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Abstract

Potential energy profiles can be used to investigate the origins of chemical bonding of

molecules. Such profiles were adopted to show the propagation of lone pair electrons of
N2(=1 ¢) to the vacant orbital of O(*D) or NH(0! ) to produce NoO(=1 *) or N3H(-1A")
molecules, respectively. Similarly, the combination of Na(=1 §) + 20(*D) or N,O(=1 *)
4+ O(ID) generates N2O, molecule. Using multi-reference potential energy profiles chemical
bonding patterns of ground and excited states of series of metal-ligand molecules were ra-
tionalized. Ground states of Li(CO)1_3, LINO, Be(CO)1_3, and BeNO originate from some
excited state of the metal. In contrast, similar metal-ammonia molecules emerge from ground
state fragments. The Be--- NH3 interaction guided us to propose the :Be«:Be + Be:—Be:
resonance chemical bonding pattern for Bep dimer. The Be—Be bond can be significantly
strengthened by ammonia ligation (e.g. NH3Be—BeNH3 and (NHz)2Be—Be(NH3z)2). Even
though [Be—Be]?* dimer is metastable, [NHzBe-BeNH3]?* and [(NHz3)zBe - Be(NHz)p]?*
create stable minima.

Ammonia and water solvate loosely bound valence electrons of metals. In such neutral
or partially oxidized complexes solvated electrons orbit in a diffuse atomic s-type orbital.
Fascinatingly, diffuse electrons of these complexes tend to populate quasi p-, d-, f-orbitals
in low-lying electronic states. Such complexes were dubbed “solvated electron precursors™
(SEPs) where an SEP is a \complex that displaces one or more electrons from its coordinated
metal atom to the periphery of its ligands™. The SEPs of the simplest M(NHz)s (M =
Li, Na) bear one peripheral electron that orbits around M(NH3)s" core. Based on the
shapes of the orbitals and the excitation energies of M(NH3)a4, the 1s, 1p, 1d, 2s, 2p Aufbau
principle of SEPs were introduced. Be(NH3)4 and Be(H20)4 bear two outer electrons, hence
their excited state spectra show substantial multi-reference characters. Similarly, several

Mg and Ca-ammine (or aqua) complexes behave as SEPs. The M (=Metal): cc-pVTZ,



N/O: cc-pVTZ, and H: d-aug-cc-pVTZ basis set was proven to represent excited states of
these species accurately and efficiently. Ammonia or water does not solvate the inner 3d
electrons of titanium but solvates the valence 4s electrons which promote to higher-angular
momentum p- and d-type orbitals. Two SEPs bind together to form a stable dimer. By
linking two SEPs with an adjustable carbon chain, its singlet-triplet gap can be tuned into a
desirable value. Twelve or twenty-four ammonia molecules can occupy the second solvation
shell of a tetrahedral metal-ammine SEP (e.g. M(NH3)4@nNH3; n = 12, 24) and follow a
similar Aufbau order (1s, 1p, 1d, 1f, 2s, 2p, 1g, 2d). Geometries of such clusters (species
with solvated electrons and H—bonds) can be represented accurately using density functional
theory with CAM-B3LYP functional.

Implementation of the correct active space in multi-reference calculations is critical for
accurate description of ground and excited electronic states of transition metal monoxides.
Low-lying electronic states of ZrO™ can be represented by probing a larger number of elec-
tronic states into 2p,q, 5syzr, 4d,zy CASSCF active space. Interestingly, its state specific
calculations tend to use 3py/o and 3py,o orbitals instead of 4dy, /7, and 4dy,/7, in the active
space and provide rather inaccurate descriptions of electronic states. This error can be over-
come by applying a larger active space that contains twelve orbitals (2p,o, 587z, 4d/zr, and
3pso) at CASSCF level. A similar dilemma occurs in MoO~™ and RuO~. Even though nine
active orbitals (2pso, 58/zr, 4dz,) can treat low-lying electronic states of NbO™*, MoO™,
MoO?*, RuO, RuO™, and RuO?* accurately, the use of three more CASSCF orbitals (2p,o,
5S/Mo.Ru> 4d/Mo Rus OP/Mo,Ru) s critically important to obtain the correct order of electronic
states and energetics of MoO™ and RuO~. Using suitable active spaces, high-level multi-
reference configuration interaction calculations were performed to unravel chemical bonding
patterns and spectroscopic constants of their low-lying electronic states. Water activation
potential of these second-row transition metal monoxides were tested, and it was observed
that in general anions are more suitable for the thermodynamically favorable water acti-
vation process compared to their neutral or cationic counterparts. Furthermore, a better
understanding of the electronic structures of transition metal monoxides allows us to design

more practical molecular complexes for efficient water activation.
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Chapter 1

Introduction

1.1 Computational chemistry

Computational chemistry is a relatively young area of chemistry investigating chemical
phenomena by means of computers. The rapid improvement of the performance of modern
supercomputing systems has placed computational chemistry in the frontier of chemistry re-
search. Often, computational chemistry is used to obtain geometric parameters of a molecule,
calculate energies of a reaction pathway, understand the mechanism and performance of a
reaction, explain spectroscopic fractures, guide drug designing, and in material sciehde.
computational chemistry molecular mechanics, molecular dynamicash initio, semiempirical,
and density functional tools are being used.In molecular mechanics atoms and bonds are
considered as balls and springs while laws of motions are being applied to molecules in molec-
ular dynamics! Molecular mechanics and molecular dynamics are much faster compared to
the ab initio, semiempirical, and density functional calculations. The ab initio, semiem-
pirical, and density functional calculations are based on the Schredinger equation proposed
almost a century ago? Even thoughab initio calculations are substantially more demanding
compared to others, it provides highly accurate results. The thesis research described here
is mainly focused orab initio multi reference methodologies applied to a series of molecules

with unusual electronic structure with the goal to unveil their chemical behavior.



1.2 Multi{reference calculations

A comprehensive account of multireference techniques has been compiled by Szala
et al.® This introduction provides a general idea about multireference approaches for
non specialized readers to follow the methodologies and concepts described in later sec-
tions.

Hartree Fock (HF) is the simplestab initio method. The HF wavefunction is written as
one determinant using spatial orbitals and electron spins. For example, the HF wavefunction
of a six electron closedshell system (electron con guration of Figure 1.1) can be written
in the form of Equation 1.1  is the orbital, the U and V corresponds to the spinup and

spin down electron con gurations, 1})@ is the normalization constant).

Figure 1.1: Con guration interaction determinants. D1 is the Hartree Fock determinant.
D, and D3 are determinant for single electron promotions fronb;. D4 corresponds to the

double electron promotion fromD1.



k111°U1° k111°VA1° Kko11°Ut1° koptl109VRA1° katloUrle kgloVAle
Kq120U120 Kk q120VA20 Kt20UL20 Kk pl20WA20 Kk3l20Ut20  kgl20\ize
=ﬁ1: K1130Ut3P Kk113PVA3P Kpl3PUr3P kpt3PVA3P k3t3PUr3e k3l30WA3e (L.1)
6! k114°Ut4° Kk 149VA4° Kkp140Ut4° Kot49VA4° k3l4out4e Kk 3t4oVige
K115°UL5° Kk 118PVAE2 K t5PULSC kpl50WASe k3tBPUL5P  k3l5o\VAse
k116°U'6° Kk116°VAG° Kol6°U6° kol6PVRGP k3t6PULE® k3l6PVE6P

The HF energy can be obtained by the Equation 1.2, where” is the complex conjugate
of , " is the Hamiltonian operator,dg indicates integration with respect to spin and spatial
coordinates. Minimization of this quantity provides the atomic or molecular orbitalk in

terms of a set of known functions called basis set.

A
= _—3"';(‘;] (1.2)

Multi reference wavefunction is created by considering all possible electron con gura-
tions of a selected active space. The total orbital space can be divided into four categories:
(1) frozen core orbitals (2) reference doubly occupied orbitals (3) active orbitals (4) virtual or-
bitals. These categories are illustrated in Figure 1.1. In the example given in Figure 1.1 only
two active orbitals, k3 and k4, are used to build the complete active space setfonsistent
eld theory (CASSCF) wavefunction. Within the two orbital active space only four possible
electronic con gurations are possibled1, D2, D3, and Dy of Figure 1.1). TheD2/D 3 and D4
correspond to single and double electron promotions from the HF determinant, respectively.
For example, the expression of th®, determinant is given in Equation 1.3.

The CASSCF wavefunction for the case illustrated in Figure 1.1 can be written as Equa-

tion 1.4. The 21, 2», 23, and 24 are the coe cients of the determinants.



1
Z—ﬁa

kq111°Ut1°
k1200120
k113°U3°
k 114°U4°
k 115°UL5°
k116°U6°

kq110\ate
kq120\A20
k1130\A3°
kq140\a40
k115015
k116°V26°

kot1°Ut1°
k1200120
kot3PUL3P
ko14oUr4°
k215°UL5°
ko16°ULE°

k110\110
kp120\a20
k2130\130
k2140\140
k2150150
k2160\16°

kat1ovile
k3t2ovie
k313013
k 3t40Vi40
k3150150
k316°VI6°

k411°Ut1°
k 41200120
K 413°U3°
k 414°U14°
k 415°UL5°
k 416°U6°

(1.3)

=2 1,2 2,23 3,2 4 (1.4)

The general form of the CASSCF wavefunction iScasscr =21 1, 2 2, 23 3,
. 2 i (theiis the i!" determinant corresponds to its' electron con guration). The
CASSCF energy is given by Equation 1.5. In this case energy minimization provides the

atomic or molecular orbitalsk and coe cients.

-« ( 39
« ( 39

(( -

(1.5)

The energy dierence between yr and casscre is called static electron correlation
(also known as strong correlation) and it is extremely important in cases such as transition
metal compounds, where multiple con gurations involving s and d orbitals contribute to the
wavefunction. Although CASSCF improves the wavefunction considerably, a more advanced
methodology is needed for accurate results. The multieference con guration interaction
(MRCI) is one of these methods. The technically possible MRCISD variant allows single and
double electron promotions from all electrons (except the frozen core ones) to the virtual
orbitals and corresponding coe cients are obtained by minimizing the energy.

The total energy of two monomersg(A) + E(B), obtained by calculatingE(A) and E(B)
separately, should be equal to the total energy of the monomers obtained by keeping them in
a larger distanceE(A + B) . This is known as size-consistendyHowever for MRCI the E(A
+ B) < E(A) + E(B) , hence not size-consistent. Davidson correction (MRCI+Q) is being

used to overcome the size-consistency errors of MRCI. The Davidson correction is calculated



form the Equation 1.6% Epc is the Davidson correction,cg is the combined coe cients of

the MRCI wavefunction, and E is the correlation energy.
=11 c&° (1.6)
O .

Usually, the active space is the valence space of an atom or a molecule. Often compu-
tational cost restricts the selection of the full valence space, hence only important orbitals
of a speci c process are included. For example, both the bonding and antionding orbital
are vital for correct bond dissociations, especially at in nite distances of a potential energy

pro le.

1.3 Electronically excited states of molecules

Promotion of one or few electrons from an orbital to another orbital creates excited
states of a molecule. Electron promotion changes tHa 24 coe cients in the CASSCF
wavefunction i.e. 25/ 23/ 24 are larger for the excited states compared to th2; (see Section
1.2). Molecules bear bound excited states with respect to electron ionization. Since electrons
are much lighter than nucleus their rearrangement is much more rapid compared to the
nuclear motion of the molecule (Frank Condon principle)® Because of this reason electron
excitation energies govern the absorption spectrum of a molecfle.

Excited state of a molecule can behave completely di erently compared to the ground
state. For example, the® g ground state of G is inert compared to its g st excited
state.”® The formation of the ground state of molecules from excited states of their frag-
ments or constituent atoms is very often in chemistry, maybe more often than the formation
from the ground state fragments. Because of that better appreciation of excited state elec-
tronic structures is vital to understand or to interpret properties or phenomena in chemical,
biological, and material science (e.g. photosynthesis, photocatalysts, and lightirvesting
processesy:10

To this end, computational tools are extremely useful to describe the excited states of
molecules. There are series of methodologies are available to analyze ground state of a

molecule. In contrast, studying excited states of a molecule is not that straightforward. Ap-



plication of proper computational methodology is crucial for accurate description of excited

states?

1.4 Potential energy curves

Potential energy curves (PECs) are useful to understand and visualize the relationship
between molecular geometry and potential energyUsing multi reference PECs ground and
excited states of molecules can be analyzed e ciently. The depth of a potential well repre-
sents the stability and the energy minimum corresponds to the equilibrium geometry of the
electronic state! By approximating a potential well to a harmonic potential well, spectro-
scopic constants of an electronic state of a diatomic molecule can be computétirthermore,
PECs can be utilized to propose origins of chemical bonding patterns of a molectiidn
some cases, molecules result from excited state fragments and show avoided crossings in the
energy pro le. In a potential energy pro le curves with same spins and same symmetry are
not allowed to cross, instead such curves produce avoided crossings (see the Figure'd.2).
These are also known as, intended crossings, n@nossings, and anti crossings. Avoided
crossings can be detected using full PECs. This helps us to introduce their accurate bond-
ing patterns. Avoided crossing point possesses mixed electronic con gurations of the two
crossing PECs. Only multi reference methods can describe avoided crossings accurately. In
overall the ground state PEC shown in Figure 1.2 originate from the excited state fragments

and ground state fragments are repulsive in nature.



Figure 1.2: An illustration of avoided crossing. Two potential energy curves have identical
spin and symmetry. D¢ is the binding energy of the species with respect to ground state

fragments. R is the reaction coordinate.

Full PECs of a diatomic molecule can be created by combining the wavefunctions of the
ground and excited electronic states of the two fragments using multieference calculations.
For example, the mixing of the three lowest energy fragment combinations produces the four
lowest energy electronic states of Be& In this case lowest energy channel is BEg) + O(3P).
Since the rst excitation energy of oxygen is lower than that of Be (16,000 vs 22,000 cnd),
the next lowest energy asymptote becomes the B&) + O(1D).1314 The ground state of
BeO(- 1 ) origin from this channel. The following combination is Be{P) + O( 3P), because
the rst excitation energy of beryllium atom is smaller compared to the third excited state
of oxygen?!3 These three combinations produce three triplet, ve singlet, and nine(singlet +
triplet + quintet) electronic states for BeO. By considering all these electronic states that
arise from these three lowest energy fragments full potential energy pro le can be obtained.
This methodology is ideal to study excited states of a molecule since all the low energy states
of a molecule are accounted into the calculation. Using this approach excited states of series

of molecules were investigated in this thesis work.



1.5 Carbon monoxide and metal carbonyls

Carbon monoxide is the strongest ligand in the spectrochemical serf€sThe ground state
of COis a- 1 - bear triple bonds. The valencebond Lewis (vbL) diagram of CO(- ) is
given in Figure 1.3. Its rst excited state, 03 | lies 48686.7 cm* above the ground state:*
To create the excited state one electron promotes to* of CO and hence its bond length
is expected to be longer compared to the ground state. As expected - and 02 of CO

have 1.128 and 1.206 bond lengths, respectively.

Figure 1.3: vbL diagrams of the CO molecule.

The two electrons at the carbon terminal are more basic compared to the lone pair at
the oxygen end and make bonds with more electrpositive metals e ciently. Generally,
metal CO bonds are dative in nature. AM :CO dative bond tends to develop & charge
on the carbon of CO and this induces the accepter strength of CO® Its vacant two c*
orbitals are another reason for its excellent acidity. In metal carbonylsc backdonation
is common. Thec backdonation weakens the CO bond but strengthen the MC bond of
MCO. The bigger thec backdonation the weaker the CO becomes. Cotton and Wilkinson
identify the chemical bonding of metal carbonyls as resonance M C* O: ! M=C= O:
form. In general, CO bond is weaker in metalcarbonyls compared to a free C3® However,
in some cationic metal carbonyl complexes the CO bond is found to be stronger compared
to free CO (e.g. M(CO) " (M = Cu, Ag, Au)). Frenking et al. identify such species as
non classical metal carbonyls 1’

Even though oxygen is more electronegative than carbon, the CO has)XCYO(X") charge
distribution. The dipole moment of CO is 0.122 D8 Replacing the oxygen with an isovalent

S, Se, Te increases the dipole moment and creates much stronger bonds with métals.



Chemical bonding of NO¢ 2 ) ground state is somewhat similar to CO{! :). Both
has triple bonds but thec* orbitals of NO is occupied by an electronc* orbitals are vacant
in CO. Similar to CO, NO prefers to bind with metals from N terminal i.e. linearly. But NO
also creates bent MNO and side bonded M[NO] due to itsc* electron. In NO all these
three electrons (two sigma electrons in N terminal and the* electron) contribute for the
chemical bonding!® Similar to heavy analogs of CO (e.g. CS, CSe, CTe), such counterparts

of NO (i.e. NS, NSe, NTe) create stronger chemical bonds with met&3.

1.6 Molecules with di use electrons

Atoms and molecules populate di use orbitals at high excited states. Such electronic
states are commonly known as Rydberg excited statés??2 However, molecules that bear
di use electrons at ground states are rare. Several such anionic systems have been identi ed.
For example, a free electron in water or ammonia is heavily di use in naturé:?* These
less stable electrons in a solvent are calletsolvated electrons' Solvated electrons can
be produced by reacting some metals with water or ammonia. Alkali metals are ideal for
this purpose due to their lower ionization potentials. Interestingly, solvated electrons in
lithium ammonia are signi cantly more stable compared to solvated electrons in wat&h2°
To understand the lithium ammonia interactions a comprehensive molecular level study
has been conducted by Ho man et af* They identi ed tetrahedral Li(NH 3)4 as a major
species that is present in a lithium ammonia solution?* This molecule possesses a di use
electron in the periphery. Fascinatingly, this electron cloud is spherical in shape as artype
atomic orbital. Furthermore, in the rst excited state of Li(NH 3)4 an atomic p type orbital
is occupied. Homan et al. mooted Li(NH)4 as a\superatom™” that mimics a H atom.
Other metals such as Na, Be, Mg, and Ca also can create such molecular species with di use
electrons2%2? Similar to Ho man's nding they tend to populate p , d , f type heavily
di use orbitals in excited states. We dubbed such species &®lvated electron precursors”
(SEPs)?26

SEPs are somewhat di erent from traditional superatoms. Superatom is a molecule
that mimics an atom3° Metal clusters often behave as superatoms and follows a specic

superatomic Aufbau orbital order3® For example, the twenty valence electrons of the Al



cluster shows 1%1pf1d192s* superatomic electron con guratiori! (see the orbital plots in
Figure 1.4). Note that this superatomic Aufbau order has been introduced by counting only
and all valence electrons of the cluster i.e. electrons in superatoms are in the valence space
of the atoms®! In contrast to such superatoms, all valence electrons of SEPs do not occupy
atomic type orbitals. What makes a SEP unique is its atomic gype HOMO and populating

atomic type orbitals in excited states?®

Figure 1.4: Superatomic orbitals of Al*.

Superhalogens and superalkalis are also superatoms. A superhalogen is a molecule that
possess a greater electron a nity (EA) compared to the Cl atom and tends to mimic halo-
gens3® On the other hand, a superalkali bears a lower ionization potential than Cs atom
imitating alkali metals.3%32 Interestingly, several SEPs have lower ionization energy (IE)

than Cs and also can be categorized as superalkalis.

1.7 Beryllium molecules

Beryllium is one of the most chemically rich main group elements in the periodic ta-
ble 3334 Involvement in ionic, covalent, and dative bonds clearly shows thehameleon like"
chemical nature of beryllium2:33{3> This versatility of beryllium arises by its dual acidic
and basic properties’36:37 Experimental studies on beryllium compounds are limited due
to its high toxicity. 333638 Because of that insight on properties of beryllium species have
mostly gained via theoretical studies.

Sometimes, theoretical studies on beryllium containing molecules are challenging due
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to their multi reference electronic naturé® Furthermore, beryllium bears several lowlying
electronic states that readily participate in chemical bonding? The ground state of beryllium
has a closed shell 285 con guration. * By the promotion of one 2$ electron to the vacant
valence 2p orbitals beryllium gives birth to its rst excited state3P(1%2s'2p!) at 22,000
cm 1. The corresponding!P(1s?2st2pt) is high in energy (at 42,565 cmt) which follows the
\Hund's rule” which is \the maximum multiplicity of a particular electronic con guration
is the lowest in energy:1*1® The next two states3S (at 52,081 cm?') and 1S (at 54,677
cm 1) are Rydberg states with 182s'3s' con guration.'* Even the high energy*D(1s%2p?;
56,8883 cm?) state gives birth to ground states of molecules (e.g. Be(Cg)'**° So, it
is absolutely important to consider these important lowlying electronic states in chemical
bonding studies of beryllium molecules.

During my thesis research | performed theoretical studies on series of beryllium containing
molecules. Speci cally, chemical bonding, potential energy pro les, and excited states of
Be(O)1 2, Be(CO); 3, BeNO, Be(PHg)3, Be(H20)1 4, Be(NH3)1 4, and [Be(NHg)1 4] are

discussed. A detailed discussion about these molecules is reported in Chapters 2 and 3.

1.8 Transition metal monoxides (TMMO)

In general, transition metals (TMs) have a plethora of lowlying electronic states stacked
very close in energy. Interaction of these electronic states of TMs with oxygen gives rise to
manifolds of electronic states of TMMOs. Because of this reason theoretical studies on
transition metal monoxides are challenging. It is almost impossible to make predictions on
spin or electronic con guration of a ground state of a TMMO based on chemical intuition.
Even though it is an arduous task to study TMMOs, their fundamental knowledge can be
very valuable not only to explain and predict their catalytic potency but also to design better
catalysts.

Symmetry does not allow all d orbitals of a TM to mix with an oxygen atom. The d.,
dxz, and dy, connect with p,, px, and p, orbitals of oxygen, respectively. TheXorbitals (dyy
and d,2 2) of a TM do not participate in TM O chemical bonding. The orbital arrangement
between TM and O is illustrated in Figure 1.5.
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Figure 1.5: A typical vbL diagram for a TMMO.

1.9 Outline

Chapter 2 is devoted to the chemical bonding analysis of several small molecules. The
implementation of PECs has allowed us to introduce their chemical bonding patterns, their
origins, and to obtain an accurate description for their excited states. This chapter summa-
rizes the most important ndings reported in the six articles published as a partial ful Iment
of my thesis research. See Appendix A for full copies of their reprints.

Chapters 3 and 4 introduce a new class of molecular entities dubbelvated electron
precursors” (SEPs) that possess di use electrons in the periphery. Several metaimmine
(Chapter 3) and metal aqua (Chapter 4) complexes can be identied as SEPs. In their
ground states the electron cloud mimics an s-type orbital and promotes to highemgular
momentum p ,d , f , and g type orbitals. Based on the shapes of the orbitals and exci-
tation energies their Aufbau principles were disclosed. The results given in Chapters 3 and
4 are based on the published papers included in the Appendices B and C, respectively.

Chapter 5 discusses ground and excited electronic structures of transition metal monox-
ides and their water and hydrogen sul de activation strengths. Speci cally, Zr®, NbO™,
MoO™2* | and RuO™® diatomics were examined. Their chemical bonding patterns are
also discussed. The reprints of the papers related to this area of research are included in the

Appendix D.
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Chapter 2

Chemical bonding of main{group

molecules

It is not an exaggeration to say that chemical bonding is the heart of chemistry. A better
understanding of chemical bonds (or corresponding electron arrangements) often provides us
with a fundamental knowledge that can explain or predict chemical and physical phenom-
ena of a molecule or molecular cluster. Recently, especially for magroup molecules, the
eld of chemical bonding has gained a special intere&t:3%43 |onic bonds are common for
main group metals even though they occasionally engage in covalent and dative bonds as
well.11:39 Often, quantum calculations are performed to uncover chemical bonding patterns
of moleculest:3° Speci cally, multi reference methods are ideal to represent complicated
electronic structures of ground and excited states of molecuteédvulti reference methods
can break bonds accurately, hence can be used to produce full potential energy pro les of
ground and excited states of moleculésOften, we use multi reference potential energy
curves to explore origins of chemical bonds of molecules. In this chapter ndings related to

chemical bonding analysis of several small molecules are discussed.
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2.1 Chemical bonding analysis of N ,0, N,O,, N3H,
and NH 30

N2O, N2O2, N3H, and NH30 molecules are often being used in elementargvel chemical
bonding teaching purpose. Even though, their equilibrium ground state electronic structures
are well documented such studies disclose their origins are Adt{4” Because of this reason
full potential energy pro les were used to unveil their origins.

MRCI PECs of NO are produced as a function of NO distance considering &- * ) +
O(®P) and Na(- * ) + O( D) interactions (see Figure 2.1). The former and latter channels
produce3f , gandf ., , g states, respectively. All valence orbitals are occupied in
the 3P state of oxygen, restricting dative bond formation with two electron donor ligands
such as N. Hence,® and® PECs arising from Ny(- 1 ) + O(3P) are repulsive. The
1 . originating from No(- 1 ) + O( 1D) is attractive and produces the ground state of BO.

In the O(!D) state one 2p orbital is empty which allows formation of a dative bond with the

lone electron pair of N(- 1 ). This interaction is pictorially described in the Figure 2.2. At

CCSD(T) (coupled cluster singles and doubles plus approximate triples) level, the optimal

N N and N O distances of NO are 1.133 and 1.19@, respectively. The bond distance of

naked N, molecule is 1.098. Compared to the Nb molecule the N N length of the N>O is
0.1 A longer.

In the N2O molecule the N terminal possess a lone pair electron. These two electrons
interact with another O(D) to create the N,O, molecule. Similarly, two O¢D) atoms
can bind with N(- 1 ) Simultaneously to produce NO». It should be noted that N,O»
can easily dissociate in to two NO moleculeé®. Here we only studied the origin of MO,
molecule by creating PECs as a function of NO, where (1) one oxygen atom approaches
the N terminal of NoO (2) two oxygen atoms simultaneously approach the Ncolinearly
from opposite directions. PECs for these two interactions are given in the Figure 2.1. After
N2O(-1 ) + O(D) or No(- 1 ) + 20( D) interaction, it passes via a conical intersection
to produce aC,, molecule. This phenomenon is described for the isoelectronic (&bN»
molecule by Khan et al. in 20198 The electron arrangements of the linear N- 1 ) +
20(1D) interaction and C,, molecule are illustrated in Figure 2.2.

NH is isoelectronic to oxygen atom. Similar to oxygen the 2p orbitals of N of NH is
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occupied in the®  ground state. Its rst excited state (0! ) bears a vacant 2p orbital at
the N and binds with a Nb ligand. See the PECs of the Figure 2.1. Proposed vbL diagrams
for the formation of the ground state are given in the Figure 2.2. Its optimal NN N and

N N H angles are 171.6 and 108.3 degrees, respectively. The Ny, Ny Nz, and N, H
parameters of the NNyN,H are 1.136, 1.247, and 1.018, respectively.

Formation of NH3O molecule is similar to the NO. In this case the empty 2p of O{D)
binds with the lone pair of the NH; molecule. The PECs of NHO and vbL diagram for the
NH3O(-1A1) are shown in the Figures 2.1 and 2.2, respectively. The D bond length of
the NH30 is 1.370A. The De of the molecule with respect to NH(-1A1) + O( 1D) fragments
is 67.6 kcal/mol.

15



Figure 2.1: MRCI PECs of the (a) NO as a function of N O (b) N3H as a function of
N2> NH (c) NH30 as a function of N O (d) N2O» as a function of N O for the colinear
approach of oxygen towards the Nterminal of N2O (e) N2O» as a function of N O for the
simultaneous approach of two oxygen atoms towardsNolinearly in opposite directions. In
cases (a), (b), and (e) NN distance is kept xed to the experimental N distance of 1.098
A. In case (c) N H lengths are kept xed to the ground state geometry of N&(=1A1). In

(d)N NandN O bonds of NO are kept xed to the ground state geometry of NO(= ).
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Figure 2.2: vbL diagrams of NO, N3H, NH30, and N,O».

2.2 Chemical bonding of analysis of metal carbonyls

2.2.1 Neutral and anionic M(CX) n=1{3 [M = Li, Na and X = O,
S, Se, Te, Po] and [Li(CO) 3], dimer

In this section most important ndings reported in following papef® given in Appendix A

are summarized. Reprints were made with permission from JOHN WILE¥® SONS, INC.

Ariyarathna, I. R.; Miliordos, E. J. Comput. Chem. 2019, 40, 1344{1351.

LiCO is the simplest metal carbonyl molecule that can exist. Interaction between Li and
CO has been studied by Kalemos et & The 2 ground state of LiCO is metastable with
respect to Li¢S) + CO(- 1 :) fragments. The attack of two CO ligands to Li creates a
stable Li(CO)> molecule that bears 8.8 kcal/molDe with respect to Li(?S) + 2CO(- 1 )
fragments. Linear and bent structures are stable minima on the of Li(CQ@)potential energy
surface. The bent=2B; structure is slightly lower in energy (by 2 kcal/mol) compared to
the linear 2 p structure. Li(°P) + 2CO(- ! ) fragments give birth to both =?B; and? p

structures of Li(CO),. Note that the 2P is the rst excited state of Li which carries a 182p!
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electronic con guration. In both structures the 2p electron of Li back donates to thec of
CO ligands (see Figure 2.3). Similar to Li(COy, all Li(CX) » (X = S, Se, Te, Po) molecules
are generated from the rst excited state of Li. Analogous to Li(COy, the bent isomer
of Li(CS)2 is slightly stabilized (only by 0.5 kcal/mol) compared to the linear structure.
Li(CSe),, Li(CTe)», and Li(CP0), have only linear structures for the ground state. Going
from X = Li to Po the D¢ of Li(CX) 2 rises. Des of Li(CX)3 are higher than Li(CX),. Each
Li(CX) 3 carries a planer geometry with™2A,%ground state. Similar to Li(CX)», Li(CX) 3
is produced by the?P state of Li and the 2p'(Li) electron back donates toc of three CO.

Na(CX)n=23 species behave similar to Li(CX)=2 3. Both linear and bent ground states of
Na(CO), are metastable with respect to their ground state fragments. Similarly, Na(CQ)
has a negativeDe. All other Na(CX) n=2,3 show positive but smallerDes, compared to
Li(CX) n=2,3 molecules.

AllMCX , M(CX) 2 , and M(CX)3 (M = Li, Na) are stable with respect to their neutral
molecules, except for the Na(CQ) . MCX species havé ground state with the additional
electron placed in the empty slightly polarized 2s of Li. The two same spin electrons®f
ground state of M(CX), reside in the two perpendicularc orbitals. On the other hand,
M(CX) 3 are closed shell singlets, with two electrons in the frame. Electron a nities of
Li(CX) n=1 3 increase going from X = O to Po. Li(CX)z have electron a nities bigger than
LiCX, but lower compared to Li(CX)».

Two Li(CO) 3 molecules bind together to make a stable [Li(CQ}, dimer by coupling the
two ¢ electron of two Li(CO)s monomers. The HOMO of the dimer is given in the Figure
2.3. These type of chemical bonds are known #8ancake chemical bonds®! The De of the
dimer with respect to 2Li(CO)3(-2A2°Y monomers is 27.2 kcal/mol at MP2(M ller Plesset
Second order Perturbation Theory)°? level. The dimer has staggered and eclipsed isomers,
but the former is 1.7 kcal/mol more stable than the latter. The eclipsedto staggered

interconversion energy barrier is only 2.7 kcal/mol.
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Figure 2.3: HOMOs LiCO, Li(C0),% , Li(CO)3®% , and [Li(CO)3]».

2.2.2 Be(CO) n=1p2

In this section most important ndings related to Be(CO)=1 2 species reported in following
paper® given in Appendix A are summarized. Reprints were made with permission from

American Chemical Society.

Ariyarathna, I. R.; Miliordos, E. J. Phys. Chem. A2017, 121, 7051{7058.

The 1S ground state of beryllium bears a £8<° closed shell con guration. Its rst two
excited states,®P and 1P, that show 1£2s'2p! electron con guration lie 21,980 and 42,565
cm 1 above the ground state. Third and fourth excited states of beryllium are Rydberg
states!* They are followed by a'D(1s?2p?) state.l*

The interaction between BefS) and CO(- 1 ) is expected to be repulsive, due to their
closed shell nature. The PEC results from these fragments indeed show repulsive behavior
proving the aforementioned prediction (see Figure 2.4). The 2s to 2p electron promotion
opens the Be core for a favorable CO attack. The Be{®) + CO(- ! :) produces the
metastable® ground state of BeCO. This might be the reason for unavailable experimental
data on BeCO®3 The electron arrangement of BeCG3( ) is shown in Figure 2.5. The
attractive PEC arising from Be(1!P) + CO(- 1 :)is the rst excited state (! ) of BeCO.

Unlike BeCO, the ground state of Be(CO) is stable with respect to ground state frag-
ments. The BefS) + 2CO(- ! :) interaction is initially repulsive but turn attractive around
2.1A. This interaction is caused by the attractive! 5 PEC coming from high energy BelD)

+ 2CO(-1 ) channel (See Figure 2.4). Observe that the interaction of°P of Be with
CO(- ! ) gives birth to the third excited state (3 ) of BeCO, but the ground state of
Be(CO), originate from the same 3P state of Be. The vbL diagram of the Be(CO) (3 )
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is illustrated in the Figure 2.5. The Be C and C O distances of BeCOY{ ) are 1.539 and
1.181A, respectively. The corresponding bond lengths of Be(CQJ® ¢) are 1.612 and 1.157
A, respectively. This is a direct result of strongerc back donation from Bé CO in BeCO

compared to Be(CO».

Figure 2.4: MRCI PECs of (a) BeCO and (b) Be(COj) as a function of Be C distance. Two

CO ligands approach Be atom simultaneously in Be(CQ)case.

Figure 2.5: vbL diagrams of (a) BeCO{ ) and (b) Be(CO)2(® ¢).

2.2.3 Be(CX) 3 [X =0, S, Se, Te, Po]

In this section most important ndings reported in following papef® given in Appendix A

are summarized. Reprints were made with permission from JOHN WILE¥ SONS, INC.

Ariyarathna, I. R.; Miliordos, E. Int. J. Quantum Chem. 2018, 118 e25673.

Similar to BeCO and Be(CO) the interaction between Be and 3CO molecules were
studied producing PECs (see Figure 2.6). B&p; 1825 interaction between 3CO¢ 1 )
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is initially repulsive but becomes attractive to produce the ground state of the molecule.
Similar to Be(CO), this sudden shift around 2.4A of the *A;° ground state curve is an
outcome of an avoided crossing that is caused by thHé\1° PEC arising from Be(D) +
3CO(- ! ). Be(!D) has a 1%2p? electronic con guration. The three vacant orbitals of
Be(*D) allows it to bind with 3CO ligands via dative bonds. In the ground state 2p
electrons of Be backdonate toc of 3CO (see Figure 2.7). Compared to free CO, the ©
bonds of Be(CO} are 0.013A longer. This is an outcome of the metalto ligand ¢ back
donation. Be(CO); is isoelectronic to the Li(COl and have same type of back donation.
The Li C in Li(CO) 3 are 0.36A longer than Be C of Be(CO)s. Chemical bonding of all
Be(CS), Be(CSe}, Be(CTe)s, Be(CPo); are the same as Be(CQ) De increases in the
Be(CO)3 Y Be(CSk Y Be(CSe) Y Be(CTe)s Y Be(CPo)s order.

Figure 2.6: MRCI PECs of Be(CO} as a function of Be C distance. Be atom approached

by all three CO ligands simultaneously.

Figure 2.7: (a) The HOMO and the (b) bonding pattern of Be(CO}(-1A19).
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2.2.4 ThCO

In this section most important ndings reported in following pape¥* given in Appendix A

are summarized. Reprints were made with permission from Royal Society of Chemistry.

Ariyarathna, 1. R.; Miliordos, E. Phys. Chem. Chem. Phys2019, 21, 24469{24477.

Computational studies on actinide species are computationally challenging due to their
higher number of valence electrons and rich multreference characters® Even though Th is
recognized as an actinide it does not carry £lectrons in several lowlying electronic states,
which is encouraging for computational studies on Th. Speci cally, the rst three ¥, 3P,

D) and fourth (°F) electronic states of Th bear 6475 and 6cf7s! electronic con gurations,
respectively*

Before studying Th interactions with CO, we probed three di erent active spaces to study
excited states of Th atom. The used CASSCF active spaces are, (1) 7s, 6d, 7p, 5f, (2) 7s,
6d, 7p, and (3) 7s, 6d. At MRCI level four valence electrons and the 6s and 6p electrons are
correlated. According to our values the ® active space (7s, 6d, 7p) represents lolying
electronic structures of Th more accurately, providing most comparable results with the
experimental values. Hence, this active space was used to study ThCO molecule. PECs
were produced considering the interaction between tH€, 3P, 1D, °F of Th with CO(- 1 ).

The constructed MRCI PECs of ThCO are given in Figure 2.8.
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Figure 2.8: MRCI PECs of ThCO as a function of Th C. The CO length kept xed to 1.128

A which is the experimental CO distance.

The 2 ground state of ThCO is produced from the Th{F) + CO(- 1 :) asymptote.
To create the ground state, the 7selectrons of Th polarize away from the approaching CO
ligand. The 6¢ electrons of Th back donate to cx and ¢, of CO. Th(®F) + CO(- 1! )
asymptote also creates and ® , of ThCO. Its rst and second excited states,! and
5 | smoothly dissociate into Th¢D) + CO(-1 ) and Th(°F) + CO(-1 :) fragments,
respectively. Overall, the rst seven electronic states of ThCO areé ,1 |5 /1. 3 3
and?! in energy order. Based on the dominant electronic con gurations at the equilibrium
bond distances vbL diagrams are proposed for the rst four electronic states of ThCO (see
Figure 2.9). These four electronic states show Th=C double bond character with2.3 A
lengths. Electron back donation from Th to CO elongate their CO lengths by 0.1 A.

Th atom can cleave CO molecule to create O'h C molecule. In 1999 both ThCO and
OThC species have been experimentally detected by Andrews eP&ThCO is 4 kcal/mol
stable compared to OThC. The energy barrier lies in between ThCO and OThC is30
kcal/mol. The 3A° ground state of O Th C has @ Th*" C? ionic nature as depicted

in the Figure 2.9.
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Figure 2.9: Proposed vbL diagrams for the four lowlying electronic states of ThCO and
the ground state of OThC. The! and?! - bear 0.59(16 210cy?) + 0.59(16f 210c«?) and
0.58(16 210cy?) + 0.58(16f 210c«2) multi reference electronic characters, respectively. The

(10cx)?  (10cy)? electron combinations of and?! - are depicted by solid and open circles

2.3 Chemical bonding analysis of neutral and anionic

MNX [M = Li, Na, Be and X = O, S, Se, Te]

In this section most important ndings reported in following pape® given in Appendix A

are summarized. Reprints were made with permission from JOHN WILE¥% SONS, INC.

Ariyarathna, I. R.; Miliordos, E. J. Comput. Chem. 2019, 40, 1740{1751.
NO (nitric oxide) ligand is somewhat similar to CO. Both NO and CO aref donors
and ¢ acceptors'® In the ground state ¢ orbitals of CO are empty, but onec of NO is

occupied by one electron. NO can bind to a metal in linear or oblique fashiéfThe linear

and oblique interactions between NO with Li were studied making potential energy pro les.
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Figure 2.10: MRCI PECs of LINO (a) as a function of Li N (b) as a function of Li Q (Q is
the central point of N O bond). In each case the NO length kept xed to its experimental

bond distance (1.151A).7

PECs arising from the Li¢S) + NO(- 2 ) and Li(?P) + NO( - 2 ) interactions are de-
picted in the Figure 2.10. The linear Li NO attack produces two repulsive PECs from
Li(°S) + NO(- ? ) asymptote. This is caused by the electrorelectron repulsion between
2s'(Li) and lone electron pair on N terminal of NO. This electron electron repulsion is
absent in the Li(*P) + NO( - 2 ) interaction. This combination gives rise to the three low-
est energy states of LINOY ,1 ,1.). The3 .,3 |1 states arising from the same
combination are slightly attractive around 2.2A. All the 13 PECs are repulsive. The®
ground state has a 32.8 kcal/moDe with respect to Li(2S) + NO(- 2 ) fragments. The
3 of LINO is signi cantly ionic in nature (see Figure 2.11). The two unpaired electrons
of the molecule primarily lie in the perpendicularc orbitals of NO of the molecule. The
oblique fashioned interaction between Li and NO creates a more staSie°structure than
the linear 3 . Proposed vbL diagrams of linear and bent structures are shown in Figure
2.11. The bent A9 structure has a 1.7 kcal/mol higherDe than the linear (¢ ) struc-
ture. The NO distance of the bent structure is 0.06 A longer compared to the linear one.
The linear structures of LINS, LiNSe, and LiNTe are more stable than corresponding bent
isomers. Overall,De increase in LINOY LiNS Y LiNSe Y LiNTe order.
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Figure 2.11: vbL diagrams of linear (top) and bent (bottom) LIiNO.

The linear LINO isomer is 1.4 kcal/mol stable than bent isomer. The placement of
an additional electron in the polarized 2s of Li of linear LINO{ ) creates* and 2
states of LINO . Interestingly, both these states are stable compared to the ground state of
LINO. The #  ground state of LINO has 0.51 eV electron a nity. All LINS , LiNSe , and
LiNTe have® ground state which is followed by*  excited state. The electron a nities
increase in the LINOY LiNS Y LiNSe Y LiNTe order.

LINO is isoelectronic to BeNO. The rst four electronic states of BeNO%( , 2 |
22 .) are produced from BefP) + NO(-2 ). The 4 ground state has an electronic
structure identical to *  of LINO . The 2A% ground state of bent BeNO is 7.5 kcal/mol
higher than the *  state of linear BeNO.Dgs increase going from BeNO to BeNTe. All
BeNO, BeNS, BeNSe, and BeNTe has positive electron a nities and they increase in the
same order. Interestingly, both linear and bent isomers are possible for these anions. The
electron a nity of both linear and bent isomers of BeNO is 0.99 eV. In BeNS, BeNSe, and

BeNTe the linear isomer is more stable.
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2.4 Chemical bonding analysis of BeO , and Be(O ;)»

In this section most important ndings related to Be(Q)n=1 2 species reported in following
paper® given in Appendix A are summarized. Reprints were made with permission from

American Chemical Society.

Ariyarathna, I. R.; Miliordos, E. J. Phys. Chem. A2017, 121, 7051{7058.

The most stable isomer of Be@is the linear O Be O structure over side bonded Be(9).
The simpler BeO(¢ 1 ) molecule has been assigned to have ionic'B2 structure.!3 Similar
to BeO, the 3 4 ground state of linear OBeO bear ionic OBe** O skeleton. The linear
interaction of O(3P) + Be(1S) + O(3P) gives birthto Y5 4, 5, p, 6 b egand3f p,

b 6 6 D DYStates. The attractive singlet and triplet PECs of aforementioned states
are given in the Figure 2.12. Thé 4,1 6,1 5, 1 5,2 b ° p states are nearly degenerate
in energy. Similarly the states of{ p, 1 6 2 6 > pland [2 4, 2° 1] sets are almost same

in energy.

Figure 2.12: MRCI PECs of OBeO as a function of OBe O for the simultinious approach

of two oxygen atoms towards Be.

Be(O)2 hasD,yq symmetry. The PECs of Be(Q)2 are given in Figure 2.13. The ground
state of Be(Q)» is a !B,. Notice that 1B, and 3B, of Be(0»), are almost degenerate in
energy. PECs of both these states dissociate to the Be{013B;) + O »(- 3 ) fragments.

However, these two PECs undergo avoided crossings with, and 3B, PECs that arise from
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Be(02)(22By) + O (- 2 4). The 13B; states of Be(Q), bear O, Be?* O, skeleton. The

proposed chemical bonding pattern for thé-*B, is shown in Figure 2.14.

Figure 2.13: MRCI full PECs of 13A; states of Be(Q)» as a function of the QBe O,

distance.

Figure 2.14: Chemical bonding pattern of Be(©)».
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2.5 Chemical bonding analysis of Be(NH 3),%" (n =
1 3) and their dimers

In this section most important ndings reported in following papet’ given in Appendix A

are summarized. Reprints were made with permission from American Chemical Society.

Ariyarathna, 1. R.; Miliordos, E. J. Phys. Chem. A2020, 124, 9783 9792.

2.5.1 Be(NH 3)n=1f3

Interaction between nNHy(<2A1) + Be(1S) (n =1 3) is expected to produce a repulsive
PEC owing to their closed shell electronic con gurations similar to Be(CQ) 3. As predicted,
they are initially repulsive but become attractiveY 2.5 A distances (see Figure 2.15). Com-
pared to Be(NHs)n=2,3 the initial repulsion and the proceeding attraction of BeNH(-1A1)
is minor. For BeNH;s it creates a shallow minimum around 1.8 with a 6.7 kcal/mol De at
CCSD(T) level. The interaction between Be and one Nilcan be used to understand the
chemical bonding of Be Be dimer. But the Be NH3 bond length is shorter compared to the
bond length of Be dimer (2.45A).%” Be, has a 1.35 kcal/molD. at the same level of theory.
At MRCI+Q/aug cc pCV7Z level Be Be distance (2.444A) and De (2.639 kcal/mol) are
in excellent agreement with the 2.4%\ and 2.658 kcal/mol experimental values! 8 The 2¢
electrons of Be polarize away from the approaching NH Similarly, the 2s? electrons of each
atom of Be, repel each other. The 2g and 2 p of Be, (see Figure 2.16) are doubly occupied
with 2f g22f p2: 79% electronic con guration. The stability of Be dimer is caused by the
2f §23f 6% 7% con guration. Based on these con gurations the introduced Lewis diagram is

depicted in Figure 2.17.
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Figure 2.15: MRCI PECs of (a) BeNH, (b) Be(NH3)2, and (c) Be(NHs)s as a function
of Be N. All other parameters kept xed to those of the ground state geometries. For all

dissociations NH is in its =LA, ground state.

Figure 2.16: Selected molecular orbitals of Be

Figure 2.17: Lewis structures for the BeBe bonding in Be.

The CCSD(T) Des of Be(NHs)2(<* 1) and Be(NHs3)3(~* 1) are 16.6 and 33.2 kcal/mol,
respectively. Interestingly, as n grows the energy barrier of nNJ1 1) + Be(!S) !
Be(NH3), reaction increases (see Figure 2.15). As ammonia approaches!B(ts 2< elec-

tron cloud polarizes away from ammonia to produce the ground state (See the HOMOs of
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Be(NHs)n=1 3 given in Figure 2.18). In Be(NH)2(-1 1) a slight electron solvation was

observed. Electron solvation is signi cant in Be(NH)s(=1 1).

Figure 2.18: HOMOs of Be(NH)n=1 3.

Excitation energies, optimal parameters [for BeNkland Be(NHs)2], and electronic con-
gurations of the several low lying electronic states of BeNH, Be(NHs3),, and Be(NHz)3

are listed in Ref’ of Appendix A.

2.5.2 Be(NH 3)1{3+

The —2A1 ground state PECs of Be(NH)1 3* are strongly attractive compared to their
neutral molecules because of the electrostatic attraction between 'BES) + nNH3(~1A1)
fragments (Figure 2.19). Similar to Be(NH), the D¢ of Be(NH3),* increases with n. The
CCSD(T) Des of Be(NHs),* are 78.3, 129.4, and 167.7 kcal/mol, with respect to B¢?S) +
nNH3(=1A,) dissociations. Similar to Be(NH)1 3 the HOMOs of Be(NHs)1 3+ are mostly
the polarized 2s of beryllium (see Figure 2.18). As expected bond lengths of Be@)Hs"
are shorter compared to Be(NH); 3 (by 0.12A for Be(NH3)*, 0.02A for Be(NH3)>*, and
0.03 A for Be(NH3)3™. The Be N lengths of Be(NH), Be(NH3)>*, Be(NH3)3™ are 1.682,
1.724, 1.769A, respectively.
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Figure 2.19: MRCI PECs of the ground electronic states of Be(Nfjy 3* as a function of

the Be N distance.

2.5.3 [Be(NH 3)n=12 ]o dimers
[BeNH 3]2 dimer

Several low lying PECs of [BeNHs]2 are shown in Figure 2.20a. To make PECs of
the dimer three lowest energy channels of BeNHare considered. These channels are: (1)
BeNHs3(-~1A1) + BeNH3(-1A1), (2) BeNH3(<1A1) + BeNH 3(6%E), and (3) BeNHz(6°E)

+ BeNH3(6%E) in the order of energy. Each channel produces onsinglet, four triplets,
and four (singlets + triplets + quintets), respectively. The ground state of the dimer tAg)

smoothly dissociates into two BeNK(-"1A1) fragments.
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