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Abstract

Usingtransitionmetal (TM)catalysts in organic chemistry conversion reactiomsvlF
establishegbracticedueto their superior efficiencyTheyhave beemparticularly us&l in both
methaneo methaml conversiofMTM) and carbon dioxide carboxylation reacti¢@®C). But
usingtheanionicformsof these transition metais relativelyrecentandhas sparkethterestin
using them aprospectivecatalystsespeciallyin light of experimental evidencgauipportingtheir
stability andproducibility. This dissertation desbesthe catalytic potential of the following
transitionmetal anionsplatinum (Pt), palladium(Pd ), andnickel (Ni ) for both above
mentioned conversion reactions in additioirém (Fe ) in the MTM pathway. The dissertation
will emphasize the eneygrofiles geometries, turnover frequencies, and electronic structure of
catalystausingDFT andpostHartreeFock electroniccorrelation methodst will also elucidate
the mechanism of reactions of the most promising routes through aatgkis.The
introductionbriefly describs the computational methods used in this dissertat

The second chapter covers the MTM pathway starting with an introddoctibe
research history performed. It desceloeir computational findings for theaahic and ligated
TMs catalyzedVTM pathwaywith emphasis on differentiating between radical and [2+2]
routes. Thdindingsfrom bare TMsarefollowed bya discussion of the effect on the catalytic
efficiency of these TMs using tlemergetic span model antdemical kinetics analysis

Chapter 3will outlinethe catalytic potential of atomic and ligated TMs in2CO
carboxylation reactions wittlifferent unsaturated alkaneswariouslengths which include
ethene butadieneand both conjugated and unconjugatethdieneConclusiors and discussions

follow both chapters 2 and 3 with a descriptajrihe outlookfor future work
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1. CHAPTER 1: Overview of Computational Catalysis Methods

1.1. Introduction and background

The growing demand for clean and sustainable energy resourcdsvisg the
transfornation ofthew o r Ihéadyseliance on petroleum into more developed energy systems.
Solar cells, electric cars technologydbiofuelsareafew examples of current technologies that
haveproven to be efficient in mitigating both world enenggguirementsand climate change
phenomenaMore recently, natural gas and carbon captamd utilization have emergeas
ubiquitous and free chemical festdclks to synthesize useful chemicals such as methanol and other
fine chemicals. Howevefor those new technologies to be practically efficient, several obstacles
need to be overcome pertaining to the cost of infrastructures required by these newgexhnolo
as well as transportation and energy conversion cost. Chemical catalysig plagtl role in
developing viable routes in energy conversiparticularly, transition metals owing to their
efficiency and reliabilityThe process of designing and deping new and cosffectivecatalysts
is achallengingprocess thaheedso be addressed before it can be practically useful. It requires
knowledge of the mechanisms and advanced methodaithatunderstanding catalyst behavior
and improvement podslities. Computational chemistry sroutinely utilized tool in studying
various chemical concepts and transformationstdits rising accuracy and efficiencierhaps
organometallic catalysis is one area where quantum chemical calculations havetprplaya
central role as a missing piece in understanding catalytic mechabisnmsty Functional Theory
(DFT) is a commonly utilized method in computational catalysis dugst@xceptiondly low
computational cos&ill, it has its shortcomings cases of open shell multireference systems such
as TMs plus DFT dataaccuracy is strongly correlated with the right choice of functibnal
Therefore, applying advanced electronic correlation methods such Maiti-Reference
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Configurationinteraction MRCI) is fundamentally important in understanding the statubef
electronic configuration of transition metals (¥Vand provides an accurate predictiointhe
electronic structure offM-containing molecules. Similarly, ClI methods are significant in
situations involvingbondforming or breaking stages, a feature typically missing in singly
referenced methods such as Hartree Fock and Bgially importantmethods such as coupled
clustersare critical for both accuracy and size extensivity needed to accurately describe catalytic
pathway energeticsAmong intensely researched areas are methane to methanol conversion and
CO, sequestration and utilization due to their economic and ecological impacts. Béth C
activation including MTM pathwag/and catalytic conversion of G®ave been widely explored
previously using cationic and neutral forms of TMs in their atomic and ozidesf® however,

the potential of negativelgharged TN in CO; and TMoxidesin MTM pathways is still poorly

explored.

1.2. Objectives andoutline of the dissertation

The goal of his dissertations to theoretically study the catalytic potential of negatively
chargedTM ions in MTM and CQ carboxylation reactions with unsaturated hydrocarbons. The
studyis mainly focusedon the energetics of tlgas phaseatalytic pathwaysising DFT and post
HF electronic correlation methodgeometriesand electronic structures of intermediates and
transition states. Additionally, the catalytic efficiency improvement through ligand design is also
examined in botkargeted reaction3 he efficiency of each catdlc pathway is assessed usthg
energetic span model which provideguantitative description of catalyst performance through
turnoverfrequency (TOF) calculatiot?s'® Our hypothesis behind usiagionic TM centers ithat
higher activation powes attributable to their capability to populate the dtnding CH orbital

in methane for example, thus disrupting the bb@in the other hand, finding ligands that enhance
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theelectron affinity Eeg of the metal center to enable thenregaintheir electrons at the end of

the cycle is a challenging taskloreover, the weak ion-dipole interaction force between the
anionic metal center and hydrogen atom of generated metlsnobmpared to &b in cationic

metal and oxygen of methanaksults in ashort interaction period with the created product
(CH30OH), facilitating the product release and preventing ewedized productsThe 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 tambenModern Quantum

Chemistry abook by Szabo and Ostlui8.

1.3. Wave function-based ab initio methods

Electronic structure calculations based @malytical approximatesolutions of
Schrodinger's equation (SErovide the core requiremenfor most common computational

chemistry methodS'he SE can be described as thimelependent SE with the following formula:

aynm 8n RIRI8»  Qun M 81 RIRI8» (L))

WhereR andr are the coordinates of the nuclei and the elestrespectively.

The Hamiltonian operatoiOfor the timeindependent, norelativistic Schrodinger
equation is:

O B uw—n Bun B »— B w— B w (1.2

WhereA and B are th@uclear indicesind"Gnd Care the electronimdices The first two

terms in the Hamiltonian represent the kinetic energy afiticéeiandelectronsrespectively. The
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third, fourth and fifth terms involve the potential energy due to the attraction of the eleatrdns
nuclei, thenuclearnuclearrepulsions, and thelectronelectron repulsiojrespectively Applying
the Born-Oppenheimer approximatiaie-couples the electronic and alear degregof freedom

and theHamiltoniantakes the form:

O B wn B w— B | W — B I (13)

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

motion is omitted.
1.3.1.Hartree equation and selfconsistent 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 -@hectron wave functiorféeas follows:

OTRI8TT % 1 % 1 8% 1 (L.4)

This wave function assumes that an individual electron moves in afieEh(w ) of all
other electrons and the solution of individual Hartree equatiepends oitheiterative solution

of all other equatiosivia @ ). The iterativeprocesss called self-consistent field $CP* as

shownbelowin figure 1.1 :
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Pr @ o e
1-n L w %0 'O%o

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 thfe self-consistent field (SCF) method

1.3.2. The Hartree-Fock method
Becausdhe Hartree product wave function is not antisymmetaisréquired bythe Pauli
principle), it does not result in sign adjustment upgohangingwo electrons (which it should),

and theSlater determinani{SD) which wasintroduced by Fock to represent the wave function as

follows:

% i %1 8 %ol
[ TLAT 87 =% 1 %ol 8 %o i (1.5
% I %1 8 %ol

Usingthis determinant, anulti-electron system can be represented with a set of spatial and

spin functionswhere each row usesdifferent spinorbital (%9 for the same electron while each
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column uses a different electron with the same-sphital. The consequence of such camsion
is that switching anglectronpair, by interchanging two rows or twaplumns results in[  sign
change satisfyinthe Pauliexclusion principleBased orthe HF method, the energy of the system

is obtainedvariationally by equation1.6 assuminga normalized wavefunction and the term

@ " r9==t

o == QL (1.

a a

To obtain%e rearrang@® , and obtain the Fock equation solvead Belf-Consistent Field

(SCF) approach.

Here, the electronic Hamiltoniarwonsists of electronic energy, nuclear attractimd

electronelectron repulsion ternas follows:
O Belalgy -B elaB elag | w (1.7
WhereQis oneelectronenergy termthat comprises both kinetienergy and electren

nuclear attraction terms as follows:

Q -1 B u— (19

an integrabbtained by the Coulomb operatarjsing from the Coulomb repulsion

between electrond:- is obtained by the exchange operator, it ensuresgmiinetry and removes

the selfinteraction arising from thek.

tegrals

17



1.3.3. Linear Combination of Atomic Orbitals (L CAO)
The solution tahe one-electron wave function such as the hydrogen atora, cages the
atomic orbitalas an analyticatxpressionwhile the solution tahe HF wave function iprovided

by the molecular orbitals:

% B .. (L9

The sum oV e r natomic arbitads ofcthe atom3teelol are called molecular
orbital coefficients anére optimized to minimize the total energy is the basis functigrfor
example, itheH2 molecule this simple minimal basis set leads to two HF orbital solutions based
on the 1s AOs

The HF SCF produces in@dition to energy, a set ofiolecularorbitals andthenumber of
the later depends on the number of basgistions(BFs)used. Usingmallnumbers ofBFsresults
in crude results onlywhile usinganinfinite number oBFsbringsthe HF energy close the exact
solution of HF equatias However, a balance must be achieved between the quality of results and
thelevel of theory since usingnany BFs significantly raises the cost of computati@specially
for postHF.

While a HF wave functionadvantageis producing sizeconsistent energyboth its
variational nature and lack of electronic correlation make the HF energy always higher than the
exactvalue It follows thatthe HF method has limited value in chemical applicatiomstead HF
hasbeen used todaynly as areferencavave functionandreference energfpr correlated wave

function methods such as coupledster (CCYheory.
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1.3.4. PostHartree-Fock methods

For chemical systemthat involve TMs, diradicals and bond stretching, twor more
different configurations mighbe important to accurately describe the wave functidraoSing
one ofthem leadgo aninaccurate energy description of the system. This inadequacy ie-sing|
referenced methods required the developmerth@Multi-Configuration SeHConsistent Field
(MCSCF)method which is more commonly named multireference method. Several methods have
been developed using this approach suclthasComplete Active space satbnsistent Field
(CASS() methodwhere both the coefficients in front of the different configurations and the
orbitals for each determinant are optimiz&dother MCSCF method used in this dissertation is

themulti-reference configuration interaction (MRGis described in sectidn3.4.2.

1.3.4.1.Complete Active Space Sel€Consistent field (CASSCF)

In this method, only orbitals that involve large variations in the electronic configurations
(chemically activg are included in the active space and undergoQatifiguration Interaction
(Full CI). For examplegonsider the abrbitals of TMs. All other orbitals are either frozen (always
doubly occupied in the core) or virtual (emptyhe wave function in CASSCF is obtained by
optimizing a linear combination of configation state functions (CSFs) that comprise all possible
occupations of the orbitalsnd electronsn the active spacelhe active space specification is

important fortheaccuracy oproper bond cleavage and excited states descriptions.

19



1.3.4.2.Multi -referenceconfiguration interaction (MRCI)

In this methodmore configurations are addedi@wave function by promoting electrons
from theactiveto the virtual orbitals. fle wave function is obtained by optimizitige linear
combination of all pssible state functions. Thus, CI will provide a better representation of
correlated systems having more electraoisfigurationscompared to CASSCF. Bwolvethe size
nonconsistency problem in MRCIt is often approximatd with the Davidson correction

MRCI+Q.1 15

1.3.4.3. Coupled cluster mettod (CC)

The lack of sizeconsistencif 1’ and excessive computational cost of MRCI resuthi
development of coupled cluster theory. Unlike MBCI method wiere the wave function is
expressed aa linear combination of individual state functions, the CCsume exponential
operator to express all possible excitations such as sf@gl&) double(CCSD) and triple
excitations(CCSDT) etc.. A special casariseswhen 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) isreferredthe8 go |l d st andar

guantumc hemi st r yo pdeeminahtedes aapopemefetence.

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 ndvisg SEis required.The mathematical
structure of DFTreducesthe prohibitive computational cost resulting from exponential scaling
with thenumber of electronsequired to solve SkEto thedimensionality of 3n DFT, regardless
of the number of electrs of the molecules. Sublatures mak®FT an efficientmethod for large

systems The DFT method has passed through several transformative stages of development
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starting from Hohenbeitd<ohn theorent andending withthe KohrSham DFT*® functional that

has the form

(O Y0 " Qe O 7 (110

Here "Y” is the kinetic energy of neimteracting electron&) is the electromuclear

attraction termQ ., | is the electron repulsion term afd ” is the exchange and correlation
potential termThe later term replaces the exact exchatege inthe HF method making DFT
superior to HE having the additional feature of correlation effectdnfortunately,the exact
expression of th& }igunknown and ishe subject ofmuchmethod developmenesearctt®
The exact functional has been approximatétht several empirical modules to giveeasonable
electronic energy resuibr complex systemd hus,the selectiorof functional is critical to obtain
accurate resultsvhich may be sensitive to functional chai€®r exampleaddingan empirical
dispersion correction such dse B3PLYRD3 functional significantly improves results for
systems with longange interactionthat usually B3LY P %! alone fails to describé&loteworthy,
the MN15 functional used in this dissertatisnone ofthe Minnesota series ofunctionals
proposed by r u h freup?dThis type of functional has been well parameterized for both main

group and @nsition metaklements ands thusvery suitable in organometallgatalyticreaction

modeling.

1.5. Choice of basis sets for anionic systems
For anionsor electronrich atomspairs the basis set must be augmented with diffuse
functions to allow the electrodensity to expand inta larger volume On the other hand, the

addition of polarization functions necessary to give more freedom to electrons to move away
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from eachother, thugeducing electromlectron repulsion. This is done by adding a basis fumctio
of a higher angular momentum to the existimg, forexample, for dype orbita) we add a set of

p orbitals, and for fglectronswe add a set of-ti/pe orbitals. The correlation consistent basis sets
used in thigdissertation denote the use of maximalactron 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, thegeotentialsare used to reduce the computational
cost by describing the inner (cprdectrons by a potentithatis placed inthe Hamiltonian.Their
implementation is also important to account for the relativistic effect of these lade Thése
basis setsomprietwo parts: the effective core potential (ECP) describing the inner electrons and
the basis setlescribing the valencelectrons For example, the Los Alamos National Lab two
double zeta basis set (LANL2DZ) is one of the commonly used effective cordigofeseudo
potential) in computational chemistry, proposed by Hay and ¥/&tthat involves relativistic
effects for elements in the fifth and sixth periokdswever, it only provides acceptable accuracy
suitable for geometry optimization but not energetics. On the btrat, foraccuratesnergetics,

ahigher level of theory basis sesaused.

1.7. Calculation of gasphase chemical reaction rate constant from DFT akta

There are wo important assumptions when usiagy-initio calculationsto calculate
thermodynamic datdirst, the equations are derived for Aateracting particles, thus, legitimate
only for an ideal gas. Second, the first {ywng and higher excitk statesareinaccessiblgthus, it
is applicable only fothe ground state of the interacting molecéfe3he thermodynamic data
generated by Gaussian softwdrsuch as entropy, free energy, and heat capacity are heavily

dependent on partition functi@fV, T) calculations which hee four contributions: translational,
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vibrational,androtational which comprises electronic motion (Aangnon-linear, and electronic)

according to equatioi.1l:

Ut ot VtranBvi b Urot Vel eél-]-])

The detailednathematicaformulas required to calculate each componarg based on
statistical mechanical modeling and are discussed in de@flm| ecul ar Ther modyn:
McQuarrie and Simaoi. For a given reaction that involves an activation barrier, the Transition

State Theors? rate consintcan beobtainedbased on the followingquation

0 Y ,——A (112

where, is the reaction path degenera€y, s Bol t zmannés constant,
Qi s Pl anck®ms sc Arvotgardtr o6 number (it dmtsappeal
constants with units of3. 6%is the differencén the potential energy between the transition state
(TS, assumed to be located at the saddle point on thedPB3he reactant(s) (zepmint energy
contributions are included in the partition functions)® @hd @ denote the
total partition functions of the TS and the reactant(s) with the translational partition functions
expressed in per unit volumeI¥excludes the reaction coordipaln the calculation ofe G(T)
(exceptwhen the tunneling correction computation is uSedh)e 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 treatfilens, we expres®' by the

following formula:
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1434 0 (1.13

after replacing Q° and ® from the above agptionto the egation of k™™ and some
algebraic manipulations, the zgpoint energy corrections and entropy terms are incorporated in
the exponential part (thug’ converts tcee G, while the V introduced via th&tansterms remain
in the preexponentiafactorand the final formuldor rate constant will bexpresse@sshown in

eq 1.14 below?:

Y ,—— A Q19

wheread’ (T) represents thstandard Gibb&ee energyof activationgp G at temperature
T, amis 1 or O for gagphase bimolecular or unimolecular reactions, respectively; RE® the

unit of the inverse of a concentration)
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2. CHAPTER 2: Methane to M ethanol Conversion
2.1. Significanceand Background

Presently, the MTM pathway gaining significanattention from the scientific community
due to its environmental and economic impact. Although: €kists at a low atmospheric
concentration (compared to @Qits global warming potential is 286 times higher than that of
CO.,% due to its high atmospheric residence time and heat absorptivity. TypicallycatiHbe
found in coal, natural gaand oil. It can also be produced by livestock and other agricultural
activities as well as by the decay of municipal solid waste lanéffike t haneds vast ab
and sustainability make it an excellent feedstock and source of convertible energy to build several
chemicaly and industrially important molecules such as methanol, ethylene, ethanol, ethylene
glycol, isopropangland propylene glycoktc3!

Due to the growing demand, methanol caimehe forefront ofextensivelyproduced
chemicals worldwide due to its scientific and industrial importdhé&About 110 million metric
tons are produced worldwigé0% of which is converted to fuet* Historically, it is produced by
distillation of burning wood but with low capacitylowever, it can also be produced at industrial
levels from both Chkland CQ, raising the economic importance of these molecules and providing
a solution to mitigate theimegative environmental impact. Methanol economy gained its solid
ground owing to its unique chemical, physj@aid safety properties. Firstly, it is less volasitel
flammable compared to gasoline. Secondly, methanol vapor is only marginally densair than
which accounts for its low combustibility and thus its high safety profile. Lastly, methanol ignites
about 25% faster than gasoline but releases heat titelidte of that of gasoline. To sum up, the
abovementioned properties make methanol hardgiité compared to gasoline causing less

damage when burned and safer to transport and store compared to gaseus CH
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In essenceglirect, and selective conversion of Glth MTM pathway is contingent upon

developing a highly selective catalybat ensures a high conversion to methanol with minimal

side products. However, activating €I a highstakes challenge owing to its inertnessaas
closeds hel | mol ecul e. Bot hH dissocidtionrermedisSsctemail aight i o n
oxidation energy requirement. Moreover, its oxidation &ihanol is both an intricate and highly
sensitive processoncerningts stoichiometric ratio with @that demands a high level of thermal
control to avoid combustioff.In addition to therradynamic difficulty, selectivity is yet another
obstacleghatneeds to be addressed foe MTM pathway to be practical. Thus, MTM imposes a
challenge for scientists and environmentalists and represents a promising pathway among other

sustainable energy rimds.

2.2. Current MTM status and previous work

Industrially, CHis 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 lattga mixture of Hand CO) is passed over a catalyst producing metfanol.
Thermodynamically, producing methanol via the syngas pathway entails as much as +27.6

kcal/mol of steam energgs 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(g) + 172 0x(g) — CH;0H(g)
AHP=-30.7kcalmol~!

Figure 2.1 Reaction enthalpies for the direct and indirect@HCH;OH conversion
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Moreover, botlithe hazardous shuttling of GHo the main syngas production plant @hdlow

cost of other energy alternatives including cruderepresentbarriers confronting methane
utilization and commercialization. A comprehensive detailed study on syngas history and
production is discussed in a review pajiekt the laboratory level, several experimergtihave
reported a singlstep methanol synthesis using different TM with homogenous and heterogenous
catalysis However, the low conversion yield and promiscuous selectivity are hampering further
development of these catalyst®“* On the other hand, any attempts to enhance methanol yield
will be at the expense of catalyst selectiVityBiological enzymes such as methane
monooxygenase can also converts@simethanol using their catalytic binding pockdétsother
work?® reported thaimethanotrophic bacteria can undertake MTM reastigitizing redox active
copper or iron centers based on bacterial subtypes; however, factors like scalability, genetic
engineering intricacy, limited rate of conversion ad a&h ceenzyme requirements are hindering

the commercialization of this methdd.Concurrently,research spearheaded @han et al.
developed a selective and efficient moleculacctpper cluster catalyst with different ligands
inspired by the monooxygenase engymatalytic binding pockéf However, ts success is
challenged by technical difficulties pertaining to experimental design which requires continuous
removal of (CHOH/H.0) and continuous supply of oxidant2B/H20) in the reactof® 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}pbasil reactions, de
pollution, and biomass conversi8iThe fact that oxide surfaces are covered by oxitlaons,

as their size is much larger than that df ghtions, adds nucleophilic character to the catalyst
and possiblyimproves catalyst reactivity and selectivity compared to atomatalysts The

pronounced catalytic efficiencies of metal oxides have stimulated further research to be used
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homogenougatalyss. Onetangible advantage of metal oxides is overcoming the endothermic
nature of oxidative addition of methane with bare TM metal iohgN¥ Ti, V, Co, Fe, Nb, Rh,
Sc, Y, La, Lu, Ni, Zn, and U)24%%1 However, casewhere the bare TM@V* areelectronically
excited such as (TiCr") or the kinetic excitatiornergyis compensating for the oxidative addition
energy cost, are exceptigraad makes those bare TMs superior to their TM oxides counterparts
in terms of catalytic powe¥r

One of the nascent attempts to explore the metatively charged TM atoms playtime
MTM pathway was published by Mzane et al. where anionic gold (Awas theoretically studied
using dispersiomorrected DFP? In a different work, the authors extended their previous study
to include atomic Y Ru, At, in, Pd, Ag, Pt ;Jand Os ¥ Although their work involved mainly
DFT and thermodynamics calculations, the authors have shown that a@itatysts may maka
significant contributiorto reducing the energy requirents forthe MTM pathway, especially in
stabilizing the transition states. The first systematic experimental investigation of putdPitial
in C-H activation belongs to BowenetXdBowends wor k has pinwthé ded
mechanism underlying <€ activation by Ptrand cast doubt on the mviously accepted
inadequacy of Ptin methane activatiorr. His work is the first experimental evidence of Pt
capability of activating ClHmolecule proven by mass spectroscopy data as well as computationa

study>*

2.3. Computational details

Quantum calculations eve carried out using Gaussian 16 and MOLPRO packéges.
Initially, we investigated the wave function stability of all intermediate and transition states by
applyingthe stable=opt option in Gaussiatie obtainedvavefunction was used asreference

for subsequentapmetry optimizations of intermediates and transition staf&)which were
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obtained with DFT methods using the Minnesota hybrid exchaogelation functional
(MN15).5" Real and imaginary frequencies were obtained to confirm that local minima (stationary
points) or %' order saddle points (transition states) were reached. The correlation emunsist
polarized valence triple zeta basis set augmented with diffuse functiore-aigZ°® *° was

used for all atoms. These diffuse functions are essentihldaccurate description tfiechemical
properties of anionswhich is particularly important in our studied systems. To accoun®tfor
relativistic effect, the Stuttgart relativistic effective core psepoiential (ECP) was utilized to
represent the 6ihiner electrons ofPt atom (13 through 4d° and 28 inner etdrons ofPd atom

(18 through 48).5°

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

extra electron experiences the attractive force from the nucleus against other eféctrons.

To this end, we performecbmplete actig space selfonsistent 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 aréhalling ahigh singe-reference
character. The dominant configuration has a coefficient of 0.85 or larger. For these singly
referenced systems we perfornmredtrictedcoupledcluster calculations witkingle double,and
perturbativetriple electron replacementR CCSD(T)!" ®2 Previous work done by our group
showedhat single point CCSD(T) energy using the MN15 optimized geometries are quite accurate
for singlereference nature systerisin the case of iron quartet spin structures, we further

performed internally contracted multireference configuration interaction (MR@ith 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 nalure.quartet RCCSD(T) energiesiain were
obtained througla combination of RCCSD(T) of the sextet and MRCI juartesextetenergy

splitting through the following formula:

- o ) (0) V)
ON2##8HY - O02##3UTY - ©O- 24 - ©O- 24 ¢

2.1)

Here,N 2 # # 8 $s the quasRCCSD(T) energy of the quartet spstate of Fe, and E(X)
is the total electronic energy. The validity of this approach lies in the siefgleence nature of
the highspin S =5/2 wave function (ferromagnetic coupling of the electronis)sfgihe active
space selection for both MRCI and SB8CF calculations was based on valence orbitals actively
participating in the chemical reaction studiétbwever, norparticipating orbitals such as-i@

bonds and 2s of oxygen were closed (frozen) to retih@momputational cost of calculations.

Another mportant factor, especially fof®and 3% row TMs, is the SpitOrbit (SO)
coupling. SO calculations at the MRCI levetre done for Ptontaining compounds through
diagonalization of the BreiPauli Hamiltonian ionbased ortheir lowest energy CASSCF wave

functions®

2.3.1. Multi -reference calculation details for assessing the reference statenoétal oxides
All calculations were performed ugifMOLPRO 2015.koftware packagé and the Gv

point group symmetry waassigned tall structures ofstudied metal oxidesThe molecular
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orbitals were optimized at the stateeraged complete active space-selffisistent field (CASSCF)
level. The active spader PtO and PtO consists of & electrons allocateds follows:4 in Ay, 2

in By, 2in Bz, andlin Az orbitals, which correspond to 5s and 4d atomic orbitaiseialand 2p

of oxygen at largeMi O distancegwe closed 1s of oxygenWe expanded the active space to
includethree additional orbitals (3p orbitals of oxygen at infinity) resulting in 12 active orbitals
(5A1, 3B1, 3Bz, 1A2). The inclusion of these orbitals was necessary to obtain better electron
affinities, better convergencandsmoothePECs For NiO and FeO, the active space consists

of 15 electronsNiO and 13 electrons/Fe@llocated as follows: 4 inA2in By, 2in Bz, and 1 in

A, orbitals.

2.4. Metal oxide electronic structure and relevance to methane activation

It is well known that transition nt&l oxides exist in two electronically equivalent forms;
TM-oxyl (M™O*) and TMoxo (M™1*0? ) specie$® 87 Factors such as the nature of metal, the
valence ofthe metal coreandthe first coordination sphere can dictate which form is prevalent.
Such distinction is important in determining the reactivity and reaction mechanisibkafides

with CHas. In this regard, thé o xform isbelieved toperform aprotoncoupled electron transfer

(PCET)or[2+2]lwhi | e fAoxyl 6 can per f or asshowndhfigorgZ2n at om
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Figure 2.2. Possible CHactivation mechanisms by metal oxide

Experimentally, an oxyl form, for examplean be confirmed with EPR and IR methods
that show a low valency diemetal centef’ However, to understand the relative stability of these
two forms, we compare the energieshaf tomplex (i.e. metal oxide molecules) wtik reactants
MO*2* + 2 Tand M™U*+ O. The latter is always lower in energy and their separation is
determined by the ionization energy (IE) of the metal"(Nf to M™%, The & 'ion is unstable
with respect to O(negative electron affinityEey.6® The energy required to go from the oxyl to
the oxo fragments, IEEea(Eea< 0), is proportional to the square of the metallic charge, as can be
observed by the experim@hvalue§®, and inferred by the hydrogenic mogdelt follows that the
oxo form will dominate whenever the oxidation state of the npeahits dueto oxad's relative
stability compared to oxylOtherwise the oxyl form will win over the oxoespecially when
progressing toward | ate t r anantibdnding metahearbialss |,

increases and metako bonds become weaker and more treacln fact, metal oxo species are
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scarcely reported in thiterature beyond group 8 unless they exist in special coordination
geometries such as squamgramidal, trigonapyramidal, and, importantly, squapéanat’® This

type ofbehaviorhas beerso faridentified ast h exo-ialld phenomaon®® X 72 This has been
confirmed computationally by our group recetflyThe oxyl character of MD implies an
elongation of the MO bond andhe presence of high spin density on the oxygen atom which can

also be confirmed computationally.

From a differentangle, since the methaneHCbond is considerably strongKa =46), it
requires a strong base (the oxygen of metale)xiol be extracted his suggests that metakygen
bond dissociation energy can be a major factor in methane activetisnvas suppaoed by our
recent publicatio wherethe acidity of the metal hydroxides of (NiQPdO , PtO ) is reversely

correlated with the activation barrier of methahe.

2.5. MTM mediation with cationic vs.anionic TMs

To highlight the distinctions between metal oxide cations and anions is tértheir
selectivity towards methanol production, we compared the gneggirements for both methanol
and other hydrogenated products for cationetral, and anionic metal oxides. Experimental
research on the MO+ CH, reaction in the gas phase haseb done for M = Ni, Pd, and P.
Three distinct redion pathways hee been reported: M+ CHsOH, MCH; + H.O, MOCH. + H»
(M = Pd), and MH" + OCH (M = Pt) wereobserved Table2.1 contains the relative energy for
the three product types and the three metals. Our numerical values for Ni and Pd diffeasignif
(20i 30 kcal/mol in some situations) from those of refereffcéut the relative eneigs of the
various productareconsistent. Thereasno energetics for Pt ireference’* reported The major
reaction products are M CHsOH due to the high activation barriers for the oxidation of methanol

to formaldehyde (CED) on the M center, even though MOGH+ Hz for M = Ni and Pd are the
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lowest energy producté.in contrast, PtOallows for the 98% vyield of the lowest energy PtCH

+ H2O products (see TabR21). The selective odiation of methane to methanol turns out to be
extremely poorly mediated by Pt@0% vyield; see Tabl@.1). Compared to PtCH + H2O, the
productionchannelfor methanolis 36.9 kcal/mol morendothermic The two channels PtGH
H-O and Pt + CEOH become almost isoenergetic wHet® is used (see TabR1). Spin-orbit
effects are anticipated to stabilize the laftgther due to its large influence in lateansition

metals including Pt®

Table 2.1 MN15/augcc-pVTZ @ relative energy (kcal/mol) and experimental yields (gas phase reactions at room
temperature) in parenthesis of different products of the'fRidD/PtO"/ PtO + CH, reactiorP. Detailed dat&an be
foundin S19 of referencé' (attachedo this dissertatiop

Products M = Ni* M = Pd*© M = Pt* M =Pt
M + CH30OH 17.7 15.1 36.9 0.1
(100 %) (78 %) (0 %)
MCH 2 + 39.8 22.3 0.0 0.0
H20 (0 %) (0 %) (98%)
MOCH 2 + 0.0 0.0 9.3d 33.8
Ha (0 %) (15 %) (2 %)

aThe augcc-pVTZ-PP basis set is used for Pt and Pd (see secthn 2
b Exact electronic energies are giversih9 of reference 11.

©7 % for Pd was unreactiandcollected as a MGCH,) complex.

4 Pt produced Pty + CHO.

Another worthwhiledistinctionis the energy requineentfor the release of methanol from
the metal center. Our MN15 calculations predict an energy differencedre®t + CH;OH and
the produced PECHsOH) adduct is 60.3 kcal/mol andhgyher than the upper limit of the range
calculated theoreticallDFT/B3LYP) for firstr ow t r ansi ti on met’®rhes (31.

detachment energy of methanol from Btonly 13.6 kcal/mol, more than four timlessthan that
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from Pt. The produc{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 t he ot h etivatibnemedy bartien fePtOCS rélatively
high (39.6 kcal/ mol), and certainly higher

first-row transition metal oxide cation®.

Overall, the selectivity of PtQs predicted to be higher than Pt®ut the activation of the
CiH bond is Il ess efficient. réducee thevactsvaionddrren c e

and maintairhigherselectivity for the anionic catalytic center.

Concerningthe heterogeneousatalytic applicability of anionic catalystin the MTM
pathway,we hypothesizéhat the anionic centers will have a shorter methanol residence time at
the catalytic siteavoiding methanol overoxidation and facilitating methanol removahis is
due to the weak chargiipole interaction of the formdd/' ... HOCH] compared to that ¢gM ...
HOCHs]. Additionally, we demonstratedreviously! that the activation energy barriers for
anionic centers in the oxidation step are negligdohall Since anions are unstable andsCNbO
and CHOH 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, ligankat traise the metal center's

electron affinity must be used.

2.6. Proposedreaction mechanismof MTM catalyzed by atomic M'
Once the metal oxides produced, rathane activation and conversiare believed to
proceed througthree main stepga) The oxidation of the metal center by titeous oxide N20)

and subsequent formation of either metate, thisfound to occur either iasingle step or three
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consecutive stepf) Methane activation step which ocswither via aradical pathway or a
protonrcoupled electron transfer (PCE®) [2+2] producing either a hydroxylated metal center
with a free methyl radical or a bound methighe former implies thbomolyticdissociation of the
CH bond and the latter laeterolyticone and (c) Methanol product release to regenerate the

catalyst. (Figure.3) showsa schematic representation of the overall catalytic reaction.

M- NZO
CH,OH
3 N2
.
CH4 + Nzo — CH3OH + Nz
MO~
M".. HOCH,
HOMCH, CH,

MOH ... CH;”

Figure 2.3 Catalytic cycle for the oxidation of GHlo CHsOH bytheanionic metal center (M using NO as an
oxidant.

2.7. Results

2.7.1.DFT calculatedreaction geometries andpathway for Pt Toxidation

Metal oxidationcan occur via twalifferentmechanisms: a singktep mechanism via S
and a multistep mechanism via &S1S1, TS, IS, and TS1 The oxygenatom can be
transferred directly from »O to Pt msing TS. Along the second path @ binds toPt Wwith its
nitrogen terminus first, then oxygen bindg$2iog forming a PtNNO ring, and finall\N> is released
(Figure 24). In agreement with our calilationg?, the ground states of bt andPtO (reactant
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and product) have been identified experimentally as dostaltstg*D and?3)’® &8, Furthermore,
our CASSCF calculations revealed that the ground state spin multiplicity and-rafegkence
character (onenpaired electron) are preserved across the two mechanisms' structures. As a result,
the RCCSD(T) numerical results should be considered quite accigiee 2.4 part A shows

detailed reactiosteps.

Figure2.5illustrates the MN15 and CCSD(T) energy lacapes for the two mechanisms.
The contributions of the ZPE (at MN15) and SO (at CASSCF) effects are also considered. All
methods predict that the mu#tiep mechanism will be more advantageous. The oxidation of Pt is
highly exothermic, according to the MR and CCSD(T) energetics, and the energy of the IS and
TS structures for the mulsitep is less than the energy of the reactants (PO).N'he transition
state for the singlstep 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, A s,

A 15 IS,, 5 IS, -
TS,
“?'c\ - (}‘3/7 ) > H—-{‘
T V\ TS, ISs
N ; N
X IS, B '-*: . & e
IS ¢ TS
; > ' ;
B TS, 1S,

Figure 2.4. MN15 intermediate structures (IS)ahdr ansi ti on st ates (TBSithM=cPt.
Part Acorresponds to the two possible mechanisms for step 1 conneqtaugdl £5. Part Brelates to steps 2 and 3.

Step 2 goes from k3o either 13 or IS5, and step 3 completes thectyvia TS and TS and forms Se.

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

in FigureS1 inappendix 1
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Figure 2.5 Energy diagram for the oxidation step of the metal cerdeedq 1 of figure 2.1} for different
methodologies: DFT/MN15 (blue lines), RCCSD(T) (read lines),-£BEected RCCSD(T) (gray lines), sporbit-
corrected RCCSD(T) (green lines). See Figurefor the notation of all IS and T&ructures.

2.7.2.DFT and CCSD(T) Calculated reactionenergy landscape folPt' mediated CHs

oxidation

Once the metal oxide generatedI§2), it attracts a methane molecule to form 1S3. The
PtO oxygen terminus extracts a hydrogen atom from methane using TS3 (seeZ-yuide
resulting[PtOH...CH]' interacting complex (IS4) is extremely unstable, and a slight rotation of
the methyl radical (sethe blue curved arrow at 1S4 in Figure4® leads to the formation of the
extremely stablfHOPtCH]' (IS5) via TS4. 1S4 can also pass through TS6 (methyl radical attacks
oxygen; se¢hegreen arrow at 1S4 ikigure2.4 partB to producgPt.. HOCH;]', 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 Figu2es For PtO, the doublet spin multiplicity is still in

effect.

2.7.3.DFT and CCSD(T) Calculated energy landscapdor PCET mechanism in Pt+ CH4
reaction.

The energy landscape for the reactions that transform methamaatitanol is shown in
Figure 2.6 For all intermediate and transition states, Btefloubletspin state offexthe lowest
energy pathior both computational methodehe energy barrier for hydrogen abstraction is around
40 kcal/mol. With anegligible activation barrier of 0.1 kcal/mol, the conversion of the generated
IS4 to 1S5 is nearly barriefree (TS). The ultimate 1& structure, which is 280 kcal/mol more
energetic, must overcome a barrier of 80 kcal/mol to develop sipie tt® dobal minimum of
the energy landscape. As an alternative ckh pass through an activation energy barrier of only
about 20 kcal/mol and then immediately reacith®ugh TS. It requires time for IS6 to release
methanal The energy range due to the diffnt methods is no more than 5.5 kcal/mol, including

spinorbit effects.
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Figure 2.6. Energy diagram for the methane functionalization stepdifferent methodologies: DFT/MN15 (blue
lines), RCCSD(T) (red lines), ZP&orrected RCCSD(T) (grdines), and spihorbit-corrected RCCSD(T) (green
lines). Sed-igure2.4for the notation of all IS and TS structures.

For theMOQO' to be practically efficientthe C-H activation energy barrier should
decrease by around 15 kcal/mol, and the productié®sahould be avoided. By using the
right ligands, it is possible to get arouhdth bottlenecks. As is the case for positively
charged completely coordinated metaide complexes, the space required for the creation

of ISs can be constrained by finishitige metal's first coordination sphéte.

2.7.4. Pt -mediated methane activation viaPCET orbital analysis

We used Natural Orbitainalysi§> 83 to trackthe electronic density movement during the
hydrogen atom abstractigmocess of methane activation. TP#'s related molecular orbitals are
depicted in Figur@.7. One of the twd “pio Orbitals is the only orbital in the system thasiisgly

occupied. The other orbital is doubly occupied, as are thédworbitals. In addition, the valence
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space of PtOcontains the following doubly occupied orbitals: a PbOnding molecular orbita

the 2sO orbital, two Pt orbitals, and one Pt orbital with the 4sPt charseterdferenc® for
information on PdO's equivalent orbitalg)hen CH reacts with PtQ the closeeshell PtOH is
produced along with a methyl radic@he singly occupied orbital gCHsé P t @ ks shown in
Figure2.7. According to the orbitals of PtOHsee Figure.7), the hydrogen atons bonced to
PtO- in the following manner: theeis electrons "attack” H(Lewis acid/base binding; séed/lion
orbitals of Figure2.7) and theunpaired electron of ldtomcouples wih the unpaired electron in

t heoo'r bi t awdvd (esbiaks of Figure?.7), which shifts towards the Pt end. Overall, the
process can be seen as a kind of pratmupled electron transfer (PCET). To further support this
observation, we plottethé¢ CCSD(T)//MN15 activation energy barrier against the proton affinity
(PA) for the three metal oxides (NiOPdQ, PtO) at their doublet spin electronic state as PA =
E[MO'] + E[H"] T E[MOH]. We found that larger PA (381.4, 386.4, 352cal/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 Pt@top), PtOH (middle), andCHsé P t @ Kbottom) involved in the
C-H activation process.

2.7.5.DFT Calculated reaction energy landscape foPd mand Ni' oxidation reactions.

To see the impact of the metal identity on oxidation efficiency, we studiedndi Pd
oxidation reactions with NO. Figure 2.8 shows the energy curves for the oxidation of e
centers with NO. We also add d in the same figuréor comparison's sake. We also considered
the path of the lowest quartet spin state for#idPd. All three metal oxide anions have a doublet

ground state, which has been experimentally identifié# 43 Our current calculations on PtO
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and our recent computations on Pd@nfirm that these systems have a doublet ground®tate

Giventhat the expected ground state of Ni®a*# at CCSDT) but a®d at MN15, we were led

to explore the whole quartet reaction pathwayNor? Seefigure 2.8 below:
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Figure 2.8 MN15 energy diagram for the oxidation of NPd ;Jand Ptto NiO', PdG, and Pt® by N20. 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 prodiietsNA@QMV = 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 higHevel theoretical work® At the MRCI level, they discovered® ground

state, but 8g at CCSD(T). They expressed reservations about their CCSD(T) results because of
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the rich multireference naturef 23 (their coefficient for the dominant configuration is just 0.44),

and they advocated ground state as a result. At the same level of theory, we repeated the
calculations anadbservedessmulti-reference charactethg largest coefficient is 0.62 andeth

next one is0.32).In addition, our CCSD(T) calculations point t6# ground state in harmony

with the MRCI calculations of Sakellaris and Mavridis, but in disagreement with their CCSD(T)
results. Our CCSD(T)/auge-pV5Z energy for théd is in absolte agreement with their energy
(71582. 44192 a. u. )epViZwenergofor® isA€2.0. (oWer than uhgirs
(11582.44321 vs. 11582.43324 a-CGSDJT)levdl, wseremi | ar
the 383p°electrons of Niarealsoor r el at ed (71 1582.92327 vs. 1158
the CCSD(T) energies of Sakellaris and Mavridis correspond to a higher é@estigte and that

the ground state of NiOis ¢, as indicated by the previous MRCI and present CCSD(T)

calculatons.

Consideringooth multiplicitiesin Ni, we show that the excited state of Ni could permit an
extra oxidation pathway facilitated by the excited state oS 4$3cf4p?). This Ni state is above
the ground state, but tiéiON> complex with S=3/2 is lower than S=1/2 and interacts nearly
without a barrier to create NIG*#'), which is an excited state at MN15 but the ground state at
CCSD(T); see Figur@.8. The S=3/2 pathay's response mechanism is a-step process that
passes through TS2 the previous figureThe reaction mechanism for the3spathway is a one
step mechanism running through T$igure 2.8). The Ni * N2O reaction (following the three
step mechanm of Figure 28) bears minimal activation barriers of less than 5 kcal/mol along the
S=Y, as well. The activation energy barrier for the S=3/2 pathwagdoiis high, and we were
unable to identify this transition state for Pt. Therefore, the S=1éhpatenergy hypersurface is

followed byPt andPd. However, because TS2 has less energy than Pall{@s opposed tBt )7
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prefers the onstep process for S=1/2 (sEeures 28 and 2.4 part A. The activation energy
barrier forPd i 10.7 kcal/mol (TS1dS1 energy differece). 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 exethic.The order is decreasing as folla& /Pd /Ni .7

Figure2.9 shows the energy landscape for the M@H, reaction (M = Ni, Pd, and Pt).
To precisely represent the energy of the doublet and quartet states pfwdi@mployed
CCSD(T)/MN15 energies. For Ni and Pd, thes B8ucture linking 1% and IS was not found.
According to the Pt findings, we think thatiS almost a shoulder in the potential energy surface
and that 1S4 "slides" to k¥Swith a small slope (nearly neexigent energy barrier). TSs not
represented i@.9as a result. In contrast to Ni, whose journey begins with RiOHs (S=%/2) and
ends with Ni # CHsOH (S=/,), Pd &nd Pt are always in their doublet spin staBnth spin

multiplicities are induded infigure 2.9 for both mechanisms of Figure6qradical and 2+2).
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Figure 2.9. RCCSD(T)//MN15 energy diagram for the M@® CH, Y M+ CHsOH 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 tihe doublet/quartet paths of Ni, and red/grey to the doublet paths of Pd/Pt.

Only for Pd the MO + CH, reactionis exothermic. For Pt and Ni, the energy of the
products is within 1 kcal/mol of the energy of the reactdntfact, the MO + CHs component
can be driven by the exothermic nature of the overgd N CH; A N2> + CHsOH process. The
energy activation barriers Pd arethe smallest, whereas those indéthe largest. The activation
energy barriers for Pdre22 and 12 kcal/mol, indicating a feasible pathway, in contrast to the
twice adargebarriers for Ptiad Ni (solid red lines ifigure2.9). The 2+2 mechanisteCHsMOH
intermediate is the muitimension energy surfaggeglobal minimum and is extremely stabligh

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

andremovaeit.

As observedn Figure2.9, Ni hasa competitive quartet spin channel that, while having a
lower energy at the beginning of the MBCH, reaction,abandons itposition to the doublet for
both mechanisms to ultimately release a doublet ®ér the radical mechanism, the transition
occus between I5and TS, while for the 2+2 pathway, it occuletween T& and IS. The
transition state (T$) directly connects MO+ CH; and [CHsMOH] " (see S8 of referencé!
attached to this dissertation

In conclusion,Pd shasthe 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 removabhatli&nincrease
in the catalyst's electron affinity should be the goals of the addition of ligands. Also worth noting
is that the energy required to liberatee methanol from the metal anion is in the 1@ kcal/mol

range and is essentially unaffected by theamdentity.

2.7.6. Alternative MTM reaction pathway for Pt 7

We found more possible MTM channels. Up until now, we thought that the activation of
the GH bond, which is caused by the terminal oxygen atom, came after the oxidation phase (gray
energy diagram ifrigure 2.10. Other pathways found involve either initial or posgtdation
activation of the €éH bond by the metal center (rather than the oxygen terminal). RAdLdshows
the energy plot for these pathways together with the Sl values for the codigpstructures,

energies, and frequencies.
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Figure 2.10 RCCSD(T)//MN15 energy diagrams for several pathways of the BH; + N,O Y " 4PQH:OH +
N2 reaction

Specifically, the red path pertains to the activation of tie kbnd first by Pt, followed
by the oxidation of the metal center forming HM(O)X_Hvhere all three active units (H, GHD)
are attached to the metal (see inse) f@of Figure2.11). The recombination of these fragments
to form methanol has two alternatives with eitGéfz (red path) or H (green path) migrating first
to oxygen. The blue path runs throygld but the GH bond splits after the oxidation of the metal
center Y 3° ¢3). The reaction network of Figurg.10 for a metal M (here M = P} is

summarized by the ensuing chemical equations (gray path corresponds to equatiof?y ¢1)
(3)):
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Grey path

) 3°) M +NO ¥ MO, (1)
() 39 430) 3MO' +CH,Y [ £MOH]' )
[CHs, MOH]' ¥ M+ CH:OH A3)
Red path
() 30 430 ) 3:M +CH Y [HMCH3]' (4)
() 30 430 ) 3:[HMCHg +N,O YHM(O)CHs]' + N, (5)
() 3° 430 ) 3:[HM(O)CHg]' Y [HMOCH;]' (6)
() 3° 430 ) 3:[HMOCH' Y [M (HOCHy)]' 7)
Blue path
() 30430)3FM+2BY B +72; (8)
() 3° 43 O ) 3:MB' +CH; Y [HM(O)CHyJ' 9)
() 3° 430 ) 3:[HM(O)CHg]' Y [HOMCH]' (10)
() 3° 430 ) 3:[HOMCH' Y [M (HOCHy)]" (11)

Figure 2.11. alternativereactionpathways for Chlactivation

Regardless of the approatgken (4) + (5) or (8)+ (9), the second step to produce' iS
almost barrieffree; see TS and TS'. Observe that at CCSD(T)/MN15 (Figwzel0), the energy
of TS is lower than that of the equivalent reactantg’)|®owever atthe MN15 level, where
completely optimized structures are utilized, it is higher. Another finding is that in rea@tjon
and TS, the energy barrier for activating theFCbond from the metal is just 12.3 kcal/miol,

contrast to 44.3 kcal/mol v@m oxygen is involved (2). For reactions (2) and (4), the activation
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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 Pcan activatehe GH easier from either site (metal or oxygen).

For practical applications, the metal must first be oxidized beforg<OHtroduced 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 beadion (4) necessitates a
certain activation energy barrier. For instance, experimental and theoretical studies on the
interactions of Pt and Ptvith CHs revealed that Pt undergoes a barfiee transition tahe
HPtCH; path® while Pt encounters a lowasrier of 2.5 kcal/mof’

The reaction barriergdo produce coordinated OCHs or OH in [HMOCH3]' and
[HOMCHg]" after IS 4' igyeneratedare 20.3 and 43.2 kcal/m@spectively(see figures 2.10 and
2.11) while the reaction barriers for the final attachment o 6GHH to make methanol are 80.1
and 38.5 kcal/mol (reactions (6)(7) or (10)+ (11)). From the (2)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 theapidproduction of IS 4' and IS 5. When ligands are coordinated, this impact
will be abolished.We carried out a chemical kinetics analysis with the aid of the COPASI
softwaré® to support upcoming ggshase experiments on thé PtN2O + CH, 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 ug&ke S9 in refrence 10and table 2.3

Finally, weexploredthe 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
lowestEcavalues perform the best and that there may be a relationship béfween atalytic

performance, iron can be considered an even stronger possibility due to Essleaue. Iron
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calculations proved to be extremely difficult, necessitating the adoption of a composite approach
that combines MRCI and CCSD(T) (QqCCSD(T); Seetion2.3). It takes vast basis sets and highly
correlated techniques to calculate Eagfor a single iron atom accuratelJhe experimentalEea
for iron is(0.151+ 0.003 eV While CCSD(T)/auecc-pVTZ forecasts annstableanion Eea=
- 0.07 eV), our MN15/augc-pVTZ value greatly overestimates the: (0.76 eV). The value of
0.05 eV, which is still on¢hird of the experimental value, is more plausible when the basis set is
increased to augc-pV5Z CCSD(T).

On the other hand, it is simple to obtain Eeeof FeO. The experimental value of 1.494
0.010eV is in remarkable agreement with the CCSD(T)act@VTZ and MN15/auegcc-pVTZ
values of 1.469 and 1.467 ekgspectively®® % %1 |n the past, a great deal of research has been
done on the eleanic structure of Fe(? At MRCI, there are three contending stat®g"( °m
and ‘), and their arrangement is dependent on relativistic effectsyadabce electron
correlation, and treatment with electron correlatMh15 predcts a*opground statéX with the
first sextet state(fZ") being 0.15 eV higher, while experimentally the ground st ..
However, CCSD(T)/augc-pVTZ forecasts an entirely differeatder;theinitial quartet state*(p
is 0.15 eV higher than the ground state, which %&'a When auecc-pV5Z is employed, this
difference is reduced to 0.07 eV. Tipis located between them at the CCSD(T)faogpVTZ
and CCSD(T)/augc-pV5Z levels of theory, or 0.08 eV and 0.02 eV, exgtjvely. Given that the
interaction of FeOwith 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 expandetle-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 somgeeement between the MN15 and
CCSD(T)/MN15 values; however, for the quartet spin multiplicity (S=3/2), there is a significant
difference. The quartetextet {F;*s’3d'/°F;4$3P4ph) energy splitting for Fe between MN15 and
CCSD is different, and thIN15 energy diagram for S=5/2 is parallel (within 7 kcal/mol) to the
CCSD(T)/MN15 one but separated by roughly 0.7 &e S in referencé! (attached to this
dissertation),contains comprehensive energy diagrams for both spins and all procethees.
S=3/2 MN15 and CCSD(T) energy landscapes, on the other hand, are more similar, though their
structural differenceare roughly 20 kcal/mo[FeOH..CHs]' is one such structurevhere the
S=3/2 is a result of anferromagnetic coupling between the S=2 statfFefOH' and the !
state of CH. The spin contamination is dramatic (larger than 1.0) and suggests thienughki-
reference approaches in this case. To combine theesieasivity benefit of CCSD(T) and the
proper description of the quartet state at the MRCI, we used the qCCSD(T) approach described in
eg. 2.1 ofSection2.3. The CCSD(T)//MN15 energies aresad for the sextet path and the
gCCSD(T)//IMN15 energies for the quartet path for all structures.

The reaction energies for steps (1) through (3) with M'=afe shown in Figur@.12 In
this instance, for both the low and high spin instances, we atdeeto pinpoint transition states
for the radical (hydrogen abstraction;sJ 8nd 2+2 (proton abstraction; Fzbprocesses. Insets in
Figure2.12depict these structures for the sextet state. An initial comparison with Fiy8eesd
2.9 shows that the stal 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'Fe@H. reaction is

significantly endothermicThis isaresult of the strongeron-oxygen bond ifFeO , therefore the
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metatoxygen 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)//MN15 Calculatedreaction energy landscape foF€ (S = 3/2 and 5/2

oxidation reactions

Nearly parallel routes for the quartet and sextet overlap at various ggjute 2.12). The
early activation of the ¢ bond is the most obvious distinction. Lower energy barriers are clearly
provided by the sextet spin multiplicity, particularly for {28-2] mechanism. Specifically, &S
leads to the global FJCHsFeOH) minimum and isujst 16.7 kcal/mol above F&G 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 ansl Z33
kcal/mol, while thg2+2] mechanism's activation barrier is 79.6 kcal/mol, making it impossible.
Fe is generally not @ efficientMTM conversion mediator. Additionally, the 'F& CHs reaction

mustovercome 44.4S=3/2) and 32.0 (S=5/2) kcal/mol barriers.
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Figure 2.12. RCCSD(T)//IMN15 (S=5/2) and qCCSD(T)//MN15 (S=3/2) energy diagrams for the radical and 2+2
mechanisms ofthe F& CH4 + N-2@+4O0W + Rheeaction.

2.8. Conclusion and outlook

A fundamental, highevel computational investigation of the transition metabimn
mediated conversion 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 foteshgeriods and there is less chance that

it will be overoxidizedThis 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 actation barrier in their direct reaction with GHpreventing the formation of stable
CHsMH, which could potentially harm the catalyst. While this work paves the way for future
researcha more indepth search is required to locate effective catalystscimatbe used in

everyday life.

Methanol has a low interaction energy {I® kcal/mol) with the negativeharged
metal center that is practically unaffected by the metal's nature. Although there is no direct
correlation between the metdEssand the catatic cycle's energetics, a higfaavalue will ensure
that the electron returns to the metal's center at the conclusion of each cycleHTdtization
and CH-OH recombination barriers should be the primary focus of future research, according to
our findings The metaloxygen binding energy should be used asnditator,andit 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 gMCHH unitsis 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 blye solvent because of the weak metathanol attraction. Finally, we
saw a correlation between the activation barrier and the metal oxide's proton affinity when we

presented the radicalg activation mechanism as a sort of PCET.

The lowest and highe$f.a 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. Atthe highlevel and sizeextensive CCSD(T) level, an electronic state with a single
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reference wavefuncti@not necessarily the ground si@tes identified and studied. For the rest

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

Future gagphase experiments that are comparable to those conducted on cationic species
can benefit from our findings. More metal centers willsbeeenedand the right ligands will be

found inthe next section

We did notobserveary direct relationships betwedfra and activation barriers or other
energy variables. Pdone of the metals being researched now, had the lowest energy barriers, and
its oxideform-mediatedeactionwas the only one that was obviously exothermic. The sbaed
highestEeaatoms, Fe and Pt, were discovered to rest at the opposite extreme. This was particularly
true for Fé, which has a substantial activation barrier and an endoth¢f@@' + CH. route.

The characteristic shared by all metals is that¢temse 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 pilaetiogts
substantial impact on the stability and reactivity of the metal complex@scially in the
primary coordination spher®lost ofthe TMs studied so far are either neutakationic, their
corresponding ligands have been formally classified eithkeewass acids or Lewidases based
on the way they share their electrons with the metal. Broadly speaking, ligands are classified into
four main classeq1) A neutral electromair 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 (Lewisob6bs acid or Z: type) which typi
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Si, Sn, 9, etc.) (4) Hydrocarbyl ligand (Rtypée) such as methyphenyl or for substitution for
an organianolecule®® Metals can makas i g m &ondthiiough an overlapping interaction of
orbitalslobes pointing at onenother(figure 2.13 or they make i( ) b oand wi t h

unsaturated compound.

o-Type bond T-Type bond
Figure 2.13 EthylenePlatinumorbitalsoverlaps h o wi ng ¢ o mp et .i"Regrintéd (amlaptd) With b o n d s
permission from [Organometallic2001, 20, 1, £6]. Copyright [2001] American Chemical Society"

For theisolated(nonligated TM)the 5d orbitals ardegenerateThe ligand introduction
to the metal sphere can impact thetal binding capability throudkiting of d-orbitals
degeneracyin the case obctahedral (§&) geometryboth dyxzy2 and d> will be destabilized much
higher than those d orbitalsclated in between ax€d, dx,, dxy). Interestingly several
publicationsreported a change from oxo to oxyl behavior for late DMidesdepending on the
ligand useé. There are two ligands studied in this work for MTM reaction: 4hylejroups and
biphenyl ligands (Bp)Both ofwhich exist ina seesawcoordination geometry with the metal as

can be seen in figuiz 14.
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Figure 2.14 Optimizedgeometries oBtructures of PACHs)4] (top) and[PdBp).] (bottom) catalystsised inthe
MTM pathway. Both structuresre calculatedtMN15/stable=opt//MN15/augc-pVTZ level of theory. Bond lengths
and angles are in angstrom and degree, respectively.

2.9.2. Computational details

Al structures were optimized withe DFT method using the MN15 functiondThe aug
cc-pVTZ basis set (TZ) is used for H, C, N, O, Ni, and-aagVTZ-PP for Pd, P>t All
intermediate structures are confirmed to be minima in their potential energy surface (real
frequerties) and all transition states have one imaginary frequeeegs of referencé®attached
to this dissertation Single point energy calculations are performed at the Coupled Cluster Singles
Doubles and perturbative Triples, CCSD{T)% with augcc-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]i E[MN15/DZ].
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2.9.3. Resultsand discussions

2.9.3.1.[Pd (CH3)4] -tatalyzedMTM pathway/PCET reaction channel under ligand

influence

In figure 2.15 (top), thereactants, transition stajesd products fothe PCET pathway are
labeled TS1RI1, and TS1Prespectively. The mechanism is similar to the one reported previously
for the freePd m wheremethane dissciates in a heterolytic manner and involves a concerted
movement of methane proton agmkelectron to oxygen and metal centespectively. TheTS2R,
12, TS2Pand R correspond to the [2+2] pathway which also occurs silyitarthe freePd. They
are shown in the middle part of the figuréhe methanol release and catalyst and subsequent

oxidation pathwayrerepresented blp, TSOR, TSQand TSORN the bottom part of figurg.15.

(TSOP) (TSO) (TSOR)
Figure 2.15. Structures of all intermediates afmansition states for the GH N,O Y 3GHH+ N, reaction facilitated
by [PdO(CHz)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 irZfitfure
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Figure 2.16. MN15/TZ potential energy diagram for the €HN,O Y 3OHH+ N reaction facilitated byPdO
(CH3)4]". The structures for both PCET and [2+2] ah®wn in figure 2.5.

2.9.3.2.Activation energy barrier for PCET and [2+2] for PdO' (CH3)4 catalyzed reactions
The activation energiesf TSsand interacting complexes in kcal/mol are listed in Table

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

Method E,(IR)’ E®@P)’ EQR® EQeP)’  Euf Eor’
[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
aCalculated 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 12. € Same as a footnote a but P and [M] +:0H.

f Same as a footnote a but TSOR and TSO.

Except for B(2R), which fluctuates by 5 kcal/mol from MN15/DZ to CCSD(T)/TZ and
corresponds to the first step of the [2+2] rout&y(RS2R), the activation barriers fluctuate within
2.5 kcal/mol for the various levels of theory. The system is not anticipated to Eabartier
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 differebetveen 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 otloatalyticmodels
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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 able2.2lists the activation energy data for thRd with biphenyl (Bp)
ligands; Since biphenyl is a relatively noeactive ligand and is employed often in
organic/organometallic catalysis, it is chosen as the moreaqailagandiose The patterns hold
across all four sysms: The lowest barriers are of the 20 kcal haer (16.921.9 kcal mof)
and are seen for the PCET mechaniBg1 R)/Es(1P). The second (GHOH recombination) stage
exhibits a wide range of values (188.8 kcal mof), but the [2+2] process demana significant
CH activation barrier, £2R), ranging from 28.1 to 30.7 kcal molThe interaction energy
between [M] and CHOH is rather independent of the metal center or ligands -(I2®
kcal/mol). Finally looking at the energy diagranrs 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
metds!! (except for M =[(CHs)4Pf"). In addition, the oxidation step is nearly barfiee
(activation energiesmaller than 11 kcal/mol) closing readily the catalgticle (see Figure®.14
and 2.15. However, this should be considered an upper limit since there islmnative

mechanism found earlier with even smaller barriérs.

2.9.3.4.Impact of ligand addition on Eea Of anionic center

Ligand addition improved the Ee, of bestperforming meta (PdO Y. Our calculation shows
[Ni(CHz)4] ,JPACHs)4] ,(Tand[Pt{CHs)4] have verticaEeavalues at CCSD(T)/DZ (MN15/TZ) of
2.65 (2.96), 2.28 (2.56), and 2.35 (2)5®V, 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 teclynie, not the basis set, according to the MN15/DZ value for
[PACHz)4] ,Which is 2.58 eV. The verticBkavalue for[(Bp).Pd i 3.33 eV at MN15/DZ, which

is 0.3 eV greater thgiCHz)sPd and should beverestimatedThese numbers all exceed tha
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of platinum, which has one of the highd&f. of any metal (experimentally 228 eV)%’
Additionally, compared to bametals,Ecais 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) ofMO' (CH3)4

The neutraform of Pd,Pt, Ni, andFe are always closedhell singlets, while their anions
alwayshawe a doublet spin multiplicity with one unpaired electron on the metal. According to the
Natural Population Analysi® 1% the unpaired electron in FiguBel7 suggests that the extra
electron is mostly shared by the Pd atom and two methyl grétpse two methyl units have an
initial positive clarge 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 conclugai{CHs)4]' hascharges of +0.26 for
Pd and (§.19/0.43 for the two distinct methyl group$he 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 chanf)8.55. 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. Naturalorbital (NO) analysis of doublgtPd CHs)s] and PdO(CHs)s] showingthe 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
appoximation, as implementedn Gaussian'®, yields free energy. Methanol may be quickly
removed from the catalytic center withdngingovernxidizedsince 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 pegoom of the chosen catalysts, pinpoint
the predominant reaction pathway, atederminehe ratedetermining step. For each of the five

reaction stages, we estimated the forward and reverse rate cohatmtion the formula below

9,111 112.

0 — — A (2.2

wherekB,T,p,thf,andRareBoI tzmannds constant, temperatur
free energy activation barrier, and the universal gas constant, respectiweyl(for

first/second order reaction steps).
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The calculated k values utilized in the kinetics investigatawasshown in Tabl2.3. To
solve the differential equations fthre corresponding chemical kinetics equatjons used the
COPASI program and took into account a 10% catalyse evaluate the catalytic effectiveness
using the haHife time (t2) required to produce 50% of GBIH. To calculate the cycle's turn
over frequency (TOF) and energetic span (E), we also used the energetic spar-nidee
the PCET mechanism dominaw@slusively in the COPASI work, we consider the PCET energy

landscape for the energetic span model.
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Table 23. Rate constantg) for the reaction steps of Figurel3, and {,, TOF,aE for the overall catalytic cycle
employing [M]O as catalysts. The notation 1.11E+11 means 1.2tkl@itial concentrationgor CHs, N,O and
Catalyst ([M]') are 1 M 1M and 0.1 M respectively.

Reaction step [N(CH3)'  [PA(CH)]  [PYCHy)]  [Pd(Bp)l'
[M]OT + CH, Y 11 3.16E+01 2.68E+02 2.26E-01 2.81E+02
11 Y "+K@HO 4.15E+01 1.51E+01 9.22E+01 5.49E+00
11 Y +H CM:PH 4.78E-03 1.28E-02 2.27E-05 1.39E-01
M'+CHOH Y 11 541E-28 4.07E-24 9.92E-22 5.40E-20
[M]OT +CH, Y I 2 3.66E-09 8.05E-05 2.89E-07 2.40E-06
| 2 Y i[+ KH, O 1.04E-06 1.75E-08 7.25E-11 2.11E-10
| 2 Y' +{CMDH 2.15E+01 4.62E-05 4.49E-13 1.44E-02
[M]T + CH,OH Y |2 4.70E-26 4.43E-24 3.04E-23 6.22E-20
M'+N,O Y ['MNO 9.79E+01 1.08E+06 5.56E+09 2.44E+06
MIO" +N,Y [ 'MIN,O 6.57E-13 6.44E-11 5.12E-16 3.02E-13
tipls 3077 419 Undefined 375

TOF/$1? 1.40E-04 5.40E-03 2.30E-09 9.30E-02
pE / kcal/ mol 22.7 20.2 29.2 18.6

a@Thereaction does not proceed beyond the first stepgd&hation).
Rate constantk) are ins?* unit.

Our calculationsupportthat the PCET mechanism (through I1jasterand the primary
route to the productgndthat the CH activation phase, [M]® CHs A 11, invariably determines
the rateljasthelowest rate constaand it is the rateletermining step and that the oxygen relcad
of the metalminimally contributes to the total rate. Theitial reactants, [M]O ™ CHa, are
predicted to be the TQé#etermining intermediate (TDI) and TS1P iegicted to be the TOF
determining transition state (TDTS) via the energic spadel (see Figure Siifi referencé?).
This suggests that future research sheolisiderboth phases (R 11 A P).

By contrasting the various systems, we observe that[MdBp),] has the lowestik,
lowest aE, and highest TOF. The performance of aMNi(CHs)4 Tand [PdCHs)4] Tis also

excellent, in contrast to M fPt(CHz)4] T whose high barriers prevent the reaction from being
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completed. Th¢(Bp)-PdQ fooksto be a good catalyst given our anticipadet= 18.6 kcal/mol

for M = [(Bp)Pd and the precision of our electronic structure approaches (2 kcal/mol).
Additionally, given the change &k from four methyl ligands to two Bp ligands (18.6 to 22.7
kcal/mol), the ligands appear to offer some flexibility. Althougt appearsto be the most
advantageous choice, the performance ofid§ opposetb Pt )ican be further refined by suitable
ligands and result in a leaost alternativeWe also did computations for M[FeCHz)4] n this

way. Our MN15/TZ data show that Fe, which has high activation barriers, performs relatively
poorly. The identical patterns were discovered for "bare" Fd@e approach of concentrating
initially on pure oxides and subsequently adding metyyy¢ ligands for practical applications is

supported by these tendencies.

2.10.Conclusion and final remarks

We demonstratthat 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 methydtype ligands raises the metal center's attraction for electrons, staptlinmetal's
negative charge besislaltering the metal center vacant sites avail&meubstrate binding, thus
favoring one reaction mechanism over the other such as following PCET and eliminating the [2+2]
stable intermediate that washibiting the catalytic cycle in case of bare TM3ur kinetic study
demonstrates tH€Bp)PdJ hasa strong potential to be an MTéAtalyst. Finally, we found that
the performance was highly both metal sigdnd-dependent, but the ligand addition has a strong

influence on the catalytic efficiency of peperforming metals such as Ni
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3. CHAPTER 3: TM-Catalyzed Carbon Dioxide Reactionsvith Unsaturated
Alkanes

3.1. Significance and Background

Carbon Dioxide (C@) is an essential component of photosynthesid keeping a delicate
balance between the levglsoduced and consumed is crucial to the survival optamet Sadly,
aberrant human activity has recently caused its atmospheric levels to exhaust the geosphere's
buffering capacityBesideits direct impact on environmental warming, #enomic potential of
CO, as a freely available and sustainable raw material for fine chemicals has sparked several
efforts worldwide to study various routes of its transformatiG@».can be catalytically converted
into a variety of valuable chemicalscbuas CO, Chl and GHa. Given the fact that C{xarbon is
at the highest oxidation state, the only way to activate it is through reduction. Several promising
catalysts have been developed ttatfacilitate the CQreaction with hydrogen gas using diet
polyamines to capture G@nd a molecular ruthenium catalyst to produce methahat> The
shortcoming of this method is the highergy cost required for Gydrogenatiorand amine
decompositiordegradation. 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, $ia sorbentsuchas Ca(OH), KOH, and NaOH
were alsautilized; however, they all require high temperasiicebe regenerated which makes the
whole process impractica® The negatively charged TMs &fiency in activating C@hasbeen
reported by Bowen et a1 ®Bowends wor k has sSdnefficentiyastivateo n | y
CQO but also it forms a chemisorbed species ¢ovalently bound to Cg) thatis intriguingly
stabl e. Fur t h akrepesers the Bret systemate expeomental work showing the
efficacy of negatively charged TMs such as NPd ,"Cu Tand Ag ih CO; activation confirmed

by high stable peak in mass spectroscopy and further confirmed by computationat $tai?.
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Such efficienes have been further confirmed for carbon monoxide catalytic conversion by Pt
clusterst?® Similarly, Weber et al. have reported that $Mn J and Fe Tcan activate C®
efficiently.*?% 22 The benefit of using anionic metal centers in€@nversion reactions is having

a single step of C&rapture and conversion by TMs owing to their extra electron that can migrate
to CO, via C atom and activate the moleculdtilizing CO, as a synthon to produce more
chemically useful entitiegsuallyinvolves eitherC-C or GO catalytically driven bond formations
123125 |1n a process known asarboxylation, C@ can reactcatalytically with a variety of
hydrocarbonsspecifically unsaturated onesansforming C@into a variety of chemicals like
lactones and acrylic actd®*?® Several reactions have been published in the past reptiviing
memberednetdo-rings produced from zerealentnickel (Ni°) or zerevalentpalladium(Pd’) as

well as ceoligomerization of 1,3lienes with C@, which proceeds via a bisallyl intermediag.®”
130135To our knowledge, there is scarce computational data available on the energetics, geometries
of intermediates and transition states that leadettalactone( -lactones)production from the
readily available ethene. In this chapter, we have investighte catalytic potential of the
following TMs: Pt, Pd ,JandNi ®n the CQ carboxylation reaction using ethene substrate. Both

free and ligated forms of these metals were studied tis&#igFT method.

3.2. Computational details

All DFT calculationswere rformedin gas phase usinGaussian 16 softwaré 110
Equilibrium structures were obtained lggometryoptimization using MN15 functional and
LANL2DZ pseudopotentidasis s&t that was applied to the metehrbon, hydrogerand oxygen
atoms.The optimized structures were used to perforgingle point energy calculatiomsing
MN15 and augmented correlation consistent polarized valéptezeta basis sets (agg-PvTZ)

thatwereapplied for C, H, and O atoms, while acgPVTZ-PP was used for TMddarmonic
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vibrational frequency calculations were employed to confirm the structueszs properly
optimized Intrinsic reaction coordinate (IRE€§ was used to confirm the direct connection

between each transition statedits reactantandproducts.

v

33.Proposed cat ddctgneformatecny cl e of U
The initial steps the CQ capture and activation by anionic Thllowed by CQ insertion

between coordinated ethylene and the metal leading to two types of metal rings depending on

whether a &C or GO coupling reactiontake place, represented B$1 and TS2 irFigure 3.1

Subsequently, another ethylene molecule will coordinate to the metal,camesubsequent

seveAamembered metal ring formatiamill occur via TS3TS4,TS5 and TS dependingn the

point of attack of the second ethylefieh e f i n al st ep i dactandfermatient a | re

via TS7,TS8 and TS9. We have investigated all possible routes leading to the product formation

using DFTFcalculated energy profiles as shovwm Figure 32. Considering all different

combinations of tr ansi Hactonematoratobfotuepathwayhasbeerc an | e

proposedas follows: (1) Pathway A: via TSA TSH5A TS9 Pathway B: via TSA TS6A TSS,

pathway C: via TS® TS3A TS7, and Pathway: via TS TS4A TS8. In this chapter, we

elucidate the mechanism of@ and GO coupling 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 fror@£and two ethylene molecules. Met, Pd Ni n
free and liganecomplexed forms.

3.4. Results

3.4.1. Atomic Pt catalyzedcarboxylation with ethylene

Pathway A TS14 TS54 TS9

The elementary reaction steps for £€onversion into lactonare shown inFigure 3.2.
The reaction begins with GQapturing and coordinatioto Pt &and subsequent first ethylene
molecule coordination. The first-C coupling occurs between ethylene and.Gaa TS1
producinga five-memberednetal ringwith an energy requirement of 48.4 kcal/mol. A second
ethylene will coordinate an@-C couple with the existing ethylene via TS5 producing a seven

membered metal ringpatwill ultimately undergo a €0 couplingthat results iriree metakelease

72



a n dlactoneprodudion. The energy barriers are 44.0 and 71.8 kcal/mol for TS5 ang TS9

respectively.

20| Pt+CO,+2(ethylene)

&2
<o, Pt +Lactone

s 10f ' 28
% %\ T5-9-FWD
g 160 ' [Pt_col, =T
£ 99"
o -25.0 9
< l L
1 \ L » O XK
-34.0 : o ‘ -
1 > \ WRRY. x -
.
43.0 \ ] 3| ¥s5FWD Rvs-
\ T —
\ 50 450
52.0 . .
1
61.0 sz;oT:ff.,....................v

>
>

Reaction coordinate

Figure 3.2 Free energprofile for Pt -mediatedC-C coupling (TS1 & TS5) and lactone formation (TS9). Energies
are rehtiveto the reactas.

Pathway B: TSY TS64 TS8

In this path, aC-O couplingoccurs betwee0O, andsecondethylene via TS6 to make a
sevenmembered metal ring with an energy barrier of 48.4 kcal/mol followeal D coupling
to release the metadith an energy barrier of 48.8 kcal/m@he energy diagranis shown irFigure

3.3.
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Figure 3.3 Free energprofile for thePt mgdiatedC-C coupling (TS1)C-O coupling (TS6)and lactone formation
(TS9). Energies are @adlveto the reactants.

Pathway C: TS4 TS34 TS7

In this path,TS2 involves a € coupling between C{and ethylene and contea five-
membeed metal ringvith anenergy barrier of 18.3 kcal/mor'S3 is the @ coupling between
two ethylene molecules makirmgsevemnmembered metal ring, while TS7 is theQCcoupling of
CQO carbon and ethylene carbd@arriers for TS3 and TS7 are 48.6 and 20 & /keol, respectively

(Figure 3.4
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Figure 3.4. Freeenergy profile for the Pt-mediated &C coupling (TS) and CO coupling (TS2pand lactone
formation (TS). Energies areelativeto the reactants.

Pathway D: TS TS44 TS8

The reaction pathwafpllows TS4 which represesmh GC coupling between thgecond
ethylene and C@with an energy requirement of 47.0 kcal/mol followed by TS8 which involves a

C-C coupling between twethylenego release the metal and prodsitiee lactone with an energy

requirement 083.1 kcal/mol.
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Figure 3.5 Free energprofile for thePt -medided C-O coupling (TS2)C-C coupling (TS4)and lactone
formation (TS8). Energies are ativeto the reactants.
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3.5. Discussion

3.5.1. Platinum-mediated five-memberedmetalolactoneformation (TS1/TS2)

The oxidative coupling between ethylene and @& well-establishegrocedure mainly
known to be mediated by zewalentnickel (Ni®).” ¥/t is the first elementary stepward acrylic
acid formation that occaras a result of betalimination of hydrogen from the formed
metablactone. The previous work supports thdiaticoordination of ethylene first and subsequent
CO coordination to the metal since the former is relatively lyigixothermic compared to the
latter. In the present work, we considered -Gfordination to precede ethylene since both
substrates can freely competetbemetal active site without any restrictions from a bound ligand.
Figure 3.6 shows two possible pathwaysat lead to two different ntalolactone depending on

whether the O athe C of the C®is bound to the metal in the medialctone.

R2 TS2 P2

Figure 3.6. Optimized geometries of intermediatnd transition states for metkdctone formation.
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Observe thathe Pt-toordinatedCO average OCO angle 13@, which significantly
alters its electronic structure from a closed shell into an openssisédim The orbital with spin
density inPt -CO; is situated along thet -O axis, as seen iRigure 3.7 The O atom is more
reactive than the C atom linkedRb Because of the partial spin density on the O centifie case
of R2 As a result, the activation barrier in the TS2 situation is lolwertotheincreased efficiency
of C-O coupling The instability of the TS2 reacta(iR2), where theethyleneis not within a
coordinationsphere of the metal centeratso a contributing factan loweringthe TS2 barrier

sincethe metatcarbon dissociation step is not a-piisposing factor in TS2 initiation

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

Figure 3.7. Naturalorbital (NO) representation showing the spin density of the single electfein{a) NO of the
[ethylenePt-CO;] "generatedrom the IRC calculation of TSIC-C coupling). (b) NO of thdethylenePtCQO,] 7
generatedrom IRC calculation of TS2 (©) coupling. (c) is NO of PtCO;] (added for comparisgn

3.5.2. Sevenmembered metablactoneformation via (TS3/TS4)or (TS5/TS6)
The two metablactones produced from TS1 and TS2 can further undergo another
transformationwith an incoming ethylene moleculéhat coordinatesto the metal center.

Depending on the point of attacigllowing TS2, the incoming ethylene can undergo &C
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coupling with either the C of the existing ethylene or witb ar b o ny [T&3sand 0S4
respectivelySimilarly, following TS1 the incoming ethylene can perform &33r GO coupling
via TS5 and TS6 respectively. It is worth mentioning here that thelfgsinvolve ring opening
of themetablactoneand subsequent-C or GO coupling with the incoming ethylenEhe 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 rifigoth are sigm#onded \ith Pt )Texplains the high eneyg

barriersof an average of 45 kcal/mobserved for TS3[S4,TS5 and T6.

TS3

R4 TS4 P4

Figure 3.8 Optimized geometries of intermediatnd transition states formemberednetalolactondormation.

3.5.3. Sevenmemberedmetalolactonering 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 tersiof energetic barriers, TS7 which involves the metal release drom
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Csp(cabonyl G andaCsps(etha n eCissignificantly lower than T®&wherethe metal is released
from two Cspzatoms In TS9, the metal release energy barrieigsificantly higher compared to

TS7 and TS8 due to thegher bond dissociation energyfif O compared to that iRt "C %7,
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3.6. Ligand impact on Pt -tatalyzed carboxylaton with ethylene
We considered the Bihenylligand (Bp) chelated withPt and applied the same four
di fferent -adonehforaatios. THestructuiie thiecatalyst is showbelowin figure

3.9

Figure 3.9.0ptimizedPt -gasedcatalyst
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Figure 3.10 Energy Iandscapﬁa)r atomic ¢ight) and complexeé@t (left) for Pathways A & B
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Figure 3.11 Energy landscape f@atomic ¢ight) and complexe®t fleft) for pathway<C & D.
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3.6.1.Results and Discussion

In terms of energetic profiles, the ligand introduction showaedignificant impactby
lowering the majorityo f t r an s iattivatoonbargetsant reue® AB, C, and D. It is
remarkablylowering the activation eneygor TS1 but increasinthat forTS2in routes A and B
The ligand has altered the electronic densityh@O-C-O molecule from beingoncentrate@n
one O atomd beng distributed along the entire molecwspecially the carbonyl C which is
performingthe @ coupl i ng wiadshowritigure 8.1 deeréasing@he activation

energybarries.

Figure 3.12. Naturalorbital (NO) diagram showing the spin density of the single electron on atomic and complexed
Pt. 7
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Moreover,the ligand has another steric contributiodowering the TS1 € coupling
and increasing the TSs{@Q) barrier by competing with the ethylenetbe metal center active

site as shown ithe same figure

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

Figure 3.13 Ligand effect orthegeometrical shape of reactants for TS1Gcoupling and TS2 (©) coupling.

Collectively, based on energetic barriers, the best performanuesesved in route B
through TS2 TS6A TS8 While TS2 isafacile step, the subsequent TS6 and TS8 still have high
energy barries. Therefore, we decided test the performance of other anionic metals to see if the
metal identity can influence the activatioarriers We have tested the performancaonbthetwo
anionic metalsnickel, andpalladium by applying the same level of theory and reproducing the
four different pathways. The NBp) + 2(ethylene) + C&and Pd(Bp) + 2(ethylene) + Cg&energy

diagramsare shown irFigure 3.14and3.15respectively.

83



TS-1 Is8 .
10.9 AT 184 fe
F— I
5.0 ; ! N
[N\(Ep)}]‘ +C02+ K | 14.0 i
2(ethylene)  pyg.reiy b . o
o oo, ﬁ v e [NI(BR)]' + Lactone 10.0 Rt 4
2 5.0 K : Y Is-5 : 33 X ; . RVS-TS-§ TS-6 |
L . ' - X - ] ; | 5186 5y
3 , A B ¥ n 78 e
E 0. : : ' réco-rwb £ o0 3 ; TegRwe
] Bp)_CC i ; w 96 8 2.0| [Ni(BR)) + O, + ; k ] “RVS-TS-8
fing  ing o gy 1 : R —— e
4.20. N w20 00, [z (MSRIT + Lactone
ysTes ‘ 6.0 : : s
25. e | \ !
20, : 10. . Lo Vo
35 TSL5-FWD RVS-T5-9 144 [Ni(Bp)_£O.] TeLwn Tegwe
3557 TT3Es T -14.5 T
Reaction coordinate Reaction coordinate
.
38.9 Is-2
378,
380 32. H N
‘ T5-4
124 264 ; 3 LT
26.0 20 i nITS2-FWD | 15-8
- ' 5 208 H /205,
200 ol / L N \
- T 14. f . / M J
3 E ; / ! J; ]
fred £ . ; , ! Sood
H T 80| [Ni(Bp)]" + €O, + ! \ ! /
§s0 ; = 2ethylene)  RVS-T§-2 Rvs-Te4 —
s 2.0/ INKBRIT + €O, + RVS-TS2 E 2.0 S35 T8 ‘_9§‘ e,
w 2(ethylene) 35 0.0 ‘ . ' \ Ni(B) + Lactone
4 -, [Ni(8p)Y + Lactone [-49 \ ; : ! N
-4 | ; == 10 L ' / Lo
10. " / [Ni(BR)_£O.T : TS:B-FWD
16 [niggp_ch,1 \ § “18d “145 : Eexl
=36 1as . I N .
T 7-FWD 22 TS(4-FWD
224 30.7 a1
Reaction coordinate Reaction coordinate
[Pd(Bp)]™+ CO2
ool iefhiene) [Pd(BRYY" + Lactone pa(ep) + co2 +
10 A b ] ool [Pd(Bp)]"+ Lactone
200 [PaLp)_CO;] ; *0 s
. \ : e (Paigp)_co,1"
o x B : 244 ETxY 151
i RVS-TS-L ﬁ{ ] - 5 EEank
3-40. 381 . ' 5-32. . :
g T5-1-FWD : [ Avs-Tsed ke
F50. @3 : £ RVs-TS+
£ ‘: ms N - Y
£-60. \ e x i S48 T Ay
w . 5 . N I - .
<704 v . / . : 4-s6.0 | /
\ er) ! \ H \ 156 E E
80. \ - Slregrwo -84 : P s rwonvs- 15
Credt g 7 | ! e e8s 5 S
.50, RYS-TSS Y 72 2 Lo
) \ / 0. Lo b TE:8-FWD
-100.p TS.5-FWD_RVS-TS RUS-TS'6 7o
-102.7  -102.6 -84.4
Reaction coordinate Reaction coordinate
.
[Pd(Bp)]™ + CO2
+2(ethlene)
0.0 -0 =2 [Pd(Bp)] + Lactone [Pd(Bp)]" + €O,
-8.0) K mE s il o [PA(BR)] + Lactone
" k ' 7.0] o T '
=16. i - N : * £ T .
[Pd(Bp)_co2] k.2-FWD : \ ; :
! [T5-2 : -16. .
T ; T80y ! [PdtBp)_cO,) affs:2-rwp /
e e ) 3 A 4 T5-4 / -25.4 % o2 H
EXEY 5 e} H o ) / 153 :
£ i . ; e LLE CER— \ Y i
g0, : : Eas S . ;
£ . ! ;
£.4s. H : 3 H JEt-sz. H
y S \ H al ' £ Lica < I— !
-56.1 B ! o G | 15-7 :
. : : -70. T83-FWD e
_6a. Ris-T5-4 i A3 AvsTs2 B
-64.6 ! -79. 5 N
=720 \ -88. K D
-80.1 T8 § rls‘-7-rw‘ L
80. T -97.4 a9
Reaction coordinate Reaction coordinate

Figure 3.15 Pd (Bp) catalyzed O reaction withethylene.

Besides the ligand influence on the energetic profiles for the studied pathways, the metal

identity playedarole in reactions that involved-C coupling reactioa Our calculations indicated

thatthe metalcarbonBond DissociationEnergy(BDE) was 67.2%cal/mol, 59.75 kcal/moland
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40.0 kcal/mol (calculated at MN15/aieg-PVTZ level of theory) foPt JPd a@nd Ni,fespectively
with the following pattern:Pt+-C > PdC > Ni-C considering the doublet spin state for all three

metals The formula useébr BDE is showrbelow:

BDEwm.c= E[CHs] + E[M'] i E[MCH5'] (3.1

However, thisBDE pattern inotobserved irthe metatoxygen bond where tr@DE for
all abovethree metalss similar with an average of 73.0 kcal/mol calculated at the same level of

theoryaccording to the formula below:

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

The observed BDfc pattern amongPt 1 Pd, Tand Ni Tis particularlyimportant 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 fot, Pt (Bp), Pd (Bp) and N#(Bp), respectivelywhich agreeswith
the BDBEu-c observed previously. In TS#hd TS9the same relationship holds between the metal
identity and BDE.c for the correspondingietal. Moreover, the fact that complexed follows
this pattern compared to atonit suggest ligand impact on lowering the activation energy of

the three discussed TSs.
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3.7. Conclusions

Il n this st udy,lactoreérmam®rcatalgzed bgmonio TMsisiexplored
for Pt, Pd, and Ni.The effect of ligand introduction on activationeggies of reaction barriers
is also studied with all three metalde initial step that involves thaetalolactondormation
involves either @C or GO couplingswherethe energy barriers are heavily dependent on the
degree of ethylene and G@ctivationby the metal catalyst. The subsequent steps involve both
ring opening and a second ethylene addition through&hd GO couplingsreactions. The
activation energies in these steps can vary considerably by ligand introduction and metal identity
variationor any combination of these two variabl€he metalcarbon anflor metaloxygen
BDE dictates the extent of activation energy required to overcome those barriers. Implications
drawn from the current study can be applied to study teafid GO couplingsm 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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