. The

pronounced catalytic efficiencies of metal oxides have stimulated further research to be used in

27



homogenous catalysis. One tangible advantage of metal oxides is overcoming the endothermic
nature of oxidative addition of methane with bare TM metal ions M* (M= Ti, V, Co, Fe, Nb, Rh,
Sc, Y, La, Lu, Ni, Zn, and U).* & 4951 However, cases where the bare TMs (M*) are electronically
excited such as (Ti*, Cr*) or the kinetic excitation energy is compensating for the oxidative addition
energy cost, are exceptions, and makes those bare TMs superior to their TM oxides counterparts
in terms of catalytic power.*

One of the nascent attempts to explore the role negatively charged TM atoms play in the
MTM pathway was published by Msezane et al. where anionic gold (Au~) was theoretically studied
using dispersion-corrected DFT.> In a different work, the authors extended their previous study
to include atomic Y Ru;; At; In;, Pd; Ag;, Pt-, and Os- % Although their work involved mainly
DFT and thermodynamics calculations, the authors have shown that anionic catalysts may make a
significant contribution to reducing the energy requirements for the MTM pathway, especially in
stabilizing the transition states. The first systematic experimental investigation of the Pt~ potential
in C-H activation belongs to Bowen et al.>* Bowen’s work has provided valuable insight into the
mechanism underlying C-H activation by Pt~ and casts doubt on the previously accepted
inadequacy of Pt~ in methane activation.®® His work is the first experimental evidence of Pt
capability of activating CH4 molecule proven by mass spectroscopy data as well as computational

study.>

2.3. Computational details

Quantum calculations were carried out using Gaussian 16 and MOLPRO packages.?% ¢
Initially, we investigated the wave function stability of all intermediate and transition states by
applying the stable=opt option in Gaussian; the obtained wave function was used as a reference

for subsequent geometry optimizations of intermediates and transition states (TS) which were
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obtained with DFT methods using the Minnesota hybrid exchange-correlation functional
(MN15).>" Real and imaginary frequencies were obtained to confirm that local minima (stationary
points) or 1% order saddle points (transition states) were reached. The correlation consistent
polarized valence triple zeta basis set augmented with diffuse functions aug-cc-pVTZ® %° was
used for all atoms. These diffuse functions are essential for the accurate description of the chemical
properties of anions, which is particularly important in our studied systems. To account for Pt
relativistic effect, the Stuttgart relativistic effective core pseudo-potential (ECP) was utilized to
represent the 60 inner electrons of Pt atom (1s? through 4d'%) and 28 inner electrons of Pd atom

(1s? through 4d®).%°

In the cases of negatively charged ions, the calculations of correlation energy are generally
more demanding than in cations or neutral atoms due to more efficient screening of the nucleus by
electrons. Thus, it is of paramount importance to consider accurately the electron correlation
effects in such systems. In fact, the stability of a negative ion depends on how competitively the

extra electron experiences the attractive force from the nucleus against other electrons.5*

To this end, we performed complete active space self-consistent field (CASSCF) single-
point energy calculations for these structures to assess the multireference nature of wave function.
For Ni, Pd; and Pt;, the doublet and quartet spin states are all having a high single-reference
character. The dominant configuration has a coefficient of 0.85 or larger. For these singly
referenced systems we performed restricted coupled cluster calculations with single, double, and
perturbative triple electron replacements, RCCSD(T).}" 82 Previous work done by our group
showed that single point CCSD(T) energy using the MN15 optimized geometries are quite accurate
for single-reference nature systems.!' In the case of iron quartet spin structures, we further

performed internally contracted multireference configuration interaction (MRCI)% with single and
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double electron replacements of active electrons of the CASSCF wave function to the virtual
orbital space to assess their multireference nature. The quartet RCCSD(T) energies of iron were
obtained through a combination of RCCSD(T) of the sextet and MRCI of the quartet-sextet energy

splitting through the following formula:

3 5 3 5
E |qRCCSD(T); S = E] =E [RCCSD(T); S = E] +E [MRCI; S= E] —E [MRCI;S = E]

(2.1)

Here, qRCCSD(T) is the quasi-RCCSD(T) energy of the quartet spins state of Fe, and E(X)
is the total electronic energy. The validity of this approach lies in the single-reference nature of
the high-spin S =5/2 wave function (ferromagnetic coupling of the electronic spins). The active
space selection for both MRCI and CASSCF calculations was based on valence orbitals actively
participating in the chemical reaction studied. However, non-participating orbitals such as C-H

bonds and 2s of oxygen were closed (frozen) to reduce the computational cost of calculations.

Another important factor, especially for 2" and 3" row TMs, is the Spin-Orbit (SO)
coupling. SO calculations at the MRCI level were done for Pt-containing compounds through
diagonalization of the Breit- Pauli Hamiltonian ion based on their lowest energy CASSCF wave

functions.®*

2.3.1. Multi-reference calculation details for assessing the reference state of metal oxides
All calculations were performed using MOLPRO 2015.1 software package® and the Cav

point group symmetry was assigned to all structures of studied metal oxides. The molecular
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orbitals were optimized at the state-averaged complete active space self-consistent field (CASSCF)
level. The active space for PtO™ and PtO™ consists of 15 electrons allocated as follows: 4 in Ay, 2
in By, 2in B2, and 1 in A orbitals, which correspond to 5s and 4d atomic orbitals of metal and 2p
of oxygen at large M-O distances (we closed 1s of oxygen). We expanded the active space to
include three additional orbitals (3p orbitals of oxygen at infinity) resulting in 12 active orbitals
(5A1, 3B3, 3B, 1A2). The inclusion of these orbitals was necessary to obtain better electron
affinities, better convergence, and smoother PECs. For NiO~ and FeO™, the active space consists
of 15 electrons/ NiO~and 13 electrons/FeO~allocated as follows: 4 in A1, 2in B, 2in Bz, and 1 in

A orbitals.

2.4. Metal oxide electronic structure and relevance to methane activation

It is well known that transition metal oxides exist in two electronically equivalent forms;
TM-oxyl (M™0O™) and TM-oxo (M™Y*0%) species.®® 67 Factors such as the nature of metal, the
valence of the metal core, and the first coordination sphere can dictate which form is prevalent.
Such distinction is important in determining the reactivity and reaction mechanisms of TM oxides
with CHa. In this regard, the “oxo” form is believed to perform a proton-coupled electron transfer

(PCET) or [2+2] while “oxyl” can perform hydrogen atom transfer (HAT) as shown in figure 2.2
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Figure 2.2. Possible CH4 activation mechanisms by metal oxide.

Experimentally, an oxyl form, for example, can be confirmed with EPR and IR methods
that show a low valency of the metal center.®” However, to understand the relative stability of these
two forms, we compare the energies of the complex (i.e. metal oxide molecules) with the reactants
MO+ + 02" and M™D* + O, The latter is always lower in energy and their separation is
determined by the ionization energy (IE) of the metal (M®™*Y* to M(™2*), The 0% ion is unstable
with respect to O~ (negative electron affinity, Eea).®® The energy required to go from the oxyl to
the oxo fragments, |E— Eca (Eea < 0), is proportional to the square of the metallic charge, as can be
observed by the experimental values®, and inferred by the hydrogenic model.®® It follows that the
oxo form will dominate whenever the oxidation state of the metal permits, due to oxo's relative
stability compared to oxyl. Otherwise, the oxyl form will win over the oxo, especially when
progressing toward late transition metals, where the occupancy of m-antibonding metal d orbitals

increases and metal-oxo bonds become weaker and more reactive. In fact, metal oxo species are
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scarcely reported in the literature beyond group 8 unless they exist in special coordination
geometries such as square-pyramidal, trigonal-pyramidal, and, importantly, square-planar.’® This
type of behavior has been so far identified as the “oxo-wall” phenomenon.®® ™ 72 This has been
confirmed computationally by our group recently.” The oxyl character of M-O implies an
elongation of the M-O bond and the presence of high spin density on the oxygen atom which can

also be confirmed computationally.

From a different angle, since the methane C-H bond is considerably strong (pKa =46), it
requires a strong base (the oxygen of metal oxide) to be extracted. This suggests that metal-oxygen
bond dissociation energy can be a major factor in methane activation. This was supported by our
recent publication where the acidity of the metal hydroxides of (NiO~, PdO™, PtO") is reversely

correlated with the activation barrier of methane.'!

2.5. MTM mediation with cationic vs. anionic TMs

To highlight the distinctions between metal oxide cations and anions in terms of their
selectivity towards methanol production, we compared the energy requirements for both methanol
and other hydrogenated products for cationic, neutral, and anionic metal oxides. Experimental
research on the MO* + CHy reaction in the gas phase has been done for M = Ni, Pd, and Pt.”*
Three distinct reaction pathways have been reported: M* + CHsOH, MCH: + H,0, MOCH: + H;
(M = Pd), and MH;* + OCH2 (M = Pt) were observed. Table 2.1 contains the relative energy for
the three product types and the three metals. Our numerical values for Ni and Pd differ significantly
(20-30 kcal/mol in some situations) from those of reference ™ ,but the relative energies of the
various products are consistent. There was no energetics for Pt in reference " reported. The major
reaction products are M* + CH3OH due to the high activation barriers for the oxidation of methanol

to formaldehyde (CH20) on the M* center, even though MOCH," + H, for M = Ni and Pd are the
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lowest energy products.” In contrast, PtO* allows for the 98% yield of the lowest energy PtCH,*
+ H,0 products (see Table 2.1). The selective oxidation of methane to methanol turns out to be
extremely poorly mediated by PtO* (0% yield; see Table 2.1). Compared to PtCH,* + H20, the
production channel for methanol is 36.9 kcal/mol more endothermic. The two channels PtCH» +
H>0 and Pt + CH3OH become almost isoenergetic when PtO™ is used (see Table 2.1). Spin-orbit
effects are anticipated to stabilize the latter further due to its large influence in late-transition

metals including Pt™."

Table 2.1. MN15/aug-cc-pVTZ 2 relative energy (kcal/mol) and experimental yields (gas phase reactions at room
temperature) in parenthesis of different products of the NiO*/PdO*/PtO*/ PtO~ + CHj, reaction . Detailed data can be
found in S19 of reference!! (attached to this dissertation).

Products M = Ni* M = Pd*© M = Pt* M =Pt~
M + CH3OH 17.7 15.1 36.9 0.1
(100 %) (78 %) (0 %)
MCH: + 39.8 22.3 0.0 0.0
H20 (0 %) (0 %) (98%)
MOCH: + 0.0 0.0 9.34 33.8
Ho (0 %) (15 %) (2 %)

@ The aug-cc-pVTZ-PP basis set is used for Pt and Pd (see section 2.3).
b Exact electronic energies are given in S19 of reference 11.

¢ 7 % for Pd was unreactive and collected as a MO*(CH.) complex.

4 Pt produced PtH,* + CH,0.

Another worthwhile distinction is the energy requirement for the release of methanol from
the metal center. Our MN15 calculations predict an energy difference between Pt" + CH3;OH and
the produced Pt*(CH3sOH) adduct is 60.3 kcal/mol and is higher than the upper limit of the range
calculated theoretically (DFT/B3LYP) for first-row transition metals (31.0—56.8 kcal/mol).”® The

detachment energy of methanol from Pt is only 13.6 kcal/mol, more than four times less than that
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from Pt*. The product (methanol) will be easily removed from the catalytic center in the presence
of a polar solvent, such as water or methanol, enhancing the reaction's selectivity towards the
synthesis of methanol. On the other hand, the C—H activation energy barrier for PtO™ is relatively
high (39.6 kcal/mol), and certainly higher than the 9.4-34.4 kcal/mol range (DFT/B3LYP) for

first-row transition metal oxide cations.’®

Overall, the selectivity of PtO™ is predicted to be higher than PtO™, but the activation of the
C—H bond is less efficient. The wise choice of ligands is expected to reduce the activation barrier

and maintain higher selectivity for the anionic catalytic center.

Concerning the heterogeneous catalytic applicability of anionic catalysts in the MTM
pathway, we hypothesize that the anionic centers will have a shorter methanol residence time at
the catalytic site, avoiding methanol overoxidation and facilitating methanol removal.”” This is
due to the weak charge-dipole interaction of the formed [M™... HOCHs] compared to that of [M™...
HOCHz3]. Additionally, we demonstrated previously!! that the activation energy barriers for
anionic centers in the oxidation step are negligibly small. Since anions are unstable and CH4, N2O
and CHsOH have small or negative electron affinities, the return of the electron to the metal is
certain in this situation. A significant focus must be placed on avoiding compounds with higher
electron affinities for practical applications. Alternately, ligands that raise the metal center's

electron affinity must be used.

2.6. Proposed reaction mechanism of MTM catalyzed by atomic M~
Once the metal oxide is produced, methane activation and conversion are believed to
proceed through three main steps: (a) The oxidation of the metal center by the nitrous oxide (N20)

and subsequent formation of either metal oxide, this found to occur either in a single step or three
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consecutive steps (b) Methane activation step which occurs either via a radical pathway or a
proton-coupled electron transfer (PCET) or [2+2] producing either a hydroxylated metal center
with a free methyl radical or a bound methyl. The former implies the homolytic dissociation of the
CH bond and the latter a heterolytic one, and (c) Methanol product release to regenerate the

catalyst. (Figure 2.3) shows a schematic representation of the overall catalytic reaction.

M- Nzo
CH;OH
3 N2
e
CH, + N,0 M, CH,OH +N,
MO~
M ~.. HOCH,
HOMCH, CH,

MOH ... CH;”

Figure 2.3 Catalytic cycle for the oxidation of CH4 to CH3OH by the anionic metal center (M~) using N2O as an
oxidant.

2.7. Results

2.7.1. DFT calculated reaction geometries and pathway for Pt~ oxidation

Metal oxidation can occur via two different mechanisms: a single-step mechanism via TS;
and a multistep mechanism via TS1a, 1S1s, TS1p, IS1s, and TS1.. The oxygen atom can be
transferred directly from N2O to Pt using TSz. Along the second path, N2O binds to Pt~ with its
nitrogen terminus first, then oxygen binds to Pt", forming a PtNNO ring, and finally, Nz is released
(Figure 2.4). In agreement with our calculations'?, the ground states of both Pt~ and PtO™ (reactant
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and product) have been identified experimentally as doublet states (°D and 2IT)"® "8-%°, Furthermore,
our CASSCF calculations revealed that the ground state spin multiplicity and single-reference
character (one unpaired electron) are preserved across the two mechanisms' structures. As a result,
the RCCSD(T) numerical results should be considered quite accurate. Figure 2.4 part A shows

detailed reaction steps.

Figure 2.5 illustrates the MN15 and CCSD(T) energy landscapes for the two mechanisms.
The contributions of the ZPE (at MN15) and SO (at CASSCF) effects are also considered. All
methods predict that the multi-step mechanism will be more advantageous. The oxidation of Pt is
highly exothermic, according to the MN15 and CCSD(T) energetics, and the energy of the IS and
TS structures for the multi-step is less than the energy of the reactants (Pt + N2O). The transition
state for the single-step mechanism (TS2) has at least 7.4 kcal/mol more energy than the reactants
(MN15). TS1c has the largest energy difference of 3.5 kcal/mol between MN15 and CCSD(T).
The relatively minor differences between CCSD(T) and MN15 support the use of the MN15

functional.
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IS, ' e ©
o
B TS =
6 IS¢
Figure 2.4. MN15 intermediate structures (IS) and transition states (TS) for the reaction’s steps 1-3 with M = Pt".

Part A corresponds to the two possible mechanisms for step 1 connecting 1S; and IS,. Part B relates to steps 2 and 3.
Step 2 goes from 1S; to either 1S, or ISs, and step 3 completes the cycle via TSs and TS and forms 1Se.

Details on geometries including bond lengths and bond angles for all structures are shown

in Figure S1 in appendix 1.
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Figure 2.5. Energy diagram for the oxidation step of the metal center (see eq 1 of figure 2.11) for different
methodologies: DFT/MN15 (blue lines), RCCSD(T) (read lines), ZPE-corrected RCCSD(T) (gray lines), spin—orbit-
corrected RCCSD(T) (green lines). See Figure 2.4 for the notation of all IS and TS structures.

2.7.2. DFT and CCSD(T) Calculated reaction energy landscape for Pt _mediated CHa

oxidation

Once the metal oxide is generated (1S2), it attracts a methane molecule to form 1S3. The
PtO™ oxygen terminus extracts a hydrogen atom from methane using TS3 (see Figure 2.4). The
resulting [PtOH...CHs] " interacting complex (1S4) is extremely unstable, and a slight rotation of
the methyl radical (see the blue curved arrow at 1S4 in Figure 2.4) leads to the formation of the
extremely stable [HOPtCHz]™ (1S5) via TS4. 1S4 can also pass through TS6 (methyl radical attacks
oxygen; see the green arrow at 1S4 in Figure 2.4 part B to produce [Pt... HOCHz3]~, which is also

formed from IS5 via TS5. The energy diagram for the conversion of methane to methanol
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(reactions (2) and (3)) is shown in Figure 2.6 For PtO", the doublet spin multiplicity is still in

effect.

2.7.3. DFT and CCSD(T) Calculated energy landscape for PCET mechanism in Pt™+ CHas

reaction.

The energy landscape for the reactions that transform methane into methanol is shown in
Figure 2.6 For all intermediate and transition states, the Pt doublet spin state offers the lowest
energy path for both computational methods. The energy barrier for hydrogen abstraction is around
40 kcal/mol. With a negligible activation barrier of 0.1 kcal/mol, the conversion of the generated
IS4 to IS5 is nearly barrier-free (TS4). The ultimate 1Se structure, which is 25-30 kcal/mol more
energetic, must overcome a barrier of 80 kcal/mol to develop since ISs is the global minimum of
the energy landscape. As an alternative, 1S4 can pass through an activation energy barrier of only
about 20 kcal/mol and then immediately reach 1Se through TSe. It requires time for 1S6 to release
methanol. The energy range due to the different methods is no more than 5.5 kcal/mol, including

spin-orbit effects.
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Figure 2.6. Energy diagram for the methane functionalization steps for different methodologies: DFT/MN15 (blue
lines), RCCSD(T) (red lines), ZPE-corrected RCCSD(T) (gray lines), and spin—orbit-corrected RCCSD(T) (green
lines). See Figure 2.4 for the notation of all IS and TS structures.

For the MO~ to be practically efficient, the C-H activation energy barrier should

decrease by around 15 kcal/mol, and the production of 1Ss should be avoided. By using the

right ligands, it is possible to get around both bottlenecks. As is the case for positively

charged completely coordinated metal-oxide complexes, the space required for the creation

of 1Ss can be constrained by finishing the metal's first coordination sphere.8!

2.7.4. Pt-mediated methane activation via PCET orbital analysis

We used Natural Orbital analysis®® ® to track the electronic density movement during the

hydrogen atom abstraction process of methane activation. The PtO's related molecular orbitals are

depicted in Figure 2.7. One of the two n"pio Orbitals is the only orbital in the system that is singly

occupied. The other orbital is doubly occupied, as are the two npto orbitals. In addition, the valence
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space of PtO™ contains the following doubly occupied orbitals: a PtO™ bonding molecular orbital,
the 2sO orbital, two Pt orbitals, and one Pt orbital with the 4sPt character (see reference 84 for
information on PdO's equivalent orbitals). When CHj4 reacts with PtO™, the closed-shell PtOH™ is
produced along with a methyl radical. The singly occupied orbital of [CHs...PtOH] is shown in
Figure 2.7. According to the orbitals of PtOH™ (see Figure 2.7), the hydrogen atom is bonded to
PtO- in the following manner: the npio” electrons "attack™ H* (Lewis acid/base binding; see mrio/coH
orbitals of Figure 2.7) and the unpaired electron of H atom couples with the unpaired electron in
the mpto= orbital (see mptox/dx p Orbitals of Figure 2.7), which shifts towards the Pt end. Overall, the
process can be seen as a kind of proton-coupled electron transfer (PCET). To further support this
observation, we plotted the CCSD(T)//MN15 activation energy barrier against the proton affinity
(PA) for the three metal oxides (NiO~, PdO™, PtO") at their doublet spin electronic state as PA =
E[MO7] + E[H"] - E[MOH]. We found that larger PA (381.4, 386.4, 352.8 kcal/mol) corresponds
to smaller activation energy barriers (30.9, 21.7, 44.3 kcal/mol), which suggests that PA can be a

good descriptor for future theoretical investigations.
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Figure 2.7. Molecular orbital contours of PtO~ (top), PtOH™ (middle), and [CHs...PtOH]~ (bottom) involved in the
C-H activation process.

2.7.5. DFT Calculated reaction energy landscape for Pd~ and Ni~ oxidation reactions.

To see the impact of the metal identity on oxidation efficiency, we studied Ni~ and Pd™
oxidation reactions with N2O. Figure 2.8 shows the energy curves for the oxidation of the Ni~
centers with N2O. We also add Pd™ in the same figure for comparison's sake. We also considered
the path of the lowest quartet spin state for Ni~ and Pd~. All three metal oxide anions have a doublet

ground state, which has been experimentally identified as 2I1.”° Our current calculations on PtO~
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and our recent computations on PdO~ confirm that these systems have a doublet ground state.®*
Given that the expected ground state of NiO™ is a =~ at CCSD(T) but a 2IT at MN15, we were led

to explore the whole quartet reaction pathway for Ni~ . See figure 2.8 below:
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Figure 2.8. MN15 energy diagram for the oxidation of Ni~, Pd™, and Pt™ to NiO~, PdO~, and PtO~ by N20O. Blue and

green lines correspond to Ni with doublet and quartet spin multiplicity, respectively, red and purple to Pd with doublet

and quartet spin, and grey to Pt (doublet spin). The CCSD(T) energies of the final products MO~ + N2 (M = Ni, Pd,
Pt) are also shown at the right end of the plot.

Not long ago, Sakellaris and Mavridis highlighted worries regarding the ground state of
NiO~in their earlier high-level theoretical work.2 At the MRCI level, they discovered a “~~ ground

state, but a 2IT at CCSD(T). They expressed reservations about their CCSD(T) results because of
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the rich multi-reference nature of 2IT (their coefficient for the dominant configuration is just 0.44),
and they advocated a X~ ground state as a result. At the same level of theory, we repeated the
calculations and observed less multi-reference character (the largest coefficient is 0.62 and the
next one is -0.32). In addition, our CCSD(T) calculations point to a =~ ground state in harmony
with the MRCI calculations of Sakellaris and Mavridis, but in disagreement with their CCSD(T)
results. Our CCSD(T)/aug-cc-pV5Z energy for the 21T is in absolute agreement with their energy
(—1582.44192 a.u.), but our CCSD(T)/aug-cc-pV5Z energy for “=~ is 1072 a.u. lower than theirs
(—1582.44321 vs. —1582.43324 a.u.). A similar difference is found at the C-CCSD(T) level, where
the 3s23p® electrons of Ni are also correlated (—1582.92327 vs. —1582.91407 a.u.). We believe that
the CCSD(T) energies of Sakellaris and Mavridis correspond to a higher energy >~ state and that
the ground state of NiO™ is *X", as indicated by the previous MRCI and present CCSD(T)

calculations.

Considering both multiplicities in Ni, we show that the excited state of Ni could permit an
extra oxidation pathway facilitated by the excited state of Ni~(*G; 4s23d®4p). This Ni state is above
the ground state, but the NiON2 complex with S=3/2 is lower than S=1/2 and interacts nearly
without a barrier to create NiO~ (*Z7), which is an excited state at MN15 but the ground state at
CCSD(T); see Figure 2.8. The S=3/2 pathway's response mechanism is a one-step process that
passes through TS2 in the previous figure. The reaction mechanism for the S=3/, pathway is a one-
step mechanism running through TS2 (figure 2.8). The Ni~ + N2O reaction (following the three-
step mechanism of Figure 2.8) bears minimal activation barriers of less than 5 kcal/mol along the
S=1/, as well. The activation energy barrier for the S=3/2 pathway for Pd~ is high, and we were
unable to identify this transition state for Pt. Therefore, the S=1/2 potential energy hypersurface is

followed by Pt"and Pd”~. However, because TS2 has less energy than TS1a, Pd™(as opposed to Pt")
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prefers the one-step process for S=1/2 (see Figures 2.8 and 2.4 part A). The activation energy
barrier for Pd™is 10.7 kcal/mol (TS1c-1S1 energy difference). Finally, it can be said that the
oxidation of any of the three metal anions is quite simple (regardless of the mechanism), has low

activation barriers, and is quite exothermic. The order is decreasing as follows: Pt7/Pd/Ni".

Figure 2.9 shows the energy landscape for the MO™+ CHa reaction (M = Ni, Pd, and Pt).
To precisely represent the energy of the doublet and quartet states of NiO,, we employed
CCSD(T)/MN15 energies. For Ni and Pd, the TS4 structure linking 1S4 and 1Ss was not found.
According to the Pt findings, we think that 1S4 is almost a shoulder in the potential energy surface
and that 1S4 "slides" to 1Ss with a small slope (nearly non-existent energy barrier). TS4 is not
represented in 2.9 as a result. In contrast to Ni, whose journey begins with NiO™ + CH4 (S=%/2) and
ends with Ni~ + CH3zOH (S=/,), Pd™ and Pt~ are always in their doublet spin state. Both spin

multiplicities are included in figure 2.9 for both mechanisms of Figure 2.6 (radical and 2+2).
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Figure 2.9. RCCSD(T)//MN15 energy diagram for the MO~ + CH, — M~ + CH3OH reaction (M = Ni, Pd, Pt). Solid

lines correspond to the hydrogen abstraction mechanism and dashed horizontal lines the 2+2 mechanism. Blue/green
colors correspond to the doublet/quartet paths of Ni, and red/grey to the doublet paths of Pd/Pt.

Only for Pd, the MO~ + CHjs reaction is exothermic. For Pt and Ni, the energy of the
products is within 1 kcal/mol of the energy of the reactants. In fact, the MO~ + CH4 component
can be driven by the exothermic nature of the overall N.O + CHs = N2 + CH3OH process. The
energy activation barriers in Pd™are the smallest, whereas those in Pt™are the largest. The activation
energy barriers for Pd™are 22 and 12 kcal/mol, indicating a feasible pathway, in contrast to the
twice as large barriers for Pt and Ni (solid red lines in figure 2.9). The 2+2 mechanism’s CH:MOH
intermediate is the multi-dimension energy surface’s global minimum and is extremely stable with

respect to the final products by at least 33 kcal/mol (in the Pd™ case). As a result, as will be shown
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later in this work, the addition of ligands is required to restrict the available coordination space

and remove it.

As observed in Figure 2.9, Ni~ has a competitive quartet spin channel that, while having a
lower energy at the beginning of the MO~ + CHj4 reaction, abandons its position to the doublet for
both mechanisms to ultimately release a doublet M™. For the radical mechanism, the transition
occurs between IS4 and TSe, while for the 2+2 pathway, it occurs between TSza and 1Ss. The
transition state (TSsa) directly connects MO~ + CH4 and [CHsMOH] ~ (see S3 of reference!*
attached to this dissertation).

In conclusion, Pd ~has the lowest electron affinity yet offers the most promising energy
diagram. Greater electron affinity can further guarantee that the metal will receive its negative
charge back at the conclusion of the catalytic cycle. Therefore, the removal of I1Ss and an increase
in the catalyst's electron affinity should be the goals of the addition of ligands. Also worth noting
is that the energy required to liberate the methanol from the metal anion is in the 10-14 kcal/mol

range and is essentially unaffected by the metal identity.

2.7.6. Alternative MTM reaction pathway for Pt”

We found more possible MTM channels. Up until now, we thought that the activation of
the C-H bond, which is caused by the terminal oxygen atom, came after the oxidation phase (gray
energy diagram in Figure 2.10). Other pathways found involve either initial or post-oxidation
activation of the C-H bond by the metal center (rather than the oxygen terminal). Figure 2.10 shows
the energy plot for these pathways together with the Sl values for the corresponding structures,

energies, and frequencies.
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Figure 2.10. RCCSD(T)//MN15 energy diagrams for several pathways of the Pt~ + CH4 + N2O — Pt~ + CH3;0H +

N, reaction.

Specifically, the red path pertains to the activation of the C-H bond first by Pt", followed

by the oxidation of the metal center forming HM(O)CHs~, where all three active units (H, CHs, O)

are attached to the metal (see inset for IS, of Figure 2.11). The re-combination of these fragments

to form methanol has two alternatives with either CHs (red path) or H (green path) migrating first

to oxygen. The blue path runs through ISy, but the C-H bond splits after the oxidation of the metal

center (IS3 — TS3). The reaction network of Figure 2.10 for a metal M (here M = Pt") is

summarized by the ensuing chemical equations (gray path corresponds to equations (1) + (2) +

(3)):
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Grey path
(IS; = 1S3): M~ + N2O — MO™ + N
(1S4 - TS4 — IS,): MO~ + CH4 — [CHs, MOH] -
[CH3, MOH] - — M~ + CHs;OH
Red path
(ISh = TS, = IS}): M~ + CHs — [HMCHs]
(IS5 —» TS5 — 1S}): [HMCHs]™ + N2O — [HM(O)CHs]™ + N
(IS3 = TS; = ISg): [HM(O)CHs]™ — [HMOCHs]~
(ISg = TSg — ISg): [HMOCH;]™ — [M (HOCHz)]
Blue path
(IS; = TSy, = IS5): M~ + N;0 — MO~ +N;

(IS3 = TS3 = IS,): MO™ + CH; — [HM(O)CHs]™

(IS}, - TS, > ISg): [HM(O)CHs]” — [HOMCH:]

(ISs = TS — IS,): [HOMCHs]” — [M (HOCH3)] -

Figure 2.11. alternative reaction pathways for CH,4 activation
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Regardless of the approach taken, (4) + (5) or (8) + (9), the second step to produce IS4' is
almost barrier-free; see TS,' and TS3'. Observe that at CCSD(T)/MN15 (Figure 2.10), the energy
of TS, is lower than that of the equivalent reactants (IS."), however at the MN15 level, where
completely optimized structures are utilized, it is higher. Another finding is that in reactions (4)
and TS1', the energy barrier for activating the C-H bond from the metal is just 12.3 kcal/mol, in

contrast to 44.3 kcal/mol when oxygen is involved (2). For reactions (2) and (4), the activation



barriers are 21.7 and 30.8 kcal/mol and 15.3 and 33.0 kcal/mol for Pd and Ni, respectively. These
figures indicate that Pd can activate the C-H easier from either site (metal or oxygen).

For practical applications, the metal must first be oxidized before CHa is introduced to the
metal center. This prevents the catalytic center from being blocked from receiving oxygen. Metal
anions are preferable to neutral and cationic metal centers because reaction (4) necessitates a
certain activation energy barrier. For instance, experimental and theoretical studies on the
interactions of Pt and Pt* with CHa revealed that Pt undergoes a barrier-free transition to the
HPtCH; path,®® while Pt* encounters a low barrier of 2.5 kcal/mol %

The reaction barriers to produce coordinated OCHz or OH in [HMOCH3]™ and
[HOMCHs] ™ after IS 4' is generated, are 20.3 and 43.2 kcal/mol respectively (see figures 2.10 and
2.11), while the reaction barriers for the final attachment of CHz or H to make methanol are 80.1
and 38.5 kcal/mol (reactions (6) + (7) or (10) + (11)). From the (1)-(3) gray path, both have
activation barriers that are overall greater (44.3 and 14.8 kcal/mol). However, the catalyst may get
contaminated by the rapid production of IS 4" and 1S 5. When ligands are coordinated, this impact
will be abolished. We carried out a chemical kinetics analysis with the aid of the COPASI
software® to support upcoming gas-phase experiments on the Pt~ + N2O + CHj reaction. The pre-
exponential factor, which is computed as kT/h (k = Boltzmann's constant; h = Planck'’s constant;
T = temperature in K), was used to estimate the reaction rates using the Arrhenius equation.
Various temperature values were used. (See S9 in reference 103 and table 2.3.

Finally, we explored the iron catalytic pathway, which is the most common transition metal
element. We chose iron for other reasons as well. Given that the Ni, Pd, and Pt metals with the
lowest Eca values perform the best and that there may be a relationship between Eca and catalytic

performance, iron can be considered an even stronger possibility due to its low Eea value. Iron
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calculations proved to be extremely difficult, necessitating the adoption of a composite approach
that combines MRCI and CCSD(T) (qCCSD(T); see Section 2.3). It takes vast basis sets and highly
correlated techniques to calculate the Eea for a single iron atom accurately. The experimental Eea
for iron is (0.151 + 0.003) eV.8 While CCSD(T)/aug-cc-pVTZ forecasts an unstable anion (Eea =
- 0.07 eV), our MN15/aug-cc-pVTZ value greatly overestimates the Eea (0.76 €V). The value of
0.05 eV, which is still one-third of the experimental value, is more plausible when the basis set is
increased to aug-cc-pVV5Z CCSD(T).

On the other hand, it is simple to obtain the Eea of FeO. The experimental value of 1.494
0.010 eV is in remarkable agreement with the CCSD(T)/aug-cc-pVTZ and MN15/aug-cc-pVTZ
values of 1.469 and 1.467 eV, respectively.*® % % |n the past, a great deal of research has been
done on the electronic structure of FeO.%? At MRCI, there are three contending states ((6Z*, A,
and “A), and their arrangement is dependent on relativistic effects, sub-valence electron
correlation, and treatment with electron correlation. MN15 predicts a *A ground state X with the
first sextet state ((°T*) being 0.15 eV higher, while experimentally the ground state is X*Azp.
However, CCSD(T)/aug-cc-pVTZ forecasts an entirely different order; the initial quartet state (*A)
is 0.15 eV higher than the ground state, which is a ®~*. When aug-cc-pV5Z is employed, this
difference is reduced to 0.07 eV. The ®A is located between them at the CCSD(T)/aug-cc-pVTZ
and CCSD(T)/aug-cc-pV5Z levels of theory, or 0.08 eV and 0.02 eV, respectively. Given that the
interaction of FeO™ with methane brings these three states even closer together, the issue gets much
more complicated. To provide fair comparisons, we now choose to employ the same methods
(MN15 and CCSD(T)/MN15 with an expanded triple-basis set) as in the Ni, Pd, and Pt species.
Our findings do not accurately compare the relative energies of the sextet and quartet spin routes

since they are often practically degenerate.
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For the high spin case (S=5/2), there is some agreement between the MN15 and
CCSD(T)/MN15 values; however, for the quartet spin multiplicity (S=3/2), there is a significant
difference. The quartet-sextet (*F;*s?3d’/°F;4s23d%4p?) energy splitting for Fe between MN15 and
CCSD is different, and the MN15 energy diagram for S=5/2 is parallel (within 7 kcal/mol) to the
CCSD(T)/MN15 one but separated by roughly 0.7 eV. The S1 in reference!! (attached to this
dissertation), contains comprehensive energy diagrams for both spins and all procedures. The
S=3/2 MN15 and CCSD(T) energy landscapes, on the other hand, are more similar, though their
structural differences are roughly 20 kcal/mol. [FeOH...CH3] is one such structure, where the
S=3/2 is a result of anti-ferromagnetic coupling between the S=2 state of [FeOH]™ and the %A’
state of CHs. The spin contamination is dramatic (larger than 1.0) and suggests the use of multi-
reference approaches in this case. To combine the size-extensivity benefit of CCSD(T) and the
proper description of the quartet state at the MRCI, we used the qCCSD(T) approach described in
eq. 2.1 of Section 2.3. The CCSD(T)//MN15 energies are used for the sextet path and the
qCCSD(T)//IMN15 energies for the quartet path for all structures.

The reaction energies for steps (1) through (3) with M = Fe™ are shown in Figure 2.12. In
this instance, for both the low and high spin instances, we were able to pinpoint transition states
for the radical (hydrogen abstraction; TS3) and 2+2 (proton abstraction; TSza) processes. Insets in
Figure 2.12 depict these structures for the sextet state. An initial comparison with Figures 2.8 and
2.9 shows that the metal center's oxidation is still simple and exothermic. Future research can
therefore concentrate on the metal oxide and methane process. Another finding is that, in contrast
to Ni~, Pt, or Pd", which are either thermoneutral or exothermic, the FeO~ + CHys reaction is

significantly endothermic. This is a result of the stronger iron-oxygen bond in FeO™, therefore the
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metal-oxygen binding energy can be used as an initial criterion for screening efficient catalysts,

and it should not be larger than 50 kcal/mol.

2.7.7. CCSD(T)//IMN15 Calculated reaction energy landscape for Fe™(S = 3/2 and 5/2)
oxidation reactions

Nearly parallel routes for the quartet and sextet overlap at various points (figure 2.12). The
early activation of the C-H bond is the most obvious distinction. Lower energy barriers are clearly
provided by the sextet spin multiplicity, particularly for the [2+2] mechanism. Specifically, TSz,
leads to the global 1Ss (CH3FeOH) minimum and is just 16.7 kcal/mol above FeO™ + CHa. It is
interesting that the radical method demands more energy and needs 29.7 kcal/mol to activate the
C-H bond. The radical mechanism's energy barrier for the recombination of OH and CH3 is 28.3
kcal/mol, while the [2+2] mechanism's activation barrier is 79.6 kcal/mol, making it impossible.
Fe™ is generally not an efficient MTM conversion mediator. Additionally, the Fe~ + CH4 reaction

must overcome 44.4 (S=3/2) and 32.0 (S=5/2) kcal/mol barriers.
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Figure 2.12. RCCSD(T)//MN15 (S=5/2) and qCCSD(T)//MN15 (S=3/2) energy diagrams for the radical and 2+2

mechanisms of the Fe~

+ CH4 + N20 — Fe™ + CH30OH + N2 reaction.

2.8. Conclusion and outlook

A fundamental, high-level computational investigation of the transition metal anion-

mediated conversio

n of methane to methanol is presented in this work. An advantage of anionic

metal centers is that they have little interaction with the methanol that is produced. This means

that methanol can stay close to the catalytic center for shorter periods and there is less chance that

it will be overoxidized. This observation is in line with the idea that methanol should be quickly
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removed from the catalytic center as stated in the literature. Metal anions have the advantage of
creating an activation barrier in their direct reaction with CHa, preventing the formation of stable
CHsMH, which could potentially harm the catalyst. While this work paves the way for future
research, a more in-depth search is required to locate effective catalysts that can be used in

everyday life.

Methanol has a low interaction energy (10-15 kcal/mol) with the negative-charged
metal center that is practically unaffected by the metal's nature. Although there is no direct
correlation between the metal's Eea and the catalytic cycle's energetics, a high Eea value will ensure
that the electron returns to the metal's center at the conclusion of each cycle. The C-H activation
and CHz-OH recombination barriers should be the primary focus of future research, according to
our findings. The metal-oxygen binding energy should be used as an indicator, and it should be
less than 50 kcal/mol. Locating ligands that promote the radical mechanism while maintaining the
metal's negative charge and preventing the formation of CH3MOH units is necessary for actual
applications. In contrast to claims in the literature that the radical mechanism must be avoided for
increased selectivity, it appears that this is less important in anionic systems if methanol is quickly
picked up and removed by the solvent because of the weak metal-methanol attraction. Finally, we
saw a correlation between the activation barrier and the metal oxide's proton affinity when we

presented the radical C-H activation mechanism as a sort of PCET.

The lowest and highest Eea metals (Fe and Pt) presented the largest activation
energy barriers among the four metals used (group 10 metals and iron), and the best performance
was found for Pd. Since the calculations for Fe proved to be quite demanding, we devised a new

method. At the high-level and size-extensive CCSD(T) level, an electronic state with a single
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reference wavefunction—not necessarily the ground state—is identified and studied. For the rest

of the electronic states, the MRCI calculations use this CCSD(T) energy as the reference energy.

Future gas-phase experiments that are comparable to those conducted on cationic species
can benefit from our findings. More metal centers will be screened, and the right ligands will be

found in the next section.

We did not observe any direct relationships between Eea and activation barriers or other
energy variables. Pd™, one of the metals being researched now, had the lowest energy barriers, and
its oxide-form-mediated reaction was the only one that was obviously exothermic. The lowest and
highest Eea atoms, Fe and Pt, were discovered to rest at the opposite extreme. This was particularly
true for Fe", which has a substantial activation barrier and an endothermic [FeO]™ + CHjs route.
The characteristic shared by all metals is that the release of methanol requires just 10 to 15 kcal/mol

and is essentially independent of the metal.

2.9. Impact of ligand addition on catalytic MTM reaction pathway

2.9.1. Background on ligands in organometallic chemistry

The development of ligands in metal catalysts has been a common practice due to its
substantial impact on the stability and reactivity of the metal complexes, especially in the
primary coordination sphere. Most of the TMs studied so far are either neutral or cationic, their
corresponding ligands have been formally classified either as Lewis acids or Lewis bases based
on the way they share their electrons with the metal. Broadly speaking, ligands are classified into
four main classes: (1) A neutral electron pair donor (L: type) such as pyridines and phosphines,
(2) An anionic electron pair donor (X: type) such as halides and alkoxides, (3) Electron pair

acceptor (Lewis’s acid or Z: type) which typically include Lewis acidic elements (B, Al, Ga, In,
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Si, Sn, Sh, etc.), (4) Hydrocarbyl ligand (R: type) such as methyl, phenyl or for substitution for
an organic molecule.®® Metals can make a sigma (o) bond through an overlapping interaction of
orbitals lobes pointing at one another (figure 2.13) or they make a Pi (w) bond with an

unsaturated compound.

o-Type bond T-Type bond
Figure 2.13. Ethylene-Platinum orbitals overlap showing competing © and ¢ bonds. "Reprinted (adapted) with
permission from [Organometallics 2001, 20, 1, 2-6]. Copyright [2001] American Chemical Society".

For the isolated (non-ligated TM) the 5d orbitals are degenerate. The ligand introduction
to the metal sphere can impact the metal binding capability through lifting of d-orbitals
degeneracy. In the case of octahedral (On) geometry, both dx2y2 and dz2 will be destabilized much
higher than those d orbitals located in between axes (dyz, dxz, dxy). Interestingly, several
publications reported a change from oxo to oxyl behavior for late TMs oxides depending on the
ligand used’®. There are two ligands studied in this work for MTM reaction: 4 methyl groups and
biphenyl ligands (Bp). Both of which exist in a see-saw coordination geometry with the metal as

can be seen in figure 2.14.
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Figure 2.14. Optimized geometries of Structures of [Pd(CHs)4]™ (top) and [Pd(Bp).]~ (bottom) catalysts used in the
MTM pathway. Both structures are calculated at MN15/stable=opt//MN15/aug-cc-pVTZ level of theory. Bond lengths
and angles are in angstrom and degree, respectively.

2.9.2. Computational details

All structures were optimized with the DFT method using the MN15 functional.®* The aug-
cc-pVTZ basis set (TZ) is used for H, C, N, O, Ni, and aug-cc-pVTZ-PP for Pd, Pt.%5-10 All
intermediate structures are confirmed to be minima in their potential energy surface (real
frequencies) and all transition states have one imaginary frequency (see S5 of reference!®? attached
to this dissertation). Single point energy calculations are performed at the Coupled Cluster Singles
Doubles and perturbative Triples, CCSD(T),}" %2 with aug-cc-pVDZ (DZ) basis sets. The
unrestricted version for both DFT and CCSD(T) calculations is employed as implemented in
Gaussian 16.%° Finally, CCSD(T)/TZ energies are estimated as E[CCSD(T)/TZ] =

E[CCSD(T)/DZ] + E[MN15/TZ] — E[MN15/DZ].
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2.9.3. Results and discussions

2.9.3.1. [Pd (CHz3)4] -catalyzed MTM pathway/PCET reaction channel under ligand

influence

In figure 2.15 (top), the reactants, transition states, and products for the PCET pathway are
labeled TS1R, 11, and TS1P, respectively. The mechanism is similar to the one reported previously
for the free Pd™ 1 where methane dissociates in a heterolytic manner and involves a concerted
movement of methane proton and an electron to oxygen and metal center, respectively. The TS2R,
12, TS2P and P, correspond to the [2+2] pathway which also occurs similarly to the free Pd~ They
are shown in the middle part of the figure. The methanol release and catalyst and subsequent

oxidation pathway are represented by P, TSOR, TSO, and TSOP in the bottom part of figure 2.15.

(TSOP) (TSO) (TSOR)
Figure 2.15. Structures of all intermediates and transition states for the CH4 + N2O — CH3OH + N, reaction facilitated
by [PdO (CHs)4] ~. The PCET/ [2+2] mechanisms are shown in the top/middle lines, while the bottom line corresponds
to the oxidation step.

The overall energy diagram for PCET and [2+2] channels is demonstrated in figure 2.16.
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Figure 2.16. MN15/TZ potential energy diagram for the CH4 + NoO — CH3OH + N reaction facilitated by [PdO
(CH3)4]™. The structures for both PCET and [2+2] are shown in figure 2.15.

2.9.3.2. Activation energy barrier for PCET and [2+2] for PdO~(CHs)4 catalyzed reactions
The activation energies of TSs and interacting complexes in kcal/mol are listed in Table

2.2

61



Table 2.2. Activation energy barriers for the Ni, Pd, and Pt species with methyl or biphenyl (Bp) ligands.

Method FE,(IR)’ FE(P)’ EQR® FEQP)’  Ei’ Fox’
[M] = Pd(CHs)4
MNI15/DZ 17.4 164 235 229 13.3 23
MNI15/TZ 18.2 17 26.3 233 12.3 4
CCSD(TY/
@ 16.7 18.1 254 24.3 12 2
DZ
CCSD(T)/
@ 17.5 18.7 28.1 24.7 11 0.2
TZ
[M] = Ni(CHs)4
MNI15/TZ 214 17.6 30.7 16.7 13.6 10.7
[M] = Pt(CHs)4
MNI15/TZ 21.9 20.7 28.4 36.8 12.3 0.4
[M] = Pd(Bp):
MNI15/TZ 19.3 16.9 28.5 20.3 12 7.6
2 Calculated as the energy difference between TS1R and R (see Figure 2.15).
b Same as a footnote a but TS1P and I1. ¢ Same as footnote [a] but TS2R and R.
d Same as a footnote a but TS2P and 2. ¢ Same as a footnote a but P and [M] + CH3;0OH.

f Same as a footnote a but TSOR and TSO.

Except for Ea(2R), which fluctuates by 5 kcal/mol from MN15/DZ to CCSD(T)/TZ and
corresponds to the first step of the [2+2] route (R > TS2R), the activation barriers fluctuate within
2.5 kcal/mol for the various levels of theory. The system is not anticipated to pass this barrier
because it is the highest one. The barriers are raised by using bigger basis sets and adding electron
correlation effects through CCSD(T), but the energy required to liberate methanol from the
catalytic center is unaffected. Since the difference between our best results, CCSD(T)/TZ, and
MN15/TZ is less than 2.0 kcal/mol, MN15/TZ is believed to be fairly accurate and less

computationally expensive than other catalytic models.
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2.9.3.3. Activation energy barrier for PCET and [2+2] for [PdO(Bp)2] catalyzed reactions
The bottom part of Table 2.2 lists the activation energy data for the Pd~ with biphenyl (Bp)
ligands; Since biphenyl is a relatively non-reactive ligand and is employed often in
organic/organometallic catalysis, it is chosen as the more practical ligand.x*w¢ The patterns hold
across all four systems: The lowest barriers are of the 20 kcal mol™ order (16.9-21.9 kcal mol™?)
and are seen for the PCET mechanism, Ea(1R)/Ea(1P). The second (CH3-OH recombination) stage
exhibits a wide range of values (16.7-36.8 kcal mol™?), but the [2+2] process demands a significant
CH activation barrier, E4(2R), ranging from 28.1 to 30.7 kcal mol™*. The interaction energy
between [M]™ and CHsOH is rather independent of the metal center or ligands (12.0-13.6
kcal/mol). Finally looking at the energy diagrams in Figure 2.14, it is obvious that the
[CH3[M]OH] intermediate is no longer the very stable intermediate observed in the base of bare
metals! (except for M = [(CH3)4Pt]"). In addition, the oxidation step is nearly barrier-free
(activation energies smaller than 11 kcal/mol) closing readily the catalytic cycle (see Figures 2.14
and 2.15). However, this should be considered an upper limit since there is an alternative

mechanism found earlier with even smaller barriers.!

2.9.3.4. Impact of ligand addition on Eea of anionic center

Ligand addition improved the Ee, of best-performing metals (PdO™). Our calculation shows
[Ni(CHa)4], [Pd(CH3)4] ", and [Pt(CH3)4]™ have vertical Eea values at CCSD(T)/DZ (MN15/TZ) of
2.65 (2.96), 2.28 (2.56), and 2.35 (2.56 ) eV, respectively (energy difference between anionic and
neutral species at the geometry of the anion). The disparity between MN15/TZ and CCSD(T)/DZ
may be attributed to the technique, not the basis set, according to the MN15/DZ value for
[Pd(CHs3)4]7, which is 2.58 eV. The vertical Eea value for [(Bp)2Pd] is 3.33 eV at MN15/DZ, which

is 0.3 eV greater than [(CHz)4Pd]™ and should be overestimated. These numbers all exceed the Eea
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of platinum, which has one of the highest Ee. of any metal (experimentally 2.128 eV).1%
Additionally, compared to bare metals, Eea is essentially independent of the metal (1.156/1.04 eV

for Ni, 0.562/0.39 eV for Pd, and 2.128/2.02 eV for Pt experimentally/CCSD(T)/DZ).

2.9.3.5. Natural Orbital Analysis (NO) of MO~ (CHz3)4

The neutral form of Pd, Pt, Ni, and Fe are always closed-shell singlets, while their anions
always have a doublet spin multiplicity with one unpaired electron on the metal. According to the
Natural Population Analysis®® 1% the unpaired electron in Figure 2.17 suggests that the extra
electron is mostly shared by the Pd atom and two methyl groups. These two methyl units have an
initial positive charge of (+0.16) and are given 0.36 electrons, whereas the metal has an initial
positive charge of (+0.41) and is given 0.15 electrons. Only 0.06 e is added to the other two methyl
groups, which already have a charge of 0.37. In conclusion, [Pd (CH3)4]™ has charges of +0.26 for
Pd and —(0.19/0.43) for the two distinct methyl groups. The metallic charge on Pd remains almost
unchanged when oxygen bonds to it (+0.27), while 0.14 electrons from each methyl group go to
the oxygen center, which has a charge of 0.55. This is a sign of the cooperation between the metal

and the ligands, where the ligands serve as an electron bank throughout the reaction.
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Figure 2.17. Natural orbital (NO) analysis of doublet [Pd(CHs)4]™ and [PdO(CHs)4]~ showing the spin density of the
singly occupied orbital localized mainly on metal and the two bent methyl groups.

2.9.3.6. Reaction rate constant prediction from DFT free energies
The free energy diagrams at 298.15 K and 1.0 atm pressure were considered. The harmonic

approximation, as implemented in Gaussian.*'°

, yields free energy. Methanol may be quickly
removed from the catalytic center without being overoxidized since the entropic factor reduces the
energy required for its release to less than 2.0 kcal/mol.

We carried out a kinetic study to assess the performance of the chosen catalysts, pinpoint

the predominant reaction pathway, and determine the rate-determining step. For each of the five

reaction stages, we estimated the forward and reverse rate constants based on the formula below

9,111, 112.

¥
- () e @

where kg, T, p, h, AG?, and R are Boltzmann’s constant, temperature, pressure, Planck’s constant,
free energy activation barrier, and the universal gas constant, respectively (n = 0/1 for

first/second order reaction steps).
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The calculated k values utilized in the kinetics investigations are shown in Table 2.3. To
solve the differential equations for the corresponding chemical kinetics equations, we used the
COPASI program and took into account a 10% catalyst.e2 We evaluate the catalytic effectiveness
using the half-life time (t1,2) required to produce 50% of CH3OH. To calculate the cycle's turn-
over frequency (TOF) and energetic span (E), we also used the energetic span modele 11, Since
the PCET mechanism dominates exclusively in the COPASI work, we consider the PCET energy

landscape for the energetic span model.
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Table 2.3. Rate constants (k) for the reaction steps of Figure 2.15, and t12, TOF, AE for the overall catalytic cycle
employing [M]O™ as catalysts. The notation 1.11E+11 means 1.11x10*%, Initial concentrations for CH., N,O and
Catalyst ([M] ") are 1 M, 1M and 0.1 M respectively.

Reaction step [Ni(CHs)]  [Pd(CH3)s]  [Pt(CHa)s] [Pd(Bp).]
[M]JO™ +CH, — 11 3.16E+01 2.68E+02 2.26E-01 2.81E+02
I1 — [M]JO +CH, 4.15E+01 1.51E+01 9.22E+01 5.49E+00
11 — [M] + CH;OH 4.78E-03 1.28E-02 2.27E-05 1.39E-01
[M]” + CH,OH — 11 5.41E-28 4.07E-24 9.92E-22 5.40E-20
[M]JO™ +CH, —I2 3.66E-09 8.05E-05 2.89E-07 2.40E-06
2 — [M]JO +CH, 1.04E-06 1.75E-08 7.25E-11 2.11E-10
2 — [M] + CH;OH 2.15E+01 4.62E-05 4.49E-13 1.44E-02
[M] + CH;0H — 12 4.70E-26 4.43E-24 3.04E-23 6.22E-20
[M] +N,O — [M]JO +N,  9.79E+01 1.08E+06 5.56E+09 2.44E+06
[M]O +N,— [M] +N,O  6.57E-13 6.44E-11 5.12E-16 3.02E-13
tip /S 3077 419 Undefined” 375

TOF /s 1.40E-04 5.40E-03 2.30E-09 9.30E-02
AE / keal/mol 22.7 20.2 29.2 18.6

2 The reaction does not proceed beyond the first step (CH activation).
Rate constants (k) are in s unit.

Our calculations support that the PCET mechanism (through 11) is faster and the primary
route to the products, and that the CH activation phase, [M]O™ + CH4 11, invariably determines
the rate (has the lowest rate constant and it is the rate-determining step), and that the oxygen reloads
of the metal minimally contributes to the total rate. The initial reactants, [M]JO~ + CHg, are
predicted to be the TOF-determining intermediate (TDI) and TS1P is predicted to be the TOF-
determining transition state (TDTS) via the energic span model (see Figure S11 in reference!®?).
This suggests that future research should consider both phases (R =>11 - P).

By contrasting the various systems, we observe that M = [Pd(Bp)2]” has the lowest ti/,
lowest AE, and highest TOF. The performance of M = [Ni(CHs)s]~ and [Pd(CH3)4]” is also

excellent, in contrast to M = [Pt (CHs)4]” , whose high barriers prevent the reaction from being
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completed. The [(Bp)2PdO]" looks to be a good catalyst given our anticipated AE = 18.6 kcal/mol
for M = [(Bp)Pd] and the precision of our electronic structure approaches (2 kcal/mol).
Additionally, given the change in AE from four methyl ligands to two Bp ligands (18.6 to 22.7
kcal/mol), the ligands appear to offer some flexibility. Although Pd~appears to be the most
advantageous choice, the performance of Ni~ (as opposed to Pt™) can be further refined by suitable
ligands and result in a low-cost alternative. We also did computations for M = [Fe(CHz)4]~ in this
way. Our MN15/TZ data show that Fe, which has high activation barriers, performs relatively
poorly. The identical patterns were discovered for "bare” FeO.:* The approach of concentrating
initially on pure oxides and subsequently adding methyl-type ligands for practical applications is

supported by these tendencies.

2.10.Conclusion and final remarks

We demonstrate that the activation barriers for the conversion of methane to methanol may
be reduced when metal oxide anionic units are complexed with the appropriate ligands. Adding
the methyl-type ligands raises the metal center's attraction for electrons, stabilizing the metal's
negative charge besides altering the metal center vacant sites available for substrate binding, thus
favoring one reaction mechanism over the other such as following PCET and eliminating the [2+2]
stable intermediate that was inhibiting the catalytic cycle in case of bare TMs. Our kinetic study
demonstrates the [(Bp)2PdO] has a strong potential to be an MTM catalyst. Finally, we found that
the performance was highly both metal and ligand-dependent, but the ligand addition has a strong

influence on the catalytic efficiency of poor-performing metals such as Ni~.”
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3. CHAPTER 3: TM-Catalyzed Carbon Dioxide Reactions with Unsaturated
Alkanes

3.1. Significance and Background

Carbon Dioxide (COy) is an essential component of photosynthesis, and keeping a delicate
balance between the levels produced and consumed is crucial to the survival of our planet. Sadly,
aberrant human activity has recently caused its atmospheric levels to exhaust the geosphere's
buffering capacity. Beside its direct impact on environmental warming, the economic potential of
COs: as a freely available and sustainable raw material for fine chemicals has sparked several
efforts worldwide to study various routes of its transformations. CO2 can be catalytically converted
into a variety of valuable chemicals such as CO, CH4, and C2Ha. Given the fact that CO. carbon is
at the highest oxidation state, the only way to activate it is through reduction. Several promising
catalysts have been developed that can facilitate the CO- reaction with hydrogen gas using different
polyamines to capture CO, and a molecular ruthenium catalyst to produce methanol. 1311° The
shortcoming of this method is the high energy cost required for CO2 hydrogenation and amine
decomposition-degradation. Prakash has also explored the use of solid adsorbents such as CaO,

MgO, and hydrotalcite which are functional at high temperatures.

Alternatively, in a different approach, basic sorbents such as Ca(OH)2, KOH, and NaOH
were also utilized; however, they all require high temperatures to be regenerated which makes the
whole process impractical.}'® The negatively charged TMs efficiency in activating CO> has been
reported by Bowen et al. 7-11° Bowen’s work has shown not only that Pt can efficiently activate
CO2 but also it forms a chemisorbed species (Pt™ covalently bound to CO>) that is intriguingly
stable. Furthermore, Bowen’s work represents the first systematic experimental work showing the
efficacy of negatively charged TMs such as Ni~ , Pd™, Cu™ , and Ag™ in CO- activation confirmed

by high stable peak in mass spectroscopy and further confirmed by computational study.>* 117 118
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Such efficiencies have been further confirmed for carbon monoxide catalytic conversion by Pt
clusters.*?® Similarly, Weber et al. have reported that Sn~, Mn™, and Fe~ can activate CO;
efficiently.'?! 22 The benefit of using anionic metal centers in CO conversion reactions is having
a single step of CO> capture and conversion by TMs owing to their extra electron that can migrate
to CO. via C atom and activate the molecule. Utilizing CO; as a synthon to produce more
chemically useful entities usually involves either C-C or C-O catalytically driven bond formations.
123125 In a process known as carboxylation, CO, can react catalytically with a variety of
hydrocarbons, specifically unsaturated ones, transforming CO; into a variety of chemicals like
lactones and acrylic acid.'?51?° Several reactions have been published in the past reporting five-
membered metalo-rings produced from zero-valent nickel (Ni°) or zero-valent palladium (Pd°) as
well as co-oligomerization of 1,3-dienes with CO», which proceeds via a bis-r-allyl intermediate.®”
130135 To our knowledge, there is scarce computational data available on the energetics, geometries
of intermediates and transition states that lead to delta lactone (3-lactones) production from the
readily available ethene. In this chapter, we have investigated the catalytic potential of the
following TMs: Pt Pd™, and Ni~ on the CO> carboxylation reaction using ethene substrate. Both

free and ligated forms of these metals were studied using the DFT method.

3.2. Computational details

All DFT calculations were performed in gas phase using Gaussian 16 software 25 110
Equilibrium structures were obtained by geometry optimization using MN15 functional®” and
LANL2DZ pseudopotential basis set?® that was applied to the metal, carbon, hydrogen, and oxygen
atoms. The optimized structures were used to perform a single point energy calculation using
MN15 and augmented correlation consistent polarized valence triple zeta basis sets (aug-cc-PvTZ)

that were applied for C, H, and O atoms, while aug-cc-PVTZ-PP was used for TMs. Harmonic
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vibrational frequency calculations were employed to confirm the structures were properly
optimized. Intrinsic reaction coordinate (IRC)® was used to confirm the direct connection

between each transition state and its reactants and products.

3.3. Proposed catalytic cycle of 6-lactone formation.

The initial step is the CO> capture and activation by anionic TM, followed by CO: insertion
between coordinated ethylene and the metal leading to two types of metal rings depending on
whether a C-C or C-O coupling reactions take place, represented by TS1 and TS2 in Figure 3.1.
Subsequently, another ethylene molecule will coordinate to the metal center, and subsequent
seven-membered metal ring formation will occur via TS3, TS4, TS5, and TS6 depending on the
point of attack of the second ethylene. The final step is the metal release and d-lactone formation
via TS7, TS8, and TS9. We have investigated all possible routes leading to the product formation
using DFT-calculated energy profiles as shown in Figure 3.2. Considering all different
combinations of transition states that can lead to the 3-lactone, a total of four pathways has been
proposed as follows: (1) Pathway A: via TS1->TS5->TS9, Pathway B: via TS1>TS6>TS8,
pathway C: via TS2->TS3->TS7, and Pathway D: via TS2->TS4->TS8. In this chapter, we
elucidate the mechanism of C-C and C-O couplings and metal release and lactone formation

mediated by atomic and ligated TMs.
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Figure 3.1. Different routes leading to lactone formation from CO; and two ethylene molecules. M= Pt Pd™ Ni~in
free and ligand-complexed forms.

3.4. Results

3.4.1. Atomic Pt catalyzed carboxylation with ethylene

Pathway A: TS12TS52TS9

The elementary reaction steps for CO2 conversion into lactone are shown in Figure 3.2.
The reaction begins with CO> capturing and coordination to Pt™ and subsequent first ethylene
molecule coordination. The first C-C coupling occurs between ethylene and CO, via TS1
producing a five-membered metal ring with an energy requirement of 48.4 kcal/mol. A second
ethylene will coordinate and C-C couples with the existing ethylene via TS5 producing a seven-

membered metal ring that will ultimately undergo a C-O coupling that results in free metal release
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and o6-lactone production. The energy barriers are 44.0 and 71.8 kcal/mol for TS5 and TS9,

respectively.

20| Pt+CO,+2(ethylene)

&2
<o, Pt +Lactone
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Figure 3.2. Free energy profile for Pt-mediated C-C coupling (TS1 & TS5) and lactone formation (TS9). Energies
are relative to the reactants.

Pathway B: TS12TS62>TS8

In this path, a C-O coupling occurs between CO> and second ethylene via TS6 to make a
seven-membered metal ring with an energy barrier of 48.4 kcal/mol followed by a C-O coupling
to release the metal with an energy barrier of 48.8 kcal/mol. The energy diagram is shown in Figure

3.3.
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Figure 3.3. Free energy profile for the Pt-mediated C-C coupling (TS1), C-O coupling (TS6), and lactone formation
(TS9). Energies are relative to the reactants.

Pathway C: TS2 2TS32>TS7

In this path, TS2 involves a C-O coupling between CO; and ethylene and confers a five-
membered metal ring with an energy barrier of 18.3 kcal/mol. TS3 is the C-C coupling between
two ethylene molecules making a seven-membered metal ring, while TS7 is the C-C coupling of
CO- carbon and ethylene carbon. Barriers for TS3 and TS7 are 48.6 and 20.4 kcal/mol, respectively

(Figure 3.4)
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Figure 3.4. Free energy profile for the Pt"-mediated C-C coupling (TS3) and C-O coupling (TS2) and lactone
formation (TS7). Energies are relative to the reactants.

Pathway D: TS2 2TS42>TS8

The reaction pathway follows TS4 which represents a C-C coupling between the second
ethylene and CO> with an energy requirement of 47.0 kcal/mol followed by TS8 which involves a

C-C coupling between two ethylenes to release the metal and produces the lactone with an energy

requirement of 33.1 kcal/mol.
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Figure 3.5. Free energy profile for the Pt-mediated C-O coupling (TS2), C-C coupling (TS4), and lactone
formation (TS8). Energies are relative to the reactants.
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3.5. Discussion

3.5.1. Platinum-mediated five-membered metalolactone formation (TS1/TS2)

The oxidative coupling between ethylene and CO: is a well-established procedure mainly
known to be mediated by zero-valent nickel (Ni%).” **" It is the first elementary step toward acrylic
acid formation that occurs as a result of beta-elimination of hydrogen from the formed
metalolactone. The previous work supports the initial coordination of ethylene first and subsequent
CO- coordination to the metal since the former is relatively highly exothermic compared to the
latter. In the present work, we considered CO. coordination to precede ethylene since both
substrates can freely compete on the metal active site without any restrictions from a bound ligand.
Figure 3.6 shows two possible pathways that lead to two different metalolactone depending on

whether the O or the C of the CO: is bound to the metal in the metalolactone.

R2 TS2 P2

Figure 3.6. Optimized geometries of intermediates and transition states for metalolactone formation.

76



Observe that the Pt™-coordinated CO>’s average OCO angle is 130°, which significantly
alters its electronic structure from a closed shell into an open shell system. The orbital with spin
density in Pt™-CO:z is situated along the Pt™-O axis, as seen in Figure 3.7. The O atom is more
reactive than the C atom linked to Pt because of the partial spin density on the O center in the case
of R2. As a result, the activation barrier in the TS2 situation is lower due to the increased efficiency
of C-O coupling. The instability of the TS2 reactant (R2), where the ethylene is not within a
coordination sphere of the metal center is also a contributing factor in lowering the TS2 barrier

since the metal-carbon dissociation step is not a pre-disposing factor in TS2 initiation.

R1 (reactantof TS1) R2 (reactant of TS2) Anionic Pt-CO2

Figure 3.7. Natural orbital (NO) representation showing the spin density of the single electron in Pt™ (a) NO of the
[ethylene-Pt-CO,]"generated from the IRC calculation of TS1 (C-C coupling). (b) NO of the [ethylene-Pt-CO,]~
generated from IRC calculation of TS2 (C-O) coupling. (c) is NO of [Pt-CO2] (added for comparison).

3.5.2. Seven-membered metalolactone formation via (TS3/TS4) or (TS5/TS6)
The two metalolactones produced from TS1 and TS2 can further undergo another
transformation with an incoming ethylene molecule that coordinates to the metal center.

Depending on the point of attack, following TS2, the incoming ethylene can undergo a C-C
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coupling with either the C of the existing ethylene or with carbonyl’s C vi TS3 and TS4,
respectively. Similarly, following TS1, the incoming ethylene can perform a C-C or C-O coupling
via TS5 and TS6 respectively. It is worth mentioning here that the four TSs involve ring opening
of the metalolactone and subsequent C-C or C-O coupling with the incoming ethylene. The energy
requirement for ring opening as well as the fact that the activated incoming ethylene attacks either
a C or O atom inside a formed ring (both are sigma-bonded with Pt™) explains the high energy

barriers of an average of 45 kcal/mol observed for TS3, TS4, TS5, and T6.

TS3

R4 TS4 P4

Figure 3.8. Optimized geometries of intermediates and transition states for 7-membered metalolactone formation.

3.5.3. Seven-membered metalolactone ring opening and metal release via (TS7/TS8/TS9)
The final step in lactone formation is the ring opening and metal release which occur via

TS7, TS8, and TS9. In terms of energetic barriers, TS7 which involves the metal release from a
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Csp (carbonyl C) and a Csps (ethane’s C) is significantly lower than TS8 where the metal is released
from two Cspz atoms. In TS9, the metal release energy barrier is significantly higher compared to

TS7 and TS8 due to the higher bond dissociation energy of Pt —O compared to that in Pt™ —C %7,
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3.6. Ligand impact on Pt -catalyzed carboxylation with ethylene
We considered the Bi-phenyl ligand (Bp) chelated with Pt and applied the same four
different pathways for 8-lactone formation. The structure of the catalyst is shown below in figure

3.9

Figure 3.9. Optimized Pt—based catalyst.
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Figure 3.10. Energy landscape for atomic (right) and complexed Pt (left) for Pathways A &B.
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Figure 3.11. Energy landscape for atomic (right) and complexed Pt~ (left) for pathways C & D.
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3.6.1. Results and Discussion

In terms of energetic profiles, the ligand introduction showed a significant impact by
lowering the majority of transition states’ activation barriers in routes A, B, C, and D. It is
remarkably lowering the activation energy for TS1 but increasing that for TS2 in routes A and B.
The ligand has altered the electronic density on the O-C-O molecule from being concentrated on
one O atom to being distributed along the entire molecule especially the carbonyl C which is
performing the C-C coupling with ethylene’s C, as shown in figure 3.12, decreasing the activation

energy barriers.

Figure 3.12. Natural orbital (NO) diagram showing the spin density of the single electron on atomic and complexed
Pt-
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Moreover, the ligand has another steric contribution in lowering the TS1 C-C coupling
and increasing the TSs (C-O) barrier by competing with the ethylene on the metal center active

site as shown in the same figure.

R2 for Pt-(Bp)CO, R1 for Pt-(Bp)CO,

Figure 3.13. Ligand effect on the geometrical shape of reactants for TS1 (C-C) coupling and TS2 (C-O) coupling.

Collectively, based on energetic barriers, the best performance is observed in route B
through TS2->TS6->TS8. While TS2 is a facile step, the subsequent TS6 and TS8 still have high
energy barriers. Therefore, we decided to test the performance of other anionic metals to see if the
metal identity can influence the activation barriers. We have tested the performance of another two
anionic metals, nickel, and palladium, by applying the same level of theory and reproducing the
four different pathways. The Ni~(Bp) + 2(ethylene) + CO2 and Pd™(Bp) + 2(ethylene) + CO2 energy

diagrams are shown in Figure 3.14 and 3.15 respectively.
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Figure 3.15. Pd™(Bp) catalyzed CO- reaction with ethylene.

Besides the ligand influence on the energetic profiles for the studied pathways, the metal
identity played a role in reactions that involved C-C coupling reactions. Our calculations indicated

that the metal-carbon Bond Dissociation Energy (BDE) was 67.25 kcal/mol, 59.75 kcal/mol, and
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40.0 kcal/mol (calculated at MN15/aug-cc-PVTZ level of theory) for Pt™, Pd™ and Ni~, respectively
with the following pattern: Pt-C > Pd-C > Ni-C considering the doublet spin state for all three

metals. The formula used for BDE is shown below:

BDEwm-c = E[CH3] + E[]M]-E[MCH3] (3.1)

However, this BDE pattern is not observed in the metal-oxygen bond where the BDE for
all above three metals is similar with an average of 73.0 kcal/mol calculated at the same level of

theory according to the formula below:

BDEm.o= E[OH] + E[M] - E[MOH] (3.2)

The observed BDEwm-c pattern among Pt™, Pd; and Ni~ is particularly important in
understanding the TSs that involve metal release. In TS7, the TS activation energy is calculated to
be 20.4, 18.3, 6.8, and 4.7 for Pt", Pt (Bp), Pd™(Bp) and Ni-(Bp), respectively, which agrees with
the BDEwm-c observed previously. In TS8 and TS9, the same relationship holds between the metal
identity and BDEw.-c for the corresponding metal. Moreover, the fact that complexed Pt~ follows
this pattern compared to atomic Pt~ suggests ligand impact on lowering the activation energy of

the three discussed TSs.
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3.7. Conclusions

In this study, the mechanism of 8-lactone formation catalyzed by anionic TMs is explored
for Pt, Pd’, and Ni~. The effect of ligand introduction on activation energies of reaction barriers
is also studied with all three metals. The initial step that involves the metalolactone formation
involves either C-C or C-O couplings where the energy barriers are heavily dependent on the
degree of ethylene and CO- activation by the metal catalyst. The subsequent steps involve both
ring opening and a second ethylene addition through C-C and C-O couplings reactions. The
activation energies in these steps can vary considerably by ligand introduction and metal identity
variation or any combination of these two variables. The metal-carbon and/ or metal-oxygen
BDE dictates the extent of activation energy required to overcome those barriers. Implications
drawn from the current study can be applied to study the C-C and C-O couplings in other

substrates.
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ABSTRACT: Density functional theory and high-level ab initio

electronic structure calculations are performed to study the [0]
mechanism of the partial oxidation of methane to methanol
facilitated by the titled anionic transition metal atoms. The energy MCH2+ CH4
landscape for the overall reaction M~ + N,O + CH; = M™ + N, +
CH;0H (M = Fe, Ni, Pd, Pt) is constructed for different reaction

CH,0

pathways for all four metals. The comparison with earlier

experimental and theoretical results for cationic centers demon-

strates the better performance of the metal anions. The main M~

advantage is that anionic centers interact weakly with the produced CH 30H CH 3OH
methanol. This fact facilitates the fast removal of methanol from the

catalytic center and prevents the overoxidation of methane.

Moreover, a moderate or high energy barrier for the M~ + CH, — HMCH;" reaction step is observed, which protects the
metal center from deactivation. Future work should focus on the identification of proper ligands, which stabilize the negative charge
on the metal (electronic factors) and prevent the formation of the global CH;MOH™~ minimum (steric factors). Finally, a composite
electronic structure method (combining size extensive coupled clusters approaches and accurate multireference configuration
interaction) is proposed for computationally demanding systems and is applied to Fe™.

H INTRODUCTION TM-based catalysts have a proven efficiency to activate the
The ecological and economic impacts entailed by the growing C—H bond with variable potentials." Recent studies for both
global industrial activities have activated many efforts to heterogeneous and molecular systems demonstrated that any
develop a clean and sustainable source of energies as fossil fuel attempts to enhance methanol yield will be at the expense of
substitutes. One among the promising approaches is to trade in catalyst selectivity.”* The high barriers required to activate
critically available fossil fuel with the methane to methanol methane, as well as the higher activity of the CH bonds in
(MTM) pathway. Methane is the main component of natural methanol compared to those in methane, deter the advance-
gas and can be readily produced from anthropogenic and ment of an efficient and selective catalyst.s'(’ The indirect
nonanthropogenic resources, which makes it a superb conversion process of Periana and co-workers bypassed this
candidate to supply several industrially valuable chemicals limitation,” but the cost and recycling of agents has prevented
such as methanol. Additionally, MTM significantly contributes any industrial applications.” Norskov and co-workers suggested
to both shielding the biosphere from the unsafe effect of alternative strategies for the improvement of methanol yields,

methane’s greenhouse and gas-flaring phenomena. Even more
critically, the scientific and industrial importance of methanol
put it within the forefront of produced chemicals worldwide
with a foreseen market size of $39 billion in 2025."%
Industrially, CH, is transformed to methanol through an
expensive and endothermic centralized procedure where
natural gas is steamed and passed over a catalyst in a steam
reformer producing syngas initially. The latter (a mixture of H,

avoiding its overoxidation and preventing the catalyst poison-
ing due to the strong adsorption of methanol to the catalytic
center.” These include the use of collectors (chemical systems
with strong methanol adsorption potential) or aqueous
environments, both targeting the fast and efficient removal of
methanol from the active cites.

and CO) is passed over a catalyst producing methanol.® At the Received: November 24, 2020
laboratory level, several experimentalists have reported a Revised: ~ March 1, 2021
single-step methanol synthesis using different transition metals Published: March 12, 2021

(TM) through homogeneous and heterogeneous catalysis;
however, the low conversion yield and uncontrolled selectivity
hamper further development of these catalysts.''*™>>

© 2021 American Chemical Society https://dx.doi.org/10.1021/acs jpca.0c10577
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While the C—H activation incheding the MT M pathway has
b-aﬂ'lw.iil:]yu?]m:\ed Pm-:ml]'r ui:'lsnd:imﬁ:andmuhz]
forms of TMs in their stomic and oxide frms ™" the
oxides in the MTM pathway & still poody explored. Presendy,
we show that anionic systems reveal several advantages such as
produced methanol to the active stes. The latter effect can lead
mﬂmmi‘lﬂmﬁuemﬂﬂq’m]}m‘to{mﬂ]\mﬂmﬂ

Fundsmentally, both experimental and theoretical studies
foscus om the reac fion of transition metal atoms or metal ooxdes
with methane “™" Wark published by Ammentrout et al
shows that late fist-row atomic TMs and third-row TMs favor
dehydrogenation products (MCH;" + H,) over methane
oxidation products (MH + CH,).""" Cationic metal oxides
suchas PHO” and Fe)” yielded the mme products as the bare
cationic TMs™""" The nascent attempt to explore the role
negatively charged TM atoms ply in the MTM pathway was
published by Mserane et al in which anionic gold (Au™) was
theoretically studied using d:iq:-u::im\-mmcbﬂl DFT." The
major highlight of this work was the potential of Au™ to disrupt
the C—H bond in CH, oxidation thereby awoiding OO,
formafion. In a different work, the authors extended their
previous study to indlude stomic Y-, Bu™, A1, In™, Pd™, Ay,
Pt", and (5™ Their energetics obtained mainky with density
functional theory have shown that an anionic catalyst has a
significant contribution of reducing the energy requirements
for the MTM pathway, especially in stabilizing the tmnstion
states The first systematic u:]:-enmu'ﬂa] investigation of the
Pt™ potential in C—H activation belongs to Bowen et al™
Bowen's wﬂdﬂmmdﬂwﬂuﬁm!acﬁwﬁmtn{alhgk
C—H bond and cast doubt on the previousdy accepted
inadequacy of Pt~ in methane activation™ His work is the
first experimental evidence of the Pt~ capability of activating
ﬂufii,:‘nn]mﬂ:mhymnlpecmpydmuwd]u
muu]nmmu]:mdy

Thpmuﬂ]np:r:l}nnnfmmmﬂmtﬂ]md‘.m
the MTM pathway” A2 is groamded principally on the fact
that weaker i interaction between an anionic metal
nmurmdﬂuﬁnnn:dpm&.nct (CH,OH), compared to the
strong binding in cationic metal centers, facilitates the
release and avoids overoxidized products® On the other hand,
ﬁncl:i:rhs ]1:5]1 electron affinity (EA) metal centers is a
challenging task but necemary to enable them to megein their
dmnﬂuuﬂn{ﬂuq&TualﬂlﬂumJemfﬂu
electron affinity, we selected the metals of group 10 (Ni, Pd,
Pt) due to their relatively smple electronic structure (single-
reference wave functions; see below), and they cover 2 wide
EA mnge from 0562 &V (Pd) to 1.156 &V (N} and 2128 &V
[Pt}.TWeahniﬂﬂadhﬂﬁlwuuiEeumm'nP]enfm
earthabundant metal with an even lower EA (0,151 V). The
the construction of the energy diagmm for its catalytic oyde
tal insights are deduced for fture explomtions on practical
catalysts with adequate ligands that enhance the elsctron
affinity [E:\.}of'ﬂumch]um'l'hepm&medumugy
bndscapes for the different metls are compared, and the
cﬁnﬂwyn&'ﬂumm:m}yucqndﬂ is assemed with
ﬂuuﬂg\cﬁ:q)mmudd.m“'

B METHODS

The optimal structures of all interme diates and transition states
were obtained with Density Functional Theory ( DFT). The
Mms functional” is employed in this work combined with an
1]'::-‘l."'li'zh.'m'l set for nonmetal atoms (0, C, H), Ni, and
Fc“_ The 28 and &0 inner electrons of Pd and Pt are
replzced with the Stuttgart reltivistic psewdopotential, and the
outer orbitals are constructed with the aug-cc-pVTZ-FP basis
functions ™" The diffuse functions are necessary in these
systems for the proper description of the negative charge
Harmonic vibrational ies are calculated for every
structure to idenfify the nature of the located stationary
structures. For all intermediagtes /tansition  states mo/one
imaginary fequency was obtained The zero-point energies
(ZPE) are also caloulated with these frequencies. All of the
optimized structures and frequencies are listed in the
Supporting Information
We further pedformed complete active space self-consistent
field (CASSCF) single-point energy calcubtions for these
struchres to amess the multireference nature of the wave
function. For Ni, Pd, and Pt, the doublet and quartet spin
states are all o{a]’fg]\l:inde—mﬁmme character. The dominant
configuration has a cosfficient of 085 or lager. For these
systems, we further performed restricted coupled -chster
calculations with !':nde, double, and P-erh.nbaﬁve 1::])1:
dlectron replacements, ROCSD{TL ™ Our recent work on
the MTM conversion facilitated by FeCH,* showed that
RCCSD(T)//MN15 (RCCSDNT) energy at the MNI1S
optimized geometries) calcubtions are quite appropriate for
systems of similar l:inde—mﬁmme nature. Conversely, several
quartet spin structures in the iron case reveal rch multi-
reference chamcter For these structures we performed
internally contracted moultireference mlcﬁ.g.mnm interaction
(MRCI}™ caloulations with single and double electron
m]ﬂanﬂ'nuﬂ:l of active electrons of the CASSCF wave function
to the virtual orbital space. The RCCSINT) energies of the
sextet spin multiplicity and the MRCI quartet—sextet energy
P]i tting ane combined to Pmﬂe @ quasi- -RCCSD(T)
[qRCCSDT)] energy for the quartet state as

%HRECSDFT}; §= E] = EEnccsnm,- s= %]
" E[MILCI;S: %]_ {mm;s= %]

E[x]hﬂwtwh]dnch'wﬁ:uu:sy.ﬂu\n]idityiﬂﬁl
approach liesin the single-reference nature of the highspin 5=
*f2 wave funcion (ferromagnetic coupling of the electromic
l]in}.hﬁumuaﬁmiabmztﬂwa:ﬁvewh ])mvid-acl:in'ﬂu
relative sections in the Supporting Information (Tables 53 and
516 ). The way we sdlected the active space is by ciminating
from the complete valence space the molecular orhitals of
bonds that are inactive during each specific reaction step. For
mp]:,mmmdﬂuduﬂd*odﬂa]so{ﬂuﬂmﬂﬂ
bonds of methane that do not in any reaction.

Finally, the role of spin—orbit (S0 ) effects is studied for Pt
ouu'n]:-u.nﬁ ﬂ'muq.ns}i the dns\mu]:zmm of the Breit—Padi
Hm]ﬁmmmmﬂubun of their lowest energy CASSCF
wave functions " The relative double- basis sets are used, 2nd
the number of states employed & reported in the Supporting
Information. The DFT/MMN15 and RCCSD(T) caloulations
were carried out with Gaumizn16." The CASSCE, MECI, and
50 calculations were done with MOLPRO 2015,

btk o gy L. TR e e TEEST?
I Phye Chem A 3031, 125, 70842973
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B RESULTS AND DISCUSSION

The overall reaction and proposed main MTM cycle are shown
in Figure 1. Initially, the metal center is oxidized by N,O to

M N,0
N,
M CH,0H +N,
Mo~
HOMCH; /\ CH,

MOH?.. CH,

CH;0H
CH, + N,0

M. HOCH,

N

Figure 1. Studied catalytic cycle for the MTM conversion. M is the
metal center catalyzing the reaction of CH, with N,O. The two
bottom structures are the two possible products of the MO~ + CH,
reaction step.

form a metal oxide anionic unit. Subsequently, methane reacts
with MO~ and forms either HOMCH;~ (2 + 2 addition) or
MOH" interacting with a methyl radical, MOH™---CHj,
(hydrogen abstraction). The former implies the heterolytic
dissociation of the CH bond and the latter a homolytic one.*®
Finally, the CH; and OH moieties attach together to make
methanol, and the negative charge returns to the metal center.
The chemical equations for the three reaction steps are

M™ + N,0 = MO + N, (1)
MO~ + CH, — [CH,, MOH]" o)
[CH,, MOH]” = M~ + CH,OH 3)

The [CH;, MOH]™ notation in eqs 2 and 3 represents the
CH3;MOH™ and MOH™-CH, structures.

The weaker charge—dipole interaction of the formed M-
HOCH; compared to that of methanol to a cationic metal
center grants anionic centers the advantage of minimizing the
methanol residence time at the catalytic site, thus eschewing
methanol overoxidation and facilitating methanol removal. In
addition, we show below that the oxidation step has small
(nearly minimal) activation energy barriers for anionic centers.
The electron affinities of CH,, N,O, and CH;0H are small or
negative (anions are not stable), and thus the return of the
electron to the metal is guaranteed in this case. For practical
applications special attention must be given to avoid molecules
with larger electron affinities. Alternatively, ligands which
increase the electron affinity of the metal center must be
employed. Our present goal is to reveal the advantages of
anionic centers and study the effect of the EA of the metal
center on the energetics of the catalytic cycle.

‘We start our discussion with Pt™, which has the largest EA
and has been used in the past to activate methane
experimentally.”® We then move in decreasing EA order
going to Ni, Pd, and Fe. The located MNI1S intermediate
structures (IS) and transition states (TS) for the catalytic cycle
of Figure 1 are depicted in Figure 2. The reactants and
products of eqs 1—3 are enclosed in orange boxes. The two
[CH;, PtOH]™ structures, IS, (PtOH ---CH;) and IS
(CH;PtOH"), are enclosed in boxes with dashed lines.

The first reaction step occurs through two possible
mechanisms, the single-step mechanism via TS, and the

2366

2,
—

N\ s,
u"\" S "q_> \Q -> g\:} td

1a TSy ISy, TSy

R

Ts, -
L?'ﬂ\ < o ‘ S
s P
£
"T |s}' -ﬁ: o h'rs}

156

"\L \\AR

IS,
Fe
TSg ©

Figure 2. MNI15 intermediate structures (IS) and transition states
(TS) for the reactions steps 1—3 with M = Pt. The upper part
corresponds to the two possible mechanisms for step 1 connecting IS;
and IS,. The lower part relates to steps 2 and 3. Step 2 goes from IS,
to either IS, or IS;, and step 3 completes the cycle via TS; and TS
and forms IS

multistep one via TS, IS, TSy, IS;;, and TS,.. TS, allows
the direct transfer of the oxygen atom from N,O to Pt™. Along
the second path, N,O anchors first to Pt™ with its nitrogen
terminus, oxygen then binds also to Pt™ making a PtNNO ring,
and finally N, is released. The ground states of both Pt~ and
PtO™ (reactant and product) have been identified exper-
imentally as doublet states (°D and *TT)***” in agreement with
our present calculations. Furthermore, our CASSCF calcu-
lations showed that the ground state spin multiplicity and
single-reference character (one unpaired electron) are
preserved across all of the structures of the two mechanisms.
Therefore, the RCCSD(T) numerical results should be
considered quite accurate.

The MN1S and RCCSD(T) energy landscape for the two
mechanisms is given in Figure 3. The contribution of the ZPE

101

5

£ 9

B

£ 104

3

5 -20

C

w - -

© 30{ PU+NO—=PtO +N,

k) MN15

@ 407 ccso(T)
50 CCSD(T)+ZPE 24 1S,
- CCSD(T)+SO

‘.‘

Figure 3. Energy diagram for the oxidation step of the metal center
(eq 1) for different methodologies: DFT/MNI15 (blue lines),
RCCSD(T) (read lines), ZPE-corrected RCCSD(T) (gray lines),
spin—orbit-corrected RCCSD(T) (green lines). See Figure 2 for the
notation of all IS and TS structures.

(at MN15) and SO (at CASSCF) effects is also considered. All
methods predict that the multistep mechanism is more
favorable. According to the MN1S and RCCSD(T) energetics,
the oxidation of Pt™ is highly exothermic, and the energy of the
IS and TS structures for the multistep is below the energy of
the reactants (Pt™ + N,O). The transition state for the single-
step mechanism (TS,) lies higher in energy than the reactants

https://dx.doi.org/10.1021/acs jpca.0c10577
J. Phys. Chem. A 2021, 125, 2364-2373
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by at least 7.4 kcal/mol (MN15). The largest energy difference
of 3.5 kcal/mol between MN1S and RCCSD(T) belongs to
TS,.. The rather small discrepancies between RCCSD(T) and
MNI1S validate the use of the MN1S functional. As expected
the ZPE corrections lower the activation barriers by no more
than 2.5 kcal/mol (IS, — TS,.). On the other hand, the
contribution of the SO effects can be substantial and important
for accurate energetics. Generally, SO effects stabilize the initial
reactants over the rest of the IS and TS structures due to the
large spin—orbit splitting of Pt”, which experimentally is
9740.9 cm™.* The largest discrepancy is seen for ISy, (9.0
kcal/mol). However, the reaction remains highly exothermic,
and the multistep mechanism is still the most favorable path
with low activation energy barriers; see Figure 3.

The produced IS, delivers N, and attracts a methane
molecule to form IS;. The oxygen terminus of the PtO™ unit
abstracts a hydrogen atom from methane via TS; (see Figure
2). The produced PtOH™--CHj interacting complex (IS,) is
very unstable, and a slight rotation of the methyl radical (see
the blue curved arrow at IS, in Figure 2) leads to the formation
of the very stable HOPtCH,~ (IS;) via TS,. Alternatively, IS,
can go through TS, (methyl radical attacks oxygen; see the
green arrow at IS, in Figure 2) to make the final product Pt
HOCH;, which is also formed from IS via TS;.

Figure 4 gives the energy diagram for the conversion of
methane to methanol (reactions 2 and 3). The doublet spin

40 1 TS, :—ﬂ TSG:
~ 30 —\= G
£ 20 .
8 qolpo S i
= +CH ; ]
& o —! :
= o i
& -101 5, i
o !
£ -20 :
< MN15 H
@ -301 ccsD(T) H
404 CCSD(T)+ZPE :
CCSD(T)+SO =
50 - IS,

Figure 4. Energy diagram for the methane functionalization steps (eqs
2 and 3) for different methodologies: DFT/MNI1S (blue lines),
RCCSD(T) (red lines), ZPE-corrected RCCSD(T) (gray lines), and
spin—orbit-corrected RCCSD(T) (green lines). See Figure 2 for the
notation of all IS and TS structures. See Figure S2 of the Supporting
Information for the same plot but shifted so that the zero of the
energy corresponds to Pt + N,O + CH,.

multiplicity still provides the lowest energy states for all
intermediates and transition states. The hydrogen abstraction
energy barrier is approximately 40 kcal/mol independently of
the method employed. The conversion of the formed IS, to ISg
is practically barrier-free with a minimal activation barrier of
~0.1 kcal/mol (TS,). IS; is the global minimum of the energy
landscape and needs to overcome a barrier of 80 kcal/mol in
order to form the final IS4 structure, which is 25—30 kcal/mol
higher in energy. Alternatively, IS, can go directly to IS, after a
small activation energy barrier of nearly 20 kcal/mol. The
release of methanol from IS4 takes about 15 kcal/mol. In this

2367

case, the energy range due to the different methods is no more
than 5.5 kcal/mol, including spin—orbit effects.

For an efficient catalytic path, the C—H activation energy
barrier should decrease by about 15 kcal/mol, and the
formation of ISg should be avoided. Both of these bottlenecks
can be bypassed by adding proper ligands. The necessary space
for the formation of IS; can be restricted by completing the
first coordination sphere of the metal, as happens for positively
charged fully coordinated metal-oxide complexes.*’

To get a deeper understanding of the mechanism, we focus
on the underlying electronic structure variations for the
intermediate structures. Figure 5 shows the involved #

Figure 5. Molecular orbital contours of PtO™ (top), PtOH™ (middle),
and CH,-PtOH™ (bottom) involved in the C—H activation process.

molecular orbitals of PtO™. The only singly occupied orbital
of the system is one of the two 7p,o* orbitals. The other one,
along with the two 7p orbitals, is doubly occupied. The
valence space of PtO~ consists further of the following doubly
occupied orbitals: a op,o bonding molecular orbital, the ~2s,
two Opy, and one oy, orbital, which has 4sp, character (see ref SO
for the similar orbitals of PdO™). When CH, reacts with PtO~,
the closed-shell PtOH™ is produced along with a methyl
radical. The singly occupied orbital of CHj is shown in Figure
5 (a,”). Based on the orbitals of PtOH™ (see Figure 5), we
notice that the hydrogen atom binds to PtO~ as follows: the
Tipeo electrons “attack” H* (Lewis acid/base binding; see 7,0/
ooy orbitals of Figure S), and the unpaired electron of H
couples with the unpaired electron in the 7p,o* orbital (see the
7ipto™/dype orbitals of Figure S), which shifts toward the
platinum end. Overall, the process can be seen as a kind of
proton-coupled electron transfer (PCET). To further support
this observation, we plotted the RCCSD(T)//MNI1S
activation energy barrier against the proton affinity for the
three metal oxides (NiO~, PdO~, PtO~) or the acidity of the
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metal hydroxides £ at their doublet spin electronic state as & =
E[MO~] + E[H"] — E[MOH]. Indeed, we found that a larger
£ (381.4, 3864, 352.8 kcal/mol) corresponds to smaller
activation energy barriers (30.9, 21.7, 44.3 kcal/mol), which
suggests that £ can be a good descriptor for future theoretical
investigations.

Finally, we would like to emphasize the differences between
metal oxide cations and anions. The MO* + CH, reaction in
the gas 5phase has been studied experimentally for M = Ni, Pd,
and Pt.°! Three different production channels were observed:
M* + CH,0H, MCH," + H,0, and MOCH," + H, (M = Pd)
or MH," + OCH, (M = Pt). The relative energies for the three
type of products and for the three metals are listed in Table 1.

Table 1. MN15/aug-cc-pVTZ” Relative Energies (kcal/mol)
and Experimental Yields (Gas-Phase Reactions at Room
Temperature) in Parentheses of Different Products of the
NiO*/PdO*/PdO~/PtO*/PtO~ + CH, Reaction”

products M=Ni* M=Pd* M=Pd~ M=Pt* M=Pt"
M+ CH,OH  17.7 15.1 0.0 369 0.1
(100%) (78%) (0%)
MCH, + H,0  39.8 223 14.0 0.0 0.0
(0%) (0%) (98%)
MOCH, + H, 0.0 0.0 31S 9.37 338
(0%) (15%) (2%)

“The aug-cc-pVTZ-PP basis set is used for Pt and Pd (see the
Methods section). “Exact electronic energies are given in the
Supporting Information. “7% for Pd was unreactive collected as a

PdO*(CH,) complex. “Pt produced PtH,* + CH,O.

For Ni and Pd our numerical results differ substantially (20—
30 kcal/mol in some cases) from those of ref 51, but the
relative energies of the different products is always consistent.
No energetics for platinum are reported in ref 51. Table 1 lists
also the experimental yields for all three metals. Notice that
although MOCH,"* + H, for M = Ni and Pd has the lowest
energy products, the main products of the reaction are M* +
CH;OH due to the large activation barriers for the oxidation of
methanol to formaldehyde (CH,O) on the M" center.”! On
the other hand, PtO" facilitates the production of the lowest
energy PtCH,* + H,0 products with 98% yield (see Table 1).
PtO" turns out to be a very poor mediator for the selective
oxidation of methane to methanol (0% yield; see Table 1). The
methanol production channel is 36.9 kcal/mol higher than
PtCH," + H,0. On the other hand, using PtO~ the two
channels PtCH,” + H,O and Pt~ + CH;OH become nearly
isoenergetic (see Table 1), and the inclusion of spin—orbit
effects is expected to stabilize the latter over the former
channel, due to the large spin—orbit splitting for Pt *®
Conclusively, it is expected that PtO™ will provide high
methanol yields and that metal anions demonstrate higher
selectivity to methanol production over other channels. The
same is found for PdO~, where the methanol channel is clearly
more stable than the other two, as opposed to PdO", where
PdOCH," + H, products are the most stable ones.

Another worthwhile difference is the energy required for the
release of methanol from the metal center. Our MNI1S
calculations predict an energy difference between Pt* +
CH;0H and the produced Pt"(CH;OH) adduct of 60.3
keal/mol, and it is higher than the upper limit of the range
calculated theoretically (DFT/B3LYP) for the first-row
transition metals (31.0—56.8 kcal/mol).>” The detachment

2368

energy of methanol from Pt~ is only 13.6 kcal/mol, more than
four times smaller than that from Pt*. On the other hand, the
C—H activation energy barrier for PtO is relatively high (39.6
keal/mol), and certainly higher than the 9.4—34.4 kcal/mol
range (DFT/B3LYP) for first-row transition metal oxide
cations.”® Overall, the selectivity of PtO~ is predicted to be
higher than that of PtO", but the activation of the C—H bond
is less efficient. The wise choice of ligands is expected to
reduce the activation barrier and maintain a higher selectivity
for the anionic catalytic center.

We now turn our attention to the Ni and Pd metals in order
to see the effect of the metal identity. The energy diagrams for
the oxidation of the metal centers with N,O are plotted in
Figure 6. For comparison, we also include Pt in Figure 6. For
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Figure 6. MN15 energy diagram for the oxidation of Ni~, Pd~, and
Pt™ to NiO7, PdO7, and PtO~ by N,O. Blue and green lines
correspond to Ni with doublet and quartet spin multiplicity,
respectively, red and purple to Pd with doublet and quartet spin,
and gray to Pt (doublet spin). The RCCSD(T) energies of the final
products MO~ + N, (M = Ni, Pd, Pt) are also shown at the right end
of the plot.

Ni and Pd we included the path of the lowest quartet spin state
as well. The ground state of all three metal oxide anions has
been characterized experimentally as 1% Our present
calculations on PtO™ and our recent calculations on PdO™
confirm a doublet ground state for these systems.”” The
ground state of NiO~ is predicted as *IT at MN15 but as a *=~
at RCCSD(T), which guided us to consider the full quartet
reaction pathway for Ni (see below).

The earlier high-level theoretical work of Sakellaris and
Mavridis expressed concerns about the ground state of NiO~
seven years ago.”” They found a *Z~ ground state at the MRCI
level but a [ at RCCSD(T). The rich multireference
character of *I1 (their coefficient for the dominant config-
uration is only 0.44) led them to express hesitations about their
RCCSD(T) results and propose a ‘x- ground state. We
repeated the calculations at the exact same level of theory, and
we found a smaller multireference character (largest coefficient
is 0.62, and the next one is —0.32). In addition, our
RCCSD(T) calculations point to a *X7 ground state in
harmony with the MRCI calculations of Sakellaris and
Mavridis but in disagreement with their RCCSD(T) results.
Our RCCSD(T) /aug-cc-pVSZ energy for the 21 is in absolute
agreement with their energy (—1582.44192 au), but our
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RCCSD(T)/aug-cc-pVSZ energy for *Z™ is 107> au lower than
theirs (—1582.44321 vs —1582.43324 au). A similar difference
is found at the C-RCCSD(T) level (=RCCSD(T) where the
3s23p® electrons of Ni are also correlated) (—1582.92327 vs
—1582.91407 au). We believe that the RCCSD(T) energies of
Sakellaris and Mavridis correspond to a higher energy ‘= state
and that the ground state of NiO™ is “7, as indicated by the
previous MRCI and present RCCSD(T) calculations.

In any case, we considered both spin multiplicities for the
case of Ni, which revealed an additional oxidation mechanism
facilitated by the excited state of Ni~ (*G; 4s’3d%4p"). This
state of Ni~ lies above the ground state of Ni, but the NiON,
complex with S = 3/, is actually lower than that with § = '/,
and reacts in an almost barrier-free mode to produce NiO™
(*Z7), which is an excited state at MN1S but the ground state
at RCCSD(T); see Figure 6. The reaction mechanism for the S
= %/, pathway is a one-step mechanism running through TS,
(see Figure 2). The Ni + N,O reaction (following the three-
step mechanism of Figure 2) bears minimal activation barriers
of less than 5 kcal/mol along the S = 1/, as well. The S = 3/,
pathway for Pd bears a large activation energy barrier, and we
were not able to locate this transition state for Pt. Therefore,
both Pt and Pd stay on the § !/, potential energy
hypersurface. However, Pd (as opposed to Pt) prefers the one-
step mechanism for S = '/, since TS, has lower energy than
TS, (see Figures 2 and 6). The activation energy barrier for
Pd is 10.7 keal/mol (TS,, — IS, energy difference).
Conclusively, the oxidation of any of the three metal anions
is quite facile (independently of the mechanism) with small
activation barriers and highly exothermic: Pd oxidation is less
exothermic than Pt, which is less exothermic than Ni.

The energy landscape for the MO~ + CH, reaction (M = Nj,
Pd, Pt) is shown in Figure 7. We used RCCSD(T)//MN1$§
energies to make sure that we describe the energy of the
doublet and quartet states of NiO™ accurately. We were not
able to locate the TS, structure connecting IS, and IS for Ni
and Pd. Based on the Pt results, we believe that IS, is nearly a
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Figure 7. RCCSD(T)//MNI1S energy diagram for the MO~ + CH,
— M~ + CH;0H reaction (M = Ni, Pd, Pt). Solid lines correspond to
the hydrogen abstraction mechanism and dashed horizontal lines to
the 2 + 2 mechanism. Blue/green colors correspond to doublet/
quartet paths of Ni and red/gray to the doublet paths of Pd/Pt. See
Figure S3 of the Supporting Information for the same plot but shifted
so that the zero of the energy corresponds to M~ + N,O + CH,.
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shoulder in the potential energy surface and that IS, “slides” to
IS; with a minimal (nearly nonexistent) energy barrier.
Therefore, TS, is not included in Figure 7. Pd and Pt paths
remain always in their doublet spin state, as opposed to Ni,
which starts from NiO™ + CH, (S = /,) and terminates to Ni~
+ CH,;0H (S = '/,). Both spin multiplicities are included in
Figure 7 for both mechanisms of Figure 2 (radical and 2 + 2).
The zero energy for this plot is set to the energy of MO™ +
CH, + N, for simplicity and easier comparison of the three
metals, but all of the energy diagrams are well below the energy
of the initial reactants M~ + CH, + N,O (zero of previous
plots) indicating an overall highly exothermic cycle (see also
Figure 8).
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Figure 8. RCCSD(T)//MN15 energy diagrams for several pathways
of the Pt~ + CH, + N,0O — Pt~ + CH;OH + N, reaction (see text).

The MO~ + CH, reaction is clearly exothermic only for Pd.
The energy of the products is equal (within 1 kcal/mol) to that
of the reactants for Pt and Ni. Of course, the overall N,O +
CH, — N, + CH;OH reaction is exothermic and can drive the
MO~ + CH, part. Pd offers the lowest energy activation
barriers, while Pt has the largest ones. Focusing only on the
radical mechanism (solid red lines in Figure 7), the activation
energy barriers for Pd are 22 and 12 kcal/mol, indicating a
viable route, as opposed to the twice or thrice larger barriers
for Pt and Ni (see Figure 7). To provide a more quantitative
argument, we employed the energetic span model®>”" for the 2
+ 2 and radical mechanisms independently and for each metal.
The turnover frequency (TOF) determining the transition
state (TDTS) and intermediate (TDI) are TS and IS for the
2 + 2 mechanism and TS;/IS; for the radical mechanism of all
three metals. The apparent activation energies (TDTS — TDI
energy differences) are always larger than 34 kcal/mol, except
for the 21.7 kcal/mol palladium radical mechanism. The
obtained TOFs are marginal for all cases except for the radical
mechanism in Pd, for which TOF(25 °C) = 3 h™'; TOF(50
°C) = 54 h™}; TOF(100 °C) = 5722 h™%. The very stable
CH,MOH" intermediate with respect to the final products (by
at least 33 kcal/mol in the Pd case) of the 2 + 2 mechanism is
the global minimum of the multidimension energy surface and
responsible for the low TOF numbers. The addition of ligands
is necessary to limit the available coordination space and
eliminate the presence of CH;MOH™.

As shown in Figures 6 and 7, Ni has a competitive quartet
spin channel, which is lower in energy at the early stages of the
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MO~ + CH, reaction, but gives its place to the doublet for
both mechanisms to finally release a doublet M™. Specifically,
the switch happens between IS, and TS for the radical
mechanism and between TS;, and IS; for the 2 + 2 route. TS;,
is the transition state connecting directy MO~ + CH, and
CH;MOH" (see the Supporting Information).

Conclusively, Pd provides the most promising energy
diagram but has the smallest electron affinity. Larger electron
affinity can ensure further the return of the negative charge to
the metal at the end of the catalytic cycle. Therefore, the
addition of ligands should target the elimination of IS5 and the
increase of the electron affinity of the catalyst. It should also be
mentioned that the energy to release methanol from the metal
anion is in the 10—14 kcal/mol range, nearly independent of
the metal identity.

In the case of Pt, we identified additional reaction
pathways.‘“ So far, we considered the oxidation step happening
first and followed by the C—H bond activation mediated by
the terminal oxygen atom (gray energy diagram in Figure 8).
Other options include the activation of the C—H bond by the
metal center (and not the oxygen terminus) initially or after its
oxidation. The energy plots for these paths are included in
Figure 8, and the corresponding structures, energies, and
frequencies are given in the Supporting Information.

Specifically, the red path pertains to the activation of the C—
H bond first by Pt”, followed by the oxidation of the metal
center forming HM(O)CHj;", where all three active units (H,
CH,, O) are attached to the metal (see inset for IS} of Figure
8). The recombination of these fragments to form methanol
has two alternatives with either CH; (red path) or H (green
path) migrating first to oxygen. The blue path runs through IS}
too, but the C—H bond splits after the oxidation of the metal
center (IS; — TSj). The reaction network of Figure 8 for a
metal M (here M = Pt) is summarized by the ensuing chemical
equations (gray path corresponds to eqs 1+ 2+ 3).

Red path:

(IS; — TS; = IS}): M~ + CH, — HMCH,~ “)
(1S, = TS, = IS}): HMCH;™ + N,0

— HM(O)CH;™ + N, ()
(1S, — TS, — 18): HM(O)CH,” — HMOCH,”  (¢)
(ISy — TS; — 1S¢): HMOCH;™ — M (HOCH,)  (7)
Blue path:
(IS, = TS,, = ISy): M~ + N,O — MO™ + N, (8)
(I8; — TS, — IS,): MO~ + CH, — HM(O)CH,”  (9)
Green path:
(IS} — TS, — 1S): HM(O)CH,” — HOMCH,™  (10)
(IS; = TS; = 1Sg): HOMCH,” — M (HOCH;)  (11)

The second step for the formation of IS} is nearly barrier-
free independently of the path followed: 4 + 5 or 8 + 9; see
TS; and TSj. Notice that the energy of TS} is lower than that
of the corresponding reactants (IS;) at RCCSD(T)//MN1S
(Figure 8), but it is higher at MN1S where the fully optimized
structures are used. Another observation is that the activation
of the C—H bond from the metal, reaction 4 and TSj, bears an
energy barrier of only 12.3 keal/mol as opposed to 44.3 keal/
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mol when oxygen is mediated, reaction 2. The activation
barrier for reaction 4 becomes 15.3 and 33.0 kcal/mol for Pd
and Ni and for reaction 2 is 21.7 and 30.8 kcal/mol,
respectively. These numbers suggest that Pd can activate the
C—H more easily from either site (metal or oxygen).

Another point of caution is that the oxidation of the metal
must precede the insertion of CH, to the metal center for
practical applications to avoid blocking the catalytic center
from the insertion of oxygen. Metal anions are advantageous
because reaction 4 requires some activation energy barrier, as
opposed to neutral and cationic metal centers. For example,
experimental/theoretical combined studies on the reactions of
Pt and Pt" with CH, showed that Pt goes to HPtCH; through
a barrier-free path,>” while Pt* bears a minimal barrier of ~2.5
keal/mol. %

After IS} is formed, the reaction barriers for the OH or
OCH; formation are 20.3 and 43.2 kcal/mol, and the final
attachments of CH; or H to produce methanol are 80.1 and
38.5 keal/mol (reactions 6+ 7 or 10 + 11). Both paths have
overall higher activation barriers from the 1-3 gray path (44.3
and 14.8 kcal/mol). However, the rapid formation of IS} and
IS; can poison the catalyst. This effect will be eliminated when
the ligands are coordinated.

Finally, we examined the reaction pathway of Figure 1 for
the most earth-abundant transition metal element, iron. Given
that the lowest-EA metal among Ni, Pd, and Pt performs better
and considering some connection between EA and catalytic
performance, iron can be thought of as an even better
candidate due to its small EA value. The calculations for iron
turned out very challenging, and the use of a composite
method combining MRCI and RCCSD(T) was deemed
necessary (QRCCSD(T); see the Methods section). Even the
accurate calculation of the EA for a single iron atom
necessitates the use of large basis sets and highly correlated
methods. Iron has an experimental EA of 0.151 + 0.003 eV.>’
Our MN15/aug-cc-pVTZ value overestimates the EA sig-
nificantly (0.76 eV), while RCCSD(T)/aug-cc-pVTZ predicts
an unstable anion (EA = —0.07 V). Increasing the basis set to
aug-cc-pVSZ RCCSD(T) provides a more reasonable value of
0.05 eV, which is still one-third of the experimental value.

On the other hand, the EA of FeO can be obtained easily.
The RCCSD (T)/aug-cc-pVTZ and MN15/aug-cc-pVTZ
values of 1.469 and 1.467 eV are in remarkable agreement
with the experimental value of 1.494 + 0.010 eV.>> The
electronic structure of FeO™ has been studied meticulously in
the past.”’ There are three competing states (°Z, °A, and *A)
lying within less than 2000 cm™" at MRCI, and their order is
sensitive to the electron correlation treatment, subvalence
electron correlation, and relativistic effects. Experimentally, the
ground state has been identified as X*A;,. MN1S predicts a
“A ground state with the first sextet state (“L*) being 0.15 eV
higher. But RCCSD(T)/aug-cc-pVTZ predicts a completely
reverse order; the ground state is a 6%+ and the first quartet
state (*A) is 0.15 eV higher. This difference drops to 0.07 eV
when aug-cc-pV3Z is used. The ®A lies in between them: 0.08
and 0.02 eV at the RCCSD(T)/aug-cc-pVTZ and RCCSD-
(T)/aug-cc-pVSZ levels of theory. The situation becomes even
more complex considering that the interaction of FeO™ with
methane brings these three states even closer. Presently, we
decided to use the same approaches (MN1S and RCCSD-
(T)//MN15 with an augmented triple-{ basis set) as in the Ni,
Pd, and Pt species for fair comparisons. Qur results do not
provide accurate relative energetics between the sextet and
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quartet spin pathways, which are practically degenerate in most
cases.

The MN1S and RCCSD(T)//MNIS results are in good
agreement for the high-spin case (S = 5/2) but differ
considerably for the quartet spin multiplicity (S = 3/2).
Specifically, the MN15 energy diagram for S = 5/2 is parallel
(within +7 kcal/mol) to the RCCSD(T)//MNI1S one but
separated by about 0.7 eV, which corresponds to the difference
of the quartet—sextet (*F;4s*3d’/°F;4s?3d°4p") energy splitting
for Fe~ between MNI1S and RCCSD(T). Complete energy
diagrams for all methods and both spins are provided in the
Supporting Information. On the contrary, the § = 3/2 MN1S
and RCCSD(T) energy landscapes are closer to each other,
but there are structures differing by about 20 kcal/mol. One
such structure is FeOH™---CHj, where the § = 3/2 is a result of
antiferromagnetic coupling between the S = 2 state of FeOH™
and the %A} state of CHj. The spin contamination is dramatic
(larger than 1.0) and suggests the use of multireference
approaches in this case. To combine the size-extensivity benefit
of RCCSD(T) and the proper description of the quartet state
at the MRCI, we used the qRCCSD(T) approach described in
the Methods section. The RCCSD(T)//MNIS energies are
used for the sextet path and the gqRCCSD(T)//MN1S
energies for the quartet path for all structures. More details,
such as CI vectors and MRCI and RCCSD(T) energies, are
listed in the Supporting Information file.

Figure 9 includes the reaction energetics for steps 1—3 with
M = Fe. In this case, we were able to identify transition states
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Figure 9. RCCSD(T)//MN1S5 (S = 5/2) and qRCCSD(T)//MN15
(S = 3/2) energy diagrams for the radical and 2 + 2 mechanisms of
the Fe” + CH, + N,O = Fe™ + CH;0H + N, reaction.

for both the radical (hydrogen abstraction; TS;) and 2 + 2
(proton abstraction; TS,,) mechanisms for both the low- and
high-spin cases. These structures for the sextet state are shown
as insets in Figure 9. A first comparison with Figures 6 and 7
reveals that oxidation of the metal center remains facile and
highly exothermic. Therefore, future studies can focus on the
reaction of the metal oxide with methane. Another observation
is that the FeO™ + CH, reaction is highly endothermic, as
opposed to Ni, Pt, or Pd, which are either thermoneutral or
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exothermic. This is result of the stronger FeO bond, and
therefore the metal—oxygen binding energy can be used as an
initial criterion for screening efficient catalysts. The metal—
oxygen bond should be small enough so that the MO™ + N, +
CH, asymptote is higher than that of M~ + N, + CH;OH, or
D,[MO™] = E[M™] + E[O] — E[]MO~] < E[CH,] + E[O] —
E[CH,0H] = 95.6 kecal/mol.

The quartet and sextet pathways are nearly parallel and cross
each other at different steps (see Figure 9). The most striking
difference is the initial activation of the C—H bond. The sextet
spin multiplicity provides clearly lower energy barriers,
especially for the 2 + 2 mechanism. Specifically, TS;, is only
16.7 kcal/mol above FeO™ + CH, and leads to the global IS
(CH;3FeOH™) minimum. Interestingly, the radical mechanism
is more demanding and requires 29.7 kcal/mol for the
activation of the C—H bond. The recombination of OH and
CH, bears an energy barrier of 28.3 kcal/mol for the radical
mechanism and is prohibitive for the 2 + 2 one (79.6 kcal/mol
activation barrier). Overall, Fe™ is not a good mediator for the
MTM conversion. In addition, the Fe™ + CH, reaction needs
to overcome 44.4 (S = 3/2) and 32.0 (S = 5/2) kcal/mol
barriers.

A final comment is that we found no specific correlation
between EAs and activation barriers or other energy quantities.
Among the metals studied presently, Pd™ presented the lowest
energy barriers, and the reaction of its oxide with methane was
the only clearly exothermic one. Fe~ and Pt~ (atoms with the
lowest and highest EA) were found to rest at the opposite
extreme, especially Fe™ with large activation barriers and an
endothermic FeO™ + CH, path. The common feature for all of
the metals is that only 10—15 kcal/mol are required for the
release of methanol, which is nearly independent of the metal.

B CONCLUSIONS

In the present work, we presented a fundamental high-level
computational investigation on the conversion of methane to
methanol mediated by transition metal anions. The advantage
of anionic metal centers is their weak interaction with the
produced methanol, which can translate into short residence
times of methanol around the catalytic center and the reduced
possibility of the overoxidation of methanol. This observation
is along the same lines of the idea expressed in the literature
that methanol should be withdrawn fast from the catalytic
center. Polar solvents can facilitate this process. Another
advantage of metal anions is that their direct reaction with CH,
bears an activation barrier, which prevents the formation of
stable CH;MH™ that can potentially poison the catalyst.
Certainly, a more extended search is necessary to identify
efficient practical catalysts, but this work sets the avenue for
this exploration.

Specifically, the interaction energy of methanol with the
negative charged metal center is small (10—15 kecal/mol) and
practically independent of the metal nature. No specific
correlation was identified between the EA of the metal and the
energetics of the catalytic cycle, but a large EA value will
ensure the return of the electron to the metal center after the
end of each cycle. Our findings suggest that future work should
use the metal—oxygen binding energy as an indicator (it should
be smaller than ~100 kcal/mol) and focus on the C—H
activation and CH;—OH recombination barriers. For practical
applications, ligands that preserve the negative charge of the
metal and avoid the formation of CH;MOH™ units by
promoting the radical mechanism must be located. Contrary
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to the claims in the literature that the radical mechanism must
be avoided for higher selectivity, in the case of anionic systems
this seems to be of less importance provided that methanol is
picked up and removed by the solvent quickly due to the weak
metal—methanol attraction. We finally explained the radical
C—H activation mechanism as a sort of PCET, and we saw
that the activation barrier correlates to the proton affinity of
the metal oxide.

Among the four metals employed (group 10 metals and
iron), the lowest- and highest-EA metals (Fe and Pt) presented
the largest activation energy barriers, and the best performance
is found for Pd". The calculations for Fe™ were proven quite
demanding, and thus we devised a new approach. An electronic
state with a single-reference wave function (not necessarily the
ground state) is identified and is studied at a high level and a
size-extensive RCCSD(T) level. This RCCSD(T) energy is set
as the reference energy for the MRCI calculations used for the
rest of the electronic states.

Our results are useful for future gas-phase experiments,
similar to those done for cationic species. Our future work will
focus on screening more metal centers and identifying proper
ligands for the design of efficient and selective molecular
catalysts. More rigorous kinetic models will be employed for
the assessment of the catalytic efficiency.
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Computational studies are performed to show that metal oxide
anionic complexes promote the CH; + N;O — CH3OH + N, reaction
with low activation barriers for the C—H activation and the formation
of the CH;—OH bond. The energy for the release of the produced
methanol is minimal, reducing the residence time of methanol around
the catalytic center and preventing its overoxidation.

Methane to methanol conversion is a topic of high interest and
intense research. The ample methane underground reserves
and the new extraction methods (fracking) render methane a
valuable carbon source.! Its direct conversion to liquid metha-
nol under mild conditions at the location of extraction can
facilitate the transportation to industrial plants for further
processing. Methanol can serve both as fuel and a platform
chemical.” The concept of methanol economy had been intro-
duced two decades ago.® Several laboratory techniques have
been probed including (but not limited to) zeolites, metal-
organic frameworks, enzymes, frustrated Lewis pairs, and
molecular catalysts,**° all with partial success. The fact that
the C-H bond of the produced methanol is weaker than that in
methane renders methanol predisposed to overoxidation to
formaldehyde and other methanol derivatives."' As a result,
higher conversion rates are achieved at the expense of
selectivity."™'> One of the proposed solutions in the literature
is to expedite the diffusion of methanol from the catalytic
center to the solvent." The weaker interaction of methanol
with anionic (electron-rich) metal centers compared to the
commonly used positively charged metal centers can perfectly
serve this role.

The currently proposed catalysts are molecular metal oxide
anions, the catalytic cycle for which is shown in Fig. 1. The [M]
notation represents the ligated metal center and [O] represents
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the oxidant, which is N,O in this study since it has been shown
to oxidize promptly anionic metal centers.’* [M]O™ activates
methane in two ways, either via a [2+2] insertion, producing the
HO[M]CH;~ adduct, or a radical mechanism, making [MJOH~
and releasing a CH; radical. The latter mechanism happens as
proton-coupled electron transfer (PCET) and is facilitated by
the radical nature of the catalyst (S = 1/2)."® Then the two units
OH and CH; combine to give methanol, [M] - - ‘HOCHj;, which
is promptly released (see below). The electron affinity of the
metal center should be large enough to secure the abidance of
the electron to the metal, and the interaction energy of [M]~
with CH;0H should be small. Finally [M]~ is oxidized to [M]O™
closing the catalytic cycle.

Small metal oxide cluster anions have been studied for the
activation of CH, in the past (gas-phase experiments),"** but
to our knowledge, no molecular complexes have been probed so
far. Synthetic routes for molecular systems like the ones
proposed presently (nickel, palladium, platinum anionic com-
plexes with methyl or aryl ligands) have been reported in the
literature.”* ¢

In our previous study, we located the intermediates/transi-
tion states and constructed the energy landscape for the Group

MO CH,
[0]
CH, +[0] —’[M] CH,OH
[M]' HO[M]CH,
[M]OH.. CH,
CH,0H X /
[M]".. HOCH,

Fig. 1 Proposed catalytic cycle for the methane to methanol transforma-
tion facilitated by the metal oxide anion [M]O™. [M] indicates ligated metal
and [QO] indicates an oxidant.
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10 metals (Ni, Pd, Pt); no ligands were considered in that
study.”® For all three metals, a PCET mechanism is energeti-
cally favored for the activation of the H-CH; bond and the
oxidation step is practically barrier-free.”

The best performance was observed for Pd provided it runs
through the [M]JOH - - -CH; intermediate, and not HOPdCH; ",
which is a very stable intermediate, and must be avoided to
prevent poisoning of the catalyst. In addition, the electron
affinity of Pd is the smallest among the three metals, which
may raise a question about the viability of a quasi-Pd™ center.
The solution proposed in our earlier work was the inclusion of
ligands that (1) destabilize the [2+2] adduct (HOPdCH; ™) due to
steric repulsions and (2) increase the electron affinity of the
metal center. In this work we show that using CH; as ligands
satisfies both requirements. Initially, we use the model system
M(CH3;),~, where M = Ni, Pd, Pt, to construct the energy land-
scape at high levels of theory and benchmark the used density
functional, which is used for the study of larger systems (see
below).

All structures were optimized with Density Functional
Theory (DFT) with the MN15 functional.’” The aug-cc-pVTZ
basis set (TZ) is used for H, C, N, O, Ni, and aug-cc-pVTZ-PP for
Pd, Pt.>** All intermediate structures are minima in their
potential energy surface (real frequencies) and all transition
states have one imaginary frequency. Single point energy cal-
culations are performed at the Coupled Cluster Singles Doubles
and perturbative Triples, CCSD(T),***” with the aug-cc-pvDZ
(DZ) basis sets. The unrestricted version for both DFT and
CCSD(T) calculations is employed as implemented in Gaussian
16."" Finally, CCSD(T)/TZ energies are estimated as E{CCSD(T)/
TZ] = E[CCSD(T)/DZ] + E[MN15/TZ] — E[MN15/DZ].

The MN15/TZ structures are shown in Fig. 2. R is the
interaction complex between methane and metal oxide. TS1R,
11, and TS1P correspond to the PCET mechanism. One proton
is transferred from CH, to oxygen and an electron migrates

»::%d —'t;&x

e I/ (TS1R) (11) (151P) r{

(R)
\;EZE. &
N —

(TS2R) (12) (Ts2p) N0
A CH,0H
e — B —
(Tsop) (T50) (TSOR)

Fig. 2 Structures of all intermediates and transition states for the CH,4 +
N,O — CH3OH + N; reaction facilitated by (CH3)4,PdO™. The PCET/[2+2]
mechanisms are shown in the top/middle lines, while the bottom line
corresponds to the oxidation step.
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Table 1 Activation energy barriers (kcal mol™) for the Ni, Pd, and Pt
species with methyl or biphenyl (Bp) ligands

Method E(IR)® E,(1PY E(2RS E(2P)? E.° ol
[M] = Pd(CH;),

MN15/DZ 17.4 16.4 23.5 22.9 133 23

MN15/TZ 18.2 17.0 26.3 23.3 123 4.0

CCSD(T)/DZ  16.7 18.1 25.4 24.3 120 2.0

CCSD(T)/TZ ~ 17.5 18.7 28.1 24.7 11.0 0.2
[M] = Ni(CH.).

MN15/TZ 21.4 17.6 30.7 16.7 13.6  10.7
[M] = Pt(CH,),

MN15/TZ 21.9 20.7 28.4 36.8 123 04
[M] = Pd(Bp).

MN15/TZ 19.3 16.9 28.5 20.3 120 7.6

¢ Calculated as the energy difference between TS1R and R (see Fig. 2).
b Calculated as the energy difference between TS1P and I1. ¢ Calculated
as the energy difference between TS2R and R. “ Calculated as the
energy difference between TS2P and I2. ¢ Calculated as the energy
difference between P and [M] + CH;OH./ Calculated as the energy
difference between TSOR and TSO.

from CH, to the metal center.'® The TS2R/I2/TS2P path com-
poses the [2+2] avenue. Methanol is released from the produced
(CH3),Pd ™ - -HOCH; species and oxygen is loaded on the metal
via the TSOR/TSO/TSOP route to close the catalytic cycle. The
values for the activation barriers of the PCET and [2+2] mechan-
isms are listed in Table 1 and the overall energy diagram is
demonstrated in Fig. 3. To make Fig. 3 we added the energy of
N, for the R — P part and the energy of CH, for the oxidation
step. The activation barriers fluctuate within 2.5 keal mol™" for
the different computational levels, except for E,(2R), which
changes by 5 keal mol™" from MN15/DZ to CCSD(T)/TZ and
corresponds to the first step of the [2+2] path (R — TS2R). This
barrier is the highest one and the system is not expected to
access it. The larger basis sets and the inclusion of electron
correlation vie CCSD(T) increase the barriers, but don’t seem to
affect the energy needed to release methanol from the catalytic

(TS1R)(TS2R)
20 1224 (TS1P)(TS2P)
3 10, 143 = 15.2/15.4
£
= 0.0 [M]=(CH,
g 0rm
2 q04[38/39 (CH,),Pd
5 +CH,OH+N,0
c (CH,),PdO™ (12)
o -204 / -243
2 +CH,+N,O 12?0-2_ " (150)
£ 30 (P) " (TSOR)}
3 )
o 40 -35.1/-35.3 (PH;)4PdO'
—PCET +CH;OH+N,
501 _..242

(TSOP) i"28.8
-52.2

Fig. 3 MN15/TZ potential energy diagram for the CH4 + N,O — CHzOH
+ N reaction facilitated by (CHs),PdO™. The structures for both PCET and
[2+2] mechanisms are depicted in Fig. 2.
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center. Our best results, CCSD(T)/TZ, differ from MN15/TZ by
less than 2.0 kcal mol~* and thus MN15/TZ is considered quite
accurate with reduced computational cost and is used for the
rest of the catalytic systems.

The MN15/TZ results for the other two metals and another
ligand [Pd with biphenyl (Bp) ligands; see Fig. $10, ESI{ for
structures] are also listed in Table 1 and energy diagrams are
given in the ESI{ (Fig. S1-S5). Biphenyl is selected as a more
practical ligand commonly used (pure or its derivatives) in
organic/organometallic synthesis as fairly non-reactive
ligand.” The trends are the same for all four systems: The
lowest barriers are observed for the PCET mechanism, E,(1R)/
E,(1P), and are of the 20 kecal mol~* order (16.9-21.9 kcal mol™?).
The [2+2] mechanism requires a large CH activation barrier,
E.(2R), ranging from 28.1 to 30.7 kcal mol*, while the second
(CH3-OH recombination) step demonstrates a wide range of
values (16.7-36.8 kecal mol™"). The interaction energy between
[M]™ and CH;OH is rather independent of the metal center or
ligands (12.0-13.6 keal mol™"). Finally looking at the energy
diagrams (Fig. 3 and Fig. S1-S5, ESI{), it is obvious that the
CH;3[M]OH ™ intermediate is no longer the very stable inter-
mediate observed in the base of bare metals'* (except for [M] =
(CH,;),Pt). In addition, the oxidation step is nearly barrier-free
(activation energies smaller than 11 keal mol ) closing readily
the catalytic cycle (see Fig. 1 and 3), but this should be
considered an upper limit since there is an alternative mecha-
nism found earlier with even smaller barriers.'?

The second bottleneck encountered for bare metal oxide
anions was the low electron affinity (EA) of the best-performing
metal (Pd). The vertical EA values (energy difference between
anionic and neutral species at the geometry of the anion) of
(CH;)4Ni, (CH;),Pd, and (CH3),Pt, are 2.65 (2.96), 2.28 (2.56),
and 2.35 (2.56) eV at CCSD(T)/DZ (MN15/TZ). The MN15/DZ
value for (CH;),Pd is 2.58 eV attributing the difference between
MN15/TZ and CCSD(T)/DZ to the method and not the basis set.
The vertical EA value for (Bp),Pd is 3.33 eV at MN15/DZ, which
should be overestimated by ~0.3 eV and is even larger
than (CH;),Pd. All these values are larger than the EA of Pt,
which has one of the largest EAs among all metals
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(experimentally 2.128 eV).”® In addition, EAs are practically
independent of the metal as opposed to bare metals (1.156/
1.04 eV for Ni, 0.562/0.39 eV for Pd, and 2.128/2.02 eV for Pt
experimentally/CCSD(T)/DZ). The anionic systems always have
doublet spin multiplicity with one unpaired electron on the
metal and the neutral systems are always closed-shell singlets
(see Table S1 of ESIf). The unpaired electron occupies the
orbital of Fig. S8 of ESIf and indicates that the additional
electron is shared mainly among the Pd atom and two methyl
groups in agreement with the Natural Population Analysis.”"**
These two methyl units are initially positively charged (+0.16)
and receive 0.36 e, while the metal has initially a +0.41 charge
and receives 0.15 e~. The other two methyl groups possess
already a —0.37 charge e~ charge and they receive only 0.06 ¢ ™.
In summary, the charges in (Me),Pd™ are +0.26 for Pd, and
—0.19/-0.43 for the two different methyl groups. When oxygen
binds to Pd, the metallic charge remains practically the same
(+0.27) and 0.14 electrons of each methyl group migrate to the
oxygen center, which has a —0.55 charge. This is indicative of
metal-ligand cooperativity where the ligands play a role of
electron bank during the reaction.

Next, we considered the free energy diagrams at a tempera-
ture of 298.15 K and a pressure of 1.0 atm. Free energies are
obtained with the harmonic approximation implemented in
Gaussian.*® These are shown in Fig. $7 (ESIt) and the energy
values are listed in Table S2 of the ESLt The entropic factor
minimizes the energy needed for the release of methanol to less
than 2.0 kcal mol ™" allowing for the fast removal of methanol
from the catalytic center preventing its overoxidation.

To quantify the performance of the selected catalysts,
identify the dominant reaction path, and locate the rate-
determining step, we performed a kinetic analysis. We approxi-
mated the forward and reverse rate constants k for all five
reaction steps as’>™*?

RT (RT\" _ac*
k=——) e RT,
h (p)

where kg, T, p, h, AG”, and R are the Boltzmann’s constant,
temperature, pressure, Planck’s constant, free energy activation

Table 2 Rate constants k for the reaction steps of Fig. 2, and ty,,, TOF, 8E for the overall catalytic cycle employing [MJO™ as catalysts

[M]
Reaction step (CH3;)4Ni (CH;),Pd (CH,),Pt (Bp),Pd
[M]O” +CH, - I 3.16 x 10" 2.68 x 10” 2.26 x 107" 2.81 x 10%
11 — [M]O™ + CH, 4.15 % 10' 1.51 x 10" 9.22 x 10" 5.49
11 — [M]™ + CH;0H 4.78 x 1072 1.28 x 107> 2.27 x 107° 1.39 x 107"
[M]~ + CH;0H - 11 5.41 x 10~ %# 4.07 x 1072 9.92 x 1022 5.40 x 10~ 2°
[M]O™ + CH, - 12 3.66 x 107° 8.05 x 107° 2.89 x 1077 2.40 x 107°
12 — [M]O™ + CH, 1.04 x 10°° 1.75 x 10°% 7.25 x 107! 2.11 x 107
12 - [M] + CH;0H 2.15 x 10" 4.62 x 107° 4.49 x 107" 1.44 x 1072
[M] + CH;0H - 12 4.70 x 10;ZE 4.43 x 10;24 3.04 x 10;23 6.22 X 10;2"
M| +N,0 - [M]JO™ + N, 9.79 x 10 1.08 x 10 5.56 x 10 2.44 x 10
{M}O’ + N, = {M}’ + N0 6.57 x 10" 6.44 x 107" 5.12 x 107'° 3.02 x 107"
tipls 3077 119 0 37.5
TOF/s 1.40 x 107* 5.4 x 107° 2.3 x107° 9.3 x 1072
3E/keal mol ™! 22.7 20.2 29.2 18.6

“ The reaction does not proceed beyond the first step (CH activation).

This journal is © the Owner Societies 2022
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barrier, and the universal gas constant, respectively (n = 0/1 for
first/second order reaction steps). Table 2 tabulates the k values
used for the kinetics studies. For these studies, we considered a
10% catalyst and launched the COPASI software for the
solution of the differential equations.*® As a measurement of
the catalytic efficiency, we use the half-life time needed (¢,,,) for
the production of 50% of CH;OH. We also employed the
energetic span model to estimate the turn-over-frequency
(TOF) and energetic span (3E) of the cycle.”*** In the COPASI
work, we found that clearly only the PCET mechanism dom-
inates (see Fig S9 of ESIf), and thus we use the PCET energy
landscape for the energetic span model.

The main conclusions of our analysis are that the PCET
mechanism (via I11) is faster and is the main path to the
products, the rate determining step (lowest rate constant) is
always the CH activation step, [M]JO™ + CH, — I1, while the
oxygen reload of the metal plays a minor role to the overall rate.
The energic span model predicts that the TOF-determining
intermediate (TDI) is the initial reactants, [M]JO~ + CHy,
and the TOF-determining transition state (TDTS) is TS1P
(see Fig. S11, ESIT). This means that both steps (R — I1 — P)
are to be considered in future studies.

Comparing the different systems, we see that the lowest #;,5,
lowest 0F, and higher TOF belong to [M] = (Bp),Pd. [M] =
(CH3),Ni and (CHj3),Pd perform very well too, as opposed to
[M] = (CH;),Pt, the large barriers of which prevent the comple-
tion of the reaction. Our predicted SE = 18.6 kcal mol ™" for
[M] = (Bp),Pd and given the accuracy of our electronic structure
methods (£2 kcal mol™?), the (Bp),PdO~ appears to be a
promising catalyst. In addition, the ligands seem to offer some
flexibility given the variation in 8F going from four methyl
ligands to two Bp ligands (18.6 to 22.7 kcal mol™'). Pd seems to
be the best option, but the performance of Ni (as opposed to Pt)
can be further optimized by proper ligands and lead to an
inexpensive family of catalysts. In this direction, we also
performed calculations for [M] = (CHj3),Fe. Our MN15/TZ
results given in the ESI} (Fig. S6 and Table S3) demonstrate a
rather poor performance for Fe, which presents large activation
barriers. The same trends were found for “naked” FeO™.'}
These trends support the strategy of focusing first on bare
oxides and then adding methyl-type ligands for practical
applications.

The authors are indebted to Auburn University (AU) for
financial support and Prof. David Stanbury (AU) for the insight-
ful discussions. E. M. is especially grateful to the donors of the
James E. Land endowment. This work was completed with
resources provided by the Auburn University Hopper and Easley
Clusters.

Conclusions

We show that metal oxide anionic units combined with proper
ligands can provide low activation barriers for the conversion of
methane to methanol. The advantage over the commonly used
cationic species is the facile release of the produced methanol

21586 | Phys. Chem. Chem. Phys., 2022, 24, 21583-21587
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reducing the residence time around the catalytic center and
avoiding overoxidation of methanol. The use of methyl-type
ligands increases the electron affinity of the metal center
securing the negative charge on the metal. Our kinetic analysis
shows that (Bp),PdO™ is a promising catalyst. Finally, we
noticed large dependence of the performance on both the
metal and ligand, which offers large chemical space for future
explorations.
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Transition metal oxide complexes as molecular
catalysts for selective methane to methanol

transformation: any prospects or time to retire?
Emily E. Claveau, Safaa Sader, Benjamin A. Jackson, Shahriar N. Khan and
Evangelos Miliordos (& *

Transition metal oxides have been extensively used in the literature for the conversion of methane to
methanol. Despite the progress made over the past decades, no method with satisfactory performance
or economic viability has been detected. The main bottleneck is that the produced methanol oxidizes
further due to its weaker C—H bond than that of methane. Every improvement in the efficiency of a
catalyst to activate methane leads to reduction of the selectivity towards methanol. Is it therefore pru-
dent to keep studying (both theoretically and experimentally) metal oxides as catalysts for the quantita-
tive conversion of methane to methanol? This perspective focuses on molecular metal oxide complexes
and suggests strategies to bypass the current bottlenecks with higher weight on the computational
chemistry side. We first discuss the electronic structure of metal oxides, followed by assessing the role
of the ligands in the reactivity of the catalysts. For better selectivity, we propose that metal oxide anionic
complexes should be explored further, while hydrophylic cavities in the vicinity of the metal oxide can
perturb the transition-state structure for methanol increasing appreciably the activation barrier for
methanol. We also emphasize that computational studies should target the activation reaction of
methanol (and not only methane), the study of complete catalytic cycles (including the recombination
and oxidation steps), and the use of molecular oxygen as an oxidant. The titled chemical conversion is
an excellent challenge for theory and we believe that computational studies should lead the field in the
future. It is finally shown that bottom-up approaches offer a systematic way for exploration of the
chemical space and should still be applied in parallel with the recently popular machine learning
techniques. To answer the question of the title, we believe that metal oxides should still be considered
provided that we change our focus and perform more systematic investigations on the activation of
methanol.

feedstock. The importance of methane utilization and the
historical background of the early and more recent attempts

Natural gas has become a major hydrocarbon source in recent
years. It is extracted in large quantities from petroleum wells (is
burned and released into the atmosphere)™? or from fracking.?
The utilization of natural gas is a topic of intense research
because it can be used as a fuel or a building block for the
synthesis of larger organic molecules, while its main compo-
nent (methane) is a very potent greenhouse gas (25 times more
potent than carbon dioxide) and its release or combustion
harms the Earth’s atmosphere. Functionalization of methane
is an important initial step for its utilization. A direct process
under mild conditions will enable a commercially viable and
eco-friendly path for the exploitation of this abundant carbon

Department of Chemistry and Biochemistry, Auburn University, Auburn, AL 36849-
5312, USA. E-mail: emiliord@auburn.edu

This journal is © the Owner Societies 2023

to activate methane are given in more detail in ref. 4 and 5. The
insertion of an oxygen atom between one of the C-H bonds, i.e.
conversion of methane to methanol, seems to be the most
promising option. Methanol economy is a term coined twenty
years ago with the hope of soon finding an efficient way to
produce large quantities of methanol, not only from methane
but also from other carbon sources such as C0O,.%®

Methanol is a key molecule for multiple reasons.” It is liquid
under ambient conditions and can be transported in conven-
tional tanker vehicles, whereas energy intensive liquefaction
techniques are necessary for the transportation of methane as
LNG (liquefied natural gas). The boiling point of methanol is
64.7 °C in contrast to methane at —161.6 °C.'° In addition,
methanol has a competitive thermal content and is a greener
fuel compared to gasoline.'* Finally, methanol has a variety of
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industrial applications, for example its use as a solvent or as a
raw material in the production of formaldehyde, acetic acid,
ethers, alkenes, and amino acids.>***?

Therefore, the ideal solution would be a direct (one-step)
conversion of methane to methanol under mild conditions
that can be applied at the location of the natural gas extraction.
Industrially, this conversion occurs under harsh conditions
involving the intermediate production of syngas (a mixture
of carbon monoxide and molecular hydrogen) followed by
the Fischer-Tropsch process.'* This is economically feasible
only at large scale and in specialized facilities. Several
laboratory techniques (homogeneous catalysis, heterogeneous
catalysis and biological systems) have been proposed or
developed for this goal. Metal-oxide surfaces,’*™” metal
exchanged zeolites,"® ' metal organic frameworks (MOF),>*2*
metal-doped graphene sheets, photocatalysts,”®*” enzymes/
biocatalysts,”® enzyme embedded materials,” electrochemical
devices,? and other less conventional methods, such as plasma
technologies, membrane reactors, solar reactors, and super-
critical fluids, are reported in the literature.**>*

Despite the extensive efforts, an efficient partial oxidation of
methane to methanol in high yields has not reached commer-
cialization yet. The major bottleneck is not converting methane
to methanol but doing so in a selective manner. The C-H bonds
of methanol are weaker than methane and can be further
oxidized leading to side products. Both experimental data
and theoretical calculations indicate that no matter which
catalyst (molecular or heterogeneous) is used, the activation
barrier for methanol is always lower than methane and that
improvement in conversion rates occurs at the expense of
selectivity.>** Regarding metal-exchanged zeolites, additional
complications include diffusion limitations in confined
chemical environments and the identification of the catalyti-
cally active form (metal-oxo terminal or bridged structures).
Higher methanol yields are given by metal exchanged zeolites
with small pores,'® with Fe and Cu exchanged zeolites being the
better performing systems.”* MOFs have higher metal
loading and were recently used for CH activation,?*”** but they
also have diffusion limitations.?* Photocatalysts are used to
functionalize strong C-H bonds of specific carbon atoms,*®
including methane,®” but little effort has been made in the
selective production of methanol. The most successful
strategy achieving high selectivity and high yield is protecting
OH of methanol as OSO;H and deprotecting the OH
group as needed. This multi-step process facilitated by a
platinum molecular complex was developed by Periana and
co-workers more than ten years ago,”® but has found no
industrial applications because of the difficult catalyst recovery
and high cost.

Theory has also played a significant role in our understanding
focusing primarily on the methane activation process (selectivity
studies are sparse).** The appropriate type of calculations and their
difficulties for these systems are reviewed in the literature.’**®
Many studies focus on the reactivity of iron-oxo species
inspired by the structure of methane monooxygenases.’’*®
The haem-iron complex in these enzymes adopt the highly
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reactive quintet oxyl state of the iron-oxo unit, unlike the
laboratory synthesized mimic complexes (see ref. 39 and 40,
and references therein). The latter generally prefer the less
reactive triplet state (but see ref. 41) and the activation of
methane happens via the intervention of the quintet state in
the transition state region (two-state reactivity).>***** In terms
of electronic structure, the mechanism becomes more complex
if we consider the ¢ and © reaction paths.’***** Machine
learning techniques have recently been exploited in an attempt
to provide correlations between the different factors,* with a
recent study questioning the accepted principle that high spin
iron-oxo units offer the best performance.”® Finally, a new
mechanism (involving metal methoxy groups) was identified
recently in iron MOF species offering an alternative path for
protection of the produced methanol.*®

In almost all the catalytic systems used so far some metal-
oxygen unit (even as a transient intermediate) is the common
chemically active component. The issue of non-selective oxida-
tion has shifted efforts towards the search for a catalyst
which will quickly release methanol from the catalytic site.”
To this direction, there are two novel ideas in the literature for
both homogeneous and heterogeneous catalysts. Molecular
catalysts are designed to create a non-friendly environment
for methanol by creating hydrophobic cavities around the
catalytic (vanadyl, VO*") center."” Heterogeneous electrocataly-
tic techniques aim to change the electrochemical potential
accordingly during the reaction.” None of these solutions had
the desired performance. In response, the use of molecular
metal oxide anionic species has been proposed based on
quantum mechanical calculations.*®* In this case, methanol
interacts with a negatively charged metal center with which it
binds only weakly. More details for this “molecular electroca-
talysis” process are presented later. In addition, the replace-
ment of the hydrophobic with hydrophilic cavities is suggested
presently.

In the text below, we start by providing a critical overview of
the electronic structure of transition metal monoxides with
various charges (oxidation states of the metal), and the effect of
the ligands in adjusting their electronic structure. The C-H
bond activation mechanisms employed by metal oxides and
aspects on their efficiency and selectivity are then discussed.
Finally, we summarize our thoughts and suggestions for future
avenues. We post that it is still too early to retire metal oxides as
methane-to-methanol catalysts as several strategies remain and
have been proposed to overcome the present shortcomings. We
also show that a systematic theoretical bottom-up approach,
where bare metal oxides are studied first and then ligands are
added in a step-wise manner, is viable and provides a road map
for development and invaluable insights towards the discovery
of a practical catalytic system. In the remaining text, the [M]
and [O] notation is used to represent ligated metal complexes
and molecular oxidants, respectively. Some calculations per-
formed presently were done at the DFT/MN15 and CASSCF
levels of theory using Gaussian1i6 and MOLPRO2015,°°%
respectively, using correlation consistent basis sets.”*” The
exact details are mentioned in every case.
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2. Electronic structure of bare
metal monoxides

The metal oxide complexes are used for a plethora of reactions
and are often present in enzymatic systems usually as MO**. An
initial interesting question is why has nature selected these
species? What is special about doubly charged metal oxides?
Previous high level quantum chemical work®®*™”* on the electro-
nic structure of MO~, MO®, MO, and MO>" revealed that MO*"
species are the only ones bearing ground or low energy states
with a radical character on the oxygen terminus in energetic
proximity to states with a closed-shell oxygen center. The co-
existence of the two forms gives flexibility and one or the other
form can be stabilized with appropriate ligands and wise choice
of metal.

Specifically, a neutral or charged metal oxide, MO™", adopts
two electronic structure representations depending on the
presence or absence of an unpaired electron on the oxygen
terminus. The M"2*0*~ oxo form indicates an electron rich
closed-shell oxygen center, whereas in the M™**0*~ oxyl form
oxygen is missing an electron and bears a radical character. At
this point, it should be stressed that the commonly used M=—0
picture is often misleading (see also below). To investigate the
relative stability of these two forms, we start from the parent
fragments M™2* + 02~ and M"** + O™, The latter is always
lower in energy and their separation is determined by the
ionization energy (IE) of the metal (M to M), The
0> jon is unstable with respect to O~ (negative electron
affinity, EA)."® The energy required to go from the oxyl to the
oxo fragments, IE-EA (EA < 0), is proportional to the square of
the metallic charge, as can be observed by the experimental
values'® and inferred by the hydrogenic model.

Fig. 1(a) depicts graphically the formation of the two equili-
brium M"*0%" and M"*Y*0*~ structures from the corres-
ponding fragments. Both are stabilized with respect to the
fragments by both electrostatic (AE,.) and covalent chemical
bonding (AE,,,s) factors. An indication of the stronger binding
in oxo systems is their shorter bond lengths. Assuming no
charge transfer during the bond formation, the electrostatic
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terms are given by Eg(0x0) = (1 + 2) X (—2)/rmo and Eg(oxyl) =
(n + 1) x (—1)/rmo, and thus AEg . = Egc(0x0) — Egcloxyl) =
—(n + 3)/ryo is a linear function of total charge n. Overall, the
energy required for the formation of oxo fragments increases
faster (~n”) than the energy gained during the formation of the
equilibrium structure (~n'). For the sake of simplicity, we
neglect the AE, and EA terms, which cancel each other
(at least partially). The plot of Fig. 1(b) shows the energy
required (IE) and gained (AFEee, Mo = 1.6 A) going from
Fe™1*0°~ to Fe™"0%". The left region in light blue is oxo
dominated (AEq. > IE), whereas the right region in light
orange is oxyl-dominated (AEq. < IE). The n = 2 appears to
be the onset for ground state oxyl species.

Despite the approximations taken, this model reveals that
there is some overall charge n of MO"™, where the relative
magnitudes of the necessary energy for the M  o*~
electron transfer and the energy gained by the subsequent
formation of M""0*~ switch. This gives flexibility for the
MO"™" species to adjust their electronic structure (and hence
their reactivity) via an appropriate combination of ligand
molecules and metal identity. The turning point appears to
be generally n = 2, but can be n = 0 or 1 for the late transition
metals due to their larger ionization energies. Experimentally,
this turning point for iron has been observed via the reactivity
enhancement going from FeO' to FeO*".”? Finally, higher
positive charges (n > 3) definitely favor the oxyl form.

Below we examine in more detail the electronic structure of
metal oxides starting from neutral followed by cationic, dica-
tionic, and anionic species. Typical molecular orbitals of bare
first-row transition metal monoxides are shown in Fig. 2. The
left/right columns correspond to VO/NIO as representatives of
early/late transition metals. This valence space can be divided
in non-bonding, bonding, and anti-bonding orbitals. The bond-
ing ones include the oy orbital, which is created by the
constructive superposition of the 2p, of oxygen and 3d,> of
the metal, and two myo resulting from the constructive super-
position of the 2p,, of oxygen and 3d,.,. of the metal. These
orbitals are clearly polarized towards oxygen for the early
transition metals. The anti-bonding orbitals (3}, and oy)
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Fig. 1 (a) Representative potential energy curves and energy decomposition for the formation of the oxo [M*2*027] and oxyl [M™*Y*0*7] forms of
MO™. (b) Energy gained (AE.c) and required (IE) for the transformation of the oxyl form to oxo in FeO™"; see the text. The light blue/orange regions

correspond to oxo/oxyl-dominated species.
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Fig. 2 Typical molecular orbitals for early (here VO) and late (here NiO)
transition metal oxides.

are the result of the destructive combinations of the same
atomic orbitals. Polarization in the opposite direction is
observed for anti-bonding orbitals: the ny,, are now polarized
towards the metal/oxygen for early/late transition metals. The
non-bonding ones include the 2s of oxygen (2sc), the 4s of the
metal (4sy) polarized away from oxygen as result of its ortho-
gonality with the bonding oy orbital. Identical polarization
has been observed for metal ammonia complexes, where the
lone pair of ammonia pushes away 4sy,.”* The last two orbitals
are pure metallic (8y,) as they have zero overlap with the valence
orbitals of oxygen.

The three bonding orbitals are all doubly occupied in the
ground state electronic configuration of all neutral species
(chomyo) indicating three covalent metal-oxygen bonds.
However, the strong polarization of these orbitals for the early
transition metals suggests rather an ionic M**Q®" picture. For
the first three metals, the remaining valence electrons populate
the non-bonding orbitals (45%,,, 4511\46151, 451,82, for ScO, TiO, and
VO0).***® These electrons screen only minimally the metallic
charge experienced by the oyonimo electrons. Ideally, going
from Sc to Ti and V the effective charge is 3+, 4+, and 5+ leading
to a contraction of the bond length from 1.668 A (ScO; X2Z™), to
1.623 A (TiO; X*A) and 1.592 A (VO; X*Z7).”* Conclusively, the
M>*0”" description is fair for MQ° (M = Sc, Ti, V), and the
commonly used M=0 picture (implying a double metal-oxy-
gen bond) is generally inaccurate (M=O would be more
appropriate). Moving to CrO and MnO, the additional electrons
20 to T}, causing elongation of the bonds to 1.613 (CrO; X°IT)
and 1.648 A (MnO; X°X"). If we consider that m};q ~ n3d,., we
can still suggest a Cr*’0* /Mn*'0®" picture. The additional
electrons for the next metals populate sequentially the 3y (FeO;
X°A), the 4sy (CoO; X*A) and 3y (NiO; X*Z7)°**? non-bonding
orbitals leaving the bond lengths practically unaffected 1.619,
1.631, and 1.631 A.”* Given that the last two metal oxides have a
(4sm3m)*0 0% oMo Mao configuration with wh,o ~ 2p,,, the
terminal oxygen has a strong radical nature (oxyl character).
FeO is somewhere in the middle making iron-oxygen a versatile
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bond balancing between oxo and oxyl. The cationic metal
monoxides follow similar trends: ScO" has a oyoTio configu-
ration, and the additional electrons populate 8y (TiO"), 8y
(VOY), 4sy (CrO"), my;o (MNO™ combined with a concomitant
Tyo — My electron promotion), myo(FeO™), 8y(Co0’), and
3m(INiO™).>*7°% Overall, both neutral and cationic first-row tran-
sition metal monoxides show a strong oxo character for early
metals which gradually converts to oxyl for the late metals.
Despite the importance of the dicationic species, only
recently a systematic high-level study appeared in the literature
providing potential energy curves, wavefunction information,
and spectroscopic constants for several electronic states.”®
These systems can be clearly categorized into three groups,
the early transition metals (Ti, V, Cr) with well separated oxo
ground states, the middle transition metals (Mn, Fe) with oxyl
ground states but low-lying oxo excited states, and the late
transition metals (Co, Ni, Cu) with clear oxyl ground and
excited states. The dominant configuration of the ground state
of TiO*" is Gyomio resembling ScO’. SeO*" is necessarily oxyl
species owing to that scandium has only three valence electrons
[ScO™ = ScO'(X'TY) — 1e” = S¢*0* — 1e” = sc*0'7],
while going to VO®" and CrO* the additional electrons
populate the 8y, orbitals. The oxo states of MnO*" and FeO>"
bear one and two n* electrons, respectively, but they
are higher in energy than the oxyl states. This stabilization of
the oxyl states going from VO*' to FeO*" explains the different
reactivity of the two species as confirmed recently with
machine learning studies.”” The oxyl states of MnO**, FeO*,
and the remaining metal oxides are of strong multi-
reference character. A similar systematic analysis for second
row metals has not appeared in the literature, but
sporadic studies indicate that they favor low-spin states with
a dominant oxo character. For example, MoO®" is identical to
Cro* (oruommodn),’ whereas RuO** prefers cyomaoda (1)
instead of O}oModN T (FeO?;?A), and RhO** prefers
SroMiodu o (T1)™" over oRioThodumioOhio (CoO™; °Z*).
A final comment pertains to the 4sy, electrons. The low-lying
electronic states of transition metal atoms have either a doubly
or singly occupied 4sy, orbital. The lowest energy 4s}y states are
considerably higher in energy ranging between 1.71 eV for Ni
and 6.41 eV for Mn (M,-averaged values).”® On the other hand,
the low-lying electronic states of transition metal cations prefer
4s%, and 4sk, states, with the lowest energy 4s%, states being in
the 1.44 (Sc)-6.86 (Mn) eV range (M averaged values).”® The
exact same trends are observed for metal oxides. The neutral
species prefer generally the order 4sy < 4sy < 4siy, and the
cationic species 4syy ~ 4sy; < 4537 All of the low-lying
states of dicationic metal oxide species have 4sy; configura-
tions, while those of the metal oxide anionic species are of 453
nature. When making MO~ species from MO° the additional
electron is practically always placed into the 4sy, orbital and not
on the more electronegative oxygen terminal. The electron affinity
(EA) values for the first-row transition metal monoxides range
experimentally between 1.22 (CrO) and 1.54 (CoO) eV,””®* which
is fortuitously close to the 1.46 eV*® EA of the oxygen atom.
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Finally, we refer to the destiny of the 4sy, electrons upon ligation,
which is not discussed in the chemistry textbooks. Ligands, such
as water or ammonia, can displace the 4sy, electrons from the
metal to the periphery of the complex or possibly to the
solution,”””* whereas ligands, such as a halide or a second oxygen
atom, can elicit these electrons oxidizing the metal-oxygen unit.®
The only case that a 4sy electron can survive is in an unsaturated
complex of ammonia-like ligands.®”

3. Ligand effects on the electronic
structure

The naturally emerging question is: how do ligands shift the
oxo/oxyl balance and hence the reactivity of metal oxygen
complexes? The diversity in the electronic structure of the
metal-oxygen bond and the variety of metal-ligand interaction
types (o/m-donors/acceptors) make the deduction of general
rules an extremely difficult task. This Gordian knot has been
the main focus of the recent machine-learning-based studies in
order to identify the key geometric and electronic parameters
that determine the reactivity of these species.*!

In a bottom-up approach, the deconvolution of the impor-
tant factors can be achieved via the step-wise strategy of first
exploring the electronic structure of metal-oxygen units and
then adding one ligand molecule at a time. This perspective has
been recently explored for some representative systems. It was
shown that ammonia and water ligands stabilize the oxo form
of FeO®" over the oxyl form.* The addition of solely one
ammonia or water ligand indicated that ammonia stabilizes
the oxo form more than water, which was confirmed for mixed
(water/ammonia) penta- and hexa-coordinated species, suggest-
ing that strong ligand fields favor oxo over oxyl. Experimentally,
this conclusion was confirmed by coordinating penta-dentate
ligands around the FeO”* unit. The ligands are anchored with
o-donating nitrogen atoms and the ligand field was modulated
by increasing the volume of side-units of the ligands.*® The
bulkier ligands elongated the Fe-N bonds weakening the ligand
field, increasing the radical character of the iron-oxygen unit,
and thus enhancing the C-H activation rates.

On the other hand, the stabilization of oxyl states can be
managed by adding hydrogen atoms, halides or other electron
engaging (or withdrawing) ligands, such as a second oxygen
atom. The potential energy curves of three hydrogen atoms
approaching ZrO revealed that they can stabilize the higher
energy Zr'(5s56°)0*" (°II) electronic states more than the
ground X°A Zr*'(5s3,8')0% state.”” The oxofoxyl energy gap
for zrO (PAFM) is 78.5 keal mol ' at the MN15/aug-cc-
pVDZ(O,H)/aug-cc-pVDZ-PP(Zr) level of theory (present calcula-
tions). The addition of the first and second hydrogen atoms
decrease this gap only slightly to 76.1 and 67.4 kcal mol™",
respectively. However, the addition of the third hydrogen
makes the difference by eliminating the oxo form. H,ZrO is a
closed-shell oxo species with no unpaired electron on the Zr site
to accommodate a third Zr-H bond in contrast with the open
shell H,ZrO triplet oxyl state (one electron is on Zr and one on
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Fig. 3 Singly occupied orbitals for the low spin oxo and high spin oxyl
states of H,ZrO, n = 0-3. The addition of each hydrogen atom leads to
deletion of one unpaired electron. The 5s' electron vanishes first. The
three unpaired electrons of ZrO/oxyl localized on the metal (5s', &%)
transform gradually to the three Zr—H bonding orbitals, while the =n
electron remains intact until the formation of HsZrO. ZrO/oxo has only
two metallic electrons (5s*, 8) and can only form H,ZrO.

0). The HsZrO ground state has a clear O(2p') configuration
disclosing its ZrO (*IT/oxyl) ancestry.*” Fig. 3 provides a pictor-
ial view of the ZrO — H3ZrO transformation. The exact same
effect was found for F5ZrO and is anticipated to occur for all
halides, oxygen, or other electron withdrawing systems. Each
halide can engage one metallic electron,®® and oxygen is
expected to engage two electrons. In transition metal dioxides,
although the two oxygen atoms are generally equivalent, one
oxygen atom can be seen as the electron engaging ligand and
the other one as the active unit, resulting in a higher oxyl
radical character®” (compare also the reactivity of the ground
and first excited state of Ta0,"),*® and weaker metal-oxygen
bonds compared to monoxides.*® This picture is in agreement
with the abundance of radical oxygen centers in metal poly-
oxides.”*?

Overall, the stepwise bottom-up approach provides useful
insights for future catalyst design studies. So far, a couple of
basic principles are that c-donors stabilize the oxo configu-
ration, while an appropriate number of o-electron-engaging
ligands favor the oxyl configuration. Future studies should
explore the effect of m-donors/acceptors and combinations of
all types in a pairwise manner, before moving to higher
coordination numbers and practical molecular catalysts.

4. Efficiency in activating methane

Metal oxides have been observed to react with methane via two
avenues, the so-called 2+2 addition and the radical mechanism.
The electronic structure transformations and typical transition
state geometric structures for the two paths are illustrated in
Fig. 4. Geometrically, the two transition states differ mainly in
the [M]-O-CH, angle. This angle is obtuse for the radical
mechanism and is acute for the 2+2 addition. The 2+2 pathway
necessitates that the transition metal oxide complex is not
saturated by ligands, while the radical one occurs either as
hydrogen atom transfer (HAT) or proton-coupled electron
transfer (PCET). For reasons of completeness, it should be
mentioned that bridged metal-oxygen bonds (M-O-M) have
been shown to be less active.”
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Fig. 4 Typical structures of the transition state for the activation of the
HsC—H bond facilitated by metal oxides via the 242, PCET, and HAT
mechanisms. Oxygen, carbon, hydrogen, and metal atoms are depicted as
red, gray, white, and cyan spheres. The participating electrons and the
undergoing electron transfers/spin couplings are shown with yellow
spheres and black arrows.

A simplified picture for the 2+2 mechanism involves the
“attack” of an electron pair localized on oxygen to hydrogen
(see Fig. 4) and the concomitant formation of the M-C bond
with the electrons of the cleaved C-H bond. As a result, the
hydrogen atom departs from methane as a proton and the
methyl group binds to the metal as CH; . In the PCET
mechanism the same proton transfer is accompanied by a
transfer of one C-H electron to the metal center. The net
outcome is the production of a methyl radical and the
reduction of the metal center. On the other hand, the HAT
mechanism requires an unpaired electron on the oxygen ter-
minus, which abstracts hydrogen as an atom (and not a proton)
releasing a methyl radical. The 2+2 path adopts a heterolytic-
type cleavage of the C-H bond, while radical mechanisms
(PCET and HAT) proceed with a homolytic-type dissociation.

There are numerous (theoretical and experimental) studies
on the reaction of bare neutral and singly positively charged
first-row transition metal oxides with methane in the
literature.”> % Because of their high oxo character (see above)
these systems (neutral and cationic) follow a 2+2 mechanism
with C-H activation barriers ranging from 9 (high-spin MnO")
to 40 kecal mol * (with respect to the encounter complex of the
reactants) depending on the metal and spin state.”> % The
second CH;-OH fission step (CH;MOH — M + CH;OH) has
always larger activation barriers than the C-H activation step,
but the transition state energy is often lower than the reactants
energy enabling the formation of methanol.

At this point, we should make the distinction between gas
phase and solution phase reactions. In the latter case the
energy of the molecular system can dissipate to solvent mole-
cules trapping the system to the stable CH;MOH intermediate
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and leading to interruption of the catalytic cycle. In a different
direction, the inclusion of ligands can destabilize this
intermediate.

Reactions of bare metal oxide dications with methane are
not found in the literature and have the intrinsic issue that the
MO" + CH," fragments are lower in energy than MO*" + CH,,
and thus MO®" can ionize methane. The inclusion of a few
ligand molecules stabilizes the latter fragments. FeO*" has the
lion’s share among the reaction studies with methane.*>** Both
2+2 and radical pathways are observed for ligated metal oxide
dications.® It is widely accepted in the literature that the
activation energy barriers are considerably smaller for the
radical pathways. Counter-examples have been reported
recently, where (NH;),RhO*" activates CH, via 2+2 with only a
13.6 kcal mol " barrier.”* As explained below, this is attributed
to the electronic structure transformation of the oxide during
the coordination of CH,.

The RhO* unit within the (NH;),RhO*" complex retains the
electronic structure (2550%,0Mhno0knThno configuration) of
diatomic RhO** (see Fig. 2 and 5 for orbital notations and
contours). When the four ammonia ligands coordinate, the
occupied &, and my;, orbitals have minimal amplitude along
the Rh-N bonds (see Fig. 5), but the doubly occupied &_ orbital
has a clear anti-bonding oy, character (see Fig. 5).

The incoming CH, molecule captures the sixth open coordi-
nation site forming the pseudo-octahedral (NH;),(CH;)RhO*"
complex. CH, coordinates similarly to ammonia making a
dative (coordinative) bond with the electron pair of one H;C-
H bond (see Grn-cu = Orn-n Orbitals of Fig. 5 and ref. 71). The
coordination of CH, induces a dramatic electronic structure
shift at the metal center. The 6_ orbital is replaced by the
second Ty, orbital and the new configuration (resembling a
tig configuration under the near-O;, symmetry of the formed
complex; see Fig. 5) has no antibonding character along the
metal-ligand bonds. Therefore, the five valence electrons of
Rh*" minimally screen the metal center’s charge, exposing the
ligands, including CH,, to a large attractive central positive
charge (nucleophilic attack; see Fig. 1 of ref. 33), which “pre-
activates” the H;C-H bond of methane and leads to the
unexpectedly small energy barrier. The bond of the coordinated
H;C-H bond is elongated by 0.04 A compared to isolated CH,
(1.136 vs. 1.098 A). In the future, a more efficient “pre-activation”
process is expected in systems which can donate electrons from a
tzg-like orbital to the antibonding CH orbital (reverse nucleophilic
or electrophilic attack; see Fig. 1 of ref. 33).

Overall, CH, causes re-organization of the metallic elec-
trons, which in turn induces its efficient activation. To our
knowledge, this is the first reported example of metal-substrate
cooperativity. Ammonia ligands are often used to keep the
computational cost manageable, but for practical applications
they are generally replaced by poly-dentate ligands, for example
see ref. 86.

Metal mono-oxides with unpaired electrons (non-zero spin
density) on oxygen can readily activate methane via HAT form-
ing a metal-hydroxide and releasing a methyl radical (CH;®). As
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Fig. 5 Contours of select orbitals for RnO?*, (NH3),RhO?*, and (CH,4)(NH3)4,RhO>* for their ground states (S = 3) calculated presently at the MN15 level of
theory with the cc-pVDZ-PP (for Rh) cc-pVDZ (for N, C, H) aug-cc-pVDZ (for O) basis sets/pseudopotentials. Structures were taken from ref. 71.
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Fig. 6 Select orbitals for the (NH3)sTiO?*(triplet) + CH4 and PdO™ + CH,
reactions. The numbers placed on each orbital correspond to their
occupancy number. In the case of PdO™ the doubly occupied mpqo Orbital
takes a proton from CH, (6cn) and becomes oon. The mp,, Orbital takes an
electron from ocy. The former orbital polarizes towards Pd (dpg) and the
latter becomes a 2p-orbital of carbon (pc). The whole process signifies a
PCET mechanism. On the other hand, in the triplet state of (NHz)sTiO?* the
nrio orbital receives a proton and an electron from ocy (both depicted as
red/blue contours) at the same time signifying a HAT process. The &v;
electron (cyan/purple contours) remains intact and ocy turns to pc (both
depicted as green/brown contours).
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an example, we refer to the first excited state of TiO*" of triplet
spin multiplicity for reasons that will become clear later. This
state has two unpaired electrons, one in a pure metallic orbital
(815) and one in the mrio orbital polarized towards oxygen (see
Fig. 6) and has been characterized as a Ti**0*~ state.”” The
reaction of this species with CH, is spontaneous, i.e. no energy
barrier is observed (see Fig. 7). The mro orbital converts to the
Goy one, and Ti remains in its Ti*" oxidation state.

An example of the PCET mechanism is the reaction of PdO™
with CH,. The electronic structure of this oxide has been
studied in detail recently,*® and the important feature is that
in addition to the 6pq0, Tpao, and Pd-localized orbitals, there is
an unpaired electron in a 7}, orbital with no clear polarization
(see Fig. 2 of ref. 63 and Fig. 6). The m},, orbital is a
combination of 4d,,(Pd) and 2p,(O). Although this unpaired
electron could abstract the H atom from methane, the observed
mechanism agrees better with PCET. The Tpago ~ 2p.(0) +
4d,,(Pd) orbital is actually grabs H" and polarizes towards H",
while 1, ~ 2p,(O) — 4d,-(Pd) receives an electron from CH,
and polarizes towards the metal (see Fig. 5 of ref. 104 and
Fig. 6). This re-organization of the molecular orbitals clearly
showcases a proton transfer to oxygen and an electron transfer
to the metal facilitated via the myy, orbital. The non-zero spin
density (n’l‘,do) on oxygen is used not for abstracting the proton
but for receiving the electron.

Based on the previous two examples, it is suggested that
HAT is promoted by singly occupied myo orbitals (the possibi-
lity of singly occupied oy orbital is not excluded; see ref. 39,
40 and references therein), while a (myo0)? (o) configuration
initiates PCET.
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Fig. 7 CASSCF potential energy profiles of the reaction (NHz)sTiO?* +
CHj4 — (NH3)sTiIOH?* + CHj for the ground and excited electronic states.
Solid blue lines correspond to singlet states and the dashed red line to
triplet states. The energy of the reactants corresponds to the left side and
that of the products to the right side (see Fig. 6 for their structures). The
transition state (shown as inset) is obtained at MN15. The used basis sets
are cc-pVDZ (for Ti, C, N, H) aug-cc-pVDZ (for O). The Lewis structures
demonstrate the electronic structure of the TiO unit before and after the
reaction (ligands are omitted for clarity).

The radical (HAT or PCET) mechanism is also observed for
metal oxides with a profound oxo character (no or minimal spin
density on oxygen). Especially fully coordinated metal oxides
with no physical space for a 2+2 mechanism react via HAT/
PCET transition states ([M]JO-H-CH; angle of 180°; see Fig. 4).
From the purely fundamental electronic structure standpoint,
the approach of an electronically saturated (closed-shell) oxy-
gen terminus (oxo) with a closed-shell molecule, such as CHy,
should lead to a repulsive interaction. What is the reason for
the observed reactivity? What factors enable oxo species to
follow a radical mechanism?

To provide an explanation, the ground singlet-spin state
[(6m0)*(Tmo)* configuration] of (NH;)sTiO*" is employed as a
prototype oxo state; denoted as [Ti]JO** for simplicity in the rest
of the paragraph. Using density functional theory (unrestricted
DFT) and specifically the MN15 functional combined with the
cc-pVTZ basis set for Ti, N, H, and C, and the aug-cc-pVTZ basis
set for O, we located a HAT/PCET-type transition state (see
Fig. 7) for the [Ti]JO*" + CH, reaction. Following the normal
mode of the imaginary frequency we sampled geometries
connecting reactants, [Ti]JO*"(CH,) interaction complex, and
products, [TiJOH?>'(CHs). We then performed CASSCF calcula-
tions (with cc-pVDZ basis sets for Ti, N, and H, and aug-cc-
pVDZ for C and O) along this reaction coordinate for the two
lowest energy singlet states and the first triplet state. The active
space chosen consists of 12 orbitals, the oo, tWO Tyo, O,
tWO Ty o, Oa_o» Oy, the o and o* of the activated CH bond,
and two additional orbitals to allow for appropriate conver-
gence (usually outer p orbitals). The computed potential energy
profiles are plotted in Fig. 7. As expected, the potential energy
curve pertaining to the ground state of [TiJ0** + CH, is purely
repulsive and leads to products only after an avoided crossing
with the excited singlet state right exactly at the transition state
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region. It is also notable that the activation barrier for this
reaction is as high as 45 keal mol™". Although it is expected to
drop when dynamic correlation is included, the value will
certainly be higher than the typical barriers of radical
mechanisms.

The underlying mechanism in terms of electronic structure
is also illustrated in Fig. 7. The excited singlet (open-shell)
and triplet states are of identical nature (Ti**0°7) with a
(0m0)* (o) (tzg ~ S1i)" electronic configuration and they react
with CH, via the HAT pathway described earlier: The unpaired
Tvo electron carries off a hydrogen atom from methane (see the
bottom right inset of Fig. 7). On the other hand, the closed-shell
ground state fails to make any products (see the top right inset
of Fig. 7). The triplet state leads to a triplet [Ti]JOH*'(CHs)
product smoothly, while its sibling singlet state undergoes an
avoided crossing, conveying its character to the ground
singlet state.

Based on the previous analysis, the reaction of (NH;)sTiO>"
with CH, to (NH;);TIOH>" + CH;* can be seen with two ways: (1)
starting from the ground state (NH,);Ti*'0*~ and going to
(NH,)sTi**OH ™~ via PCET, or (2) starting from the excited state
(NH;)5Ti**0*~ and going to (NH;);Ti**OH™ viz HAT. The sec-
ond picture is more intuitive and implies that the H;C-H
activation barrier will be lowered if the excited state of the
metal oxide is lower. Therefore it provides more information
and can explain why some oxides are more efficient than
others. This example emphasizes the importance of excited
states in “ground-state” chemistry. Transient oxygen radicals
are indicative of a two-state reactivity scheme as observed for
triplet/quintet states in iron-oxo systems.*

The above analysis refers to rather clear-cut cases with clear
oxo or oxyl character. In the case of the intermediate/multi-
configurational character, all three mechanisms can potentially
contribute to the methane activation reaction increasing the
complexity of the analysis. In the future, tools that can distin-
guish the contribution of each pathway will be useful in
predicting reactivity and catalytic efficiencies.

5. Selectivity in selective methanol
production

The previous discussion focuses on the electronic structure of
metal oxide catalysts and the consequences to the activation of
a C-H bond of methane. As mentioned in the introduction, the
main bottleneck for the selective conversion of methane to
methanol is the over-oxidation of the produced methanol.
Therefore, computational studies should include energy land-
scapes for the reaction of the metal oxide catalyst with metha-
nol and not only methane. Norskov and co-workers did so for
numerous metal oxide surfaces and found out that the activa-
tion barrier for methanol is consistently lower than that of
methane independently of the metal identity.** The fundamen-
tal reasoning provided by the authors is that the C-H bond of
methanol is weaker, suggesting that metal oxides are rather
inappropriate catalysts and other families must be sought.
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Fig. 8 Structures for the transition states and reacting species for the
reaction of (NH3)sVO?*™ with methane (a) and methanol [(b and c)]. The
structures (c) are not fully optimized, but they are obtained from structures
(a) and replacing the most remote H atom of methane with OH. AE is the
activation energy, ¢(OHC), r(OH), and r(CH) refer to the angles and
distances pertaining to the OCH atoms involved in the methane activation,
and r(O- - -H)ysr corresponds to the O—H distance of the hydrogen bonds
at the transition state/reacting species.

The main message of this perspective is to suggest two
different approaches to improve the efficiency of metal oxides
before their definitive retirement. The first proposal is to
design a catalytic system which forces methanol into an orien-
tation unfavorable for CH activation. Presently, a simplistic
example refers to the formation of hydrogen bonds but can be
generalized for other constrained environments.

The example below refers to the saturated vanadyl ammonia
complex (NH;);VO** reacting with CH, and CH;OH. Fig. 8
shows the relative structures for the transition states and
corresponding reacting species (encounter complex). The struc-
tures of schemes (a) and (b) pertain to fully optimized struc-
tures for CH, and CH;O0H, respectively. Notice that methanol
forms hydrogen bonds with the coordinated ammonia ligands.
Scheme (c) corresponds to the reaction with methanol in the
absence of hydrogen bonds. These are not fully optimized
structures. They are made starting from the structures of CH,
and replacing the most remote H of CH, with OH. Only the
positions of the introduced O and H atoms are optimized. The
intrinsic activation barriers are 54.0 kcal mol™* for CH, and
44.0/26.9 keal mol ' for CH;OH when the hydrogen bonds are
present/absent. It turns out that the formation of hydrogen
bonds increases the barrier by 17 kcal mol™". During the
formation of the transition state both the hydrogen bonds
and the proton transfer are disturbed. The (N)H:--O(H) dis-
tances elongate on average by 0.3 A, while the C-H distance and
OHC angle of the transition state decrease by 0.08 A (1.46 vs.
1.38 A) and 11° (178° vs. 167°) compared to methane (scheme a)
or artificial methanol structures (scheme c).

Although the activation barrier remains lower than that of
methane, this example demonstrates that such constrained
environments of a rather hydrophilic environment (and not
hydrophobic as suggested in the literature for a vanadyl
catalyst’’) can potentially be tuned to disturb the system
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Fig. 9 (a) Catalytic cycle for the reaction [M]JO™ + CH,4 + [O] — [MJO™ +
CH3OH. Here [O] is N,O, which releases Np, and [M] = Pd~/Pd(CH3)s/
Pd(Bp), . Only the structures for [M] = Pd~ are shown,'®* but the activation
barriers for all three species are listed (blue/green values correspond to
2+2/PCET mechanisms).**!%% The bottom left values correspond to the
energy required for the release of methanol. (b) Structures and interaction
energies for the Pd(CHsOH)?**°~ species calculated presently at the
MN15 level of theory (see text). All values are in kcal mol™

enough so that the activation energy for methanol is at least
competitive to that of methane.

A better way to go around the easier activation of methanol
is to avoid it. Recently, metal oxide anions have been shown to
provide a reasonable bypass. The catalytic cycle is shown in
Fig. 9(a) and is the typical cycle reported for metal oxide
cations. The main difference making metal oxide anions
advantageous is that the negative charge on the metal does
not anchor the methanol. Instead, the weak interaction
between the metal anion and methanol promotes the diffusion
of methanol to the solvent. The same approach has been
employed in the literature tuning the electrochemical potential
of a metal oxide surface.” The benefit of the molecular anionic
metal oxides is that the oxidation state of the metal changes
naturally/automatically to the desired state in every step per-
forming ““molecular electrocatalysis”. An example demonstrat-
ing the range of the interaction energies for different charges is
that of Pd**, Pd’, Pd°, and Pd~ interactions with methanol,
which are 146.0, 48.2, 13.7, and 12.7 keal mol™" [present
calculations at MN15/aug-cc-pVTZ(C,H,0)/aug-cc-pVTZ-PP
(Pd)], and only in the anionic and neutral systems the oxygen
atom of methanol does not coordinate to the metal, but instead
methanol is located further with the OH group pointing to the
metal (see Fig. 9(b)).

An immediately obvious challenge for practical applications
is how to stabilize an anionic metal center. The electron
affinities of the transition metal atoms (taken from ref. 10;
see also ref. 105 for computed values) are collected in the
periodic table of Fig. 10. The largest electron affinity values
correspond to metals of low abundance (Ir, Pt, Au) with
probably the best option being nickel, which has an intermedi-
ate electron affinity value and high natural abundance. In any
case, the identification of ligands that can stabilize the negative
charge on the metal is important. Recent calculations found
that ligands coordinating with a metal-carbon bond, such as
methyl'® or biphenyl, increase the electron capacity of the
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Sc Ti \" Cr Mn Fe Co Ni Cu Zn
0.19 | 0.08 | 0.53 | 0.67 | N/A | 0.15 | 0.66 | 1.16 | 1.24 [ N/A
Y Zr Nb | Mo Tc Ru Rh Pd Ag cd
0.31 | 0.43 | 0.92 | 0.75 [ 0.55 | 1.05 | 1.14 | 0.56 | 1.30 [ N/A

La Hf Ta w Re | Os Ir Pt Au | Hg
0.47 | 0.01 | 0.32 | 0.82 [ 0.15 | 1.1 | 1.56 | 2.13 | 2.31 [ N/A

Fig. 10 Experimental electron affinities for the first, second, and third row
transition metals.’® Mn~, Zn~, Cd~, and Hg™~ anions are not stable and the
electron affinity is not available (N/A). Values in red are below 1.0 eV, values
in blue are between 1.0 eV and 1.46 eV (electron affinity of O), and values in
green are higher than 1.46 eV.

metal center."® Specifically, the electron affinity of the M(CHj),
species, M = Ni, Pd, Pt, soars to 2.3-2.7 eV and is nearly
insensitive to the metal identity (the range for the atoms is
0.6-2.1 €V; see Fig. 10), which makes Ni an excellent candidate
for practical applications as the more naturally abundant
metal. A different idea is the provision of electrons to the metal
in an in-situ and on-demand basis. An example is the weakly
bound metal-(n-ring) complexes of Agapie and co-workers.""”

The activation barriers for single and ligated Pd ™~ catalysts
for the individual reactions steps are given in Fig. 9(a) as taken
from ref. 49 and 104. The values are nearly independent of the
catalyst. The CH;-OH recombination step of the 2+2 path is the
only outlier. The 2+2 intermediate is extremely stable and
poisons the cycle for bare Pd ™. Similar observations have been
reported for other oxides.®®®**"?%% However, the addition of
methyl or biphenyl ligands ameliorates this issue by destabiliz-
ing this intermediate and reducing the activation barriers for
the recombination step. This observation highlights the impor-
tance of calculating complete cycles and not only the H;C-H
activation step.

Overall, the lessons learned from cationic metal oxides apply
for anionic systems too. For example, the two types of mechan-
isms (PCET, 2+2) are found for anions too. Another interesting
observation is that the last oxygen reload step has a near-zero
activation barrier for an anion,*>*** when using N,O, generally
smaller (certainly not bigger) than neutral and cationic metal
oxide units,*®3**'% 1 For practical applications, it has to be
seen if this holds true for O,. In addition, given the enhanced
electron affinities of ligated metal oxide anions, more detailed
studies on the electronic structure of the ground and more
excited states are necessary for both ligated and diatomic metal
oxides. For reasons of completeness, it is mentioned that metal
oxide anions have been shown to be superior for other reac-
tions as well, such as water activation reactions.®***>

6. Current challenges and outlook

Tackling the challenge of selectively converting methane to
methanol has been a persistent riddle for chemists over the
past decades. The inherently weaker C-H bond of methanol
prevents catalysts from being selective. Metal oxides or gener-
ally metal-oxygen bonds used as facilitators also suffer from
this issue. The goal of this perspective is to emphasize that
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metal oxides (molecular species) can still be a useful gadget in
the chemists toolkit and suggest strategies to circumvent the
selectivity traits.

A major shift on the focus of the theoretical studies is the
study of methanol activation, and not only methane. A first
plan of action is based on perturbing the structure of the
methanol transition state. This can be achieved by limiting
its mobility and making hydrogen bonds between OH of
methanol and constrained environment (such as zeolites or
MOFs) or the recently reported molecular cavities around a
vanadyl (VO*) unit.*” The latter should be modified to include
OH or NH dangling units similar to the ones reported for MnO,
FeO, Cu0, and RuO units.'** 17

Along the same lines, another approach would be the design
of low coordination complexes which promote a low barrier 2+2
mechanism. These systems would require a closer proximity of
methanol and metal center, and this could be avoided by
hydrogen bonding or steric effects. The 2+2 mechanism will
also prevent the formation of free radicals and the formation of
additional byproducts. A strategy for designing low barrier 2+2
mechanisms was proposed recently’ and involves a “pre-
activation” of the C-H bond by exposing the CH bond to large
metallic charges. This can be enabled by coupling the metal d-
electrons into orbitals that bear small electronic density along
the metal-substrate axis. The latter can happen in an “in situ”
mode during the approach of the substrate to the metal center.
Such low-spin complexes are preferably made with second-row
transition metals, but future studies should focus on using the
more abundant first-row transition metals combined with
ligands that impose low spin multiplicity.

A second strategy is the use of metal oxide anions instead of
the traditionally used cationic or neutral species. This molecu-
lar electrocatalysis process has the advantage that the produced
methanol tends to depart from the catalytic center assisting its
removal by appropriate solvent molecules. The challenges of
stabilizing a negative charge on the metal and enabling a low
barrier 2+2 path seem to be addressable via the wise selection
of ligands. Metal carbon bonds appear to increase the electron
affinity of the metal center to values comparable to bare Pt, but
there is plenty of unexplored chemical space for further
improvement. For industrial applications, promising com-
plexes can be tethered to (chemically inactive) metal surfaces or
silica,"*® as happens in other areas of chemistry,"***** such as
light harvesting, electrocatalysis, or DNA studies, combining
the advantages of homogeneous and heterogeneous modes.
Probably long distances between each unit will be necessary to
avoid oxidation of the ligands from neighboring units.

For the above explorations, theoretical studies should con-
sider complete catalytic cycles besides the activation of the C-H
bond of methane. For example, the second step (CH;-OH
rebound step) and the oxidation of the metal is important
too. Although N,O and O, are very practical for computational
works and laboratory experiments, the target oxidant should be
0, for an industrially and economically viable process.*®*** It
should be mentioned that H,0 and H,0, have also been probed
as oxidants.'**'2® In addition, the reaction of both methane
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and methanol with the catalysts should be examined to address
the selectivity challenge.

The above suggestions can be supported by our better
knowledge of the electronic structure of transition metal oxi-
des. The relative stability of the oxo and oxyl forms is the key
parameter and traces back to fundamental quantum mechan-
ical principles. Specifically, the parabolic (quantum prediction)
and not linear (classical prediction) dependence of the ioniza-
tion energy of atoms on their charge determines the oxo/oxyl
composition. We believe that quantifying and controlling the
oxo/oxyl ratio of the wavefunction is an important factor for
moving forward, keeping in mind the significant contribution
of the excited states of the catalyst to the ‘“ground-state”
chemical reactions. For example, the PCET mechanism can
be seen as the HAT mechanism enabled by excited oxyl states.
Orbital analysis for the different mechanisms (2+2/PCET/HAT)
indicated that the my orbitals enable proton (H") transfers and
that =y, eases electron (e”) transfers. Therefore, a more
detailed investigation of the electronic structure is necessary,
especially for the metal oxide anionic complexes, which are
largely unexplored. Photoelectron spectroscopy studies for
metal monoxide anions reacting with methane and methanol,
similar to those done for single metal anions**” and polymetal-
polyoxide particles,’*® will be certainly helpful. Regarding
anionic species, the enhanced ionization energies urge for
studies of several excited electronic states bound with respect
to the neutral counterparts. Finally, the role of all types of
ligands (o/n-donors/acceptors) should be explored further.

The lessons we have learned in terms of electronic structure
must be used in future theoretical and experimental explorations.
Theory provides a perfect means for faster disclosure of appro-
priate candidate catalysts and should lead the field."* The
“cooperation” of density functional theory and wavefunction
(especially multi-reference) calculations should be promoted. For
example, small molecular systems can be used for benchmarking
functionals that can be used for larger species. Another important
effect, which should be considered in the future, is the role of
crossings between states of different spins (spin-orbit coupling),
which can reveal new reaction pathways or change the reaction
rates considerably.'***! Machine learning methods can be help-
ful if the correct descriptors and methods are employed,"** and we
believe that excited states (maybe in terms of excitation energies
and not just HOMO/LUMO energies)'** must be included in the
models. At the same time, the bottom-up approach starting from
bare oxides and gradually adding ligands of different types should
not be abandoned and should proceed hand in hand with
experimental observations.'** This path offers a more chemically
intuitive path and will identify the eigenvectors of the catalytic
efficiency “operator” in the multi-dimensional chemical space.
The coupling elements can then be considered to explore the off-
diagonal regions and discover the most efficient catalysts.

Conflicts of interest

The authors declare no competing financial interests.

This journal is © the Owner Societies 2023

View Article Online

Perspective

Acknowledgements

The authors are indebted to Auburn University for financial
support and especially the James E. Land endowment. This
work was completed with resources provided by the Auburn
University Easley Cluster. EM wants to thank Christoforos G.
Kokotos (National and Kapodistrian University of Athens,
Greece) and Christian R. Goldsmith (Auburn University, USA)
for the discussions.

References

1 The World Bank, Global Gas Flaring Reduction Partnership
(GGFR), 2019, https://www.worldbank.org/en/programs/gasflar
ingreduction, (accessed 10/27/2022).

2 J. Jang, K. Shen and C. G. Morales-Guio, Joule, 2019, 3,
2589-2593.

3 R. W. Howarth, Biogeosciences, 2019, 16, 3033-3046.

4 H. D. Gesser, N. R. Hunter and C. B. Prakash, Chem. Rev.,

1985, 85, 235-244.

M. Ravi, M. Ranocchiari and ]J. A. van Bokhoven, Angew.

Chem., Int. Ed., 2017, 56, 16464-16483.

G. A. Olah, Chem. Eng. News Archive, 2003, 81, 5.

G. A. Olah, Angew. Chem., Int. Ed., 2005, 44, 2636-2639.

G. A. Olah, A. Goeppert and G. K. S. Prakash, J. Org. Chem.,

2009, 74, 487-498.

K. Rduchle, L. Plass, H.-J. Wernicke and M. Bertau, Energy

Technol., 2016, 4, 193-200.

10 W. M. Haynes, CRC Handbook of Chemistry and Physics,

Taylor & Francis, 93rd edn, 2012.

S. Verhelst, J. W. G. Turner, L. Sileghem and J. Vancoillie,

Prog. Energy Combust. Sci., 2019, 70, 43-88.

12 S. Sarp, S. Gonzalez Hernandez, C. Chen and
S. W. Sheehan, joule, 2021, 5, 59-76.

13 W. Zhang, M. Song, Q. Yang, Z. Dai, S. Zhang, F. Xin,
W. Dong, J. Ma and M. Jiang, Biotechnol. Biofuels, 2018,
11, 260.

14 M. C. Alvarez-Galvan, N. Mota, M. Ojeda, S. Rojas,
R. M. Navarro and J. L. G. Fierro, Catal. Today, 2011, 171,
15-23.

15 ]J. A. Rodriguez, F. Zhang, Z. Liu and S. D. Senanayake,
Catalysis, The Royal Society of Chemistry, 2019, vol. 31,
pp. 198-215.

16 R. Sharma, H. Poelman, G. B. Marin and V. V. Galvita,
Catalysts, 2020, 10, 194.

17 Y. Lyu, J. N. Jocz, R. Xu, O. C. Williams and C. Sievers,
ChemCatChem, 2021, 13, 2832-2842.

18 M. H. Mahyuddin, Y. Shiota and K. Yoshizawa, Catal. Sci.
Technol., 2019, 9, 1744-1768.

19 M. B. Park, E. D. Park and W.-S. Ahn, Front. Chem., 2019,
7, 514.

20 B. E. R. Snyder, M. L. Bols, R. A. Schoonheydt, B. F. Sels
and E. I. Solomon, Chem. Rev., 2018, 118, 2718-2768.

21 P. Tomkins, M. Ranocchiari and J. A. van Bokhoven, Acc.
Chem. Res., 2017, 50, 418-425.

o N O wu

o

1

[

Phys. Chem. Chem. Phys., 2023, 25, 5313-5326 | 5323

120



Published on 11 January 2023, Downloaded by University of Notre Dame on 4/11/2023 4.:36:21 PM.

Perspective

22

23

24

25

2

(=]

27

28

29

30

31

32

33

34

35

36
37

38

3

o

40

41

42

T. Ikuno, J. Zheng, A. Vjunov, M. Sanchez-Sanchez,
M. A. Ortuiio, D. R. Pahls, J. L. Fulton, D. M. Camaioni,
Z. Li and D. Ray, et al., J. Am. Chem. Soc., 2017, 139,
10294-10301.

J. Baek, B. Rungtaweevoranit, X. Pei, M. Park, S. C. Fakra,
Y.-S. Liu, R. Matheu, S. A. Alshmimri, S. Alshehri and
C. A. Trickett, et al, J. Am. Chem. Soc., 2018, 140,
18208-18216.

D. Y. Osadchii, A. I Olivos-Suarez, A. Széesényi, G. Li,
M. A. Nasalevich, I. A. Dugulan, P. S. Crespo,
E. J. M. Hensen, S. L. Veber and M. V. Fedin, et al., ACS
Catal., 2018, 8, 5542-5548.

X. Cui, H. Li, Y. Wang, Y. Hu, L. Hua, H. Li, X. Han,
Q. Liu, F. Yang and L. He, et al., Chem, 2018, 4, 1902-1910.
G. Laudadio, Y. Deng, K. van der Wal, D. Ravelli, M. Nufio,
M. Fagnoni, D. Guthrie, Y. Sun and T. Noél, Science, 2020,
369, 92-96.

A. Hu, J.-J. Guo, H. Pan and Z. Zuo, Science, 2018, 361,
668-672.

L. Soussan, N. Pen, M.-P. Belleville, J. S. Marcano and
D. Paolucci-Jeanjean, J. Biotechnol., 2016, 222, 117-142.
C. D. Blanchette, J. M. Knipe, J. K. Stolaroff, J. R. DeOtte,
J. S. Oakdale, A. Maiti, J. M. Lenhardt, S. Sirajuddin,
A. C. Rosenzweig and S. E. Baker, Nat. Commun., 2016,
7, 11900.

P. V. L. Reddy, K.-H. Kim and H. Song, Renewable Sustain-
able Energy Rev., 2013, 24, 578-585.

Z. Zakaria and S. K. Kamarudin, Renewable Sustainable
Energy Rev., 2016, 65, 250-261.

A. A. Latimer, A. Kakekhani, A. R. Kulkarni
J. K. Nerskov, ACS Catal., 2018, 8, 6894-6907.

B. G. Hashiguchi, S. M. Bischof, M. M. Konnick and
R. A. Periana, Acc. Chem. Res., 2012, 45, 885-898.

P. Liao, R. B. Getman and R. Q. Snurr, ACS Appl. Mater.
Interfaces, 2017, 9, 33484-33492.

K. D. Vogiatzis, M. V. Polynski, J. K. Kirkland, J. Townsend,
A. Hashemi, C. Liu and E. A. Pidko, Chem. Rev., 2019, 119,
2453-2523.

N. Nakatani and M. Hada, J. Comput. Chem., 2019, 40, 414-420.
A. B. Jacobs, R. Banerjee, D. E. Deweese, A. Braun,
J. T. Babicz, Jr., L. B. Gee, K. D. Sutherlin, L. H. Bottger,
Y. Yoda and M. Saito, et al., J. Am. Chem. Soc., 2021, 143,
16007-16029.

G. M. Jones, B. A. Smith, J. K. Kirkland and K. Vogiatzis,
Inorg. Chem. Front., 2023, DOIL 10.1039/D2QI01961B.

J. K. Kirkland, S. N. Khan, B. Casale, E. Miliordos and
K. D. Vogiatzis, Phys. Chem. Chem. Phys., 2018, 20,
28786-28795.

C. Kupper, B. Mondal, ]J. Serrano-Plana, I. Klawitter,
F. Neese, M. Costas, S. Ye and F. Meyer, j. Am. Chem.
Soc., 2017, 139, 8939-8949.

D. J. Xiao, E. D. Bloch, J. A. Mason, W. L. Queen, M. R.
Hudson, N. Planas, ]J. Borycz, A. L. Dzubak, P. Verma and
K. Lee, et al., Nat. Chem., 2014, 6, 590-595.

S. Shaik, M. Filatov, D. Schréder and H. Schwarz, Chem. —
Eur. J., 1998, 4, 193-199.

and

5324 | Phys. Chem. Chem. Phys., 2023, 25, 5313-5326

43

44
45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

6

uy

62

63

64

65

66

67

68

View Article Online

PCCP

P. C. Andrikopoulos, C. Michel, S. Chouzier and P. Sautet,
ACS Catal., 2015, 5, 2490-2499.

T. Z. H. Gani and H. J. Kulik, ACS Catal., 2018, 8, 975-986.
A. Nandy, C. Duan, C. Goffinet and H. ]. Kulik, JACS Au,
2022, 2, 1200-1213.

M. C. Simons, S. D. Prinslow, M. Babucci, A. S. Hoffman,
J. Hong, J. G. Vitillo, S. R. Bare, B. C. Gates, C. C. Lu and
L. Gagliardi, et al, J. Am. Chem. Soc., 2021, 143,
12165-12174.

S. A. Ikbal, C. Colomban, D. Zhang, M. Delecluse, T. Brotin,
V. Dufaud, J.-P. Dutasta, A. B. Sorokin and A. Martinez,
Inorg. Chem., 2019, 58, 7220-7228.

A. Z. Msezane, Z. Felfli, K. Suggs, A. Tesfamichael and
X.-Q. Wang, Gold Bull., 2012, 45, 127-135.

S. Sader and E. Miliordos, Phys. Chem. Chem. Phys., 2022,
24, 21583-21587.

H. S. Yu, X. He, S. L. Li and D. G. Truhlar, Chem. Sci., 2016,
7, 5032-5051.

M. ]. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone,
G. A. Petersson, H. Nakatsuji, et al., Gaussian 16 Rev. B.01,
Wallingford, CT, 2016.

H.-J. Werner, P. J. Knowles, F. R. Manby, J. A. Black,
K. Doll, A. He3elmann, D. Kats, A. Kéhn, T. Korona and
D. A. Kreplin, et al., J. Chem. Phys., 2020, 152, 144107.

T. H. Dunning, J. Chem. Phys., 1989, 90, 1007-1023.

R. A. Kendall, T. H. Dunning and R. J. Harrison, J. Chem.
Phys., 1992, 96, 6796-6806.

N. B. Balabanov and K. A. Peterson, j. Chem. Phys., 2005,
123, 064107.

K. A. Peterson, D. Figgen, M. Dolg and H. Stoll, J. Chem.
Phys., 2007, 126, 124101.

D. Figgen, K. A. Peterson, M. Dolg and H. Stoll, J. Chem.
Phys., 2009, 130, 164108.

E. Miliordos and A. Mavridis, J. Phys. Chem. A, 2007, 111,
1953-1965.

E. Miliordos and A. Mavridis, J. Phys. Chem. A, 2010, 114,
8536-8572.

C. N. Sakellaris, E. Miliordos and A. Mavridis, J. Chem.
Phys., 2011, 134, 234308.

C. N. Sakellaris and A. Mavridis, J. Phys. Chem. 4, 2012, 116,
6935-6949.

C. N. Sakellaris and A. Mavridis, J. Chem. Phys., 2013,
138, 054308.

N. M. S. Almeida, I. R. Ariyarathna and E. Miliordos, Phys.
Chem. Chem. Phys., 2018, 20, 14578-14586.

I. R. Ariyarathna and E. Miliordos, Phys. Chem. Chem.
Phys., 2018, 20, 12278-12287.

N. M. S. Almeida, I. R. Ariyarathna and E. Miliordos,
J. Phys. Chem. A, 2019, 123, 9336-9344.

E. E. Claveau and E. Miliordos, Phys. Chem. Chem. Phys.,
2019, 21, 26324-26332.

I. R. Ariyarathna and E. Miliordos, Phys. Chem. Chem.
Phys., 2019, 21, 15861-15870.

I. R. Ariyarathna and E. Miliordos, J. Quant. Spectrosc.
Radiat. Transfer, 2020, 255, 107265.

This journal is @ the Owner Societies 2023

121



Published on 11 January 2023, Downloaded by University of Notre Dame on 4/11/2023 4.:36:21 PM.

PCCP

69

70

71
72

73

74
75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

B. A. Jackson and E. Miliordos, Phys. Chem. Chem. Phys.,
2020, 22, 6606-6618.

E. E. Claveau and E. Miliordos, Phys. Chem. Chem. Phys.,
2021, 23, 21172-21182.

S.N. Khan and E. Miliordos, Inorg. Chem., 2021, 60, 16111-16119.
W. A. Donald, C. J. McKenzie and R. A. ]J. O’Hair, Angew.
Chem., Int. Ed., 2011, 50, 8379-8383.

N. M. S. Almeida, F. Pawtowski, J. V. Ortiz and E. Miliordos,
Phys. Chem. Chem. Phys., 2019, 21, 7090-7097.

A. J. Merer, Annu. Rev. Phys. Chem., 1989, 40, 407-438.

V. Vennelakanti, R. Mehmood and H. J. Kulik, ACS Catal.,
2022, 12, 5489-5501.

A. Kramida, Y. Ralchenko, J. Reader and NIST ASD Team
(2022), NIST Atomic Spectra Database (version 5.10),
[Online], Available: https://physics.nist.gov/asd [Thu Oct
27 2022], National Institute of Standards and Technology,
Gaithersburg, MD, DOI: 10.18434/T4W30F).

P. C. Engelking and W. C. Lineberger, J. Chem. Phys., 1977,
66, 5054-5058.

P. G. Wenthold, R. F. Gunion and W. C. Lineberger, Chem.
Phys. Lett., 1996, 258, 101-106.

H. Wu and L. S. Wang, J. Chem. Phys.,, 1997, 107,
8221-8228.

H. Wu and L.-S. Wang, J. Phys. Chem. A, 1998, 102,
9129-9135.

H. Wu and L.-S. Wang, J. Chem. Phys.,, 1998, 108,
5310-5318.

G. L. Gutsev, B. K. Rao, P. Jena, X. Li and L.-S. Wang,
J. Chem. Phys., 2000, 113, 14731483,

T. M. Ramond, G. E. Davico, F. Hellberg, F. Svedberg,
P. Salén, P. Séderqvist and W. C. Lineberger, J. Mol
Spectrosc., 2002, 216, 1-14.

R.-Z. Li, J. Liang, X.-L. Xu, H.-G. Xu and W.-J. Zheng, Chem.
Phys. Lett., 2013, 575, 12-17.

M. K. Kristiansson, K. Chartkunchand, G. Eklund,
O. M. Hole, E. K. Anderson, N. de Ruette, M. Kaminska,
N. Punnakayathil, J. E. Navarro-Navarrete and S. Sigurdsson,
et al., Nat. Commun., 2022, 13, 5906.

W. Rasheed, A. Draksharapu, S. Banerjee, V. G. Young ]Jr,
R. Fan, Y. Guo, M. Ozerov, J. Nehrkorn, J. Krzystek and
J. Telser, et al., Angew. Chem., Int. Ed., 2018, 57, 9387-9391.
S. Hong and G. Mpourmpakis, Catal. Sci. Technol., 2021,
11, 6390-6400.

S. Zhou, J. Li, M. Schlangen and H. Schwarz, Chem. - Eur.
J., 2016, 22, 7225-7228.

J. N. Harvey, M. Diefenbach, D. Schréder and H. Schwarz,
Int. J. Mass Spectrom., 1999, 182-183, 85-97.

X.-L. Ding, X.-N. Wu, Y.-X. Zhao and S.-G. He, Acc. Chem.
Res., 2012, 45, 382-390.

Z. Yuan, Y.-X. Zhao, X.-N. Li and S.-G. He, Int. J. Mass
Spectrom., 2013, 354-355, 105-112.

Y.-X. Zhao, Q.-Y. Liu, M.-Q. Zhang and S.-G. He, Dalton
Trans., 2016, 45, 11471-11495.

Z.-C. Wang, T. Weiske, R. Kretschmer, M. Schlangen,
M. Kaupp and H. Schwarz, J. Am. Chem. Soc., 2011, 133,
16930-16937.

This journal is © the Owner Societies 2023

94

95

96

97

98

99

100

101

102
103

104

105

106

107

108

109

110

111

112

113

114

116

117

118

119

120

View Article Online

Perspective

G. Fu, X. Xu, X. Lu and H. Wan, J. Am. Chem. Soc., 2005,
127, 3989-3996.

A. BoZovi¢, S. Feil, G. K. Koyanagi, A. A. Viggiano, X. Zhang,
M. Schlangen, H. Schwarz and D. K. Bohme, Chem. - Eur.
J., 2010, 16, 11605-11610.

K. Yoshizawa, Y. Shiota and T. Yamabe, J. Am. Chem. Soc.,
1998, 120, 564-572.

R. B. Metz, in Research Advances in Physical Chemistry, ed.
R. M. Mohan, Global, Trivandrum, India, 2001, vol. 2,
pp. 35-43.

G. Altinay, M. Citir and R. B. Metz, J. Phys. Chem. A, 2010,
114, 5104-5112.

G. Altinay, A. Kocak, J. Silva Daluz and R. B. Metz, J. Chem.
Phys., 2011, 135, 084311.

K. Yoshizawa, Y. Shiota and T. Yamabe, Organometallics,
1998, 17, 2825-2831.

K. Yoshizawa, Y. Shiota and T. Yamabe, /. Chem. Phys.,
1999, 111, 538-545.

M. Zhou, Int. Rev. Phys. Chem., 2008, 27, 1-25.

G. Wang, Y. Gong, M. Chen and M. Zhou, J. Am. Chem. Soc.,
2006, 128, 5974-5980.

S. Sader and E. Miliordos, J. Phys. Chem. A, 2021, 125,
2364-2373.

N. B. Balabanov and K. A. Peterson, J. Chem. Phys., 2006,
125, 074110.

J. Campos, J. Lopez-Serrano, R. Peloso and E. Carmona,
Chem. - Eur. ., 2016, 22, 6432-6457.

J. T. Henthorn, S. Lin and T. Agapie, J. Am. Chem. Soc.,
2015, 137, 1458-1464.

A. Delabie, C. Vinckier, M. Flock and K. Pierloot, J. Phys.
Chem. A, 2001, 105, 5479-5485.

W. B. Tolman, Angew. Chem., Int.
1018-1024.

M. H. Mahyuddin, Y. Shiota, A. Staykov and K. Yoshizawa,
Inorg. Chem., 2017, 56, 10370-10380.

B. C. Sweeny, B. A. Long, A. A. Viggiano, S. G. Ard and
N. S. Shuman, J. Phys. Chem. A, 2022, 126, 859-869.

1. R. Ariyarathna, N. M. S. Almeida and E. Miliordos, Phys.
Chem. Chem. Phys., 2020, 22, 16072-16079.

S. Das, C. D. Incarvito, R. H. Crabtree and G. W. Brudvig,
Science, 2006, 312, 1941-1943.

S. A. Cook and A. S. Borovik, Acc. Chem. Res., 2015, 48,
2407-2414.

G. Olivo, G. Farinelli, A. Barbieri, O. Lanzalunga, S. Di
stefano and M. Costas, Angew. Chem., Int. Ed., 2017, 56,
16347-16351.

K. Rajabimoghadam, Y. Darwish, U. Bashir, D. Pitman,
S. Eichelberger, M. A. Siegler, M. Swart and I. Garcia-
Bosch, J. Am. Chem. Soc., 2018, 140, 16625-16634.

J. R. Frost, S. M. Huber, S. Breitenlechner, C. Bannwarth
and T. Bach, Angew. Chem., Int. Ed., 2015, 54, 691-695.

S. Zhao, L. Ma, Y. Xi, H. Shang and X. Lin, RSC Adv., 2021,
11, 11295-11303.

P. Braunstein, H.-P. Kormann, W. Meyer-Zaika, R. Pugin
and G. Schmid, Chem. — Eur. J., 2000, 6, 4637-4646.

B. Fabre, Chem. Rev., 2016, 116, 4808-4849.

Ed., 2010, 49,

Phys. Chem. Chem. Phys., 2023, 25, 5313-5326 | 5325

122



Published on 11 January 2023, Downloaded by University of Notre Dame on 4/11/2023 4.:36:21 PM.

Perspective

121

122

123

124

125

126

127

L. Gao, S.-X. Du and H.-]J. Gao, Int. J. Mol. Sci., 2010, 11,
656-671.

L. A. Hunt, R. R. Rodrigues, K. Foell, D. Nugegoda,
H. Cheema, N. I. Hammer and J. H. Delcamp, J. Phys.
Chem. C, 2021, 125, 25410-25421.

E. Pyrak, A. Jaworska and A. Kudelski, Molecules, 2019,
24, 3921.

C. Hammond, S. Conrad and I. Hermans, ChemSusChem,
2012, 5, 1668-1686.

V. L. Sushkevich, D. Palagin, M. Ranocchiari and J. A. van
Bokhoven, Science, 2017, 356, 523-527.

A. Szécsényi, G. Li, J. Gascon and E. A. Pidko, ACS Catal.,
2018, 8, 7961-7972.

G. Liu, Z. Zhu, S. M. Ciborowski, I. R. Ariyarathna,
E. Miliordos and K. H. Bowen, Angew. Chem., Int. Ed.,
2019, 58, 7773-7777.

5326 | Phys. Chem. Chem. Phys., 2023, 25, 5313-5326

View Article Online

PCCP

128 R. B. Wyrwas, B. L. Yoder, J. T. Maze and C. C. Jarrold,
J. Phys. Chem. A, 2006, 110, 2157-2164.

129 S. Ahn, M. Hong, M. Sundararajan, D. H. Ess and M.-H.
Baik, Chem. Rev., 2019, 119, 6509-6560.

130 E. R. Heller and J. O. Richardson, J. Am. Chem. Soc., 2021,
143, 20952-20961.

131 A. O. Lykhin, D. S. Kaliakin, G. E. dePolo, A. A. Kuzubov and
S. A. Varganov, Int. J. Quantum Chem., 2016, 116, 750-761.

132 A. Nandy, H. Adamji, D. W. Kastner, V. Vennelakanti,
A. Nazemi, M. Liu and H. J. Kulik, ACS Catal., 2022, 12,
9281-9306.

133 D. J. Durand and N. Fey, Chem. Rev., 2019, 119, 6561-6594.

134 R. Hoffmann, presented in part at the 12th triennial
congress of the World association of theoretical and
computational chemists, Vancouver Convention Center,
Vancouver, BC, Canada, July 8, 2022, 2022.

This journal is @ the Owner Societies 2023

123



APPENDIX 2

Supporting Material for Chapter 3

3.829

2.197

1S1

TS2

3.019

3.019

1.093

1S2

TSla

ISla

TS1b

124




IS1b

TS1c

. 1.752 .

3.019

3.019

1.746

1.084

1S2

TS3

2,455
1.754
100.46

1.902

2,352

1.080

1.078
1.077

1S3

1S4

125




1.077
1.079
1.947

1.080

1.902

2.344

0.968

TS4 TS6

17117

1S5 1S6

TS5

Figure S1. Optimized geometries of intermediates and transition states in Pt~ + N,O + CHjy reaction calculated at
MN15/stable=opt//MN15/aug-cc-pVTZ level of theory. Bond lengths and angles are in angstroms and degrees,
respectively.
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