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Abstract

The speciation and improved solubility of Ru,(pu-0,CCHs)s(u-2-Fap)X complexes, where 2-Fap is
2-(2-fluoroanilino)pyridinate, and X represents Cl, Br or I, are influenced by the axial ligand (X)
lability and solvent coordination at the axial site. These complexes have Ru(ll) and Ru(lll) metal
centers that can be written as Ru,®*. Researchers have observed distinctive spectroscopic and
electrochemical characteristics of these Ru,®* complexes but lack an established theoretical
framework to fully understand specific characteristic traits, such as a shoulder band in the
visible range of the ultraviolet-visible (UV-Vis) spectrum in aqueous solutions, the absence
thereof in solutions containing excess chloride ions, as well as the solvatochromic shifts of the
UV-Vis bands in aqueous and non-aqueous solvents. This study therefore investigates the
characteristics of Ru,(u-0,CCHs)s(u-2-Fap)X complexes using time-dependent density functional
theory (TD-DFT) calculations that utilize the PBE/LANL2DZ level of theory and an
Integral Equation Formalism Polarizable Continuum (IEF-PCM) solvent model using water, DCM
and DMSO. Calculation of natural transition orbitals (NTOs) and spectrum deconvolution
methods have aided in characterizing the electronic transitions of the prominent UV band at
250-350 nm as a combination of &(Ruz) - m*(Np,C), m(Cl) - n*(Cp,Np) and m(Cl) > n*(C,)
transitions, where the subscript “a” and “p” represents the aniline and pyridine moieties,
respectively. On the other hand, the weak band at the 400-450 nm visible region is ascribed to
the m(Cs,Na)/6*(Rua) = 1*(Cp,Np) transition, whereas the broad band at 450-750 nm has been
characterized as a combination of m(Cl,Ru;) - 6*(Ruz), 6(Ruz) - 6*(Ruz), m(Cl,Ruz) = 1t*(Ruy),
n(F,C,-Ca) = 1*(Ruy), m(Cl) - m*(Ruz) and mt(Cl,F,C,-C,) - m*(Ruy) transitions. The near-infrared
(NIR) region is characterized by a weak band at 900-1000 nm, which mainly consists of a
6(Ruz) = 6*(Ruy) transition. The equilibria, involving the cationic, neutral and anionic species in
solution and corresponding spectroscopic changes are interpreted for Rua(p-O,CCHs)s(p-2-

Fap)X, along with the solvatochromic shift.
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Ru,** Complexes: Structure, Properties and Applications

Chapter 1 Introduction

1.1 Ruz®>* Complexes: Structure, Properties and Applications

The search for novel anti-cancer agents remains a crucial and pressing challenge for medicinal
chemistry and metal-containing compounds have emerged as a promising avenue of
exploration in this pursuit.!3 In our laboratory, prior investigations centered on dirhodium (Rh3)
complexes has produced potential anti-cancer agents,* and our laboratory has expanded its
research for anti-cancer agents to encompass diruthenium (Ruz) mixed-ligand complexes® © that
exhibit enhanced solubility and contain biologically active ligands, making them particularly
attractive from the viewpoint of therapeutic efficacy. An important goal of the investigations
conducted in our laboratory has been to gain a deeper understanding of the molecular
structure and paramagneticity of these metal complexes and how these factors relate to
biological activity. In the sections that follow, some key electronic properties pertaining a

majority of Ru, complexes are discussed.
1.1.1 Effect of O,0’-donor bridging ligands on [Ruz(u-02CCHs)a]*

Each Ru atom possesses five valence d orbitals, namely, d,2, d,,, d,,, d,, and dxz_yz (Figure
1.1.A). In a Ruz system, five positive and five negative overlaps are symmetrically allowed
between the d orbitals. The positive overlap of the two d,2 orbitals, dg? + dg), produces a ¢
bonding molecular orbital (MO) (Figure 1.1.A). Negative overlap forms the analogous
antibonding ¢* MO. The overlaps d,(é) +d,(CZZ) and dl(,lz) +d3(,22) can each give birth to two
degenerate but orthogonal m(Ru,;) bonding MOs. Again, the negative overlaps result in the

matching ©* anti-bonding MOs. Finally, the bonding and antibonding MOs & and §*

combinations of the d,, orbitals. The remaining pair of d-orbitals on each metal atom, dxz_yz,

can overlap to produce bonding and antibonding combinations, but calculations’ indicated that

each of them interacts strongly with a maximum of four ligands on its own metal atom along
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the x,y-axis. In this sense, they contribute significantly to metal-ligand interaction while having
little to do with Ru-Ru bonding.” Based on the Hiickel concept, which states that MO energies
are proportional to overlap integrals and noting that these overlaps must increase in the order
6 < m < o, the orbitals energy order beginning with the most stable is expectedtobe o0 < 7 <
§ < 8" <m* <™ (Figure 1.1.A).8 For Ru®* complexes, the Ru atoms have a 2.5 fractional
formal oxidation state, which means that each Ru atom has 8 - 2.5 =5.5 electrons and thus

eleven electrons can be positioned in valence d-orbitals.?

(A) (B)
y [Ru,]>* [Ru,y(0,CR)4]"
l ix 0271482(8*)2(75*)1 62717482(7[*)2(8*)1
A ’ oo ,—o" _o"

Potential energy

Figure 1.1 Comparison of the spin-restricted MO diagram and electronic configuration of (a) ligand-free
[Ruz**] barycenter and (b) [Ruz(u- 02CR)+]* complex. Effect of bridging ligands indicated by the dashed lines.

Eight out of the eleven electrons would occupy the four bonding MOs, while the remaining
three electrons fill the antibonding MOs, resulting in the configuration o2m*52(5*n*)3 (Figure
1.1.A). The intuitive electronic structure based on energy grounds is the low-spin S = 1/2 ground
state (GS) with electronic configuration a?m*82(6*)?m™, including four pairs of bonding
electrons, a pair of electrons in the antibonding 6" MO, a single unpaired electron in either one
of the antibonding ©* MOs and the 6* < ™ ordering of MOs.>1! However, surprisingly, there
are three unpaired antibonding electrons in the =™ and §* MOs. The antibonding MOs are very
close in energy (Figure 1.1.B), and the high-spin $=3/2 GS with ¢?m*82(*8™)3 configuration
and §* > * ordering has been found or Ru,** complexes. 7 11 According to Eq. (1.1) from MO

theory, which defines bond order as the number of electrons occupying the bonding and
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antibonding MOs, the Ruz®* bond order is 2.5, which means Ruy>* complexes consist of a

peculiar double and half bond.? 12

_ nbonding—nantibonding
BO = > (1.1)

The Ruz(u-L)a complexes containing four bridging ligands (L) can adopt either the paddlewheel
(Figure 1.2A) or the face-sharing bi-octahedral (Figure 1.2B) structural framework.®2 However,
the paddlewheel structure is prominent for Ruz>* complexes and it is characterized by four
strongly bound monoanionic, three-atom, donor bridging ligands, which by connecting the two

bonding Ru atoms favours shorter Ru-Ru bond lengths than in the bi-octahedral equivalent.®

oo ® Q

O—Ru—_:Rlu—O O\Ru ................................ Rf/o

O%ﬂ o N o

Figure 1.2 General (A) paddlewheel with axial ligand (red ball) and (B) bi-octahedral molecular structures

The Ru-Ru bond lengths in paddlewheel Rux>* complexes lie in the narrow range of
2.248-2.310 A.8 A paddlewheel Ru;>* complexes may have zero or one axially coordinating
ligands (Figure 1.2A), which are characterized by long Ru-axial ligand bonds.'* Asymmetrical
bridging ligands make up a majority of the significant bridging ligands found among
paddlewheel Ruz>* complexes. This asymmetry can yield four possible regioisomers, namely,

(4:0), (3:1), trans-(2:2), or cis-(2:2) isomers (Figure 1.3).8 1417
4:0 3:1 trans-2:2 cis-2:2

%‘ji o{ﬁ‘j

Figure 1.3 General molecular structure of the four possible arrangement of unsymmetrical bridging ligands
around the Ru: center.

The characteristics of most other paddlewheel complexes are present in Ruz(u-02CR)4Cl (where
0O2CR = carboxylic ligand), which consist of four O,0'-donor bridging ligands coordinating to the
Ruz>* core through two oxygen (O) donor atoms. Therefore, a consideration of the 0,0'-donor-

bridged class of Rux>* serves as a reasonable foundation for all others. Wilkinson and
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Stephenson'? reported the first synthesis of Rua(u-02CPr")aCl in 1966, and its crystal structure
was determined as a polymeric [-Ru-Ru-Cl-Ru-Ru-Cl-], configuration with four bridging butyrate
and a Dsn symmetry per Ruz®* unit. Whilst a 125.4° Ru-Cl-Ru angle between adjacent Ruz>* units
was initially found for Ru(pu-02CPr")4Cl,8 it can significantly vary for polymeric Ruz(p-02CR)4Cl
due to a trade-off between micro-segregation, orbital overlap, or lattice packing.'® 2921 22 Sych
variation is a critical factor in tuning the antiferromagnetic interaction between adjacent Ruy>*
units,'® 23 for Ruz(pu-02CR)4Cl which has been of interest in the development of polymeric Rua(p-
0,CR)4Cl complexes with antiferromagnetic properties.’® 21 232> Fyrthermore, the Ru-CI-Ru
angle variation enables Rux(p-02CR)4Cl complexes to adopt either a linear?6? (Figure 1.4A) or

zigzag'® 3934 (Figure 1.4B) polymeric chain.

Solv—Ru=—= Ru—Solv

7%

Figure 1.4 Molecular arrangement observed in Ruz(m-02CR)+Cl complexes: polymeric (A)linear and (B)
zigzag, (C) discrete molecules or (D) ion pair. Axial anionic (X, red) or solvent (Solv, blue) ligands.

Despite their lack of antiferromagnetic properties, non-polymeric Ruz(u-O2CR)sCl are more
prominent than polymeric ones and consist of either a neutral?® 2% 34 35 Ruy(u-02CR)4(Solv)X
complexes (where X = anionic ligand, Solv = neutral solvent ligand) (Figure 1.4C) or paired
cationic [Ruz(p-02CR)a(Solv):]* and anionic [Ruz(u-02CR)sX7]" ions (Figure 1.4D).2° Uncertainty
persists regarding the variables that affect whether a given molecule will adopt a polymeric
structure or be a discrete molecule.?®2% 36 However, it has been suggested that the interplay
between the axial ligand ability to bind two [Ruz(u-O2CR)s]* units simultaneously and the

destabilizing forces of steric interactions between branched chains of the carboxylic bridging
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ligands in [Ruz(n-O2CR)s]* affects the possibility of forming a monomeric or polymeric
structure.??2°

Prior research has concentrated on isolating Ruz(u-02CR)4Cl having Ruz™ units (n =3, 4 or 6),”
but the Ruy>* core is the most common owing to its excellent stability in air and magnetic
characteristic.2’ The almost degenerate half-filled 7* and §* MOs are responsible for the Ruy>*
oxidation state stability due to the stabilizing exchanging energy of the three unpaired
electrons that accounts for almost two-thirds of the stability.” Magnetic susceptibility studies of
Ruz(u-02CR)4Cl showed magnetic moments of ~4.00 BM per Ru’* unit due to the existence of
three unpaired electrons delocalized across the Ruz”* core (c.f. 1.1.1).2237 The two Ru atoms are
magnetically equivalent in Rux(u-O2CR)4Cl. Hence, referring to the unit as Ruz’* is more
appropriate than the mixed-valent designations of Ruz*—Ru3*, or Ru(ll,l11).

The theoretical analysis on Ruz(u-O2CR)4Cl, [Ru2(n-02CR)a]*, and [Ruz(p-O2CR)4Cl2]" using the
self-consistent field Xa scattered wave (SCF-Xa-SW), published by Norman and colleagues in
1979,3® demonstrated that regardless of axial ligands nature or the use of a spin-restricted or
spin-unrestricted model, the =™ and 6 MO levels are very close, with 0.0097 Ha (0.026 eV) and
0.001 Ha (0.0026 eV) for the cationic and anionic species, respectively. Furthermore, Norman38
theoretically demonstrated that the ligands present have a considerable influence on the
relative m* and §* MOs ordering as well as their precise separation. The calculations indicated
that the 8™ orbital interacts much more than the ™ orbitals with lower lying carboxylate
orbitals due to symmetry-allowed negative overlap of Ru-based d,, orbitals with

carboxylate-based dxz_yz along the x, y —axis and destabilizes the Ru-based §* relative to the

¥ MOs. Consequently, the Ru-based §* MO energy does not drop as much the Ru-based 7*
MOs (Figure 1.1.B) during overlap and thus the ©* < §* ordering calculated for these 0,0’-

donor-bridged Ruz>* complexes.3* 3841
1.1.2 Effect of axial chloride ligand on Ruz(u-02CCH3)4Cl

An axial o(Ru-Cl) bond in Ruz(p-0O2CR)4Cl is formed between an empty Ru-based d 2 orbital and

an occupied ligand orbital along the z-axis.38 An additional axial Ru-Cl bond is possible due to
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the Cl-based lone pair orbitals.3® The axial Cl influence on the Rux°* is antagonistic to that of the
bridging ligands (c.f. 1.1.1 and 1.1.3), such that the axial ligand contributes some charge3® to
and destabilizes the n* MOs but not the 6* MO due to the fact (c.f. 1.1.1) that the Ru-based 7*
MOs formed by the negative overlap of Ru-based d,;, or d,,, orbitals are symmetrically aligned
to overlap with the Cl lone pair-based p-orbitals interacting along the z-axis in an antibonding
manner, whereas the Ru-based d,, for the &* orbitals lack the proper symmetry to overlap
with the Cl-based p-orbitals. Therefore, the negative overlap of the Cl-based p-orbital with
Ru-based d,, or d,, orbitals destabilizes the Ru-based n* MOs and lowers the ©*-6* splitting
energy.3* 3841 This Ru-based n* MOs destabilization upon interacting with axial Cl-based
p-orbitals MOs results in a Ru-based m*-0* energy gap decrease, which becomes more

substantial as the axial ligand n*-donation increases (Figure 1.5).
[Ru,(0,CR),]"  Ruy(0,CR) X Ruy(0,CR)4X
S8 (#)2(5%)! G2t (mH)2(5%)! oPntEA(mH)3(8%)!

—

| 5
+o JFSR,#@T;‘H y
ot L

%8 J(FS %8
SR S L
ch JWG J#G

Increasing m—donation into 7*
Figure 1.5 Comparison of the spin-restricted MO diagram and electronic configuration of [Ruz(u-02CR)4[",
[Ruz(u-02CR)4]---X and [Ruz(u-02CR)+]X species. Effect of axial ligand indicated by the dashed lines.

Potential energy

1.1.3 From O,0'- to O,N- or N,N'-donor bridging ligands

A bridging ligand containing of a nitrogen (N) donor-atom is a stronger m-donor than a bridging
ligand with only oxygen (O) donor atoms because N is less electronegative than O.
Consequently, a substitution of a more labile O,0'-donor bridging ligands with O,N-donor (e.g.,

oxypyridinates)*> or N,N'-donor (e.g., aminopyridinates)?”> 4346 bridging ligands under
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appropriate conditions is possible and can afford complexes with more strongly bound bridging
ligands than the initial O,0-donor ligand.® 7 4347 For instance, the first known mixed-ligands
Ruz>* complex, viz. Rua(mhp)z(p-02CCHs)2Cl (mhp = 6-methyl-2-hydroxypyridinate anion), was
derived from Ruz(p-02CCH3)4Cl.*> The N,O- and N,N'-donor bridging ligands can be symmetric or
asymmetric ligands, which unlike the typical linear O,0'-donor ligands, can more favorably
protect the Ruy’* core, which could lead to useful properties like selective axial ligand
coordination.

In contrast to Ruz with O,0'-donor-bridge Ruz>* complexes, N,0' or N,N'-donor-bridged Ru>*
only present non-polymeric structures,*®->? possibly due to the greater steric demand of the
prominent aryl-containing N,O' or N,N'-donor bridging ligands. Furthermore, despite the high
steric requirements of asymmetric aryl-containing N,N'-donor-bridged (4,0) and (3,1) Rux**
isomerism (c.f. Figure 1.3) that even results in an paddlewheel eclipsed geometry, these
regioisomers (4,0) and (3,1) are more prominent than the (2,2) isomers.1> 1644

Substituents on a N,O' or N,N'-donor bridging ligands ring can modulate the electron density on
the Ruy°* core, as demonstrated by the linear free energy relationships between the Hammett
substituent constants (2a) of N,N'-donor bridging ligands and the wavenumber of an absorption

band or the Ru,>*/4* reduction half-wave potentials.*3 44 47

[Ruy(0,CR),]"  [Rupy(NOCR),I™  [Rup(N,CR),I™ [Rup(NpCR),T”
o 8 (mx)*(5%)! oo (nx)2(5%)!  o2tod(mx)2(S¥)!  oPnteA(mx)d(8%)°
A _G* —G* —G* _G*

<
<

Potential energy
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Figure 1.6 Comparison of the spin-restricted MO diagram and electronic configuration of (A) [Ruz(u-02CR)4[",

(B) [Ruz(u-NOCR)4J" and (C) [Ruz(u-NN'CR)+}* complexes. Effect of bridging ligands indicated by the dashed
lines.
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UV-Vis of absorption spectra of Ru;>* compounds

It is anticipated that a Ru-based 6* MO will interacts more substantially with a lower lying N,N'-

or N,O-donor-based dxz_yz than with O,0-donor dxz_yz orbital. Thus, a Ru-based 6* would be

more destabilize as the m-donation increase from O,0'-donors to N,0-donors to N,N'-donors
(Figure 1.6 A-C). Highly basic N,N'- or N,O-donor-bridging ligands can even produce a S=1/2
low-spin state by destabilizing the Ru-based 8* MO enough to break the 6*-n* degeneracy and

present an unoccupied * MO (Figure 1.6 D) 3% 41,5354

1.2 UV-Vis of absorption spectra of Ru,>* compounds

The electronic absorption spectra of paddlewheel Ruz>* compounds have revealed some
interesting and unexpected challenges. Ruz(u-02CR)3(p-Rap)Cl have spectral properties that are
different from those of Ruy(u-02CR)4Cl, where many interpretation techniques that rely on the
survival of this axis of symmetry can be used. For unsymmetrical Ruz(u-O2CR)s(u-Rap)Cl, the
simplifications and approximations that result from an axis of symmetry do not exist, a more

rigorous theoretical investigation is required.

1.2.1 Absorption spectroscopy of Rux(p-carboxylate)sCl derivatives

The electronic configuration of paddlewheel Ru,>* complexes (c.f. 1.1.1) is o?m*8%(8*n™)3.
Norman et al.3® proposed band assignments in the electronic'® >> and resonance Raman
spectra®® based on this electronic structure. Regardless of the alkyl substituent, these
compounds exhibit three groups of bands in solution, labeled band 1, band 2, and band 3
(Figure 1.7A). Two strong UV band 1 and 2 at ~230 nm and ~330 nm, respectively, and a weak
visible band 3 at ~425 nm, as well as a very weak NIR band at ~961 nm,?% 3% 3557 which is
sometimes not visible.?! In this case the wavelength is only being shown up to 700nm and even
if it were to be extended one would probably not see this very weak band.

The more intense and high-energy UV Band 1 was then assigned?’ >’ to an LMCT o(Cl) —

o* (Ru,) transition, whereas band 2 was assigned®’ to a ligand to metal charge transfer (LMCT)
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m(C) - m*(Ru,) (Table 1.1) transition after considering by analogy with experimentally

characterized LMCT in Rh2° complexes.

(a) 14 EXPt. —{ Ru,(0,CCH,),CIT (b) 50
- 4.5
127 Expt. —[ Ru,(0,CCH,),Br]" T a0 TD-DFT—{ Ru,(0,CCH;),Cl]-
g ] EXpt. —{ Ru,(0,CCH,),I) s 3 TD-DFT—| Ru,(O5CCH,),Br]-
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Figure 1.7 (a) Experimental UV-Vis spectra of [Ruz(u-02CCH3)Xz] (X = Cl, Br, I) in acetonitrile and (b) the
corresponding TD-DFT spectra simulated in acetonitrile at the B3LYP/LANL2DZ-IEPCM. Adapted from
Ref[21]

Although the attribution of the UV bands to LMCT is logical on energy grounds, calculations
have shown numerous allowed transitions in the UV range in question,?" 38 as responsible for
the very high molar absorptivity (reaching € > 2000)?! and the ill-defined maxima in the range
392-200 nm.*® Furthermore, the attribution of band 2 to the m(Cl) — m*(Ru,) transition was
not confirmed by calculations.2% 38 In contrast, a weak (f=0.015) p(0) — m*(Ru,) transition at
~330 nm was predicted. The UV band assignment is thus unclear, and in principle, the intense
absorption in the UV range could be the net result of a large number of overlapping transitions
simulated with various characters that are not accounted for in the proposed UV band
assignment, and thus the latter could well be in error by such a large amount. It has been
shown that band 1 of [Ruz(u-02CR)aXz]™ (X = Cl, Br, or I) substantially red-shifts when changing
the axial ligand from Cl to Br to | (Figure 1.7A), from 230 nm to 280 nm to 310 nm, respectively
(Table 1.1).2% 22 57 Similarly, band 2 moves from 330 nm to 375 nm to 430 nm upon changing
from Cl to Br to I. The redshift was consistent with the axial ligand character of the o(X) —
0*(Ru,) and m(X) = m*(Ru,) LMCT (Table 1.1) proposed to be responsible for these UV
bands and the anticipated reduction in MO overlap along the Ru-Cl to Ru-l bond, which would
result in a decrease of the 6(X) — 6™ (Ru,) and m(X) — ¥ (Ru,) energy gaps. Additionally, the
m*(Ru,) — §*(Ru,) is anticipated to increase due to the lower binding of the axial ligands (c.f.

1.1.1), which would also decrease the m(X) — ™ (Ru,) energy gap.
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The visible band 3 at 425 nm, which was first allocated incorrectly!® to §(Ru,) — a,(Ru,)
and/or §(Ru,) — o, (Ru,)®* and §(Ru,) — 6%(Ru,)®® transitions, has been definitively
reassigned to a charge transfer m(Ru — 0,Ru,) — 7*(Ru,) transition, containing ~75% Ru —
Ot and ~24% Ru — Ru  bonding orbitals, could only be established by calculations.? 27, 38 57
This assignment was validated by the fact that resonance Raman experiments have shown that
the band corresponds to a dipole allowed z-polarized m — 7™ transition in D,;, symmetry.2’- 56-

58

Table 1.1 Literature Assignment of electronic absorption transitions in Rux(p-carboxylate)a

compounds
Assignment Intensity Vmaxe(um™1) Amax(nm)
Band 1
o(C)) - o*(Ruy) Vs ~4.35 ~230!el
Band 2
n(C) - m*(Ruy) s ~3.03 ~330
Band 3
n(Ru — 0,Ru,) - m*(Ru,)
2 ? w ~2.35b(~2.16l9)  ~425(~463)
[alle][fllgl]
n(C) - m*(Ruy)™ sh (~1.76) ~568
or
o(Ru,) = o*(Ruy)el
or
8(Ruy) — 1™ (Ruy)!
or
o(C) - m*(Ru,)
Band 4
8(Ru,) — &*(Ruy,)kIfkE vw ~1.04[] ~961
8(Ru,) — m*(Ruy) A ~0.920] ~1087

BIFrom Ref.[38]. P'Molar absorptivity in solution from Ref.[55] [/Band maxima in solid state from Ref.[56]. [¥'Band
maxima in solution3* [Band maxima from Ref.[21]. IFrom Ref.[57]. ©From Ref.[27]. o/n/8/8 /o™ /6% (Ruy)
denote the Ru — Ru character of mainly Ru orbitals. m(Ru — O, Ru,) is a predominantly Ru-O orbital, but with
significant (24%) Ru-Ru character. m(X) denote Axial halide ligand. T(Cl) denote predominantly Cl lone pairs
orbitals with T overlap. 6(Cl) denote predominantly Cl lone pairs orbitals with o overlap. Used convention from
Ref.[27][56] for intensities: w (weak), vw (very weak), s s(strong), vs (very strong), sh(shoulder). "or" implies
ambiguously assigned.
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The incorrect assignment were ruled out because 6 (Ru,) — 0¢,(Ru,) and §(Ru,) — o, (Ru,)
are not dipole allowed, the g,(Ru,) MO was predicted at much higher energy and the
5(Ruy,) — &8%(Ru,) transition, which should be accurately simulated for systems of (§)2(8*)?!
configuration,® 38 56 59 [ied at much lower energy. Band 3 has been reported to occur in two
components: a primary maximum at ~463 nm (analogous to the band at ~425 nm in solution)
and a shoulder/secondary maximum at ~568 nm.?® 34 36 57 Thjs has sparked discussion about
the reason for this feature. On the one hand, prior to the development of DFT, Norman et al.38
calculated using SCF-Xa-SW, proposed that the splitting into two components (primary and
shoulder band) in the solid phase could be due to the lifting of the removal of the §* and m*
orbital degeneracies in crystal of low symmetry, and it was proposed that the calculated
maximum (502 nm) was essentially the average energy of the two experimental maxima
(510 nm), implying that the optimized geometry corresponds to the average structure between
the highly symmetric and modestly symmetric structures.

Another hypothesis suggested by Norman was that the shoulder could be due to m(Cl) —
¥ (Ru,) LMCT at 535 nm, therefore the assignment.38 The latter assignment was accepted by
some? and ignored by others®’ who advocated for the 8(Ru,) — m*(Ru,) metal-based
transition (Table 1.1). Notably, the pioneering characterization should considered with caution
because it was based on the archaic density-based method SCF-Xa-SW, which was proposed by
John Slater in 1950 to as brilliant replacement of HF,®° but in current DFT classification it is
equivalent to an exchange-only LSDA functional in the gas phase. Such a functional is of
relatively mediocre quality, which leads to the consideration based on more sophisticated DFT
functionals. Indeed, Castro et al. using advanced DFT functionals, recently yielded different
data.?! Although Castro et al. did not specifically mention the shoulder band issue, their TD-DFT
results predicted a 6(Ru,) — o*(Ru,) (Table 1.1) transition at 529.5 nm in the gas phase. This
was the closer transition to the experimental shoulder in question and contradictory to the
characterization by Norman. The m(Cl) —» m*(Ru,) LMCT was predicted in the solvent phase
but it was at 680 nm, which was much lower energy than that of Norman, but was in good

agreement with the spectrum recorded by Barral et al.3* The latter, whose work produced the
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spectra of a cohort Rux(u-0O2CR)X (X=Cl, Br, or 1) compounds in various solvents, attributed the
o(Cl) —» m*(Ru,) LMCT to band 3 on the basis of its sensitivity to the type of axial ligands.?*

Band 3 was only marginally impacted by the change from Cl to Br, whereas a large red-shift is
observed for [Rux(u-O2CR)al2]™ (Figure 1.7A).22 Unlike the experimentally measured spectrum,
the TD-DFT simulated spectrum (Figure 1.7B) showed a large shift even when switching from Cl
to Br. This stark difference left unexplained. According to the ascribed transition of band 3, viz.
m(Ru — O0,Ru,) — m*(Ru,), it should virtually unaffected variation of axial ligand. Therefore,

it was proposed that it is possible that some axial ligand CT contributes to the transition.??

The very weak NIR band 4 at ~961 nm was initially §(Ru,) — 6*(Ru,), 3 by analogy with
similar band of Mo, complexes.?® Later, detailed single crystal polarized optical spectroscopy
and vibrational studies confirmed that indeed the band is a z-polarized §(Ru,) = &*(Ru,)
transition.?’” However, some studies have reported an additional maximum at ~1087 nm,38& 5> 57
which was assigned to vibronically allowed but spin-forbidden §(Ru,) — m*(Ru,) transition3?
because it was characterized by a weak oscillator strength. According to Miskowski et al.,>” such
a transition would occur in the visible shoulder band (~630 nm) region, owing to repulsive
forces within the molecule that elevate the A[§(Ru,) — m*(Ru,)] energy gap. However, this
transition was sensitive to the type of axial ligand, possibly because it mixed with some ligand
character, but the Miskowski did not intend on explaining this observation and uncertainty still
lurks whether the transition should be part of the visible shoulder band or the NIR (6(Ru,) —
5*(Ru,)) band.?” Band 4 in the measured spectrum is virtually unaffected?? 27-57 by the change
of axial ligand coordination, which was consistent with the predominantly metal character of
this band (Table 1.1). The simulated TD-DFT spectrum did, however, demonstrate the red-shift

of band 4 (Figure 1.7B) when changing from Cl, Br, to . The disparity is still a mystery.?!

1.2.2 Absorption spectroscopy of mixed-ligands Ruz(pu-02CR)s.n(Rap)nX derivatives

Complexes with the formula Ruz(p-Rap)n(p-02CR')sa-nCl (n=1-4) exhibit quite similar UV-Vis

spectroscopic behavior characterized by four absorption bands (Figure 1.8A): a very strong UV
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band below ~400 nm (band 1), a weak band in the 400 nm-500 nm (band 2A and 2B) visible
range, a strong band in the visible range (band 3A and 3B) and a NIR band ~990 nm (band 4).
The electronic transition assignments were not included in the initial report by Cotton et al. of

Ruz(p-ap)4Cl, which was the first reported Ruz incorporating an ap ligand.®!

(a) 2.00- b) s
| 581 nm
8 ~_ 643 nm
g 04| o
@ S 0.3 4 \
ie) o A
< 2 \ / \ \
0.2 " Vo
\
0.1 . \
. e S
T T T T T T 0.0 1 T T
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Band 1 2A 2B 3A 3B 4 Band 1 2A 2B 3A 3B 4

Figure 1.8 (a) Experimental UV-Vis spectra of Ruz(u-OCz2CHs)x(u-2-Fap)+xCl in neat DCM and (b) UV-Vis
spectra of Ruz(u-02CCHs)s(u-2-Fap)Cl in DCM before (-) and after (...) adding 0.1 M TBACI. Adapted from
Ref.[43]

Subsequently, Chakravarty and Cotton® attempted to characterize the spectrum and proposed
that band 2 and band 3 could be caused by transitions in (Cl) — ©*/8%(Ru,) and m(N) —
m*(Ru,), respectively, but admitted that "a more definite assighment would require a
thorough MO calculation on the system".

To date, only the Ruz(p-ap)aCl has been characterized theoretically. On one hand, the groups of
Ren et al. thoroughly characterized the UV-Vis spectra of Ruz(p-ap)sX,%*7° but the axial ligands X
were generally covalently coordinated carbon-based axial ligands, instead of labile halogen
ligands that are of interest herein. On the other hand, the group of Berry et al.%® fully
characterized the spectrum of Ruz(p-ap)sCl, which lack, however, the shoulder band of Rux(u-
Rap)n(u-02CR')Cl, which the unique feature associated with the mixed-ligand mono-ap
complexes (Figure 1.8A) and has been a hot topic of discussion to be squared off herein.
Although, Kadish et al.2%17 43 44,47, 71, 72 extensively investigated Ruz(p-Rap)(u-O2CR')sCl, their
spectroscopic UV-Vis spectrum interpretation of these complexes was not based on definitive
calculation, but solely relied on the UV-Vis spectrum of Ru(u-02CR)4Cl (Figure 1.8A) or on the
work of Berry et al.,%> both which clearly do not paint the full picture regarding the peculiar

nature of Ruz(p-Rap)(u-02CR')sCl.
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For the Ruz(p-Rap)(u-O2CR')sCl complex, band 1 has not yet been assigned. Bands 2 and 3 can

be separated into 2A, 2B and 3A, 3B, respectively (Table 1.2). Band 2A has been attributed to

n(N/aryl) - o*/n* /6% (Ru,) LCMT. Interestingly, Band 2A (Amax) Was revealed to linearly

increase with the Hammett substituent constant (o) of Rap,*” which was attributed to possible

stabilization of MOs by analogy with Mo, complexes,’® and a change in the n(N)-donation (c.f.

1.1.3) by its close proximity the EDG or EWG on the Rap.

Table 1.2 Literature Assignment of electronic absorption transitions in Ruz(p-Rap)a(pu-02CR’)a-nCl

compounds
. . Amax(nm)[a] (|J- - Rap)n
Assignment Intensity
n=1 n=2 n=3 n=4
Band 2A
n(N/aryl) - o*/n* /8% (Ru,)! w 415 431 429 428
Band 2B
o/m/8(Ru,) — &% (Ruy)b! w 464 513 469 463
Band 3A
m(Ru — 0/N,Ru,) — m*(Ru,)RIP]
and S 581 682 728 750
8(Ruz)/m(N) — m*(Ruy)®
Band 3B
m(Cl) - m*(Ruy)
or sh 643
8§(Ru,) — m*(Ruy)b!
Band 4
8§(Ru,) — &% (Ruy,)kIb]
or vw 990

8(Ru,) — m*(Ru,)H

lelFrom Ref.[43, 63]. PIFrom Ref.[63]. [IFrom Ref.[47]. 6/1/8/6* /6* /6¥ (Ru,) denote the Ru — Ru character of mainly Ru orbitals.
m(Ru — O, Ruy) is a predominantly Ru-O orbital, but with significant (24%) Ru-Ru character. L denote axial halide ligand. (L)

denote predominantly L lone pairs orbitals with 1t overlap. Used convention?’ 3¢ for intensities: w (weak), vw (very weak), s (strong),

vs (very strong), sh(shoulder). "or" implies ambiguously assigned; "and" or “/” imply multiple contributing transitions.

Multiple Ru, — Ru, excitations, notably the o/m/8(Ru,) — &8%(Ru,) transitions, were

proposed to cause band 2B,*” ®3 which is a common feature of complexes with strong EWG on

Rap.43 47

——
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Aim

The m(Ru — N,Ru,) = m*(Ru,) LMCT and the m(N) - n*(Ru,) and 8(Ru,) — m*(Ru,)
Ru-based transitions, were proposed for band 3A, by analogy with Ruz(u-02CR)4Cl and Rua(u-
Rap)sCl complexes*’ (Table 1.2). This is consistent with observed sensitivity of band 3A to the
number of coordinating Rap (Table 1.2), which was linearly red-shifting upon changing from
Ruz(p-Fap)( u-02CR)sCl to Rua(p-Fap)aCl*® and sensitive to the change in EWG or EDG on Rap.%’
The (Cl) » m*(Ru,) LMCT has been attributed to the shoulder band, viz. band 3B.%’ The
equilibrium between the chloride and solvent molecule in solution has been proposed to be the
reason for the shoulder band. This has been supported by a linear correlation between the
number ap ligand and band 3B,*> %’ the disappearance of band 3B (Figure 1.8B) and of one of
the cyclic voltammogram single-electron reduction peaks in excess chloride. However, none of
the experimental evidence seems to explain why this feature is unique to the Ruz(u-Rap)(u-
02CR)3Cl and why it is observable in and sensitive to both coordinating and non-coordinating
solvents.”> 47 Band 4 has been tentatively assigned to the allowed §(Ru,) — 8*(Ru,) or

8(Ru,) — m* by analogy with similar weak NIR band in other Ru, complexes.*3 47

1.3 Aim

The objective of this research is to simulate the UV-Vis spectroscopic behavior of
Ruz(pu-2-Fap)(u-02CHs)sX species (where X = Cl, Br, or 1), through TD-DFT calculations and
reconcile the predicted and observed spectroscopic properties. The UV-Vis spectrum of neutral
Ruz(pu-2-Fap)(u-02CHs)sCl will be calculated and fully characterized as to the electronic
transitions responsible for the four experimentally observable absorption bands. The UV-Vis
spectra of the cationic and anionic derivates will be simulated in water and the experimental
spectrum will be deconvoluted in order to assess the previously postulated existence of an
equilibrium between the neutral species, Rux(p-2-Fap)(u-02CHz)3Cl, and the cationic species,
Ruz(p-2-Fap)(u-02CHs)sCl, in aqueous solution.

The UV-Vis spectra of the bromo, and iodo derivative will be simulated in order to assess the
viability of methods that make use of band shifts to determine axial ligand coordination.

Furthermore, the UV-Vis spectra of neutral species will also be calculated in DCM and DMSO to
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Aim

investigate the experimentally observed solvatochromic shifts. The basic ideas are that the
balance between the different cationic and neutral species that may be controlled by the choice

of the solvent and that the UV-Vis spectra are highly sensitive to species in solution.
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Chapter 2 Theoretical background

2.1 Wavefunction-based methods

2.1.1 Ab initio Hartree-Fock methods

In 1925, Erwin Schrédinger proposed the Schrédinger equation.’* He was inspired by the work
of Louis de Broglie’> on the wave-particle duality. The Schrodinger equation (2.1) is a non-
relativistic wave equation that governs the behaviour of a quantum mechanical system in a

potential field:

HY () = E¥(r) 2.1)
Notable is the energy, E, of the particle, which is associated with the eigenfunction, ¥ (r) and

the Hamiltonian operator, ', describing the system. When applied to a chemical system made
up of Nelectrons and N nuclei, the Hamiltonian Eq. (2.2) 7® 77 can be constructed as:

N Npn N

ﬁ=i(‘%‘7rf) NZ( 27+ Z Z |RZ_Z[;,3| ZZM_RM Z Z |i1r].| (22)

i=1 a=1

The above equation and other subsequent equations, henceforth, are written in atomic units,*

which means that known physical constants such as the mass and charge of an electron are set

92 92

to 1. The first and second terms, containing the Laplacian operator, (V2= ;—;+a—yz+ P
describes the energy of motion of the N electrons and Nx nuclei. The third term accounts for
nuclei-nuclei repulsions between nuclei a and 3, associated with nuclear charges Z, and Zg,
respectively, and which are a distance |Ra - RBl away from each other. The fourth term is the
electron-nucleus attraction operator, which describes the interaction between an electron i
and the N nuclei. The last term is the electronic self-repulsion, which describes how two
electrons i and j, at a distance |ri — r]-|, repel each other.

Since the mass of a nucleus is approximately 1800 times greater than that of an electron, the

adiabatic or Born-Oppenheimer approximation,’”® developed by Born and Oppenheimer in

* Expressed in atomic units (value in Sl unit): Planck's reduced constant = 1 (1.055 x 103* J), the massm = 1
(9.109 x 1034 kg), and the charge e = 1 (1.602 x 10%* C), vacuum permittivity 4meo =1 (1.113 x 101%) F.m™?
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1927, assumes that the velocity of nuclei and electrons are independent and that the nuclei are
fixed relative to the electrons. As such, the nuclear kinetic energy can be neglected and the
nucleus-nucleus repulsion is constant. Omitting the nuclear coordinate reduces the Schrodinger
equation to:

HoWe (1) = E.Fe (1) (2.3)
where H,, W, and E, represent the electronic Hamiltonian, wavefunction and energy, all of
which depend explicitly only on the coordinates of the electrons, under the adiabatic
approximation. This approximation reduces the Hamiltonian in Eq.(2.2) to:

N Nn

" _EN:(‘E‘ﬁ)‘ZZiZﬁ +Ni i — 24)
e £ 2 /T e |rl- —Rﬁ| |rl- —r].|

i=1 j=i+1
Despite this approximation, it is impossible to solve Eq. (2.3) analytically for a multi-electron
chemical system. Therefore, the Hartree-Fock (HF) method involves simplifying assumptions or
approximations to obtain solutions for an N-electron system as a polyelectronic wavefunction.
One of those required approximations is that, given that electrons are fermion, they obey the
Pauli exclusion principle, the polyelectronic wavefunction. Therefore, this wavefunction is
required to be constructed from a Slater determinant,”® ®g,, which is an anti-symmetric
wavefunction of fictitious monoelectronic wavefunctions ¢;, which are in turn constructed
from a product of a spatial orbital and an a (or B) electron spin function, which is also called
spin orbital:
. L@ o)
PO "W lgytr) - gt

Each monoelectronic wavefunction describes an occupied molecular orbital (MO) of the multi-

2.5)

electron chemical system. The spin orbitals are orthogonal:

[oigjar=o,=(0 1512 26)

where §;; the Kronecker delta. Another approximation is that a single determinant is used. This
implies that the effect of dynamic correlation between electrons is completely excluded and
the electron-electron repulsion effect is described as the average repulsive potential, which

qualifies the HF theory as a mean-field approximation. The single Slater determinant, ®gp, can
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also be expressed in terms of an antisymmetry operator A acting on the diagonal elements of

the determinant to enforce the required antisymmetry property:

Ogp (1) = A[¢1(r1) wPy(ry)] =

1 N-1
13, -
N!
p=0

The diagonal products, the permutation of electron coordinates and the identity operator are

1-—

(2.7)
ljk

ijk

denoted as II, 1, and P, respectively. The sum of P; yields all possible permutations of two-
electron coordinates, the sum of ’lsijk yields all possible permutations of three electron
coordinates and so on. A and }Te are commutive and A acting twice is equivalent to multiplying
by'VQVT77

Neglecting the constant nuclear-nuclear repulsion under the adiabatic approximation, the total

energy of the single Slater determinant can be written as:

E= S hi+2ii(/”—1<”) 2.8

i i=1 j=1

| =

The energy consists of a one-electron operator h; describing the motion of electron i in the
presence of all the nuclei, and the two-electron Coulomb and exact exchange® integrals J;; and
K;;j that represent the classical and quantum mechanical electron-electron interaction,

respectively. These operators can be expressed as follows:”’

N Nn
_ * _1 2) _ Zr”’_ ) — (. 15.1b.
= [ ¢ > (%) ,Z | e oan = wdhle) 29
1
fﬁb (roe; (Tz)l |¢ (1) (r)drdr, = (| Gra|d:i9;) (2.10)
K, f B9 ) e |¢(r2>¢,(r1)dr1drz=<¢i¢,-|g12|¢,-¢i> 211)

where g, = ! - The angle brackets in Eq(2.9) to Eq (2.11) denote the integral of a
2

|rq—r
wavefunction “ket” or |¢), with its complex conjugate “bra”,(¢|, that s,

f¢f(9?¢j)dr =(¢;|1X| ;). The classical self-interaction or self-repulsion errors in Eq(2.8) given

by Jii = (¢i¢i|§12|¢i¢i), is corrected by the numerically equivalent K;; = (¢i¢i|§12|¢i¢i) term.
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To determine a set of MOs that generates the lowest total energy, the energy is varied in such a
way that the MOs remain orthonormal. An elegant way of enforcing orthonormality is through
the method of Lagrange multipliers, such that, the variation in the Lagrange function, 8L, must

be zero with respect to a change in MOs:
N
5L=6F — ) Ay((86ils) — (#1]69,)) = 0 (212)
]

N
OF = Z((&bilﬁildn) + (¢l Fi|59;)) (2.13)
where 1;; denotes a Lagrange multiplier and F; is the effective energy Fock operator. The Fock
operator is applied to every electron in the Slater determinant, describing their kinetic energy

and attraction to all the nuclei, as well as the mean repulsive potential (via jj and /15]-) of each

electron toward the other N-1 electrons:”’

N

j
The variational principle states that the desired orbitals are those that make L = 0 with
respect to the MOs. This yields the following HF equations:

Figi = Aijbi (2.15)
The HF equations can be simplified by using a unitary transformation that makes the matrix of

Lagrange multipliers diagonal, that is, 4;; = 0 and A;; = ¢;. The transformation results in a set
of pseudo-eigenvalue equations with a new set of eigenfunctions (¢'), called canonical MOs:
Figi = ei¢i (2.16)
where ¢; is a canonical MO energy. Hence, by dropping the prime notation and letting ¢ be a
canonical MO, the Lagrange multipliers become equivalent to the MO energies. The
mathematical functions for the MOs required to compute MO energies from the HF equations
are unknown and the HF equations do not prescribe a way of obtaining them. Thus, one way of
approximating the MOs is as a Linear Combination of Atomic Orbitals (LCAO), belonging to what

is termed a basis set:

k.basis

b= Yyt @17)
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where, the ¢, and ¢;, denote atomic orbitals and their associated coefficient MO i,
respectively. Although a basis set is generally not a solution to the multielectron atomic HF
equation, the approximated energy becomes better as the basis set size (or kj,is) increases.
Each atomic orbital in LCAO is itself a linear combination of functions (typically Gaussian
functions). Hence, the MOs in the equation (2.16) can be written in terms of a basis set, which
leads to the Roothaan-Hall equations:

FC = SCe

kbasis

F;w = ((pu|fli|(pu) + Z Dya[(¢u¢y|gij|¢v¢a> - (‘Pufpy|§|‘Pa€0v>]i S/,w = ((pu|(pv)
< 2.18)

occ.MO

Dy = Z CiyCio

j
where F, C, S and & are the matrices of Fock elements, MO coefficient of basis functions,

overlap elements between basis functions and MO energies, respectively. Each F,, Fock

v
element consists of integrals involving the one-electron operators and a sum over occupied
orbitals of electron repulsion integrals multiplied by the density matrix D, , which is a sum of
products of MO coefficients as shown in Eq. (2.18). In practical applications, the Roothaan-Hall
equations is utilized to compute the eigenvalues of the Fock matrix. The diagonalization of the
Fock matrix is necessary to establish the values of the unknown MO coefficients. However,
acquiring knowledge of all MO coefficients is a prerequisite for the evaluation of the total Fock
matrix. Hence, an estimation of the coefficients is initially made, following which the Fock
matrix is constructed and diagonalized. Thereafter, the new coefficient set is incorporated to
compute a new Fock matrix, and the process is iterated until the coefficient set used to
generate the Fock matrix is consistent with the diagonalization results (within a stipulated
threshold). Subsequently, this coefficient set enables the determination of a self-consistent
field solution. This iterative process is called the Hartree-Fock Self-Consistent Field (HF-SCF)
approach.

Every Fock matrix element is comprised of four independent basis functions in the two-electron

integrals, which leads to the four-center two-electron computational bottleneck, making the

calculations grow by O(u*).”” However, the primary flaw in HF theory is that it ignores the
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dynamic correlation in electronic motion that exists between electrons with different spins,

leading to a larger HF energy than exact energy.
2.2 Density functional theory

2.2.1 Density-dependent Hamiltonian

The electron density can be defined as the probability of finding any one of N electrons, with
arbitrary spin within a volume element dr;, while all other N-1 electrons can be located
anywhere. This can be mathematically expressed as follows:&!
p(™) =N [ .. [|¥(xy, x5, ..., xp)|2ds1dx; ...dxy (2.19)

where r and s are spatial and spin coordinates of an electron respectively, whereas x
represents both spatial and spin coordinates.
The probability of jointly finding two electrons with spin s; and s,, each within its own volume
elements dr; and dr,, is described by the pair density:3!

p(x1,x3) = NN —=1) [ ... [|¥(xq, X2, ..., xy)|?dx5 ... dxy (2.20)
The pair density accounts for electron correlation and can be thought of as the electron density
produced by two isolated electrons interacting with a remnant, called the exchange-correlation
hole,® defined to accommodate for the energy errors imposed by assuming classical behavior:

P(xpxz)
hyc(x,x,) =—— p(x 221
xc (X1, %2) 0(x,) p(xz) (2.21)
The hole function hyq(x;,x,) notation implies that the evaluation of the function on an
electron located at r; depends on all other electrons located at r,. This makes it difficult to
define an exact non-classical expression for hy.(x4,x,).8> 8 Consequently, for a system of

interacting electrons and nuclei, the kinetic energy

(2.22), the electron-nucleus (2.23), and electron-electron (2.24) potential energies composing

the Hamiltonian (c.f. (2.4)) can be re-formulated in terms of the density as follows:

1
Tlp(r)] =-3 f Vip(r,7)dr (2.22)

f=r
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Vao[p()] = f vt dr (2.23)

Veelp(ry,13)] = f f |(r1,T2)d T dr, (2.24)

Substituting Eqs. (2.21) and (2.23) into (2.24) gives:

Voulp(rory)] Z%J' P(r1),0( 2) dridr + 1[ J’ P(Tl)hxc(rl'rz)d rodr,

|7"1 7| 197, |ry — 1] (2.25)
J(p) Enc(p)
The classical Coulomb and non-classical interactions between two electrons, are denoted J(p)

and E,,.(p), respectively. The latter accounts for the exchange, correlation, and a correction for

self-interaction, which corrects the errors in J(p) due to the classical mechanics approximation.

2.2.2 The Hohenberg and Kohn theorems

Two basic theorems proved by P. Hohenberg and W. Kohn® in 1964 supported the use of
electron density p(r) as a variable for describing the electronic structure of a system (Eq. (2.3)):
Theorem 1: The first Hohenberg-Kohn® (HK) theorem is an existence theorem, which states
that the total GS energy, E,, of an electronic system in an external potential, v(r), is a unique
functional of its p(r); since v(r) determines H, the GS of the system is entirely determined by
p(r).The proof of theorem 1 was accomplished via reductio ad absurdum: Assume the contrary,
viz. p(r) give rise to two different external potentials v(r) and v'(r), each associated with
different H and H’, respectively, such that the Schrodinger equation yields two different
normalized wavefunction ¥ and ¥’, and two different eigenvalues E, and E',, respectively. The
variational theorem of molecular orbital (MO) theory requires that the expectation value of H

over ¥’ be greater than the energy E,:
E, < (V'|R|¥') = (V'|H —H' + H'|y’) (2.26)
= (W'|F - g |w") + (|59
= J-[v(r) —v'(M)]p@)dr + E', 2.27)

Because the primitive variables were not differentiated, their indices in the inequality Eq. (2.27)

can be switched to obtain the equally valid result:
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E'y < f[v’(r) —v(r)]p(r)dr + E, (2.28)
Since it was initially assumed that p(r) is associated with both v'(r) and v(r), summing Eq.
(2.27) and Eq. (2.28) eliminates the integrals and results in:

Eg+Ey<E'\+E, (2.29)
This indetermination (2.29) indicates that the initial assumption was incorrect. Hence, the non-

degenerate p(r), must uniquely determine v(r), and thus H and ¥. Consequently, p(r)
uniquely determines all the GS properties, including the number of electrons N and the total GS

energy E, which can be written as:

NIp] = [ p(r)dr 2.30)
E[p()] = Vuelp(™)] + T[p(m)] + Veelp()] = f v(I)p(r) dr + Fy[p(r)] (231
Fux[p@)] = TIp()] + Vie[p()] 232)

The energy of the electronic system can be computed exactly, if the functional, Fyk[p(1)], is
known. Unfortunately, the exact formulation of the functionals T[p(r)] and V..[p(r)] and
consequently Fyg[p(r)] is not known.
Theorem 2: The second theorem of HK® states that Fyk[p(r)] yields the exact GS energy if and
only if (&) p(r) is the exact GS electronic density. The proof of this theorem was accomplished
via the variational theorem: Let E({r) and E(lTJ) be the GS and variational energy, respectively,
of a system of N electrons. The variational principle ensures the existence of an energy
minimum when { tends to :

E(Y) = min E(Y) (2.33)
From this statement, one can deduce that:

EQ) <EMW)
W) < P||P)
[ o) v@dr + o] < [ 5 vr)dr + Fulp]
E[p()] < E[p()]
The first HK theorem and inequality (2.34), then gives:

E[p(0)] = E[p(r)] & p(r) = p(r) (2.35)
Consequently, only by knowing the exact GS p(r) will Fyk[p(r)] yield the exact GS E[p(r)]. The

(2.34)

HK theorems are still rather insufficient because they do not prescribe a procedure of choosing

p(r) and even if p(r) is known, the theorems do not guarantee the correct treatment of the
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EES. In addition, computing E[p(r)] as an expectation value of ¥ mapped is similar to wave

mechanics, which is being avoided in DFT.

2.2.3 Kohn-Sham Equations

The functional Fgg[p(r)] (2.32) can be further separated into the kinetic energy (T[p(r)]), the
classical Coulomb-repulsion (/[p(r)]) and a non-classical component E,,.[p(r)] consisting of XC
and a correction for self-interaction:

Fuglp)] =TlpM)] + Jlp()] + Enclp()] (2.36)
The classical Coulomb repulsion is given by Eq.(2.25); however, expressions for the kinetic

energy and non-classical contributions as a functional of the electron density are not known.
Hence, in 1965 Kohn and Sham®® suggested an approach that provides an estimate of the
largest part of the kinetic energy, with the error due to the remaining part merged with the
non-classical energy, which is the smaller term of E,.[p(r)]. The Kohn-Sham (KS) technique
considers a fictitious system of non-interacting electrons where p(r) equals the exact density of
the real system of interacting electrons. In such a case, the exact kinetic energy of the fictitious
system, T¢., can be written using wave mechanics and one-electron orbitals as:

2

7, [p(0)] = 2 |57

i=1

p(r) = i ilxi(r, s)I? (2.38)

i=1s=1

The KS orbitals, x;, are orthonormal wavefunctions of non-interacting electrons built from the

X)) (2.37)

r

basis set approximation of LCAO. The fictitious system avoids calculating the kinetic energy of
the interacting electrons, making DFT feasible. Since T is not equivalent to T, Kohn and Sham
sugegsted the following separation of Fyk:

Fuklp(r)] = Tre[p()] + J[p ()] + Exc[p ()] (2.39)
The XC energy E,.[p(r)] is the potential and kinetic energy, AVand AT, respectively, missing in

the fictitious system due to the neglect of electron-electron interactions and the error of self-

interaction, which must be added to achieve the true energy of the interacting system:

Exclp(M] = (Tlp@)] = Tre[p(M]) + Vel = J[p ()] (2.40)
AT AV
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The total energy E is then the sum of the interacting and non-interacting components, which
can be written in terms of the KS y; as follows:8!

Elp(M)] = Tpelp(] + Vaelp(M] + J[p ()] + Exc[p(r)]

1
= ZJ-VZ (r, r)dr+2f %’0527) ridr, +J-p(r) v(r)dr + Exc[p(1)]
Z(xl(r)| “v2| e +5 Z Z | 'X‘(rl)l_lxr’z(rm dr dr, (241)

1111

+Zf2|xl( ol |dr+Exc[p(r>]

Applying the variational prlnC|pIe to find the set of {x;} that would minimize E , similar to what

is done in HF theory, results in the analogous KS equations:3!

M
p(r Z
|T1—T2| ﬁ=1|ri_r3|

LKS
hi

(242)

>Xi(r) =g x; ()

where the terms in square brackets can be grouped to give the effective potential experienced

by an electron in a KS orbital:

M 2.43)
p(r7) Z (
Very @) = [ oy + V) = ) P
1 2 =1 |ri - rﬁl
The XC potential is defined as the functional derivative of the XC energy:
8Exclp ()] (2.44)

Vyc(r) = Sp(r)

It is worth noting that if the exact form of Ex. were known, the KS technique would yield the
exact energy. Hence, DFT is an exact theory, unlike HF that is based on approximating the
wavefunction as a Slater determinant of independent one-electron orbitals, which cannot yield
the exact energy.

Two different spin orbitals with equal spatial parts have equal energies, they should however

be different due to possessing different spin parts:

X0 = 0,@)a(s)
%00 = 0,(B,(5) (242)

The KS operator IAllKS (2.42) only has a spatial part and does not operate on spin functions.

Consequently, for a closed shell system, to correct this anomaly p(r) is redefined as:
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N/2

p() =2 o) (2.46)

Since the density is required to solve the KS egulations (Eq. (2.42)), but the density is also determined
by solving these equations, the KS self-consistent field (SCF) approach (Figure 2.1) is used in
practice to iteratively solve the KS equations. The initial density p,(r) is usually guessed in non-

variational way, generally using the Harris functional.?”

{*) a1z ) SExc [p0e]
[ Ver () = J- Tzl Spfk)("') Z |rl
'

N N
2. |-5% +vipm|xPoo = 2 e ®) ]

L - N/2
p(r) = Zth(r)P
=1

_rﬂl

Elpuo] = Exslpw] - f Ve (F)paog(Ddr + Exe[paa ()]

Elpi(1)] = E[pr- (]| = £10c

Figure 2.1 Schema summarizing the KS SCF procedure

This py(r) is then used to calculate Verr (2.43), which is subsequently used to solve the N
expectation values ¢;; Eq (2.47) by multiplying from the LHS of Eq. (2.42) by x;* and integrating

over the space variables:

= (i @) || ;) (247)
The resulting N X N matrix of 51} is diagonalized and the total electronic energy of the system

E[p(r)] is then obtained from Eq.(2.41). The newly produced KS orbitals are re-circulated into
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Eq. (2.46) to obtain p(r), which is in turn used to re-evaluate Verr (2.43). In practice, the cycle
continues until E[p(r)] is self-consistent, which means that its variation drops below a
predefined threshold. This is called reaching self-consistency in k cycles (Figure 2.1). Determining
the explicit exact form of Ex.[p(r)] would be equivalent to finding the exact energy. This task is
still impossible for now but numerous approximations exist, which leads to the various classes

of DFT XC functionals discussed in the next section.
2.2.4 Ladder of XC functionals

Perdew proposed®® 8 categorizing the approximations made when developing XC functionals
by referring to the biblical account of "Jacob’s dream" in which Jacob sees a ladder with one
foot on Earth and the other end extending to heaven (Figure 2.2). The earth represents non-
correlated HF whereas heaven is a reference to the exact XC functional. This ladder contains
five rungs, and the idea is that as one climbs the ladder, the sophistication (and presumably
accuracy) increases as each consecutive approximation builds on those before; however, at the

expense of evaluation speed.

-—<||>-
—_— —_—

~—
& Double hybrid (DH): /

Q\Q_}_ & ” Ech-cea OF Ecymeea + MP2 / PBEO-DH,

§ t}b Global hybrld (GH). GH-GGA—B3LYP, PBEO
(& ,§ GH-mGGA—TPSSH, PW6B95 /'
) (Egga or Epgea) + X fF
N IeX RSH— CAM-B3LYP, LC-UJHPBE’,‘ g

Q,f,? éb 3[meta-GGA (MGGA): /
E&/ [ Bdow, 700, 70w fTess

2
/ GGA: E,[p(r), Vp(r)uspss, PBE

L(S)DAE, [p(r)] SPW92, SVWN5

Hartree-Fock Theory (HF):

L
&
G
N
Iy
Q
JAS
/3
£
3
©
E.[¥(x,,...x,)], E=0 &

Figure 2.2 Classification of DFT XC functionals according to the Jacob’s Ladder ofJ.P Perdew.
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2.2.4.1 Local density approximation

The first rung is built on the local density approximation (LDA) and the local spin density
approximation (LSDA), which depends only on the value of the electron density p(r). The LDA
assumes the system to be a uniform electron gas (UEG) having a locally constant or slowly

varying p(r). Every position r in space is associated with the XC energy per particle,
LDA

exc [p(r)], that a UEG would have. The individual energy per particle integrated over the

entire volume of space, gives the XC energy of the system:

B0 = [ & L@loGar 248)
In this approximation, the XC potential Vxc(r) (2.44) required for the resolution of the KS

equations can be written as follows:

p(r)sEx" [p(r)]
5p(r)

Approximations for the contributions of exchange and correlation can be explored separately.

Vi (r) = Exe" + (2.49)

The Slater-Dirac (S) exchange, developed from the Thomas-Fermi model, is an accurate

mathematical expression of the exchange energy density of a uniform electron gas:*°

o] = ~— k), k) = Y3 250
The Fermi wavevector being kr(r). By contrast, the correlation part does not have an exact
formula because it depends on the solution to the ground state wavefunction of the UEG.%% °2
The VWNS5,%? PZ81,°® and PW92 functionals® are the three most common approximations,
which were created by fitting data for the UEG determined using quantum Monte Carlo

simulations.®® The LSDA accounts for magnetic or spin-polarized systems, using the two spin
densities p®(r) and p# (r) as the central inputs instead of p(r):

Ex24[p*(r), pf (1)] =fE;L(?A[P“(T),pﬁ(T)]p(T)dT (2.51)
By combining the Slater exchange and one of these correlation functionals, L(S)DA functionals

like SVWN5, SPW92 can be built, which are exact for the UEG and well-performing for

semiconductor and alloy systems, but are highly inaccurate for molecular properties®>-°’
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2.2.4.2 Generalized gradient approximation

In order to address the inaccuracies of the L(S)DA and increase the scope of the applicability of
DFT, the generalized gradient approximation (GGA), which makes up the second rung, was
introduced. % % The GGA treats the system as a non-UEG and accounts for non-local effects by

incorporating both p(r) and its gradient V,.p(7) into the expression for the energy density, as

follows:
ESEIp )] = [ 88410, Bop()ldr 252)
The exchange energy ES%4 can then be written as a sum of L(S)DA exchange EXP4 and a
function Fy (o) of the reduced gradient |V,.p(1)|:
EEALp()] = B [p)] + [ 8elo] Fx(@)dr, olp@)] = 'Vrf ()2' (253)
p(r

The literature has suggested a number of expressions for Fy(0),1%%1> such as that of the
Perdew, Burke, and Ernzerhof (PBE) functional (2.54), which is a functional meant to replace!®

the complex 1991 Perdew Wang (PW91)° functional with the simpler expression:

FPBE(o) =1+ 21— T (2.54)

1+50?
where u is derived from the asymptotic behavior of the UEG approximation,?0’ 198 while A is
derived from the asymptotic limit imposed by Lieb and Oxford.'%° PBE is a theoretical and non-
empirical functional because it is only based on the UEG and fundamental physics constants.
This functional is popular in the solid-state physics community and in geometry optimization
and energy calculations.?® 110 The BP86 functional,'%> 11 which is also widely used for geometry
optimization and energy calculations (Figure 2.3 ),°® is generated using the B88'!! exchange

functional and the P86'°! correlation functional. Unlike PBE, the B88 exchange is empirically

parameterized against the exchange energy of noble gas atoms.
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(a) B3LYP-D3 P:EO (b)

BPBG

Figure 2.3 Most used DFT functionals in geometry optimization (a) and reaction energy (b) calculations in
2013-2014. Adapted from ref.[98]

B3PW91

Mo6L
1496

2.2.4.3 Meta-generalized gradient approximation

GGA can be further improved through meta-GGA (mGGA) functionals, which add the Laplacian
of the electronic density V2p(r) or the kinetic energy density 7(r) of the KS orbitals (2.55). The

latter is identical to the von Weizsacker kinetic energy*? 1, (1)(2.56):

occupied
W=y Y TP (25%)
1V,0(r)|?
7, (r) = T8p(r) (2.56)

The orbital kinetic energy density and the Laplacian are related by the KS orbitals and effective

potential V, 5 (2.43):%
occupied

1
W=y D Al ~ Ve +5 7000 257)

One of the most widely utilized m-GGA functionals is the non-empirical TPSS created by Tao,

Perdew, Staroverov, and Scuseria’'? as an improvement over the PBE functional

2.2.4.4 Global hybrid functionals and range-separated correction

The exchange energy of GGA and m-GGA is approximate and therefore does not fully correct
the classical self-interaction error because when the exchange energy is treated exactly, the

self-interaction Jii is cancelled out by the equivalent exchange energy contribution Kii, as in the

43

——
| —



Density functional theory

HF method (c.f. Egs (2.10)-(2.11)). To mitigate this, hybrid functionals combine exact HF and
DFT exchange energies:

Exclp(@)] = E2™ [p()] + E{T[p(r)] (2.58)
Perdew, Burke and Ernzerhof!® formulated an XC functional using a polynomial of degree n —

1 and parameter A, derived from the adiabatic connection:'*
Efclp(M)] = EXEilp()] + (E{F[p()] = ERF[p(D(1 — )™ (2.59)
Integrating Eq. (2.59) over the interval A € [1,0] then gives:
1
Efclp()] = ExFalp()] + ;(E;’?F[p(r)] — EX™ [p(M)]) (2.60)
Adamo and Barone, and Ernzerhof and Scuseria''> 11¢ imposed using n = 4, and with the PBE

functional, which defined the PBEO hybrid functional:

EFER[p(r)] = ERES[p(r)] + }(E [p@)] - EZPE[p()]) (261)
Like PBE, the PBEO functional is a theorical functional, with 25% HF exchange and 75% PBE XC
energy. PBEO is frequently used (Figure 2.3)°® because it performs brilliantly across many
applications, outperforming the most trustworthy, empirically parameterized functionals.'*>
The B3LYP functional, 1*”- 118 js the de facto standard functional in chemistry and it is arguably
the most commonly used (Figure 2.3)°® hybrid functional to date, demonstrating good
performance in many chemical applications.8? It has three empirical parameters a, b and ¢,
which are set to 0.20, 0.72 and 0.81, to best replicate the proton affinities, atomization and
ionization energies in the G2 database.'” 118 B3LYP is formed by combining the B88 exchange,
Lee-Yang-Parr (LYP) correlation, LSDA exchange and GGA E,’}Czo XC energy:

EB3MYP = (1 — @)EFSPA + aE{Z° + BEF®® + cEXYP + (1 — ¢)ELSP4 (2.62)
TPSSh!? is a global hybrid m-GGA (GH-mGGA) functional that combines 10% HF exchange with

90% TPSS m-GGA XC energy using a single empirical parameter:

Ext*"p()] = aExf[p(M] + (1 — QEL" [p(M] + EFPS[p()],  a=0.10 (2.63)
Another parameterized GH-mGGA that performed excellently is the PW6B95 functional
developed by Truhlar'?®, which has six parameters and combine 28 % HF exchange, 72 %
optimized PW91 GGA exchange, and a re-optimized B95 m-GGA correlation.
Range separated hybrid (RSH) functionals are more recently developed methods of adding HF
exchange by dividing the inverse distance operator into a short-range (SR) and long-range (LR)

component, using the error function f;, s of and its complement fo,rc = 1 — fo, 112!
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1 _ ferf(w) n ferfc(a))
lry—ri|  |rp—my| =1y
SR LR
reformulated the error function to what is currently implemented in

w
2 [ w2
ferr(@) = N dw, o =cry, (2.64)
0

Handy and coworkers!??

the CAM-B3LYP functional:

1L _1-[atB foy@)] @t B fory(@)
[Ty — 74 lry — 14| lr, —ry| (2.65)
SR LR

In CAM-B3LYP (a=0.19, f=0.46, ®=0.33 aul), the SR exchange is described 25% DFT exchange

and the LR part by 19% exact HF exchange. A RSH functional can be expressed generically as:

Exe" = ax"EflGp + ax"EXlr + (1 — ax)ERGR + (1 — ax)EX[k + EC™" (2.66)

The SR and LR Coulomb operator of the HF exchange energies are E}{ER and Ef/[R, respectively.
To construct long-range corrected (LRC) RSH functionals ak® is set close to 1, while a3~ is
obtained either using least-squares fitting, adiabatic connection, or just set to zero.

The LC-HPBE (=0, B=1, ®=0.4 au?) functional consists of 20% SR HF exchange, 100% LR HF
exchange, 80% ®PBE exchange.'?® RSH functionals are designed to improve the description of
CT at least in the limit of large donor-acceptor distance, as demonstrated by the RSH m-GGA

wB97M-V functional, which achieved the most accurate results across many applications.

2.2.4.5 Double hybrid functionals

So far, the highest level of sophistication in the development of DFT functionals is the double
hybrid (DH) or extended hybrid functionals,'% 124127 which explicitly include both occupied and
virtual KS MOs through MP2 perturbation theory.'?8 DH functionals can be formulated as:

ERE[p] = A4EXT[p] + (1 — A)ER [p] + (1 — A)EE™ [p] + AcEE[p] (2.67)
The analytical approximation upon which the DH functional PBEO-DH*?° is built on, is called the

linear-scaled one-parameter DH (LS1DH)*3° approximation, and is given by:

Exe "ol = 2E{T[p] + (1 = DER™ [p] + (1 = 2EE™ [p] + P EE"[p] (2.68)
with the single parameter A and the Gérling-Levy (GL2) correlation energy!3! EgLZ, which is

based on perturbation theory. Bremond and Adamo!?® imposed using A = 4 for PBEO-DH, with
50% HF exchange, 50% and 87.5% PBE exchange and correlation, respectively, and 12.5% GL2

correlation:
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EfEE0-DH[p] = EREP (o] + 3 (4 lp] — EF°F [o]) + 5 (E§*2(p] —~ EE[o]) (269)
When compared to global hybrids, DH functionals produce significantly better results. However,
because virtual MOs are included, the cost of DH calculations is formally O(N®), as in
conventional MP2, which diminishes the advantage of the lower computational cost afforded

by DFT in general.
2.3 Basis sets

In both wave function-based and DFT methods, the molecular orbitals MOs yielded as solutions
to the Schrodinger equation are expressed as a LCAOs (c.f. Eq (2.17)), in addition, each atomic
orbital is itself represented in terms of a group of functions called basis set. Basis sets are

classified into several groups.
2.3.1 Atom-localized basis sets
2.3.1.1 Contracted Gaussian-type orbitals

The simplest way to approximate atomic orbitals is using Slater-type orbitals (STOs), which have
the following form:&

X am (T, 0,8) = NY; (6, p)r™ e " (2.70)
where the angular momentum factor Yj r,,, the normalization constant N, spherical coordinates

r,0 and ¢, the characteristic exponent (, the principal quantum number n, the angular
guantum number [, and the magnetic quantum number m. STOs decay reasonably at larger as
r — oo and have a cusp at r = 0 (Figure 2.4). Hence, STOs resemble hydrogenic AOs to a high
degree.'32 However, using STOs for many-electron systems would be impracticable because the
two-electron four-index integral cannot be solved analytically when the basic functions are
STOs. To bypass this issue, the STO radial decay e 6" is converted into Gaussian-type orbital
(GTO) radial decay e~%"":

Xg};gly,lz (x, v, Z) = lexylyzlze—frz (2 71)
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where the Cartesian coordinates x, y, and z, and the normalization factor N. The sum of the [,
ly, and [, (2.71) determines the type of AO. Although GTOs are more computationally
economical than STOs, they do not contain a cusp at r =0 and decay more rapidly as r — oo,

hence the radial structure of some AOs cannot be correctly described.

0.80 = -
0.60

0.40

Function value

0.20

0.00

Figure 2.4 A STO of 1s AO modeled by a linear combination of three GTOs (STO-3G). Adapted from Ref.[80]

Basis sets constructed with GTOs employ them as linear combination fits to duplicate a STO as

exactly as possible (Figure 2.4), which results in the concept of contracted GTO (CGTO)

(2.72), where the individual GTO are now called primitive GTOs (PGTOs):%

n

XCGTO — Z a; XL'PGTO (272)

4

where the contraction coefficients a; and the degree of contraction n, which is the total
number of GTOs utilized. The speed and accuracy decreases and increases with n, respectively.
The STO approximated by n Gaussians (STO-nG)'33 basis set with n = 3 (Figure 2.4), was

discovered to achieve the optimum combination of speed and accuracy.®°
2.3.1.2 Single- , multiple-{ and split-valence basis sets
A minimal basis set or single-C basis set is the most basic but least accurate expansion of AOs, in

which every AO is specified by a single basis function or one set CGTO. The 'C' refers to when

STOs with the exponent '-C' were used. Consider the STO-3G basis set (c.f. 2.3.1.1), which
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combines three PGTOs into a single CGTO. For carbon, this fundamental set consists of five
CGTOs, each of which describes the 1s, 2s, 2px, 2py, and 2p; AO; hence, a total of 15 PGTOs are
required. Double-C basis set consist of two functions for each AO, which allows for a non-
isotropic description of electron distribution.®? In general, the process of decontraction
produces higher multiple-C or uncontracted basis sets from lower counterparts. Decontraction
enhances flexibility, allowing one to get closer to the complete basis set (CBS) limit.

Split-valence or valence-multiple-C basis sets differentiate between the core and valence
orbitals. For computational efficiency, the core AOs are represented by a single CGTO, whereas
the valence AOs are described by an arbitrary number of CGTOs. Split-valence basis sets differ
by the number and size of CGTOs utilized for the valence region. The Pople et al. basis sets,
such as 6-31G or 6-311G,3* indicates the number of PGTOs used in the core or valence CGTOs
before or after the hyphen, respectively. If there are two such numbers after the hyphen, it is a

valence-double-( basis. If there are three, it is a valence-triple-(.5°
2.3.1.3 Augmentation with polarization and diffuse functions

Since MO are composed of multiple nuclei, greater mathematical flexibility than using just the
occupied AOs of each atom is often required, which can be achieved through adding polarization
and/or diffuse functions.!3> 3¢ Polarized basis set add a set of (un-)contracted functions with
angular momenta greater than the highest occupied AOs valence shell. For instance, to improve
the description of the O-H bonds in H20 (Figure 2.5), the 6-31G(d, p)'3* polarized basis set can
be used. 6-31G(d) shows that all non-hydrogen atoms, oxygen atoms in this case, have been
augmented with d-type polarization functions. 6-31G(d, p) shows that in addition to that, all

hydrogen atoms now have p-type polarization functions added.”’

QO
(50D 0 o
gyl + Q Q =
o MU
Figure 2.5 Interaction between the symmetry combination of two hydrogen 1s AOs and one oxygen AO to

form an Hz0 MO. Bonding interactions are enhanced by mixing a small amount of oxygen d character into
the MO.”77
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On the other hand, with diffuse functions a full shell of AOs is added with similar angular
momenta than the valence region. Diffused functions are variationally optimized functions with
small exponents to characterize MOs with weakly bound electrons, such as electrons in anionic
HOMOs or highly electronic excited state (EES) MOs, which are substantially spatially diffused.
For example, in the basis set 6 31+G, the '+' signifies that heavy atoms have been enhanced
with additional s- and p-type diffuse functions.®° So that for carbon with s and p orbitals
occupied in the valence shell, a full additional shell of s and p orbitals, but with much lower

exponents so that they extend further into space, is added.
2.3.2 Effective core potential basis sets

In heavy atoms, relativistic effects are generally not negligible,*3713% in addition, chemical
properties are determined by the few valence electrons rather than the core electrons. The
effective core potential (ECP) or pseudopotential approximation, simplifies computation by
replacing the basis functions needed to describe each of the many core electrons with fewer
functions that effectively model the core region. ECP functions precisely and efficiently
characterize the combined nuclear-electronic core effects subject to the frozen core
approximation and can be parameterized to reproduce relativistic effects in the core, which
would otherwise require an explicit relativistic treatment of the Schrodinger equation. The
valence electrons are described by pseudo-functions,*® whereas contributions from the core
orbitals are taken into account via an efficient one-electron potential operator V¢°7¢ (2.73),
which is a function of the atomic radius r. This operator is added to the one-electron
Hamiltonian operator, substituting the interactions between core and valence electrons and

accounting for self-repulsion.4!

L-1 l
Peore@) =V, + ) O |y @) =V ¥y ], L=l +1 (273)
=0 m=-1
where the spherical harmonic angular momentum angular (l) projectors ¥,, |Yl,m><Yl,m|r the

maximum angular momentum potential V. (r) and the maximum value of the angular
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Vcore

momentum L. The radial parts of the operator can be expressed as a linear combination

of CGTOs:
K

Vi(r) = ZDklr"kle‘“klrz . N €{-2,-1,0} (2.74)
Several authors have publis’:eld the parameters ny, ow, and Dy required to assess the ECP
integrals, including the Los Alamos ECP (LANL2-ECP) by Hay-Wadt!*? and Stuttgart Dresden ECP
(SDD) (2.3.3).143 When V€7 is introduced into the electronic Hamiltonian, it produces two
types of ECP integrals: local or type-1 integrals caused by Vi (r) and semi-local or type-2
integrals caused by the |Y; ;). The evaluation of these integrals follows the Flores-Moreno et al.
scheme.'** Large-core ECPs (LCECPs) comprise everything except the valence shell, hence
LCECPs replace [Ar], [Kr], and [Xe] cores for the elements Sc-Zn, Y-Cd, and La-Hg, respectively.
Small-core ECPs (SCECPs) scale back to the next lower sub-shell and so replace [Ne], [Ar], and
[Kr] cores for the elements Sc-Zn, Y-Cd, and La-Hg, respectively. SCECP have higher
computational cost, but this is often worth it because polarization of the explicitly handled sub-

valence shell can improve accuracy.”’
2.3.3 Def2-, LANL2-, and D95-type basis sets and ECPs

Ahlrichs et al.* developed the "Def2" split-valence double-C, triple-C, and quadruple-( with
improved polarization functions formalized as Def2-SVP, Def2-TZVP, and Def2-QZVPP,
respectively, to address some of the shortcomings, such as poor quality of polarization
functions, of earlier "Def" basis sets.'*® Def2 basis sets are commonly used (Figure 2.6)*® due to
their computational efficiency and availability for almost all the elements in the periodic
table.®® For atomization energies, typical errors per atom are roughly 10-30 kJ mol%, ~5 kJ mol?
and ~1 kJ mol* for Def2-SVP, Def2-TZVP and Def2-QZVPP, respectively.'#

The Def2-SVP basis set is the smallest and most computationally efficient, which adds
p-polarization functions on hydrogen, d-polarization functions on main group elements, as well

as diffused functions.1*
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(a) (b)
LANL2DZ+f Def2-QZVP Def2-TZVP

Def2-SVP 2% 2%
10%
4% LANL2TZ+f
5%
LANL2DZ+f
6% "\

DGDZVP
4%

SDD+f

g

Figure 2.6 Most used basis sets in geometry optimization (a) and reaction energy (b) calculations involving
Pd, Ni, Rh, and Ir metals. Adapted from Ref.[%%]

Def2-TZVP has more basis functions than Def2-SVP and achieves a better balance of accuracy
and computing efficiency. Def2-TZVP adds p-polarization functions on hydrogen, a
2d1f-polarization functions on main group elements, and much more complete polarization
functions set for transition metals. If Def2-TZVP is not feasible, then Def2-TZVP(-f), which omits
f-polarization functions can be used.**> Def2 basis sets evaluate all the electrons in a relativistic
manner for the elements H-Kr but automatically load the SDD ECP'*® for the heavier elements

Rb-Rn with, various core sizes (Table 2.1).

Table 2.1 Number of core electrons described the SDD ECP for various heavy elements

Elements Core size
Rb — Xe 28
Cs—La 46
Ce —Lu 28
Hf — Rn 60

Despite being a smaller basis set compared to the Karlsruhe basis sets, the Los Alamos National
Laboratory double- (LANL2DZ) basis set'#? is typically used in DFT and TD-DFT calculations
involving transition metals (Figure 2.3.4.1).%% 147155 | ANL2DZ combines valence GTO basis
functions with the Hay-Wadt-developed LANL2-ECP, which is automatically applied to post-
third-row elements.'*? Hitherto, LANL2 ECPs have not been established for elements H through
Ne. In lieu of this, all-electron valence double zeta basis sets created by Dunning and Huzinaga

are utilized. ECP parameters for elements Na through Kr are derived from atomic
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wavefunctions obtained through all-electron non-relativistic Hartree-Fock calculations, whereas
relativistic Hartree-Fock calculations have been employed for heavier elements Rb through Bi.

The D95-type basis set such as Dunning and Huzinaga's D95 double-zeta basis set 1°¢ and D95V
split valence do not use EPC in their definition, and therefore explicitly includes the effect of all
the electrons. However, the D95 basis set is often used for lighter non-metal elements when

LANL2DZ is specified to avoid applying an ECP on such atoms.
2.4 Time-dependent density functional theory

The most extensively used tool for modelling the electronic spectra of organic and inorganic
compounds is TD-DFT. This popularity can be attributed to the simplicity of this single-reference
method,'®” the efficiency of computation,’® 12 the availability of analytical first1®0-162 gnd
second®® 164 derivatives in DFT functionals, and the flexibility to add environmental

influences.162 165175 This section present the TD-DFT principles.
2.4.1 Time-dependent Hamiltonian and density

When a quantum particle evolves over time in a potential field V(r,t), it is no longer sufficient to
approximate the standing wave Schroédinger equation. Instead, it must be treated completely,
including the time component. In the context of an isolated system composed of N electrons

and Ny nuclei, the TD Hamiltonian (2.75)% 176177 takes the form:

H, ) =T+ V(1) + Go (1) + Voo (1) + Vpere (1, 1) (2.75)

The extra operator perturbation potential operator ?pert(r, t) is a TD term that describes

external perturbations to the system such as a laser beam in UV-Vis spectroscopy:

N

l71)ert rt) = Z Upert (ri’ t) (2.76)
i

The potential vpert(ri, t) describes the perturbation experienced by electron i at position r;:

Vpere (T3, t) = Eq(Da - 1; 2.77)
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where the TD periodic electric field E,;, and the polarization vector a associated with it.
The net external potential experienced by electron i is the sum of v, (r;, t) and the external

potential electron i experiences due the nuclei v(r;):

Vext (T3, €) = V(1) + Vpere (T3, 1) 2.78)
TD KS orbitals (and hence the density) of a non-interacting fictitious system can be written as

products of TD and spatial orbitals integrated over spin orbitals:

f i, t) = ;) (t) (2.79)

N

Similar to time-independent KS theory, the exact TD density®° p(r,t) can be expanded from y;

orbitals and also integrate to the number of electrons N:
N
pr) = ) @ Ox @0 (2.80)
i=1

jp(r, t)Ydr=N (2.81)

2.4.2 Rung and Gross theorem

TD-DFT is grounded on two theorems developed by Runge and Gross in 1984178 that extend the
Hohenberg-Kohn theorems to problems needing TD external potentials: &
Theorem 1: There is a one-to-one mapping (2.82) between p(r,t) and v,,.(r,t) up to an

additive time function Y (t):

o) D 0+ 9() (2.82)

The TD current densities j(r,t) is the sum of the imaginary parts over the TD KS orbitals

Xk(rr t):

(2.83)

jr,t) = i X, OVex(r,6) — '[Vr)(; (r, Ox(r, t)]
k=1

2
Theorem 2: The exact p(r, t) can be found by applying the least action principle to the Frenkel-

Dirac action A[Y(t)]:

t d —~
Alp®1 = [ wlp)] |5~ 70wl de ~ wlo(e)]lswlo(t)]) (289)

to
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where the exact TD wave functional of the TD density Y [p(t)], the first-order differential of the

wave function 6lp[p(tf)], the TD Hamiltonian H (t), and the initial t, and final tr time.
2.4.3 Time-dependent Kohn-Sham equations

Similar to GS KS DFT,%¢ a TD non-interacting system can be constructed that will evolve as the

real interacting TD system having exact p(r, t):17®

N
p(,0) = ) filuu O (2.65)
i=1
where the orbital occupation f; and the TD KS spin orbitals y;(r, t), which must satisfy the TD
KS equation:
dy;(r, ~
th Xlé: 2 h*S[p (e, 0)]x;(r, t) (2.86)

The TD KS Hamiltonian A%S[p(t,1)] is defined as the sum of two operators, the kinetic energy

of the fictitious non-interacting system fft and the effective potential operator D¢ ¢[p(t,1)]:

FLKS [p(tv r)] = fft + ﬁext [P(t)] + 1/5H [P(t: l‘)] + 1/5xc [P(t, l‘)]
Desrlp(t, T)]
where the TD external potential operator ¥,,; is given in Eq. (2.78) and the non-interacting

(2.87)

kinetic energy operator fft (2.88) and the TD Hartree electron-electron Coulomb repulsion

potential operator ¥y (2.89) are:

R 1

b= -5V (2.88)
) (1)
Uy [p(t! r)] = |r _ rrl dr (289)

Van Leeuwen!”® showed that the XC potential ¥, is the differential of the XC action

Axclp(t, r)]:

SAxclp(t, r)] B 1
o) Axclp(t, )] = fo veelp(t, )] dt (2.90)

where the pseudo-time 7 defined by Keldysh*®® and the XC potential energy vy.. When solving

(2% [P tn]=

the KS equations, several fundamental issues emerge. The first is that there is no analytical
expression for vy, (2.90), hence an approximation must be devised. The second challenge is
how to solve the differential of Ay (2.90). The first strategy is based on solving the time-

independent KS equations (Eq. (2.42),'*” which are then propagated over time as a function of
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the perturbation vpert(r, t) (2.76). However, in terms of processing time, this approach to the
problem remains extremely greedy. To circumvent this, most quantum computation software

employs response theory.'”’

2.4.4 Linear response TD-DFT

Response theory!”’

makes it easy to formulate TD-DFT in the frequency domain. The essential
guantity to build is the density response function, which connects fluctuations in the actual TD
density to variations in the TD external potential. Response theory is a powerful technique®®?
that allows various types of information to be extracted from the density response, not only in
the linear regime, but also in higher order responses'®? or using special classes of excitation
operators such as spin-flip® or spin-adapted excitation operators for open-shell systems.18% 18>
Linear-response TD-DFT (LR-TD-DFT), first derived by Casida in 1995 and reformulated by
Petersilka et al. a year later, 87 solves the TD KS equation at time t, and then propagates the
perturbation over time t > t,. This allows a UV-Vis absorption spectrum to be obtained.

LR-TD-DFT works with frequency w rather than time t and a Fourier transform F is used to map

between w and t:

1 +o )
Flf®)] =— e wtdt 2.91
F@1=—7=] fwe 291)
where f(t) is a continuous function of the time variable. The first linear response dp(r,t)

depends on the first order change in external potential §¥,, (T, t):17®

t
Sp(r,t) = J JR(r,r’,t—t’)&ﬁext(r’,t’) dr' dt' (2.92)
where the first-order changes in density and external potential, dp(r,t), and 6V, (r,t),

respectively, are:

Sp(r,t) = p(r,t) — po(r) (2.93)
OVext (rt) = Uext(r: t) — Uext,o(r) (2.94)
Applying the Fourier transform to Eq. (2.92), the response function of the real system of

interacting electrons, R, can be written as:

i (@Bl ) lplw”) (O lplw )W Il

w—Q,+in w+Q, —in

R(w) = lim

n-0

(2.95)

k=1
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where W0, Wk are the wavefunctions of the GS and excited state k, respectively, and Q is the
true excitation energy of state k. Unfortunately, evaluating R is impractical. Therefore, §p can

be reformulated in terms of the system of non-interacting electrons:

t
Sp(r,t) = f J-RKS(r,r’,t — t)8vepp(x', t") dr' dt (2.96)
where the TD KS effective potential §v.5 (2.87):
Sveff (r’, t) = 5vext [P(t)] + 5UH [P(r, t)] + 6ch [p(l', t)] (2 97)

Applying the Fourier transform to Eq. (2.96), the response function of a system of
non-interacting electrons Rgs can be represented® as the Lehmann (or sum-over-state)

representation of the response functions:7®

ApRakp Xq
:RKS((‘)) - llm ZZ(fp N wp—»q = Sq—é;‘p (298)

p=1gq=1 qu Wp—q+ 1’
where the occupation numbers f, and f, of KS spin orbitals y, and x,, and the associated KS
eigenvalues &, and g,, respectively and the frequency w,_, of an electronic excitation
between y,, and y,;. When w is equal to w, , 4 (or Qy), then R (or R) have poles, that is
RKS(a)pqq) = 1o (or R(Q;) = +0), which is the relationship that is exploited to obtain the
excitation energy of the interacting system from the non-interacting system. The Dyson
equation (2.99) for LR-TD-DFT is obtained from Eq. (2.92) and Eq. (2.96), and performing the
Fourier transformation:

[1 = Rys (@) fuxe (@) |R(0) = Rys(w) (2.99)
The Hartree XC kernel fy. is:

_ 6UH ((’J) 6ch (0))
When w = Q,, the LHS of Eq. (2.99) tends to infinity, while the RHS is finite. This

(2.100)

indetermination implies that the first term in the LHS must be 0 when w = Q, which is when

the following LR-TD-DFT eigenvalue equation is true:

[T — Ries (@) frize (@) |R(w) = wRys(w) (2.101)
This LR-TD-DFT equation can be reformulated into the recognizable Casida format:!86 188
A(w) B ]X@]_ (1 0\[Xw)
B (w) A*(w)] [Y(w)] =o(p ) [Y(a)) (2102)

The matrices A and B are defined as:

% The space integrations and variables are omitted for simplicity.
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Aigjp (@) = 81845 (gq — &) + (ia|fuxc(w)|bf) (2.103)
Bia,jb(w) = (ia|foc(w) |]b) (2104)
In Mulliken notation, the two-electrons integrals are defined as:
. 1
(P4 fuxc@)|rs) = f f X5 ()2 (1) [m + fre(r, 1, w)] X () xs (0" drdr’ (2.105)

The Hartree XC kernel operator foc, is the first-order correction to the orbital energy
difference, that relates the electron created in orbital i and the hole in orbital a, accounting for
the relaxation that modulates the orbital gap, i.e., (g, — &;):'®

_ 8V (w)
fre(w) = 5p(@)

KS orbitals from GS DFT are used to evaluate the matrices A and B. The matrix A describes the

(2.106)

GS, while the B matrix, which is the same size as A, describes a single excitation or a single
de-excitation. The excitation energy o, the excitation (X) and de-excitation (Y) amplitudes are
obtained by solving the eigenvalue Eq. (2.102), which involves finding the poles of R by first
performing the KS-SCF to find the time-independent KS solution, then using the obtained
eigenfunctions {x;};e[1,n] and eigenvalues {&;};c[1 v to solve for R. Since there is no analytical
equation for v,. (2.106), f,. need to be approximated. By default, LR-TD-DFT algorithms
currently use the adiabatic LR-TD-DFT (A-LR-TD-DFT)”® approximation, which uses GS DFT
functionals for TD-DFT calculations.'®! The instantaneous XC kernel evaluated in A-LR-TD-DFT
can be written as:

8V (1)
Sp(r)
The absorption energies in A-LR-DFT are computed as ideal vertical excitations AE'et2bs with

fi@, e, t) = 5(t—t) (2.107)
respect to a GS reference state of a chromophore at the GS geometry (Figure 2.7):

AEvert—abs — EEES(RGS) _ EGS(RGS) (2.]08)
with E®5(R%°) and EFE5(R®®) the ground state and excited state energies at the GS geometry (R%).

However, it should be noted that comparing A-LR-TD-DFT with a measured absorption
spectrum is an approximate procedure. Since A and B are one-electron excitations, AEYetabs js
ignorant of the EES density and energy gradient, and double and higher electronic excitations
are lost, which lowers the quality of higher energy EES predictions. Furthermore, AEVe®abs jg
affected by the quality of the GS DFT method. Nonetheless, A-LR-TD-DFT has produced many

excellent results.157, 190, 191
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Figure 2.7 Simplified Jablonski diagram representing only two singlet states free of interaction(s). Adapted
from Ref. [192]

Solving Casida’s equation (2.102) iteratively for many excitation energies is computationally
demanding and may not be feasible. An alternative approach is the Tamm-Dancoff
approximation!®® (TDA-LR-TD-DFT), which neglects de-excitation amplitudes Y(m). B(o) is set to
zero and Eq. (2.102) results in a simpler Hermitian eigenvalue equation:

[A(w)][X(w)] = w[X(w)] (2.109)
TDA-LR-TD-DFT assumes excitations and de-excitations are independent, which is usually a

good approximation that speeds up calculations.'*®

2.4.5 How to characterize the experimental and TD-DFT UV-Vis absorption spectrum

2.4.5.1 Natural transition orbitals

A TD-DFT absorption calculation yields a transition energy and an oscillator strength, which are
related to the measured position and molar absorption coefficients of the bands. The chemical
interpretation of a transition is an electron travelling from a hole to an electron/particle. The
hole and electron/particle can be represented in a variety of ways.'**

If an excitation can be completely described by a single hole - electron transition, then the

hole and electron can be simply represented independently by a single pair of occupied and

virtual canonical MOs. However, in most practical cases, several MO transitions may occur
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within a narrow frequency range, resulting in multiple MO pairs having non-negligible
contributions to the excitation. In such cases, the excitation must be represented as a transition
of numerous MO pairs with associated weighting coefficients. This property makes determining
electron excitation character solely based on MOs tedious and prone to mistakes.

Natural transition orbitals (NTOs) are transformed canonical MOs that confine a particular
excitation to only one or two pairs of hole and particle transition orbitals (TOs).!®> NTOs are
able to circumvent the necessity of inspecting several MOs. Consider a system with a MO hole
and electron at ry and rg, respectively (Figure 2.8A) in a system consisting of noc.c occupied

{#:}iepn, 1 and nvir virtual {¥; }] efim MOS, such that nocc < nvir as is typically the case. Then,
vlT‘

the one-electron transition density matrix (1-TDM) in an MO basis, 1°* °> T, is a nocc X nvir matrix
connecting the GS wavefunction, W,s, and EES Wggs, and describing a vertical transition. Its

(i,J) element can be written as:

Tij = z (Pres || Wes) (2.110)
where o is the spin index. Associated with T is the exciton wavefunction (1, r,) or amplitude
of the hole-electron amplitude of the polarization propagator (2.111), which describes the hole-

particle motion (Figure 2.8B) during excitation and links the MOs with NTO. 194 1%

nnte) = ) Ty} (Cw)P,(T) @111)
It is derived from the electron-hole response function, which is governed by the Bethe-Salpeter

A . !
equation.1%7- 198 The operators ¢! _ and ¢js create a hole and an electron in NTO ¢; and ¢,

lo

respectively.'’® The shape of the hole and electron (Figure 2.8C) can be generated from the
density associated with ¢; and <p;..

(a) (b) (c) (d)

Pelre) a Partlcle

R
&QEXC(rH' ff) pulry) *‘\. Hole ,‘

[

Ie

Figure 2.8 (a) The hole and electron coordinates ry andryg, the center-of-mass coordinate R, and the
separationryg, and (b) an exemplary exciton wavefunction Q(ry,r.) (c) Deconstruction of Q(ry,r,) into
separate hole py (ry) and particle p; (rg) densities, using annn™ excited state (S1) in pyridine as example.
(d ) NTOs for the pyridine molecule for this excited state. Adapted from Ref.[194]
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T can be diagonalized and a singular value decomposition (SVD) can be performed. However,
since T is non-symmetric, a simple diagonalization is not possible. Instead, a temporary matrix
for occupied T, .. and virtual T,;,- orbitals are defined as follows:

Toce = TTY, Ty =TT (2.112)
where TT is the transpose of T. Both T,.. and T,; are square matrices with dimension
Nyce X Nyir, respectively, which are then diagonalized using unitary transformation matrices

Uy and Uy,

UstcToccUoce = Aoce = (A1, Angee) (2.113)
Usir ToirUpir = Apir = (A7, Anyypp) (2.114)
The produced diagonal terms A,.. and A,;,- are eigenvalues of the occupied {q)i}ie[ln | and
toce
virtual NTOs {(p'.} ,respectively. If these eigenvalues are numbered in order of decreasing
JELmyiy]
magnitude, then:
124, =2, 20vke[Lngecland A, = 0¥k € [noec +1,ny;y] (2.115)
DA =1 vkeLnoc] (2.116)
i
To produce NTOs a unitary transformation is performed on the occupied {llfi}ie[l’nocc] and virtual
y' MOs, respectively:
{ ]}je[l'nvir] p y
(@1 ) Onoee) = (W1, Yo )Vocc (2.117)
(@1 s 0n,,) = (P, ¥ YUy (2.118)

T expressed in terms of NTOs'% is diagonal and its (i,j) element is simply constructed as
follows:

Tjj = |[U5ccTUvir],-l-| = Z V2iloilej) =28y, A = 0% {i,j} € [L,nocc] (2.119)
Hence, the n,.. X n,;,- dimension of T, expressed in terms of MO excitations (2.110), has been
reduced to ngcc dimensions when T is expressed in terms of NTO excitations (2.119). Only one
or very few number of orbital pairs have dominant contributions in the NTOs, which facilitates
analysis when MOs fail to offer such compact description. The hole and particle densities of

NTOs can be expressed as:
pu(t) = Y il;r)|” 2120)

pe(r) = ) gloitr) @2121)
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The NTO pair shape (Figure 2.8D) can be built based on the hole and particle densities, and
excitations can be categorized. The related eigenvalue A; of an NTO pair, which when multiplied
by 100 is the percentage contribution of the NTO to the excitation, reflects the significance of
each hole-particle excitation to the overall transition. Note that the eigenvalue Ai can be slightly
greater than 1, because de-excitations exist in TD-DFT that are ignored in T. If the value is

significantly higher than 1, then using TDA-LR-TDDFT (c.f. 2.4.4) is better alternative.

2.4.5.2 Convolution of modelled UV-Vis spectrum

TD-DFT can be used to generate a stick absorption spectrum where each stick corresponds to a
distinct electronic transition. In contrast, a measured spectrum is characterized by a few broad
absorption bands. Various approximations exist to connect a TD-DFT stick spectrum to an
experimental spectrum.'®® 2% Consider an excitation between the singlet states S; and S;; that
results from the absorption of a photon of luminous intensity, dI, by a thin layer of a
homogeneous ideal gas with thickness dl as shown by the relation:1%% 20

dl = —Ie(w)dl (2122)
where the luminous intensity of the incident radiation is I and the absorption coefficient is

&e(w):
The number of atoms in state i per unit volume is denoted N;. The average energy @ is over all

electronic transitions from state i to j. The Einstein absorption coefficient, B; _, j, can be written

as: 200

2
B _ ne fl—>]
20 hemow

where the mass of an electron is m,, the Planck constant is h, and the speed of light in vacuum

(2.124)

is c.
The oscillator strength of the electron, f;_, ;, can be obtained by combining Eq. (2.123) and Eq.
(2.124):200

m,c?

fis = Nome?

f g(w)dw (2.125)
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Integrating the luminous intensity, Eq. (2.122), over the ideal gas layer of length [, yields:

I
log <1—) =—¢g(w)! (2.126)
0
The measured absorbance (A) of a solution of concentration c,, in a cuvette with width [,

penetrated by a radiation of intensity I, is dictated by the Beer-Lambert law:20!

I
A =log (1—) = —e(w)cyl (2.127)
0
The TD-DFT fl-_,j depends on the theoretical ¢ of the gas, and not the molar absorption

coefficient € of the solution. To relate € and €, Eq. (2.126) and Eq. (2.127) are combined to give:

1
e(w) = €(w)cyas In(10) ,Cyqs = s5—mol L™ (2.128)
where c445 is the concentration of the ideal gas. The TD-DFT f; _, ; can then be reformulated in

terms of a function of the experimental €:

2
_ MeC*CyqsIn (10)
fied = T Nger ) @) (2.129)
432 X102 mol cm L1

Therefore, the electron is like an oscillator with a characteristic frequency w and can be excited
from §; to state S;.; by a radiation of the same frequency as the characteristic frequency.

Since several transitions may occur within a narrow frequency range, many studies
deconvoluted measured absorption bands into different fitted bands that cumulatively
combine to reproduce the measured band.?%220> The shape of each fitted band B depends on

the electronic transitions and intensity of the transition:

(L)i_,j
B = {E(wiq N (2.130)

The energy of electronic transition from excited S; to §;5; denoted as w;_,; dictates the
position of the absorption maximum. The intensity associated with the transition is € and it
dictates the molar absorption coefficient at 8B. The area A of B is obtained by integrating over

all e under B:

A= f e(w) dw (2.131)
Statistically, B can be simulated using a pseudo-Voigt function (38B,,), with absorption coefficient
(€,,), produced by a weighted linear combination of Gaussian and Lorentzian function(s) with
heights € and €1, respectively:

€, =Leg(w) + (1 — L)e,(w), LEe[01] (2.132)
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In practice, L = 1, which allows ¢, to be:2%6.207

€, = €5(w) (2.133)
Following this approximation, each B, can represented as a normalized Gaussian function

centered on Wi
€y (w) = A,g(w) (2.134)

where g(w) is a Gaussian function and A, is the area of the pseudo-Voigt function, with a

half-bandwidth of y and can be written as:

e['(v:)ed)z] , Y (2.135)

ey [
A, = D (2.136)

By combining Eq. (2.129) and (2.131) the oscillator strength becomes:

_ [ mecPcyasn (10) | 7
W@ =\ " mez — [n@) | (2.137)

4.60x10°molcm L1
Hence, f, is directly proportional to €,, which directly proportional to A,,, which implies that f,

g(w) =

of an absorption stick is directly proportional to A,,. This forms the theoretical basis by which
chemistry software applications create Gaussian absorption bands centered on absorption

sticks.

2.4.5.3 Deconvolution of experimental UV-Vis spectrum

A complex absorption spectrum may require the resolution of individual absorption bands to
obtain specific information about their position, height, or width. Three parameters, namely
position (wavelength or frequency corresponding to the absorption maximum), intensity
(absorbance or molar absorptivity at the maximum), and width (typically the half-height
bandwidth), are used to describe a symmetrical spectral band. The deconvolution of
symmetrical spectral bands commonly employs the Gaussian function and the Lorentzian

function. The Gaussian line shape can be mathematically represented as follows:2%8
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v— vmax)z] (2.138)
Av

where A is an absorbance at a wavenumber v, and A,qx and V4, are the maximum

A(W) = Apaxexp [—(41n2) (

absorbance and wavenumber at maximum absorbance, and Av is the half-width.
The Gaussian band equation can be simplified by re-formulating it in terms of an adjustable
parameter o, as follows:

v— vmax)z] (2.139)

A(v) = Apaxexp [_ ( .

Therefore, by employing a deconvolution procedure, the observed spectrum can be resolved
into individual Gaussian bands, allowing for the extraction of position, height, and width
information of each band. This procedure requires an estimation of the number of bands
necessary to describe the spectrum, as well as initial values for parameters such as V45, Amax
and o that approximate the band shape. The deconvolution process involves varying these
parameters to minimize the sum of the squares of the differences between the observed and
calculated absorbance. By achieving a reasonably good fit to the observed data points, the
deconvolution procedure enables the resolution of the absorption spectrum into separate

Gaussian bands and the extraction of specific band information.

2.5 Chemical solvent models

The theoretical framework presented in prior sections did not include solvent effects to model
each chemical in a vacuum. However, the vast majority of experimental data are collected in
the solvated phase, which leads to the necessity of incorporating solvent effects into the
analysis of quantum chemical systems.

2.5.1 Solvent effect on DFT potential energy surface
Solvation free energy (AG;ol) is the most important parameter in describing how a solute
interacts with its surroundings.”’ It represents the change in free energy that occurs when

molecule A moves from the gas phase into the condensed phase. This change depends on the
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equilibrium constant that characterizes how species A is partitioned between the gaseous and

condensed phases:

AGE, = lim |—RTIn (Ao (2.140)
sol [Also1 = 0 [A]gas eq .

The limit ensures ideal solution behavior. The effects of solvation can be demonstrated using

the solvated potential energy surface (PES) created by adding the free energy of solvation point
by point to the gas-phase PES (Figure 2.9A). The gas-phase reaction joins two minima with
almost equal energy, whereas the solvent-phase reaction from left to right is strongly
exergonic. Hence, the gas-phase and solvent-phase equilibrium constants are different.”” The
development of models to efficiently compute solvation free energies and thus approximate

solvent effect has been a high priority. 77

PES

PES

Geometry (R)

Figure 2.9 A three-dimensional gas-phase PES (black) and the PES derived from adding the free energy of
solvation (blue). The chemical reaction proceed from one minimum-energy structure to another (thick
line).

2.5.2 Explicit models

Explicit solvent models (Figure 2.10A) entail placing explicit solvent molecules in the chemical
system before approximating the Schrédinger equation.”” These models enables the analysis of
specific solute-solvent interactions and exposes the structure of multiple solvation layers that
surround the solute, which is useful for understanding solvation cages. However, in addition to
increasing the computational effort due to the increase in system size, the number of degrees
of freedom of the chemical system increases due to the extra solvent molecules. This results in
an increase in the number of PES minima that substantially increases the computational effort

needed to explore the PES.
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2.5.3 Implicit models

Unlike explicit models, implicit solvent models, do not include solvent molecules directly.6® 20°
Instead, the solute is submerged in a quantum-mechanical (QM) reaction field, which polarizes
the system and mimics the effects of the liquid solvent at a fixed temperature and pressure.
The eigenvalue equation for the time-independent Schrédinger equation has the following
structure:166 210, 211

[+ V¥ = e (2.141)
where the electronic Hamiltonian # treating the solute in vacuo, while the extra operator 17;

applies the QM reaction field to describe solute-solvent interactions and it is equal to the total
potential minus the potential of the gas-phase solute. The energy of the solute in solution &g,
is associated the wavefunction ¥ of the solute. Since the application of the reaction field
operator typically depends on empirical equilibrium solvent parameters, these can be seen as
equilibrium solvation models. The solute is placed in a solvent cavity that represents the solute-
solvent boundary. Different implicit models exist, but regardless of the model, the solvation
free energy can be universally expressed as:

AGgyy = AGegy + AGgy + AGrep + AGys (2.142)
The cavitation free energy AG,,,, is the free energy required to form the solvent cavity around

the solute.?'? The repulsion free energy AG,., accounts for Pauli repulsion.?!* The dispersion
free energy AGgs describes dispersion forces between solvent and solute.?'> 24 The
electrostatic free energy AG,; models partial charge redistribution under the influence of the

solvent. Unlike the other terms, AG,; is calculated during the SCF procedure.”’

(a)

Figure 2.10 An acetonitrile molecule immersed in an explicit (a) solvated phase (pink) and implicit (b)
solvated phase.
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While implicit models reduce computational cost, they neglect specific solvent structure effects
that are critical in strong and specific solvent-solute interactions in the first-solvation-shell, for
example w-7 stacking interactions or monatomic ions.?!> 21¢ Therefore, reliable calculations of
solute-solvent interaction must account not only for LR electrostatic polarization effects but
also SR polarization and non-electrostatic effects. Hybrid modelling approaches use an implicit
solvent field and only include explicit solvent molecules for the first solvation shell.217-220 Such a
strategy is frequently used in the aqueous coordination sphere of a highly charged metal cation,
where the electrostriction of the first shell causes the solvent molecules to behave more like a

ligand than a solvent.

2.5.3.1 Polarizable Continuum Models vs Solvent Model based on Density

One type of widely used implicit models due to their adaptability and accuracy are the
polarizable continuum models (PCMs)'%® such as the conductor-like PCM (C-PCM) or integral
equation formalism PCM (IEF-PCM).210 221, 222 The interior of the PCM cavity experiences an
isotropic dielectric field €;,¢, which is different from the continuous anisotropic dielectric field
€eoxt (Figure 2.10B) outside of the cavity. The volume and surface of this cavity is calculated
using interlocked spheres with fixed atomic radii centered on each atom.'®® This introduces
discontinuities at the intersection of two spheres, which can lead to SCF convergence issues.??%
224 To circumvent this, Gaussian smoothing can be undertaken at the intersection of the cavity
spheres.??> 226 A critical problem in all implicit models is how the surface charge is constructed.
A PCM cavity surface charge is represented by tesserae of charge elements dg, calculated from
the apparent charge distribution 7(r) and surface element area dS:21% 22!

dg = 7(r)ds(r) (2.143)
This distribution of electrostatic charges obeys the nonhomogeneous Poisson equation (NPE) of

point charges:??’

—4np(r) © € =c¢;
Vo fe- U] = { T 2 €7 ane
ex

where p is the electronic density of the solute, € is the relative permittivity and V, the QM

(2.144)

reaction field.
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The QM reaction field is obtained by solving the NPE within a specific PCM formalism (IEF-PCM
or C-PCM etc.):

7(r"
V.(r) = fi,dS(r) (2.145)
s|r—r'|
The intrinsic Coulomb radii r' define the solvent accessible surface (SAS)*?® formed by
integrating the apparent charge over the tesserae. The PCM solvation free energy can be
decomposed:

AGsoy = AGgyp + AGopnc (2.146)
The first term AGgyp is the electrostatic (E), nuclear (N) and polarization (P) bulk electrostatic

contribution to AG,,;. The second term AGS,,. accounts for the difference between the
standard concentration of the gas and liquid phases. If the number of moles of reactant and
products species are the same and if the gas phase and solvent phase geometry are assumed to
be the same then AGY,. and the nuclear contribution are zero. 22° Hence, under these

conditions the self-consistent reaction field (SCRF) calculation computes AG,; as follows:23°

e
AGoor =BGy = (W|HO = 5%

e
“”>+zz Zy vE — (PO |HO|PO) (2.147)
k

where e is the atomic unit charge, v¥ and Z, are the reaction field and atomic charge,
respectively, evaluated at atom k, H° and ¥° are the solute electronic Hamiltonian and
wavefunction, respectively, in the gas phase, and ¥ is the polarized solute wavefunction in
solution. Although PCM includes the SR polarization and LR electrostatic effects, it does not
explicitly define the SR electrostatic and non-electrostatic solute-solvent interactions, hence
may poorly describe first-solvation shell effects.

In an attempt to improve the IEF-PCM models, the solvent model based on density (SMD) has
been developed.?!! SMD was parametrized with training sets of solvation free energy data and
is thus highly recommended specifically for calculation of free energy of solvation (2.148). SMD
separately defines the short-range non-electrostatic contribution to AGg,;:

AGgo; = AGgyp + AGeps + AGSnc (2.148)
The ENP and AG2,,,. contributions are identical to IEF-PCM (2.147).23% 232 The cavity-dispersion

solvent-structure (CDS) correction AG.ps is newly introduced to approximates the SR non-
electrostatic solute-solvent interactions such as both hydrogen bonding and exchange repulsion

in the first solvation shell, 166209 212 which are crucial to obtaining accurate AG,;:
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atoms atoms

AGeps = Z oAk (R, Rypw, +15) + oM Z Ar(R, Rypw,, +75) (2.149)
k k

The atomic surface tension g, of atom k and the molecular surface tension o™1 account for
other nearby solvent molecules. The solvent-accessible surface area (SASA) A;, as a function of
the geometry R is the area generated by the center of an implicit solvent molecule that is
assumed to be spherical as it is rolling on the exposed van der Waals surface of the solute
molecule. Unlike SMD, which uses the Coulomb radii to define the SASA, PCM SASA is
computed using the Analytic Surface Area (ASA) algorithm,?33 which uses Bondi van der Waals
radii*** Ry, or 2.0 A if no Bondi radius is available, and the solvent radius r; (usually 0.4 A) is
added to Rypy,. Although SMD explicitly defines the SR solute-solvent interaction in the CDS
term, it does not guarantee improved performance over IEF-PCM because AGps is not a state
function, only AG;,,;. Hence, the accuracy of SMD compared to IEF-PCM should not be assumed

based on the formulation of AGy,;, but should be verified against the experimental observables.

2.5.4 Solvatochromism

The effect of solvent on electronic excitations is not only about the solvation of the PES of the
GS, but also of the EES. The unequal solvation of the GS and EES PESs causes solvatochromism?’
(Figure 2.11). Consider EES and GS solvation during vertical absorption in an implicit solvent
model (c.f. Section 2.5.3). Because the electronic transition speed is close to the speed of light,
the solvent is only equilibrated to the electronic density of the GS solute at the point of
absorption.

,EESS®s
AG*I_-__\&\_,_,/ /EESSOIV
AEsq1p= hvgor . B
|| AEgas= hvggs
\ JACNLE
NI

/ v
N

Energy

»
»

Geometry

Figure 2.11 A two-dimensional gas-phase, solvated phase GS PESs and the corresponding EES PESs.
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The nuclear motion of the solute is on the slower molecular vibration timescale, which is almost
frozen on the absorption timescale, based on the Born Oppenheimer approximation. Hence,
the solute and solvent do not fully equilibrate during excitation. As a result, the GS may be
better solvated than the EES, with the GS equilibrium free energy of solvation AGS., being
different to the EES non-equilibrium solvation free energy AG*. The VTE (AE,,;,) is then
specified by Eq.(2.150), showing the effect of solvatochromism due to the differential solvation

of the ESS:

AEson, = AEges + AG™ — AGS,

solvatochromism

(2.150)

In polar solvents, a blue shift will usually occur because AGSS,, is greater than AG* due to

better electrostatic solute-solvent interactions in the GS than the EES.”” Non-polar solvents
exhibit the opposite phenomenon, i.e. their absorption spectra are red-shifted. This appears to
be a manifestation of better dispersion interactions between the solvent and the EES, as the

EES is more polarizable than the GS due to highly excited electron(s) in the EES.
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Chapter 3 Experimental details

3.1 General procedures and physical measurements

3.1.1 Synthesis of Ruz(u-02CCH3)3(2-Fap)l

The Ruz(u-02CCHs)3(2-Fap)Cl complex was synthesized from a mixture of Ruz(u-02CCHs)4Cl and
2-Fap following the literature procedure.*” Ruz(pu-02CCHs)(2-Fap)Cl (0.0245 mmol, 0.0139 g) and
a 1.1 equivalent (0.0269 mmol, 0.00458 g) of AgNOs were dissolved in 2 mL dry methanol. The
methanolic solution was stirred for 1h and white a precipitate of AgCl was filtered over paper
using gravity filtration and subsequently further purification through celite to ensure the
removal of any excess AgNOs and pump to dryness in a rotary evaporator giving a brown
precipitate of 0.0167 g of [Ruz(u-02CCH3)3(2-Fap)]* with a yield of 86%. The [Ruz(pu-02CCHs)(2-
Fap)]* (0.0294 mmol, 0.0167 g) compound was dissolved in 2 mL acetone and treated with a 1.2
equivalent (0.0294 mmol, 0.00529 g) of Nal and the solution was stirred for 24h giving a light
brown solution, which filtered off, washed with acetone (2 x 30mL) and dried under vacuum
generating the Ru(p-0O2CCH3)(2-Fap)al complex with a yield of 60%. The UV-Vis absorption

spectra of chloride and iodide derivatives were characterized in DCM, DMSO and water.

3.2 Computational methods

3.2.1 General ground state calculations set up

The following is applicable to all DFT calculations unless otherwise stated. The initial
coordinates for all the complexes were inferred from the corresponding crystallographic data.'®
29, 43, 47 All DFT geometry optimizations and energy calculations were performed on
unconstrained structures using the Gaussian 16 (Revision C.01) suite.?3> Unrestricted

calculations were performed in every case for the open-shell complexes. Electrons of alpha and
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beta spins are independently described which results in a set of orbital energies and molecular
orbitals for electrons of alpha spin (alpha manifold) and beta spin (beta manifold).?3® Tight
optimization (Opt=tight) criteria were used in all cases. Quadratically convergent SCF (scf=xqc)
was used in some cases were SCF convergence failed with standard techniques. No symmetry
constraints were used. An ultrafine integration grid was used for numerical integration by
specifying the int=ultrafine keyword. This is the recommend integration grid quality for better
accuracy and stability of the calculations, which invokes a very large number of points (99 radial
shells and 590 angular points per shell for each atom) over which the numerical integration of
the integrals in a given DFT functional is evaluated. All structures were fully optimized and
harmonic frequency calculations (freq) were performed to establish the nature of the critical
points. A quartet spin state was specified for all metal-containing complexes (see Figure 1.1).
Some calculations of doublet states where done initially to confirm that the quartet state had a
lower energy (see Figure 1.5). No symmetry constraints were used for the optimization. Where
applicable, the default SDD ECP*® basis set by Stuttgart-Dresden are applied to ruthenium and
iodine. All calculations were run specifying 24 shared-memory cores with up to 40 Gb random
access memory and 300 Gb disk space. The pop=full keyword was used to specify that the

compositions of all MOs are written to the output.

3.2.2 Excited state calculations and UV-Vis spectra analysis

In general, the TD(N states = 200, root = 1) was specified for excited state calculations to obtain
the UV-Vis absorption spectra of the complexes. The keyword N states = 200 specifies that the
lowest 200 singlet-singlet electronic transitions should be calculated, which was sufficient to
cover the region from 100 nm to 1500 nm. The root=1 keyword specifies that the first excited
state should be used for calculating population analysis and electron density. The guess=read
keyword specifies that the initial MO coefficients should be used as the first guess. The
geometry=allcheck was specified so that the charge, spin multiplicity and molecule specification

from a previous checkpoint file, specified using the %oldchk keyword, should be used.
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237 was used to edit Gaussian input files. Molecular structures

The GaussView 6.06.16 program
and surfaces were viewed and analyzed using Visual Molecular Dynamics 1.9 (VMD),?3® UCSF
Chimera 1.15 software packages?3® or Chemissian 4.012%°. The UV-vis spectra and NTOs were
visualized using the Chemissian program, SpecDis 1.70.1,2*' GaussView 6.06.16 or VMD
software programs. The predicted UV-Vis spectra were plotted using a Gaussian broadening
model and half-bandwidths were taken to be equal to 0.16 eV. Mulliken charge contribution of
fragments to the NTOs were obtained using the Chemissian fragment contribution functionality.
A fragment was formed by grouping atoms according to their label number assigned to them in
the generated Gaussian output files. Deconvolution of the experimental absorption spectra
were conducted by fitting as many Gaussian curves as there are major excitations using the
Solver?*? add-on in Microsoft Excel suite and the latter was also used for plotting of graphs.
TD-DFT UV-Vis spectra curves were plotted with SpecDis without preforming any similarity
factor as this was observed to produce poorer convolution of peaks than those obtained by
only manually adjusting the half-bandwidths.

In order to test the effect increasing the basis set size from Def2-SVP to Def2-TZVP, geometry
optimizations and subsequent frequency analysis calculations were performed in the gas phase
at the B3LYP/Def2-SVP, B3LYP/Def2-TZVP levels of theory coupled to the SDD ECP on Ru and |
atoms. In addition, geometry optimization and frequency calculations were performed using
the B3LYP/LANL2DZ coupled to the LANL2-ECP on Cl, | and Ru atoms, to test the effect of
changing from Def2-type to LANL2-type basis sets. The B3LYP/LANL2DZ level of theory coupled
to the LANL2-ECP for Ru and | atoms but the D95 all-electron basis set for the Cl atom, was also
employed to test the effect of not having a ECP on Cl. The gas-phase optimized ground state
structures were used as input for gas-phase TD-DFT calculations at the same level of theory as
the gas-phase geometry optimization. The energies and intensities of the lowest 200 singlet-
singlet electronic transitions were calculated and the first excited state was used for printing
population and electron density using the Root=1 keyword. The gas-phase optimized structures
were used as input for SPE solvent-phase TD-DFT calculations at the same level of theory.

To test the effect of implicit solvent on the geometry and the resultant calculated spectra,

geometry re-optimizations and subsequent frequency analysis calculations in the solvent phase
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(DCM, DMSO or water) were performed on the gas-phase structures at the same levels of
theory as the gas-phase geometry optimization. The solvent-phase optimized structures were
used as input for TD-DFT calculations at the same level.

For evaluating the performance of different DFT functionals, geometry optimizations and
subsequent frequency analysis calculations were performed at the BP86/LANL2DZ,
PBE/LANL2DZ, B3LYP/LANL2DZ, TPSSh/LANL2DZ, CAM-B3LYP/LANL2DZ, and LC-oHPE/LANL2DZ,
levels of theory in the IEF-PCM solvated phase(DCM, DMSO or water). The solvent-phase
optimized structures obtained were used as input for TD-DFT calculations at the same level of

theory.

3.2.3 Natural transition orbitals calculations and charge contributions

The TD-DFT checkpoint files outputted after TD calculations were used as input for NTO
calculations.'® Every excited state (N) with oscillator strength of 0.01 a.u or higher within the
400 nm-1500 nm range were analyzed. In addition, for the 200 nm-400 nm range, only one or
two states having the highest oscillator strength in each band were analyzed with NTOs, due to
the great number (in general more than a hundred) of excited states with high oscillator
strengths below the 400 nm region. For every excited state (N), the Pop=SaveNTO keyword was
used to write NTO information and Density=(Check, Transitions=N) was used to specify which
excited state should be saved.

The percentage contribution of NTOs to an excited state were automatically derived using the
Chemissan software package. To test whether the percentage contributions of canonical MOs
to an excited state are similar to those of NTOs, the percent contribution of each MO was
calculated on the basis of the transition amplitude yielded in the TD-DFT Gaussian output file,

as follows:

where f; is the oscillator strength associated with %M O;, which represents the i-th MO orbital
contributing the excited state.
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Chapter 4 Results and discussion

4.1 Strategy for choosing the best TD-DFT level of theory for predicting the UV-

Vis-NIR electronic absorption spectra of diruthenium(ll,lll) complexes

TD-DFT is the most widely applied ab initio tool for modelling UV-Vis-NIR spectra?*® 244 and can
be extended to incorporate environmental solvent effects.1% 166-17> Most implementations of
TDDFT utilize the A-LR-TDDFT approximation where, in the limit of an electron density slowly
varying in time, GS DFT functionals are used in the calculation of the TD exchange-correlation
kernel. Despite its successes and versatility, the quality of the results obtained with A-TD-DFT is
profoundly functional-dependent and TD-DFT benchmarks studies deal almost exclusively with
diamagnetic (closed shell) systems and small open-shell systems, only a few studies have been
published on larger open-shell systems such as diruthenium complexes, probably because of
the convergence difficulties usually associated with such calculations.?? 63 69, 245251 Qne of the
aims of this section is to validate the level of theory, including appropriate functionals and basis
sets by benchmarking the results against experimental spectra. A second important aim is to
use the validate previously assigned electronic transitions of some characteristic bands in the
UV-Vis spectra of diruthenium complexes whose characterization have been ambiguous and/or
contradictory. This validation is important because it serves as precursor to the first-time

theoretical characterization of electronic transition in mono-ap diruthenium complexes.

4.1.1 Benchmarking LANL2- and Def2-type basis set in gas and solvated phase

To assess the advantages and disadvantages of a series of TD-DFT approaches one of the key
aspects is the choice of basis set and solvation. While the family of Def2 basis sets is newer and
popular, the Los Alamos National Laboratory basis with split-valence-double—{ (LANL2DZ) is
also renowned and has been widely used in for geometry and energy calculations®® but most

importantly it has also seen use in excited state calculations.?l 149-152, 154,155, 252 Applied to Ru;
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complexes, the Def2-type and LANL2-type basis sets have shown good performance in
conjunction with the B3LYP functional.?% 63

Unlike previous studies that used either one of these basis sets based on prior knowledge, this
investigation has opted to compare the performance of the Def2-type against LANL2-type basis
sets. To do so, LANL2DZ has been selected,'*? which applies the D95 basis set**? to all first-row
atoms and the LANL2-ECPs and associated valence-region functions to all non-first row atoms
(i.e., Cl, Br, I and Ru), LANL2DZ+D95, which employs the all-electron D95 basis set'*? also on the
Cl atom and the LANL2-ECPs and valence functions on only Ru, Br and | atoms, against the Def2-
SVP and Def2-TZVP basis sets, both which employ the Stuttgart (or SDD as abbreviated in
Gaussian) ECPs on Ru, Br and |, and an all-electron basis set on Cl and first-row atoms.'*> Def2-
QZVPP which was not tractable for TD-DFT calculations on the current system is not included,
but the double- and triple-{ counterparts represent good compromise between accuracy and
performance.

The B3LYP functional and IEF-PCM solvation model have been employed for a reasonable
comparison to the previous study?! and the TDDFT calculations were conducted. Before
evaluating the effect of the basis set, the effect of the including an implicit solvent on the
accuracy of the predicted UV-Vis spectra is evaluated. Three relevant approaches for the
analysis are selected: (i) predict the UV-Vis in the gas phase based on the GS molecular
geometry optimized in vacuo, (ii) predict the UV-Vis in the solvated phase based on GS
molecular geometry optimized in the gas phase or (iii) predict the UV-Vis in solvated phase
based on GS molecular geometry optimized in solvated phase. Shown in Figure 4.1A-C is the
UV-Vis spectra predicted in IEF-PCM acetonitrile (AN) for the [Ruz(02CCH3)3X2]" compounds. The
approaches (i), (ii) and (iii) are denoted as B3LYP/LANL2DZ // B3LYP/LANL2DZ,
B3LYP/LANL2DZ-IEFPCM(AN) // B3LYP/LANL2DZ and B3LYP/LANL2DZ-IEFPCM(AN) //
B3LYP/LANL2DZ-IEFPCM(AN), respectively, against the experimentally obtained spectrum
(Expt.).2! There are three distinct bands in the experimental spectrum denoted band 1-3 that
are made of two ultraviolet (UV) bands and one visible (Vis) band, whereas there are up to five
bands, denoted band 1 - 5, in approach (i), (ii) and (iii), that consist of two UV bands, one Vis

band and a Vis shoulder band, and one near-infrared (NIR) band as shown in Table 4.1.
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Figure 4.1 Comparison of experimental (Expt.) UV-Vis spectra of anionic [Ru,(02CCH3)aX2] complexes, where X = Cl
(a), Br (b) or I (c), recorded in acetonitrile (AN) and the corresponding TDDFT UV-Vis-NIR spectra predicted at
B3LYP/LANL2DZ//B3LYP/LANL2DZ, B3LYP/LANL2DZ-IEFPCM(AN)//B3LYP/LANL2DZ and B3LYP/LANL2DZ-

IEFPCM(AN)//B3LYP/LANL2DZ-IEFPCM(AN) levels of theory.

The two additional

predicted bands, band 5and6, have previously been reported

experimentally in acetonitrile at around 630-700 nm and 1150 nm, respectively, for the

[Ru2(02CCH2CH,CH3)3)3X2]" complex,®” which occurred at slightly different wavelengths to those

presented in Figure 4.1A-C. All the bands correspond to those previously discussed (c.f. section

1.2). Since band 3 or 4 may or may not be observable in the predicted spectra and either one

could be a shoulder band depending on the relative intensity of the other, the convention that

band 3 is the primary band (viz. the band with higher absorbance) is adopted, which is
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compared to the experimental spectra, while band 4 (if present) is the shoulder band,
irrespective of the wavelength.

Table 4.1 Comparison of environmental effect UV-Vis wavelength of maximum absorption
(Amax) of anionic [Ru; (02CCH3)+Xz]- complexes, where X = Cl, Br, or I, recorded
experimentally (Expt.) in acetonitrile (AN) and predicted using TDDFT UV-Vis-NIR (i — iii)
at B3LYP/LANL2DZ//B3LYP/LANLZ2DZ, B3LYP/LANLZ2DZ-IEFPCM(AN)//B3LYP/LANLZ2DZ
and B3LYP/LANL2DZ-IEFPCM(AN)//B3LYP/LANL2DZ-IEFPCM(AN) levels of theory.

B3LYP/LANL2DZ-
B3LYP/LANL2DZ // Blil;:YPPC/I\L/IA(ZEZ)[/)/Z_ |EFPC/|V|(AN) //
Expt. B3LYP/LANL2DZ B3LYP/LANLID? B3LYP/LANL2DZ-
Band Aoy IEFPCM(AN)
(nm) ® (D) (iii)
o o) oy SE(om)
[RU2(02CCHs3)aCl2]"
1 230 254 24 267 37 266 36
2 293 297 4 306 13 295 2
3 454 465 11 433 -21 449 -5
4 537 504 527
5 829 741 680
[Ruz2(02CCH3)4Br]
1 269 276 7 281 12 270 1
2 346 319 -27 317 -29 315 -31
3 476 510 34 505 29 525 49
4 585 530 483
5 922 800 748
[Ruz(02CCHs3)al2]
1 305 276 -25 293 -12 271 -34
2 418 319 -71 347 -71 347 -71
3 538 510 115 620 82 606 68
4 585 544 545
5 922 908 865
AD 35.3 34 33

sh = shoulder band. Signed error (SE) = ATPPFT - AB®t Absolute deviation (AD): %ZlAAmaxl

This ensures that the experimental Vis band 3 is always compared to the primary band, which

prevents ambiguous comparison of wavelengths of maximum absorption, and avoids the
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acquired error due to subjective positioning of the poorly defined shoulder. In addition, it is a
scientifically reasonable tactic since the most intense band predominantly influences the
wavelength of maximum absorption.

Approach (iii) has an overall smaller deviation (SE) from experimental values than both
approaches (i) and (ii) for band 2-3 of the [Ruy(O2CCH2CH,CHs)s)sCl]™ and
[Ruz(02CCH2CH,CH3)3)3Br2] species, and only band 2 of [Ruy(O2CCH,CH;CH3s)3)sl2]". The net
smaller deviation is more obviously reflected in the absolute deviation (AD) obtained, which
equals to 35.3nm, 34.0nm and 33.0 nm in approach (i), (ii) and (iii), respectively. This
indicates that approach (iii), which involves the full geometry optimization in the solvated
phase and coupling of the UV-Vis prediction to the solvated phase, outperforms full gas-phase
prediction and solvated-phase prediction on the basis of gas-phase molecular geometry.

In addition, it also indicates that the molecular geometry is significantly affected by the
presence of the solvent. Approach (ii) is the second-best option if approach (iii) is not
tractable. Approach (i) being the least accurate suggests that solvation is ultimately crucial to
the accuracy of the UV-Vis spectrum predicted.

Given that approach (iii) yielded the lowest AD and the best reproduced band shape, this
approach is used to further evaluate the basis set effect on the accuracy of the computed
spectra. Since the LANL2DZ and LANL2DZ+D95 basis sets yielded equivalent results (Figure 4.2)
with only minor differences in the intensity, only the LANL2DZ result is shown in Table 4.2.

This similarity indicates that applying the D95 basis set on the chloride atom rather than an ECP,
has a negligible effect on the computed spectra. In contrast, changing the basis set from
LANL2DZ to Def2-SVP significantly lowers the excited state energies as evident in Table 4.2,
which blue-shifts all the absorption bands 1-5. The blues-shift of band 1, 2, 3, 4 and 5 are
within 17-38 nm, 34-38nm, 43-105nm, 153 nm and 110-180 nm, respectively, which
suggests that the blue-shift due to the basis set change predominantly affects the low-energy
infrared IR bands, followed by the Vis bands, whereas the UV bands are least affected. This
might be an indication that the polarization functions included in the Def2-SVP basis set

increases the energy gap between the bonding and anti-bonding MOs.
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Figure 4.2 Comparison of experimental (Expt.) UV-Vis spectra of anionic [Ru,(02CCHs)4X2]" complexes, where X = Cl

(a), Br (b) or | (c), recorded in acetonitrile (AN) and the corresponding TDDFT UV-Vis-NIR spectra predicted using

Def-SVP-IEFPCM(AN), Def-TZVP-IEFPCM(AN), LANL2DZ-IEFPCM(AN) and LANL2DZ+D95-IEFPCM(AN) in conjunction

with the B3LYP

The Def2-TZVP basis set gives a larger blue-shift in comparison to the Def2-SVP basis set, but

does not qualitatively change the shape of the band. The trends in the signed errors (SEs) from

experimental values (line at y =x) is graphically illustrated (Figure 4.3), where accuracy plots

show the deviation of calculated TDDFT wavelengths of maximum absorption for band 1 - 3.
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Table 4.2 Comparison of basis set effect on the UV-Vis wavelength of maximum absorption
(Amax) of anionic [Ru; (02CCH3)+Xz]- complexes, where X = (I, Br, or I, recorded
experimentally (Expt,) in acetonitrile (AN) and predicted using TDDFT UV-Vis-NIR at the
B3LYP/Def2-SVP-IEFPCM(AN), B3LYP/Def2-TZVP-IEFPCM(AN), and B3LYP/LANLZDZ-
IEFPCM(AN) levels of theory.

Expt. B3LYP / LANL2DZ B3LYP / Def2-SVP B3LYP /
Band Ao -IEFPCM -IEFPCM Def2-TZVP-IEFPCM
(nm) Amax(nm) SE Amax(nm) SE Amax(nm) SE
[Ru2(02CCH3)4Clo]
1 230 266 36 228 -2 223 -7
2 293 295 2 261 -32 261 -32
3 454 449 -5 406 -48 389 -65
4 527 374 361
5 680 570 538
[Ruz2(02CCH3)4Br>]
1 269 270 1 253 -16 253 -16
2 346 315 -31 278 -68 279 -67
3 476 525 49 439 -37 420 -56
4
5 748 600 559
[Ruz2(02CCHs3)al2]
1 305 271 -34 253 -52 254 -51
2 418 347 -71 309 -109 308 -110
3 538 606 68 501 -37 503 -35
4 545
5 865 685 690
AD 33 44.6 48.8

sh = shoulder band. Signed error(SE) = A™0PFT - AB®t - Apsolute deviation (AD): %zm}\maﬂ.
B3LYP/LANL2DZ+D95 is not show because it yielded similar result to B3LYP/LANL2DZ

The wavelengths yielded by LANL2DZ are generally more clustered near the y =x line, thus
closer to the experimental values in comparison Def2-SVP and Def2-TZVP, which yielded similar
trends. Indeed, the AD yielded with LANL2DZ, Def2-SVP and Def2-TZVP are equal to 33.0 nm,
44.6 nm, and 48.8 nm, respectively. This indicates that the smaller LANL2DZ basis set
unexpectedly outperforms the Def2-type basis sets. In addition, increasing the number of basis

functions in the Def2-type basis sets worsens the deviation, which implies that the Def2-QZVPP
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basis set possibly would have produced equally bad or worse discrepancies. In light of this, the

LANL2DZ basis set will be used for further analysis.
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Figure 4.3 Accuracy plots for TD-DFT calculated wavelength of maximum absorption for (a) LAN2DZ (b) Def2-SVP
and (c) Def2-TZVP in conjunction with B3LYP and IEF-PCM in Acetonitrile. Points above the line indicate positive

errors while points below the line indicate negative errors.

4.1.2 Benchmarking GGA, hybrid GGA, hybrid meta-GGA and RSH functionals

In this section, a series of DFT functionals will be benchmarked. To do this, functionals that can
be classified into the following four major categories have been selected: non-hybrid GGA, GH-
GGA, GH-mGGA and RSH. The motivation behind this choice of functionals is that it would allow
us to gauge the effect of introducing HF exact exchange (EX) when going from non-hybrid GGA
to GH-GGA, the outcome of introducing kinetic energy density upon going from GH-GGA to GH-
MGGA, and the consequence of splitting the interelectronic operator into a LR part and a SR
part when going from GH-GGA to RSH. It would also enable us to assess the effect of different
percentages (%) of EX included in the different GH functionals.

The test set of functionals consist of two popular®® GGAs, namely empirically parameterized
BP8610% 111 and non-empirical PBE,'°* which are parameterized and theoretical GGA
functionals, respectively. In addition, two popular®® GH-GGAs (the amount of exact HF exchange
is given in brackets) namely, B3LYP(20%)''7' 118 and PBEO(25%)*> 16 were included, whereas
one popular GH-mGGA namely TPSSh(28%) has been included.'?® The RSH functionals
constitute the last category and use a growing fraction of exact exchange when the

interelectronic distance increases: LC-oHPBE (®» =0.40 au?, o =0, B =1) and the well-known
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CAM-B3LYP (w=0.33au?l, o=0.19, B=0.46). Calculations were done on all the

[Ruz(02CCH3)aX2]” complexes.
Firstly, the performance within GGA functionals is compared. The BP86 and PBE functionals

yielded similar band shapes and only a minor blue-shift of all the PBE bands (Figure 4.4).
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Figure 4.4 Comparison of experimental (Expt.) UV-Vis spectra of anionic [Ru,(02CCHs)aX2]- complexes, where X = Cl

(a), Br (b) or I (c), recorded in acetonitrile (AN) and the corresponding TDDFT UV-Vis-NIR spectra predicted at the
PBE/LANL2DZ-IEFPCM(AN) and BP86/LANL2DZ-IEFPCM(AN) levels of theory.

The blue-shift was measuredtobe 0 -3 nm,2-3nm,4-12 nm, 8 nm and 1 — 30 nm for bands

1, 2, 3, 4, and 5, respectively. The discrepancies may be attributable to the fact that PBE is a

—
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non-empirical functional whereas BP86 includes the B88!'! exchange that has empirical
parameters that have been fitted to the exchange energy of the noble gas atoms. The similarity
in the band shape is ascribable to the fact that both are non-hybrid GGAs incorporating similar

expressions for the LSDA part based on the uniform electron gas. The AD yielded by BP86 and

PBE are 20.6 nm and 18.4 nm, respectively (Table 4.3).

Table 4.3 Comparison of DFT functional effect on the UV-Vis wavelength (nm) of maximum absorption (1) of anionic [Ru,(02CCH3)+Xz]- complexes,
where X = (I, Br, or I, recorded experimentally (Expt) in acetonitrile (AN) and predicted using TDDFT UV-Vis-NIR the BP86, PBE, B3LYP, PBEO,

TPSSH, CAM-B3LYP and LC-wHPBE functionals in conjunction with the LANL2DZ basis set and IEFPCM(AN) solvation.

Band Expt. BP86 PBE B3LYP PBEO TPSSH LC-wHPBE Bngl\;I_[b]
A A SE A SE A SE SE A SE A SE A SE
[Ru2(02CCH3)4Cl5]
1 230 273 43 270 40 266 36 247 17 266 36 263 33
2 293 316 23 314 21 293 275 -18 307 14 336 43
3 454 458 - 454 - 447 404 -50 446 -8 506 52
4 480 458
5 658 657 684 637 641 855
[Ru2(O2CCH3)4Br>]-
1 269 288 19 286 17 267 - 255 -14 281 12 257 -12 284 15
2 346 345 - 343 - 317 -29 293 -53 329 -17 324 -22
3 476 501 25 489 13 532 56 487 11 488 12 500 24 512 36
4 449 492
5 753 739 747 686 727
[Ruz(02CCH3)4la]
1 305 322 17 322 17 270 -35 258 -47 290 -15 282 -23 313
2 418 369 -49 366 -52 347 321 - 353 366 -52 482
3 538 542 - 535 - 607 556 18 533 542 - 573
4 487 479 523 493
5 980 950 876 767 853
AD 20.6 18.4 33.9 36.1 20.4 29.4

lal Experimental spectra from Ref [2]. sh = shoulder band. Signed error (SE) = ATP-DFT - A\Expt_ Absolute deviation (AD): lZISEI.
N

bl The CAM-B3LYP data for X=Cl is not available in spectra (a) because the calculation failed to converge.

This indicates that the non-empirical GGA PBE outperforms the empirical GGA BP86 by an AD of
only 2.2 nm in predicting the UV-Vis spectra of [Ru,(02CCH3s)4X2]" complexes.

Secondly, the
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performance within the GH-GGAs functionals is considered. The band shapes change and there

is a net blue-shift upon going from B3LYP to PBEO (Figure 4.5).
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Figure 4.5 Comparison of experimental (Expt.) UV-Vis spectra of anionic [Ru,(02CCH3)aX2] complexes, where X = Cl
(a), Br (b) or I (c), recorded in acetonitrile (AN) and the corresponding TDDFT UV-Vis-NIR spectra predicted at the
B3LYP/LANL2DZ-IEFPCM(AN), PBEO/LANL2DZ-IEFPCM(AN) and TPSSH/LANL2DZ-IEFPCM(AN) levels of theory.

The blue-shift was calculated to be within 12 - 19 nm, 18 -26 nm, 43-51 nm, 22 -51 nm and
47 - 109 nm, for band 1, 2, 3, 4 and 5, respectively. This results in ADs of 33.9 nm and 36.1 nm
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for B3LYP and PBEO, respectively. This indicates that the increase in HF exchange from 20% to
25%, when going from the empirical GGA B3LYP to the non-empirical PBEO causes an increase
in AD, and that the popular B3LYP functional outperforms the PBEO functional at predicting the
UV-Vis by a difference in AD of 3.8 nm.

When comparing the best performing GH-GGA, namely B3LYP, against the GH-mGGA TPSSh,
the bands shift inconsistently, i.e. some are blue-shift while others are red-shifted; however,
the calculated ADs are 33.9 nm and 20.4 nm for B3LYP and TPSSh, respectively. This indicates
that GH-mGGA TPSSh outperforms the empirical GH-GGA B3LYP at predicting the UV-Vis
spectra by a lower AD of 13.5 nm. The better performance of TPSSh can therefore be attributed
to the inclusion of kinetic energy density (t) and the increase in HF exchange from 20% to 28%
when going from B3LYP to TPSSH, which suggests that an increase in the percentage of HF
exchange is not the only factor that improves the performance. The results obtained within the
RSH functionals is then analyzed. The band shapes of the RSH functionals CAM-B3LYP and LC-
wHPBE are very different from those obtained with the GGA, GH-GGA and GH-mGGA
functionals (Figure 4.6). The NIR bands are virtually non-existent, especially in the
[Ruz(02CCH3)4Brz]-and [Ruz(02CCH3)al2]” complexes, while the primary Vis bands are very weak.
This indicates that while the RSHs have been optimized to describe the charge transfer
transitions that predominantly occur at high energies (small wavelength), the low-energy (high
wavelength) transitions are poorly described. It has been shown previously that several RSH
lead to relatively poor geometries, so that performing geometry optimization and transition
energy calculations with the same RSH may vyield unsatisfactory results.?** 2>3 This result from
literature, together with the loss of resolution of the Vis and NIR bands seen here, suggests that
the RSH methods are not suitable for qualitive description of the Vis and NIR bands in
diruthenium complexes.

In addition, both methods were highly time-consuming and the geometry optimization of
[Ruz(02CCH3)4Cl2]" did not successfully converge when using CAM-B3LYP. There is a net red-shift
of all the bands when going from LC-wHPBE to CAM-B3LYP, which is attributable to the
different ®, 0 and P parameters used in LC-oHPBE (»=0.40au?, a=0, B=1) and

CAM-B3LYP(® = 0.33 au}, o = 0.19, B = 0.46) to describe the LR and SR interelectronic potential.
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Figure 4.6 Comparison of experimental (Expt.) UV-Vis spectra of anionic [Ru,(02CCH3)sX2]" complex, where X = Cl
(a), Br (b) or I (c), recorded in acetonitrile (AN) and the corresponding TDDFT UV-Vis-NIR spectra predicted at
the B3LYP/LANL2DZ-IEFPCM(AN), PBEO/LANL2DZ-IEFPCM(AN) and TPSSH/LANL2DZ-IEFPCM(AN) levels of theory.

The CAM-B3LYP data for X=Cl is not available in spectra (a) because the calculation failed to converge.

The resulting ADs are 29.4 nm and 38.5 nm for LC-wHPBE and CAM-B3LYP, respectively. This
indicates that LC-oHPBE outperforms the CAM-B3LYP functional at predicting the UV-Vis
spectrum by an AD difference of 9.1 nm. In summary (see Table 4.3), the ADs of the BP86, PBE,

B3LYP, PBEO, TPSSH, LC-wHPBE and CAM-B3LYP functionals are 20.6 nm, 18.4 nm, 33.9 nm,

36.1 nm, 20.4 nm, 29.4 nm and 38.5 nm, respectively. The order of functionals from best to
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worst performing is thus PBE, TPSSH, BP86, LC-wHPBE, B3LYP, PBEO, CAM-B3LYP. This is

consistent with trends in SEs from experimental values that are graphically illustrated (Figure

4.7), where accuracy plots show the behavior, underestimation or overestimation, of various

calculated TDDFT wavelengths of maximum absorption over all the bands.
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Figure 4.7 Accuracy plots for TD-DFT calculated wavelength of maximum absorption for (a) PBE (b) TPSSH (c)

BP86 (d) LC-wHPBE, (e) B3LYP, (f) PBEO, and (g) CAM-B3LYP, for the [Ru,(02CCH3)sX2]" complexes, where X =Cl,

Br, I. The red line represents the y=x line. Points above and below the line indicate positive or negative errors,

respectively.

The wavelengths yielded by the various TD-DFT methods diverges from the experimental values

when going from Figure 4.7A to Figure 4.7G, which corresponds to the order of increasing AD.
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While the PBE, TPSSh and BP86 functionals have most points clustered near the y = x line, the
GH-GGAs and LC-wHPBE functionals have a weaker correlation with sporadically larger errors,
and the CAM-B3LYP functional shows the poorest correlation to experiment. This poor behavior
for CAM-B3LYP has previously been reported for triplet states, where it performed the worst
among LDA, GGA and GH-GGA functionals.® 2% 25> While Table 4.3 and Figure 4.7 shows the
total AD and the trends in signed errors, Figure 4.8 provides insightful trends of the ADs of
individual bands. The purple bar-graphs indicate that the AD of band 1 is almost constant across

the various functionals, except in CAM-B3LYP which has the smallest AD for band 1.

CAM-B3LYP — ] W Total
LC-wHPBE

TPSSH = EmBand 1
PBEO ’ m Band 2

B3LYP

XC functional

Band 3

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0
Mean Absolute Deviation (nm)

Figure 4.8 Comparison of density functional mean absolute deviations for UV-Vis absorption band 1, 2 and
3 of the [Ruz(02CCH3)+Xz]- complexes, where X = Cl, Br, I. LANLZ2DZ and [EFPCM(Acetonitrile) was used in
all cases.

The blue bar-graphs show that the AD of band 2 generally increases when going from non-
hybrid GGA to GH-mGGA, to GH-GGA, to RSH functionals and is a dominant error in almost all
the categories of functionals. While TPSSh produced the lowest AD for band 2, the accuracy of
the CAM-B3LYP and PBEO functionals greatly suffered due to the large deviation from the band.
The yellow bar-graphs indicate that the GH-mGGA TPSSh and the non-hybrid GGAs PBE and
BP86 a much lower AD for band 3, in comparison to the other functionals. As indicated by the
black bar-graph, the PBE functional produced the lowest total AD, which is equal to 18.4 nm.

The best performing functional is therefore the GGA PBE, while the GH-mGGA TPSSh is the
second-best and the third-best performing functional is BP86. In light of the unresolved

geometry convergence of some of the RSH functionals and the poor band shapes yielded, the
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GH-GGAs B3LYP, followed by PBEO are the fourth and fifth best performing. RSH functionals are
the worst performing, with LC-wHPBE being the sixth best and the CAM-B3LYP functional
performing the worst. For the diruthenium complexes, using either PBE or TPSSh is therefore

recommended. PBE will be used for further analysis in section 4.2.

4.1.3 Comparing natural transition orbitals and canonical molecular orbitals

LR-TD-DFT calculations typically yield the vertical transition energies, the oscillator strengths
and the MO compositions of each transition. The vertical transition energies (VTEs) are the
splitting energies between the GS and the EES, the oscillator strength (f) can be related to
experimental molar absorption coefficients (c.f. Eq. (2.137), and thus by the Beer-Lambert Law
to the intensities of the measured absorption bands, whereas the MO compositions allow a
chemical interpretation of the results by relating the EES to a transition between given MOs.
The single-electron excitation can be described in terms of the concept of hole and particle.
During the process an electron leaves a hole and goes to a particle. The hole and electron
(particle) can be defined in different ways.?®* 1°> There is no universal notation for representing
the character of electronic transitions. Although the notation used for metal-metal electronic
transitions is usually unambiguous, confusion arises when representing ligand-to-metal charge
transfer (LMCT) with unexplained notations such as m(Ru — 0) — *(Ru,) and o/m(Cl) —»
o™ /¥ (Ru,). Unlike previous authors who have omitted pictures of LMCT MOs?! or those who
have presented graphical representations of EDD®® and NTOs?*® without explaining their LMCT
notations, the MO and NTO graphical representations will be presented and compared. Given
an interest of this study in fully characterizing the electronic transitions in asymmetrical Ru;
complexes and to correlate the spectroscopic behavior to the assigned characters, it is
therefore crucial to ascertain previous characterization, to rectify some errors and to develop a
notation for LMCT such that one can reconstruct transition orbital (TO) pictures from a
provided written notation.

To validate previous assignment of the electronic transitions of [Ru,(02CCHs)4X2]" complexes,

where X =Cl, Br, | (which were achieved using canonical Mos by Castro et al?!), and to compare
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them against the more sophisticated NTO representation, TD-DFT and subsequently NTO
calculations for the complexes in the acetonitrile (AN) solvated phase based on geometries
optimized in AN at the B3LYP/LANL2DZ-IEFPCM(AN) level of theory was performed. Although
B3LYP was found to perform worse than PBE or TPSSh based on benchmarking (c.f. 4.1.2),
B3LYP is used in this validation process because it was employed in the study by Castro et al.,?!
and the goal here is to reproduce their results. The MOs of representative excited states, viz.
excited states with transition amplitudes (1) = 0.01, and NTO calculations at the same level of
theory, on the first 200 most intense singlet-singlet transitions, viz. transitions with oscillator
strength (f) = 0.01 and percentage contribution (%NTO) > 25%, were calculated. The most
relevant NTO and MO transitions with their corresponding percentage are collected in Table
4.4. Both the NTO and canonical MO representations yielded seven significant electronic
transitions within the 265.0 - 681.7 nm range of the spectrum, which are the representative

transitions producing bands 1 - 5 previously noted in Table 4.3.

Table 4.4 Comparison of TD-DFT UV-Vis MO and NTO transitions for [Ru>(02CCH3)+Clz]- complexes in
acetonitrile (AN), calculated at the B3LYP/LANLZDZ-IEFPCM(AN) level of theory was used in all cases.

MO1 - MO02 hole - particle
A .
(nm) f Assignment
MO1 MO2 hole particle
Band 4
681.7 0.016 . 1t(Cl,Ruz) - m*(Cl,Ruz)

Major (60%)

‘g A "\ $’\‘. o(Cl,Ruz2) > o*(Cl,Ruz)

Minor (22%)

® @ ? @ 5(C-O,Ruz) = 6*(0,Ru2)
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Minor (16%) Minor (16%)

9

) o(Cl,Ruz) > 6*(Cl,Ru2)

Band 3
4765  0.043 “@m ﬂ@w ¢

79% 83%

./

o

1(Ru-Cl,0,Ruz) = n*(Cl,Ruz)

440.3 0.060 1(Ru-Cl,0,Ruz) - n*(Cl,Ruz)
Major (74%) Major (55%)
0@@9@ “@“ \‘k é‘ o(Cl,Ru2) - o*(Cl,Ruz)
Minor (14%) Minor (39%)
Band 2
332.6 0.015 @ K n(0) > m*(0)/6*(Ruz)
J 93% | |
3310 0.015 *® o X 1(0) = 1*(0)/6*(Ru2)
97% ) "93% | "
Band 1
293.4  0.274 m@“ m@w (% o W@ éﬂ‘ o(Cl,Ruz) > 6*(Cl,Ru»)
JMln0r(21% ) Minor(15%) ‘-
%
. X’ A

Major(53%) Major(50%)
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265.6 0.063 8(Ruz) = m*(0,C)

93% 82%
X Y »
265.0 0.149 B % ) ,g 1(0,C,Ruz) > 1*( Rua,Cl)
56% 55%

The MO and NTO graphical representations produced identical TO pictures, which suggests that
the unitary transformation of occupied and virtual MOs to produce NTOs has little effect on the
shape of the TOs. The percentage contributions of TOs to an excitation produced by the NTO
and MO methods generally differ by 2-25%, although the relative contribution (viz.
major/minor) of a particular TO is the same in all cases. While the similarity between MO and
NTO representation is consistent with the fact that neither methods should in principle produce
contradictory results, the differences can be ascribed to the unitary transformation of occupied
and virtual MOs, as well as the consideration of de-excitations in NTOs that were neglected in
the calculation of the percentage contribution of MOs. Note that the percentages do not
necessarily add up to 100%, as insignificant transitions are neglected. Since the NTO percentage
contributions were produced automatically by means of the trusted software code
Chemissian,?*® and the NTO analysis is much quicker in comparison to analyzing several MOs,
those results will be used in further analysis.

Symbols used to describe TOs are now defined. The notation o(X2), m(X2) or 6(X2), where X is an
atom, defines TOs with predominantly o(X-X), m(X-X) or &(X-X) bonding character,
respectively, and equivalently for Ru - Ru anti-bonding character. The symbolic representation
o(X) and m(X) describes a TO hole with principally a non-bonding p;-orbital or non-bonding px-
/py-orbital, respectively. o*(Y) and nt*(Y) are used for a TO particle. The o(X,Y), t(X,Y) or §(X,Y)
notation is equivalent to the o, m or 6 notation on every atom X and Y.

The NTO method yielded eight representative excitations within the 268.45 - 843.44 nm range

of the spectrum, which are pertinent to the transitions producing the groups of experimental
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bands 1- 3 in Figure 4.9.A and the band 4, which is not observed experimentally because it is
optically forbidden, possibly due to the high molecular symmetry. ! Band 1 and 2 correspond
to the previously discussed higher and lower energy UV bands (c.f. table Table 1.1), while band
3 and 4 correspond to the Vis and NIR bands. The excitation produced at 681.7 nm (state 1) has

three composite transitions.

(a) 1.3
—Expt. Ruz(pu-02CCH3)4Cl
0975 p 2(1-03 3)a
5 — TD-DFT. Ruz(p-0,CCH3)4Cl
(g}
Y 065
C
(2]
=
S 0.325
: J
O I | a4 ,.l"—‘l\ }
200 300 400 500 600 700 800
Wavenumber(nm)
Band 1 Band 2 Band3 Band 4
(b) 1.3
Expt. ==<=<Model
5 0.975 N e p— I
z '.
g ' ===l ===V
S 0.65 -
2 0 ———=V VI
: :
< 0325 i ViI
"
"
4
o WLAN P ==

200 300 400 500 600 700 800

Wavenumber(nm)
Figure 4.9 (a) Experimental curve (black), TD-DFT (green) of the electronic absorption spectrum of
[Ru(02CCH3)4Cl2]" in water. Numbers annotate the re-numbered excited states for clarity. (b)Experimental curve
(data), fit peaks I - VII, cumulative fit curve (Model) obtained from Gaussian deconvolution of the electronic

absorption spectrum of [Ru,(02CCHs)aCl2] in Acetonitrile.

The major one contributing 60%, includes two chloride atoms with significant non-bonding
py-orbitals that are symmetric in hole and antisymmetric in particle, hence m(Cl) in hole and
1*(Cl) in particle. In addition, there is m(Ruz) character in the hole and nt*(Ruz) character in the

particle. The combined assignment this major transition is therefore denoted
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1t(Cl,Ruz)=>m*(Cl,Ruz). The first minor contribution with 22% has two chloride atoms with
significant p.-orbitals that are symmetric in hole and antisymmetric in particle, hence o(Cl) in
hole and o*(Cl) in particle. In addition, there are m(Ruz) in hole and n*(Ruz) in particle. The
combined assignment is this minor transition is therefore o(Cl,Ruz)->0*(Cl,Ruz). The second
minor contribution of 16% has predominantly mn(C-O)/8(Ru2)->m(0)/6*(Ruz) character.
Therefore, the net overall assignments of the 681.7 nm excitation would be a mixture of metal-
metal excitation and LMCT denoted as o/m(Cl,Ruz)/m(C-0)/8(Ruz)->0*/m*(Cl,Ruz)/ m(0)/6*(Ruy).
Although this excitation has significant oscillator strength, it is linked to the experimental non-
observed band 4.

The experimental band 3 is associated with the excitations produced at 476.5 nm (state 2) and
440.3 nm (state 3). State 2 is characterized by a o(Cl,Ruz)->0*(Cl,Ruz) transition, whereas state
3 has two composite transitions; the major one contributing 55% has two chloride atoms with
significant bonding m(Ru-Cl) character together with py-orbitals on the carboxylate oxygen
atoms and m(Ruz) character in the hole. In addition, there is non-bonding py-orbitals character
in the particle. It is important to note that the py-orbitals on the carboxylate oxygen atom in the
hole are weakly interacting with the m(Ruz) bond but given that it is not m(Ru-0O) as previously
reported,?’ >’ it is therefore reasonably characterized as ri(0). The combined assignment of the
excitation is therefore denoted mt(Ru-Cl,0,Ruz)->1*(Cl,Ruz).

The excitation produced at 331.99 nm and 332.96 has one transition contributing 93%, which
consists of significant symmetric py-orbitals on the two acetate oxygen atoms in the hole and
non-bonding py-orbitals on the same atoms together with anti-bonding 6*(Ruz) character, in
the particle. The py-orbitals in the hole are partially overlapping, which suggests only weak O---
O interaction (non-bonding), reasonably denoted m(O) and not t(0-0). Based on the TOs, the
combined assignment is therefore denoted t(0)—> n*(0)/6*(Ruz).

The excitation produced at 265.6 nm has one transition contributing 82%, which has significant
bonding 6(Ruz) character in the hole, and non-bonding anti-symmetric py-orbitals on the oxygen
atoms and carbon atoms of acetate group in the particle, which also exhibit weak O---O

interaction. Based on the TOs, the combined assignment is therefore denoted &6(Ruz)-> nn*(O,C).
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The excitation produced at 265.0 nm has one transition contributing 55%, which has significant
bonding 6(Ruz) character and non-bonding symmetric p,-orbitals and px-orbitals on the oxygen
and carbon atoms of the acetate group in the hole, which also exhibit weak O---O interaction,
together with anti- symmetric py-orbitals on Cl and anti-bonding *(Ruz) characters. Based on
the TOs, the combined assignment is therefore denoted m(O,C)/m(Ruz) = m*(Cl,Ruz). The
remaining percentage contribution is distributed across multiple metal-metal transitions with
very small percentages, and thus are not shown. The excitations that can be rationalized in a
similar way to the abovementioned excitations, as they exhibit similar characteristic TOs, are
left undiscussed.

The Gaussian deconvolution of the experimental UV-Vis spectrum into seven bands is shown in
Figure 4.9B. The first two strong experimental bands within 209 nm-360 nm can be
represented with five Gaussian curves denoted |, II, lll, IV, and V at 233 nm, 253 nm, 282 nm,
300 nm and 332 nm respectively. These bands can therefore be associated to the excitations
calculated at 265.0 nm, 265.6 nm, 293.4 nm, 331.0 nm and 332.6 nm, respectively. The weak
experimental band within the 400 nm - 550 nm range can be fitted with two Gaussian curves at
450 nm and 500 nm, denoted VI and VII, which can be associated with the calculated
excitations at 440.3 nm and 476.5 nm, respectively. The results are summarized in Table 4.5
and compared with previously reported data.

The wavelength predicted in this work are generally within 1.7 nm of those previously reported
by Castro et al., while the oscillator strengths are generally within 0.002 a.u, except those at
293.9 nm and 266.2 nm, which are underestimated by 0.079 a.u and 0.067 a.u, respectively.
The minor discrepancies could be due to a different implementation of TD-DFT or different
default settings in the earlier Gaussian 03 version®>® in comparison to the Gaussian 16 used in
this work?3>. Nonetheless, the good agreement in general suggests that the previously reported
predictions have been well-reproduced in terms of wavelength and oscillator strengths. The
percentage contributions of TOs are within 3 - 26% and 1-32% of those previously reported for
the MO and NTO methods. The discrepancies in percentage contributions might be attributed
to different implementations used in the Chemissian?*® (used in this work) and the (previously

used) SWizard®*? programs.
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Finally, new assignments for some transitions have been proposed. The nL->mn*, o->o*
nMRuO->m*, pO->mn*, 6->pCO, and nRuCO->n* transitions have been reassigned as
1t(Cl,Ruz)>m*(Cl,Ruz), o(Cl,Ruz)=>0*(Cl,Ruz), m(Ru-Cl,0,Ruz)->m*(Cl,Ruz), m(0O)->m1*(0)/6*(Ruy),
6(Ruz)->mn*(0,C), and m(O,C,Ruz)->m*(RuyCl), respectively. The UV-Vis spectra of
Table 4.5 Comparison of TD-DFT UV-Vis wavelength (A )of electronic transition (State) of the anionic

[Ruz(020CH3)+Clz] complex, and the experimentally recorded band maxima (Expt.) in acetonitrile (AN). The
B3LYP/LANLZDZ-IEFPCM(AN) level of theory was used in all cases.

a b
State A A fa fb % %MOP  %NTOP Assignment? Assignment®
(nm) (nm)
Band 4
1 680.0 681.7 0.015 0.016 52 60 60 nL > n* 1t(Cl,Ruz2) - m*(Cl,Ruz)
33 20 22 o > o* o(Cl,Ruz) = o*(Cl,Ruz)
11 16 16 6 > 6* n(C-0)/86(Ruz2) > &*(Ruz)/m(0)
Band 3
2 475.0 476.5 0.042 0.043 99 79 83 o > o* o(Cl,Ruz) > o*(Cl,Ruz)
3 439.2 4403 0.062 0.060 70 74 55 nRuO - n* 1(Ru-Cl,0,Ruz) = 1*(Cl,Ruz)
17 14 39 c > o* o(Cl,Ru2) = o*(Cl,Ruz)
Band 2
4 332.6 33099 0.015 0.015 92 97 93 pO - n* n(0) > m*(0)/6*(Ruz)
5 3319 33096 0.015 0.015 92 97 93 pO - n* n(0) > m*(0)/6*(Ruz)
Band 1
6 293.9 293.4 0.353 0.274 47 21 15 o > o* o(Cl,Ruz) = o*(Cl,Ruz)
7 266.2 265.6 0.130 0.063 52 60 60 6 - pCo 6(Ruz2) - m*(0,C)
8 265.2 265.0 0.150 0.149 33 20 22 HRU:_:[S > 1(0O,C,Ruz) = m*( Ruz,Cl)

el From Ref[21] P! From this work.
[Ru2(0O2CCH3)X] (X=Cl, Br, 1) has been successfully re-characterized and, unlike previous reports,

the current assignment indicates that almost all excitations have significant mixed ligand and
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metal characters, except the &(Ru2)->6*(Ruy) transition that has predominant metal-metal

character.

4.2 Analysis of UV-Vis-NIR electronic absorption spectra of Ru,(pu-0O,CCHs)s(u-2-
Fap)X (X=Cl, Br, |)

In Section 4.1.2, various basis sets and functionals were tested and the most suitable level of
theory for TD-DFT calculations was determined to be PBE/LANL2DZ-IEFPCM. The NTO analysis
was conducted, a convention for denoting TO characters was established and the
characterization of the simpler system consisting of a symmetric Ru,(u-02CCHs)sX complexes,
where X represents a Cl, Br, or | axial ligand, was conducted. The spectroscopic behaviours of
Ruz(p-02CCH3)3(p-2-Fap)X complexes are concomitant with asymmetric structural features.
Whilst already published computational data for the symmetric bimetallic ruthenium
complexes in acetone is available, the characterization of more complex mixed-ligand systems,
that are more soluble in various (non-)aqueous, cannot be inferred from this data. The [Rua(u-
0,CCH3)3(p-2-Fap)(Solv)2.nXn]*™* series, where n=0, 1 or 2, X=Cl, Br or I, and 2-
Fap = 2-fluoroanilinopyridinate anion, in solvent (Solv = water, DCM or DMSOQO), will be used as
models for mono-ap diruthenium complexes, as the chloride containing derivatives are well
known be highly soluble in these three solvent, instead of the acetonitrile. This would enable us
to corroborate our experimental and computational results with published experimental data.

To date, no such theoretical analysis has been conducted on these complexes.

4.2.1 Characterization of absorption bands of Ruz(pu-02CCHs)s3(p-2-Fap)Cl

The UV-vis spectrum of Rux(u-02CCHs)s3(u-2-Fap)Cl was measured in water, which was observed
to exhibit the four characteristic bands, including the strong UV band (250-350 nm), the weak
narrow visible band (400-450 nm), broad visible (480-770 nm) with shoulder (570-585 nm) and

a weak NIR band (850-1100 nm). The measured spectrum is consistent with the previously
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reported spectrum,*® hence without further experimental characterization it can be concluded
that the Ru,(p-02CCH3)3(p-2-Fap)Cl complex was formed.

Having concluded that the PBE/LANL2DZ-IEFPCM combination was the most suitable for
spectrum calculation, geometry optimization of Ruz(u-O2CCHs)s(u-2Fap)Cl was undertaken at
this level of theory in the water solvent phase and the nature of the stationary point as a
minimum was confirmed through a subsequent frequency calculation as no imaginary
frequencies were found for the optimized structure. The Ru-Ru and Ru-Cl bond lengths of the
optimized structure were 2.354 A and 2.551 A, respectively, whereas the experimentally
measured values are 2.286 A and 2.485 A, respectively.*’” The Ru-Ru and Ru-Cl bond lengths
were thus overestimated by 0.068 A and 0.066 A, respectively. The overestimation could be
attributed to the disparity between the lower degrees of freedom of vibrations in the recorded
crystal structure in comparison to the implicitly solvated molecule.

The highest occupied molecular orbitals of the a-manifold and B-manifold are 8" and 5 MOs,
respectively, whereas the lowest unoccupied molecular orbitals of the o-manifold and B-
manifold are & and m* MOs, respectively. The compound consists of three SOMOs (Figure
4.10), which is consistent with previous publications that measured a 3.94 uB magnetic
moment value for Ru(u-02CCHs)s(u-2-Fap)Cl and that assigned MOs as being of m* and 6*
character.?”- 258 The MO diagram is consistent with the established c?n*3%*(n*5*)® ground state
configuration but it does not show the spin-paired ordering of the MOs.

The expected three SOMOs consist of two t* MOs and one 6* MO, where the latter is higher in
energy than the former two, which is consistent with 6* > t* ordering (Figure 4.10) predicted in
other Ruz’* complexes®1l 21, 63,248,259 an(d indicative of the expected Ru-Ru two and a half (2.5)
bond order of Ruz>* complexes.® 1> The two i* SOMOs are 0.143 eV apart, while the 6* SOMO
is 0.315 eV higher than the lesser stable m* SOMO. The discrepancy of the observed energy gap,
which amounts to a considerably larger value compared to 0.026 eV and 0.0026 eV for [Ruz(u-
0,CCH3)4]* and [Ruz(p-02CCH3)4Cl], respectively, as previously documented by Norman et al.,38
might appear to contradict the anticipated state of degeneracy. However, the n* - 6* energy

gap is anticipated to be wider in the N, N-donor Fap ligand due to stronger m-donation into the
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6*-SOMO (c.f. Figure 1.6) of the N-donor atoms. Indeed, the Fap fragment contributes

substantially more to the 6*-SOMO, which is denoted 116a in Figure 4.10, than the fragment

117a 1178
1160 116p
— — 117B: g*
254 ——— 115 115[3
Fragments:
1170 O e— = Ry,
-3+ Virtual MOs == Cl
0,CCH
= (0acct)s 1140 1148
-3.5] Fap
> e [ 116B-114p: 1130 1138
E [remm— TR T T
S -4.5 Virtual MOs
Occupied MOs
-5- 1160 5% m—— 8 1120 112[3
1150 — 1140 | a— 5
-5.5 o, — Occupied MOs
- ——— 113]3; o
111a 111p
'5_ 113000 5% m—— ] 112P — 111: 5 > 7
6.5 ] 1105 -109B3: > 0o
11120 1080; |mm—— 1100 1108
nn > G,0>8 ——
o-spin -F;pin
1090 109p

108a

Figure 4.10 A portion (-2.35 eV to -7.00 eV) of spin unrestricted MOs of Ruz(u- 02CCH3)3(u-2-Fap)Cl, partitioned into
percentage contributions from (blue) two Ru atoms, (green) one Cl atom, four acetate groups and one Fap group.
Orbital pairing (blue dashed). Calculated using PBE/LANL2DZ-IEPCM in water
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comprising all the acetate ligands. There is evident antibonding overlap between the Ru-based
d,, orbital and p,,(N) orbitals of the Fap bridging ligand at MO 116a, which is consistent with
the destabilizing effect of the Fap ligand on the §*-SOMO proposed before.3* 3841 Furthermore,
considering that the corresponding unoccupied 3-spin MOs are easily seen to be very close in
enerfgy (Figure 4.10), with 0.044 eV separating the lesser stable n* and 6* MOs in the B-spin

manifold.

Although the SOMOs are not strictly degenerate, their energies are very close and it is
therefore reasonably anticipated that upon the interaction between matching a-spin SOMOs
and B-spin unoccupied MOs, the resultant spin-restricted or “paired” SOMOs would be even
closer than what is seen in the unrestricted SOMOs, which is consistent with the anticipated
state of degeneracy of three SOMOs.

The a-spin density is higher than the B-spin density as there are more electrons with a-spin
than with B-spin within the complex. The unpaired electrons are evenly delocalized on the Ru;
core (Figure 4.11), which is consistent with the equivalence of the ruthenium atoms. This
suggests that referring to dimer as Ruz’* is more appropriate than the mixed-valent

designations of Ru?*, Ru3*, or Ru(ll, Il).

Figure 4.11 The difference between the a-spin (orange) and f-spin (blue) density in
Ru(1-02CCH3)3(u-2-Fap)Cl. Obtained with PBE/LANL2DZ-IEFPCM.

There is more net spin density on the Ru atoms than on the ligands, which indicates that the
three unpaired electrons have more metal than ligand character, which is consistent with the
higher percentage contribution of the Ru atoms to the SOMOs (Figure 4.10). The non-zero
contribution of spin density on the ligand is not necessarily a sign that the ligand has radical
character, but may be a consequence of spin contamination due to the use of unrestricted KS
computations. The chloride also possesses a higher a-spin than B-spin density, which is

informative of the significant spin polarization on the chloride upon interacting with the
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complex moiety. Indeed, the chloride predominantly contributes m-MOs (111a-112 o). In
contrast to previous studies, which relied on comparing bands in analogous compounds such as
Ruz(pu-02CR)aCl or Ruz(p-ap)sCl** 47 the characterization of the UV-Vis spectrum of
Ruz(p-02CCHs)3(pn-2-Fap)Cl was performed using TD-DFT and NTO calculations. Specifically, the
first 200 most intense singlet-singlet transitions were retrieved based on oscillator strength (f)
values greater than or equal to 0.01 and percentage contribution (%NTO) greater than or equal
to 25%, at the PBE/LANL2DZ IEFPCM level of theory in water, using geometries that had been
fully optimized in water.

The most relevant calculated NTO transitions with their corresponding percentage contribution
for the Ruy(u-O2CCHs)s(p-2-Fap)Cl complex is collected in Table 4.6. C, and N, are used to
differentiate the aniline carbon and nitrogen atoms from those of pyridine, which are denoted

Cpand Np.

Table 4.6 NTO transitions for Ru,(u-02CCHs)s(u-2-Fap)Cl complex in water, calculated at the PBE/LANLZDZ-
IEFPCM(water) level of theory was used in all cases.

hole - particle
Excited

ctate A (nm) f Assignment® and typel®
hole particle
Band 4
‘ - 91%
> v
a_ . T[(Ru-Np,Cp'Na,Cp'Cp,C'O)/8(RuZ)
3 843.44 0.016 w"‘” - 6*(Ru2)/1'[*(Np,Na,Cp,O)
e type: MMCT
Band 3

% 92%
L T[(Cl,F,Cp'Np,RU'Na,Ca,O,R“Z)
8 68041 0012 %ﬁ ) S (Ruz,Na Ny Co)

type: LMCT and MMCT

i T[(RU'Na,C'O,Cp'Cp)/(S(Ruz) i 8*(Ru2)
W type: MMCT

11 642.71 0.011
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88%
T[(cl,Cp'Np,RU'Na,Cp'Cp,R“Z) d T[*(Ruz)
type: LMCT and MMCT

12 632.03 0.025

38%
T(Ru-Na,F,Ca-Ca) /0(CLRuz) — ™*(Ruz)
type: LMCT

17 564.39 0.011

32%
T[(cl,F,Ru-Na,Ca'Ca,Cp'Cp,Cp'Np) d T[*(Rllz)
type: LMCT

75%
1(CLF,Ca-Ca) = m*(Ruz)
type: LMCT

19 552.67 0.011

83%
T[(Ca,Na,Cp'Cp,Cp'
Np,0)/6*(Ruz) = m*(Cp,Np)
type: LLCT and MLCT

31 464.33 0.008

41%
1(Ca,Na,Cp-Cp,Cp-Np,0) /6*(Ruz) —
*(Ca,Cp,0,C)
type: LLCT and MLCT

52 378.67 0.010

33%
T[(Cp'Cp,Np'Cp,O) d T[*(Na,Np,Cp,O)/S*(RUZ)
type: LMCT

28%
1(CL0)/6(Ruz) — 1*(Np,Cp)
type: MLCT

87 333.26 0.024

35%
1(CLF,Ca)/0(Ruz) — 1*(Cp,Np)
type: LLCT

134 298.19 0.028

103

——
| —



Analysis of UV-Vis-NIR electronic absorption spectra of Rux(u-0,CCHs)s(u-2-Fap)X (X=Cl, Br, I)

29%
1(CLNp-Ru,Ruz) = 1*(Ca,0)
type: LLCT

185 268.45 0.035

Cp and Np denote carbon and nitrogen atoms of the pyridine moiety. Ca and Na denote carbon and nitrogen atoms of the aniline
moiety. C and O denote carbon and oxygen atoms of an acetate ligand. d(Ru) indicates a non-bonding d-type orbital on the Ru
atom. [a] Only orbitals contributing more than 10% in Table 4.7 to the NTOs used in formulating the assignments. [b] The
highlighted orbital are the most contributing ( < 24% in Table 4.7) orbitals to the NTOs, used to determine the transition type.

The NTO method yielded eleven significant excitations within the 268.45 - 843.44 nm range of
the spectrum, which are the representative transitions producing the groups of bands
denoted 1 - 4 in Figure 4.12A. To ascertain the nature of transitions as metal-based and/or ligand-
based charge transfer (CT), the orbital contributions from the ruthenium and chloride atoms,
acetate and anilinopyridinate groups to the selected NTOs are quantified in Table 4.7. Guided
by eleven significant excitations, the Gaussian deconvolution of the experimental UV-Vis
spectrum into eleven curves is presented in Figure 4.12B.

Experimental absorption band 1 (250-350 nm) covers up to 162 excitations with several intense
bands, which is consistent with the experimentally observed very intense absorption (reaching
absorbance > 20000 a.u) band in this range. It would be too laborious to characterize every
single one of them.

(a)

40000 —Expt. Ruy(pu-O,CCH3)s(p-2-Fap)Cl
_ —TD-DFT. Rua(p-0,CCHs)s(p-2-Fap)Cl
S
©
K]
s
£ 20000 LMCT MMCT
g MCcT  LMCT 12
<C MLCTLLCT 4719
52 3 MMCT
31
0
150 350 550 750 950 1150
Wavelength(nm)
Band1 Band2 Band 3 Band 4
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(b)

40000
:: : Expt. ===<Model ====-|

— "y ———-| -1l \Y
3 n
< " ———=V -V ViI
3 " VI ===-IX —==-X
S 20000 "
o (N
5 '
3 Y
<<

0

150 350 950 1150

550 750
Wavenumber(nm)

Figure 4.12 (a) Experimental curve (black), TD-DFT (green) of the electronic absorption spectrum of
Ruz (1t-02CCH3)3(u-2-Fap)Cl in water. (b) Experimental band (Expt), fit curves I - X, cumulative fitted curve (Model)
obtained from Gaussian deconvolution of the electronic absorption spectrum of Ru, (u-02CCH3z)3(u-2-Fap)Cl in Water.
TD-DFT employed the PBE/LANLZ2DZ-IEFPCM (water) level of theory.

Since all those excitations converge into three maxima, only the three excitations, namely,
excited states 87, 134, and 185, associated with those maximum points have been
characterized.

The associated NTOs confirm the presence of a combination of one metal-to-ligand charge
transfer (MLCT) and two ligand-to-ligand charge transfer (LLCT) characters with m(Cl,
0)/6(Ruz) > n*(Np, Cp), m(Cl, F, Ci)/o(Ruz) > n*(Cp, Np) and m(Cl, Np-Ru, Ruz) > n*(C,, O)
characters, respectively. Based on the orbital contribution, the MLCT is predominantly a flow of
electron charge from the Ru; unit to the pyridine moiety, while the LLCTs consist of electron
charge flowing from the axial chloride ligand to the pyridine and aniline moiety. The dominant
chloride character of the LLCT is consistent with the previously observed sensitivity of band 1 to
the nature of the halogen in tetracarboxylates.?! In addition, the predominant ligand character
of these transitions is consistent with the high energy of band 1.

Table 4.7 Percentage contribution of fragmented Mulliken charges to the NTOs of Ruz(u-02CCHs) (1-2-
Fap)Cl calculated with PBE/LANLZDZ-IEFPCM in water.

Fragment contribution to hole (%) Fragment contribution to particle (%)
State NTO Ru cl Fap Acetate Ru cl Fap Acetate
A (nm)
# (%)
1 2 Anil  Pyri 1 2 Anil  Pyri

3 843.44 91 46 5 1 14 22 12 23 41 0 15 12 10
8 680.41 92 12 26 33 12 7 10 26 41 1 12 10 9
11 64271 87 44 24 2 8 14 8 37 44 2 4 3 9
12 632.03 88 7 23 40 7 15 8 34 42 2 7 6 8
17 564.39 38 2 10 14 69 1 5 36 43 2 6 5 7

105

——
| —



Analysis of UV-Vis-NIR electronic absorption spectra of Rux(u-0,CCHs)s(u-2-Fap)X (X=Cl, Br, I)

32 7 24 30 14 17 8 32 43 2 9 7 7
19 552,67 75 2 5 24 64 4 1 45 45 4 2 1 3
31 46433 83 18 27 0 25 20 10 2 3 0 4 85 6
52 37867 41 18 27 0 25 20 10 1 3 0 13 23 60

33 2 1 1 1 6 88 22 40 0 15 12 11
87 333.26 28 26 31 16 7 9 11 4 1 0 5 84 7
134 298.19 35 4 19 45 20 3 9 1 2 0 7 85 5
185 26845 29 8 23 48 5 9 7 1 5 0 73 5 15

Rul (bonded to Cl) and Ru2 are denoted 1 and 2, respectively. The Fap is split into aniline (anil) and pyridine (pyri)
fragments. Fap includes the F and N atoms.

Although there are numerous excitations in the UV region, the three characterized states
sufficiently serve their purpose of detecting the presence of metal-based and/or ligand-based
character. Furthermore, the UV-Vis band 1 can be fitted with five Gaussian curves, curves |, Il,
I, IV, and V located at 192.27 nm, 218.74 nm, 224.56 nm, 252.67 nm, and 394.35 nm. Curves ll|
and IV are situated directly beneath curves | and Il and are visibly less pronounced, whereas the
maximum of curve V does not overlap with curves | and Il. Therefore, curves I, Il, and V
represent the primary contributors to band 1, which aligns with the three maxima associated
with excited states 87, 134, and 185 in this region. It is worth noting that band 1 has not been

formerly characterized in the existing literature (Table 4.8).

Table 4.8 Summarized comparison of TD-DFT UV-Vis characterization in this study and previously reported
assignments. TD-DFT employed the PBE/LANLZ2DZ-IEFPCM(water) level of theory.

Previous assignments Current assignments

Band 1
m(Cl1,0)/6(Ruz) = m*(Ny,Cp)

None 1(CL,Ca)/0(Ruz) = *(Cp,Np)
1(CLNp-Ru,Ruz) = m*(Ca,0)

Band 2
n(N/aryl) - o*/m*/ 8*(Ruz)P] 11(Ca,Na,Cp-Cp,Cp-Np,0) /8*(Ruz) — 1*(Cp,Np)
o/m/8(Ruz) - &*(Ruz)b! 1(Ca,Na,Cp-Cp,Cp-Np,0) /6*(Ruz) —» m*(Ca,Cp,0,C)
n(N/aryl) — m*(Ruz)@lb] T(Cp-Cp,Np-Cp,0) — 1*(Na,Np,Cp,0)/6*(Ruz)
Band 3
m(Ru-0/N, Ruz) — 1*(Rugz)lb] 1(CLF,Cp-Np,Ru-Na,Ca,0,Ruz) — 8*(Ruz,Na,Np,Cp)
§(Ruz)/m(N) — 1*(Ruz)b! 1(Ru-Na,C-0,Cp-Cp) /8 (Ruz) = 6*(Ruz)
T[(Cl,Cp'Np,RU'Na,Cp'Cp,RuZ) i T[*(Rllz)
m(X) - m*(Ruz)ld 1(Ru-Na,F,Ca-Ca) /0(Cl,Ruz) - 1*(Ruz)
( ]
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1(CLF,Ru-Na,Ca-Ca, Cp-Cp,Cp-Np) = *(Ruz)
1(CLF,Ca-Ca) » T*(Ruz)

Band 4
S(Ruz) — &6*(Ruz)[Ib]

T[(Ru-Np,Cp'Na,Cp'Cp,C'O)/S(RuZ) d 8*(Ru2)/1'[*(Np,Na,Cp,O)
S§(Ruz) —» m*(Ruz)ld

lalFrom Ref.[#3,%1,63]. [bIFrom Ref.[63]. IFrom Ref.[#7]. Highlighted are the characters matching those previously reported.

The experimental absorption band 2 (400-450 nm) overlaps with two predicted band maxima
which are associated with the two most intense excitations, namely, states 31 and 52, which
combined, are characterized by LMCT, MLCT and LLCT. State 31 consists of 1t(Ca, Na, Co-Cp, Cp-
Np, 0)/6*(Ruz) = 1*(Cp, Np), which based on the orbital contribution, predominantly qualifies
as a mixture of LLCT and MLCT. State 52 has a major and minor transition denoted m(Ca, Na, Cp-
Cp, Cp-Np, 0)/6*(Ruz) > m*(Cs, Cp, O, C) and m(Cp-Cp, Np-Cp, O) = 11*(Na, Np, Cp, 0)/8*(Ruz),
which are of predominantly, LMCT plus MLCT and LMCT respectively. Neither state 31 nor state
51, exhibit chloride character, which is consistent with previously reported slight sensitivity of
band 2 to the type of axial ligand. Deconvolution of the experimental band shows that band 2
can be fitted with only two Gaussian curves, namely, curves VI and VII at 400.76 nm and
430.42 nm, respectively, which is consistent with the two identified maxima at states 31 and
52. TD-DFT and deconvolution suggest that excitation 31 is essentially responsible for the high
baseline of the local minima between band 1 and band 2 or between band 2 and band 3. Band
2 corresponds to the previously characterized experimental bands within 400 nm - 464 nm (c.f.
band 2A and 2B in Table 1.2). Unlike the previous assignments,*” 3 which were based on tetra-
ap Ruy, as indicated in Table 4.8, the current assignment has revealed that transitions of o(Ruy)
- 0o*(Ruz) and m(N/aryl) = o©*(Ruz) characters are not exhibited by the mono-ap Rua(p-
0,CCH3)3(p-2-Fap)Cl complex. However, there is some overlap of the characters assigned to the
hole TOs with previously reported TOs (Table 4.8). In addition, unlike the previous report, the
current result reveals there are not only LMCT but also MMCT and MLCT at band 2.

Experimental band 3 overlaps two TD-DFT band maxima. The first maximum is associated with
two intense excitations namely states 17 and 19, both consisting of mixed LMCT and MMCT.

State 17 consists of a major m(Ru-N,, F, C2-Ca)/o(Cl, Ruz) = m*(Ruz) LMCT from the aniline group
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to the ruthenium atoms and a minor r(Cl, F, Ru-Na, C5-Cs, Cp-Cp, Co-Np) = 1*(Ruz) LMCT from
the chloride to the ruthenium atoms, while state 19 only consist of a m(Cl, F, Ca-Ca) > m*(Ruz)
LMCT from the aniline and the chloride to the Ruz unit. The second maximum results from
three predominant excitations namely states 8, 11, and 12, consisting of mt(Cl, F, Co,-Np, Ru-Nj,
Ca, O, Ruz) > 6*(Ruz, Na, Np, Cy) mixed LMCT plus MMCT, m(Ru-Na, C-O, GCp-
Cp)/8(Ruz) - 6*(Ruz) MMCT and m(Cl, Cp-Np, Ru-Na, Cp-Cp, Ruz) = m*(Ruz) mixed LMCT plus
MMCT, respectively. Both predicted maxima at band 3 are characterized by significant halogen
axial ligand character, which is consistent with a previously reported sensitivity of band 3 in
tetracarboxylate to the type of axial ligand.?! The Gaussian deconvolution reveals that band 3
can be fitted with two equally intense Gaussian curves namely VIl and X at 567.74 nm and
661.69 nm, respectively, which is consistent with the two identified TD-DFT maxima.
Deconvolution also supports that band 3 is due to two independent bands, as evidenced by the
curve VIII and IX. This forms the theoretical basis for the conspicuous shoulder band that is
detectable experimentally in this region.

In agreement with the experimental shoulder band, the first maximum associated with states
17 and 19 are predicted to be less intense and have lower energy than the second maximum
associated with excitations in states 8, 11 and 12, which reasonably give rise to the band 3 local
maximum. Band 3 corresponds to bands 3A and 3B previously introduced (c.f. Table 1.2). Unlike
previous assignments®® by analogy to Ruz(p-Rap)sCl (Table 4.8), the current result demonstrates
that band 3 of Ruz(u-02CCHs)3(u-2-Fap)Cl is not characterized as a §(Ruz) = m*(Ruz) transition.
Hence the previous 6(Ruz) = *(Ruz) proposition from literaturess is incorrect. Similarly, the
previous assighment of Ru; tetracarboxylates?’ showed that band 3 had some m(Ru-0O) -
1*(Ruz) transitions and was ambiguously characterized* for the mixed-ligand system, whereas
the current assignment reveals that there are only m(Ru-Na) = m*(Ruz) transitions in the
mixed-ligand Ruz(pu-02CCH3)3(u-2-Fap)Cl complex. Gaussian curve, X, which lies at 699.99 nm,
has very weak intensity which could be the previously reported very weak excitation at
~700 nm of §(Ruz) > n*(Ruz) character.®® This implies that if the §(Ruz) = 1t*(Ruz) excitation
was present then it would have a very weak intensity. Unlike the carboxylate ligand, which

possesses 1(0) character where only one lobe of the p-orbital of the oxygen donor interacts
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with a ruthenium orbital in the hole, the ap ligand predominantly possesses m(Ru-N) character
(Figure 4.13) where both lobes of the p-orbital of the nitrogen donor atom interact with a
ruthenium orbital in the hole. The difference in character can attributed to the geometrical
differences between the predominantly sp? (with two lone pairs) and sp? (with one lone pair)

hybridized oxygen atom and nitrogen donor atoms, respectively.

(a)
i @

Figure 4.13 Comparison of rt(O) and rt(Ru-N) orbital character in (a) Ru2(OCCH3)4Cl and (b) Ruz2(OCCH3)3(2-Fap)Cl,

y

respectively.

Lastly, the weaker band 4 is linked to state 3 characterized by the m(Ru-Np, Cp-Na, Cp-Cp, C-
0)/6(Ruz) = &*(Ruz)/m*(Np, Na, Cp, O) transition, which the orbital contribution reveals to be
predominantly MMCT. In contrast to the analogous band of [Ruz(u-O2CCHs)sClz],, which
possessed significant chloride character, Ruz(p-02CCH3s)s(p-2-Fap)Cl does not exhibit axial ligand
character, which suggests that band 4 in solution is expected to be virtually insensitive to the
type of axial halogen ligand. Deconvolution supports that band 4 can be fitted with a single
Gaussian curve, as evidenced by the curve at 978.09 nm, denoted curve XI, which is consistent
with a single peak predicted at state 3. Unlike previous propositions in the literature*” which
suggested that there should be some §(Ruz) - m*(Ruz) character in band 4, in the current
work only the §(Ruz) = &*(Ruy) transition has been predicted. In agreement with the previous
study, band 4 has been predicted at much higher energy than where it would occur
experimentally (c.f. Table 1.1). This discrepancy was previously attributed to the substantial
increase in m-donation due to four equatorial ap ligands (in Ruz(ap)4Cl), which preferentially
destabilize the energy of the 6*(Ruz) orbitals and thus increase the 6(Ruz) - 6*(Ruz) splitting
energy.®® However, given the current molecule possesses only a single ap ligand, the current
results do not support the attribution of this disparity to the high m-donation. In addition, a

similar deviation was observed for the TD-DFT result of [Ruz(p-02CCH3s)4Cl2]" (c.f. Figure 4.9 ).
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4.2.2 Comparison of neutral, cationic, and anionic species

The spectroscopic behaviour of the Ru(u-02CCHs)s(u-Rap)Cl complexes has been a subject of
discussion due to the ambiguous attribution of the splitting of band 3 (Table 4.8) into two
components in aqueous solution to the association and dissociation of the axial ligand which
could in principle result in a cationic [Ruz(u-02CCHs)s(pu-Rap)(H20)2]* complex. In addition, the
shoulder band is absent in excess amount of chloride ligands.** 7! To evaluate the validity of the
proposed equilibrium on the UV-Vis spectrum and to ascertain whether the spectrum can be
used to identify the species in solution, the UV-Vis spectra of the neutral, cationic and anionic
complexes (Figure 4.14) are calculated in water, through TD-DFT calculations at the
PBE/LANL2DZ-IEFPCM level of theory, and subsequently compared with the experimental UV-

vis spectra measured in water.

a)

Figure 4.14 Neutral (a), cationic (b) and anionic (c) complexes used for the UV-Vis simulation

Like the neutral complex, the cationic counterpart (Figure 4.15A) is predicted to have two band
maxima associated with states 7 and 12, which are characterized by a LMCT plus MMCT mt(Cp-
Np, Co-Cp, F, Ru-Na, Ca, Ruz) = 6*(Ruz)/m*(Na, Np, Cp) and a LMCT mt(F, Ca-Ca, Ru-Na, Co-Np, Co-Cy,
Ruz) = &8*(Ruz)/m*(Na, Np, Cp), respectively, as confirmed by the fragment charge contribution
to the NTOs (Table 4.9) and the illustrated NTOs (c.f. Table 4.11).

It is important to note that state 12 contained significant aniline character that includes the
fluoride ortho substituent, which is consistent with the sensitivity of absorption band 3 to the
nature of the ortho substituent, elegantly demonstrated by Kadish et al. 4’ on an extensive
series of Rap (R represent various substituent) ligands. However, investigating this further in

the current work due to time constraints is not intended.
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The double maxima present in both the neutral and cationic complexes indicate that both
species exhibit shoulder and primary bands at the experimental band 3, which are
characterized by LMCT and MMCT. The result prohibits the attribution of the shoulder and
primary bands to the cationic or anionic species exclusively. Consequently, the separate results
do not support or revoke the existence of an equilibrium between the neutral and cationic
species in an aqueous solution.

However, the experimentally observed band 3 is much better reproduced by a cumulatively
fitted curve (Figure 4.15B) obtained from the 1:1 sum of the curves of the neutral and cationic
species than from curves of the individual species separately. The resulting absorbance reflects
the effect of a weighted linear combination of the corresponding oscillator strengths, which are
directly proportional to the molar absorptivity of the presumed neutral and cationic species at
equilibrium in solution.

(a)

40000 4 —Expt. Ruy(p-02CCHs);(p-2-Fap)Cl
—TD-DFT. Ruz(p-02CCHs)s(p-2-Fap)Cl
El —TD-DFT. [Ru,(p-0,CCHs)s(pu-2-Fap)(H,0)]*
S 7
820000 - 12
2 2 33
e) 1
< 43 1] M 8
23 31
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Figure 4.15 (a) Experimental curve (black), TD-DFT absorption curve of the neutral (green)
Ru, (u-02CCH3)3(t-2-Fap)Cl and cationic (blue) [Ru, (1-02CCH3)s3(1-2-Fap)(Hz20)[* in water. (b) The
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experimental curve (Black), and cumulative fit curve (Red) were obtained from the sum of green and blue fit
curves. PBE/LANLZDZ-IEFPCM was used.

The good agreement between the cumulative fitted curve and the experimental curve at band
3, supports the presence of both the neutral and cationic complex in water, which provides
some evidence to confirm the previously presumed equilibrium between the cationic and
neutral species in aqueous solution.*® 47 7 A hypochromic red-shift is predicted for band 3
when going from the neutral to the cationic species, as demonstrated by the more intensive
and red-shifted states 7 and 12 of the cationic species relative to states 12 and 17/19 of the
neutral counterpart. The explicit water molecule does not significantly contribute to the
excitations predicted at band 3 (Table 4.9) for the cationic species.

Table 4.9 Percentage contribution of fragmented Mulliken charges to the NTOs of [Ruz(u-02CCH3) (u- 2-
Fap)(H:20)]" calculated with PBE/LANL2DZ-IEFPCM in water.

Fragment contribution to hole (%) Fragment contribution to particle (%)
State A NTO
# (nm) (%) Ru H-20 Fap acetate Ru H20 Fap acetate
1 2 Anil  Pyri 1 2 Anil  Pyri
3 84962 93 46 3 0 15 23 13 23 38 0 16 13 10
7 657.16 92 © 26 0 42 12 10 22 38 0 17 13 10
12 57812 93 13 9 0 44 23 10 24 39 0 16 12 10
23 46395 41 24 37 14 12 2 11 45 47 1 2 2 3
26 17 25 0 27 21 10 3 2 0 5 82 8
43 378.67 34 39 1 0 21 27 13 2 1 0 4 85 8
24 46 24 0 2 7 23 2 2 0 4 68 24

Rul (bonded to H20) and Ru2 are denoted 1 and 2, respectively. The Fap is split into aniline (anil) and pyridine
(pyri) fragments. Fap includes the F and N atoms.

The alteration of band 3 is thus due to the absence of the chloride-based transitions, 8, 17 and
19 (c.f. Table 4.11), in the cationic model, which is consistent with the reduced number of
significant excited states when in the simulated spectrum of the cationic complex (Figure
4.15A). This result indicates that the excited states in the spectrum of the neutral complex,
devoid of chloride-based transition density, viz. states 11 and 17 are transformed to states 7

and 12 and consequently red-shifted in the cationic complex. This qualitatively confirms that
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the experimentally observed shoulder at band 3 in coordinating solvent, is due to a shift in the
electronic transition energies of the cationic species relative to those of the neutral species.
Unlike previous studies, which presumed that the characteristic excitation of band 3 is the same
in the neutral and cationic species, the obtained NTOs results (see Table 4.11), reveal that the
dominant excitations causing band 3 differ between the neutral and cationic species. Although,
both the cationic and neutral species exhibit a LCMT and a MMCT, the 6*(Ruz) character is
absent in the states 12 and 17/19 of the neutral counterpart. Given that both cationic and
neutral complexes are present in an aqueous solution, both m(Ruz) - m*(Ruz) and m(Ruy)
- 6*(Ruz) are therefore present in solution. Therefore, the m(Ruz) - 6*(Ruz) transition,
previously detected in Ruz(u-ap)sCl (Table 4.8), is promoted by the cationic complex in [Rua(u-
0,CH3s)s3(u-ap)]*, which suggest that the transition must be observable in species with a very
weakly binding axial ligand.

In the anionic counterpart (Figure 4.16A), band 3 has been predicted to be caused by the three
predominant excitations namely states 14, 15 and 20, which are linked to mixed LMCT and
MMCT n(Cla, Clp, Ruz2) = m*(Ruz) with minor LMCT m(Cla-Ru, O, F, C5-Ca, Ru-Na) = m*(Na, Np,
Ruz) contribution, LMCT mt(Cla-Ru, Clp, F, C5-C5, Ru-Na) = m*(Ruz), and LMCT nt(Cls, Ru-Na, F, G,
Cp-Cp, Co-Np, C-0)/8(Ruz) -> &*(Ruz)/m*(Na, Ny, Cp, O) with minor LMCT rt(Cl,, Na, F, Co-Ca) >
1t*(Ruz) NTO excitations, respectively (Table 4.11 and Table 4.10).
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40000 p 2(1-0; 3)3(p p)
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(b)
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Figure 4.16 Experimental curve (black), TD-DFT absorption curve of the neutral (green)
Ruz(p-02CCHs)s(u-2-Fap)Cl and anionic (blue) [Ruz(pu-02CCHs)3(u-2-Fap)Clz] complexes in water. TD-DFT
employed the PBE/LANL2DZ-IEFPCM(water) level of theory.

There is also state 24 which has a n(Cl,, Clp) = n*(Ruz) LCMT with minor m(F, Ca-Ca)/0(Ruy, Clp-
Ru) - m*(Ruz) LMCT, but it is of relatively weaker intensity compared to state 14, 15 and 20.
All these transitions possess significant contributions from the chlorides. This result is
consistent with the substantial sensitivity of band 3 measured in excess chloride.?” 43 In
contrast to the neutral and cationic species, the anionic form exhibits a narrower band 3 with a
single maximum. The reason for this can be identified when comparing states 15 and 24 to
states 14 and 20. The former two states (15 and 24) possess significant contribution from the
chloride adjacent to the pyridine (Cly) and are relatively weaker intensity compared to the latter
two states (14 and 20), which possess significant contribution from the chloride adjacent to the

aniline (Cla).

Table 4.10 Percentage contribution of fragmented Mulliken charges to the NTOs of [Ruz(u-02CCH3) (u-2-
Fap)(Clz)] calculated with PBE/LANL2DZ-IEFPCM in water.

Fragment contribution to hole (%) Fragment contribution to particle (%)
State A NTO
# (hm) (%) Ru cl Fap acet. Ru H20 Fap acet.
1 2 Anil  Pyri 1 2 Anil  Pyri
4 87398 78 49 10 5 8 10 17 10 29 40 0 0 11 10 10
14 65489 38 55 20 19 32 0 1 8 45 43 3 3 0 0 6
56 2 5 4 44 31 8 6 41 30 1 1 10 9 9
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15 637.08 74 2 12 31 2 17 5 7 42 44 2 3 3 3 3
20 5%.79 54 6 27 1 12 17 26 12 29 40 0 0 11 10 10

24 3 5 3 67 12 6 4 42 43 2 3 1 1 7
24 55450 52 3 3 73 150 0 : 45 43 3 3.0 0 6

22 13 10 10 3 5 3 8 43 44 3 3 2 2 3
42 44631 43 7 8 30 29 6 1 18 44 4 3 3 1 2 3
53 39974 69 44 g 1 2 11 21 12 2 0O 0 0 5 8 6

Rul (bonded to ClI1) and Ru2 (bonded to Cl2) are denoted 1 and 2 and are bonded to the pyridine and aniline
groups respectively, respectively. The Fap is split into aniline (anil) and pyridine (pyri) fragments. Fap includes the F

This indicates that the previously reported absence of the shoulder band in excess chloride,*
was due to a strong trans-effect of Cl, in the cationic species which drops the intensity of some
of the Cl,-based LMCTs associated with the neutral species.

Similar to the neutral and cationic species, there is strong LMCT and MMCT associated with
states 14 and 20, which suggests an overlap of two independent bands. However, a single
maximum band is predicted due to the very low intensity of the anionic state 14 and the
smaller separation in energy between the excitation energy of states 14 and 20, in comparison
to the corresponding excitation energy gap in neutral and cationic species. This is evident in the
increasing wavelength separation from 57.10 nm to 67.64 nm to 79.04 nm upon changing from
the anionic (states 14 and 20) to neutral (states 12 and 17) to cationic (12 and 7) form.

Unlike the previous attribution® of the disappearance of the shoulder band in excess chloride
solely to the formation of the anionic dichloro species based on previously reported formation
of [Ruz(F3ap)a(H20)Cl]" in excess chloride,*® the current results (Figure 4.16B) demonstrates the
existence of an equilibrium between the anionic and neutral species in varying excess chloride
concentrations using cumulatively fitted curves. The shoulder band in these cumulatively fitted
curves become more pronounced shoulder as the anionic to neutral proportion increases from
1:.0to 1:1.

Band 2 has chloride character in the TOs (Table 4.11) of both the two dominant anionic species
namely states 42, This result is consistent with high sensitivity of band 2 when changing from
the cationic and neutral form to the anionic complex and the previously observed®? sensitivity

of band 2 in solution upon addition of excess chloride. Furthermore, the TOs (Table 4.11)
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associated with all the species do not possess fluoride character, which is consistent with the

virtually non-existent shoulder at band 2 previously observed in the Rua(u-02CCHs)s(u-2-Fap)Cl

complex, in comparison to Ruz(p-02CCH3)s(u-Fsap)Cl and Ruz(u-02CCH3)s(u-Fsap)Cl which have

more electronegative groups of atoms on the ap ligand and that displayed pronounced

shoulder near band 2. 43

It is important to note that all the species (neutral, cationic and anionic) do not contain chloride

character in the states responsible for band 4. Indeed, the dominant MMCT mt(Ru-Np, Cp-Na, Cp-

Cp, C-0)/6(Ruz) - &*(Ruz)/m*(Np, Na, Cp, O) character is preserved in all cases. This suggests

that band 4 can be used to estimate and compare the §(Ru2) = 6*(Ruz) energy gap in the

different species.

Table 4.11 Comparison of NTO transitions neutral Ruz (1t-02CCHs)s(u-2-Fap)Cl, cationic [Ru(y-02CCH3)s(i-2-Fap)]* and

anionic [Ru; (u-02CCH3)3(u-2-Fap)Clz] complexes in water, calculated at the PBE/LANL2DZ-IEFPCM(water) level of

theory

Ru,(p-02CCH3)3(p-2-Fap)Cl

[Ru(1-02CCHs)3(p-2-Fap)]+

[Ruz(u-02CCH3)3(p-2-Fap)Clz]

hole - particle

hole - particle

hole = particle

hole particle hole particle hole particle
Band 4
) - TR . 3
s e

State 3 (843.44 nm, 0.015 a.u):
T[(RU'Np,Cp'Na,Cp'Cp,C'O)/S(R“Z)
- 8*(Ruz)/*(Np,Na,Cp,0) (91%)

State 8 (680.41 nm, 0.012 a.u):
T[(Cl,F,Cp'Np,RU'Na,Ca,O,R“Z)

State 3 (849.640 nm, 0.021 a.u):
T[[Ru'Np,Ca,Cp'Na,Cp'Cp,C'O)/8(RuZ)
— 8*(Ruz) /T (Cp,Np,Na,Cs,0) (93%)

Band 3

State 4 (873.98 nm, 0.006 a.u):
T[(Ru'Np,Cp'Na,Cp'Cp,C'O)/s(RuZ)
- 6*(Ruz) /m*(Np,N,,Cp,0) (78%)

State 14 (654.89 nm, 0.035 a.u):
1(Cla,Clp,Ruz) — m*(Ruz) (56%)
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g 8*(Ru2,Na,Np,Cp) (92%)

State 7 (657.160 nm, 0.032 a.u):
T[(Cp'Np,Cp'Cp,F,RU'Na,Ca,RuZ)
- 6*(Ruz) /m*(Na,Np,Cp) (92%)

State 11 (642.71 nm, 0.011 a.u):
T(Ru-Na,C-0,Cp-Cp) /S5 (Ruz)
- &6*(Ruz) (87%)

State 12 (632.03 nm, 0.025 a.u):
T[(Cl,Cp'Np,RU'Na,Cp'Cp,R“Z)
- m*(Ruz) (88%)

State 12 (578.12 nm, 0.0178 a.u):
T[(F,Ca'Ca,Rll'Na,Cp'Np,Cp'Cp,RUZ)
- 8*(Ru2)/1T*(Na,Np,Cp) (93%)

State 17 (564.39 nm, 0.011 a.u):
T(Ru-Na,F,Ca-Ca) /0 (ClL,Ruz)
- 1*(Ruz) (38%)

o ]

State 17 (564.39 nm, 0.011 a.u):
T[(Cl,F,RU'Na,Ca‘Ca,Cp'Cp,Cp'Np)
- m*(Ruz) (32%)

State 19 (552.67 nm, 0.011 a.u):
m(CLF,Ca-Ca) — m*(Ruz) (75%)

Band 2

é

State 14 (654.89 nm, 0.035 a.u):
T[(cla'RU,O,F,Ca'Ca,RU-Na)
d T[*(Na,Np,Ruz) (38%)

State 15 (637.08 nm, 0.022 a.u):
T[(Cla'Ru,clp,F,Ca'Ca,RU'Na) d T[*(RUZ)
(74%)

State 20 (596.79 nm, 0.039 a.u):
(Cla,Ru Na,F Ca,Cp Cp,Cp'Np,C O)/ S(RUZ)
d 8*(Ru2)/1T*(Na,Np,Cp,O) (51%

% e

State 20 (596.79 nm, 0.039 a.u):
Tt(Cla,Na,F,Ca-Ca) — m*(Ruz) (24%)

State 24 (554.50 nm, 0.007 a.u):
m(Cla,Clp) — m*(Ruz) (52%)

State 24 (554.50 nm, 0.007 a.u):
T(F,Ca-Ca)/0(Ruz,Cly-Ru) — 1*(Ruz)
(27%)
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R Y
State 31 (464.33 nm, 0.008 a.u): State 23 (463.95 nm, 0.0095 a.u):
T[(Ca,Na,Cp'Cp,Cp'Np,O)/8*(Ru2) T[(Clp,Ca'Ca)/O_(OW,RUZ)
— 1*(Cp,Np) (83%) - m*(Ruz)(41%)

State 23 (463.95 nm, 0.0095 a.u):
T[(Ca,Na,Cp,Cp'Np)/8*(Ru2)
- T[(Cp,Np,Na,O) (26%)

State 52 (378.67 nm, 0.010 a.u): State 43 (378.672 nm, 0.01 a.u):

State 42 (446.31 nm, 0.010 a.u):
1(Cla,Clp,0)/0(Cl-Ru) — 1*(Ruz) (43%)

State 53 (399.74 nm, 0.013 a.u):

T(Ca,Na,Cp-Cp,Cp-Np,0) /6*(Ruz) Tt(Na,Ru-Np,Cp-Cp,Cp-Np,0) /6*(Ruz) T(Ru-Np,Cp-Cp,Na,C-0) /6(Ruz)
- 1*(Ca,Cp,0,C) (41%) - 1m*(Np,Cp,0) (34%) - 1*(Np,Cp) (69%)
< y .
7-9 y

L S s &
State 52 (378.67 nm, 0.010 a.u): State 43 (378.672 nm, 0.01 a.u):

T[(CP_CP'NP_CPlO) T[(Ru'Np,Cp'Cp,Cp'Np,O)/T[*(Ruz)
= 1*(Na,Np,Cp,0)/6*(Ruz) (33%) - 1*(Np,Cp,0) (24%)

Cp and Np denote carbon and nitrogen atoms of the pyridine moiety. Ca and Na denote carbon and nitrogen atoms of the aniline
moiety. C and O denote carbon and oxygen atoms of an acetate ligand. Ow denotes an oxygen atom of water. Cla and Clp are

used to distinguish the chloride atoms on the aniline and pyridine sides respectively.

[a] The highlighted orbitals are the most contributing ( < 24% in Table 4.7and Table 4.10 and Table 4.10) orbitals to the NTOs,

used to determine the transition type.

The observed changes in electronic transitions and the resulting absorption spectrum shifts

upon changing from the cationic to neutral to anionic complex can be rationalized in terms of

the resulting variation in electronic structures. Consider the electronic structure calculations

based on the first excited states of the neutral Ruz(u-02CCHs)3(u-2-Fap)Cl, as well as its cationic

and anionic derivatives as presented in an open-shell MO diagram (Figure 4.17).

The order of the a-manifold of the cationic and anionic species is essentially the same as what

was discussed (c.f. section 4.2.1) for the neutral species. Given the possibility of obtaining a
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doublet ground state in the cationic species (c.f. Figure 1.6 Comparison of the spin-restricted
MO diagram and electronic configuration of (A) [Ruz(pu-O2CR)a]*, (B) [Ruz2(u-NOCR)4]*™ and (C)
[Ruz2(pM-NN’CR)a]* complexes. Effect of bridging ligands indicated by the dashed lines.), electronic
calculation on the quartet and doublet state of the cationic species yielded a total electronic
energy of -1581.384495 Hartrees and -1581.374693 Hartrees for the quartet and doublet
ground state, respectively.

[Ruz(p-0,CCH,)5(p-2-Fap)(H,0)]* RUZ_(H&CCHJE(H’Z’FEP)C' [Ruz(p-0,CCH,),(u-2-Fap)Cl,)

-2.54 —_— ot
- Fragments:
'3 = G* L Ruz
= Cl
f — 2.140 eV - Cl,
-3.59 - H.0
1.874 eV e —
T
4] 5« — Fap
*
1.825 eV o l
6*—-— o 1'287 ev
451 T —
m* [ I A
' 1.234eV 15163 ev
_5 a b*_-_ T ok Y e————
5% 1.166 eV 10.315 eV ™
- TU* - O e————
5 0.501 eV - - ___
T e 8 ———
- e — ————
_6 - - —
o-spin B-spin o-spin B-spin a-spin B-spin

Figure 4.17 Electronic structure calculations of the cationic (black), neutral (green) and anionic (dark-green)

complexes in water obtained at the PBE/LANL2DZ-IEFPCM level of theory.

Therefore, the quartet ground state is 0.009802 Hartree more stable than the doublet ground
state and thus the electronic structure of the cationic species should contain three SOMOs like
the neutral species (Figure 4.17). However, the order of the B-manifold, which accounts for
most of the excitations on the spectrum, changes in the cationic and anionic species.
Essentially, the order of the 3-manifold LUMO, LUMO-1 and LUMO-2 changes from &*>n*>n* to
T>0">n"to n'>n*>d" (see Figure 4.17) while moving from the cationic to the neutral to the
anionic species, respectively. This change in the ordering of these MOs stems from the fact the
fragment contribution of the axial ligands is significant to the ©* MOs but not the 6* MO (see

Figure 4.17) due to symmetry-aligned n* overlap between a Ru-based d,, (and d, ;) orbital and

axial ligand p, (and p,) orbital at MO 114B (and 116f) (c.f. Figure 4.10). This axial ligand

119

——
| —



Analysis of UV-Vis-NIR electronic absorption spectra of Rux(u-0,CCHs)s(u-2-Fap)X (X=Cl, Br, I)

fragment contribution to the ©* MOs is increasing while changing from cationic to neutral to
anionic, which suggests an increasing m-donation to the Ru atom and increasing destabilization
of the ©* MOs while the 8 MO remains relatively unaffected. Hence, the change from &*>n*>n*
to m*>6">1* to mn*>n*>8* arrangement.

While moving from cationic to neutral to anionic, the a- and -spin HOMO-LUMO gap energies
become larger and the ©*-0* gap energy of the a-manifold shrinks. The a-manifold 8*-c* gap
energy increases by 0.049 eV while moving from the cationic to the neutral complex, and
further increases by 0.266 eV while moving from the neutral to the anionic species. The
fragment contribution of the axial ligands is significant to the ¢* LUMO but not the 6* HOMO
(see Figure 4.17) of the a-manifold due to symmetry-aligned ¢* overlap between a Ru-based
d,2 orbital and axial ligand p, orbital at MO 117« (c.f. Figure 4.10) and the axial ligand fragment
contribution to the ¢* LUMO is increasing while changing from cationic to neutral to anionic,
which is indicative of increasing c-donation to the Ru atom in the same direction. Hence, the
increasing HOMO-LUMO gap energy of the a-manifold is therefore a result of the
destabilization of the ¢* LUMO with increasing o-donation to the Ru; by the axial ligand. This is
consistent with previously reported increasing HOMO-LUMO gap energy of the o-manifold
while changing from | to Br to Cl axial ligand (X) of [Ruz(pu-02CCHs)aX2]” complexes.?! Similarly,
there is fragment contribution by the axial ligands to the ©* MOs but not to the 8 HOMO (see
Figure 4.17) of the B-manifold due to symmetry-aligned ©* overlap between a Ru-based d,,
orbital and axial ligand p, orbital at MO 114 (c.f. Figure 4.10) and the fragment axial ligand
contribution to the ©* MOs is increasing while changing from cationic to neutral to anionic,
which is indicative of increasing m-donation to the Ru atom in the same direction. Hence, the
increasing HOMO-LUMO gap energy of the [B-manifold is, therefore, a result of the
destabilization of the nm* MOs with increasing m-donation to the Ru; by the axial ligand.

Contrary to the increase in HOMO-LUMO energy gaps discussed above, the decrease in ©*-0"
gap energy of the SOMOs stems from the significant fragment contribution of the axial ligands
to the ©* MOs but not the 6* MO (see Figure 4.17) due to symmetry-aligned ©* overlap of a

Ru-based d,, (and d,,) orbital with axial ligand p, (and p, ) orbital at MO 114f (and 1158) (c.f.
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Figure 4.10). The axial ligand fragment contribution to the ©* MOs is increasing while changing
from cationic to neutral to anionic, which is indicative of increasing m-donation to the Ru atom
in the same direction. Hence, the decreasing ©*-6* gap energy of the SOMO is, therefore, a
result of the destabilization of the m* MOs with increasing m-donation to the Ru; by the axial
ligand. This decrease is consistent with what was discussed before (c.f. Figure 1.5).

The abovementioned differences are significant to understanding the different electronic
spectra obtained. For instance, the simplest band, i.e. band 4, which the NTOs indicated is
caused by 8(Ruz) — 6*(Ruz) transitions predominantly associated with state 3 of the cationic
or neutral complexes or state 4 of the anionic complex (see Table 4.11), comprises exclusively

of B-manifold single-electron excitations (Figure 4.18).

anionic:
neutral: State 4 mx
: i
7 cationic: state 3 ., “.mmwa* Fragments:
H y e _— Ruz
as state 3 5 r---......ﬂ* —
4.5 4 T
T mx 1.287 - (|,
3z = H,0
= “uze7ev L3zzey = (0,CCH,),
5 ., =
S - -—
w -5.54 \r.______8 =—...._
| ™ T— _8
-6 —_— - —
-6.57 o — —— - — ——
——— s — — —
P-spin P-spin B-spin

Figure 4.18 The single electron excitations and the 6-6* gap energies for band 4 of the cationic (black), neutral

(green) and anionic (dark-green) complexes in water obtained at the PBE/LANL2DZ-IEFPCM level of theory.
The B-manifold §-6* gap energy is 1.297 eV for the cationic species, 1.327 eV for the neutral
species, and 1.287 eV for the anionic species. This increase in 6-6* gap energy while going from
the cationic to the neutral species is consistent with the predicted blue shift of band 4 upon
changing from the cationic to the neutral species (Figure 4.15). Similarly, the decrease in 6-6*
gap energy upon changing from the neutral to the anionic species is consistent with the

predicted red shift of band 4 upon changing from the neutral to anionic species (Figure 4.16).
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Hence, a change in the electronic structure results in a different set of excitations, which are
concomitant with spectroscopic shifts.

All the other manifested more complex changes in the absorption spectra can also be
attributed to differences in the electronic structures of the different species that boil down to
some changes in B-manifold MOs order, some changes in both the [-manifold and the

a-manifold HOMO-LUMO gap energy and some changes in the ©*-0* gap energy.

4.2.3 Nature of halogen ligand

The solution UV-vis spectra for the Ru,(pu-0O2CCHs)s(u-2-Fap)l species was measured in water,
generated from the Ruy(u-O2CCHs)s(u-2-Fap)Cl precursor. The measured spectra of
Ruz(p-02CCH3)3(u-2-Fap)l, the previously obtained Ru(u-0O2CCH3)3(u-2-Fap)Cl complex in water
as well as their simulated spectra in water using TD-DFT are shown in Figure 4.19. A strong red-
shift of the absorption band 1 situated in the UV region from 195.00 nm -368.99 nm to
199.00 nm - 395.65 nm can be easily observed upon changing from the chloride to the iodide
complex, in agreement with the red-shift of the corresponding TD-DFT band predicted along
the chloro - bromo - iodo series. Although the bromo derivative was not synthesized in the
current work, a redshift of its band 1 relative to the chloride counterpart is expected based on
the predicted shift.

Band 2 situated in the visible region is slightly red-shifted from 408.69 nm to 416.00 nm, which
can be observed upon going from the chloride to the iodide complex, which is consistent with
the corresponding TD-DFT curves virtually insensitive to the axial ligand.

The primary band of band 3 situated in the visible region is insensitive to the axial ligand,
whereas its shoulder band is slightly red-shifted from 571.00 nm to 575.00 nm upon going from
the chloride to the iodide compound, which is consistent with the two maxima predicted in the
TD-DFT curve which are relatively unperturbed when changing from the chloro to the iodo
derivative, in comparison to the bromo counterpart. On the basis based on the predicted
substantial redshift of the curve of the bromo complexes, a redshift of its primary band relative

to the chloride and iodide derivatives is expected. The NTOs (Table 4.12) reveal that the
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maximum at states 17 and 19 of the chloride complex which is associated with the shoulder
band is slightly red-shifted as the states are transformed into state 16 of the bromide complex

and state 25 of the iodide complex, which is consistent with the slight red-shift of the shoulder

band observed experimentally.

(a) 40000

------- TD-DFT. Ruz{p-02CCH3)s(p-2-Fap)Cl
------- TD-DFT. Ruz(p-02CCHs)3(p-2-Fap)Br
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Figure 4.19 (a) Experimental (solid) and TD-DFT (dashed) curves of Ru,(pu-02CCHs)3(u-2-Fap)X where X=Cl
(green), Br(red) or | (purple) complexes in water. (b) Experimental (solid) and cumulative fit curves obtained
from the sum of the TD-DFT curve of [Ru,(u-02CCHs)3(p-2-Fap)]* with the TD-DFT curve of
Ruz(p-02CCH3)3(u-2-Fap)Cl (green) or Rux(u-02CCHs)s(u-2-Fap)! (purple). TD-DFT employed the PBE/LANL2DZ-
IEFPCM(water) level of theory.
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The primary band of band 3 is linked to the maximum at states 8, 11 and 12 of the chloride
complex, which is substantially red-shifted as the states are transformed into the substantially
red-shifted states 10, 12 and 13, respectively, of the bromide complexes, which are significantly
distinct from the original states, whereas the maximum is relatively unaffected as the states are

transformed into state 16 of the iodide complex, which is quite similar to the original state 11.

Table 4.12 Comparison of NTO transitions the neutral Ruy(u-0O2CCH3)s(u-2-Fap)X (X = Cl, Br and I) complexes in water,
calculated at the PBE/LANLZDZ-IEFPCM(water) level of theory.

Ruz (1-02CCH3)3(u-2-Fap)Cl Ruz(1-02CCH3)3(u-2-Fap)Br Ru, (1t-02CCH3)3(u-2-Fap)I
hole = particle hole = particle hole = particle
hole particle hole particle hole particle
Band 4
d;-ﬂ @ ;iqé : o
State 3 (843.44 nm, 0.015 a.u): State 3 (852.93 nm, 0.015 a.u): State 5 (897.24 nm, 0.005 a.u):
T[(Ru-Np,Cp'Na,Cp'Cp,C'O)/S(Ruz) T[(Ru-Np,Cp'Nai,Cp'Cp,C'O,BI')/S(RUZ) T[(Cp'Cp,C'O,I)/S(RuZ)
— 6*(Ruz) /m*(Np,Na,Cp,0) (91%) — 6*%(Ruz) /*(Np,Na,Cp,0) (88%) — 6*%(Ruz) /1*(Np,Na,Cp,0) (84%)

State 8 (836.06 nm, 0.007 a.u):
T[(Ru-Np,Cp'Cp,C'O,I)/S(RUZ)
- 6*(Ruz) /m*(Np,Na,Cp,0) (83%)

State 9 (804.34 nm, 0.026 a.u):
T(Ru-Na)/0(I,Ruz) — m*(Rugzl) (60%)

§o G@O’
i "

State 9 (804.34 nm, 0.026 a.u):
m(I)/o(Ruz) — m*(Ruz,l) (32%)
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i

State 10 (794.04 nm, 0.022 a.u):
T(L,Ru-Na)/o(L,Ruz) — m*(Ruz,l) (68%)

State 10 (794.04 nm, 0.022 a.u):
T[(I,RU'Na,Ru-Np,Cp'Cp)/d(RUZ)
— 1*(Rugz,I,Na,Np,Cp) (25%)

Band 3

State 8 (680.41 nm, 0.012 a.u): State 10 (697.98 nm, 0.021 a.u):

1(CLF,Cp-Np,Ru-Na,Cp-Cp,Ca,Ruz) 1(Br,F,Cp-Np,Ru-Na,Cp-Cp,Ca) /6 (Ruz)
- 8*(Ruz,Na,Np,Cp) (92%) - 1*(Ruz,Na,Np,Cp,Br) (37%)

State 10 (697.98 nm, 0.021 a.u):
T(Np,Na,Cp-Cp,Ca,0) /6*(Ruz) /a(Br)
- o*(Ruz,Br)/m*(0) (26%)

I

State 11 (642.71 nm, 0.011 a.u): State 12 (687.47 nm, 0.023 a.u): State 16 (640.05 nm, 0.034 a.u):

T[(RU'Na,C‘O,Cp‘Cp,Ca)/S(RUZ) T[(Np,Na,Cp,Ca,O)/S*(RUZ) T[(I,Ru,Cp'Np,RU'Na,Cp'Cp,Ca,RUZ)
- 8*(Ruz)/m*(N,Cp,0) (87%) — 6*(Ruz,Br)/*(0) (49%) - 8*(Ruz)/*(Np,Na,Cp,0) (87%)

@ G

State 12 (687.47 nm, 0.023 a.u):
1t(Br,Cp-Np,Ru-Na,Cp-Cp,Ca) /6*(Ruz)
- m*(Ruz,Na,Np,Br) (37%)
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State 12 (632.03 nm, 0.025 a.u):
T[(CI,Cp'Np,RU'Na,Cp'Cp,RUZ)
— 1*(Ruz,Na,Np,Cp,Cl) (88%)

State 13 (675.01 nm, 0.016 a.u):
o(Ruz,Br) — 1*(Ruz,Br) (68%)

State 13 (675.01 nm, 0.016 a.u):
T(Br,F,Cp-Np,Ru-Na,Cp-Cp, C-
0,Ca)/6*(Ruz) = m*(Ruz,Br,0) (25%)

State 17 (564.39 nm, 0.011 a.u): State 16 (612.76 nm, 0.019 a.u): S;"(‘Efu?lsp(gs_?\fi:_rf‘\f 0,008 2.1
m(F,Ru-Na,Ca-Ca) /o (CLRuz) m(Br,F,Cp-Np,Ru-N3,Cp-Cp,C-0,Ca Ruz) Co0.C Ruz’) '—>p 6*p(’Ruz);;T*(N ]KI pC 0)
- 1*(Ruz,CL,Na,Np,Cp) (38%) - 8*(Ruz)/m*(Na,Np,Cp,0) (74%) P R

(86%)

A
v

State 17 (564.39 nm, 0.011 a.u):
T[(CLF,RU‘Na,Ca'Ca,Cp‘Cp,Cp'Np)
/d(Ru) — 1*(Ruz Na,Np,Cyp,Cl)

(32%)

State 19 (552.67 nm, 0.011 a.u):
1(F,Ca-Ca)/o(Ruz, Cl-Ru)
- m*(Ruz,Cl,0)(75%)

Cp and Np denote carbon and nitrogen atoms of the pyridine moiety. Ca and Na denote carbon and nitrogen atoms of the aniline
moiety. C and O denote carbon and oxygen atoms of an acetate ligand. Ow denotes an oxygen atom of water. Cla and Clp are
used to distinguish the chloride atoms on the aniline and pyridine sides respectively.

Band 4 situated in the near-infrared is blue-shifted from 993.00 nm to 986.00 nm upon
changing from the chloride to the iodide complex, which is consistent with the predicted blue-

shift of the iodide relative to chloride. Band 4 is predicted to be only slightly sensitive to the
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bromide ligand. It is important to note that band 4 have been predicted at much lower energies
than where it occurs experimentally, which is consistent with the previously reported deviation
in Ru, tetracarboxylates and tetra-ap. 2% %3 In contrast to the previous study, the predicted
band 4 is oddly very intense for this iodide complex. The NTOs (Table 4.12) reveal that the TOs
of the state associated with band 4, namely state 3, remain intact when switching from the
chloride to the bromide complex, with the only exception of the slightly substantial size of the
bromide p-orbital in the hole, whereas state 3 is transformed into multiple intense states
namely, state 5, 8, 9 and 10, which are all characterized by very bulky iodide p-orbitals and
various metal-metal and LMCT characters. Notably states 9 and 10 contain m(l)/o(Ruz)
- nt*(Ruy, 1) TOs at 804.34 nm and 794.04 nm which is consistent with the almost two-fold
stronger intensity of these excitations and the blue-shift relative to state 3 of the chloride and
bromide complex which occurs 843.44 nm and 852.93 nm, respectively.

Similar to the chloride complex (c.f. 4.2.1), the experimentally observed band 3 of the iodide
complex is much better reproduced by the cumulative fit curve (Figure 4.19B) obtained from
the sum of the curves of the neutral and cationic species. In addition, the intensity of the
maximum associated with band 4 has dropped below that of band 3, which agrees well with the
experimental spectrum. The better agreement between the theoretical and experimental
curves at both bands 3 and 4 substantiate the existence of an equilibrium between the neutral
Ru,(u-02CCHs)3(u-2-Fap)l form and the cationic [Ruy(p-02CCHs)s(u-2-Fap)]* form. However, for
the iodide complex 0.1:0.9 ratio of neutral to cationic is required to produce the best fit,
implying that the equilibrium favours a higher ratio of the cationic form.

The observed changes in electronic transitions and the resulting absorption spectrum shifts
upon changing the axial ligand from Cl to Br to | complex can be rationalized in terms of the
resulting variation in electronic structures. Consider the electronic structure calculations based
on the first excited states of the neutral Ru(u-02,CCHs)3(u-2-Fap)X (X=Cl, Br or I) as presented in
an open-shell MO diagram (Figure 4.20). The order of the a-manifold of Rua(pu-02CCH3z)3(p-2-
Fap)Br and Ruz(pu-02CCHs)s(u-2-Fap)l is essentially the same as what was discussed (c.f. section
4.2.1) for Ruz(pu-O2CCHs)3(p-2-Fap)Cl species. However, the order of the B-manifold, which

accounts for most of the excitations on the spectrum, is different in the species containing an
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iodide. Essentially, the order of the B-manifold LUMO, LUMO-1 and LUMO-2 changes from
n>d">n*to O*>n*>n* (Figure 4.20) while moving from the chloride- or bromide-containing
species to the iodide-containing derivative. This change in the ordering of these MOs stems
from the fact the fragment contribution of the axial ligands is significant to the ©* MOs but not
the 6* MO (Figure 4.20) due to symmetry-aligned n* overlap between a Ru-based d,;, (and d,;)
orbital and axial ligand p, (and p,) orbital at MO 114f (and 116p) (c.f. Figure 4.10). This axial
ligand fragment contribution to the ©* MOs is decreasing while changing from chloride to
bromide to the iodide species, which is indicative of decreasing n-donation to the Ru atom,
decreasing destabilization of the ©* MOs while the & MO remains relatively unaffected. This
results in a change from n*>6*>1" to 0*>n*>n* configuration order.

Ruz(p-0,CCH,),(u-2-Fap)Cl
3 5%

Ruz(p-0,CCH,),(pu-2-Fap)Br

— U*
-3.24 —_— —_—
3.4 Fragments:
3.6 W= Ru,
aad 1.874 eV
38 1.797 eV = cl
-4 N Br
— 4.2 4 Loy —— Tk
% b* - 8*—-1— —— - |
2 444 ™ ] —— —_—
5 4] | == (0,CCH;),
S a8 1.234 eV
4.8 &% Sk 1.193 eV Fap
-5 4 -l__ —_— _—
524, 10:315eV - | 0.328 eV 5 @
-5.4 4 - TO* —_ —
sef” = d=—" ——
-5.8 5 e EEE——
5 - N —— — R — — ——
a-spin B-spin o-spin B-spin  o-spin B-spin

Figure 4.20 Electronic structure calculations of the Ruz(u-02CCHs)s(u-2-Fap)X where X is Cl (green), Br (brown) and |
(pink) complexes in water obtained at the PBE/LANL2DZ-IEFPCM level of theory.

While moving from the chloride species to bromide or iodide neutral species, both the a- and
B-spin HOMO-LUMO gap energies become smaller (Figure 4.20). Whilst it is anticipated that
the a-manifold ©*-0" gap energy would become larger when changing from the chloride to the
bromide to the iodide species, the data shows that the n*-0" gap energy decreases when going
from the chloride or bromide species to the iodide species. The a-manifold 6*-c* gap energy
decreases by 0.077 eV while moving from the chloride to the bromide species, and further

decreases by 0.060 eV while moving from the bromide to the iodide species. The fragment
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contribution of the axial ligands is significant to the ¢* LUMO but not the 8* HOMO (Figure 4.20)
of the a-manifold due to symmetry-aligned ¢* overlap between a Ru-based d,2 orbital and axial
ligand p, orbital at MO 117a (c.f. Figure 4.10) and the c-donation to the Ru atom is expected to
decrease while changing from the chloride to the bromide to the iodide species.

Hence, the decreasing HOMO-LUMO gap energy of the a-manifold is a result of the stabilization
of the ¢* LUMO with decreasing c-donation to the Ru; by the axial ligand. This is consistent
with previously reported decreasing HOMO-LUMO gap energy of the a-manifold while
changing from Cl to Br to | axial ligand (X) of [Ruz(u-O2CCHs)aX2]" complexes.?! Similarly, there is
fragment contribution by the axial ligands to the ©* MOs but not to the 6 HOMO (Figure 4.20) of
the B-manifold due to symmetry-aligned n* overlap between a Ru-based d,, orbital and axial
ligand p, orbital at MO 114 (c.f. Figure 4.10). The m-donation to the Ru atom decreases while
changing from the chloride to the bromide to the iodide species as the bond length increases.
Hence, the decreasing HOMO-LUMO gap energy of the B-manifold is a result of the stabilization
of the m* MOs with decreasing m-donation to the Ruz by the axial ligand.

Contrary to the decrease in the HOMO-LUMO energy gaps, the increase in n*-0* gap energy of
the SOMOs stems from the significant fragment contribution of the axial ligands to the ©* MOs
but not the 8" MO (Figure 4.20) due to the symmetry-aligned n* overlap of a Ru-based d,., (and
d,,) orbital with axial ligand p, (and p,) orbital at MO 1148 (and 115f) (c.f. Figure 4.10).
Although the axial ligand fragment contribution to the ©* MOs is increasing while changing from
chloride to bromide to iodide, the nt-donation should in principle decrease in the same direction
due to the increasing bond length. Hence, the increasing n*-0* gap energy of the SOMO when
going from the chloride to the bromide species is a result of the stabilization of the ©* MOs with
decreasing m-donation to the Ru; by the axial ligand. This decrease is consistent with what was
discussed before (c.f. Figure 1.5). However, the decrease in the *-0" gap energy when changing
from the chloride or bromide to iodide is peculiar, especially when considering that the
corresponding electronic structure of the anionic [Rux(u-02CCHs)s(u-2-Fap)lz]” species, which
shows the expected increase the n*-0" gap energy when changing from the chloride or bromide

to iodide anionic species (Figure 4.21).
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The electronic structure of the anionic species exhibits the expected energy gap trends (Figure
4.21) that were determined while varying from cationic to neutral to anionic (see Figure 4.17),
such as the decrease in both the a-manifold and B-manifold HOMO-LUMO energy gap and the
increase in the increase in the m*-8* gap energy. In addition, in the anionic species, the order of

the a-manifold also remains the same as what was discussed for the neutral and cationic,

irrespective of the axial ligand.

[Ruz(p-0,CCH,);(p-2-Fap)CL,]

[Ruz(p-0,CCH;)5(p-2-Fap)Br, ]

[Ruz(p-0,CCH,);(p-2-Fap)l,]

254 o — o* - —— Fragments:
N o, — == Ru,
-3
= Cl,
2.140 eV 2.063 eV == Br,
-3.5 1.964 eV
3 L - -,
— TT* -
5 4 5% T 2: = g%‘ == | mm (0,CCH,),
5] 2140 eV 2.063 eV " Fap
- &% S 1.964 eV
. e 10.163 eV h———30.206eV [ 102106V
T = ok - 5 ok " G——
551 —— .
a-spin  PB-spin a-spin B-spin a-spin B-spin

Figure 4.21 Electronic structure calculations of the [Ruz(p-O2CCHz)s(u-2-Fap)Xz] where X is Cl (green), Br (brown)
and | (pink) complexes in water obtained at the PBE/LANL2DZ-IEFPCM level of theory.

Furthermore, the order of the B-manifold LUMO, LUMO-1 and LUMO-2 changes from
T>T>0"to m*>0">n" (Figure 4.20) while moving from the chloride- to bromide- or iodide-
containing species, which is consistent with the decreasing m-donation to the Ru atom and
stabilization of the n* MOs that was proposed for the neutral and cationic species to be
responsible for the changing MOs order. A notable unique feature exhibited by the anionic
species, [Ruz(p-02CCH3)3(u-2-Fap)lz], is a 6 HOMO of the B-manifold, instead of a 8 HOMO that
is present in the anionic bromide or chloride species as well as all the neutral and the cationic
species. This c HOMO has been reported before for the [Ruz(u-02CCHs)aX2]™ (X=Cl, Br or I)
analogue but not for mixed ligands.??

Monitoring the axial ligand substitution reactions of Ru, complexes spectroscopically by

observing the changes in the wavelength of maximum absorption (Aabs) which are sensitive to
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the nature of the axial ligand is a technique that is used in numerous studies to estimate and
compare the thermodynamic axial ligand binding constant.?”- 28 57,58, 260-262 Gjyen the interest of
this study in correlating spectroscopic changes with specific molecular properties, the predicted
excitation energy as a function of the type of axial ligand are considered.

The most intense LMCT found at band 1 and the charge transfer containing 8(Ruz) - &6*(Ruz)
transition at band 3, abbreviated MICT and 6 - 6* CT, respectively in Table 4.13, are red-

shifted when going from chloride to bromide to iodide.

Table 4.13 The 6 - 6* charge transfer (CT) and the most intense CT (MICT) excitation wavelength of the
Ruz(u-02CCH3)3(pt-2-Fap)X, [Ruz (1t-02CCHs)s(u-2-Fap)Xz] and [Ruz (1ti-02CCH3)+Xz] complexes (X = Cl, Br, [')
computed using the PBE/LANL2ZDZ-IEFPCM in water

Complex 6= 6* CT (nm) MICT (nm)
Ruz(p-02CCHs)s(p-2-Fap)Cl 843.44 268.45
Ruz(p-02CCH3)s(p-2-Fap)Br 852.93 302.11
Ruz(p-0,CCHs)s(p-2-Fap)! 897.24 331.84
[Ruz(p-0,CCHs)s(p-2-Fap)Cl,]- 873.98 264.97
[Ruz(p-0;CCHs)s(p-2-Fap)Bra]” 896.72 316.11
[Ruz(p-02CCHs)3(p-2-Fap)lz]- 954.45 346.58
[Ruz(p-0O2CCHs)4Cl,]" 681.70 264.97
[Ruz(p-0,CCHs)4Bra] 752.04 316.11
[Ruz(p-02CCH3)4l]” 871.24 346.58

The red-shift of the MICT is in agreement with the easily observable red-shift of band 1 in the
measure spectra (Figure 4.19) when going from the chloride to the iodide complex, which
suggests that changes in the Amax of band 1 are indicative of altered axial coordination and the
higher the wavelength Amax of band 1 the longer the Ru-X bond length. Indeed, the clear red-
shift of the 6 - &6* CT implies a decreasing 6-6* energy gap, which is concomitant with
increasing n-6* energy gap and thus shift of & - 6* transitions to lower energy when going
along the CI - Br - | series. However, band 4 in the measured spectra is weakly sensitive to the
axial ligand and it is not observable in some Ru, complexes such as the Ru, tetracarboxylates

due to very weak intensity, band 4 is therefore not a suitable experimental diagnostic tool for
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estimating the axial binding in this series but it has been reported to sensitivity to the nature
bridging ligand.

Nonetheless, the 6 - 6* CT character is predicted in all the complexes including the Ru»
tetracarboxylates, with the red-shift trend still holding. This suggests that both MICT and
6 - 6* CT can be used to theoretically estimate the relative axial coordination bond length.
Indeed, a linear relationship between the wavelengths of MICT and 6 - &* CT is established
(Figure 4.22), which shows that there is a good correlation between the MICT and & - &* CT

and the Van der Waals radii (Rvow) of the axial ligands.?%3

1000.00 1.2

875.00 P — P A | 18
€ 750.00 A = 239.14R,,,, + 419.74 24 5
= R?=0.9223 — = = Ruy(p-0,CCH;)s(p-2-Fap)X 6->86* =
£ 625.00 3 2
L = 3 = Rua(p-02CCHs)s(pu-2-Fap)X MICT <
S 500.00 36 5
> A =273.32Rp - 207.57 w

= 375.00 R?=0.9877 X 4.2

250.00 [jfmnccansses 48

1.7 1.75 1.8 1.85 1.9 1.95 2
Ryow Of X (A)

Figure 4.22 The § - &* charge(CT) and the most intense CT (MICT) excitation wavelength of the
Ruz(p-02CCH3)3(u-2-Fap)X, [Rua(p-02CCHs)3(u-2-Fap)X2]  and [Ruz(u-02CCHs)aX2]” complexes (X = Cl, Br, | ) computed

using the PBE/LANL2DZ-IEFPCM in water, as a function of Rvow of X.2%3

4.2.4 Solvatochromism

In the previous section, the solvent environment was kept constant while the nature of the
axial ligand was allowed to vary, therefore the effect of the solvent was not explored. To
investigate the solvent effect, the UV-Vis spectrum of the chlorinated complex
Ruz(p-02CCH3)3(p-2-Fap)Cl was simulated in DCM, DMSO and water. When comparing the
simulated spectra of the Ru,(u-02CCHs3)s3(u-2-Fap)Cl complex in water, DMSO and DCM (Figure

4.23), band 3 is the only band that is significantly shifted energetically, which is in agreement
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with the reported*’ strong sensitivity of band 3 to the solvent and imply that the observed
solvatochromic shift is partly a result of the changing bulk solvent polarity.

The hyperchromic red shift from 638.9 nm to 641.4 nm to 643.5 nm of the primary band at
band 3 (Amax) is predicted when switching from the solvation water to DMSO to DCM. Since
Ru,(u-02CCHs)s(u-2-Fap)Cl is free of explicit solvent binding the predicted red-shift is directly

the result of the bulk solvation polarity, which is dictated by its dielectric constant ().

30000 1
= = = = TD-DFT. Ru,(-0,CCHs)s(p-2-Fap)Cl in DCM
= = ==TD-DFT. Ruz(p-0,CCHs)3(p-2-Fap)Cl in DMSO
S 20000
o == ==TD-DFT. Ruz(u-02CCH3)3(p-2-Fap)Cl in water
2
[+
2
2
2 10000
Y
S
Ry
0 .IIL|_|.|| Il 1 JIL. -
200 300 400 500 600 700 800 900 1000 1100

Wavelength(nm)

Band1 Band2 Band 3 Band 4
Figure 4.23 Comparison of the simulated (dashed) UV-Vis-NIR curves of Ru,(u-02CCH3)3(u-2-Fap)Cl obtained
in DCM (green), DMSO (green) and water (red). Computed at the PBE/LANLZ2DZ-IEFPCM level of theory

Indeed, the redshift, which is a shift to lower energy, is concomitant with a decrease in the ¢
value when going from water (¢ = 78.355) to DMSO (¢ = 46.826) to DCM(g = 8.930) as shown in

the linear correlation obtained by a linear fit of the € and Amax (Figure 4.24), which indicates that

there is a strong relationship between the shift in Amax and the solvent polarity.
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Figure 4.24 The solvent dielectric constant (g) as a function of the simulated Amex(nm) of band 3 of
Ruz (1-02CCH3)3(u-2-Fap)CL

The observed changes in electronic transitions and the resulting absorption spectrum shifts
upon changing the implicit solvation medium from the DCM to DMSO to water can be
interpreted in terms of the resulting variation in electronic structure. Consider the electronic
structure calculations based on the first excited states of the neutral Ruz(pu-02CCHj3)s3(p-2-Fap)Cl

in DCM, DMSO or water, as presented in an open-shell MO diagram (Figure 4.25).

Ruz(p-0,CCH,;),4(p-2-Fap)Cl
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Figure 4.25 Electronic structure calculations of the neutral complex in the water, DCM and DMSO, obtained at the

PBE/LANL2DZ-IEFPCM level of theory.

Changing the implicit solvent polarity does not change the order of both the a-manifold and the

B-manifold, which was discussed (c.f. section 4.2.1), but MOs all shift towards lower energies
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while maintaining their position relative to each other and the HOMO-LUMO and n*-0* gap
energies vary. For instance, the HOMO (or LUMO) of both the a-and B-manifold decreases by
0.044 eV (or 0.038 eV) while moving from DCM to DMSO, and decreases by 0.005 eV (or 0.003
eV) while moving from DMSO to water. The HOMO-LUMO gap energy of the a-manifold (or
-manifold) decreases by 0.006 eV (or 0.013 eV) while moving from DCM to DMSO, and
decreases by 0.002 eV (or 0.00 eV) while moving from DMSO to water. Similarly, the n*-0* gap
energy in the SOMOs increases by 0.023 eV while moving from DCM to DMSO, and further
increases by 0.003 eV while moving from DMSO to water.

Following the discussion above, it can be deduced that as the implicit solvent polarity increases
the energy of all the MOs is lowered, and the HOMO-LUMO gap energy decreases, whereas the
*-8* gap energy increases. Whilst the solvent dielectric constant presents some variation in the
electronic structure, such variation are very small, roughly 1% or less of the gap energy. Hence,
the predicted differences in the absorption spectra are minuscule, which is inconsistent with
the large shifts observed experimentally while changing the solvents. It is therefore imperative
to consider the role of an explicit coordinating solvent in the absorption spectrum. To this end,
the UV-Vis spectra in Figure 4.26 illustrate the effect of solvent interaction, approximated as
the difference between the Ru,(u-02CCHs)s(u-2-Fap)(Solv)Cl complex which has an explicitly
interacting solvent molecule and the Ru,(u-02CCHs)s(u-2-Fap)Cl complex, in addition to the

implicit solvation field.
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Figure 4.26 Comparison of TD-DFT absorption curve of the solvent-coordinated
Ru,(u-02CCH3)3(u-2-Fap)(Solv)Cl (—) and non-coordinated Ru, (u-02CCH3)3(u-2-Fap)Cl (- - -) complexes in
DCM (green), water (blue) and DMSO(red).

A strong red-shift of band 1 is predicted when going from Ruj(u-02CCHs)s(pu-2-Fap)Cl to
Ru,(u-02CCHs)3(u-2-Fap)(Solv)Cl for all the solvents but there is no clear trend concerning the
nature of the solvent. Band 3 is also affected by explicit solute-solvent interaction, though to a
lesser extent band 1. However, band 3 is blue-shifted in DMSO, red-shifted in DCM and
relatively unaffected in water, when switching from Ru,(u-O2CCHs)s(u-2-Fap)Cl to
Ru,(u-02CCHs)3(u-2-Fap)(Solv)Cl model, which is consistent with the solvent donor number
(DN).?** Indeed, the simulated band 3 Amax value decreases as the solvent DN increases from
DCM (DN =1.0) to water (DN = 18.0) to DMSO (DN =29.8) (Figure 4.27). Since, the DN is a
measure of the Lewis basicity of the solvent, which dictates the coordinating strength of the
solvent, the results substantiate that the previously reported 4’ sensitivity of the band 3 Amax in
coordinating solvent partly attributed to solvent coordination at the axial site.

When comparing the simulated spectra of Ruy(u-02CCHs)s(u-2-Fap)Cl(Solv) (Figure 4.28) to
those obtained for Ru,(u-02CCHs)s(pu-2-Fap)Cl (Figure 4.23) in DCM, DMSO or water, it evident
that combining an explicit solvent molecule (Solv) with an implicit solvent environment results
in more visible shifts in the spectra as compared to the only having implicit solvent. These more

pronounced spectral changes induced by an explicitly coordinating solvent are more consistent
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experimental spectra that have been reported before for Ru,(p-0,CCHs)s(u-2-Fap)Cl, supporting

the proposed hypothesis that the measured spectral shift while changing from DMSO to water

was caused by coordinating solvents.*’
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Figure 4.27 The solvent donor number (DN) as a function of the simulated Ama(nm) of band 3 of
Ru, (u-020CH3)3(1u-2-Fap)Cl.

The evident changes in electronic transitions and the resulting absorption spectrum shifts upon

changing the explicit solvent molecule and implicit solvent field from DCM to DMSO to water

can be rationalized in terms of the resulting variation in electronic structures.
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Figure 4.28 Comparison of the simulated (dashed) UV-Vis-NIR curves of Ru, (1-02CCH3z)3(u-2-Fap)Cl obtained
in DCM (green), DMSO (green) and water (red). Computed at the PBE/LANLZ2DZ-IEFPCM level of theory
Consider the electronic structure calculations based on the first excited states of the neutral

1000 1100

Ruz(p-02CCH3)3(u-2-Fap)Cl(Solv) (Solv=DCM, DMSO or water) as presented in an open-shell MO
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diagram (Figure 4.29). Interestingly, changing the explicit solvent molecule polarity does not
change the order of both the a-manifold and the B-manifold that was discussed before (c.f.
section 4.2.1). This invariability of MO order is similar to the intact MO order observed in Figure
4.25 while changing the implicit solvent only. In contrast to the lowering of all MOs energies
with increasing implicit dielectric constant that was seen in Figure 4.25, tuning the DN of the
explicitly interacting solvent molecule shifts all the MOs towards higher energies and the
HOMO-LUMO and ©t*-3" gap energies vary substantially.

For instance, the HOMO (or LUMO) of both the a-and B-manifold increases by 0.253 eV (or
0.019 eV) while moving from DCM to water, and increases further by 0.082 eV (or 0.173 eV)
while moving from water to DMSO (Figure 4.29). The exhibited increase in the energy of the
LUMOs of the a-manifold and 3-manifold is due to increasing antibonding interaction between
a Ruz-based c* and " orbitals and a solvent-based p, and p, orbitals, respectively, while
moving from DCM to water to DMSO, as evidenced by the more visible Ru-DMSO orbital
overlap (Figure 4.29) in comparison to Ru-DCM or Ru-Water interaction. Unexpectedly, there
are antibonding interaction at the HOMOs between a Ruz-based &* and d orbitals and a solvent-

based p, orbitals, respectively, that are not symmetry aligned but destabilization of the

HOMOs.
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Analysis of UV-Vis-NIR electronic absorption spectra of Rux(u-0,CCHs)s(u-2-Fap)X (X=Cl, Br, I)
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Figure 4.29 Electronic structure calculations of the neutral complex in explicitly bound water, DCM and DMSO solvent obtained

at the PBE/LANL2DZ-IEFPCM level of theory.

The HOMO-LUMO gap energy of the a-manifold increases by 0.238 eV while moving from DCM
to water, but decreases by 0.025eV while moving from water to DMSO (Figure 4.29). The
HOMO-LUMO gap energy of the B-manifold decreases by 0.026 eV while moving from DCM to
water, but increases by 0.047eV while moving from the water to DMSO (Figure 4.29). The n*-0*
gap energy in the SOMOs decreases by 0.034 eV while moving from DCM to water, and further
decreases by 0.115 eV while moving from water to DMSO (Figure 4.29).

The exhibited decrease in the n*-6* gap energy in the SOMOs is due to increasing antibonding
interaction between a Ruz-based n* MOs and a solvent-based p, and p,, orbitals, respectively,
while moving from DCM to water to DMSO, as evidenced by the more visible Ru-DMSO orbital
overlap (Figure 4.29) in comparison to Ru-DCM or Ru-Water interaction. This decrease in ©*-6*
gap energy with increasing axial solvent donor number is consistent with the decreasing ©*-6*
gap energy predicted while increasing the lability of the halide from Cl to Br to I.

Following the discussion above, it can be deduced that as the donor number of the explicitly
interacting solvent molecule increases from DCM to water to DMSO, the energy of all the MOs
increases, the m*-0" gap energy decreases, whereas the HOMO-LUMO gap energy of both the

o-manifold and the B-manifold may increase or decrease while the DN number increases.
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Analysis of UV-Vis-NIR electronic absorption spectra of Rux(u-0,CCHs)s(u-2-Fap)X (X=Cl, Br, I)

Whilst the solvent dielectric constant presents a small variation in the electronic structure, the
explicit solvent substantially changes the MO energies. Hence, the predicted differences in the
absorption spectra are more visible due to an explicitly coordinating solvent, which is consistent
with the large shifts observed experimentally while changing the solvents.

The UV-Vis spectra of Ru,(u-02CCHs)3(u-2-Fap)Cl(Solv) in DCM, DMSO and water obtained using

TD-DFT together with the corresponding experimental spectra are presented in in Figure 4.30.

20000
. ==-----TD-DRBinwater _5=---- TD-DFT in DVISO -DFTin D
= 15000 |3 Expt.in D —— Expen DCM
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Figure 4.30 Comparison of the simulated (dashed) UV-Vis spectrum of Ru,(u-02CCH3)3(u-2-Fap)Cl(Solv) and
experimentally obtained in DCM (green), DMSO (green) and water (red). Computed at the PBE/LANLZDZ.
(See Figure 4.12 for Higher wavelengths band and peak)

There is a discrepancy between the predicted and experimental positioning of the shoulder
band relative to the primary band of band 3 in both DCM and DMSO solutions. TD-DFT
effectively predicted the position of the overall broad band, though not of the individual
primary and shoulder band constituents. This deficiency could be due to the inability of TD-DFT
calculations performed on solvated ground state to account for all possible solvent effects in

real solution.
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Chapter 5 Conclusions and future work

The full geometry optimization in the solvated phase and coupling of the UV-Vis prediction to
the solvated phase, outperforms full gas-phase prediction and solvated-phase prediction on the
basis of gas-phase molecular geometry. The smaller LANL2DZ unexpectedly outperforms the
Def2-type basis sets. The best performing functional for TD-DFT analysis was the PBE. The
TPSSH was the second-best. CAM-B3LYP had the worst performance. The UV-Vis spectra of
Ruz(02CCH3)X (X=Cl, Br, 1) has been successfully re-characterized and the current assignment
indicated that almost all excitations had significant mixed ligand and metal characters, except
the 6(Ruz) & 6*(Ruz) transition which only had predominant metal-metal character.

The interpretation of the UV-Vis spectrum of Ru,(u-02CCHs)s(u-2-Fap)X (X=Cl, Br, 1) complexes
was greatly facilitated by the remarkable agreement between the TD-DFT computational results
and the experimental data obtained herein. Band 1 (250 - 350 nm) was characterized by two
transitions namely &(Ruz) - n*(N,,C), m(Cl) - n*(Co,Np) and n(Cl) > n*(C,). Band 2
(400 - 450 nm) is attributed to m(C,;,Na.)/6*(Ruz) > n*(Co,Np. Band 3 (450-750 nm) was
characterized by three excitations, which are m(Cl,Ruz) > 6*(Ruy), &(Ruz) = 6*(Ruy),
1t(Cl,Ruz) = m*(Ru,), n(F,C,-Ca) = n*(Ruy), m(Cl) = n*(Ru,) and m(Cl,F,C,-C,) & n*(Ruy). Band 4
(900 - 1000 nm) was characterized by a single excitation, namely, the &(Ru,) > 6*(Ru,)
transition.

Deconvolutions of the experimental spectra was successfully performed. Both TD-DFT and
deconvolution confirm that band 3 (450-550 nm region) was due to two independent bands.
Both the neutral and cationic species possessed a characteristic shoulder and primary bands at
band 3. Good agreement of the cumulative fit curve of Ru(u-O2CCHsz)s(u-2-Fap)Cl and the
experimental curve at band 3, supported the equilibrium between the cationic and neutral
species in aqueous solution. The character of the dominant excitations causing band 3 was
transformed when going from the neutral and cationic species. The anionic
[Ruz(p-02CCH3)3(pu-2-Fap)Cly]  is predicted with a narrower band maxima and a single maximum
at band 3 and the disappearance of shoulder band was attributed to reduced intensity and shift

of vertical some transitions, which resulted in a narrower convoluted band. However, the
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anionic species still presents a characteristic shoulder band, which is not observable
experimentally under excess transition. Hence, the equilibrium between the anionic and neutral
species in varying excess chloride solution was predicted to some extent with the additional
information that the shoulder band might still be present but with lower intensity.

Band 1 and band 3 were significantly sensitive the axial ligand and can be used as theoretical
basis for using band 1 or band 3 as to predict the Ru-X bond length, hence binding, of different
types of axial ligands in a fixed solution. A red-shift of both the MICT at band 1 and the 6 - 6*
CT at band 3 was predicted upon changing from chloride to bromide to iodide, and the good
linear correlation between the wavelength of the MICT and 6 - 6* CT excitations, and the
Rvow value. A red-shift of band 1 or band 3 would therefore be indicative of weaker axial
binding. Furthermore, band 1, band 2 and band 3 were predicted to be significantly sensitive to
the nature of the solvent as evidenced by the predicted solvatochromic shift. The
solvatochromic shift were attributed mainly to the solvent coordination at the axially site.
Therefore, there is a balance between halide ligand and solvent coordination at the axial site
and the nature of both of these species are important in attributing spectroscopic shift to axial
ligand coordination.

In future, to assess the effect of such ligands and of varying the Rap substituent and the
number of axial ligands on the UV-Vis spectrum, the TD-DFT simulation should be undertaken.
Furthermore, a similar study to develop a theoretical framework for interpreting the
electrochemical and vibrational spectroscopic behavior of these complexes should be carried
out. Similar TD-DFT calculations can also be undertaken to evaluate the characteristics of a
larger range of axial ligands including larger, non-halogen axial ligands such as potential

biological or catalytic nucleophiles.
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