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Abstract

The push towards greener energy solutions has been a focus for society in the last several
decades, due to the need for cleaner industrial processes. One elusive process that draws the
focus of several groups is methane to methanol transformation, wisighedéhe continued
search for a proper method providing both selectivity and efficiency, no ideal solution has been
found. Here transition metal oxide dications are highlighted as potential catalytic candidates for
methane to methanol transformation, tigb the use of higlevel electronic structure
calculations.

Transition metal oxides are popular catalytic candidates due to their natural abundance
and industrial applications. With the removal of two electrons for the formation of the dication
the chaacter of the metal oxide can be manipulated to favor CH bond selectivity or reaction
efficiency. This dissertation illustrates the importance of these complexes and how to best apply
them for the transformation of methane to methanol.

Investigation begawith a neutral transition metal oxide, niobium oxide, which indicated
the importance of spin on the efficiency of the reaction mechanism, showing the higher spin
states follow an efficient but neselective pathway, and the lower spins following a selegtet
less efficient and more energy intensive path. To understand the metal oxide character of the
first-row transition metal oxide dications an extensive electronic structure analysis was
performed on these complexes to characterize their behaviorafibund that the early
transition metals possessed oxo ground states and oxyl excited states, middle transition metals
had oxyl ground states and oxo excited states, and the late transition metals having only oxyl

states.



Using the spectrochemical seredbows for the manipulation of oxo or oxyl character
depending on the |Iigand introduced to the sys
selectivity of the CH bond in methane, a strong field ligand was placed on the metal oxides to
understand ho the oxo state could be stabilized over the oxyl, even in the late transition metal
case of cobalt oxide where a small oxo component at a small distance was stabilized over some
oxyl components. Metal oxide dication systems with a fully saturated cobodirsphere (five
ammonia ligands) were explored to understand the effects of multiple ligands on the electronic
structure and potential further stabilization of certain metal oxide character. Reacting a fully
coordinated metal oxide dication with meth&meher emphasized the importance of excited
states in these reactions in that they can influence ground state behavior and affect the outcome
of the reaction. With this in mind the ground and excited states of tharfineonia ligated
metal oxide dicatiomwere analyzed at multiple different DFT functionals and multireference

methods to determine a method to best systematically study these systems moving forward.
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Chapter 1: Introduction

It was estimated by the World Bank in 2015, that approximately 140 hitifasf natural
gas was flared at thousands of oil fields across the glohis flaring of natural gas, which is
about 7090 weight percent methane, is not only a waste of potentially valuable resources but
also a cause of significant environmental dam&geMethaneds a major atmospheric pollutant
with a 12year life time in the atmosphere and is 25 times more potent as a greenhouse gas than
CQOg, due in part to its ability to trap heat and absorb infrared radiafibe. Environmental
Protection AgencyEPA) data from 2020 showed that £€&xcounted for 79% of greenhouse gas
emissions and CHaccounted for 11%, however with its high global warming index it causes a
more adverse impatéfThe leading cause of methane emission is natural gas and petroleum
systems making up 32% of the emissions, 17% coming from landfills, and additional
contributions from biomass and cédfracking related methane leaks arise from the integrity of
the well as gaps and microfractures between casing and cement can fornddlinggwhich
occurs at high pressure or from improperly set ceféBoth of these contributing industries
all ow methane to Al eak through the crackso in
Ideally, the methane could be converted onsite to andéss harmful and potent chemical, but
what would ideal conversion look like?

Methanol is a reasonable solution, as a liquid at room temperature, it is easier to transport
without the need for high pressure storage. It is a bulk chemical widelyrugezichemical
industry with 21 million tons producethnually, and was originally distilled from wood earning
its early moni ker of Awood spirito in 1601 by
established as a chemical given the identity of mettfaidie first isolated synthetic methanol

route was established in 1905 by Paul Sabatier, and later in 1934 the first synthetic methanol

12



plant was commercialized by BASMet hanol 6 s di verse application
additive, and chemical feedstdplatform chemical make it a desirable proddtis also a

promising alternative to auto and jet fuels and it is beneficial not only environmentally but also
economicallyt! In 2005 George A. Ol ah present eflwecame | dea
produce methanol efficiently from ndossil fuel sources, we could eventually replace oil and

gas as a fuel and? chemical raw material o

A future worldwide methanol market would be beneficial as it would facilitate a push for
independence from foreiggnergy sources and allow for conservation of existing petreleum
based energy reserves. Economically, consumers would see a lower cost resulting from the
increased competition, in addition to the environmental benefit from improved or lessened
emissions amethane would be captured and converted to methanol rather than vented 6r flared.
Present production efforts are expensive both financially and energetically, however a positive
benefit cannot yet be fully exploited, and another low cost/low energy thigtlwoucial.

The conversion of methane to methanol (MTM) is ideal, though some issues.réhein
most pressing pertains to theHCbond in question. The carbon hydrogen bond in methane is one
of the strongest molecular bonds (439.3.4 kJ mot') ard requires an adequate catalyst for
activationt3 However, methanol has a weaker carbon hydrogen bond than methane £401.92
0.63 kJ mat) and can oveoxidize to unwanted derivatives suchfasnaldehyde therefore it is
important to choose a catalyst tieselective for the CH bond in methane but not for the bond
in methanol to prevent over oxidation to unwanted proddcts.

Industrial methods for the transformation of methane to methanol exist, but come at a
cost.Two common methods are the indiraad direct method of methane to methanol

transformation, with the former the most wielown. The indirect method is the major current
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industrial method and was first discovered for methane to methanol transformation involving the
FischerTropsch synthés, which was patented in 19366 This method is a twstep process, a
steam reforming reaction to produce syngas (CQO)tvid steam, @ or H, followed by the
FischerTropsch synthesis (FTS) utilizing harsh conditions for the hydrogenation of 9gngas
petrochemicals, most importantly methafé? Conditions required for the indirect

transformation of methane to methanol are high temperaturesI-A000C and high pressures
~10-20 atm!®2%In addition to these harsh conditions the proceeaésgy intensive,

endothermic, and has low energy efficieAtindustrial purification of methanol via the indirect
method of transformation involves a third step. Following the endothermic step of syngas
generation and methanol synthesis via FTS, thdymtopurification step is necessary as low
methanol yield and selectivity of FTS process result in the mixing of multiple impurities with the
desired product!-??

The direct method of methane to methanol transformation is more ideakstepn@artial
oxidation based on the avoidance of syng@seration, accounting for 60% of the cost, which
would potentially reduce cost and increase efficiefiéfCatalysts such as iron, cobalt, nickel,
copper, and ruthenium have been introduced in conjungiibnthe direct method, however the
purity of the produced methanol depends on the selectivity of the introdatzgst?> 28

i N Ei
\ DircctPamangd:mof Methane / /
< T .
- 2 Dy A

1.~

CO+H,05 CO,+H,

-—

||-—____
IR
===

Figure 1.1: Direct vs. Indirect methods of methane to methanol transformation
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Catalytic methods have been explored but steugath the tradeoff between selectivity
and efficiency. Homogeneous catalytic methods result in multiple side products and methanol
derivatives, with low methane conversion rates due to the selectivity of a weaker methanol CH
bond than that of CiHesulting in overoxidation to methanol derivativé&Ngarskovet. al.
explored the possibility of heterogenous catalysts but observed a similar problem with weak
selectivity and over oxidation of methane to methdhtfla catalytic route is chosen for the
conversion of methane to methanol, it is imperative that the catalyst be both selective for the CH
bond of methane and not ovexidize methanol at the end step.

Several studies have been published regarding zeolite supported catalysts at moderate
temperatures for the methane to methanol transformation, leading to breakthroughs in
conversion, selectivity, or overoxidation prevention. A zeolite composed of eiibgercor iron
was a successful breakthrough for methane to methanol conversion. In the case of copper the
zeolite contains highly active oxygen species and can function at low tempefatures.
Additionally, in 2017 an example of selective anaerobic oxdawith a direct stepwise method
for MTM was shown to give a 97% selectivity over a copper zeolite with water as a source of
oxygen3233Use of an iron zeolite (Fe ZSM5) showed methane oxidation in the preseng@ of N
(1:1) leading to methanol formati directly on the surfacg.Copper and iron zeolites are also
shown to be effective with #D2 oxidation, with 92% selectivity to methanol and only 0.5%
conversion to overoxidized methanol derivatives.

It is important to mention that a proper casdlglone is not enough to improve the
methanol yieldA plasma approach has been shown as an additional approach utilizing the direct
method to achieve direct MTM conversion, while avoiding the challenge of low methanol

selectivity and yield normally asciated. The application of ndinermal plasma (NTP)
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irradiation has been shown to be helpful in overcoming high chemical stability of reaction
resulting from the CH bond of methane. The addition of a Dielectric Barrier Discharge (DBD)
reactor has been sidered for NTP reactor studies to optimize the methane to methanol process
through either a temperature or substrate variatiarkin et. al. focused on reacting methane to
be recovered as a mixture of organic liquids (methanol included) overeahtemperatures
and found that at higher temperatures there was less conversion of methane to liquid, than at
lower temperature®. However, there was no indication of the amount of methanol recovered in
the mixture of liquid organics. Chawdhuey. al. found that packing the DBD with a substrate
material improved the methanol selectivity by 10% and the yield by 3.7%, which packed with
glass beads vs. a ngacked reactot®3’ It was later reported that the glass beads gave the best
methanol selectivitpf glass substrates investigated (spherical beads, hollow cylindrical
capillaries, and spongy honeycomb wool) due to their structure allowing for uniform plasma
discharge?®37

Jianget. al.presents an electrochemical approach to MTM in which electrochemical
energy is harnessed for activation energy required to overcome both methane and oxidant
barriers. Efficacy of both liquid and solid electrolytes were analyzed in the syB&gioymen
of solid electrolytes in electrochemical conversion of M@fered the benefibf increasing
system temperature to ~200, which accounts for favorable CH activation. The drawback of
the solid electrolytes however is their lack of active oxygen spedtih a suitable oxidation
capability to attack the activated methane and convert to methanol while avoiding methanol
overoxidation, which in turn leads to low selectivity of methanol. Liquid electrolytes solve the
problem of active oxygen speciesthsre is a continuous supply, but the low methane solubility

restricts the efficiency of methane to methanol converiion.
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As opposed to the higher temperature and pressure commercial conversion of methane to
methanol, a biological route may provideigid into further understanding the conversion
process. A class of bacteria known as methanotrophs possess a unique ability to use methane as
both a carbon and an energy source to carry out the partial oxidation of methane to methanol at
high selectivity ad conversiorf? The desired conversion is performed under ambient conditions
with the assistance of the methane monooxygenase (MMO) enzyme, which assists the
methanotrophic bacteria with the CH bond activation of methane making the MMO enzyme/
methanotrop relationship a potential model candidate for understanding the catalytic activity of
methane to methanol transformatiéi?

A promising solution is the use of a metal oxide catallisey are considered one of the
most important catalytic candiaet for heterogeneous catalysis, and are good for most refining
and petroleum processes, synthesis of specialized chemicals and improving environmental
issuest44Prominence of metal oxide catalysts began in the 1950s when they were found to
catalyze a viaety of necessary reaction involved in petroleum chemistry such as oxidation and
acid-base reaction¥. Defects occurring in the metal oxides, such as kinks or steps allow for in
structure selectivity and able to exploit different catalytic propeftiésansition metals are
widely studied due to their diverse industrial applications, astrophysical applications, but mostly
for their catalytic ability and high abundarfé&hey are well documented in their use as several
works have been published orethise of transition metal oxides for methane to methanol
conversion, across several charges for first and second row transition3h€tals.

The most promising candidate among the multitude of transition metal oxides is possibly
the dication. Though #se are shown to be both industrially and catalytically important, there is

minimal electronic structure information in the literatef&€* Nature chooses dications for
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multiple natural and biological processes for their ability to switch between tHerws of the
metal oxide, most notably the heme iron complexes in blood, as well as in en?yfhtetal
oxide dications have two forms: oxo and oxyl. The oxo form of the metal oxide is characterized
by a closed shell on oxygen {MD%), and the oxyl fan has an unpaired electron on the
oxygen(M*O™).”t Oxo and oxyl metal oxides react through different mechanisms, allowing their
behavior to be potentially exploited depending on the goal of the reaction. It is important to note
that metal oxide dications may not possess both the oxo and oxyl formsprt@étres important
to study their electronic structure to completely understand their capabilities as potential
catalysts. Oxo metal oxides proceed via either the 2+2 or Proton Coupled Electron Transfer
(PCET) mechanisms, which are both selective meshanbut possess high energy barriers. The
oxyl metal oxide form proceedsa the radical mechanism, also known as Hydrogen Atom
Transfer (HAT), unlike the previously mentioned mechanisms HAT is not selective for the CH
bond but possesses low energy ieasrand is efficient compared to the 2+2 or PCET
mechanismslnvestigations of the electronic structure and reactivity potential of transition metal
oxide dications have been ongoing for both the first, and second row transition metals. Promising
datahas been shown for their potential catalytic activity for both water and methane activation.
471 50,52,53,55,7276

A solution for methane to methanol transformation may lie in the ability to design a
proper catalyst using either an oxo or oxyl metal oxielgending on the purpose it will serve
and add ligands from the spectrochemical series to further manipulate the character of the metal
oxide. The spectrochemical series provides a possible route to the manipulation of catalytic
behavior for reaction witmethane. Strong field ligands such as ammonia, waaterCN are

able to stabilize the oxo character in the metal oxides, where the weak field ligands, such as
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halogens and Ots$tabilize the oxyl character. The importance of ligand effect on a catadgst
shown in two studies looking at iron oxide dication and the neutral zirconium oxide molecule.
The iron oxide dication study completed by Kirklagtdal. shows the stabilization of the oxo
excited state with water, and the further stabilizatiom Wit ammonia ligand; a stronger field
ligand>® The state in question is an iron oxo excited state that is stabilized as the ground state
with the addition of an ammonia ligand.

Additionally, the study completed on the neutral zirconium by Jackisa@i. shows the
stabilization of the ligated metal oxides over the-figated complexe®’ Focusing on the oxyl
component of zirconium the authors showed the ability of weakliggldds to stabilize the
methane to methanol transformation over the strong field ligated path and thgated path.

The goal of this dissertation is to discuss the underlying mechanism of methane activation,
characterizing the electronic structurdiodt row transition metal oxide dications, and apply
ligands to these dications to understand the effects on the electronic structure and reactivity
effects to create a functional catalyst for the successful transformation of methane to methanol.

A very detailed perspective on past and future strategies was published earlier in 2023
focusing on the catalytic advances made with cations, anions, and dications for tackling the
selective methane to methanol convergiohhis dissertation focuses on molecutansition
metal oxide dications (TM®), ligand effects both on their electronic structure and reactivity,

and an assessment of various methodologies.

19



10

11

12

13

14

15

16

17

18

19

A. G. Aregbe, Natural Gas FlaridgAlternative SolutionsWorld Journal of Engineering

and Technolog 2017,05, 139 153.

R. Mansoor and M. Tahir, Recent Developments in Natural Gas Flaring Reduction and
Reformation to Energ§fficient Fuels: A ReviewEnergy and Fuels2021,35, 3675

3714.

Z. Zakaria and S. K. KamarudiRenewable an8ustainable Energy ReviewX)16, 65,

2501 261.

U.S. EPA Greenhouse Gas Emissiorz920.

J. N. Meegoda, F. Asce, ; Samuel Rudy, Z. Zou and M. Agbakpe, Can Fracking Be
Environmentally Acceptable3d,Hazard Toxic Radioact Waste

DOI:doi.org/10.1061/(ASE)HZ.21535515.000033.

S. S. Harri son,

Ev al

uat i

ng

System

for

Well Drilling on the Glaciated Appalachian Plate@rpundwater 1983,21, 689 700.

G. Bol, H. Grant, S. Keller, F. Marcassa and J. de RoziPrgng a stop to gas

channelingQilfield Rev., 1991,3, 35 43.
P. Khirsariya and R. K. Mewada, Rrocedia EngineeringElsevier Ltd, 2013, vol. 51,

pp. 409415.

T. J. Hall, J. S. J. Hargreaves, G. J. Hutchings, R. W. Joyner and S. H. Tayhdytic
synthesis of methanol and formaldehyde by partial oxidation of metBa&&VIER,

1995, vol. 42.

Q. Zhang, D. He and Q. ZhRgecent Progress in Direct Partial Qdtion of Methane to

Methano) 2003, vol. 12.

M. Sohrabi and L. Vafajoo, Partial Oxidation of Methane to Methanol in a Catalytic
Packed Bed Reactor: Kinetic Modeling and Experimental Swaby|d Appl Sci ,J2009,

6, 339 346.

George A. Olah, The Me@imol EconomyChemical & Engineering News Archiv2003,

81, 5.

Y. R. Luo,Comprehensive Handbook of Chemical Bond Ener@i&C Press, Boca

Raton, FL, 2007.

N. Salahudeen, A. A. Rasheed, A. Babalola and A. U. Mds€at Gas Sci Eng022,

108.

Grour

F. Wolke, Y. Hu, M. Schmidt, O. Korup, R. Horn, E. Reichelt, M. Jahn and A. Michaelis,
Spatiallyresolved reaction profiles in Fisch€ropsch synthesis influence of operating
conditions and promotion for ireldased catalyst§;atal Commun2021,158 106335.

Process for the Production of Paraffitydrocarbons with more than one Carbon Atom

(1,746,464), 1930,iB.

S. Abellé and D. Montané, Exploring Irdrased Multifunctional Catalysts for Fischer
Tropsch Synthesis: A RevielthemSusChen2011,4, 1538 1556.
G. HenrictOlivé and S. Olivé, The Fisch@ropsch Synthesis: Molecular Weight

Distribution of Primary Products and Reaction Mechan&ngewandte Chemie

International Edition in English1976,15, 136 141.
M. E. Dry and J. C. Hoogendooffechnology of the Fischérropsch Proces§atalysis

Reviews1981,23, 265 278.

20



20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

H. Liu, J. Qu, M. Pan, B. Zhang, Q. Chen and C. He, Design and optimization of small
scale methanol production from sour natural gas by integrating reforming with
hydrogenéon, Int J Hydrogen Energy2020,45, 34483 34493.

T. Blumberg, T. Morosuk and G. Tsatsaronis, A comparative exergoecoagahi@tion

of the synthesis routes for methanol production from naturalAggied Sciences
(Switzerland), DOI:10.3390/app7121213.

C. Shi, M. Elgarni and N. Mahinpey, Process design and simulation study: CO2 utilization
through mixed reforming of athane for methanol synthesithem Eng Sc¢i
DOI:10.1016/j.ces.2020.116364.

A. de Klerk, Engineering evaluation of direct methane to methanol conveEsiergy Sci
Eng 2015,3, 60/ 70.

D. D. Anggoro, F. T. Chamdani and L. Buchori, One step catalyidation process of
met hane to methanol at | ow dOP&LonfSeroMatert e mper
Sci Eng 2021,1053 012056.

E. Iglesia, S. C. Reyes and R. J. MadbmnsportEnhanced &lefin Readsorption
Pathways in RiCatalyzed Hydrocdron Synthesjsl991, vol. 129.

L. A. Cano, A. A. Garcia Blanco, G. Lener, S. G. Marchetti and K. Sapag, Effect of the
support and promoters in FischBropsch synthesis using supported Fe catal@Zzttal
Today 2017,282 204 213.

H. M. Torres Gals, J. H. Bitter, T. Davidian, M. Ruitenbeek, A. I. Dugulan and K. P. De
Jong, Iron particle size effects for direct production of lower olefins from synthesi$ gas,
Am Chem S9@012,134, 16207 16215.

M. Luo, H. Hamdeh and B. H. Davis, FischeopschSynthesis. Catalyst activation of

low alpha iron catalysCatal Today 2009,140, 127 134.

M. Ravi, M. Ranocchiari and J. A. van Bokhoven, The Direct Catalytic Oxidation of
Methane to MethanolA Critical Assessmeningewandte Chemi@017,129, 16@84i
16704.

A. A. Latimer, A. Kakekhani, A. R. Kulkarni and J. K. Ngrskov, Direct Methane to
Methanol: The SelectivitConversion Limit and Design Strategiés;S Catal 2018,8,

6894 6907.

M. H. Groothaert, P. J. Smeets, B. F. Sels, P. A. Jacobs.ahd3Rhoonheydt, Selective
oxidation of mext)dicapper cole ptabtlizeceon BIBlan@ mordenite
zeolites,J Am Chem S02005,127, 1394 1395.

V. L. Sushkevich, D. Palagin, M. Ranocchiari and J. A. Van Bokhdvelective

anaerobic oxation of methane enables direct synthesis of methanol

E. V. Starokon, M. V. Parfenov, S. S. Arzumanov, L. V. Pirutko, A. G. Stepanov and G. I.
Panoy Oxidation of methane to methanol on the surface of FeBSolite,J Catal
2013,300, 47 54.

J. Xu, R. D. Armstrong, G. Shaw, N. F. Dummer, S. J. Frealdell. Taylor and G. J.
Hutchings, Continuous selective oxidation of methane to methanol ovan@ure

modified ZSM5 catalysts in a flow reactoCatal Today 2016,270, 93 100.

D. W. Larkin, L. L. Lobban and R. G. Mallinson, Direct partial oxidatid methane to
organic oxygenates using a dielectric barrier discharge reactor as a catalytic reactor
analog,Catal Today 2001,71, 199 210.

P. Chawdhury, D. Ray and C. Subrahmanyam, Single step conversion of methane to
methanol assisted by nontherrpédsmajfFuel Processing Technolog8018,179, 32 41.

21

o

C



37

38

39

40

41

42

43

44

45

46

a7

48

49

50

51

52

53

54

P. Chawdhury, D. Ray, D. Nepak and C. Subrahmanyam;a¢§Rted partial oxidation

of methane to methanol: Effect of plasma parameters onggased DBD,J Phys D

Appl Phys, DOI:10.1088/1365463/aae635.

H. Jiang, L. Zhang, Z. Han, Y. Tang, Y. Sun, P. Wan, Y. Chen, M. D. Argyle and M. Fan,
Green Energy and Environme2022, 7, 11321142.

R. S. Hanson and T. E. Hansdhethanotrophic Bacterigl 996, vol. 60.

D. Park and J. Lee, Biologiceonversion of methane to metharkdgrean Journal of
Chemical Engineering2013,30, 977 987.

I. Y. Hwang, D. Hoon Hur, J. Hoon Lee, C. H. Park, I. S. Chang, J. W. Lee and E. Yeol
Lee, Batch conversion of methane to methanol using methylosinus parhos OB3B

as biocatalyst] Microbiol Biotechngl2015,25, 375 380.

C. E. Bjorck, P. D. Dobson and J. Pandhal, Biotechnological conversion of methane to
methanol: evaluation of progress and potenfiti]S Bioeng2018,5, 1i 38.

J. C. Védrine, Metl Oxides in Heterogeneous Oxidation Catalysis: State of the Art and
Challenges for a More Sustainable WoflthemSusChen2019,12, 577 588.

J. C. Védrine, Heterogeneous Catalysis on Metal Ox{daslysts 2017,7, 341.

J. C. Volta and J. L. Portefaix, Structure Sensitivity of Mild Oxidation Reactions on Oxide
Catalysts A Review,Appl Catal 1985,18, 1i 32.

B. Su, Z. C. Cao and Z. J. Shi, Exploration of E&bundant Transition Metals (Fe, Co,
and Ni) as CatalystsiUnreactive Chemical Bond Activatio’s¢cc Chem Re2015,48,

886 896.

S. N. Khan and E. Miliordos, Methane to Methanol Conversion Facilitated by Transition
Metal Methyl and Methoxy Units: The Cases of FeCH3+ and FeOCht&#nal of

Physical Chemistrj, 2019,123 5590 5599.

S. Sader and E. Miliordos, Methane to methanol conversion facilitated by anionic
transition metal centers: The case of Fe, Ni, Pd, antbBtnal of Physical Chemistry, A
2021,125 2364 2373.

E. E. Claveau, S. Sader, B. Jackson, S. N. Khan and E. Miliordos, Transition metal
oxide complexes as molecular catalysts for selective methane to methanol transformation:
Any prospects or time to retirePhysical Chemistry Chemical Physi@923,25, 5313.

B. A. Jackson and BMiliordos, Weakfield ligands enable inert early transition metal
oxides to convert methane to methanol: The case of Zingsical Chemistry Chemical
Physics 2020,22, 6606 6618.

R. A. Periana, D. J. Taube, S. Gamble, H. Taube, T. Satoh and FujiniiPtatinum
Catalysts for the HigfYield Oxidation of Methane to Methanol Derivativ&gience

(1979) 1988,280, 560 564.

E. E. Claveau and E. Miliordos, Quantum chemical calculations on NbO and its reaction
with methane: Ground and excited electratates Physical Chemistry Chemical

Physics 2019,21, 26324 26332.

N. M. S. Almeida, I. R. Ariyarathna and E. Miliordos;HDand GH Bond Activations of
Water and Methane by RuO2+ and (NH3)RuO2+: Ground and Excited Stauesal of
Physical Chemistrp, 2019,123 9336 9344.

K. Qin, C. D. Incarvito, A. L. Rheingold and K. H. Theopold, Hydrogen atom abstraction
by a chromium(IV) oxo complex derived from QRAm Chem S92002,124, 14008

140009.

22



55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

I. R. Ariyarathna and E. Miliordos, Ab initio inviggation of the ground and excited states
of MoO+,2+; and their catalytic strength on water activatiehysical Chemistry

Chemical Physic2018,20, 12278 12287.

J. K. Kirkland, S. N. Khan, B. Casale, E. Miliordos and K. D. Vogiatzis, Ligand field
effects on the ground and excited states of reactive FeO2+ sptitysscal Chemistry
Chemical Physics2018,20, 28786.

J. L. Tilson, W. C. Ermleand R. J. Fowler, CI potential energy curves for three states of
RuO2+,Chem Phys Let011,516 131 136.

D. Schroder, M. Engeser, H. Schwarz and J. N. Harvey, Energetics of the ligated
vanadium dications VO2+, VOH2+, and [V,0,H2]Z3hemPhysChen2002, 3, 584 591.

D. Schroder, S. Barsand H. Schwarz, Second lonization energies of gaseous iron oxides

and hydroxides: The FeOmHauial oféPhysicalt i ons (i n

Chemistry A2000,104, 5101 5110.
H. Johansen and K. Tanaka, Ab initio RHF, CI, and MC SCF calculatiothe aranady!
ion, Chem Phys Lett1985,116, 155 159.

J. Figer and R. Pol 8k, TIKremPRhysd2t2013bb8c at i on

8i 14.

M. Reimann, F. A. Bischoff and J. Sauer, Thermochemistry of FeO mH nz Species:
Assessment of Some DFTictionals,J Chem Theory Compu2020,16, 2430 2435.

T. Z. H. Gani and H. J. Kulik, Understanding and Breaking Scaling Relations in-Single
Site Catalysis: Methane to Methanol Conversion by FelVACS Catal 2018,8, 975.

C. J. Ballhausen and H. Bray, The Electronic Structure of the Vanadyl lloorg

Chem 1962,1, 1111 122.

R. J. Martinie, C. J. Pollock, M. L. Matthews, J. M. Bollinger, C. Krebs and A. Silakov,
Vanadyl as a Stable Structural Mimic of Reactive Ferryl Intermediates in Momeanucl
Nonhemelron Enzymesinorg Chem 2017,56, 13382 13389.

J. Hohenberger, K. Ray and K. Meyer, The biology and chemistry ofailgimt irorroxo

and ironnitrido complexesNat Commun2012,3, 1i 13.

T. L. Poulos, Heme enzyme structure and fumgtichem Rey2014,114, 3919 3962.

A. H. Follmer, S. Tripathi and T. L. Poulos, Ligand and Redox Partner Binding Generates
a New Conformational State in Cytochrome P450cam (CYP101A4m Chem Soc
2019,141, 2678 2683.

K. Ray, F. F. Pfaff, B. Wang and W. Nam, Status of reactiveh@mne metabxygen
intermediates in chemical and enzymatic reactidan Chem S2014,136, 13942

13958.

A. J. Mitchell, N. P. Dunham, R. J. Martinie, J. A. Bergman, C. J. Pollock, KBHD.

Allen, W. C. Chang, A. Silakov, J. M. Bollinger, C. Krebs and A. K. Boal, Visualizing the
reaction cycle in an Iron(H)and 2(Oxo)-glutaratedependent hydroxylasé Am Chem

Sog 2017,139 13830 13836.

Y. Shimoyama and T. Kojima, Meté&xy| Species and Their Possible Roles in Chemical
Oxidations,Inorg Chem 2019,58, 9517 9542.

S. N. Khan and E. Miliordos, Electronic Structure of RhO2+, Its Ammoniated Complexes
(NH3)1-5Rh0O2+, and Mechanistic Exploration of CH4Activation by Themarg Chem
2021,60, 1611116119.

23



73

74

75

76

I. R. Ariyarathna and E. Miliordos, Radical abstraction: Vs. oxidative addition

mechanisms for the activation of the B, O- nd C- H bonds using early transition metal
oxides,Physical Chemistry Chemical Physi@921,23, 1437 1442.

I. R. Ariyarathna, N. M. S. Almeida and E. Miliordos, Ab initio investigation of the

ground and excited states of RuO+g@d their reaction with watePhysical Chemistry

Chemical Physics2020,22, 16072.

G. Liu, Z. Zhu, S. M. Ciborowskl, R. Ariyarathna, E. Miliordos and K. H. Bowen,

Sel ective

Activation
Angewandte Chemi2019,131, 7855 7859.

of

t he

Ci

H Bond

K. J. De Almeida, T. C. Silva, J. L. Neto, M. V. J. Rocha, T. C. Ramalho, \deN.

Miranda and H. A. Duarte, MethaneHCbond activation by niobium oxides: Theoretical
analyses of the bonding and reactivity properties of Nbo mn+ (m =1, 2; N = 0,1, 2),

Organomet Chen016,802 49 59.

24

n

Me t



Chapter 2: Methodology

This chapter presenthe theory and methodologies used throughout the dissertation.
Theory explanations were elaborated from Szabo and Ostlund and any additional information
will be cited hereirt.

The work in this dissertation is entirely computational. Computational chemistry is a
definition encompassing many different types of calculat{iefectronic structure, molecular
dynamics, molecular mechanics, etts)a subgroup of theoretical chemistkg early as 1928
theoretical physicists were attempting to solve the Schrodinger equation, proposed by Erwin
Schrddinger in 1926, with calculating machines to verify quantitatively experimentally
reproduced solutions for simple systems such as the hydmglkecule and the helium atom.

With the invention of the electronic computer during World War 1l and general access to such
technology to scientists in the following decade, a new field of theoretical chemistry was born as
physicists were more focused vuclear structure rather than molecular structure. This new field

of Computational Chemistry worked towards the goal obtaining quantitative information

regarding molecular behavior via numerical approximations of the Schrodinger equation solution
with theuse of a digital computer. Major developments in the following decades were packaged
into software and readily available to chemists making quantum computational chemistry a more
useful accessible tool, able to characterize molecular structure in mininesrs instead of

years. These developments have led to a greater output of literature regarding the applications of
computational chemistry to chemical problems for the better understanding of structure and

reactivity 2
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1. Origins of Electronic Structure Theory
1.1.The Schrddinger Equation
An Austrian physicist by the name of Erwin Schroédinger proposed an equation in 1926 to

solve for the total energy of a molecular system. This allows for the analytical solution of a one
electron system to be easdptained, whereas other systems require the implementation of
numerical approximations. ShownHkguation 1is the norrelativistic time independent
Schrdédinger equation, whei@is the Hamiltonian operatod] represents the wavefunction
where informatia regarding the system resides, and E represents the absolute energy of the
system.

%y (1
As stated previouslyQis the Hamiltonian operator that relateghe absolute energy of a
molecular system of N electrons (i and j) and M nuclei (A and B) shown in a molecular

coordinate diagram iRigure 2.1.

Figure 2.1 Molecular coordinate diagram for two nuclei two electron system
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For a molecular system théamiltonian can be written as follows:
0o Y Y W Wi ® j (2

And further expanded as,

2 2 (3
"O fn ,_n-
ca ca
»Q Q OO Q
™- 1 Y ™- 01 ™“- 'Y Y

Where the first two terms correspond to the kinetic energy of the electrons and nuclei
respectively, the third term representing the coulombic attraction between the electrons and
nuclei, and the final two terms corresporglio the electron repulsion and nuclei repulsion

respectively. The Hamiltonian written in Equation 3 can be further simplified into atomic units

where mass of the electrond)icharge of the electron (e};—, ando are set to 1, shown in

Equation 4.

(4

1.2. TheBorn Oppenheimer Approximation

The following discussion is a qualitative analysis of a central theme to quantum
chemistry. The Born Oppenheimer Approximation is built on the fact that nuclei are much
heavier than electrons (about 2000 times) thus they move more slowly, which allbe fermhs
referring to only nuclei, the kinetic energy of nuclei (term 2 in Equation 3 & 4) and the repulsion
between nuclei (final term in Equation 3 & 4) can be considered separate. These constants now

only add to the operator eigenvalues, no longer tifigthe operator eigen functions.
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The Hamiltonian operatoi@ is now referred to as the electronic Hamiltoni@n ()
which contains only the terms describing the motion of electrons and is summarized in Equation
5.

® p (5
‘| r

—_—

This approximation reshapes the Schrédinger equation to only involve the electronic
Hamiltonian shown in Equation 6 and the electronic wavefunction is transformed to describe the
motion of electrons, expanded in Eqaat?.
O - O - (6
%o %o i ny (7
The above description of electron motion is explicitly dependent on the electronic
coordinates, but parametrically dependent on nuclear coordinates, as a different arrangement of
nuclei occurs théelecbecomes a different function of electronic coordisafithe same
dependence is seen for the electronic energy
- - Y (8
With this approximation taken under consideration, the total energy expression is transformed to
the sun of théiecand Ghuc.

6 & (9

5

A new nuclear Hamiltonian is generated for the motibthe nuclei, since electrons
move much faster than nuclei, it becomes reasonable to replace the coordinates of electrons with

their average values.

28



(1

(1:

Aiot({R a}) provides a potential for nuclear motion as a function ofcth@rdinates {R} and can
be mapped out as shownHigure 2.1
1.3 Antisymmetryrinciple

To properly describe an electron, both the spatial and spin components need to be
specified. At the nomelativistic limit, the electronic Hamiltonian only deperaisthe spatial
component. Proper description of spin to done with the implementation of two spin functions
U¥) for me=+1/2 andb(¥) for ms=-1/2. It must be specified that the two spin functions abide by
the following parameters

D) Z 3, ya 1:
Q1 1 |1 QU111 p (

And

Yo~N—-, Z D) z 1‘
SRR Nl (

Since electrons are fermions, an additional requirement must be placed in the
wavef unct i-eentron wawefunoteommust be antisymmetric with respect to the

interchange of the coordinatd bot h space and spin) of any
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This requirement shown above in Equation 15 is known as the antisymmetry principle, and the
antisymmetry is easily enforced during the construction of a wavefunction through the use of
Slater determinants.
1.4. Spin and Spatial Orbitals: Role in constructing the Slater Determinant

An orbital is a wavefunction for a single particle, an electron. For the construction of a
Slater determinant, both the spin orbital (discussed previously) and the spatial orbitals must be
included.

Spatial orbitalyi(r) are a function of position vegto describing the spatial component
of the probability of finding a particle at position r such thati s 'Q is the probability of
finding an electron in small volume elemeintand assumed to form an orthonormal set.

Qi i 9 (1

A complete description of an electron includes a complete set for describing spin consisting of
two orthonormal functions(¥) andb(¥) for electron spin up and spin down respectively.

The wavefunction of an electron describes both the spatiabdistn and its spin is
known as a spin orbitat(x)where x is both spatial and spin coordinated. Each spatial orbital

yields two spin orbitals, one for spin ug @nd one for spin dowrby.

. . 1

N IR (

The antisymmetry in the Bl Exclusion Principle needs to be satisfied for the wavefunction,
and easy enforcement via Slater determinants which satisfy the requirement and contain both
spatial and spin components and allow for easy construction of the wavefunction as follows

simplified for N electrons.
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2. Electronic Structure Methods

The goal of quantum chemists since the infancy of the field is to findesatibe exact
solutions to the electronic Schrédinger equation. However due to the presence of many electrons,
the number of independent variables and complexity of the resulting equations render this task
practical |l y terhpeoacst sriobnl Qepenyafiich@staiyoapproximate results is to
exploit the variational principle, where the best wavefunction can be obtained through a

minimization of the energy shown as:

S dsa - (1

where the minimum value obtained from Equation ltésvariational estimate of the exact
ground state energy, and the bestill give lower energy closer to the exact energy, expresse
as the simplified form for normalized wavefunctions.
The Hartree Fock approximation is central to the attempt to savelelstronic Schrodinger
eguation, constitutes the first step towards more accurate approximations, and has played an
important role in modern chemistry.
2.1. Hartree Fock
The following discussion of the Hartree Fock approximation is merely a gendtakpic
and not replacing the explanation in Szabo and Ostlund. The essence of the Hartree Fock
approximation is to-erlepxltacna tphe baesroml ev thman yi

probl emo weleatran repulsiercid treaded in an average way.relafock is an
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approximate method because the wavefunction is writtersiag ke Slater determinant (single
electron configuration)in this methodthe energys minimizedby optimizing the coefficients

through the expansion afolecular orbitalsvia a inear combination of basis functians

%o &0 (21

This method is the starting point for several other methods used in this disseftatioing the
derivation which can be found in Szabo and Ostlund we result in the Hartree Fock equation.
The Hartree Fock equation is a pseudo-eleetron equation treated with one electron

behavior with the others considered in an average way, mitasito the Schrodinger equation
but uses orbitald | instead ofy and"Oinstead ofQ

"0%0%0 'O %o (2.
Note that'Odepends on the optimal orbitdlsDue to the complexity of the Fock equation, basis
sets are introduced where tlneknowns are coefficientsi{tand the Fock equation becomes

000 YOO (2:
where F depends on C, and F depends on a solution wi@nedise Schrodinger equation does
not, therefore we must follow the iterative setinsistent field (SCF) process, illustrated below,

until f or E converges.
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Figure 2.2 Seltconsistent Field Process
3. Wavefunction Improvements

Improvements havieeen made to the wavefunction over the years resulting in the
implementation of new methodologies. Some of these are discussed below and used throughout
this dissertation.
3.1 MCSCF

The variational principle gives the central theme of Multi Configurati@elf Consistent
Field method (MCSCEF) is the use of more than one Slater determinants, varied in order to
minimize the energy. The MCSCF wavefunction is built out with expansion coeffiiant
the orthonormal orbitalg ¢ both of which are optiimed.

$ & &g G (2

MCSCF provides the freedom to decide which configurations are necessary to provide an

adequate description.
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Complete Active Space Sdlfonsistent Field (CASSCF) method is a widely used
MCSCEF variation. In CASSCF, tlebitals are separated into active and inactive orbitals, and
further split into three groups: closed, occupied, and virtual. The inactive orbitals consist of
doubly occupied orbitals otherwise denoted as closed or unoccupied orbitals and the remaining
are considered active orbitals (i.e. those participating in promotions). As a result, the CASSCF
wavefunction is written as a linear combination of the Slater determinants with all possible
configurations present in the active space. In this method theyasargnimized variationally
by optimizing both the coefficients and the molecular orbitals.

The resulting wavefunction is constructed from a linear combination of all possible
arrangements within the active space from occupied to active orbitals, and referred to as the
reference wavefunction. Active space refers to the orbitals participating extitation and is
entirely molecule or system dependent, and will change for each system considered. However,
the active space must be carefully chosen since not all orbitals can be included except for very
small molecules, and large active spaces r@s@omputationally expensive calculatioR$gure

2.3 showghe movement within orbitals for the CASSCF method.

—_— —_— & - %
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Figure 2.3 Promotion of electrons across different wavefunction methods
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CASSCF method can be either state averaged orsgatdic. State averaged CASSCF
(SA-CASSCF) refers to when more than one state is of interest, and the minimized energy is the
averaged energy of the states in question (see Equation 2ZOASACF is a common
exploratory approach for proper active spdearacterization.

- - E - (2.
3

Whereas state specific CASSCF asks one specific state at a time and the minimized energy
reflects only that state.
3.2 Configuration Interaction
3.2.1 MRCI

Multi-reference Configuration Interaction (MRG$ built on top of CASSCF and
includes more Slater determinants, and promotions of electrons from the active orbitals to the
virtual orbitals. The coefficients of these new Slater determinants are now optimized but not the
orbitals, this optimization alws for further energy decrease and further approaching.the
This uses the reference wavefunction obtained at CASSCF and further minimizes the energy by
allowing only single and double excitation (due to calculation limits) from the active to the
virtual orbitals and further minimizes this energy. This energy drop is from {taled
Adynamic electron correlationd, which include
defining energetics. Excitations are also allowed from the corett@borbitals, this process is
known as cordiRCI and is a common practice when analyzing transition m@&ats. MRCI
methods and their corresponding excitations are shown in RAgiadongside CASSCF.
3.2.2 MRCI+Q

MRCI+Q is an approximate method built on top of MRCI that only gives a correction to

the energy i.e. not wavefunction information. This correction is known as the Davidson
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correction and is a serampirical way to obtain the contribution of higher exctas, in this
case quadruple excitations. It is a good estimate for the energy as if quadruple excitations were
included.
YO p & ©O 0 (2!
Equation 3 shows the estimation of the energy for MRCI+Q wheiis the coefficient of the
wavefunction from CASSCF, andtkp is the energy obtained at the MRCI level.
3.2.3. Size extensivity
A method is considered size extensive if the energy of AB is equal to the energy at the
infinite separation of A and Bsee Equation 26).
O O © (21
Both CASSCF and Coupled Cluster methods (see below) are considered size extensive as they
retain higher order excitations to satisfy Equation 26, thus the energy of the fragments A and B
can be calculated separately.
Methods such as MRCI, MRCI+Q, and CASPT2 are sizeexdensive, meaning the
energy of AB does not equal the sum of the energies of A and B calculated separately, refer to

Equation 27.

O O © (2

In order to calculate & the, both fragments must be present but separated at an infinite distance.
4. Coupled Cluster Theory

Coupled Cluster calculations is a size extensive alternative to the previously discussed
methods. In coupled cluster theory the wavefunction, knowneasathpled cluster ansatz, is

written as
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[ Qr (2
wheref is a single Slater determinant. A limitation is placed of the systems that are able to be
characterized by coupled cluster calculations, they must posses single referencercharact
one dominant electron configuration.

The general expression of the operdiés known (see Equation 29), however goal is to
find the parameters thatis dependent oriYis known as the cluster operator and can be
expanded as the sum of ptissible excitations from occupied to virtual orbitals

YOY Y Y E Y (2!
where N is the total number of electrons agnerates all possible determinant combinations of
“Yacting ony . Single excitations are denoted &sdouble excitations a¥, triple excitations as
“Y, and so on and are written as follows.

(31

¥ or ©°o

Higher excitations involve more amplitudes, double excitatiwan be written succinctly as ,
triples asd , and higher excitations with the addition of appropriate indices for the occupied
and virtual space. The coupled cluster method used throughout this dissertation is the Coupled
Clusters $gles, Doubles, and Perturbatively Connected Triples, CCSD(T), and known as the
Agold standardo of calculation.
5. Basis Sets

Basis sets have the ability to influence the result of the calculation and are necessary for

the proper characterization of moldar systems.
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5.1. Minimal Basis

A minimal basis contains the minimum number of b&sigtions to describe a given
system. This results from the entire inner shell and valence orbitals from the corresponding atom
or atoms in the molecule. The minimal basis ferfét example is composed of two functions,
one corresponding to the 1s funct of hydrogen A and the other corresponding to the 1s
function of hydrogen B. Alternatively, Ghivould include in its minimal basis the four 1s
functions of the hydrogens, the 1s function of carbon, the 2s function of carbon, and the three 2p
functions @ carbon, resulting in a nirRINction minimal basis.

The basis must be chosen carefully for each system, as the wrong choice can lead to
results far from the real answer. Many types of basis sets have been proposed and used in various
studies throughouhe years but in this dissertation the correlation consistent family of basis sets
is widely used and will be discussed below, along with additional basis set implementations.

5.2. Correlation Consistent Basis Sets

Correlation consistent basis setsre developed by Dunning et al in 1989 for the first
row atoms boromeon, by adding shells of functions to core set of atomic Hartree Fock
functions, and are accurate in dealing with outer electron bel¥aMiis.was based on the work
of Alml6f and cavorkers who found that basis sets from correlated atomic calculations provide
and excellent description of molecular correlation efféets.

This class of basis sets take onthe forapc¢ XZ. The fcco indicates
consi stent , ritgian functiods whiehtaddhigherathgalar momentum functions in
the basis set and are important to describe the perturbation of the atomic wavefunctions within
the molecule and account for diffuse character the orbitals cannot describe. Most interesting

this class pertains to AXo0 which can be AD,

38



number of functions on the atom also increases. Referriftwe 2.4 representirmxygen, as
the value of X increases additional s, p, d, f,-tyge functons areplaced on the atom, this

model holds for the first and second row atoms as proposed by Dunning and coworkers.

+1s1p1d If1g 1h

+1slp1d 1flg

+1s1p 1d 1f

+1s 1p 1d

Atomic HF
Orbitals
(minimal

basis, X=S)

Figure 2.4: Expansion of correlation consistent basis set

Additional forms of the basis function are written to inclugesaudopotential (epVXZ-PP) or
diffuse functions (augc-pVXZ) and are discussed in the next two sections.

5.3 Effective Core Potentials (Pseudopotentials)

One way to consider relativistic effects is using an effective core potential (ECP). In this
casethe inner electrons are not included in the calculation since relativistic Hamiltonian is
necessary to accurately describe their orbitals due to their high speeds. Rather they are replaced
with a pseudopotential and gives accurate results despite ordiglenng the valence electrons
of the systen§.Pseudopotentials are more commonly included in calculations involving the

lower half of the periodic table beginning with the secomd transition metals, due to the large
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atomic number (or nuclear charge)heavy atoms and the noegligible relativistic effects.
This manages to reduce the computational cost as they do not play a significant direct role in
chemical behavior. Debate exists over whether
pseudopotentialsdbh of which close off all shells except those most affected by chemical
bonding, with the small core treating the outermost two shells as explicit electrons. Though it is
more expensive it is also more accurate, and the large core only the outermbstlondase
effects neglect to include the inner core electrons, due to the high speeds (close to the nucleus),
in the Hamiltonian and only solve the Schrédinger equation for the valence electrons.
5.4. Diffuse Functions

Diffuse functions representthétd por ti on of the atomds orbi
These functions are shown to be good for both anions and Rydberg states. In this dissertation
they are most commonly placed on the oxygen atom of a metal oxide to account for the anionic
characteof the oxygen terminus (polarized bond), and are referred to as augmented basis sets
(augccpVX2).
6. Density Functional Theory

Calculations ortarge or complex systesrare highly demanding and require large
amounts of resources that are often unavial&ensity Functional Theorgffers an alternate
method that reduces this cost and considerably increases the size of the systems that can be
studied.

Density Functional Theory is the method where the energy (E) is written as a function of
the electronidensity () and minimized with respect jo The main benefit is while a
wavefunction if expressed in terms of the positions or coordinates of all elegtisrasthree

variable function expressed as a function of a given X, y, z coordinate.
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E and; are connected with an exact functional, cosgutiof five components, under the
basic idea that if the density is known then the energy is also known. A functional consists of
five terms:
T El ecdlreoemmtron repul sion
1T Exchange (XC) correlation
T Nucl ear electron attraction
T Nuctnevacrl ear repul sion
T Ki nceteinergy of el ectron
Three of these terms are known, the attraction and both repulsion terms, as they are coulombic,
and are a function of electronic density, thus easy to calculate if the electronic density is known.
The kinetic energy (KE) and exchan@&C) terms are more difficult. For the kinetic
energy term Koht8ham formulation is required where the density is obtaindueasquared
moduli of occupied KohvEham orbital&and then kinetic energy is obtained in terms of occupied
molecular orbitalsTheXC term is implemented by different empirical functionals.
7. Functionals
Several functionals have been developed over the years to improve the exchange
correlation (XC) term. Simply put, a functional is the function of a funci@chtype of
functiond writes the XC term in a different empirical form, sometimes with different
parameterization® model XC term is present in Hartree Fock calculations and is written as:

%s 0 Q@ . (3.

U @ QW % W ‘l

7.1. LocalDensity Functionals (LDA)
The Local Density Approximation is the simplest proposed model. Hethterm is

defined only by the density ).
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(3:

This approach assumes a homogeneous electron gas (Jellium model) wiachusate for
molecular systems.
7.2. Generalized Gradient Approximation (GGA)

GGA type functionals are a betterment of the LDA functionals in that now a spatial
uniform variationcomponent of (r) is included, meaning functionals of this type dependent
on both the density ant$ gradient.

. M v s ( 3:
O - 71T Ml Qi

This allows for improvemendf the result®ver the LDA type functionalespecially regarding
energy barrierand characterize well ionic, covalent, metallic, and hydrogen bofdHogvever,
these functionals struggle fean der Waals interactions but characterize well ionic, covalent,
metallic, and hydrogen bonding. A functional of this type used in thisrtié®on is the BLYP
functional.
7.3 MetaGGA

Inclusion of additional seriocal information led to the implementation of M&B&A
type functionals. Functionals of this group Baxplicit dependence on higher orderainly
second orderyradiens of } on thekinetic energydensity which involves the gradients of the
occupied orbitals

(3.
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These functionals have a significant improvement in the determination of atomization energies
compared taheir predecessofd? The MO6L functional mentioned in several parts of this
dissertation is a member of the M&&A functional family.
7.4. GGA hybrid

Development of hybrid functionals has allowed for improvement by matchingQGhef
the GGA methd and mixing a percentage of Hartree Fexghanggsee above)This
improvement allows for a significant advance in calculating molecular properties, the most
notable functional from this group is B3LYP which is used in this dissertation alongside its
cownterpart M0O6.
7.5. MetaGGA hybrid

This additional hybrid group involves the dependence on Hartree Fock exchange, the
gradient off andthe kinetic energy density. Functionals of this type are constructed using
empirical fittings of theiparameters and have shown improvement in the determination of
energy barriers and atomization enerdi#®SSH and MN15 are both functionals of this type
used in this dissertation, MN15 specifically for transition metals as it has been proposed to
propety characterize transition metal charactet?
8. Spin Orbit

Spin orbit addresses the coupling between spin and orbital angular momenta. The motion
of a charged particle generates a magnetic moment (i.e. acts as a magnet.) Both the motion of the
electon around the nuclei (orbital angular momentum) and the electronic spin are sources of
magnetic moments. The interaction of the two

Hamiltonian unless a spin orbit term is added. This is especially importa#gdondrow
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transition metals and beyond as the spin orbit coupling constant, the energy distance between
splittings, is typically very small up to and including the fi®iv transition metals.
9. Dipole Moments

A dipole moment, or first multipole eleatrmoment, indicates how polarized a system is,
and shows how easily or how strongly a system is affected by the application of an external field.
Herein two ways of determining the dipole mome)jtdre discussed.
9.1. Expectation Value

Expectation valuesan be gathered from the calculations and used for dipole moment
calculations for wavefunction methods.

o rfir et oay (3

However, for methods such as MRCI+Q that do not have a wavefunction since it is only an
energycorrection, the expectation value cannot be determined. This method for dipole moments
is often inaccurate as it carries errors.
9.2. Finite Field Approach

A more accurate method for calculating the dipole moment is the finite field approach
which involves the application of an external fielgiff to see how the energy changgg] to

calculate the dipole momerg)(as shown succinctly in Equati@e.

. 30 (31
3Q

The larger the dipole moment the more sensitive it is to an external field amortbective indicated

by the large energy change. This method is much more accurate than the expectation value method

since the finite field Approach &n energy based and the energy is less sensitive than the wavefunction

(e.g. Hartree Fock iteration)nd is the ratio of two differences resulting in the cancellation of two
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errors, the cancellation of energy and the cancellation of polarizability if a proper numerical method is

used.
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**This chapter is a summary of a published manuscript fourkpjpendk A**
Chapter 3: Mechanism of Methane Activation

Transition metals have been widely studied due to their industrial and catalytic applications
and transition metal oxides have given piging results.

Catalysis is a growing field with severatiustrial applicationsangirg from refineries and
pharmaceuticals tenvironmental problems involving but not limited to biomass, biofuels, and
fossil fuelst One of these problems in the transfation of methane to methanol which requires
a suitable catalyst to activate the CH bond of methane. This bond however is one of the strongest
molecular bonds requiring more of the catalyst to not only activate but return the catalyst and not
over oxidizethe desired products. Many catalytic candidates have been proposed such as the
FeSQ catalyst which is one of the first patents for a methane oxidation catalyst, electrolytic copper
which gave a higher methanol yield with lower oxygen concentration, gepdpaxides of various
metals (Pd, Co, Cu, Mn, Ce, V, Fe, Ti), and the Periana catd@lyBut the most promising
candidates may be the transition metal oxides. Transition metal oxides haigue nature due
to the outer d electrons, and the metal oxygending varies between nearly ionic to highly
covalent or metallic, and the presence of electrons or lone pairs on oxygen can further alter the
behavior of metal oxides, making them easier to manipulate catalyfically.

Transition metal oxides have le@reviously studied in the literature but most of the
electronic structure work exists on the firstv metals for both neutral and charged species, though
many secondow works exist as well.22 Here we focus on the secenalv transition metals and
compare to their firsrow analogs.Investigating the catalytic activity of a metal oxide begins with
and analysis of itslectronic structure this section covers the mechanism of methane activation via

niobium oxide. Niobium oxides have been implemented &% gensors, electrochromics,
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electrolytic capacitors, and rechargeable batteries due to their energy band structure and multiple
crystal structures® 2° Catalytically NeOs has been promising as a degradation candidate for toxic
organic dyes such as methylene RRieligh catalytic activity of niobium stems from its high
acidity, redox properties, and strong interaction between metal and support materials, these
properties Bbow niobium to take on multiple catalytic roles: active phase, dopant, or s#pport.

This discussion begins with an investigation into the electronic structure of a transition
metal oxide, NbO, to understand its behavior and character followed by tismeaith methane
and how it behaves mechanistically and a final discussion on the effect of spin on the mechanistic
behavior of methane to methanol transformation.
1. Computational Techniques

To solve the electronic Schrédinger equation multireferencdigroation interaction
(MRCI) was employed. The reference wavefunction was obtained at the complete active space
self-consistent field (CASSCF) level with all valence electrons correlated. Chosen active space
consists of nine electrons in twelve orbitdle three 2p orbitals or oxygen, one 5s, five 4d, and
three 5p orbitals of niobium. The 5p orbitals of niobium are only partially occupied at every metal
oxygen distance but deemed necessary for smooth convergence of CASSCF iterations. MRCI and
MRCI+Q cdculations were carried out with the 2s electrons of oxygen not previously included in
the active space at CASSCF, the Davidson correction (+Q) is implemented to account for the
portion of missing dynamic correlation and to alleviate the size extensivdtycd MRCI.
Coupled cluster singles, doubles, and perturbatively connected triples (CCSD(T)) calculations
were carried out for states with dominant single reference character. Additional CCSD(T)
calculations involving the subalence 4%4p° niobium eletrons were carried out, referred to as C

CCSD(T). Spin orbit calculations were performed by adding the-Beaiti spirorbit operator to
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the electronic Hamiltonian and diagonalizing the new Hamiltonian matrix from the unperturbed
MRCI wavefunctions at 14.

Correlation consistent basis sets were anpted for this work. The epV5Z-PP basis
placedon niobium, which includes the Stuttgart relativistic effective core pseudopotential which
replaced the 28 electrons of niobium?82p°3°3p°3d%), andthe augec-pV5Z basis on oxygen
with diffuse functions to better describe the polarized*®f bond?¥3! The corresponding
weightedcore cepwCV5Z basis set was applied when excitations from the infép4alectrons
of niobium were allowed* The Gv, highest Abelian subgroup of the fulk€point group was
selected. Numerically solving the-wibrational Schrédinger equation allowed for the evaluation
of spectroscopic constants. Dipole moments were calculated as both expectation values and using
the finite field approach where dipole moments are calculated as a linear response to an applied
electric field €rF) with °0.001 a.u. intensity applied along the interatomic axis. All calculations
related to the electronic structure portion of this stwéye carried out in MOLPRO 20£5.

CASSCF, CCSD(T), and DFT calculations were carried out on the reaction of NbO with
methane. DFT calculations were done in Gaussian 16 with the MN15 functional due to its ability
to properly characterize the behavior @nsition metald8,33,34To study the first step of the
reaction (NbO + CWHA CHsNbOH) CASSCF calculations were employed involving an active
space consisting of 11 electrons in 11 orbitals. The 11 orbital active space is made up of the nine
molecular orbials of NbO used for the electronic structure analysis, and the bonding and anti
bonding molecular orbitals of the activatedH®ond. Three orbitals of NbO corresponding to the
5p orbitals of niobium remain inactive as their contribution at equilibriutantgs is minor.

Single point CCSD(T) calculations were employed for the-step reaction (NbO +

CHsA Nb + CHOH) using DFT optimized geometries (CCSD(T)//MN15) due to substantial

49



single reference character in almost all cases. The same 11 electrontdllactlve space was

used and CASSCF calculations were done to obtain the largest coefficient of the CI vector, then
the T1 diagnostic was gathered at the CCSD level to assess theaieutnce character of the
intermediates and transition states. Clatren consistent basis sets were also applied for the
reaction part of the study but this time using th@¥d@ Z-PP basis on niobium, g&VTZ on carbon

and hydrogen, and the aag-pVTZ on oxyger?¥ 3135

2. NbO Electronic Structure Overview

Beginning wth the fragments the Nb ground state ¥®awith a 534d* configuration, and
is one of three transition metals which prefer thi® Isalf-filled valence shelB6Ni obi umés f i |
excited state is of the more commdrsaracter (5&f) lying 1486 cmt (Mj averaged above the
ground state.) Combining the NiD{) + O @P) fragments results in the following statég#*(1),
F(2),9 (3),p(2),0 (1)] , and the combination of the N#j + O €P) results in the following
states**q*(2), &' (1), ©(3), q(3), u (2), A(1)].

Potentialenergy curves for the doublet and quartet are shovigare 3.1 sextet states

were found to be too high in energy and are not considered in the electrortigretdiscussion.
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Figure 3.1 Potential Energy Curves for S=1 and S=3 of Niobium Oxide
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The ground state of this system i$#, single reference state with &%LUxy" 12,2V
configuration. It is also well bound and well separated from the excited states and the equilibrium
wavefunction points towards metal oxo?(Dpicture. The?pfirst excited state lies about 30
kcal/mol above the ground state as a result of the promaftiaritik% y? orbital to i and is also a
single reference entity. The configurations of the lowest seven states of niobium are shown in
Figure 3.2, and become increasingly more multireference the first six of which see single

*'_\*L ngé; occupation in theBand theseventh (3)
g " returning to double occupation inl3

orbital.

These states are not typically oxyl

N N as there is no unbound character on the
- = =

,,,,,,,, - \
r oxygen terminus and have smaller metal
e oxygen bond lengths typical of this
NI ¥, NI v _ o _
R s e SR s species. Spectroscopic information was
‘n
gatheed for the several doublet and
Figure 3.2 Electron Configuration for .
lowest seven states of NbO guartet states at various methods to

compare to experiment. The ground state possesses a 1.69@Alstance that changes by only
0.002 A with the Davidson correction and CCSD(T), and an additional 0.015A elongation with
the addition of core correlation.
3. Reaction of NbO with CH:

We analyze the reaction of NbO with methane for the activation of the CH bond of methane

for the formation of CENbOH. The reaction of Nb@2*and NbQ*%2* have been studied in the
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literature but only for the ground st&t&*° Here we use not only the ground state but also the low
lying excited states of NbO to explore the activation of the CH bond of methane.

l ntermedi ate structures were obt ahltyeod at
properly characterize transition metals. Potential Energy Profiles were created for the S=1/2 and
S=3/2 states to account for the behavior of excited states in the re&atjore 3.3 showsthe
intrinsic reaction coordinate for the reactiol\#fO with CH; focusing on the CH bond activation
step. This includes the pathways for the ground state and lowest excited states up tdlt@HCH

intermediate step.
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Figure 3.3 Potential Energy Profile along Intrinsic Reaction Coordinate of NbO +CH
Here the*Ad pathway corresponds to tHE ground state of the diatomic. TRepfirst
excited state from the diatomic splits into two compone#ts,and2Ad,dor the reaction with
methane. From this initial analysis we see the ground state quarteapadmains well separated
as it did in the metal oxide analysis discussed previously. These components are characterized by

3021y and F%1k4y? configuration for the?A6 and A0 @espectively. Both theéAd and
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2A06 abmponents start from the saemergy and configuration at the NbO+£C3tep and converge
to the same energy at the end of the reaction at theiBH step with both bearinglALit
characterThe next excited state in the diatomic i&5, which in this figure is represented by a
2A0 path as théZ denotes only one componefihis2A6 fiom the2' retains the B1{2 character
across the reaction, and the same occurs for the remaining S=1/2 states above this state. However,
the S=3/2 states undergo some avoided crossings, for exangflagtiand*Adcomponents of
the *0 and“d cross in the transition state region and exchange tiélti2 ! configurations.
From the potential energy profiles gathered here is can be conclusively noted that the reaction of
the lowest energy states of NbO +Opir oceed via a 2+2 mechanism i
C-H bonds is heterolytically cleaved, a protttaches to the oxygen from the cleaved bond, and
the remaining methyl anion bonds to niobigshown in Figure 3.3). An alternative mechanism,
the radical mechanism, is not currently observed due to the stroti@Nbxo character of the
Nbi O bond (21" 4). However, due to this lack of additional mechanism in the potential energy
profile when the reaction pathway was constructed the S=5/2 pathway was included, as our
electronic structure calculations indicated the high spin states correspond to*t0&'Nizhich
facilitates the radical mechanism. Upon the construction of the energy landscape the S=5/2 state
is indicative of proceeding via a radical mechanism. This high spin state is generated from the
ground state via promotion of onéxlelectron to a 2 orbital, representing the electron transfer
from oxygen to metal.

There are two mechanisms of interest for this reaction, the 2+2 and radical mechanisms.
The 2+2 mechanism is exhibited by the doublet and quartet spins. The first step is an interaction
between the methane and niobium oxide molecules followed by the first transition state which

forms a closed NWOi Hi CHs structure before opening again at thes(H bond, the CH bond

53



activation step. There is then a bond breaking disconnecting the HHeo@H group resulting

in the combination of the OH group that will later make up methanol and in the second transition
state the methanol group is fully formed though still bonded to the metal. This leads to the
subsequent release of the metal, resultingb + CHOH. The radical mechanism is exhibited by

the sextet pathway. Previously the sextet was not considered due to its large separation in energy
compared to the doublet and quartet spins, however the possibility of radical mechanism made the
sextetanalysis imperative. The radical mechanism begins in the same way as the 2+2, with the
interaction of the methane and metal oxide. The combination into the first transition state differs
greatly from the 2+2 mechanism however, as there is no bond comnteti CH group back to

the metal, and slightly resembles the intermediate between transition states 1 and 2 for the 2+2
mechanism. The difference in transition states can be sdegure 3.4. The intermediate step

also differs greatly in that insteafl @ connected almost linear G@HNbi Oi H molecule there are

two separate components €#H Nbi OH which are then recombined in transition state 2 before

the release of methanol from Nb. As mentioned previously there are three spins that undergo very
differentmechanisms for the conversion of methane to methanol via CH activation, is there any

affect that spin has on the mechanism and how the process will go?
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4. Effect of spin on the energy landscape

During the electronic structure investigation, the S=5/2 states were incredibly high in
energy compared to the S=1/2 and S=3/2 stateown in Figure 3.1, and only further considered
to explore the mechanistic ability of the high spin metal oxide pathway. hgakithe energy
landscape in Figure 3.3 the lower spins, doublet and quartet, are much lower in energy than the
sextet. Also, the doublet and quartet follow a different pathway, the 2+2 mechanism, than the
sextet which proceeds down the radical pathwaypreviously mentioned, the sextet state of NbO

were much higher in energy than the lower spireg for the electronic structure discussion the
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sextet was not considered reasonably attainable, however since it follows the radical mechanism
this high spirpathway was included.

In terms of how the two mechanisms compare in terms of efficiency it can be broken down
by spin. The doublet and quartet spins are the lowest energy pathways with the ground state
reactants being the quartet. These spins undergb-thenechanism, and experience large energy
barriers at both key steps, the CH bond activation and the OH reformatioAlstepatively, the
sextet pathway undergoes the radical mechanism with small energy barriers at both key steps.

The ground state arldwest energy pathways were analyzed previously but the question
remains: does th&exet spin pathway play a role in methane activation and li@e? To answer
this question three spins were considered for the reaction profile of NbO reacting with CH
doubkt, quaret, andsexet.

The energy landscape is shownHFmgure 3.3 lowerspins,doubkt andquaret, are the
lowest energy pathways with@md state quartet followed by the doublet about 17 kcal/mol
higher in energy. These pathways see a slight change to the intermediate complex but a 47.94
kcal/mol energy increase for thearet and 28.34 kcal/mol difference for teubkt for thefirst
transition state (CH activation step) resulting in comparable transition state energies (quartet only
0.5 kcal/mol lower). At the intermediate step (l) the quartet is stabilized over the doublet by ~12
kcal/mol, but to attain the second transition stateuah®0 and 125 kcal/mol is required for the
doublet and quartet pathways respectively, and this energy remains rather constant through the
product formation steps. The doublet and quartet 2+2 pathways result in endothermic products
greater than ~100 kcalfshabove the reactant energy.

This all changes for the high spin radical pathway. Although it begins 89.46 kcal/mol above

the quartet ground state the energy barriers are much lower. The energy required to proceed from
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the reactant interacting complexttee first transition state is only 14.63 kcal/mol and only 24.71
kcal/mol needed to reach the second transition state from the intermediate step compared to the
106 kcal/mol and 96 kcal/mol required of the doublet and quartet 2+2 pathways respecisely. It

at the second transition state step the sextet is stabilized of the quartet for the remainder of the
reaction. The radical pathway yields an exothermic product only 0.111 kcal/mol lower than the
reactants, and is stabilized over the quartet and do2blepathways by 7.05 and 26.97 kcal/mol
respectively. Both 2+2 pathways result in endothermic products that ai@3~agal/mol above

the reactants.

With this information we can see the direct impact of spin on the mechanisms. Generally,
the low spins willproceed via the 2+2 pathway with selectivity for the CH bond of methane to be
activated but at the expense of large energy barriers and yielding endothermic products. High spins
however will generally proceed through the radical mechanism, which ismurehefficient than
the 2+2 counterpart and has much smaller barriers and an exothermic product. However, this
mechanism does not have the selectivity for the CH bond of methanol that the 2+2 possesses.

The benefits of high spin metal oxides can aichendevelopment of a catalyst for the sake
of efficiency, and low spin metal oxides for selectivity but could there exist a way for the selectivity
and efficiency of both mechanisms to exist in one reaction?

As has been shown in this chapter the spinraathl oxygen character have an effect on
the reactivity of methane to methanol transformation. Work with metal oxides and ligand effects

have been studied with the zirconium oxide neutral complex and the iron oxide di€ation.
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5. Effect of Ligands onthe Energy Landscape: The case of ZrO and Fe®

An additional factor for the stabilization of mechanistic pathways for methane to methanol
transformation is the presence of a ligand. An analysis of ligand effects on a neutral metal oxide
are discusseith Jackson et al where the reaction of zirconium oxide with methane for the formation

of methanol was monitored for both nbgated and ligated metal oxidé&$.In this study it was

seen that a ligand can indeed stabilize one mechanism over another depending on the type of ligand

utilized on which reaction. A weak field ligand is expected to stabilize an oxyl metal oxit®@{M

) over the oxo via a radical mechsm.
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Figure 3.5 Reaction Profile for ZrO + Chlligated and nodigated pathway$

In Figure 3.5 the reaction of Zr@ith methane is shown with a ndigated pathway, a

hydrogen ligated pathway representing a strong field ligand system, and a fluorine ligated pathway

representing a weak field ligated pathway. In the reactant interacting complex thigatedh
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pathway § lowest in energy and the ligated pathways are nearly degenerate, irHthml
activation step the ligated pathways are stabilized over thdigaied mechanism and again
degenerate, in the bond reformation step there is an energetic separatioligatetepaths with
the fluorine ligated path more stabilized for the remainder of the reaction but both ligated
mechanisms stabilized more over the4tigated pathways indicating the presence of ligands can
affect the mechanistic behavior of the catalyst

Another ligand study was completed by Kirkland, Khan, et al which saw the effects of
ligands on a transition metal oxide dicatidrkigure 3.6 displays the potential energy curves for
the bare iron oxide dication and additional potential energy cumtbstwo different ligand,
ammonia and water. It is shown that a ligand such as water that lies in the middle of the
spectrochemical series draws the oxo state from the bare metal oxide lower in energy, but the

strong field ligand ammonia, further stabd&zthe oxo state as the ground state of the system.
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Figure 3.6 Potential Energy Curves for FéQ and ligand induced effects

A similar finding would be expected if the niobium oxide catalyst was bonded with weak
field ligands. It was mentioned previously that the weak field ligands facilitate the radical
mechanism, which seen previously for the NbO system is characterized bgdogy barriers for

the key steps and results in an exothermic product. Shown in Figure 3.7 is the oxo and oxyl form
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of niobium oxide. The oxo form will have three available electrons to bond with chlorine ligands,
and a fourth will remain in the periplyetaking on the electron density held by oxygen. The oxyl
form possesses another electron allowing it to bind to a fourth chlorine ligand which will stabilize

this form over the oxo.

® o @@\ ®

0> Nb Nb*O™
x@, | ,@7
o @ el

Figure 3.7 Oxo and oxyl form of NbO stabilized with chlorine ligands

Using metal oxide dications provides another pathway to influence mechanistic behavior,
the electronic structure of the firgiw transition metal oxide dications is discussed in Chapter 4.
Ligand effects on the electronic structure and reactivity of tbksgron poor metal oxides are

discussed in Chapter 5.
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**This chapter is a summary of a published manuscript foukppendixB**
Chapter 4: Electronic Structure of Transition Metal Oxide Dications

Dications are uniqgue complexes in that the removal of two electrons allows fothboth
oxo and oxyl forms of the metal oxide to be potential catalytic candidates due to the comparable
second ionization energy of the metal and first ionization of oxygen. The oxo form possesses a
closed shell on oxygen (W0?), and the oxyl form (MO") an unpaired electron on oxygén
These complexes are special in natural processes such as heme iron, enzymes, where the Fe(lV)
0Xx0 unit plays a large role in thelCbond clevagé:3 Nature chooses dications for these processes
since it has an easy patlr fihe switching between oxo and oxyl. The manganese complex with
Mn(Il) and Mn(IV) oxidation states has been shown to be important for biological redox reactions
as the high valent Mn oxo plays an important role in the activation of certain enZymes.
Metaloenzymes have been shown to be successful for the biological activatici dfoGds
through the use of abundant and cheap transition metals such as iron, copper, and manganese
according to Rawt. al® Hohenbergekt. al. and Yeet. al.both show the €4 activation using
high valent iron oxo complex&<.The iron oxo unit is one of the most widely studied transition
metal oxide dications due to its presence in the intermediate forms of erfzRaeesntly the
stability of vanadyl complexes under biologliconditions lead to the prospect of obtaining crystal
structures of the ferryl analog to map protéirghis finding from Martinieet. al. indication
vanadyl has the capability to be an analog of the ferryl intermediate with both structural and
behavioal mimicry allowed for its use as a viable crystallographic tool to be generally applied to
other enzyme$1°©

Transition metal oxide dications (TMQ are considered potential catalysts due to the

popularity and success of transition metal catalysts se#re literature both theoretically and
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experimentally and have been shown to efficiently activate thd Bonds of saturated
hydrocarbonsAs seen in Chapter 3 the oxo and oxyl forms of the metal oxide can cause the
reaction to proceed through a diffetenechanism. For example, the quartet of NbO of the oxo
form (NE?*O?) proceeded down a 2+2 mechanism characterized by large barriers and an
endothermic product, however the sextet NbO of oxyl charactér@QUp causes the reaction with
methane to proceevia a radical mechanism characterized by low energy barriers resulting in a
favorable exothermic produttlt is possible with the dication that a sufficient ideal catalyst can
be designed for a process depending on the need. If there is a need for selectivity for the CH bond
of methane then an oxo dication can be used, but if efficiency is of utmost imgoaarmoxy|
dication can be used.

In order to determine their ability as catalysts to apply to methane to methanol
transformation; we first need to understand the behavior cfigated first row transition metal
oxide dications to classify the ground amctited states as either oxo or oxyl and understand any
supposed trends across the row that may guide the catalyst development process. Herein we use
ab initio techniques to investigate and describe the electronic structure for these complexes.
Methods ad results are discussed below and serve as a prequel to the reaction dynamics presented
in future chapters.
1. Computational Techniques

Analysis of the electronic structure of the firstv transition metal oxide dications
required the use of multireferee techniques to solve the electronic Schrédinger equation due to
the complexity of the wavefunction and the systems at Kal3@€ASSCF calculations were used
to obtain the first order reference wavefunction. A nine orbital active space was choden for t

TMO?* systems composed of the three 2p orbitals of oxygen, the 4s orbital of the metal, and the
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3d orbital of the metal. Similar to the cationic, neutral, and anionic metal oxides the 2s of oxygen
in the dications has little occupation therefore itas included in the active. The 4s of the metal
is included due to minimal occupation at CASSCF and is exchanged with other minimally
populated orbitals of the metal of the same symmetry, which is expected since the metal has a 2+,
3+, or 4+ oxidation statevhich would not populate this 4s orbital, but it was kept to ensure no
electronic states would be missing. MRCI was completed on top of CASSCF, using the reference
wavefunction, allowing single and double promotions to the virtual space from the actdee sp
Herein the dynamic correlation from the 2s electron on oxygen is included. Additional MRCI
calculations including electron correlation of the’338 metal electrons were completed-(C
MRCI). MRCI+Q calculations were also completed to allow for the @& correction to remedy
the sizeextension of both MRCI and-®@IRCI.14

Multireference analysis was completed using two different basis sets. Exploratory
calculations and full potential energy curves (PEC) were done witVE€Z on the metal, and
augcc-pVTZ on the oxygen to accurately describe the polarized nature of the-orgtmEn
bond?1%18 Spectroscopic constant and additional numerical data were completed witiVazc
on the metal and awgg-pV5Z on oxygert® 8 Calculations at the WMRCI level uilize the ce
pwCV5z weighted core basis for the métaLASSCF and MRCI calculations were completed
using MOLPRO 2015 softwaré.?°
2. Electronic Structure

This study focused on the electronic structure analysis of thedistransition metal
oxide dications from titanium to copper in order to try and classify their behavior to understand
potential catalytic activity for methane to methanol transformation. The investigation allowed for

both the ground and excited states of the metal oxide dicaboe classified as either oxo or
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oxyl, characterized by either a closed shell oxygen or unpaired electron on ogggeatively:

The results can be broken down into three groups based on their behavior and will be discussed in
these groupinggigure4.1 shows the first oxo and oxyl electronic states for each of thedwst
transition metal oxide dications. Solid lines correspond to oxo states, and dashedTdayim

oxide dication has an oxo ground stafé') separated by ~55 kcal/mol from the 15t excited

state. Vanadium takes on a very similar behavior to its predecessor, oxo grourtdystate ¢xyl

excited state?d) about 55 kcal/mol higher in energy with a 0.138 A bond elongation from oxo to
oxyl. It is important to mention for these two metals that all states aside from the ground state are
of oxyl character(full PEC for all metals discussed can be found in Appendix A). A shift in
behavior occurs for the chromium oxide dication, where not allexksifates are of oxyl character.

The ground statéff') is oxo with a 1.529 A metal oxygen distance typical of the early transition
metal oxo states, however according to the full PEC in AppendpeAirst excited state is a low

lying (~11197 crmt) oxo G state, the first oxyl statéif') lies 13100 cnt above the ground state

with a metal oxygen bond distance 0.346 A longer than the oxo ground state.

Manganese is the first representative metal from the middle transition metal family. The
MnO?% ground sate is &F of oxyl character with a metal oxygen bond length greater than 2 A,
and about 60 kcal/mol above the ground state liedciexo excited state which has a 0.683 A
small metal oxygen distance. Iron follows a similar pattern with the“pgtound state and oxo
excited state®*) significantly lower in energy than the oxo counterpart for manganese.

The late transition metals, cobalt, nickel, and copper, have a very different story than the
previously mentioned metal oxide dications. Thesedhmetals are characterized as having only
oxyl states. CASSCF calculations for each metal were completed with ~30 states and all returned

oxyl components. The only exception to this is a shoulder for one of the cobalt curves around 1.6
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A, when the CI veor was gathered for this distance, it was an oxo component which can
potentially be drawn out with a strong field ligand and stabilized. All three metals have long metal
oxygen bond distances ranging from 1.24505 A also indicative of an oxyl state.

These findings can be summarized breaking the metals into three groups: early, middle,
and late transition metal oxide dications. Early T#@onsists of titanium, vanadium, and
chromium are characterized as having oxo ground states and oxyl excitedhstatgound states
corresponding to KfO? . Middle TMO?* are composed of manganese and iron where there exist
oxyl ground states followed by low lying excited states indicating the likelihood of stabilization
of one over the other; MO% U M3*O". Late TMO?* are those with only oxyl states, cobalt,
nickel, and copper where the configuration switches between the followH@ M2+OTM. A
note on chromium however, since there exists low lying oxyl states in this metal oxide it is almost

a hybrid ofthe early and middle transition metals, where the close proximity of oxo and oxyl like

in the middle transition metals may make it a good catalytic candidate.
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Figure 4.1 Potential energy curves for oxo and oxyl states of first TtwO?*
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In the table below the CI vectors for the curves displayed in Figure 4.1 are shown and
differentiated by oxo and oxyl by metal, states listed in blue correspond to the ground state of the
system, information for iron was gathered from Kirklatdal?!

Table 4.1 Electron configuration of oxo and oxyl component of analyzedrMO

Ox p 2 B?) Ox Y 12 8T)
Tiz20 IZr A 1021 212 o A 1021 21 P Y
VG* 2pA 1021 #2421 2 YpA 1021 Y2 01 Pk Y
Cr20 A 181 #4249 21,21 @Y SEA 181 #2141 2 U1 92 VUi Y
Mn ®&* 2pA 102 102y 217 (22" Pk ¥ A 102 10201 P2 U172 Vi Y

FeO| SFrAl18281 229122911 | 3pA 1022 83 H1 2 Y1 P2 V1 Pl &

Co® N/ A 60 A 10Y10x%,2Y 2021 22 21 y92" YU 1tk ¥
Ni 20 N/ A SopA 10Y1 #7222 81 22 V1 22 (V1 @y
Cud® N/ A AL B #2281 22 V1 22 Y1 4f

Here the distinction between the three groups of transition metal oxide dications can be
clearly distinguished as the oxo character (double occupation in dhlgitals) is slowly being
phased out. Early transition metals have distinct oxo ground stakesxyl excited states. Middle
transition metals characterize the ground states as oxyl, and the oxo states are excited states. Late
transition metals see no participation of oxo states in the systems and complete the phasing out of
oxo character. With tkiin mind we can adjust the structure of the known oxo wall. Traditionally,
the wall has been placed between iron and cobalt indicating the change in character. While this
wall still exists based on our analysis however another wall is placed betweenurhrand
manganese to indicate the shift from oxo ground state to oxyl ground state while retaining oxo

states as excited states.
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3. Differences in trends

Proceeding down the firsbw transition metals as the character changes from oxo to oxyl
sodoes several other aspects, including but not limited to the metal oxygen bond length and orbital
behavior.

3.1 Metal oxygen bond length

Perhaps an easy way to monitor the behavior of metal oxide dications is through the metal
oxygen bond lengtiGenerally, the bond length for oxo states is shorter than that of the oxyl states,
but by how much and can a generalization be made across the row?

In the early transition metals titanium and vanadium it is easiest to see the metal oxygen
bond length diférentiation as there is significant separation between the oxo states and the oxyl
states. The ground state for these metals is oxo and separated from the oxyl excited state by at least
55 kcal/mol. In the case of TiQ the oxo'E* ground state has a bofehgth of 1.554 A and the
oxyl first excited states possess bond lengths around 1.804 A, a 0.24 A elongation from ground to
first excited state. The excited states of Ti@re all of oxyl character and average a 1.799 A bond
length, indicating a 1.799 0.005 A generalization. V® at MRCI has an elongation of 0.138 A
from 2gpground state téop1stexcited state at MRCI. The higher density of states in the chromium
oxide dication makes characterization a little more difficult as the oxo and oxyl sepasatiat
as clear as the previous two metals. Nonetheless the oxo states range from 1.507 to 1.622 A
according to the Cl vectors and the oxyl from 1-27802A.

Manganese sees the opposite happen from chromium, with oxyl ground ahdnipw
excited stags and oxo excited states. The oxyl states range from 2.191 to 2.28 A with the oxo states

approximately 0.6 A shorter ranging from 1.508 to 1.64A. Lastly, the late transition metals, cobalt
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nickel and copper are all of oxyl character and bond lengths feogel.945 A to 2.079 A with
decreasing metal oxygen distance from cobalt to copper.
3.2 Orbital Behavior
The orbital shapes change across thefogt transition metals. éual orbitals occupying
the active space remain the same however, the orbital behavior from titanium to copper give
additional insight into their bonding behavior. Shown in Figure 4.2 is the active orbitals in this
study for a representative metal of tharly,
m middle and late transition metals.
%@ These orbitals are shown at specific bond
lengths 1.6 A for early, and 2.0 A for late. For
D: the orbitals shown it is easily observed that int
the early metals the orbital is localized across the
% bond between the rted and oxygen whereas the
Cm late transition metal representative, nickel, has

TiO?* (1.6 A) NiO?* (2.0 A)

@%@&?

more localization of thé orbitals on either the
metal or on the oxygen, with no mixing along
Figure 4.2 Early transition metal vs. late _ _ _
transition metal active orbitals the bond. The other major difference comes in
the "* and 0* orbitals, in the early transition metals the orbital has most the orbital density
around the metal with a small portion on the oxygen, but for the late transition metal the orbital
density is placed solely on oxygen. Titeorbital sees something sitat, in the early transition
metals the orbital density is very similar to that of the sigma bonding orbital spanning almost

equally across the metal oxygen bond, but for the late transition metals, the orbital density is places

almost exclusively on the etal with very little on the oxygen.
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4. Oxo vs Oxyl character for ligand

With an understanding of the electronic structure of these metal oxide dications
adjustments can be made to their behavior through the introduction of ligands to stabilize one form
over the other as was mentioned in the previous chapter. Ligands are chosen from the
spectrochemical series, a list of ligands ranking their interactions with metal ions. It has been
shown in the literature that strong field ligands stabilize the oxo fofitie metal oxide and weak
field ligands stabilize the oxyl fornts.

The effects of strong field ligands will be addressed in the next chapter, again looking into

the electronic structure of the complexes followed by an analysis into their reactthityethane.
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Chapter 5: Ligand Effects on Electronic Structure and Reactivity of

Transition metal Oxide Dications

Transition metal oxides in both the molecu
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ground state as a result of |l igand attachment
effects and met3lt oixs deex pse cabdd IRLOEAT obehceh a&2n+i2s ms
favored with a strong field |Iigand Sts¢hdys am
For radical mechani sms, an electron withdrawi
the system as Was the case for Zr O.

Many DFT studies have been done concerning

ability to form a metal o x%3Wonr kb ohnads, aflosro tbreaenn
the DFT |l evel, and using machieepremermifngn anteit
give a reliable description of tHheSgreorvand st a

multirefrence studies have been carried out o
however few exsgst3édi8. the dication

Here we present a more systematic work on
ammonia |igand to the imettalhe aelde ontomo nioac gthreu ct
oxygen unit and in the potvesti glatendrhey | dwgrana
symmetry, the first coordination sphere is sa

again monitor the electronic structure of the

1. Computational details

The geometry of the groundast for each (NgMO?* was optimized at the DFT/MN15
level of theory with the epVTZ(N,H,M)/augcc-pVTZ(O) basis set&4448 TheMN 15
functional was used for this processit is designetbr characterimg transition metalsand he
augcc-pVTZ basis set used on the oxygen to account foptierizedcharacter of the metal

oxygen bondUsing this geometry, the potential energy curves as a function of theorgtgan
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distance are made at through mudtierence techniques CASSCF and MRle ative space
of the reference CASSCF calculatioonsists of the thre2p orbitals of oxygenandthe five3d
and one 4sorbitals of the metal resulting inmneorbital active spaceElectronic configurations
gathered at distances of interest (minimausdhers) for the ground and several loyng excited
statesThese calculations were completed using the Gaussian 16 and MOLPRO 2021 software
packages!®50

For the (NH)sMO?* coordination complexes, calculations were carried out using
Gaussian 16 software and the MN15 functional to first optimize the geometries ensuring only
real frequencies were returnEdm harmonic frequency calculatiarEhe same triples basis
was usedhere, anchatural orbitas are analyzedt the same level of theoty describe the
chemical bonding in the complexes.

To investigate the reaction of these clusters with methadenethanol, the relative
encounter complexes [(NBMO?*(CHa)], andtransition states am@btaired. The latter returned
only one imaginary frequency from harmonic frequency calculations. These optimizations were
completed usinghe same MN15/triple methodology

Calculations were completed by completing IRC calculatinribe forward a reverse
direction starting at the optimized ground state let transition state geometry for the complex.
Once the IRC calculations were complete several points along the IRC were chosen to describe
the reaction and to pull the geometriesuo single point energies to construct the potential
energy curves.

Single point energies were calculated at CASSCF usingp&BZ basis set on Ti, N,

and H, and an auge-pVDZ basis set on O and C, with a 12 orbital active space, consisting of

o

t hgotdwam-o, MU twod, mdl*vMi*t he U0 and G* of the act.i
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additional orbitals to allow for proper convergence (usually outer p orbitals). These calculations
were run as state averaged calculations for four singlet and threedtranées.
2. Structure and Orbitals

Equilibrium geometries for the ground states gathered from DFT calculations are shown
in Figure 5.1. Thammonia ligand binds to the metal oxygen unit on the metal side at an angle

ranging from 10a140° where iron is sponsible for the smallest bond angle, and cobalt the

ylydy by

(H;N)TiO* (H;N)VO* (H;N)CrO* (H;N)MnO?*
(8=0) (S=1/2) (S=1) (8=3/2)

bed 4l

(H;N)FeO*  (H;N)CoO*  (H;N)NiO*  (H,N)CuO?
(5=3) (S=5/2) (S=0) (8=312)

largest.

Figure 5.1 Optimized equilibrium geometries for (NMO?** species

This structure was implemented throughout the entire aigaad analysis. &symmetry is
imposed in these complexes and this reduced symmetry has an effect on the shape of the orbitals
in the active space as well as the states in the potential energy curves.
The active space remains composed of nine orbitals (see comp details) sexvever
the shape of the orbitals are different compared to thé*M@nplexes discusseéa Chapterd.
The active orbitals are shownkigure 5.2for chromium and nickel, to represent the distinct
change from early and late transition metals. Dubeédower symmetry, thé and one of thé

orbitals of the MO bond belong to the sam@ {i@educible representation, allowing the orbitals
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to mix, which results in the fand 2a@orbitals of (NH)CrO?*. However, this is not the case for
the (NHs)NiO?* complex, as these are denotedias, mo, Uvo*, “mo*, andlm. An important

note regarding the @airt orbital which is included to account for the 4s orbital of the metal, and
remains minimally occupied in all cases, but was necessary for proper ehastion of
complexes.

la'/oyo 2a'/my,  3a'/dy da’/myy,  Sa'leyf,  6a’/virt  laT/my, 227’8y 3a”Imy,

3% S SENE AR AR 1 SE
AR T 44

Figure 5.2: Active Orbitals for (NH)MO?* species (M=Cr, Ni)

3. Potential Energy Curves: Ligand influence on energetic gaps

Potential Energy curves were constructed for thesjNID?* complexes using the
equilibrium geometries from the previous section and varying the metal oxygen bond length. The
shift to G symmetry causes a split in states from the’NsIates.

Addition of a strong field ligand would cause a stabilization of dates over oxyl
states. For the Ti®there is a 5@0kcal/mol separation between oxo ground state and the oxyl
states, and the same is observed previously for thveé 8@l the curves for the (NHIO?* and
the (NHs)VO?* complexes show a 600 kcal/mol searation of the oxo ground state to oxyl
excited states. In the case of Cr@e oxyl quintet states were in a range of6b0kcal/mol
above the oxo ground state, but in the gNEtO?* complex this gap become ~70 kcal/mol. The
effects of the strong filedgand on the metal oxide dication are more pronounced in the middle

and late transition metals.
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The*d oxo state of Mn®' is more than 20 kcal/mol higher than #f&¥ cluster of oxyl
states (see Fig. 1 oéf39, butcreates the local and global minima of the lowest enf&gyand
4 PECs, respectively, dfigure 5.3These are less than 13 kcal/mol higher than the global
minimum of oxyl character of the grouAd6 $tate. The case of iron is even more interesting
since the’* oxo state of Fe® is 13 kcal/mol higher than tiepground oxyl state and becomes
the grouncd®’Adstate of (NH)FeCG* separated by 4 kcal/mol from the first oxXplostate
(pertaining to thégstate of Fe®; see Fig. bf ref. 3239, This gabilization of the oxo state has
been observed in the literature for the @€'/ FeG* pair,3225but the present PECs are
more complete as they include more states, such as the aforememtiostate. Finally, in
some of the PECs of (\fCoO** (*AbGand? 0) @e see the appearance of local minima and
shoulders at 1-8.7 A and 223 kcal/mol, whichare of oxo character. These were not present in
the CoG* and are expected to stabilize even further when mmomonia ligands are
coordinated to cobalt. The CASSCF PECs for §)@6O** show these shoulders at energies of
about 40 kcal/mol. Such shoulders aot present at the CASSCF PECs for 0%+ and
(NH3)CuCO?* with the 60 kcal/mol range, and oxo minima are not expected to play an important

role.
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Figure 5.3: CASSCF Potential energy curves of @M0O**
4. Influence of a Fully Coordinated System on Oxo Oxyl Character

To understand how to further stabilize the oxo states in the ligated complexes, the fully
coordinated metal oxide dications were explored. {BMO?* complexes were optimized at

DFT using MN15for all metals and spins explored in previous sections. Table 5.1 displays the
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energies, metal oxygen bond distance, electron configurations based on a natural orbital analysis,
and the spin density for each complex to understand the trends in oxo asgenigk for the

fully coordinated units.
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Table5.1 Metaloxygen bond lengthyp in A), relative energiesye in cm 3, electronic
configurations (see Figure 5.4 for orbitalgnd Mullikenspin density on the oxygen atoyg/Q)
for the lowest energy spin states of @MO?** species, M = FiCu, at the MN15 level of theory.

Species S nmo @A UOvo ‘Mo 'mo Uv " fo “fo U 0fo 35O
(NH3)sTiO?* 0  1.579 0.0 2 2 2 0.00
1.841 19496 2 2 U U 0.95
(NH3)svVO2*  1/2 1.547 0.0 2 2 2 U 0.18
3/2 1.832 18959 2 2 U u o0 0.96
(NH3)sCro?* 0 1520 0.0 2 2 2 2 0.00
1.613 627 2 2 2 u 0 0.38
2 1.875 7056 2 2 U u U U 0.99
(NH3)sMnO?*  1/2 1.558 1470 2 2 2 2 U 0.06
3/2 1.620 00 2 2 2 U U U 0.62
5/2 1.810 4750 2 2 U u 0 U U 0.96
(NH3)sFeG** 02 1.603 2645 2 2 2 2 U b 0.00
1.602 0.0 2 2 2 2 U U 0.84
2 1.594 380 2 2 2 u u U U 0.81
3 1.878 8166 2 2 U u o0 U U U 1.45
(NH3)sCoO**  1/2 1.768 0.0 2 2 2 2 2 U 1.01
3/2 1.643 1587 2 2 2 2 U U U 1.18
5/2 1.756 7936 2 2 2 u u U U U 1.64
(NH3)sNiOZ* 02 1.759 338 2 2 2 2 2 U b 1.14
1 1.761 0.0 2 2 2 2 2 U U 1.13
2 1.777 3217 2 2 2 2 U U U U 1.77

(NH3)sCuO**  1/2 1.844 149 2 2 2 2 2 U 2
3/2 2546 0.0 2 2 2 ) U U U 1.94

aThe spin cont ami nasthieodn fsoirn gtlheetsse idswedlaoépde na n d
(N#Ni2Q respectively.
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Figure 5.4. Frontier orbitals for (NH)sCrO?* and (NH)sNiO?*
Theelectronic structure of (N§sTiO?* and (NH)sVO?* closely resembles that of the

plain or moneligated metal oxide dications. The ground states retainhef mo* and
tmo?” mo’lim! oxo character being 560 kcal/mol (~19,000 ch¥) away from the oxyl stase
created from the promotion of electron(s) to thefor the singlet/doublet anik and” mo™ for
the triplet and quartet.

The electronic structure of the (N}CrO?* lowest energy states is affected by the
destabilization ofim*. The ground state’f ) of CrO** has alimo?” mo*lim*lim* * configuration,
but the lowest energy triplet ¢RHs)sCrO?* replaces théim* with the lower energymo*
orbital, which is still highly localized on Cr (s€&gure5.4).3? Howevet the introduced anti
bonding orbital pushes the triplet stateldfH3z)sCrC?* higherin energy than the singlet state,
which was an excited state for CrQvith more than 30 kcal/ol excitation energy. Cr® had

two low-lying singlet states'{, 1) made of all thre@mo?” mo*(Umilm* )? configurations’? Only
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the limo?” mo*lim? configuration survives (no population of ahtinding orbitals) and is the
dominant configuration for the ground singlet state. The singlet and triplet stéhddpCrO?*
are within 2 kcal/mol (627 ch) and can be both categorized as oxo states witd Bngths of
1.520 and 1.613 A respectively. On the other hand, the quintet state 9§QNBF* has a bond
length of 1.875 A and a configuratimo? mo®lm” mo*2, which makes it an oxyl state, and is
higher than the ground state by 7056 €(r20 kcal/mol).

The electronic structure changes dramatically for manganese as well. THsMNEZ*
complex has oxo ground states as opposed toAWa@ (NH)MnO?*, which have oxyl ground
states and lovlying oxo states. The lowest doublet and quatiates of (NH)sMnO?* have
Gmo?” Mo®lim?” mo*t andlimo?” mo*lim®” mo* 2 configurations, respectively, with bond lengths 1.558
and 1.620 A. The quartet state is the ground state separated from the doublet state by'1470 cm
The sextet oxyl state is 4750 Erhigher with a bond length of 1.8%0and a
Gmo?” mo®lim®” mo* 2Um* * configuration. Overall, the oxo and oxyl states remain competitive but
the oxo states are more stable in the {MnO?* complex.

The oxo states for iron are also stabilized further gaiogn {(NH)FeG* to
(NH3)sFeF*. TheSAdstate of (NH)FeCG* with a 1aF2ad1a0 28a02ab 18a0'3a0 'qsee Figure 2)
~ Omo?” mo*lim*” mo*2lim** configuration(see Figure B) remains among the lowest energy states,
but two other states, a singlet and a triplet, where thaiwAlm** electrons couple together in
thelm orbital. The two mo*2 electrons couple into an opshell singlet or a triplet spin state.

All three statesr@ within 8 kcal/mol and they have very similapvalues (1.60 + 0.01 A). The
openshell singlet state has considerable spin contamination, and a more accurate description of
the wavefunction would require muleference methods. The septet state isawest energy

oxyl state, with aimo?” mo3lm®” mo*?lim* tlmo** configuration.

86



The lowest energy state of (NHCoO** is a doublet with a bond length of 1.768 A. This
length lies in between the bond lengths encountered so far for oxo (~1.6 A) and oxyl (>1.8 A)
states. Its configuration tauo?” mo*tim?” mo* 2 but now the ; g* orbital has larger contribution
from the2p of oxygen similarly to the (NB)sNiO?* orbitals ofFigure 54. Therefore, this is the
first oxyl state not corresponding to a Rilled “ mo orbital but has considerable Mulliken spin
density on oxyge(il.0 electron). All of thé mo® states mentioned above have a spin density of
0.95 (except the S=3 of iron having 1.45) on oxydenhe quartet state, one electron moves
from " mo* to tw*, which leads to contraction of the MO bond to 1.643 A, and corresponds to the
configuration of theshoulders observed in the PECs of @&EbC?* at around 25 kcal/mol
(see above). Finally, the sextet state follows at 7936'ant populate§mo* (spin density of
1.6).

Finally, all studied states of the last two oxid@#;13)sNiO?* and (NH)sCuCG**, have
long bond lengths (>1.75 A) and their configurations all Raxg” mo*tim2 in common. The
remaining electrons populate theo* andtm* orbitals, and only for the highest spin states the
Gmo* is populated. The metalxygen bond in the quartet state of (YCuO** is clearly
ruptured and better described as @¢8L?*+OEP). In all of these states the spin density on
oxygen is between 1.1 adds; the spin density for S=3/2 of (MHCuCO?* is 194.

Chapter 4 involved a discussion on metal oxygen bond length trends for oxo and oxyl
components and whether or not a generalization can be made concerning this information. In
fact, one can connect the bond lengths to the spin density in terms ofcbrzyd. A metal
oxygen bond length of ~1.6 A is the interchange point for metal oxide character. For species with
a M-O bond length less than 1.6 A the spin density is in turn less than 1.0, and though the

occupation of mo* orbitals is observed, this Iscalized more so on the metal as opposed to the
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oxygen. For those species with a bond length greater than 1.6A in the metal oxygen unit, the spin
density is greater than 1.0 and predominantly oxyl, with unpaired electrons occupying the

orbitals whichare located on oxygen.

5. Effects of Hydrogen Bonding in Activation Energies
For the formation of methanol from methane, the transfer of a hydrogen atom from CH
to CHsOH is involved via either the HAT or PCET mechanism with the evergiledse of Chl
or CHOH radical as a product. Ideally the reaction involving:@iduld proceed slower to
avoid the over oxidation of CI®H to unwanted side products and to increase the yield of
CHsOH. However, due to the strength of the CH bond in mettiaaenethanol is at an
immediate disadvantage and makes the search for an ideal selective catalyst even more difficult
Upon investigation into the reaction of (MsVO?* + CHs and subsequent methanol
analysis, hydrogen bonding between the OH group andrimonia ligands was observed and
could potentially affect the activation energies of the methane and methanol species, if this is the
case could present a new avenue to pursue the investigation into an ideal catalyst.
Analysis of methane and methanotigation energies began with the optimization of the
reactants (R), transition states (TS), and products (P) of thes¥bf* + CHsreaction and the
partial optimization of the (NkJ)sVO?* + CH:OH reaction, the structures for which are displayed

in Figure5.5.
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(H;N)VO* + CH,

s SERPI T, *

(H;N)VO**+ CH,OH

W

Figure 5.5. Structures for the reactants (R), transmon states (TS), and products (P) of the
reaction between (N§5VO?* (S=1/2) and CH (a) or CHsOH (b). The structures in (c)
correspond to partially optimized (PO) speciestfoe reaction with CEOH, where the OH
group points away from the ammonia ligands (see text for more details).

The methanol pathway is partially optimized (PO) by using the optimized structure of the
methane species and replacing the hydrogen on methdinestutaway from the catalyst with OH
to form methanol, and only the OH group of methanol is optimized.

With the optimization of each stage of the reaction for each metal, the activation energies
for the methane and methanol pathways could be calcidattdompared to understand any
potential influence of hydrogen bonding. The calculated activation energies are shown in Figure
5.6 where the methane energies are depicted as circles, methanol as diamonds, and the color

denoting low spin (LS), intermediaspin (I1S), high spin (HS), or the S=3 of iron.
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Figure 5.6. Activation energies for the reactions of (j0O2* with CHs and CHOH for
M=Ti-Ni and for LS, IS, and HS spin states.

In all cases Evalues are competitive (withih6 kcal/mao) for methane ashmethanol,
and in nearly all cases tha #alue for methanol is slightly larger. These results are in complete
contrast with the literature reports. For example, Norskgv aivaockers found that the.E
values for methanol are always 0.57 eV (13.1 kcdyhower than methane for a large
number/variety of heterogeneous cataly$8imilar differences can be implied for molecular
catalysts based on the selectivity plots Reval'! Our results confirm that hydrogen bonding
can be a future very promising strategy that needs to be explored further.

The largest activation barriers correspond to states that have characterized as oxo states.
For example, the LS of (N\§TiO?* and (NH)sV O?*, LS/IS for (NH)sCrO?* and (NH)sMnO?*,
LS/IS/HS(S=2) for (NH)sFeCG*, and maybe IS for (NBsCoC?*. Interestingly, the Evalues for
these states decrease in a linear fashion going from early to late transition metals, which indicates

that the radicatharacter of the oxo states increases. This is also confirmed by the Mulliken spin
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densities on oxygen for these states: 0.00 (Ti/0B (V/LS), 0.00 (Cr/LS), 0.38 (Cr/IS), 0.06
(Mn/LS), 0.62 (Mn/IS)0.00 (Fe/LS), 0.84 (Fe/lS), 0.81 (Fe/HS), 1.18 [Ep/The Fe/LS state
is the opershell singlet sister state of Fe/IS and thus the spin density is 0.00 due to cancelation
of the two’ ; 8* electron spins. Therefore, a fairer picture could be to use the spin density for the
direction al on g of@H or€CHOH dpproadias.HDuebtmsgmmetry these
values are half of the previous values and is 0.41 for Fe/LS. The resulting values (averaged over
the various spins) also show a linear trend 0.00, 0.18, 0.19, 0.34, 0.41, and 0.59 for Ti, V, Cr,
Mn, Fe,and Co, respectively.

A different explanation can be provided based on the potential energy curve&of ref.
along the reaction coordinate of (BTiO2?* + CHa. According to Figure 5.7 and corresponding
discussion of this work, the activatibarrier of the ground oxo state (Ti/LS/S=0) is controlled
by the excitation energy to the oxyl state (Ti/HS/S=1). The lower the excitation energy, the lower
thekval ue i s expected to be. I ndeed, the oxo Y
to Mn (19496, 18959, 7056, and 4750'énseeTable 5.} but increases for Fe (8166 cin
Overall, the combination of the spin density
energies can be considered as good descriptors for predicting the actiaatiers of the
reaction of metal oxides with methane.

On the other hand, the: Zalues for the remaining states of clear oxyl character are very
small (of the order of 10 kcal/mol or smaller) and present a rather increasing trend. The two lines

converge tdhe same values for (N§NiO?*.
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6. Importance of Excited States in Reactions

When investigating the clusters the TiO(with methanet wasnoticed that in order
to fully understand the mechanism of this systehe excited states would need to beter
investigatedUsing the single points along the intrinsic reaction coordinate catexira reaction
pathway for the reaction of TIO5A with GHVultireference calculations were completed with
state averaged CASSCF involving a 12 orbital activeespac o n s i s b, W m-@ fm, Ut h e
t wamo*', m&l*mi*t he G and G* of the activated CH
allow for proper convergence (usually outer p orbitals). Due to the complexity of the calculations
thecalculations were completed using a lower basis seiV&Z on the metal, nitrogemand
hydrogen; and augc-pVDZ on the oxygerand carbonusing the MOLPRO 2021 suite of
software®

It was originallybelievedthat the ground state singlet proceeds thinoagroton coupled
electron transfer mechanigiACET) The PCET for this singlet would involve the oxygen taking
the proton and the electron going to the metal breaking theHdbbnd. However, concerning
the product with the OH group, this had 2 unpaeksttrons, which could produce either a
singlet or a triplet depending on the spin of the unpaired electrons on the metal and the methyl
radical. To investigate the effect of the triplet pathway on the ground state singlet pathway we
constructed potentianergy curves for several states, focusing on the ground state,singlet
higher energy singlet, and the lowest energy triglbee potential energy curves for the system

are shown in Figure 5.The states shown in red are the singlet and green isplet, tand a 2+

charge is retained by the catalyst throughout the reaction
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Figure 5.7: potential energy curves for the (NlTiO?* +CH4 reaction to form a cluster with an
OH group and a methyl group

The lowest singlet begins as a closed shéld cluster reacting with closed shell ¢H
which is expected to result in a repulsive curve, the oxygen grabs the H and one of the electrons
in the Ch-H bond moves to the metal, the resulting product is the TiOH cluster with an electron
on the metal and the nigtl radical.The triplet product is the same but with a different
configuration resulting from a spin flighe higher energy singlet also plays an effect as it
begins with an open shell singhaktal oxide clusteand undergoes thdydrogen Atom transfer
(HAT) mechanism when reacting with closed shell methane, this is expected to be an attractive

process. Howeat, when the two singlets interact with each other there is an avoided crossing
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since the same spin cannot cragdsch does not resuih a repulsiveandattractive curveor the
singlet states but instead they divert away from each d&ther behavior yeldsthe ground state
singletcurve wih the same product as the triplet andhigher energy singlet state will not
stabilize, instead end in a high energy prodiéth this in mind we can confidently say that the
ground state singlet does not undefigw PCET mechanisaue tothe effect of the behavior of

the higher energy singlet, without which the ground state singlet would have ended high in
energy with a repulsive curve, rather what the ground state singlet is undergoing is more of the
hydrogen atontransfer mechanism and the PCET implies an excited state undergoing the HAT
mechanismEssentially, the PCET provides an explanatmrthe behavior of the ground state

singlet on its own and neglecting its interaction with excited states.
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Chapter 6: Effectiveness of DFT Functionals on Ground and Excited States of
PentaAmmonia Coordinated Transition Metal Oxide Dications Compared to

Multireference Methods

Transition metal complexes, specifically transition metal oxides have been shown to be
promising candidates for many industrial processes. Studies have shown their ability to act as
suitable catalystas well as present in several new industrial advancements such as solar cells
and gas sensots? Transition metal complexes are generally of multireference character and
have complex electronic structufé?* In principle, they should be studied with mwfierence
technigues, however these techniques are expensive and these systems cannot be studied
catalytically without the presence of one or two small lig&ads.

Density functional theory (DFT) has revolutionized quantum chemistry by providing a
sound basi for the development of new strategies to determine energetics, structures and
properties of a multitude of compounds for much cheaper cost than other method6 DEiES.
is a less costly method than multireference, but has its drawbacks, and depending on which
functionals are used to characterize a system, can yield very different results for the system.
Functional hierarchy i s c¢ htanerdianedenrthe itezaturebbys i ng n
Perdew and Schmidt where each rung of the ladder represents a family of density functional
approximations climbing upwards towards chemical accuaEle first rung showcases the
simplest density functionals, the localrsgensity approximations, where the exchange
correlation energy depends only on the derfdi#y LDAs tend to overbind molecules and
although they have shown successful results in material science they are inaccurate for most
chemical purpose®:?®° Thenext rung features the Generalized Gradient Approximations (GGA)

which rely on not only the density at each point, but also the gradient (i.e. how the density
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changes in space). The GGA family is typically more accurate compared to LDA however no
universaform exists?2The metaGGA occupies the next rung dependent on Kohn Sham kinetic
energy densities, and is the highest rung of the ladder not containing a computationally
demanding requirement; hybrid functionals, those with added percent of HF exchiachdeper
GGAs occupy higher rungs of the ladder towards chemical acctirbieye we consider these
functionals and their performance. A larger range is studied by Euék but only ground state
properties and energetics are investigdtétere exited states are explored as will due to their
importance for reactivity.

The GGA functionaBLYP is a one parameter functional shown to fit exact exchange
energies for noble gases helium to raddf The Minnesota 2006 local functional (M09
belongs ® the metaGGA family designed by Zhao and Truhlar and parameterized to have good
performance with both main group elements and transition n¥8@A hybrids, the most
popular being B3LYP and PBEO, mix the GGA component with some HF exchange, and the
goal of the meteaGGA types of functionals is to perform comparable to hybrid functionals
without the high cost associated with hybrid functiod&fd 36 Rangeseparated (RS) hybrid
family includes therb97x functional developed to be free of long rangkisétraction3’ The
hybrid version of the Tao, Perdew, Staroverov, and Scuseria functional (TPSSh), Minnesota 15
(MN15), and MO06 functionals belong to me&ksA-hybrid. TPSSh according to Kossman shows
significant superiority to the nelmybrid version (TPS)38A bioinorganic study by Jensen et al
in 2008, suggests promising results for the use of the TPSSh functional in the bioinorganic
field.3**MN15 showed much broader accuracy than previous Minnesota functionals and has been
shown the greatly characteginoncovalent interactions and a good functional for studying

transition metalé®4' The M06 functional, an improvement over the previously mentioned M06
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L functional, is known for its broad applicability, parameterized to include both transition metals
and noametals, and recommended for orgaand inorganometallic chemistry and noncovalent
interactions’?

Among the double hybrid family is the Perdew, Burke, and Enzerhof O double hybrid
(PBEQdh) functional showed a significant improvement comparets$ foarent functional, PBE,
with the ratio of Hartree Fock, KokBham, and perturbation term participatf&n

Density functional theory (DFT) is certainly a necessary tool, but in order to do things
correctly we need to benchmark our functionals for sorapageable systems and apply to other
systems. Quantities of interest for these purposes of benchmarking are geometries, most notably
the metal oxygen bond that changes with character, and chemical activity. The bond between a
transition metal and oxyges important across many fields of research: catalysis, biology,
astrophysics, as well as other areas of chemistry. Moéit.ea. investigated the MD bond for
neutral and cationic transition metal oxides too understand their behavior and foundrthat the
strength decreased across the periodic table from early to late, and the bond directs the reaction
energetics of the transition metal systéfhs.

Transition metals have many excited states which can be just as catalytically important as
the ground statevhich means an investigation into their chemical activity is as beneficial as
benchmarking ground state enerdiel terms of chemical activity, efforts are focused on the
activation barriers due to the importance of excited states. The effect efdestzites on ground
state chemistry can be seen with the reaction éfl{§TiO?* with methane, where the activation
barrier is lowered if the metal oxide excited state is also lower, and the behavior of the excited

state shifts the ground state behattor.
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Benchmarking requires the use of a manageable system. The system used here is
transition metal oxide dication complexes. Transition metal oxide dications have been shown to
be beneficial catalytically due to their unique electronic structure, and their ability to be oxo or
oxyl with the help of ligand$!-151921.46Machine learmg guided analyses have been completed
investigating transition metal complexes characterization with DFT and determining
multireference characté?*” A study in 2021 investigated the electronic structure of these
complexes to understand and categattiiér behavior, but a question lies in what is the best way
to characterize their behavithrThese catalysts have also been shown to be useful in water and
methane activatioht15:46

Here, we studied nine functionals across different DFT families f&iréiov (H3N)sMO?*
and compared against multiple mukiference methods to determine if a DFT functional can
describe the ground and excited states of these systems as well as multireference methods. In
Section Il we describe the computational tools usdtiis study. Section Il displays the results
and discusses the performance of each functional compared to the wavefuntion (multireference

and CCSD(T)) methods. Finally, section IV describes the conclusions of this study.

1. Computational Details
DFT optimizations were completed across six different families of functionals with nine
representative functionals considered. One GGA (BLYP), one- @6t (M06-L), two GGA
hybrid (B3LYP, PBEQ), one RS hybridB97X), three met&5GA hybrid (MN15, TPSSh,
MO06), ard one double hybrid (PBEDH) to account for different parameterization factors.
MN15 was used to optimize all geometries at the start due to its ability to characterize transition

metals well, and these optimized geometries were used as the startindrgsdimethe
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remaining functional$® Most of the harmonic vibrational frequencies were found to be real,
however some systems had small imaginary frequenci&8 em* corresponding to the internal
rotations of ammonia, and despite our efforts we were not able to eliminate them.

A cc-pVTZ basis was placed on the metal, nitrogen, and hydrogen, and-ac-pMdZ
basis was placed on the oxygen to account for the amaiuce of the oxygen and polar nature
of the metaloxygen bond. Electronic configurations were obtained usingtétide=o0pt
keyword and applied to the optimization step vgtless=read DFT optimizations were
calculated using Gaussian 16 softwr&,

Multireference calculations were completed at the CASSCF, MRCI, MRCI+Q, and
CASPT?2 levels of theory using Molpro software with the optimized geometries from
DFT/MN155° The use of DFT geometries for subsequent ab initio calculations is a common
practice in e literaturel53In all cases, the geometries have a f@&@mymmetry, and thus they
were symmetrized to{or the subsequent CASSCF calculation to reduce the computational
cost. The ten orbitals included in this active space are the 4s and 3d oiiit@snetal, the 2p
orbitals of the oxygen, and a virtuabAdrbital necessary to help convergence. The 2s orbital of
oxygen and valence electrons of ammonia were kept inactive at CASSCF. At MRCI and
CASPT2 the lone pairs of the five ammonia ligandsewserrelated (31 inactive/core orbitals).
For the multireference calculations, ap¢DZ (DZ) basis was placed on the metal, nitrogen,
and hydrogen and an aeg-pVDZ on oxygen for all methods except the CASPT2/TZ method,
which used the corresponding teg (TZ) basis sets.

CCSD(T) calculations were done using the Gaussian 16 soff/famsing the optimized
geometry and electronic configurations obtained at the MN15 level. Different orbital spaces have

been used for the electron correlation-EZSD(T)pertains to the electron correlation of all
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valence electrons (15 core orbitals),-BXZSD(T) corresponds to the same space used for MRCI
and CASPT2 (31 core orbitals), andGCSD(T) includes all valence electrons plus th@@s
subvalence electrons ofdimetal (11 core orbitals). Due to the increased computational cost, the
DZ basis set is used for the CCSD(T) calculation€@SD(T)/TZ energies were estimated by
adding the difference between the CASPT2/DZ and CASPT2/TZ energies te88D0(T)/DZ

energes.

2. Geometric Trends

Geometry optimization across multiple functionals and spins allows for the
characterization of bond lengths of the complex to understand how they change. Figures 6.1, 6.2,
and 6.3 display the bond length trends for the retggen bond (6.1), metalxial ammonia
bond (6.2), and the metatjuatorial ammonia bond (6.3). The bond lengths are characterized by
spin on the x axis resulting in three columns; low spin (L), intermediate spin (1), and high spin
(H). Each of the nine funanals is denoted by a different color diamond. Each plot has three
rows of points, the bottom row corresponding to the minimum bond length of a particular
functional, the middle row corresponding to the average bond length of the functional, and the
top rawv for the maximum bond length of the functional. Generally, six of the nine functionals
agree within 0.05 A regardless of bond type, with the exception of outliers BLYRL\V&&
PBEGDH. BLYP, MO6-L and PBEGDH are the consistent outliers due to over or
underestimation depending on the system and the remaining functionals agree witdin 0.05

regardless of bond type
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2.1 MetatOxygen Bond

The trends for the metalxygen bond are shown in Figure 6.1. For this bond type there is
an overalincrease in the bond length from low spin to high spin; with the averages starting at
1.65 A for the low spin, 1.70 A for the intermediate spin, and 1.96 A for the high spin. This is as
expected since the high spin is more commonly responsible for drawtnige oxyl character of
the metal oxide as well as libhreakage. Moving from low to intermediate spin the range of
bond lengths is similar for low and intermediate spin, and the average bond lengths are closer to
the minimum bond lengths, which signgiéhat our sample has more (oxo) states with shorter
bond lengths. The high spin however has the maximum bond lengths more separated from the
minimum and average (~0®&6 A) compared to the smaller 0.20 A separation for low and

intermediate spins.
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Figure 6.2 Geometry MO bond across functionals, min avg and max for low int and high spin
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2.2 MetalAxial Ammonia Bond

The average bond lengths between the metal and the axial ammonia are more consistent
than for the metal oxygen bond ranging about23LA across all spins. However, they reveal
the exact opposite trends compared to metal oxygen bonds regarding the ranges as they decrease
going from low to high spin from 0.6 A to 0.2 A.

This opposing set of behavior between the metal oxygen bond and xiattalnamonia
bond is likely due to a phenomenon known as trans influence. Trans influence is the impact of a
ligand on the length of the bond trans to it in a tug of war mafifigin this case the two bonds
are the metal oxygen bond and the metal ammonia bond trans to it. This can be easily visualized
through the comparison of FiguBel and6.2. The metal axial ammonia bonds (Fig6r2)
decrease whenever the metal oxygen bonclease.

Low spinmetal axial ammonia bond vgithin 0.6 A whereas for the metal oxygen is
between 0.3 A. Intermediate spin at 0.4 vs 0.3 A for metal oxygen, and high spin metal axial 0.3
vs 1.0 A for metal oxygen. Average bond length is relatively intiuielle of the minimum and
maximum bond lengths for the low spin and high spin realm. Intermediate spin realm has some

favoritism for the maximum bond length.
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2.3 MetalEquatorial Ammonia bond
Metalequatorial ammonia bonds are shorter than the axial ammonia bonds, less than 2.35

A everywhere whereas the axial ammonia bond ranges within 2.0 aAd Ph@ distance

increases from low to high spin resemglthe behavior of the metal oxygen bond and each spin
bearing a similar range in bond length within A.2nd unaffected by trans influence unlike the
metal oxygen bondr'he average bond length for this bond type is more evenly split between the

maximum and minimum bond lengths as there are four contributing metal ammonia bonds.
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Figure 6.3: Geometry MNHs equatorial bond across functionals, min avg and max for low int

and high spin
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3. Excitation Energies

The excitation energies for the first low spin, intermediate spin, and high spin states of each
(NH3)sMO?* complex (M=TiNi) and at different methodare listed in Table 6.1 (wavefunction
based methods) and 6.2 (DFT). The MN15 geometries have been used for all wavefunction based
methods since the MN15 meiatygen and metatitrogen bond lengths are always in the middle
of the range for the various fumanals (see above). The muléference calculations indicated that
the majority of the states can be described fairly well with a single Slater determinant (Cl
coefficient 0.8 or larger). Exceptions are low (S=0) and highest (S=3) spin states of Hespind a
states for Ni, which have two major determinants with coefficients between 0.5 and 0.75. We
confirmed that the CCSD(T) and DFT electronic configurations are identical to the major
configuration of each state.

The increase of the basis set from @ZTZ at the CASPT2 level of theory changes the
excitation energies by ~+2,000 tAfmaximum decrease 1540 cAand maximum increase 2333
cmM). The aver ageé€?!Adnmianchange issobserted comparing CASPT2 and
MRCI (maximum decrease 24887 I maximum increase 2000 &érhand average drop 51 t
The differences between CASPT2 and-€ZSD(T) are considerably larger, and in the Fe case
we observe differences of ~10,000'chor larger. Recall that the same electrons are correlated in
the two methods. We believe that the CCSD(T) results are more accurate since the considered
states are of singleeference nature and that the CASPT2 results will be improved if we were able
to increase the active space. Similar remarks have been made ierdierg for noftransition
metal containing molecules, and this is expected to be amplified for the present transition metal

complexes due to the richer electronic structdféThe utilization of a second 3shell in the
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active space has been suggestethe literature to improve CASPT2 results for transition metal
compounds’

The number of electrons that are correlated in the-ldagtree Fock of poSEASSCF
methods is also important as indicated by the®38S5D(T)/DZ, FMCCSD(T)/DZ, and €
CCSD(T)/DZ calculations. Besides the metallic electrons and the electrons of thexygt
bond, the first includes the correlation from the lone pairs of ammonia, the second includes all
valence electrons, and the last one includes also the subvalence metallic electrons. The excitation
energies can change dramatically (several thousandsiofin some cases) going from one
method to the other, which shows the difficulty of studying accurately such complexes with
wavefunctionbased methods. Both the static and dynamic electron correlation are equally
important. Here, we will consider thaietlc-CCSD(T)/TZ provides the best results.

The DFT values are compared graphically with th€ €SD(T)/TZ and CASPT2/TZ
results in Figure 6.4. The values for various density functionals are depicted with red circles (low
spin), blue squares (intermediatendpnd green diamonds (high spin). For Fe only we included
an even higher spin state (S=3) shown with purple stars. TRESD(T)/TZ and CASPT2/TZ
values are also represented with solid and dashed lines, respectively.

The first two metals, Ti and V, hawery similar electronic structures. The low spin oxo
state is well separated from the intermediate spin oxyl state, and the excitation energies at the C
CCSD(T)/TZ and CASPT2/TZ levels agree very well (within less than 10%). All functionals
predict the lov spin state as the ground state but they generally underestimate the excitation energy
by a couple of thousands of wavenumbers (~10%). BLYP and M06 are closer to the ab initio
values, while PBEMDH has the clearly largest discrepancy. The rest of theifunads agree within

2,000 cm with each other.
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The low and intermediate spin states for Cr have very competitive energies with one or the
other being the ground state depending on the level of theory. The only outlier iPBRMich
erroneously predi that the intermediate spin state is very high in energy and actually lower than
the high spin state, which is clearly the highest energy state in every other method. Similarly to Ti
and V, the excitation energy for the high spin state is smaller in &ffipared to the C
CCSD(T)/TZ and CASPT2/TZ values.

The ground state for Mn is always the quartet state (intermediate spin state) except for
PBEGDH, which again overly favors the high spin state. The low spin doublet state is the first
excited state forlamethods except M06. The B3LYP, wB97x, MN15, and TPSSh excitation
energies are within 200 énffrom the GCCSD(T)/TZ. Finally, once again the high spin oxyl state
is stabilized in DFT compared tc@©CSD(T)/TZ.

The case of iron is the most didactic ddere the @CCSD(T)/TZ and CASPT2/TZ results
are very different from each other. The ground state in both cases is the high spin quintet state, but
the excitation energies for the other spins are much higher for CASPT2/TZ (see solid and dashed
lines in Figue 6.4). At GCCSD(T)/TZ, the intermediate spin triplet state lies less than 1,000 cm
above the ground state, the low spin singlet state is less than 1,00higiner, and the highest
spin septet state is at ~8,000' chiPutting aside the BLYP, TPSSh0K] and PBEDH, the rest
of the functionals predict the correct energy order with the best agreement achieved by MN15.
Finally, it should be stated that DFT agrees better wHBGSD(T)/TZ and not CASPT2/TZ,
supporting further our belief that CCSD(T)/TZis more accurate.

For Co, the CASPT2/TZ excitation energy for the low spin state is much higher than C
CCSD(T)/TZ but the two methods agree for the high spin state. ExceptPBE®e remaining

functionals predict the low and intermediate spin statesgetically very close to each other. In

111



contrast with the previous observations, the excitation energy for the high spin state now is
overestimated with the DFT methods. Finally, the Ni case is also very different with the
CASPT2/TZ values being closer BT now, and not the {CCSD(T)/TZ ones. Recall that the
nickel complexes have the larger multference character and this renders the CCSD(T) results
less trustworthy. Both the CASPT2/TZ and DFT (except MN15 and HBEHEOresults predict the
three spin &tes to lie within 2,000 cirt

Conclusively, we confirm the computational challenges known for transition metal
complexes originating from their complex electronic structure. Our results show the importance
of describing the static and dynamic correlatioroperly. We generally suggest that a good
strategy is first perform CASSCF calculations. If the wavefunction appears to be dominated by a
single electron configuration, then DFT calculations with a proper functional can be quite accurate.
Among the funtionals examined presently, the BLYP, M06, and PEBHED showed the poorest
performance, while the remaining functionals are quite equivalent performing better or worse in a
caseby-case basis. A general observation is that DFT underestimates the exeiteigies of
the high spin oxyl states, which implies that DFT may increase the radical character of metal
oxygen bonds leading to lower activation barriers for the reaction of metal oxides with other
molecules, such as Gléf H2S but not HO.> The presentonclusions cannot be generalized for
highly multi-reference systems since the present systems are admittedly single reference and only
the dynamic correlation is probed. The use of MRCI or CASPT2 seems to be more applicable to
early transition metals, vile for metal beyond Mn an extended active space (doub&h8ll) is

necessary.
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Table 61: Relative energies (cnj for the first low/intermediate/high spin states of @NMO?* at various wavefunction methods.

M MRCI / MRCI +Q CASPT2CASPT2 PWCSD(T)FWCSD(T)CCCSD(T)CCCSD(T.
Ti (S- 0 0 0 0 0 0 0 0
Ti (S= 222 223 225 233 2009 218 240 247
VANC-E 0 0 0 0 0 0 0 0
VANC-E 217 216 216 225 172 201 2109 228
Cr (S- 198 187 172 69 0 2 4 0 0
Cr (S- 0 0 0 0 332 0 110 213
Cr (S- 928 941 973 106 459 732 96 2 115
Mn &5 - 148 280 124 50 104 242 256 183
Mn 8P - 0 0 0 0 303 0 0 0
Mn B/ - 109 330 150 384 0 389 58 3 816
Fe (S= 122 106 119 108 26 2 825 264 156
Fe (S-: 661 450 557 469 111 295 154 67
Fe (S-: 0 0 0 0 319 0 0 0
Fe (S-: 798 68 3 971 111 0 501 645 793
Co ¥25:- 687 398 931 978 60 3 197 138 186
Co 325: 0 0 0 0 0 0 0 0
Co 925- 417 429 577 423 144 465 537 383
Ni (S-: 302 237 116 0 641 907 993 100
Ni (S: 436 322 236 112 0 20 0 0
Ni (S: 0 0 0 53 8 4 0 67 2 4 4




Table 6.2 Relative energies (¢n) for the first low/intermediate/high spin states of @¢MO?* with various density functionals.

M BLYP MO6L B3LYF PBEO wB97) MN15 TPSS MO06 PBEDH
Ti (S- 0 0 0 0 0 0 0 0 0
Ti (S= 243 228 198 194 191 194 203 218 131
Vo (Y9 = 0 0 0 0 0 0 0 0 0
V(39 = 238 211 195 187 188 189 205 196 115
Cr (S- 0 174 60 109 0 0 0 229 984
Cr (S= 129 0 0 0 29 62 30 0 0
Cr (S= 137 789 682 5606 582 705 842 5090 305
Mn &5 - 71 445 249 347 225 14¢ 174 522 486
Mn 825 - 0 0 0 0 0 0 0 0 546
Mn( S/ 135 7009 608 455 454 475 883 2092 0
Fe (S: 271 567 308 361 331 2614 263 785 138
Fe (S-: 0 81 0 37 0 0 0 346 999
Fe (S: 337 0 71 0 46 36 2 83 0 41¢
Fe (S: 187 817 819 573 617 814 128 441 0
Co ¥25= 171 168 18 1 0 0 8 8 0 5 2
Co {2S: 0 0 0 0 98 157 0 23 145
Co ¥25:= 105 622 633 519 603 791 880 340 0
Ni (S: 5 4 114 0 0 0 33 0 0 352
Ni (S: 0 32 2 8 53 61 0 31 39 766
Ni (S= 158 0 115 91 51 322 175 90 0
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I. Introduction

Studies of transition metal compounds especially transition
metal oxides have been motivated by their many industrial
applications. The energy band structure and the multiple
crystal structures of solid niobium oxides (NbO, NbO,, or
Nb,0s) have enabled their use in gas sensors, electrochromics,
solid electrolytic capacitors, transparent conductive oxides, and
most recently rechargeable batteries."® Nb,Og has also shown
promise as a catalyst for the degradation of toxic organic dyes
such as methylene blue.* Niobium has the ability to play
multiple roles in catalysis, working as the active phase, dopant,
and support. This high catalytic activity of niobium results
from its redox property, high acidity, and strong interaction
between the metal and support materials.” The presence of
small amounts of niobium oxides enhances the activity, selec-
tivity, and life of the catalyst.®” On a different note, the
presence of NbO in stellar bodies is still debatable,**" as
opposed to its first row transition metal analog, vO."''* Given
the importance of niobium oxides, there have been several
experimental studies on the electronic structure of the base
NbO unit.

Department of Chemistry and Biochemistry, Aubuwm University, Auburn,

AL 36849-5312, USA E-mail: emiftord @auburn edu

t Electronic supplementary information (ESI) available: Optimal geometries,
harmonic vibrational frequencies, and energetics for all intermediates and
transition states for the NbO + CH, reaction. The MRCI PECs for NbO  are also
given. See DOI: 10.1039/c9cp05408a

26324 | Phys Chem Chem Phys, 2019, 21, 26324-26332

NbO (N> 0~} can produce methanol through a radical mechanism with small energy barriers.

In 1987, Dyke et al recorded the first photoelectron
spectrum of NbO and measured its first ionization energy as
IE = 7.91 + 0.02 eV."? The authors performed Hartree-Fock
calculations on the ground state, referred to as “E , and calcu-
lated the NbO distance 7. = 1.682 A and harmonie vibrational
frequency @, = 983 cm . These values are in agreement with the
earlier experimental data of 7. = 1.691 A and @, = 989 cm .** The
same year Merer et al. observed the B[l « X'T  transition of the
optical spectrum, and detected a second order spin-orbit splitting
of 62 cm ' between the higher X*Z;, and lower X*T,, energy
components.'® Langhoff and Bauschlicher theoretically explored
five low-lying electronic states (X*E , A*®, B'TI, C*I1, and a’A) by
means of multireference configuration interaction {(MRCI)."® Four
years later, Siegbahn applied the modified coupled pair func-
tional technigue reporting r, = 1.71 A and a binding energy D,
of 159.7 keal mol *.'" Dolg et al used MRCI methodologies to
study the ground and first excited electronic states of NbO
providing 7a, @e, De, and dipole moments i.'8

The first systematic spectroscopic work on the doublet
manifold belongs to Launila et al, who listed several spectro-
scopic constants for a’A, b*T |, ¢TI, d*A, e’®, and °T1." The
reaction of Nb with '®0, and 0, is examined with matrix
isolation IR by Zhou and Andrews and the vibrational frequencies
of the produced Nb'®0 and Nb'™O are given as 970.6 and
923.5 cm ! respectively.®” In 1998, Loock et al measured the
ionization energy of NbO by means of photoionization efficiency
spectroscopy and mass-analyzed threshold ionization.”’ Their
value of 7.154 £ 0.001 eV is ~0.75 eV smaller than that of
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Dvke et al. {see above). Using an earlier reported binding energy
for NbO" and its IE, Loock et al estimated the binding energy
for the ground state of NbO to be equal to 7.53 + 0.11 eV.
Next, Kingston et al analysed the hyperfine structure of the
Bl « X' transition providing rotational and spin-orbit
constants for the B'TI 451/23/2,52 components.® To our knowl
edge, the most recent work on NbO belongs to Kharat, who
performed density functional theory (DFT) calculations on the
ground quartet and first doublet electronic states.™®

Presently, we perform the first systematic high level electronic
structure investigation on NbO reporting bond lengths,
excitation energies, spectroscopic constants, dipole moments,
binding energies, bonding patterns, ionization energies,
electron affinities, and spin-orbit coupling constants for the
lowest eighteen electronic states. This work is part of our ongoing
investigation regarding first and second-row transition metal
monoxides.'>**2* Our results are compared with the existing
experimental data and are expected to assist future spectroscopic
studies. We also compare the electronic structure of NbO with its
first-row transition metal oxide counterpart {VO). In addition, we
examine the reaction of the low lying states of NbO with methane
in an attempt to clarify the role of the electronic structure in the
C-H activation process. In Section II, we describe the employed
methods. In Section III, we report and discuss our results. Our
findings are summarized in Section IV.

Il. Computational details

The multi-reference configuration interaction (MRCI) technique
was employed to solve the electronic Schridinger equation.
All valence electrons are correlated, and the reference wave
function was obtained at the complete active space self-
consistent field (CASSCF) level. The active space consists of
nine electrons allocated in twelve orbitals. These twelve orbitals
at infinity correspond to 2p of oxygen, and 5s, 4d, and 5p
of niobium. Although the 5p orbitals of niobium are only
partially occupied at every Nb-O distance, they were found to
be necessary for the smooth convergence of the CASSCF itera-
tions. The 2s electrons of oxygen are not included in the
CASSCF active space, but they are promoted to virtual orbitals
at the MRCI level. The Davidson correction {MRCI+Q) was also
applied to account for part of the missing dynamic correlation
and alleviate the size extensivity errors. In addition, for selected
states with dominant single reference character, the coupled
cluster singles, doubles, and perturbatively connected triples
method, CCSD(T), was considered. For CCSD(T), we performed
calculations where the sub-valence 4s%4p°® electrons of niobium
are correlated, this is denoted as C-CCSD(T). Finally, we
performed spin-orbit coupling calculations by adding the
Breit-Pauli spin-orbit operator to the electronic Hamiltonian
and diagonalizing the new Hamiltonian matrix in the basis of
the unperturbed MRCI wave functions at 1.7 A.

The correlation consistent family of basis sets is currently
used, specifically the cc-pV5Z-PP and aug-ce-pV5Z sets for
niobium and oxygen, respectively.”*** The former includes
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the Stuttgart relativistic effective core pseudopotential replacing
the first 28 electrons of niohium, 15*2s*2p°3s°3p°®3d"”. The latter
basis set is equipped with a series of diffuse functions to facilitate
the description of the polarized Nb**0° bond. The total number
of basis functions for the two atoms are 7s7p6d4f3g2hili (Nb) and
7s6p5d4fig2h (0). When excitations from the inner 4s%4p®
electrons of niobium are allowed, the corresponding weighted-
core ccpwCV5Z set is used resulting in the addition of
252p2d1figlhli functions on niobium.**

The highest Abelian C,, subgroup of the full .., molecular
point group was selected. Spectroscopic constants were evalu-
ated by numerically solving the ro-vibrational Schridinger
equation. Dipole moments are calculated as expectation values
and as the linear response to an applied electric field {uer) of
intensity +0.001 a.u. along the interatomic axis (finite field
approach). All multi-reference and coupled cluster electronic
structure caleulations were done with MOLPRO2015.%

For the NbO + CH, reaction, we performed CASSCF, CCSD{T),
and density functional theory {DFT) calculations using the MN15
functional.®® CASSCF was used to study the first step of the
reaction, NbO + CH, — CH;NbOH. The active space for this
study consists of eleven electrons in eleven orbitals. These
orbitals correspond to nine molecular orbitals of NbO and
the bonding and anti-bonding molecular orbitals of the
activated C-H bond. The three orbitals of NbO corresponding
to niobium 5p orbitals at long distances remain inactive
since their contribution at equilibrium distances is minor
{see below). For the two-step reaction NbO + CH, — Nb + CH;0H,
we performed CCSD{T) single point energy calculations using the
MN15 optimized structures {CCSD(T)//MN15). We found that this
approach for a similar CH; + N;O — CH;OH + N, reaction
facilitated by FeCH;" gives reasonable agreement with CCSD{T)//
CCSD(T).* To assess the multi-reference character of all inter-
mediates and transition states we used two criteria. First, using
the same active space {11 electrons/11 orbitals) we performed
CASSCF calculations and recorded the largest coefficient of the CI
vector. Second, we monitored the T1 diagnostic obtained at the
CCSD level. Substantial single reference character in almost all
cases (see below) validates the use of CCSD(T). Triple<{ basis sets
are used for these calculations. All DFT caleulations were done
with Gaussian16.%°

Ill. Results and discussion
IIA. NbO

The ground state of Nb is a °D state with a 55*4d* electronic
configuration. Besides Cr and Mo, which prefer the high-spin
s'd® half-filled valence shell, Nb is the only other metal with an s*
ground state configuration. Its first excited state °F of s* character
(55”4d”) lies 1486 em ! (M; averaged difference) above the ground
state.’” The combination of the ground state fragments Nb(°D) +
O(*P) generates one £7, two I | three IT, two A, and one @ state of
quartet, sextet, and octet spin multiplicities, grouped succinctly as
“SEEY1), T (2), TI(3), A{2), ©{1)]. The next channel Nb{*F) + OP)
produces the **£"(2), £ (1), T1{3), A{3), ©(2), I{1)] manifold of
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states. Electronic states coming from the first and second channels
are expected to have a local {in situ) 55" and 5s” niobium center,
respectively.

Considering the ionic (M"0O ) nature of the first and second
row transition metal oxides,'****" electronic states stemming
from the combination of the low-lying states of Nb" with O
should be taken into account. The first two states of Nb"
*D{4d*) and °F(55'4d*) produce the **[Z7(2), T (1), T1(3), A(1),
@®{1)] and “7[£7(2), T (1), TI{3), A{3), ®{2), [{1}] groups, respec-
tively. Overall, the contributions of the neutral and ionic
species are expected to create a plethora of multi-reference
low-lying electronic states for NbO. Indeed, this is the case for
the first eighteen states, which are of doublet and quartet spin
multiplicities and have 4s° 4s', and 4s® in situ niobium
character. The dominant electronic configurations for all of
these states are listed in Table 1 and the corresponding
molecular orbitals are shown in Fig. 1. In all cases the 1g,
26, and 1z orbitals corresponding to 1s{0}, Nb-O & and Nb-O
n-bonds are doubly occupied. The remaining three valence
electrons reside at orbitals mainly localized on niobium deter-
mining the overall symmetry of each state. The three molecular
orbitals corresponding to niobium 5p orbitals at long Nb-O
distances, which are part of the active space, are not shown in
Fig. 1 and not listed in Table 1. Although they were found to be
necessary for technical reasons {convergence issues), their
occupation is small and they do not contribute to the dominant
equilibrium configurations.

The ground state is “E  with the three symmetiy determining
electrons occupying the 3¢ and 16 orbitals. The bonding scheme is
presented in Fig. 2 showing the valence-bond-Lewis {vbL) diagram,
where the niobium atomic orbitals are depicted as lines. In this
scheme the “X  state is formed from Nb'(°F; 5s*4d’) and O (°P).
The 2p, and 2p, electrons of oxygen are only partially donated to
niobium, while the o-bond between the 4d,: orbital of niobium
and the 2p, orbital of oxygen is largely polarized towards oxygen
{see Fig. 1). Overall, the equilibrium wave function points more
towards a metal-oxo (O® ) picture.

The first excited state A can be produced from the ground
state by promoting one 13 electron to the 36 orbital. The 36°18"
configuration signals an i situ 55” niobium terminal suggesting
the origin of this state as Nb{'F; 55°4d’) + O(’P). The binding
between neutral niobium and oxygen atoms is depicted in Fig. 2.
The 2p,” electron pair of oxygen makes a partial dative bond with
the 4d,: orbital of Nh with its 58> electrons becoming polarized
away from oxygen. The presence of an electron pair at the back of
niobium is expected to oppose the dipole moment of the strong
ionic character of the 2 and 1n bonds resulting in a smaller
overall dipole moment for A,

The next three states are of doublet spin multiplicity and
bear a 36'18” configuration. In the lowest state 1°X  the three
orbitals are singly occupied similar to the ground X*E  state, but
one of the electrons has opposite spin. In the 1°T" and 1°Z" states
the 14 electrons are coupled into a singlet and occupy either 13,,
or 16,2 ,2. The two different configurations are combined with
either a negative or a positive sign to give the 1°T and 1°Z" wave
functions, respectively {see Table 1 and Fig. 2).
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Table 1 Dominant electronic configurations for the lowest electronic
states of NbO. 16°26°11" is implied for all states (MOs are shown in Fig. 1)

State Coef, 3a ia 27y 2w, 18y, 18,2 y2
X'E 0.94 o 0 0 0 3 o
12A% 0.86 2 0 0 0 o 0
172 .71 B ] [i} ] o o
~0.36 o 0 0 0 B o
—-0.36 2 0 0 0 o B
1°1° 0.66 o 0 0 ] 2 ¢
—0.66 o 0 0 0 0 2
128* 0.66 o 0 0 [ 2 0
0.66 o 0 0 0 0 2
1°0* 0.68 o 0 0 o 0 o
0.68 o 1] a 1} o 13
1411° 0.66 o 0 o o 0 o
—0.66 o o o 1] o 1]
1°11° .40 2 0 o 0 0 0
—0.35 o 0 0 B 0 o
0.35 o 0 0 o 0 B
—-0.35 2 0 o 0 B 0
0.35 o ] B 0 o o
2°11° 0.95 0 0 o 0 o o
1*@F .47 ] 1] 1} o 0 o
0.47 B 0 o 4] o [
—0.34 o 0 0 B 0 o
—0.34 o 0 B 0 o 0
27A° 0.72 0 0 0 0 3 2
2°11° 0.36 B 0 0 o 0 o
~0.36 B 0 o 0 o 0
.45 o o [4] B 4] o
—0.45 % 0 B 0 % 0
1°A% 0.94 o o i} i} o i}
2" 0.52 o 0 B 0 o o
0.52 1 0 o 0 B i
—0.34 o 0 0 B 0 o
—0.34 2 0 o o 0 B
2°%- 0.95 1} o 1] 0 E o
3?1° 0.52 2 0 o 0 0 0
0.26 1 0 0 B 0 o
—0.26 1 0 B ] o ¢
—0.34 0 0 o 0 2 0
—0.34 0 0 3 0 0 2
1°H? 0.48 0 0 0 o o B
~0.48 0 0 0 o i o
0.48 0 0 o 0 2 o
—0.48 0 0 o i 0 2
2°A° .96 2 o o o 1] o

¢ Only the A, component is listed. ” Only the B, component is listed.

¢ &
S %0 & B
“w @ o

Fig.1 Valence molecular orbitals for NbO at equilibrium
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4.,

4d2 2

Fig. 2 Valence bond Lewis diagrams for the first seven states of NbO

The next higher energy states are the 1*®, 1°T1, 1°I1, and 1°®
states of primary 3¢'27'18" nature. It should be noted that
the 1°I1 state is highly multireference and has significant
contribution from the 3¢”2n' configuration. As a result, this
state involves both in situ Nb{(5s') and Nb{5s) characters. The
configurations for 2°I1, 2°®, and 3°T1 are similar to their lower
energy counterparts, but with different combinations of sign.

Finally, three states have an unoccupied 3¢ orbital, the
single reference 2°T1, 2°A, and 2°T  states. The three symmetry
determining electrons occupy the 4o, 2w, and 18 orbitals
{see Table 1). All of the orbitals are of high metallic character
suggesting a clear in situ Nb*' center. These three states are
expected to have large dipole moments.

The chemical bonding and electronic structure of the low-
lying electronic states of NbO share large similarities with its
first-row transition metal oxide analogue VO. Specifically, they
both have the same *E  ground state with a '3 configuration.'
In addition, the first eight excited states of NbO and VO have the
exact same electronic terms and bonding patterns, but differ in
energy order. The nearly identical electronic structure of the two
metal oxides can be connected to the very similar electronic
structure of the two metals. The two lowest energy states of Nb
and V of s'd* and s°d® character are within 2000 cm . The s'd*
state corresponds to the ground state of Nb but the first excited
state for V. The d* and s'd’ states of the corresponding cations
Nb" and V" are separated by about 3000 ecm ', the former state
being the ground state in both cations. The nearly identical
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electronic structure of the two neutral and ionic metals results
in the very similar electronic structure of the produced oxides.

Table 2 lists our calculated spectroscopic constants for the
states described above at the MRCI, MRCI+Q, CCSD(T), and
C-CCSD(T] levels when appropriate. The Nb-O distance for the
ground state is 1.696 A and changes by only 0.002 A going to
MRCI+Q and CCSD(T] levels. Adding core-correlation, the bond
length reduces by 0.015 A at the coupled cluster level. The same
difference for VO is 0.01 A." Our most accurate C-CCSD{T)
value for NbO is 1.683 A and is in very good agreement with the
experimental value of 1.690 A The harmonic vibrational
frequency ranges from 972 {MRCI+Q) to 999 {C-CCSD(I]) em ",
The experimental value of 989.0 em ' is in the middle of this
range and closer to the more accurate C-CCSD(T) value. The
anharmonicity constants wex, are also in harmony with the
experimental value of 3.83 em '

The first excited state {1*A) is experimentally 4025.6 cm
above the ground state with an equilibrium bond length of
1.6721 A and a frequency of 1015.2em *.*® Our MRCI values for
T,y Te, and @, are 4765 cm ', 1.682 A, and 1000 cm ', respec-
tively. MRCI+Q and CCSD(T) elongate the bond only slightly to
1.686 A, and the C-CCSD(T) result of 1.671 A is in remarkable
agreement with the experiment. As in the ground state, the core
correlation shortens the bond by 0.015 A. MRCI+Q reduces the
excitation energy by ~400 cm ' pushing it towards the experi-
mental value and CCSD{T} moves it even closer to experiment.
The core correlation seems to increase the excitation energy
moving it away from experiment. Finally, our CCSD{T) and
C-CCSD{T) frequencies are 1012 and 1033 em *, both of which
are in good agreement with experiment.

The same numerical trends are observed for higher lying
electronic states. Specifically, the core correlation shortens the
NbO bond by 0.014 + 0.001 A and increases the vibrational
frequencies by 20 + 10 em * (see states 1°T, 1°T", 1°% , 1'D,
1M, and 1'A). Additionally, the MRCI and MRCI+Q bond
lengths and frequencies differ only by a few milli-A and by less
than 10 em ' exeept for 1°T1I, while the excitation energies in
the two levels generally agree within 1000 cm . The MRCI and
MRCI+Q anharmonicities are also in good agreement, and for
all states we report AG,,; alongside wex, values, A last comment
relates to the CCSD(T) calculations of the 1°T" and 1°@ states.
‘The wave functions of these two states include two major electronic
configurations with equal weights {see Table 1). Despite the fact
that the reference Hartree-Fock Slater determinant corresponds
only to one of these electronic configurations, the CCSD{T) caleula-
tion was able to recover the contribution of the second one and
provide results comparable to MRCI{(+Q); see Table 2.

The most comprehensive spectroscopic study is that of
Launila et @l published in 1997.'" The authors summarize
the existing experimental data, which include four quartet
and six doublet states. They also performed configuration
interaction calculations which compare favorably with ours.
Our excitation energies for 1°T |, 171, and 2°T1 {see Table 2) are
in remarkable agreement {within 300 cm ') with the experi-
mental values of ref. 19 and 22. The discrepancy between theory
and experiment becomes larger upon going to higher excited

1
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Table 2 Equilibrium energy E. (a.u.), bond length re (&), harmonic vibrational frequency . (em™, anharmonicity wexe [em™), AGy2 ([cm™), excitation
energy Te (cm’ll. and dipole moments p (D) for the lowest electronic states of B0

State Method —E, Te e DX, AGys T. u®

X'E” MRCI 131478795 1.696 976 3.8 968 0 3.78 (3.72)
MRCIH+Q 131.496502 1.697 972 3.6 965 0 3.81
CCSD(T) 131.497082 1.698 980 3.4 974 ] 3.58
C-CCSD(T) 131.884164 1.683 999 3.5 992 ] 3.58
Expt? 1.690 989 3.83

1°A MRCI 131.457083 1.682 1000 1009 4765 2,10 (2.07)
MRCIH+Q 131.476687 1.686 983 988 4349 2.29
CCSD(T) 131.477758 1.686 1012 3.7 1004 4241 1.87
C-CCSD(T) 131.862652 1.671 1033 3.7 1025 4721 1.91
Expt” 1.6721 1015.2 3.896 4025

1°E- MRCI 131.446935 1.689 982 981 6993 1.68 (1.26)
MRCI+Q 131.465368 1.690 975 974 6833 1.96
Expt” 1.6766 993 6747

1°r MRCI 131.443514 1.687 996 2.5 991 7743 3.51 (2.53)
MRCI+Q 131.461547 1.689 988 L6 984 7672 3.17
CGSD(T) 131461936 1.693 991 3.4 984 7714 2,98
C-CCSD(T) 131.846749 1.678 1011 35 1004 8211 3.03

1°2° MRCI 131.438554 1.691 972 973 8832 2.89 (2.23)
MRCHQ 131.457652 1.693 975 0.2 970 8526 3.06

1*D MRCI 131.436862 1.729 95 1.1 909 9203 3.00 (2.85)
MRCIHQ 131.453572 1.731 910 4.0 904 9422 2.99
GGSD(T) 131.450829 1.732 912 24 909 10151 2.79
C-CCSD(T) 131.834801 1.719 924 3.1 918 10 834 2.86

111 MRCI 131.426558 1.731 891 4.1 884 11465 2.86 (2.75)
MRCI+Q 131.443888 1.732 892 4.1 885 11547 2.84

1711 MRCI 131.413419 1.712 967 8.5 959 14348 2.70 (3.02)
MRCI+Q) 131.433644 1.720 938 6.0 932 13796 272
Expt® 1.7181 901 4.166 13 458

2°11 MRCI 131.408919 1.741 873 3.9 865 15336 4.79 (5.08)
MRCI+Q 131.428140 1.742 873 4.2 865 15004 4.66
Expt? 1.7259 913 + 34 15139 + 276

1°¢ MRCI 131397561 1.759 941 11.4 923 17829 4.17 (3.70)
MRCIHQ 131.418498 1.751 951 9.6 930 17120 3.93

2°A MRCI 131.394367 1.701 917 905 18 530
MRCHQ 131.418117 1.703 933 915 17203
Expt” 1.700 922 22 15 875

2’11 MRCI 131.393782 1.725 910 5.2 900 18658 238 (2.79)
MRCIH+Q 131.415365 1.732 903 5.0 896 17 807 2.52

1A MRCI 131.393110 1.762 857 4.1 849 18 806 0.18 (—0.05)
MRCI+Q} 131.410227 1.763 857 4.0 849 18935 0.17
CCSD(T) 131.412042 1.761 841 868 18 664
C-CCSD(T) 131.794204 1.746 869 878 19744

2’0 MRCI 131.385542 1.708 999 9.5 983 20 467 1.40 (2.18)
MRCHQ 131.406251 1.709 943 4.7 930 19 808 1.48
Expt” 1.732 900 3.6 16737

2°E” MRCI 131.384408 1.764 830 3.3 823 20716 1.91 (2.39)
MRCIH+Q 131.402863 1.766 832 3.3 825 20551 1.72
Expt® 1.7572 850.5 3.37 21835.3

3’ MRCI 131.378634 1.758 917 7.6 906 21983 4.05 (3.62)
MRCIHQ 131.401541 1.750 929 71 902 20 842 3.76
Expt” 1.720 893 3.0 17 698

1°H MRCI 131.378404 1.712 890 5.2 889 22033 4.18 (4.79)
MRCIH+Q 131.399204 1.726 892 5.3 891 21354 4.09

2°A MRCI 131.362792 1.786 822 2.9 816 25 460 3.86 (4.01)
MRCI+Q 131.381554 1.788 813 31 807 25228 3.78

“ upe values and expected values (in parentheses). © Ref. 14; collection from different sources. © Ref. 19; electronic spectroscopy. ¢ Ref. 22; laser

excitation spectrosco
components of the

states, and especially the heavily multi-reference doublet states.
For example, the difference in excitation energy for 2°%
is ~800 em ' and for 2°A, 2°®, and 3°I1 is ~1500, ~3000
and ~3000 cm ', respectively. The only other high-level theo-
retical work of Langhoff and Bauschlicher reports CASSCF,
MRCI, and MCPF results only for the first four electronic states
of quartet spin multiplicity."®

26328 | Phys Chem Chem Phys, 2019, 21, 26324-26332

. The range reported for the AGy;; and T, values covers the values given by the authors of ref, 22 for the four spin-orbit
11 state. The listed T, value corresponds to experimental Ty.

Finally, the potential energy curves (PECs) of the quartet and
doublet states are shown in Fig. 3 and 4. The zero of both plots
is set to the equilibrium energy of the ground state. The quartet
PECs are smooth and well separated from each other. Only the
last “A state suffers from an avoided crossing at 2.1 A. On the
other hand, the doublet PECs are quite dense especially in
the energy region of ~60 keal mol '. The PEC of 2°A becomes
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