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Abstract

This thesis focuses on the nature of metal-metal bonding in poly-metallic
systems. The electronic structures of examples of this class are studied
using both density functional theory (DFT), time-dependent density func-
tional theory (TD-DFT), periodic density functional theory and also the
complete active space self-consistent-field (CASSCF) methodology. The
thesis starts with a broad introduction to the chemistry of metal-metal
bonded systems in chapter 1, where the focus is on the historical devel-
opment of our understanding of the metal-metal bond from both experi-
mental and theoretical perspectives. Potential applications of metal-metal
bonded species are also covered. In chapter 2, a brief introduction of the-
oretical techniques used in this thesis is presented, covering Hartree-Fock
theory, multi-configurational approaches and density functional theory,
along with a discussion of basis sets. The first of the main results chapters,
chapter 3, covers the electronic structure of face-shared trimetallic sys-
tems, [(PEtg)sRu(MClg)Ru(PEts)s]*", where M= Ru, Rh and Ir. Our aim
here is to provide a framework for interpreting the available structural and
spectroscopic evidence, and use this insight to establish how metal-metal
interactions change as a function of the identity of the metal ions and
also their oxidation states. Our results suggest that the switch from Ru
to Rh/Ir in the central position induces a marked shift from a delocalized
regime to one where unpaired electrons on the outer Ru centers only in-

teract weakly via super exchange. The nature of the metal-metal bonding



of face-shared tetra-metallic systems, [(PEt;)sRu(RuyClg)Ru(PEts)s]' ™, is
the subject of chapter 4. Here we make the comparison with naked’
[Ru,Clo]*", and show that whilst reduction processes are localized on the
Ru,Clg core, oxidation takes place at the external Ru centres, leading to
metal-metal bonding that extends across the entire Ru, chain. In Chap-
ter 5, the electronic structure of (Cp RuCl)y(u—Cl), system is discussed.
This system is unique in so much as two molecules with very different
Ru-Ru bond lengths co-exist in the solid-state. We have used periodic
density functional theory to confirm that the crystallographic state is in-
deed the lowest energy one, but that relatively minor perturbations to the
environment can drive transition to states where both Ru-Ru bonds are

either long or short.
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Chapter 1

General Introduction: Metal-Metal
Bonding in Transition Metal
Systems

1.1 Introduction

The history of molecular multiple bonds began as long ago as 1844 when Peligor
reported for the first time a bright blue aqueous solution of chromium (II) ions.
There is little doubt that this compound was Cry(O,CCHjz),(H50),, although the
empirical formula was reported as CrC,H,O5 due to the uncertainties in the atomic
weight of hydrogen prevalent at the time.'? The full significance of this molecule
only became apparent over 100 years later, in 1962-1963, when Cotton studied the
structure of CsReCly;. This compound had been reported in literature as a low-
spin tetrahedral species, a plausible suggestion given that large ligand-field splittings
in a heavy third-row transition metal atom which would favour a closed-shell e*t°
configuration, consistent with the observed diamagnetic properties.® At that time,
before the advent of modern computers, establishing the structure of a molecule
was a great challenge because the intensity data were collected on photographic film
rather than on electronic area detectors used nowadays. Nevertheless, Cotton and

co-workers were able to establish that, in fact, the structure of CsReCl; does not

contain tetrahedral [ReCly| fragments, but instead three rhenium atoms in close



proximity with bond lengths of 2.50 A.*?® The structure has three rhenium atoms in a
triangular arrangement, each rhenium atom bonded to three terminal chlorine atoms.
In addition, the rhenium atoms are bridged by one chlorine as shown in Figure 1.1.
The Re-Re distance was found to be 0.26 A shorter than that in rhenium metal
(2.76 A), an unprecedented result that suggests the presence of metal-metal double
bonds. The triangular arrangement of the three rhenium atoms was also found in the
neutral compound ResCly(PEt,Ph)3% and in ReBrs,”® and also the iodide analogue
Rel; has also been synthesized but the structure is quite different from the chloride
and bromide analogues, in so much as it has one unsaturated rhenium atom as shown
in Figure 1.1. This leads to different Re-Re bond lengths, two long (Re-Re = 2.507
A) associated with the seven-coordinate rhenium atoms, and one short (Re-Re = 2.44

A) corresponding to to the six-coordinate rhenium atom.?

o

(a) (b) (c)

Figure 1.1: Structure of (a) the triangular anion in CssRe3Cly,, (b) Resly showing
that one of Re atoms is coordinatively unsaturated, and (c) the [Re,Clg]*” anion.

In 1964, Cotton and co-workers also reported the synthesis and characterization
of the landmark [Re,Clg]*” molecule (Figure 1.1), featuring a metal-metal quadruple
bond and a metal-metal distance of only 2.27 A.19 The structure of this molecule
has being described as two rhenium atoms lying within a square prism defined by
eight chlorine atoms. The chlorine atoms have an eclipsed arrangement rather than
staggered, suggesting that there must be strong bonds that overcome the large steric

repulsions between chloride ions. To a good approximation, the s, p,, py, dz2_,2



orbitals on each rhenium atom are used to form the four Re-Cl bonds, leaving the
remaining metal-based orbitals to form the metal-metal bonds. The d.» orbitals on
each rhenium atoms overlap to form o bond, while d,, and d,, form two fairly strong
7 bonds. These three bonding molecular orbitals are populated by six of eight rhe-
nium d orbitals. The remaining Re d orbital, d,,, overlaps to form ¢ bonding and
antibonding orbitals in the eclipsed arrangement. This conformation therefore imme-
diately explains the diamagnetic properties of the [Re,Clg] " molecule, and the formal
bond order of 4.0 (the bond order is defined as number of electrons in bonding orbitals
minus the electrons in antibonding orbitals divided by 2) is consistent with the very
short bond. This electronic structure description is represented schematically in the
molecular orbital array shown in Figure 1.2. In the staggered configuration, the o
bond would be completely lost due to the zero d,,-d,, overlap and so the adoption of
the eclipsed structure indicates that the 6 bond overcomes the increased Cl-Cl repul-
sions which can be estimated to be only a few kilocalories per mole. The structure of

11,12 414

ReyClgP, was also reported as eclipsed with quadruple metal-metal bonds,
other transition metals were subsequently shown to form closely-related compounds.
For example, a technetium halide complex, (NH,)3Tc,Clg, reported by Mellish and co-
workers in 1963 !* was subsequently shown by Cotton and Bratton!# to have an anion
isostructural with [Re,Clg]*". Importantly, the 3- charge on the anion in (NH,);Tc,Clg
is consistent with the observed paramagnetism. In 1965, the structure of dimolyb-
denum tetraacetate was reported in which the two Mo atoms are bonded with a
separation of only 2.11 A.' This extremely short metal-metal bond indicted that the
quadruple bonds between d* ions of the second- and third-row transition metals are
quite general, and since then an enormous amount of time and effort has been ex-
pended to determine the validity of the molecular orbitals diagram in Figure 1.2 and

also the ordering of these orbitals in other bimetallic systems having real or idealized

Dy, symmetry. There are now many molecules with similar bimetallic structures, in-



cluding metals of the second- and third-row transition metal series, with bond orders
ranging from 0.5 to 4.0, and they have been characterized using a range of physi-
cal techniques including crystallographic but also a variety spectroscopic techniques,
electrochemistry, magnetic susceptibility, as well as the theoretical studies that will

be applied in this thesis.
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Figure 1.2: Schematic molecular orbital arrays for D4, molecules such as [RezClg]Zf.

Bimetallic Systems: the ¢ Bond and the Validation of MO Diagram

As anticipated above, only the eclipsed conformation of [RegClg]% supports the for-
mation of the § bond because the alternative staggered isomer leads to zero overlap
between the two d,, orbitals on each rhenium center. 17 The rotation about the metal-
metal bond varies 0 (eclipsed) to 45° (staggered) therefore corresponds to a formal
decrease in bond order from 4 to 3, and we might, therefore, anticipate that increas-
ing rotation angles should be reflected in a lengthening of the metal-metal distance.
The relationship between metal-metal bond length and bond order is, however, not
straightforward to establish because it depends on many other factors including the

charge on the metals and the multiconfigurational nature of the metal-metal bond, as

4



has been described in detail elsewhere.® The relationship between torsion angle and
bond length was tested by designing a series of dimolybdenum systems with halide
and phosphine ligands, Mo,X,(P), where X is Cl, Br and n = 4 if the ligand is a
mono-phosphine or 2 if it is a di-phosphine. Cotton and co-workers'® have carefully
analysed the structure of ten such compounds, tracing the metal-metal bond length
as a function twist angle about the Mo-Mo bond. Nine of these compounds have the
MoyX4(PP), (X = Cl, Br) formula while the other is a closely-related MoyBr,(AsP),
system, the (PP) and (AsP) represent bridging di-phosphine and arsino-phosphine
ligands. They found a Mo-Mo bond distance of 2.192 A at a mean torsion angle of
45° (zero & overlap) in contrast to a rather shorter value of 2.138(1) A at a mean twist
angle of 0°.1° The results of this analysis were further refined using eleven additional
complexes with relatively minor steric and electronic differences among the bridging
ligands,? from which it was established that the Mo-Mo distance changes from 2.128
A t0 2.225 A across a range of torsion angles from 0° to 45°.

Photoelectron spectroscopy (PES) provides the most direct information about
valence electrons in molecules. In summary, a photon with energy (hv) greater
than or equal to the binding energy of the electron will cause that electron to
be ejected. The kinetic energy (Ep(e™) of the ejected electron can be measured
and the ionization energy (IE) is given by IE = hv - Egx(e”). Early work in this
field was done mainly by Hillier and Lichtenberger, who examined a number of
quadruple-bonded systems such as [M,Xg]"", My(carboxylate),, My(formamidinate),,
and M,(methylhydroxpyridinate),, M = Cr, Mo, and W.2"23 A particularly signifi-
cant experiment was performed on the [ReQClg]zf molecule,?* the photoelectron spec-
trum of which is shown in Figure 1.3. The spectrum shows a clear separation be-
tween the molecular orbitals that mediate the metal-metal bonds and those involved
in metal-ligand bonding. The §, 7, and ¢ metal-metal bonding orbitals have low bind-

ing energies and give rise to three well-resolved bands below 3 eV. The metal-ligand



bonding orbitals give rise to peaks at higher binding energies. This experimental spec-
trum therefore provides a direct link between experiment and the proposed molecular
orbital diagram of [Re,Clg]*” in Figure 1.2.

Metal-Ligand-based orbitals

1.0 3.0 6.0
Binding energy (eV)

Figure 1.3: Photoelectron spectrum of [ReQClg]Qf Adapted with permission from

reference?!. Copyright (©)2000, American Chemical Society.

The relative weakness of the  bond means that fractional bond orders, where the
bonding or antibonding components are partially filled, are relatively common. For
example, (NH)3TcoClg®® and ReyCls(CH3SCoH,SCH3),, reported in 1968,2° have a
[M]>" core with a o?7%626*! configuration and formal bond order of 3.5. Similarly
[Moy(TiBP),)", with a [Moy]’" core, has a o?7*6! configuration and also a bond or-
der of 3.5.%0 In fact, the series of rhenium complexes Re,Cly(dppm)s, ReyCly(dppm)s,
and ReyClg(dppm),, where dppm is 1,1-bis(diphenylphosphino)-methane, constitute
a continuous series with bond orders between 3.0 to 3.5 to 4.0:272® the paramagnetic
compound Re,Cls(dppm), ([Rey)’ ") is the direct analogue of Re,Cls(CH;SC,H,SCH;),,
with a o?74626*! configuration. A range of guanidinate compounds having [Re,]™"

29-32

and [ReQ]SJr cores also support bond orders of 3.5 and 3.0, respectively, and formal

bond orders of 3.5 are known for [Cry)*", [Reo]” and [Tc,)”" cores (o?7*3")3335 and

[Os,) ™" (67%626*1). More electron-rich compounds have lower fractional bond orders,

6



including the 15-electron [Pty]”" and [Pd,y)’t cores (bond order = 0.5),% 13-electron
[Iry)°* and [Rhy)”" (bond order = 1.5),373 and 11-electron [Re,)’" (bond order =
2.5).39

All of the above configurations could be anticipated based on addition or removal
of electrons from the molecular diagram in Figure 1.2. However, the differences in
energies of the s, p and d components are very small, and the order can be changed
by subtle modification to the ligands. For example, 11-electron [Ru2]5+ cores might
be expected to have a doublet o?7%626*27*! electronic configuration and a formal
bond order of 2.5. However in many cases, the ground state proves to be a quartet
with three unpaired electrons, o?m4627*26*!, one in each of the antibonding orbitals.*°
These differences result from a small energy difference or near-degeneracy between
the 6* and 7* orbitals which can sometimes even go as far as an inversion of or-
dering. The influence of zero-field splitting often makes it difficult to establish the
precise configuration using EPR spectroscopy,*! and as a result the electronic con-
figuration of [Ruy)" species has historically been referred to as o?w*02(6*7*)® where
the bracket implies that the three electrons in the frontier orbitals are distributed in

some unspecified fashion between the 0* and 7* orbitals.

Metal-Metal bonding: Beyond the Quadruple Bond

Since the recognition of the first quadruple bond in [Re,Clg]*", a huge number of com-
plexes with quadruple bond has been synthesized and characterized. However, the
interest in molecules with chemical bond order higher than four has remained, and
indeed sextuple bonds have been proposed, albeit in gas-phase naked dimers of Cr,
Mo, and W. Unfortunately, these species cannot be isolated and structurally charac-
terized, but the molecular orbital diagram of such species features two o, a doubly
degenerate 7, and a double degenerate § orbital.*>%6 As far back as 1979, Hoffman
and co-workers proposed that molecules with the M,Lg structure and an eclipsed Day,

symmetry could possibly support a metal-metal quintuple bond.*” To achieve such

7



a situation, a few design principles must be considered. Each metal ion must have
a d® high spin electronic configuration, and therefore a relatively small ligand field.
The choice of ligands is therefore crucial in the formation of stable quintuply bonded
species. The number of ligands also must be reduced to a minimum to reduce the par-
ticipation of metal d orbitals in formation the metal-ligand o-bond. A final point is
that m-donor and -acceptor ligands should be avoided because metal-ligand m-bonding
decreases the overlap between the two metal centers.® These conditions effectively
limit the search to group six of the periodic table (Cr, Mo, and W), which are well-
known for their strong metal-metal formation with highest (Mo and W) and second
highest (Cr) melting point. Indeed this group has been the source of the majority
of known metal-metal triply and quadruply bonded species. ¢ In 2001, Weinhold and
Landis suggested that the most plausible dinuclear geometry with a quintuple bond
should be a trans-bent structure with Cy, symmetry,® and, in 2005, Power and co-
workers isolated the Ar’CrCrAr’ molecule, where Ar’ is 2,6-(2,6-iProCgHs)CgHg.%° The
structure of Ar'CrCrAr’ molecule is shown in Figure 1.4: the two chromium centers
and two #pso carbon atoms of the flanking phenyl rings are co-planar and do indeed
adopt a trans-bent confirmation with a Cyy, local symmetry. The Cr-Cr bond length
of 1.8351(4) A is consistent with a quintuple Cr-Cr bond. The bulky ligand may, of
course, play a role in imposing a short Cr-Cr distance, so Power and co-workers syn-
thesized Ar'CrCrAr’ molecules with different substituents on the central phenyl ring
(Figure 1.4), SiMes, OMe, or F. The metal-metal bond length of these three analogues
are 1.8077(7) A, 1.8160(5) A, and 1.831(2) A for SiMe;, OMe, or F, respectively.?%2
The small changes in the metal-metal bond length in these molecule are within the
window usually ascribed to crystal-packing, which implies that the short metal-metal
bond in Ar'CrCrAr’ is due to bonding interactions between two chromium centers
rather than the steric effects of the ligands. The weak temperature independent

paramagnetism of Ar'CrCrAr’ is consistent with strongly coupling between the d®



electronic configurations of the two metal centers. This hypothesis is supported by

DFT calculations which showed that the natural bond order of Ar'CrCrAr’ is 3.43.%°

Figure 1.4: Structure of chromium molecules with quintuple bond, (a) Ar'CrCrAr/,

(b) (p=m>-" L), Cry, and (c) Cry( ArY'NC(H)NAT™Y,.

Power’s landmark achievement has encouraged scientists to develop the chemistry
of the quintuple bond, and several molecules with quintuple bond of group six have
since been characterized. All feature bulky ligands and very short metal-metal bond
distance.?® %% Based on structure characterization and theoretical calculations three
possible geometries of quintuple bonded species were proposed as shown in Figure 1.5,
type I, type II, and type III. The type II geometry is the most common, while there
are just three known compounds with the type III paddlewheel structure.? 64

The chemistry of the Cr-Cr molecules is not limited to the use of the bulky ter-
phenyl ligands, and two derivatives of the diimine framework have been important
in the developments by Kreisel and co-workers.?® The two chromium centers of the
(pu-m?-H L) Cry molecule are bonded to two nitrogen atoms of the ligand as shown
in Figure 1.4(b), where #L" is N N -bis(2,6-diisopropylphenyl)-1,4-diazadiene. The
geometry about each metal centre is trigonal planar, with each chromium center
coordinated to two nitrogen atoms of the bridging diazadienes ligands and also to
the other chromium center. This complex also has a very short metal-metal bond
(1.8028(9) A), shorter than that in Ar'CrCrAr’ molecule by about 0.03 A. Further-

more, this molecule has an almost planar arrangement around the chromium centers

due to the nature of the NyCrCrN, core. Noor and co-workers reported a similar
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Figure 1.5: Possible of complexes with quintuple bond with corresponding molecular
orbital diagrams, on left type I and II and on right type III molecules.

complex with an even shorter Cr-Cr distance of 1.749(2) A.% The quintuple Cr-Cr

bond is not restricted to planar or almost planar geometries, as in the previous two
cases. Tsai and co-workers® have synthesized a molecule containing three diimine
ligands forming a cage that hosted the Cr-Cr bond as shown in Figure 1.4(c), where

the Cr-Cr bond length is 1.8169(7) A. This molecule is paramagnetic, but reduction

gave a diamagnetic analogue with a Cr-Cr bond length of 1.7397(9) A, the shortest
metal-metal bond known to date.

Metal-Metal Bonding in Polynuclear Species

Extended metal atom chains (EMACS) were first reported in 1968 when the trinuclear
nickel complex, Nis(dpa),Cl, (dpa™ = dipyridylamido) was synthesized by Robinson
and Hurley.% However, the structure of this molecule remained unknown until 1991

when Hathaway and co-workers showed that it is based on a linear chain of three

metal atoms surrounded by a quadruple helix of ligands. %% The nickel complex and
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its copper analogue inspired Peng and co-workers to explore a wide range of trinuclear
transition metal complexes with the formula of M3(dpa),Cl, with many different metal
centers.%™ The dpa~ ligand of all these complexes has amido and pyridyl groups
which can efficiently stabilize the linear metal chains. Therefore, by increasing the
length of the supporting ligands, one can synthesise oligonuclear complexes with
long linear metal chains. Pentanuclear [Mj(tpda),Cly] with M of Ni, Co, Cr, and
Ru,™ ™ heptanuclear [M;(teptra),Cly] with M of Ni and Cr,”® and nonanuclear
[Mg(peptea)Cly] with M of Ni and Cr have now all been synthesised using this design
principle. 8182 A schematic molecular orbital array for a trinuclear metal complexes is
shown in Figure 1.6, where the 12 molecular orbitals come from linear combinations of
four orbitals on each metal center. The array features three orbitals with o-symmetry
(o, o™, and o*) resulting from overlap of the d,» orbitals, three double degenerate
orbitals with m-symmetry (7, 7, and 7*) from the overlap between d,, and d,. and
three with §-symmetry (8, ", and 6*) from overlap between d,,. We note here that
the order of these orbitals might change in response to changes in the coordination
of different type of axial ligands. Cotton and co-workers have shown, based on this
picture, that the 24-electrons in the Nis(dpa),Cly complex®? fill all the bonding, non-
bonding, and anti-bonding orbitals, giving a formal bond order of zero. 21-electron
Cos(dpa)4Cl, in contrast, has an empty 7 orbital, giving formal bond order of one
distributed over two Co-Co contacts. 5485

DFT calculations have been critical to the development of our understanding of
the bonding in these multinuclear systems, initially by Bénard and co-workers who
described the electronic configurations and magnetism of a number of trinuclear metal
molecules.®® The electronic structure of Cog(dpa),Cl, has been reinvestigated by Mec-
Grady and co-workers who established the origin of spin-state polymorphism in this
molecule.®> The electronic structure of trinuclear complexes of second row transi-

tion metals such as Ruz(dpa),X,, X = Cl or CN, have also been investigated at the
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Figure 1.6: Schematic representation of molecular orbital arrays of the trinuclear
metal string complexes.

DFT level.®” These molecules show unusual metal-metal bonding that is dependent
on the identity of the axial ligands. Rus(dpa),Cly, with a weak axial ligand has an
o282 (b §m0)6 52502 electronic configuration that generates one metal-metal o bond
and two metal-metal 7 bonds. In contrast Rus(dpa),CN,, with a strong field axial

ligand, gives a o710 (706"?)65*17*3 electronic configuration with one metal-metal o

bond, half a 7 bond and half a 4 bond. These results highlight the importance of the
axial ligands in determinate the nature of the metal-metal bonding. Spectroscopy

has also played an important role in establishing the nature of the bonding in these

systems. For example, IR and surface-enhanced Raman spectroscopy. %%

The nature of the metal-metal bonding in longer metal chains is more difficult
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to establish, but it seems clear that the [Crg(ug—Ng—mpz),(NCS),] where Ng-mpz
is No,Ng-bis-[6[(pyridine-2-ylamido)-pyridin-2-yl|pyrazine-2,6-diamido) has four local-
ized metal-metal quadruple bonds with a single isolated Cr(II) centre.®?
Heteronuclear metal string complexes are similarly challenging, but Peng, Berry
and coworkers have reported several complexes which feature symmetric or asym-
metric metal arrangements.?' 1% In addition to the symmetric heteronuclear metal
complexes (My-M;-M,), there are unsymmetric types (M,-M,-M, and M,-M;-M,),
for example, [CrCrFe(dpa),Cly] and [MoWCr(dpa),Cly].%>" The [CoPdCo(dpa),Cly]
system reported by Peng and co-workers shows strong antiferromagnetic coupling in-
teractions between the three metal centers which contrasts dramatically to the spin-
crossover behavior displayed by the all-cobalt complex.?! The [CuPdCu(dpa),Cl,] and
[CuPtCu(dpa),Cly] molecules show much weaker superexchange interactions between
the two terminal copper atoms. The replacement of the central diamagnetic Cu(III)
of all-copper molecules by Pd(II) and Pt(II) leads to decrease the superexchange

interactions between the terminal Cu(Il) centers.

1.2 Metal-Metal bonding: Theoretical Approaches

The accurate treatment of multireference systems to capture the effects of electron
correlation remains one of outstanding challenges in quantum chemistry. The details
of the theoretical methods used in this thesis will be discussed in chapter 2, but here
I present an overview of approaches to electronic structure that have been applied
in the context of metal-metal bonded systems. Generally, multireference systems are
those that cannot be accurately described by a single electronic configuration. The
electronic correlation energy is defined as the difference between the exact energy
and the Hartree-Fock energy using same basis set limit, %! and the error arising from
the use of a single Slater determinant is often called static or non-dynamical corre-

102-104

lation. Systems containing metal-metal bonds, particularly multiple bonds, are
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very often multiconfigurational in nature, and an accurate description must therefore
consider static electron correlation.

Kohn-Sham density functional theory (KS-DFT)!% has emerged over the past
two decades as the most popular method for dealing with large systems, particularly
those that contain transition metals. However, this method is inherently single deter-
minant in nature, and the accuracy of the available exchange-correlation functionals
is open to debate.1%7108 The prediction of ground spin states is a case in point, with
hybrid functionals tending to over-stabilize high-spin states, whereas generalized gra-
dient approximation (GGA) functionals favor low-spin states.!%!% An alternative
approach is multiconfiguration self-consistent field (MCSCF) theory, which in prac-
tical terms means the complete active space self-consistent field (CASSCF) method
which will be described in detail in chapter 2.11! The static electron correlation can
be accurately accounted for with these methods, and dynamic correlation can then be
added by using multireference perturbation theory within the complete active space
second-order perturbation theory (CASPT2) approach.!'? The main challenge in us-
ing the CASSCF methodology is the choice of the active space because the number
of the Slater determinants increases rapidly with number of the active orbitals. As
a result calculations with CAS(16,16), which indicates 16 electrons in 16 orbitals,
represent the current limit of feasibility, and this imposes limitations on the chemical
problems that can be addressed with this methods. However, this limitation can be
overcome by introducing some constraints on the active space, for example, using
restricted active space (RASSCF)!'3 or generalized active space (GASSCF) proto-
cols. ' In studies of metal-metal bonding, the proper active space should include
the metal-metal bonding and anti-bonding orbitals and, ideally, the necessary metal-
ligand orbitals. Within the CASSCF methodology the effective bond order is defined
as the sum of the occupation numbers of the bonding orbitals minus the sum of the

occupation number of anti-bonding orbitals divided by two. %16 Unlike the single

14



determinant methods where the occupation numbers are restricted to integer values,
the occupation numbers from a CASSCF wavefunction can be fractions between zero
and two. In this sense, the occupation numbers can capture all points between the
strongly bonded limit and the dissociation limit, where occupation numbers of the

bonding and antibonding orbitals are 0.5.

Metal-Metal Bonding in [Re,Clg]*~

[ReQClg]Qf has been a testing ground for many theoretical techniques. As mentioned
above, the crystal structure shows a very short Re-Re distance of 2.24 A, and qual-
itative molecular orbital arguments suggest the presence of a quadruple bond with
a o27*6? ground state configuration. A full description of the metal-metal bonding,
however, requires a quantum chemical method that goes beyond a single-determinant
description like the Hartree-Fock model. In 2003, Roos and Gagliardi studied the
electronic structure of [Re,Clg]*” using the CASSCF /PT2 methodology. These calcu-
lations adopted a CAS(12,12) active space that includes the eight metal-based orbitals
in Figure 1.2 and the eight electrons in them, and also the four metal-ligand orbitals
(two bonding, two antibonding) with four electrons. The CASSCF calculations show
that the ground state occupations of the § and ¢6* orbitals are 1.54 and 0.46, re-
spectively, very different from the classical values of 2.0 and 0.0 for formally doubly
occupied and unoccupied molecular orbitals, respectively. For the o-manifold the
natural orbital populations are 1.92 and 0.08 for ¢ and ¢*, respectively, reflecting the
greater overlap of the o orbitals. The natural orbital populations of w-symmetry are
intermediate, with values of 3.74 and 0.26 for the bonding and antibonding orbitals,
respectively. These occupations give a total Re-Re bond order of 3.20, much smaller
than classical value of 4.0. The metal-ligand orbitals remain almost fully occupied
in the wavefunction with bonding and antibonding occupations of 1.98 and 0.02, re-
spectively. In 2006, Sakaki and co-workers!!” reinvestigated the electronic structure

of [Re,Clg]* at the CASSCF level using a CAS(8,8) that includes just the bonding
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and antibonding combinations of the metal-based orbitals as shown in Figure 1.2 and
the eight electrons distributed among them. The o and m components of the ground
state wavefunction have the same occupations as the Ross and Gagliardi calculations,
however, the occupations of the § component are slightly different, 1.52 and 0.48 of
0 and ¢* orbitals, respectively, giving bond order of 3.18. In fact, the weights of the
main configurations, o746 and o?7*6*2, are 67% and 18%, similar to those reported
by Benard and co-workers.''® The [Re,Brg]* analogue studied by Czerwinski and co-
workers shows similar characteristics, with an effective Re-Re bond order of 3.32 and a
contribution of 69% from the lead configuration to the wavefunction.!'® These results
confirm the presence of a weak ¢ bond, and the importance of a multiconfigurational
method. A different perspective on the strength of the § bond in [Re,Clg]* comes
from the work of Ohnishi and co-workers,'?* who calculated the energy difference
between the 1A19 ground state and the ®A,, excited state, which lies 12 kcal /mol™!
higher in energy. The occupations of the § and ¢* orbitals in the ground state are 1.52
and 0.48, respectively, but in the excited state they have almost equal populations of

1.01 and 0.99.

Metal-Metal Bonding: Cr,, Moy, and W,

The Cry molecule has been used as a benchmark test for many theoretical methods,
and has been variously reported to have a hextuple bond, 21?4 a single bond,'? or
no bond at all.'>* A bond length of 1.679 A was reported by Bondybey and co-workers
using laser-induced fluorescence spectroscopic experiment, but the reported dissoci-
ation energy of 1.5320.06 eV is rather low.!21126 The s'd® electronic configuration
leads to a formal bond order of six, but the very different contributions of the o, 7,
and 0 components to the overall bond strength mean that this simple picture may be
misleading. CASPT?2 calculations have been reported including in the active space six
bonding orbitals, 4so, 3do, 3dw, and 3dd, along with the corresponding anti-bonding

orbitals. 27128 The 4s orbitals form a o-bond with effective bond order of 0.90 while
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the 3do-orbital pair form a bond with an effective bond order of 0.77. Each of the
two components of the 3dm bond have an effective bond order of 0.81 while each of
the 3dd orbitals have an effective bond order of 0.58. The total effective bond order
of the Cry molecule is therefore 4.45, rather closer to the quadruple bond than a truly
hextuple or quintuple bond. Because the § bond is very weak, these components of
the bond are perhaps better considered as antiferromagnetically coupled 3dé atomic
orbitals rather than true bonds. Roos!?” has explored the potential energy surface for
the Cr, molecule, and concluded that the minimum has a Cr-Cr distance of 1.66 A
and a bond energy of 1.65 eV, in excellent agreement with Bondybey’s experimental
estimates of 1.68 A and 1.53 eV, respectively. The mismatch in size between the 4s
and 3d orbitals means that the 4s-4s and 3d-3d components cannot be simultaneously
optimized.

Within single determinant methods such as DFT, the weakness of the § bond
and, to a lesser extent, the 7 bond typically lead to symmetry breaking, wherein
electrons of opposite spin localize on different metal centers. A study on the Cr,
dimer by Bauschlicher at the BPW91 level shows net spin densities of +2.7 at op-
posite chromium centers, reflecting the tendency of the electrons within the ¢ and
7 components to be localized.'?® The potential energy surface of Cry molecule has a
minimum at the equilibrium separation of 1.68 A as a result of the overlap between
the 3d orbitals on two metal centers and a plateau is present in the region of 2.5
A due to the overlap between the more diffuse 4s orbitals as shown by Casey and
Leopold using negative ion photoelectron spectroscopy.'®® DFT calculations using
different exchange-correlation functionals were used to study the electronic structure
of chromium dimer. Bauschlicher’s results show that the exchange-correlation func-
tionals cannot reproduce the correct shape of the potential energy curve: only the
BLYP functional is able to locate the first minimum, whereas hybrid functionals like

B3LYP fail to capture the plateau region above 2.5 A.13!
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The difference in size between the (n+1)s and nd orbitals in the second and third
rows of the transition metals diminishes because relativistic effects play an important
role in heavy transition metals. These relativistic effects tend to make the o- and
m-type orbitals more contracted, while those with higher angular momentum are
expanded. Therefore, the bond in Mo, and W, dimers should be stronger compared
to Cry, and indeed relativistic multi-configurational methods predict a bond energy
of 4.41 eV for Mo, compared to an experimental value of 4.48 eV and 5.37 eV for
the W, dimer compared to an experimental estimate of 541 eV.1' The bond length
was computed to be 1.95 A for Mo, compared to 1.94 A of the experimental value
and 2.01 A for W,. The effective bond orders for Moy, and W, are 5.17 and 5.19,
respectively, much closer to idealised bond order of 6.0 than the value computed for

the Cry dimer.

Metal-Metal Bonding: the Quintuple Bond

The synthesis and characterization of different types of dichromium structures (type
I, IT and II) with quintuple bonds has been addressed above, and their discovery
has inspired a number of computational studies. The main difference between the
quintuply bonded R-CrCr-R molecules and the naked Cr, dimer is that the 4s orbitals
of the chromium centers are used to form metal-ligand bonds, leaving only five 3d
electrons to support the quintuple interaction between the two metal centers, as shown
in Figure 1.5. CASPT2 calculations on Ar'CrCrAr’ using an active space including all
the bonding and antibonding orbitals in Figure 1.5 were done on a simplified model
where the Ar’ ligands were replaced by phenyl rings: PhCrCrPh.'3? The structure of
the PhCrCrPh mode optimized at CASPT2 level results in two different structures
lying within 1 kcal mol™! of each other. The first is a trans-bent isomer with a Cr-Cr
bond length of 1.75 A and Cr-C distances of 2.02 A compared to 1.83 A and 2.15
A from X-ray, respectively. The underestimation of the Cr-C bond compared to the

experimental value is probably due to use the simplified model of Ar'CrCrAr’ which
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does not have the addition weak agostic-type interactions that are apparent in the
crystal structure. The CASSCF wavefunction for PhCrCrPh is dominated by the lead
o?r*6* configuration, which has a weight of 45%. The doubly excited configuration
o?71526*2 has a weight of 9%, highlighting again the weakness of the § bond. The
effective bond order of 3.52 is much smaller than the formal bond order of 5.0 from
single determinant methodology. If the complete ligand is included in the model, the
effective bond order is reduced further to 3.43.1 The alternative PhCrCrPh structure
has a linear arrangement with a short Cr-Cr bond length of 1.678 A and a slightly
longer Cr-C bond distance of 2.04 A.

2_HiPry

Calculations on a model of the (u-n 2Cry system where the terphenyl moi-

eties are removed from the ligands were performed by Gagliardi and co-workers. 133
The CASSCF wavefunction is dominated by the o?7%6* configuration with total
weight of 60%, with all other configurations contributing less than 5%. The effec-
tive bond order was found to be 3.43 made up of the following occupation numbers
of the metal-metal bonding and antibonding orbitals of ¢(1.81), ¢*(0.17), w(1.81),
7(0.18), m(1.80), 7*(0.19), 6(1.70), 6*(0.29), 6(0.75), 6*(0.19). The same methodol-
ogy has also been applied to molecules with ArMMAr and My(dpa), formulas where
M is Cr, Mo, and W and Ar and dpa are 2,6-(CgHs)2-CgHs and 2,2’-dipyridylamide,
respectively.!3* The effective bond order values and weights of the dominating con-
figurations show that the magnitude of the metal-metal bond order increases in the
order Cr<Mo~W, similar to that found in PhMMPh and for the naked diatomic

moleclues. 115:132

1.3 Metal-Metal Bonding in Catalysis

Extensive reviews of the potential role of metal-metal bonding in catalysis have been
presented by Uyeda and co-workers, 13>136 Berry,13” and Mashima and co-workers. 138

Our understanding of the role of metal-metal bonding in catalysis is still very much
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in its infancy, 1351397141 but there is evidence to suggest that metal-metal bonds con-
fer unique properties on catalysts that may be unachievable using a single transition
metal. Catalysts with metal-metal bonding can be broadly classified into two cate-
gories (Figure 1.7): the first includes catalysts where one of the metal centers is active
while the other plays an important electronic supporting role (single-site reactivity).
In this case, the catalytic intermediates are often similar to those with single nuclear
catalysts. However, the dinuclear structure of the catalyst gives opportunities to
verify the catalyst activity by changing the strength of the metal-metal interactions
between the two metal centers. Examples of this class are the Rhy-based catalysts for
carbene and nitrene transfer reactions.*? In the second category, both metal centers
bind to the substrates and mediate organometallic transformation (multi-site reac-
tivity). Examples of this type of catalysts are more rare because the lack of suitable
ligand framework that supports low-coordinate metal-metal bonds. Perhaps the best-

143,144

known example is the Coy(CO)g-mediated Pauson-Khand reaction, initiated by

a dinuclear oxidative coupling of an alkene and alkyne to yield a dicobaltacyclic in-

termediate.
X
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Figure 1.7: General classification of metal-metal bonds in catalysis.

The most important catalysts containing metal-metal bonds utilized in carbene
and nitrene transfer reactions are the dirhodium paddlewheel complexes. This cat-

145,146

alyst was discovered by Teyssie and co-workers in the decomposition of ethyl

diazoacetate by Rhy(OAc),. Since then, dirhodium complexes have been used in a
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wide range of applications in organic synthesis due to the high level of efficiency com-
pared to mononuclear catalysts.!4"14® The carbene transfer reactions are thought to
occur through Rh-CRj intermediates, where the carbene coordinates to one Rh center
while the other center acting as an apical metallo-ligand. The dirhodium carbenes
generated from diazoacetates and other acceptor groups are very electrophilic and
target electron-rich bonds such as C-H and m-systems.

The electronic structure of model of carbene were recently proposed by Berry, 149
as shown in Figure 1.8. The Rh, carbene was described as a three-center two-electron
interaction, where the fully occupied 7* orbital of the Rh-Rh bond overlaps with
the unoccupied p-orbital of the carbene to generate an unoccupied molecule orbital
polarized toward carbon. The Rh-CRy bond order is often described as a formal
double bond, although calculated bond orders are significantly lower than two because

of the delocalization of the m-system. 42
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Figure 1.8: The electronic structure of the high electrophilic carbene intermediate.
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The rhodium carbene intermediate complex was first observed and spectroscopi-
cally characterized in 2013 by Berry and co-workers, ! and the crystal structure of
this important intermediate was characterized in 2016 by Fiirstner and co-workers. %1
These studies support the importance of the three-centre Rh-Rh-C m-orbital that is
responsible for the high degree of electrophilicity of the dirhodium carbene. Davies
and Berry show that the UV-Vis spectrum of the carbene complex features a band

at 720 nm, characteristic of the 7—7* transition. "

1.4 'This Thesis

In this thesis I focus largely on a different class of polymetallic molecules. A de-
tailed introduction to the specific molecules of interest will be given in each chap-
ter of this thesis, where I will be focusing on trimetallic systems and tetrametallic
molecules as well as systems in the solid state. Nevertheless, in this section, I in-
troduce a brief summary of the qualitative features of bonding that underpin the
work in subsequent chapters. Summerville and Hoffmann investigated Dsp-symmetric
face-sharing [My(pu—X)3Lg] compounds using extended Hiickel theory,'®* and their
schematic molecular orbital diagram is shown in Figure 1.9. There three ty, orbitals
on each approximately octahedral metal are directed between the bridging ligands,
and so can contribute to the metal-metal bond. The d,2 orbitals one each metal inter-
act to form o and o* orbitals while the remaining two double degenerate tq, orbitals
on each metal have 2/35+1/37 in character (at least in a perfect face-shared bioc-
tahedron) and interact to form doubly degenerate d, and 6% orbitals. The e,-based
orbitals on each metal center combine to form bonding and antibonding molecular or-
bitals with 75 symmetry. Unlike the molecules without bridging ligands in Figure 1.2
where there is a clear separation between the 7 and  manifolds, the presence of the

bridging ligands mixes these two manifolds as shown in Figure 1.9.
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The electronic structure of [RuyClg]®” was the first to be investigated using the
SCF-Xa-SW methodology, confirming the orbital ordering proposed by Hoffmann. %3
These orbitals are populated by ten electrons, leaving the ¢* orbital empty, giving
bond order of one with a short Ru-Ru separation of 2.725 A determined by X-ray
crystallography. The electrochemistry of this compound gives access to three other
oxidation states that are 4-, 2-, and 1-, where neither the structure nor the nature of
metal-metal bonding are known but the UV-Vis spectra are reported. The electronic

structure of the [RuyClg]” across a range of oxidation states will be investigated in

chapter 4.
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Figure 1.9: Molecular orbital arrays of face-shared octahedral molecules such as
[RUQC19]37.

Face-shared octahedral systems, [MyXy|” with X = F, Cl, Br and I are known
for most of the transition metals, and have been studied extensively using broken-
symmetry density functional theory by Stranger and co-workers.!% 160 Unlike full
symmetry method that force the electrons to delocalize, the broken-symmetry method
admits both localized and delocalized of electrons situations, and so allows for the

investigation of the opposing forces that influence the degree of metal-metal inter-
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action. There are two factors influencing the formation of metal-metal bonds: the
overlap between the metal-based orbitals which favours the delocalized scenario and
hence strong covalent bonds, and single-ion exchange energy, which tends to local-
ize the electrons and hence favour exchange coupling. For example, the metal-based
orbital overlap in [W2C19]37 is strongest and the single-ion exchange is weakest, and
the three metal electrons are strongly coupled. In contrast, the metal-based orbital
overlap in [CryClg]* is weak due to the less diffuse 3d-orbitals in first row transition
metal, and the single-ion exchange energy is large for the same reasons, so the three
electrons on each Cr center remain localized and there is no metal-metal bonding
present. [MOQCIQ}?’* represents an intermediate situation where the o-electrons are
delocalized but the d.-electrons are localized, and the resultant flat potential energy
surface is strongly influenced by the identity of the counter cation.

Metal-metal interactions across different oxidation states have been the target
of only a few investigations. X-ray crystallography can, in principle, be used to
gain useful information about metal-metal interactions at two different oxidation
states through metal-metal separation, but it is relatively uncommon to isolate a
molecule in two distinct oxidation states. One example is the crystal structure of
[W2Clg]37/ 2" has been characterized, where the W-W bond length increases from
~2.45 A to 2.540(1) A and then 2.696(3) A with successive oxidation due to the loss
of weakly 0, bonding electrons, however, the overall contraction of the W 5d orbitals
may also have an impact.%1162 For [Re,Clg]”", z = 1 and 2, X-ray and SCF-Xa-SW
theory have been used to study the metal-metal bonding, the results showing that
the Re-Re bond is much stronger in the 2- state despite a reduction in formal bond
order from 3.0 to 2.5 (2.704(1) A vs 2.473(4) A).'63 [Re,Cly]' has a well-developed
o-bond but the electrons in the J, orbital are localized and contribute little to the
bond strength. In the 1-electron reduced state the formal ¢, bond order is reduced by

0.5, but this is more than compensated for by the radial expansion of the 5d-orbitals
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which generate a much stronger o-bond. ™

The multi-configurational nature of the ground state and hence the strength of the
metal-metal interactions in [Re,Clg] 2/~ were investigated by Sakaki and co-workers us-
ing complete active space self-consistent field method (CASSCF).!3? In this molecule
there are six available orbitals to contribute in the formation of Re-Re bonds, two with
o-symmetry (o and ¢*) and four with J,-symmetry (J, and ¢%). These six orbitals are
populated with seven and six electrons in [Re,Clg]* and [Re,Cly| ", respectively. The
Re-Re bonding in [RGQClg]zf was investigated at DFT and BS-DFT levels of theory.
The results show that the ground state is a doublet with a bond order of 2.5 but
a second quartet state (S=3/2) with a bond order of 1.5, lies very close in energy.
CAS(7,6) calculations confirm the multiconfigurational nature of the ground state,
with occupations of 1.87 and 0.13 for ¢ and ¢* orbitals, respectively, and 3.47 and
1.53 for ¢, and 9}, respectively. The occupations of d, and ¢* orbitals differ substan-
tially from formal values of 4 and 1, respectively suggested by DFT (02626*!). In
fact, the 02626*! configuration makes up only 72% of the total wavefunction, and the
Re-Re bond order is only 1.84 compared to the formal value of 2.5. The oxidation
of [ReQClg]Qf removes one electron, leading to a compression of the energy levels of
the molecular orbital diagram of [ReyCly] . Therefore, we can expect that the wave-
function of the oxidized form is much more multiconfigurational than [Re,Clg]*" itself.
CAS(6,6) calculations indicate that ground state has 'A} symmetry with natural or-
bital populations of 1.62 and 0.38 of ¢ and ¢*, respectively. Occupations of 2.18
and 1.82 for d, and &% orbitals, respectively, indicate that the contribution of the d,
component to the net bond strength is negligible, and indeed the 022 configuration
makes up just 18% of the total CASSCF wavefunction of the A} ground state. The
Re-Re bond order of [Re,Clg] system is only around 0.80, much smaller than the

formal bond order of 3.0.
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1.5 Concluding Remarks

This introductory chapter tries to cover the story of the metal-metal bond and its
applications, from both an experimental and theoretical perspective. The nature
of the metal-metal bonding in all the species discussed can be understood, at least
at a superficial level, using molecular orbital theory. The strengths and weaknesses
of single determinant (DFT) and multiconfigurational (CASSCF) methods have been
introduced, along with the potential uses of metal-metal bonds in catalysis. If we wish
to characterize the metal-metal bonding in, for example, catalytic cycles, we must
inevitably do so using in-situ spectroscopic tools rather than X-ray crystallography,
which has been the workhorse technique for the field over the past 50 years. Equally,
if we wish to establish how metal-metal bonding varies as a function of oxidation
state, we must do so indirectly by interpreting the spectroscopic signatures of the
intrinsically highly reactive redox-generated species. For example, the spectroscopic
signatures of [Ru,Clg]” and [Os,Cly]” are known across a range of oxidation states
(z = 1-4) and these spectra offer a wealth of information, if they can be interpreted
fully. chapters 3 and 4 of this thesis are largely devoted to the goal of extracting
information about metal-metal bonding from UV /visible spectra of electro-generated

species.
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Chapter 2

Elements of Theory: Configuration
Interaction, Density Functional

Theory, and Plane-Wave Method

In the previous chapter, we have seen how the description of the electronic structure of
systems with transition metals, specifically the description of the nature of the metal-
metal interactions, crucially depends on the applied quantum chemical methodology.
For that purpose, in this chapter, we will briefly introduce the quantum chemical
methods that are used to understand the electronic structure of the systems of in-
terest. However, we will start from the basics of the Hartree-Fock method then
more advanced methods will be considered that are single determinant (DFT) and
multi-configurational (CASSCF) methods for molecular systems. The plane-wave

techniques used for periodic systems will also be introduced.

2.1 Fundamental Concepts of Quantum Chemistry

The fundamental concept of quantum chemistry is to search for a solution to the

64 in order to gain deep un-

nonrelativistic time-independent Schrodinger equation?
derstanding to the electronic structure of atoms and molecules and thus understand

their physical and chemical properties. The compact form of the nonrelativistic time-
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independent Schrodinger equation is:
Hi = Ei (2.1)

where F is the total energy of the system under study which is an eigenvalue of the
time-independent Hamiltonian H operator and v is the wavefunction. The wavefunc-
tion itself has no physical meaning, however, the square modulus of the wavefunction
|4|? is interpreted as a probability density, the probability of finding a particle in a
volume of space. The Schrodinger equation is an eigenvalue equation, the solution of
this equation gives a complete set of orthogonal eigenfunctions v with correspond-
ing eigenvalues E. The lowest energy wavefunction contains all possible information
about the properties of a system in the ground state. The Hamiltonian operator for

a system consisting of N-electrons is defined as:

) h2 1 h2 ZaZ 2 Za 2 2
R PV TN DN D W red B B
a i a B>« @ ¢ e

(2.2)

where o and (8 stand for the two nuclei and ¢ and j stand for the two electrons.
The first term in the above equation is the kinetic energy of the nuclei. The second
term is the kinetic energy of the electrons. The third term is the potential energy of
the repulsion between o and /5 nuclei with atomic number Z, and Zg, respectively,
at distance 7,5. The fourth term is the potential energy of attraction between the
electrons and the nuclei at r;,. The last term is the potential energy of the repulsions
between the electrons at r;;. The Hamiltonian operator can be written in a compact
form as:

A ~

H=T,+T, + Vi + Ve + Voo (2.3)

The electronic structure of any systems can, in principle, be determined by solving
this nonrelativistic time-independent Schrodinger equation. However, because the
correlated motion of particles, the exact wavefunction for many-particle systems re-

mains inaccessible. Furthermore, the Hamiltonian operator for many-particle systems
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contains pairwise attraction and repulsion terms, implying that no particle is moving
independently of all of the others. Approximate solution of the Schrodinger equation
with reasonable accuracy and cost need to be developed to tackle these problems.
An important simplification of the Hamiltonian operator is provided by the so-
called Born-Oppenheimer approximation.!® The Born-Oppenheimer approximation
states that since the nuclei are much heavier than electrons, to a very good approx-
imation the nuclei in a molecule are stationary with respect to electrons. Therefore,
the Schrodinger equation can be separated into electronic and nuclear parts. Within
the Born-Oppenheimer approximation, the kinetic energy of the nuclei T,, can be ne-
glected and the repulsion between the nuclei Vim can be considered to be constant. 166
The remaining terms of the Hamiltonian operator make up the electronic Hamiltonian

(H,) and then the Schrédinger equation for electronic motion is:
Heo(r; R) = Ee(r; R) (2.4)

1. is the electronic wavefunction which depends on the electronic coordinates r and
has a parametric dependence on the nuclear coordinates R. The kinetic energy of the
nuclei, 7},, is ignored and the potential energy between nuclei, Vi, is constant for a
given nuclear configuration. Thus, the electronic Hamiltonian operator H, contains

only the kinetic and potential energy terms of electrons.

~ A

He = Te + Vne + ‘766 (25)

The energy of a wavefunction can be calculated as an expectation value of Hamiltonian
operator using the variational theorem.!®® According to the variational principle, the
expectation value for the energy calculated with a trial wavefunction ¢’ must be equal

to or greater than the true ground state energy.

,_WIHW) (ol H to)
B=my 2P 0= e (2:6)
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2.2 Hartree-Fock Theory

167,168 provides a good starting point for many sophisticated the-

Hartree-Fock theory
oretical methods which use better approximations to the electronic Schrodinger equa-
tion. For this reason, in this section, we will introduce Hartree-Fock theory at the
basic level. The Hartree-Fock approximation seeks an approximate solution to elec-
tronic Schrodinger equation by assuming that the wavefunction can be written as
a single Slater determinant. The Slater determinant is constricted from one spin-
orbital per electron and the energy can be calculated by using the variational theorem
to minimize the energy with orbital coefficients to get the best wavefunction. The
Electron-electron repulsions in Hartree-Fock theory are treated in an average way,
each electron is considered to be moving independently in a mean field created by
other electrons.

A Slater determinant is an expression that describes the many-electron wavefunc-
tion in such a way it satisfies the anti-symmetry requirement of the wavefunction.
According to the Pauli exclusion principle, the sign of the wavefunction must change

upon exchange of two electrons v (z1,x9) = —1(x2,21). The Hartree product wave-

function of two electrons system has the form:

Yup(r1,22) = x1(21)x2(22) (2.7)

This expression does not satisfy the anti-symmetry property of the wavefunction.
However, this problem can be overcome by using the linear combination of two Hartree

products.
Y@y, 22) = %[Xl(%))@(xz) — X1(72)x2(71)] (2.8)

In determinant form:

(2.9)
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This wavefunction now satisfies the anti-symmetry property and the electrons are
no longer distinguishable. Furthermore, the wavefunction goes to zero if two elec-
trons occupy the same orbitals at the same time. The general form of the Slater

determinant % of an N-electron system is:

Xlgfﬁli ngﬂfl; XNExlg

1 X1(Z2 X2(Z2) ... Xn(Z2

w(.’ﬂl,xg,...,.’lj‘]\]) = ﬁ - (210)
xi(zn) xe(zn) oo xw(own)

The Hamiltonian operator simply consists of a one-electron operator and two-electron

operator. The one-electron operator and the energy associated with this operator are:
h(i)=—5Vi=> == and E= (ilh]i) (2.11)
The two-electron operator and it is corresponding energy are:
o 1 1 o o
W)= — and E =2 3 lilji) - il (212)
ij Py
Therefore, the total Hartree-Fock energy is the sum of one-electron and two-electron

energies.

B = Y (lAli) + 5 Y lilig) — #3170 (2.13)

7 i

where (i|h|i) is the one-electron integral and has the form:

(@l = [ @0h(r) () d .14

and the two-electron integrals (in Chemist’s notation) are called the Coulomb and

exchange integrals as shown below, respectively.

ilid) = [ [ X @) 5 (e ) deds: .15
il = [ [ xi@te) el dnds, .10

The Coulomb integral has a classical analogue which is the electrostatic repulsion

between two points charge. However, the exchange integral has no classical analogue
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and therefore it is purely quantum mechanical property. Its effect is to reduce the
repulsion between electrons of the same spin.
The Hartree-Fock equation has a similar form to the Schrodinger equation, how-

ever, it has Fock operator, f(z;), instead of the Hamiltonian operator.

f()xi(r1) = €xi(z1) (2.17)

f(x1) has the form:
f(a1) = h(zy) + Z 2J;(w1) — K;(x:) (2.18)

The J;(z1) term in this equation is the Coulomb interaction of an electron in spin-
orbital x; with the average charge distribution of the other electrons, for this reason
Hartree-Fock theory is often refereed to as a mean field theory. The mathematical

formula of the Coulomb operator is:

B = [ deabs(eo) i (2.19)

and it gives the average local potential at point x; due to the charge distribution from
the electron in orbital x;. The Kj(x1) term is the exchange term, and this arises from
the anti-symmetry requirement of the wavefunction and has no classical analogue.
The mathematical form of the exchange term which operates on an arbitrary spin-
orbital y; is:

Kyt = | [ deaxg sl ated)| it (220)
The molecular orbitals used in Slater determinant can be generated by using the linear
combination of atomic orbital (LCAQ) approach.'™!™ By including the orbitals in
LCAO fashion, we arrive at the Hartree-Fock-Roothaan equations.'™ According to

the LCAQO approach, the wavefunction for each spin-orbital can be defined as:
K
pn=1
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Substituting this term in to the Hartree-Fock equation (2.17) leads to:
f(@1) Y Cradulr) = & Y Cradu(1)

1 u

By multiplying by ¢} (z1) we get:

> o [ dmisi(e) fa)ylen) = Cu [ deisi(aonan)
u 17

In the matrix element notation, we have:

Sun = [ deas(a)onan)

Fw:/dxlgbf,(xl)f(xl)gb#(xl)

Then, the Hartree-Fock-Roothaan equations can be written as:

Z Fqum =€ Z Sv,u,oui
n n

Even more simply as matrices

FC = SCe

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)

(2.27)

F'is a Fock matrix, S is an overlap matrix, € is a diagonal matrix which includes the

energy of the orbitals, and C' is the coefficient matrix.

ez 0 0 0 O

0 e 0 0 O

e=10 0 e 0 O

0 0 0 0 ¢
€11 Ci2 C13 ... Cig
Co1 Co2 C23 ... Cok
C=1C31 C32 C33 ... C3k
Ck1 Ck2 Ck3 ... Cgg

(2.28)

(2.29)

Each column in the C' matrix represents the coefficient of the spin-orbital in y; =

fo C;¢,, while each row represents the coefficient of the basis function in the same
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equation. Because F' depends on the orbitals, the process must be done iteratively
through so-called self-consistent-field (SCF) process.

We have introduced the form of the integrals that are required in the self-consistent-
field (SCF) procedure.'% These integrals are the one-electron integral, two-electron
integral, and the overlap integral. However, in order to start the self-consistent-field
procedure we need to introduce one more term which is the density matrix. The

electron density has the form:

=23 hlr)f (230)

Substituting 2.21 equation in this equation gives:

ol

Z?Z . Ch(r)u(r) (2.31)

2 Z Cy; is the density matrix (P,,). The Fock matrix consists of the core Hamil-
tonian matrix (H5® = (ulh;(r1)|v)) and two-electron term (G, = [pv|oA]—3[pA|ov)])

of the Fock matrix.

= (u|hi(r1)|v) ~I—Z {/w|0)\ - —[,u)\]av]} (2.32)

The number of cycles in the SCF procedure to arrive at the final results depends
on the initial guess of the density matrix. The self-consistent-field procedure is as

follows:
1. Specify the molecular coordinate, basis set, charge, and multiplicity.
2. Calculate the overlap, one-electron, and two-electron integrals.
3. Diagonalize the overlap matrix.
4. Obtain guess of the density matrix P©.

5. Calculate the Fock matrix F' according to 2.32.
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6. Diagonalize the Fock matrix F' to calculate the coefficient matrix C'.
7. From C form a new density matrix P!,

8. Is the new matrix P! close to guessing matrix P©. If Yes, the calculation is

converged, if No, go to step 5.

2.3 Electron Correlation and Post-HF Methods

As anticipated in previous section, the Hartree-Fock approximation replaced the in-
stantaneous electron-electron repulsion with the averaged electron-electron repulsions.
In a physical sense, the HF model allows electrons of the same spin to be too close
to each other, however, in reality the electrons avoid each other. Therefore, a proper
treatment of the individual electron-electron interactions must be considered. The
difference between the exact energy and the Hartree-Fock energy with a complete

basis set is called the correlation energy.!™
Ecorr = Liegact — EHF (233)

The correlation energy can be divided into two types, dynamic correlation, and non-
dynamic (static) correlation.'™ 17 Dynamic correlation arises from electron-electron
repulsion based on the Coulomb law which is not exactly represented by Hartree-Fock
model, while the non-dynamic refers to a case where a single determinant is insufficient
to represent a nearly degenerate ground state wavefunction. Generally, improving ac-
curacy of calculated energies and molecular geometry by including correlation effects
is essential in the case of transition metal complexes even for qualitatively correct
results. Therefore, to account for electron correlation effects one needs to go beyond
HF theory (post-HF methods). One way to address the electron correlation problem
is to use the HF wavefunction as a starting point and then try to make improvements
to the HF results. An improvement to the Hartree-Fock wavefunction and its en-

ergy can be obtained by introducing configuration interaction. %6 In this method, the
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wavefunction can be written as a linear combination of Slater determinates. Starting
from the HF wavefunction then new determinants are generated by promoting elec-
trons from occupied to virtual orbitals following the Aufbau principle. In this way a
huge number of determinants can be built, promoting one electron from an occupied
orbital to a virtual orbital, generated so-called single excited determinant (S). In the
same way, we can relocate two electrons in the virtual orbitals to generate doubly
excited determinant (D). This process can be continued until all electrons are pro-
moted from occupied to virtual orbitals getting N-tuple excited determinants or the
full-C'I wavefunction. The expansion coefficients ¢; are then determined variationally

to yield the final C'I wavefunction:

Yor = codmr + Y csths+ Y cptp + Y ordr + .. (2.34)
3 D T

The size of the C'I wavefunction increase rapidly with the number of determinants,
therefore, a full-C'I calculation that yields the exact ground state energy can be ob-
tained only for very small systems. The full-C'I solution gives the lowest possible
energy within a finite basis set limit and the difference between the HF and full-CT
energies corresponds to the correlation energy for a given basis set. The computational
coast can be reduced by using a limited number of excitations and the frozen-core
approximation. Usually determinants only up to single, double and triple excita-
tions gives C1SD and C1SDT methods. Both full-C'I and limited C'I methods are
variational in character, but limited C'I methods, in contrast to full-CI, are neither
size-consistent nor size-extensive.

In the multi-configurational self-consistent-filed (MCSCF) method, the wavefunc-
tion is also multideterminanted, similar to the C'I method, but two types of coef-
ficients need to be optimized iteratively, the expansion coefficients in 2.34 and the
spin-orbital coefficient in the excited determinants in 2.21. In contrast, in C'I meth-

ods the coefficients of the orbitals are taken from the HF calculation. The main
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challenge in MCSCF is the choice of the determinant to include in the calculations,
since this process cannot be done automatically and the size of the configurational
space that gives reasonable results is not always obvious. The choice of determinants
in the C'I wavefunction has been alleviated to some extent by applying the Complete
Active Space SCF (CASSCF) method developed by Roos and co-workers. ! CASSCF
is widely used in electronic structure calculations because it depends on chemical in-
tuition, to choose the type and number of determinants in the wavefunction. The
molecular orbitals in CASSCF wavefunction are divided into three categories, the
inactive, active, and virtual orbitals as shown in Figure 2.1. The inactive orbitals
stay fully occupied in the wavefunction, there are basically core-orbitals, while in the
active orbitals the average occupation varies from zero to two. The virtual orbitals
stay empty in the wavefunction. The number of specific electrons in a number of
specific orbitals is called the active space, and is denoted CAS(n, m), where n is
the number of electrons and m is the total number of active orbitals. The full-C'T
wavefunction is constructed within the active space. The size of the active space
of CASSCF calculations is usually reduced to less than the full number of valence
electrons and orbitals to decrease the computational cost.

The CASSCF wavefunction captures the static correlation of near-degeneracy ef-
fects that appear between electrons at large separations in space. However, there is
another type of correlation which comes from the interaction between electrons at a
short distance which is called dynamic correlation. This type of correlation is not
captured in the CASSCF wavefunction and it needs to be calculated to a great ex-
tent to obtain accurate energies, even though the wavefunction is not usually affected
strongly. The dynamic correlation can be calculated using second-order perturba-
tion theory on top of the complete active space wavefunction. Rayleigh-Schrodinger
perturbation theory states that the Hamiltonian operator can split into terms, the

unperturbed or zeroth-order Hamiltonian (H ) which is solvable and a perturbed
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Figure 2.1: Schematic representation of CASSCF wavefunction.

~

Hamiltonian (H) which is not solvable. The difference between the two Hamiltonians
is the perturbation Hamiltonian (H’). For the corresponding unperturbed Hamilto-

nian, we have unperturbed energy and unperturbed wavefunction.!””

HOY, = By, (2.35)

Our task now is to relate the unknown energy and wavefunction of the perturbed
Hamiltonian to the known energy and wavefunction of the unperturbed Hamiltonian.

To do so, we insert a parameter into the Hamiltonian:
H=H"+\H' (2.36)

When A\ equals zero, we have the unperturbed system, and as \ increases, the per-
turbation increases. Since the Hamiltonian depends on A, then the energy and wave-
function also depend on it. For the kth-order correction, the energy and wavefunction

have the form:

U = U0+ MO+ N2 4 -+ Nk (2.37)
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E,=E)+ \E) + N*E2 +--- + \'EF (2.38)

Now, we can write the first-order energy and second-order energy correction:
E, = (Vo H'[y}) (2.39)

Ey = (W0 H'[4)) (2.40)
If we consider the sum of one-electron Fock operators as the unperturbed Hamil-
tonian, as suggested by Moller and Plesset, then the first-order energy correction
is already included in the Hartree-Fock energy. However, the second-order energy
correction which accounts for dynamical correction is missing from the Hartree-Fock
energy. Including the second-order energy correction in the Hartree-Fock energy is
called the second-order perturbation theory (PT2). Similarly, the missing dynami-
cal correlation energy from CASSCF can be accounted by using perturbation theory,

using the MCSCF wavefunction as the zeroth-order wavefunction.

2.4 Density Functional Theory

As we have seen in the previous sections, the electronic wavefunction of the n-electron
system depends on 3n spatial and n spin coordinates. The Hamiltonian operator con-
tains only one- and two-electron terms so the molecular energy can be written in terms
of integrals involving only six spatial coordinates. This means the wavefunction of a
many-electron system contains more information than is needed and lacking in direct
physical significance. For this reason, functions that include fewer variables than the
wavefunction but can still be used to calculate the energy and other properties of a
molecular system are an attractive target. To do that, in 1964, Pierre Hohenberg and
Walter Kohn established two theorems which serve as the fundamentals of density
functional theory (DFT). To bring these theorems into practice, in 1965, Kohn and
Sham introduced the Kohan-Sham method. %™ The two theorems and the method

will be introduced in the following sections.
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2.4.1 The Hohenberg-Kohn Theorems

The first Hohenberg-Kohn theorem!™ states that for a given molecule with a non-
degenerate ground state, the ground-state energy, the wavefunction, and all other
molecular electronic properties can be uniquely determined by the ground-state elec-
tron probability density (po(z,y,2)). The electron probability density is a function
of only three variables. Thus, the ground-state energy is a function of the electron
probability density.

Ey = Ey|po) (2.41)

The electronic Hamiltonian operator can be written as:

]?:—%EZVE+§ZUQQ+§:§257 (2.42)
i=1 i=1 j Y

i>j
Z
() =—> == (2.43)
Tia
«
In the electronic Schrédinger equation, the quantity v(r;) is the potential energy of
interaction between electron ¢ and the nuclei, while in DFT, this quantity is called
the external potential acting on electron i. If we specify the external potential v(r;)
and the number of the electrons, we can determine the electronic wavefunction and
the allowed energies of the molecule as a solution to the electronic Schrodinger equa-
tion. The Hohenberg-Kohn theorem proved that for a system with a non-degenerate
ground-state, the electron probability density po(r) determines these two quantities
(the external potential v(r;) and the number of electrons). Therefore, the py deter-

mines the molecular electronic Hamiltonian and thus determines the wavefunction,

energy, and all other properties.
Ey = Ey[po] (2.44)

The subscript v is used to emphasize that the ground-state energy depends on the

external potential, which differs for different molecules. The ground state energy is
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the sum of electronic kinetic energy terms, electron-nuclear attractions, and electron-
electron repulsions.

E=T+ Vye+ Ve (2.45)

Each term in this equation is determined by the ground-state density po(r).

Eo = Ey[po] = Tlpo] + Vielpo] + Veelpo (2.46)

n

Ve =) _o(r) = <¢olz v(ri)|tho) = /Po(?“)v(r)dr (2.47)

%I&WZ/WWWW+HM+%M] (2.48)

The value of the first term in equation 2.48 is the nuclear attraction potential-energy
function for an electron located at point r, which is known, but the second and third
terms are not known, and they do not depend on the external potential. This equation
shows that the Ej can be calculated from p, without having to find the molecular
wavefunction, but it does not provide a practical way to perform this calculation.
To calculate Ey and other properties from pgy, we need the second Hohenberg-Kohn
theorem and also the Kohn-Sham approach. The second Hohenberg-Kohn theorem
states that for every trial density function py.(r) that satisfies [ po(r)dr = n, where

n is the number of electrons and py(r) > 0 for all r, the following inequality is true:
EO = Ev[p[)] < Ev[ptr] (249)

This proves that no trial electron density can give a lower ground-state energy than

the true ground-state electron density, then,
By = Blpu] < Bulpu] = [ puol0)dr -+ Tlpu] + Vealpo) (250)

2.4.2 The Kohn-Sham (KS) Method

In 1965, Kohn and Sham!% came with a practical method to calculate the electron

density (pg) and to find the ground-state energy (FEp) from the electron density. In
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the Kohn-Sham approach, a fictitious reference system of n non-interacting electrons
was considered. In this reference system, each electron experiences the same ex-
ternal potential-energy function, denoted vy(r;). The v,(r;) makes the ground-state
electron probability density ps(r) of the reference system equal to the exact ground-
state electron probability density po(r) of the system of interest. Considering the
Hohenberg-Kohn theorem, once p,(r) is defined for the reference system, the vy(r;) is
uniquely determined.

Kohn and Sham defined the T'[po] and V,.[po] terms of the Hohenberg-Kohn equa-

tion (2.48) as:

ATlp] = T[p] — T:[p] (2.51)
AV = Valol = 5 [ [ 22, (2.52)

where s indicates the reference system and 15 is the distance between points z1,y1,21
and x9,ys,29. The second term of the last equation (2.52) is the classical expression
for the electrostatic interelectronic repulsion energy if the electrons were smeared out
into a continuous distribution of charge with electron density p. Therefore, equation

2.48 becomes:

Bl = [ meyr + 2+ 3 [ L, 4 AT+ AT (259

The AT and AV,, functionals are unknown and they define the exchange-correlation

energy functional E,.[p].

Eo = E,lo] = / p(r)o(r)dr + o] + / / Mdd FEJ (254)

The three terms of the right-hand side of 2.54 are easy to evaluate from the electron
density p and also, they include the main contribution to the ground-state energy.

The fourth term is relatively small but essential and not easy to evaluate accurately.
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Before we going to look at the exchange-correlation term in detail; we consider

the first and second terms of 2.54. Using equation 2.43, the first term becomes:

/p( ZZ / -~ (2.55)

which is easy to calculate if we know the electron density. The second term (T[p]) is

the kinetic energy of the reference system whose wavefunction is the anti-symmetrized

product (Slater determinant) of the lowest-energy Kohn-Sham spin-orbitals uX*:

Ve = |ulSuks . ukS)

§ = 9{{5(7“7;)01' (256)

and the Hamiltonian operator has the form:

n

H, = Z[——VQ + v,(ry)] ZhKS (2.57)

=1
hESQKS = (KSgks (2.58)

hES is the one-electron Kohn-Sham Hamiltonian, #5% is the spatial part of Kohn-

Sham orbital, eX% is Kohn-Sham orbital energy and o; is the spin part, either o or
B.

- 1

Tlpl = =5 D OFS)IVEOFe(1)) (2.59)

%

The electron density related to the Kohn-Sham orbital is:
p=po= |0fF (2.60)

Now we can find Ey from p if we can find the KS-orbital 5% and if we know the
E,. functional. The KS orbitals can then be found using the second Hohenberg-Kohn
theorem. Just like the Fock operator, one can show that the Kohn-Sham orbitals that

minimize equation 2.60 for the molecular ground state energy satisfy:

["Vz Zma / - dT‘2+ Uze(1)|07(1) = €56/%(1) (2.61)
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The exchange-correlation potential (v,.) is found as the functional derivative of the

exchange-correlation energy (FE,.) respect to electron density (dE..[p(r)]/dp(r)).
— SV n ]85 () = SRS (2.62)
R905(1) = €705 (1) (2.63)
2.4.3 The Exchange-Correlation Functionals

The exchange-correlation energy term contains the kinetic correlation energy, ex-
change energy, coulombic correlation energy, and self-interaction correction. The
kinetic correlation energy is the kinetic energy difference between the real molecule
and the reference system. The exchange energy arises from the antisymmetry require-
ment. The coulombic correlation energy is associated with interelectronic repulsions.
The self-interaction comes from the classical charge-cloud electrostatic repulsion ex-
pression which allows the portion of electron density in dr; that arises from the
smeared-out part of a particular electron to interact with the charge contributions
of that same electron to electron density throughout space. The key to an accurate
KS-DFT calculation is to find a good approximation to F,. term, but this clearly

represent a great challenge.

Local Density Methods

Local density approximation assume that the exchange-correlation energy at a par-
ticular point can be calculated exclusively from the value of the density at that point.
In the LDA approximation, a hypothetical electrically neutral object that has an
infinite number of interacting electrons moving in a space where the positive charge
is continuously and uniformly distributed is used. If the electron density (p) varies
extremely slowly with the position, then the exchange-correlation function can be

written as:

%@wzfmmmmv (2.64)
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The integral over all space, dr stands for dz, dy, and dz, and €,.(p) is the exchange
and correlation energy per electron in uniform electron gas with electron density p.
The exchange-correlation energy can be written as a sum of exchange and correlation

parts.
eze(p) = €x(p) + ec(p) (2.65)

The exchange part has the form:

e =2 (2) o) (2:66)

The correlation part of the energy has been calculated by Vosko, Wilk, and Nusair
(VWN). 17

ee(p) =" (p) (2.67)

For open-shell systems and near dissociation geometries, the local-spin-density ap-
proximation (LSDA) gives better results than the LDA. The difference between these
two functionals is that in LDA the two electrons with opposite spins occupy the same
KS spatial orbitals, while LSDA allows each electron to occupied a different KS spatial

orbital.
B 1), 0] = [ plr)eacls ()70 (268
The LDA and LSDA functionals are based on uniform electron gas where the electron

density varies very slowly with the position.

Gradient Corrected Methods

In cases where the electron density varies rapidly with the position, the approximation
to the exchange-correlation energy must be moved beyond the LDA methods. The
gradient of the density Vp needs to be considered as well as the density p itself. The
approximation that is used to consider the variation of the electron density with the

position is called the Gradient-Corrected approximation (GGA). A large number of
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GGAs have been proposed based on the following general formulation:

Egtp®(r), " (r)] = / Fp™(r), p°(r), V (1), P (r))dr (2.69)

where f is some function of the spin densities and their gradients. Likes the LDA
and LSDA, the exchange-correlation energy from the GGA functional can be sepa-
rated into two parts dealing with exchange and correlation. The earliest and most
commonly used GGA exchange functional (B88) was proposed by Becke in 1988 as
a correction to the LSDA exchange energy.'®? It contains a single empirical param-
eter calculated by fitting to the exchange energies of the six noble gas atoms. The
correction to the LSDA correlation part was proposed by Perdew in 1986 (P86), and
uses one empirical parameter fitted to the correlation energy of the neon atom.'®!
This correlation functional were later modified by Perdew and Wang (PW91). 182 Lee,
Yang and Parr proposed the most extensively used functional, LYP !®3 which contains
four empirical parameters optimized by fitting to the helium atom. The performance
of the GGA functionals is much better than LSDA and geometries and vibrational
frequencies computed by GGA are usually also superior to MP2 results. An extensive
literature on BLYP and BP86 has established the reliable accuracy of these function-
als for a variety of systems, although they do have problems in predicting of relative
energies of different electronic states.

Functionals dependent on the kinetic-energy density are called meta-GGA func-

tionals, which can also include the second derivative of the density p.
BN = [ f(po(0). Vpul0), Tpolr)r)dr (2.10)
The kinetic energy density for the occupied Kohn-Sham orbitals 659 is defined as:
_1 KS|2
o =3 Zi]vei | (2.71)

The meta-GGA functional (B95) proposed by Becke shows that the correlation van-

ishes for a one-electron problem and so free of the self-interaction, giving a significant
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advantage over the previous functionals.® The improvement of the GGA functionals
through meta-GGA is, however, counteracted by a higher computational cost due to

their additional complexity.

Hybrid Methods

The approximate exchange part of the functional can be replaced by the HF exchange
energy because the HF exchange energy of a Slater determinant can be calculated
exactly. This would seem promising, however, in practice such a hybrid method rep-
resents no improvement over GGA functionals because when the exact HF exchange
is used the cancellation of errors that occurs in case of approximate exchange and
correlation functionals does not work. Including some percentage of exact exchange
into density functionals does, however, lead to significant improvements. In 1993
Becke proposed the first successful hybrid functional, the three-parameter B3PW91

functional which has 20% exact exchange. 1%

EBSPWOL — (1 — ) EESPA 1 0.20E8F +0.72AFE8 + EL5PA 1 0.81AEPWOY (2.72)

The parameters were chosen to give good fits to experimental molecular atomization
and ionization energies. Stevens and co-workers modified this functional to use LYP
instead of PW91, this leads to BSLYP functional which is the most popular hybrid

functional used now. %6

EBYE — 0 R0ELPA 1 0.20E8F 1 0.72AEP% + 0.19EYWN + 0.81EXF (2.73)

The PBE functional is also improved by including 25% exact exchange to give the
PBEO functional.'®” The 50% exact exchange is included in half-and-half BHandH
and BHandHLYP functionals. A arrange of hybrid metal-GGA functionals has been
tested on different systems and they generally show excellent accuracy, for example,

MO06, M06-HF, M06-2X and M05-2X which were developed by the group of Truhlar.
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2.5 Basis Sets

Orbitals are naturally used in both wavefunction-based methods such HF and post-
HF and density-based methods such as DFT. Basis-free DF'T implementations do
exist, but in most quantum chemical software the KS orbitals are expanded in a
set of basis functions. The purpose of this section is to introduce the fundamental
concepts and issues regarding the construction and use of basis set. An atomic orbital
(AO) consists of two parts, the spherical harmonic (Y;(0, ¢)) which determine the

shape of the orbital, and the radial part (R(r)) which control the size of the orbital. '
b= Ra(r)Yi™(0, ) (2.74)

n is the principal quantum number, [ is the angular momentum quantum number,
and m is the magnetic quantum number of an atomic orbital. The radial part of the
wavefunction depends on 7 so it takes different forms while the spherical part stays
unchanged. Therefore, for a many-electron system we need to look carefully at the
radial part of the wavefunction. Basis sets can be classified into Slater-type (STOs)
or Gaussian-type (GTOs) depending on the form of the radial part. The formula of
an STO is:

T = Nr e Y™ (0, ¢) (2.75)

where N is the normalization factor. The advantage of STOs is that they have the
same dependence on r (e7") as the eigenfunctions of the Schrédinger equation for the

hydrogen atom. The formula of GTOs is defined as:
¢GTO — leymzne—arz (276)

x, y, and z are the cartesian coordinates. The main difference between STOs and
GTOs is the latter has e dependence. STOs have a cusp at the nucleus, and repro-
duce well the hydrogenic atomic orbitals (Figure 2.2). In contrast, the GTOs have

no cusp near the nuclei and tend to zero much faster than STOs at large distances
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from the nucleus. Despite these shortcomings, GTOs are far easier to use computa-
tionally compared to STOs because the product of two GTOs centered on different
atoms produces a third GTO located in between. This results the calculation of one-
and two-electron integrals much easier. The accuracy of STOs and the numerical
convenience of GTOs can be combined by using not an individual GTO but a linear
combination of several primitive GTOs to model a single STO.

XOE =" aix T (2.77)

)

where CGF stand for contracted Gaussian function. Most standard quantum chem-
istry software packages implement basis sets of GTOs type apart from the Amsterdam

Density Functional (ADF) package which uses Slater-type basis set.

—GTO = = STO

Wavefunction

-
cSeo
~—-
e am.

distance

Figure 2.2: Comparison between STO and GTO.

Commonly, basis sets are classified according to the number of functions included:
if only one basis function is used to represent the atomic orbital then the results is
a minimal basis set which is referred as being of single-¢ (SZ) quality. For example,
in the minimal STO-3G developed by Pople and co-workers, '*® each basis function

is formed as a linear combination of three GTOs. In order to go beyond a purely
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qualitative level, more sophisticated basis set must be considered, using two or more
functions for each type of orbital; double-¢ (DZ), triple-C (TZ), etc.

Valence electrons usually experience changes during chemical process, and so the
design of basis sets that allow high flexibility in the valence region must be considered.
For example, the 6-31G basis set describes the core orbitals by a single contracted
Gaussian function constructed from six primitive GTOs whereas the valence region
is described by two functions, one of which consists of three primitives and the other
only one. ' Polarization functions have higher angular momentum than the orbitals
occupied in the atomic ground-state and their inclusion allows orbitals to distort to
adapt better molecular environment. Polarized double-¢ (DZP) and triple-¢ (TZP)

are routinely used in DFT calculations.

2.6 Quantum Chemistry in Periodic Systems

If we compare the solution of the Schrodinger equation of a molecule to an extended
solid-state system, we face the immediate problem that the dimensions of the system
are infinite. However, introducing the translational symmetry properties of the crystal
through Bloch’s theorem, ' allow us to consider only the number of electrons within

the fundamental repeating unit, the unit cell.

Bloch’s Theorem

Bloch’s theorem employs translational symmetry to produce the crystal wavefunction
made up of crystal orbitals. Therefore, in any idealized solid-state system whose
electronic potential (V') reflects the periodicity of the lattice which is given by a
lattice vector (T'), then, V(r + T) = V(r) because the potential is identical within
each crystallographic unit cell. Bloch’s theorem states that for a given wavefunction

(¢(k, 7)) which satisfies the Schrodinger’s equation, there exists a vector k such that

20



translation by a lattice vector T is equivalent to multiplication by a phase factor.
Wk, +T) = Mk, r) (2.78)

The left-hand side of this equation is an extended wavefunction that is a function
of a lattice vector T'. This wavefunction is created from the crystal orbital of one
specific site within the unit cell. Thus, we only need to know the wavefunction at
this particular point, and then it would be known for the whole crystal » + 7', due to
the system being translationally invariant. The wavefunction is symmetry-adapted
to the infinite system by the quantum number k.

The crystal orbital (¢(k,r)) can be expanded over a series of localized atomic

orbitals (¢;) which lie on some atomic positions (r;) inside the unit cell. Thus,
Yk, r) =) e*g; (2.79)
J

This equation corresponds to the molecular LCAO ansatz (2.21), adapted to an ex-
tended system. The atomic orbitals of the right-hand side of the above equation are
weighted by mixing coefficients which are identical to the Bloch exponential factor,

generating an extended wavefunction.

Reciprocal Space and the £ Quantum Number

The quantum number (k) is located in reciprocal space because it has the dimensions
inverse length.'®! Any position in real space is given by the real-space vector R which
is a linear combination of the three basic vectors a;, as, and az. In the same way, for
any reciprocal space, a lattice vector K is built up from the reciprocal basic vectors

g1, 92, and g3.
R = niaq + NoGo + nsas (280)

K = myg1 +mags + msgs (2.81)

The real-space and reciprocal-space can be linked as:

2m 2m 2m
g1 = 7<a2 +as), g2= V(aa +a), g3= V(al + as) (2.82)
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where the volume V' = a;(agxas), for one dimensional infinite system with R = a4,
then g = 27/a; as we expected because 27 /a; is the reciprocal vector of a;. The
quantum number (k) gives information about the energies of these electrons and their
crystal momentum. The k-dependent wavefunction is called a crystal orbital, and
each k£ might have many one-electron wavefunctions, similar to a molecule with many
molecular orbitals. The values of the quantum number (k) can be simply calculated
from periodic boundary conditions as long as the unit cell is periodically repeated.
For a one-dimensional case, if we consider a crystal of length (L) that consists of
a large number of unit cells with lattice parameter (a) and if the wavefunction is
identical at both left and right ends, then Bloch’s theorem for any value of k£ would
yield:

Y(k,0) = ¢(k,L) = ™ (k, 0) (2.83)
The values of the quantum number (k) are 0 < k < 7/a, and this part of the reciprocal
space is called the Brillouin zone, which can be considered as a unit cell in reciprocal
space. The quality of the calculations depends on the number of k£ points, a large
number of k£ points is needed for smooth representation of reciprocal space. The size
of the unit cell determines the size of the basis set, then, the quality of calculations

also is determined by the number of basis functions in the unit cell of the real space.

Potentials and Plane-Wave

In extended solid-state systems, ! the translation symmetry needs to be considered,
therefore, we need to use different types of basis functions from those of molecular
systems. Local basis functions such as STOs and GTOs are not efficient and Bloch’s
theorem suggests that the natural basis function for a translational invariant solid is a
plane-wave (¢*"). Generally, the plane-wave can be expressed by any kind of crystal
wavefunction which is a linear combination of various exponential functions.

Un(k, 1) = €™ Z cn(k, K)etr (2.84)
i
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¢n, are the mixing coefficients which must be calculated either analytically or numer-
ically similar to LCAO-MO method. The plane-wave can be used as a direct basis
functions if there were not a rapid oscillation of the atomic wavefunction close to the

nuclei due to the high kinetic energy of electrons as shown in Figure 2.3.

Atomic-like
Plane-wave-like

AV VAN \n A\ IVAN nln
LNV N | VA A

Figure 2.3: Schematic drawing of a 3s-derived Bloch function of a one-dimensional
crystal of sodium atoms.

From Figure 2.3 we can clearly see that the wavefunction close to the nuclei
oscillates rapidly, whereas in the bonding region we have a smooth function. This
behavior is not easy to capture by using plane-wave because the oscillation of the core-
like function requires very short wavelengths. However, the core-like function can be
treated by the so-called pseudopotential approach proposed by Hellmann. 2719 The
concept is to remove these oscillations by replacing the strong ion-electron potential
by a much weaker pseudopotential. The valence electrons experience a lower nuclear
charge which is somewhat screened by the core electrons. Furthermore, the valence
electrons cannot enter the core region because of the Pauli principle, all core levels
are filled so there is a strong repulsion between valence and core electrons. These two
opposite effects, the Coulomb attraction of the valence electrons by the nucleus but
Pauli repulsion of the valence electrons by core electrons, almost completely cancel

each other and only a weak pseudopotential is left.

DFT+U Approach
So far, we have introduced the fundamental theories needed to perform a periodic cal-

culation. However, to use DFT in practice we need to introduce Hubbard U method
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because DF'T performs poorly in case of strong correlation, when electrostatic inter-
actions between the electrons are poorly described by LDA or GGA. The fundamental
phenomena behind DFT+U is to treat the strong on-site Coulomb interaction of local-
ized electrons with an additional Hubbard-like term. The on-site interactions consist
of U (Coulomb) and J (exchange), and the U parameter in the Hubbard model is
defined as the energy required to remove an electron from one site and pair it with
an electron on another site. In some transition metals and their compounds, the
Hubbard U can have a dominate effect on the properties, for example, some insulat-
ing transition metal oxides (Mott insulators) are predicted to be metals at the LDA
level because the local Coulomb repulsion experienced by the electrons within the
d-orbital is underestimated. %1% The DFT+U corrections can be introduced in ab
initio calculations in varies ways. Liechtenstein and co-workers, " proposed that the
U and J enter as independent corrections in the calculations. The other approach

which is widely used proposed by Anasimov and co-workers!%®

using a single effect
Ueys which U-J for the Coulomb interaction. Thus, the DF'T4U total energy can be
calculated as:

Ue a a a
Eprr, = Eppr + Z %T?’(p — p*p") (2.85)

where p® is the atomic orbital occupation matrix. The second term is a penalty
functional to the DFT total energy which forces the on-site occupancy matrix to

either full occupied or completely empty.
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Chapter 3

Metal-Metal Bonding in
Face-Shared Trinuclear Metal
Chains: The Effect of the Identity
of the Central Metal Ion and
Oxidation State

3.1 Introduction

This chapter focusses on the electronic structure of tri-metallic systems based on the
face-shared octahedral architecture, with general formula L;M(MClg)ML; (Figure 3.1).
These clusters have approximate Dsq symmetry with three metal ions lying on a
common three-fold rotation axis: each terminal metal ion has an approximately Cs,-
symmetric local coordination environment, while the central metal ion is, to a good
approximation, octahedral. The first member of this class to be synthesized was
the all-chlorine species, [ClsRu(RuClg)RuCls]*” (Figure 3.1), reported by Cotton in
1980.1%9 Since that initial work, closely-related systems have been synthesized by
changing either the identity of the metal ions or by substituting different ligands on the
terminal ions. Amongst the first, homoleptic, category, [ClsMo(MoClg)MoCls]” and
[X3Ti(TiXg) TiX5]" (X = Cl, Brand I) are all known while in the latter, the phosphine-
and arene-terminated chains [(PR3),CIRu(RuClg)RuCl(PR;),]” " (R = Et and tBu),
[(PEt3)sRu(RuCls)Ru(PEt;)s]" and (p—cymene)Ru(RuClg)Ru(p—cymene) have also
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been synthesized, primarily in the groups of Cotton and his co-workers.

(a)

Figure 3.1: The structure of tri-metallic system, [RuzClyy] (a) system along with
[RuzClg(p—cymene),] (b) and (PEt3)sRu[MXg|Ru(PEt3)s (c) systems of our interest,
where M = Ru (1), Rh (2), and Ir (3). Hydrogen atoms was omitted for clarity.

The electronic structure of [ClsRu(RuClg)RuCls]* was investigated in detail using
the SCF-X,-SW methodology by Bursten and Cotton,!®® and their molecular orbital
diagram is reproduced schematically in Figure 3.2. The frontier-orbital region features
nine molecular orbitals constructed from linear combinations of the ty, orbitals on each
(approximately octahedral) metal center. These orbitals split into a o manifold made

b

up of linear combinations of the d.z orbital aligned along the trigonal axis (o, ¢ and

0*) and a manifold of three doubly degenerate orbitals with mixed § and 7 symmetry

(denoted d,, 67 and §%). The [RugClyy]* complex has a [Rus)®t core and hence a

valence-electron count of 16, leaving only the highest lying o* orbital empty. This
gives a formal Ru-Ru formal bond order of /2 consistent with the Ru-Ru bond length
of 2.805(1) A which is 0.08 A longer than that of [Ru,Clg]>” (2.725(3) A), where the
bond order is 1.0.208

The nature of the metal-metal interactions in the other known tri-ruthenium
chains can also be understood using Figure 3.2. The (PR3),CIRu(RuClg)RuCl(PRs),

62047206 5150 have a 16-electron

complexes (R = Et, tBu) reported in references 204-20
[Ruy)®" core and Ru-Ru bond lengths in the region of ~2.8 , and in this sense are
extremely similar to the [ClsRu(RuClg)RuCly)*. One-electron oxidation of these com-

plexes generates the 15-electron [Rus]”" analogues [(PR3),CIRu(RuClg)RuCl(PR3),] ™,
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A

o 1a,g
Figure 3.2: Molecular orbital array for [Cl;Ru(RuClg)RuCly]* (D symmetry).

which have marginally longer Ru-Ru bond lengths due to the removal of an electron
from the weakly antibonding 0} orbital. The (p—cymene)Ru(RuClg)Ru(p—cymene)
system, in contrast, has an 18-electron [Ru3]6+ core, and the population of all nine
bonding and antibonding molecular orbitals in Figure 3.2 eliminates the Ru-Ru bond
entirely, giving a long Ru-Ru separation of 3.1975(8) A. Finally, and of the most direct
relevance to our interests in the present chapter is the [(PEt3);Ru(RuClg) Ru(PEts)s] "
cation, described in reference.?’® This has a [Ru]"" core with 17 valence electrons, a
formal Ru-Ru bond order of 1/4+ and an intermediate Ru-Ru bond length of 3.083(1)
A. The structural data for the entire tri-ruthenium series, [Rus)®", [Rus]™", [Ru)®t
and [Rug)”" can therefore be interpreted using the delocalized electronic structure
model developed in Figure 3.2: one electron oxidation removes a weakly antibond-
ing 0¥ electron with minimal structural consequences while one-electron and two-

electron reductions populate a Ru-Ru-Ru ¢* orbital, causing noticeable elongation of

the bonds.
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Our interest in these compounds comes from work conducted by our collaborators,
Professors Graham Heath, and Alison Edwards and Dr Nicholas Perkins (Australian
National University), who have reported the synthesis of a series of compounds with
general formula [(PEts)sRu(MClg)Ru(PEt3)s] " including the M = Ru case previously
reported by Cotton (11) but also the Rh and Ir analogues (27 and 3%). The shift from
group VIII to group IX metals necessarily increases the electron count by one, with po-
tentially substantial changes in the nature of the metal-metal bonding. The synthetic
methodology that gives access to these complexes involves taking the monometallic
[MClg]*” fragments and capping them with a source of [Ru(PR3)3],. Detailed spectro-
electrochemistry has allowed for characterization of these complexes in a range of
oxidation states, offering a further opportunity to tune the strength of bonding be-
tween the metal ions. Thus although the 18-electron [RuRhRu]”™" and [RulrRu]™"
cores of [(PEt3);Ru(RhClg)Ru(PEt3)s]" and [(PEts);Ru(IrCls)Ru(PEt;)s) " complexes
have no capacity to form metal-metal bonds, one- and two-electron oxidations give
rise to species that are isoelectronic with 17-electron [(PEts);Ru(RuClg)Ru(PEts)s] "
and 16-electron [(PEt;)sRu(RuClg)Ru(PEts)s]*", respectively.

From an electronic perspective, there are various ways to look at these trimetallic
complexes. Based on Figure 3.2 the nature of the metal-metal interactions in these
tri-metallic chains depends on the relative energies of the to, orbitals on the MClg and
Rul; fragments. We can usefully consider two limiting scenarios: (a) the orbitals on
MClg are much higher in energy than those on the outer metals, in which case the
orbitals on the Ruli; will remain fully occupied. The L;RuCl; unit then acts simply
as a tripodal ligand. (b) the orbitals on the MClg fragment are much lower than those
on the outer metal, in which case charge transfer from the Rul; fragments will fill any
vacancies in the MClg manifold. In this scenario, the central MClg fragment can be
thought of as a bridging ligand, mediating the interaction between two paramagnetic

111 . . . . . .
Ru ™ centers. There is, of course, a continuum of intermediate situations between
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these two limits, where covalent bonding between the metals will be important.

The central question that we aim to address in this chapter is to which extent
changes the identity of the metal in the [MClg|* (M = Ru, Rh and Ir) fragment effects
the communication between the terminal Ru ions [(PEts)sRu(MClg)Ru(PEtg)s]"".
For this purpose, we compare and contrast the properties of the [MClg]* monomer
(where experimental data are available) with the [(PEts)sRu(MClg)Ru(PEt3)s)”" chains
across a range of oxidation states, using both density functional theory and multi-
configurational (CASSCF/PT2) methods. For the all-ruthenium system, the UV /Vis
spectra of both [RuClg]*” and [RuClg]*” have been reported, 29210 offering a direct
comparison of 17 and 12, respectively. In the limit that metal-metal interactions are
insignificant, we would expect to see strong similarities between these compounds.
Similarly for the Ir system, the known compounds [IrClg]*” and [IrClg)* can be com-
pared to 3+/2+ 211,212

The work described in this chapter has been published in Chemistry A European
Journal, 2018, 24, 5309-4318.

3.2 Computational Methodologies

All DFT calculations in this chapter were done with the Amsterdam Density Func-
tional package (DFT2016.105).2!321% In this study, we used two types of functionals,
the gradient-corrected BLYP functional of Becke, Lee, Yang, and Parr?'2'7 and its
hybrid B3LYP,?!8219 in both cases with relativistic scalar corrections (ZORA). A
triple-C Slater-type basis set extended with a single polarization function (TZP) was
used to describe the transition metals while double-( Slater-type basis sets extended
with a single polarization function (DZP) were used for the main-group atoms. The
frozen core approximation was used to treat the electrons in orbitals up to and in-
cluding 4d on Ir, 3d on Ru, 2p on P and Cl, and 1s on C. For the calculations with

PMejy ligands, Grimme’s corrections for dispersion were adopted.??° Symmetry break-
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ing was allowed by reducing the overall symmetry from D34 to Cs, and polarizing the
starting potential such that an excess of spin-a and spin-£ density was placed on op-
posite ruthenium centers (using Modifystartpotential keyword in ADF). This allows
the electrons to localize in a biradical state if this is more stable than the delocalized
alternative, but it does not force them to do so: a spin polarized initial guess can
always converge on the delocalized solution if this is more stable. The gradient algo-
rithm of Versluis and Ziegler was used to optimize all structures.??! Time-dependent
DFT??2 was used to calculate UV-Visible spectra with Tamm-Dancoff approximation
(TDA)?* and CH,Cl, as a solvent; BSLYP and M06-L2??%%2° functionals with rela-
tivistic scalar corrections (ZORA) were used in this method. The EPR spectra were
computed by using self-consistent spin-orbit coupling (SCSO) approach.?26:227
Single point CASSCF /PT?2 calculations were done using the MOLCAS 8.0 pack-
age.?2® The orbitals are expanded in a basis of atomic natural orbitals optimized for
relativistic corrections and core correlation (ANO-RCC).??* The large primitive set
of functions is contracted to [7s6p4d2flg] for Ru and Rh, [4s3pld] for P and Cl, and
[1s] for H. The Cholesky decomposition with threshold of 1.0 e™® was used for the

two-electron integrals. 23

3.3 Results and Discussion

Structural Data: Comparison of X-ray Experiments to DFT

The structures of 17, 27, and 3™ have all been reported in the PhD thesis of Dr
Nicholas Perkins.?! All three adopt the face-shared octahedral architecture shown in
Figure 3.1, with metal-metal bond lengths of 3.083(1) A, 3.1690(3) A and 3.2332(3)
A in 1, 27 and 3%, respectively. The first of these is very similar to Cotton’s
previous study of the same compound. The long distances in 2+ and 3" are con-
sistent with the absence of any direct metal-metal bonding in these 18-electron

species, and they are very similar to the value of 3.1975(8) A in the 18-electron

60



(p—cymene) RuCl;RuClsRu(p—cymene) system.?°” For the electronic structure inves-
tigations, we have applied two quite different computational methodologies, single-
determinant DFT and multi-configurational CASSCF/PT2. At the DFT level, we
have considered two quite different functionals BLYP and B3LYP, the latter having
20% Hartree-Fock exchange. Our previous studies have shown that these two func-
tionals often provide qualitatively different pictures of metal-metal interactions.?3? We
start our discussion by reproducing the X-ray data of 11, 2% and 3" to validate both
the computational methodologies and the simplifications used in our model systems.

The clean separation between o and d, manifolds shown in Figure 3.2 that is
possible only in a rigorously Ds4-symmetric greatly simplifies the electronic structure
analysis and also allows us to converge to specific configurations. It is, however, im-
possible to impose a Dsg-symmetric conformation on [(PEts)sRu(RuClg)Ru(PEts)s]™
without introducing unreasonable steric clashes between the Et groups substituted on
phosphine ions in the crystal structure. If, alternatively, we do not impose any sym-
metry, free rotation about all P-C and C-C bonds generates a very large number of
conformers, each of which may correspond to a local minimum. One way to tackle this
problem is to replace the bulky Et groups by smaller groups, Me or H, giving the sim-
plified models [(PMe3)3sRu(MClg)Ru(PMes)s] and [(PH3)3Ru(MClg)Ru(PHs)s). These
simplifications are, at least potentially extreme, so in order to explore its impact on
the structural parameters, we have optimized the geometries of 11, 2% and 3" with
different substituents on the phosphine ligands and then compared them to X-ray
data. Table 3.1 shows optimized structural parameters of 17, 2 and 3" with dif-
ferent substitutions on the phosphine ligands, alongside the crystallographic data.
The data suggests that the model ligands do appear to capture the majority of the
inductive and steric effects of the alkyl group: the Ru-Ru separation of 3.083(1) A
in 17 are reproduced to within 0.03 A with both PH; and PMe; ligands and with
BLYP and B3LYP functionals. The Mulliken spin densities of 17 with PHy ligands
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are also very similar to those with the PMes model. The Ru-M distances of 2 and
3T are slightly less accurate, perhaps reflecting the fact that there is no direct Ru-M
bonding in these 18-electon systems, as a result which the potential energy surface
is very flat. There is little difference between the two functionals, at least at the
1% oxidation level. The close correspondence between the structural parameters of
the different substituents suggests that the extreme simplification of the phosphine
ligands does not compromise the description of the metal-metal bonding to any great
extent. As a result, we are justified in using the highly simplified model ligand PH; in
the following sections, taking advantage of the ability to impose D3q symmetry with

all of its advantages.

Table 3.1: Comparison of the optimized structure parameters of 17, 2% and 3" with
different substitutions on the phosphine ligands (distance in A). p is the Mulliken
spin density.

Ru-M  Ru-Cl Ru-P M-Cl p(Ru) p(M)
1+
PM; BLYP 3.10 2,57 229 242 0.11  0.68
B3LYP 3.09 256 230 241 0.06 0.79
PH; BLYP 3.13 254 231 245 0.09 0.73
B3LYP 3.10 2.52 231 243 0.04 0.83
PEt; X-ray  3.083(1) 2.50 231 2.36

2+
PM; BLYP 3.23 2.58 2.28  2.40
B3LYP 3.19 2.56 229  2.39
PH; BLYP 3.24 254 230 243
B3LYP 3.19 2.53 2.31 241
PEt; X-ray 3.1690(3) 2.52 229 234
3+
PM; BLYP 3.27 2.59 2.28 241
B3LYP 3.22 2.57  2.28 240
PH; BLYP 3.27 2.55 2.30  2.43
B3LYP 3.21 2.53 2.30  2.42
PEt; X-ray 3.2873(3) 2.54 2.29  2.35
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Electrochemistry

The electrochemistry of compounds 1, 2 and 3, reported in the PhD thesis of Dr
Nicholas Perkins,?3! is summarized in Table 3.2. We emphasise that X-ray data are
not available for any of these electro-generated species. For 2 and 3, the absence
of a reduction wave is consistent with the full occupation of the molecular orbitals
in Figure 3.2, which gives, unambiguously, a Ru"'(Rh/Ir)"™Ru'" formulation for the
oxidation states. The first and second oxidation processes could, in principle, be
localized on the central metal ion or on the terminal ruthenium centers. The high
potential of the Rp!V/ couple in [RhClG]Qf/ % suggests that the latter is more likely in
2.233 Moreover, the mean of the two oxidation waves in [(PEt3)sRuClsRu(PEts)s] ", 23
where the redox events are unambiguously Ru'/1! couples, is 1.40 eV, only slightly
lower than in 2 (1.53 eV). The separation between the two oxidations waves of 0.17 V
in 2 is smaller than in the bimetallic, [(PEt3);RuClsRu(PEt;)s]™ (0.17 V) suggesting a
weaker interaction consistent with the increased separation between the redox-active
centers.?*> For compound 3, the average value of the two oxidation waves of 1.51 V
is similar to those in 2 but the lower value for E;/;(ox1) of 1.34 V suggests a greater

participation of Ir in the frontier orbitals.

Table 3.2: Oxidation and reduction potentials for 1, 2 and 3 (all examined in the 1+
state) vs. Ag/AgCl. (Fc/Fct occurs at 0.55 V).

Ei/o(red)[V]  Eq/2(0x1)[V]  Eq/s(0x1)[V]

RuRuRu (1) -0.14 +1.08 178
RuRhRu (2) +1.45 +1.62
RulrRu (3) +1.34 +1.67

For compound 17, the assignment of oxidation states is less obvious, simply be-
cause all three metals are the same. The fact that the central Ru is surrounded by six
m-donor Cl ligands suggests a Ru""Ru™Ru" formulation, but the unoccupied o* orbital

is clearly delocalized over all three Ru centres. The limit of full delocalization would
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correspond to Ru>* Ru®**TRu***. The reduction wave at -0.14 V can be safely
assigned to a Ru™ couple (localized or delocalized) but the shift of 1.39 V relative
to [RuClg)*>/* is indicative of a substantial effect from the two Ru(PEt;)s. The first
oxidation process leave us with 16 valence electrons, most likely in a Ru"Ru"Ru'™
< Ru™Ru™Ru" arrangement. The alternative formulation as Ru"Ru'Ru" with
oxidation states differing by two seems unlikely, but cannot be ruled out given the
different coordination envirnoments of the central and terminal metals. Finally, the
second oxidation could give rise to Ru"™Ru™Ru™ , Ru'Ru'YRu'" or Ru"Ru'Ru"
arrangements. The much greater separation between the two oxidation waves for
1" compared to either 2% or 3% suggests suggests that the oxidation events are not

simply localized on the terminal metals in the former.

3.3.1 Electronic Structure: the DFT Picture

Electronic Structure of the 17-electron Systems

The [RuRuRu]™" core of the isolated all-ruthenium species 17 has 17 valence elec-
trons, as do the electro-generated Rh and Ir analogues, 22+ and 3?*. The Kohn-Sham
diagram shown in Figure 3.3 shows that the d.z orbital of a [RuCIG]?’* fragment in-
teracts with linear combinations on the terminal atoms to form the la;, and 2a;q
orbitals (o and o* character, respectively) while the out-of-phase combination of d_»
orbitals on the terminal atoms generates the ay, orbital, which is non-bonding with
respect to the central metal atom. The 17 valence electrons are distributed over the
9 linear combinations of metal d orbitals, leaving only the 2a;, (¢*) orbital singly
occupied in a ?A;,, ground state. The Ru-Ru bond lengths are 3.13 A and 3.10 A
with BLYP and B3LYP functionals, respectively. The same two functionals were
used to investigate the stabilities of other possible ground states, including the ?E;,
(2af,1e},a3,) and 2A,, (2af,le],ay,) states arising from promotion of electrons from

the le;, and ag, orbitals into 2a;, (Figure 3.3 (right)). Our calculations show that
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the 2E;, state lies 0.14 eV and 0.64 eV above the ?A;, state with BLYP and B3LYP
functionals, respectively while the 2A,, state is located at +1.44 eV and +1.73 eV
with BLYP and B3LYP, respectively. The Mulliken spin density on the central Ru
atom is 0.73/0.83 in the 2A;, ground state and 0.09/0.04 on the terminal ruthenium
atoms (BLYP/B3LYP), confirming that the unpaired electron is almost entirely local-
ized on the central ruthenium atom (the limiting values of complete localization are
1.0 and 0.0 on the central and outer ruthenium centers, respectively). This implies
a Ru"Ru™Ru" (d°d°d®) oxidation state distribution, although the iso-surface plot of
the 2a;, orbital (Figure 3.3 (right)) suggests that there is a significant contribution of
the terminal ruthenium ions in the SOMO, giving a three-center three electron bond.

Figure 3.3 compares the UV-Vis spectrum of 1* with that of the isolated [RuClg]*
molecules. The optimized geometry (BLYP) and Kohn-Sham orbital diagram are also
shown. The UV-Vis spectrum of the [RuClg]*” molecule in Figure 3.3 (left) shows two
bands, both located above 20000 cm™!, at 28200 cm~! and 31000 cm~!. TD-DFT
calculations performed with the M06-L functional also predict two intense bands, at
23724 cm™! (v1) and 33066 cm ™! (1), corresponding to Cl — Ru (ta,) and C1 — Ru
(e,) transitions, respectively. In a previous study on [RuClg* using SCF-X, both
transitions were assigned to charge transfer into t9,: the difference in performance of
the two methods probably relates to the absence of correlation effects in the SCF-
X, method.?3 For 17, the UV-Vis spectra has three intense bands at 11340 cm™!
(e = 5920 dm*mol~tem™1), 25830 ecm™! (e = 4870 dm®mol~'em™') and 32010 cm™!
(e = 3270 dm®mol~'em™). The latter two are in a similar region to those in the
[RuClﬁ]?’* fragment, but the intense low-energy band is clearly associated with the
tri-metallic chain. TD-DFT calculations predict an intense band at 12610 cm™! ()
(compared to 11340 cm™! in the actual spectrum), corresponding to a dipole-allowed
ag, — 2a;, excitation (6" — o*). Given the localization of the two orbitals on the

outer and inner Ru centres, respectively, this band is best characterised as a metal
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Figure 3.3: Optimized geometry (BLYP), Kohn-Sham orbital manifold and UV-Vis
spectra of [RuClg]* (left) and 17 (right). The energy scale corresponds to the orbitals
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to metal charge transfer. The remaining two bands have transition energy higher
than 20000 cm™" similar to those in the [RuClg)*". The second band at 32010 cm ™"
(v2) (TD-DFT-MO06-L = 33100 cm™') corresponds to a Cl — Ru (e1, — 2ey,), and
is similar in character to the C1 — Ru (e,) (1) transition in [RuClg)*. There is
extensive literature showing that the position of charge transfer transitions as well
as their intensities are sensitive to the applied exchange-correlation functionals. To
illustrate this point, TD-DFT-B3LYP shifts the first band (v,) by more than 2300
cm™ ! to 14950 cm ™. The second band is located at 33100 cm™! by M06-L and 34550
cm ™! by B3LYP, representing a blue shift of ~1500 cm~!. However, with all different
functionals we found an intense metal-metal charge transfer band below 20000 cm ™!
which is entirely absent in the [RuClg]*” fragment, so the assignment of this feature
in the spectrum is not in doubt.

In the Rh and Ir analogues, 2** and 3?*, the ground state also has ?A;, symmetry
with Ru-M bond lengths of ~3.10 A with BLYP and ~3.03 A with B3LYP which
are only slightly shorter than those in all-ruthenium system (3.13 A /3.10 A with
BLYP/B3LYP). This suggests that electronic structure is qualitatively similar cross
this series, but the Mulliken spin density, however, shows a rather different picture
of the oxidation state pattern. The spin densities of 0.30/0.29 and 0.33/0.32 on Rh
and Ru in 227 (BLYP/B3LYP), respectively, imply that the unpaired electron are
delocalized more equally over all three metals centers. A d®d®d® configuration similar
to that found in 1% would generate limiting spin densities of 1.0 and 0.0 on Rh and
Ru, respectively, but this would imply a rather unrealistic Ru?>* Rh**Ru?* pattern.
Alternatively, if all three Rh-ty, orbitals become fully occupied, the oxidation state
pattern would be Ru***Rh* Ru?°* (d°*d®d®®) with spin densities of 0 and 0.5 on
Rh and Ru, respectively. The computed values of 0.30 and 0.33 on Rh and Ru
in 22T are intermediate between these two limits. The spin density distribution in

Ir case, 3°T, is pushed somewhat towards the d®d®d® limit with somewhat larger
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Mulliken spin density on Ir (0.38/0.42 with BLYP/B3LYP) compared to 0.27/0.23
with BLYP/B3LYP on the terminal ruthenium ions. It is perhaps counterintuitive
that the hetero-metallic RuRhRu system appears to more delocalized than its homo-
metallic RuRuRu counterpart, but it is important to remember that the energies
of the orbitals are determined not just by the identity of the metal but also by its
coordination environment. The presence of six w-donor chloride ligands around the
central metal therefore offsets the intrinsically greater electronegativity of Rh vs Ru,
resulting in atom-centered d orbitals of very similar energies on all three metals.
The UV-Vis spectra of the [IrClg]*” and 3** are compared in Figure 3.4, along with
the optimized structure (BLYP functional) and the Kohn-Sham molecular orbitals.
The spectrum of the [IrClg]* has two bands at 20000 cm~" and 24000 cm™!, while
TD-DFT with M06-L predicts two bands at 16871 cm™! () and 32487 cm™! (1)
corresponding to charge transfer from the chlorine to metal-based orbitals, C1 — Ru
(tag) and C1 — Ru (e,), respectively. Again, previous SCF-X,, studies suggested that
both bands correspond to Cl — Ru (tg,) transitions.?®® The experimental UV-Vis
spectrum of the 3** shows two bands below 20000 cm ™!, one at 5730 cm™! (¢ = 3070
dm®mol~*em™) and the other at 13800 cm™! (e = 2150 dm®mol~*em™'). TD-DFT-
MO06-L predicts bands at 12307 ecm™' (v1) and 20990 cm™" (14), both corresponding
to metal to metal charge transfer. The first, the as, — 2a1, excitation (6" — o*), is
entirely within the to, manifold while the 2e;,, — le;, excitation (67° — §¥), involves
promotion of electrons across the to,-e, gap. The Cl — Ru charge transfer is pre-
dicted to start at 34730 cm™" (v3) consistent with the band at 30440 cm™ (e = 3910
dm®mol~*em™) in the experimental spectra. The switch from Ru (17) to Ir (3?1) in
the central position also results in a marginal contraction of the manifold of states
arising from one-electron promotions to the 2a;, orbital, and the 0™ — ¢* transition
in 3** is computed at 12307 cm™! () (TD-DFT, M06-L) compared to 12610 cm™*

(1) in 17, Unlike the spectrum of 17, where the TD-DFT calculations were very
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similar to the experimental spectrum, there is a substantial discrepancy between the
computed and measured spectra of 327. Most obviously, the lowest frequency band
is much higher in the TD-DF'T calculations. This may be a consequence of spin-orbit
coupling, which is not included in the calculation. Alternatively, the simplification
of the PEt; ligands with PH; may stabilize the orbitals on the terminal Ru centers,
pushing the Ru — Ir charge transfer to higher energies. Nevertheless, it is clear that

the low-energy bands reflect transitions within the ty, manifold of orbitals.

Computed EPR Spectra of 1"

The EPR spectrum data of the ?A;, ground state of 17 system has been computed
using the self-consistent spin-orbit coupling approach using both BLYP and B3LYP
functionals. The computed g-tensor values of 1* are g, ,(g1)/g-(g|) of 2.33/1.90 and
2.48/1.87 with BLYP and B3LYP, respectively, comparing to the experimental values
of 2.34/~1.40. The principal axis of the g-tensor is aligned along the Ru-Ru-Ru chain
and the computed principal values are consistent with the experiment in predicting
an axial spectrum with (g.,<ge<guz,Zyy)-

In a rhombic molecule the three principal values g,, g, and g, differ from each
other but if the molecule has axial symmetry two cases can be distinguished: g,
= gy = g1 (L perpendicular to the magnetic field) and g. = g (|| parallel to the
magnetic field). If the symmetry is cubic all three principal values are equal. In cases
where the orbital contribution to the g value is completely quenched at zeroth order,
g is isotropic and equal to free electron value g. = 2.0023. However, in cases where
residual orbital angular momentum remains, there is a deviation from the free electron
value due to spin orbit coupling which mixes excited states into ground state. When
the ground state is nondegenerate, the deviation from the free electron value can be

calculated with second order perturbation theory using the following equation. 7238
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= g + 2\ 21; (gl[éln @L@) (3.1)

where 7 stands for x, y, or z, A is a spin orbit coupling constant, E, and E,, are the en-
ergies of ground and excited states, respectively, and L is orbital angular momentum.
Parameterisation of the matrix elements gives the general formula:

kX

g n

For transition metal ions with more than a half-filled d shell the spin orbit coupling
parameter is negative such that g, is larger than g, and g, which in turn are larger
than g.. In contrast, if the d shell is less than half filled the spin orbit parameter is
positive. k defines the degree of orbital mixing and, in systems with a single metal
centre, can be found by using the so-called magic pentagon (Figure 3.5). So for
example, the d,, and d,. orbitals are mixed by the z component of the magnetic field

L., the product (zz|L.|yz)(yz|L.|zz) being equal to 1.

ST

dy; 2 2 yz
% 8 % =4
—_— m, =12
dxz“'yz dxy

Figure 3.5: Magic pentagon diagram.

The deviation of g-tensor values from the free electron value (2.0023) can be

understood in term of the MO diagram in Figure 3.3 (right). For the components of
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the magnetic field aligned along x and y, the dominant contribution comes from the
matrix element (ley,|L, /y)|2a14), the energy difference between those orbitals being
0.29 eV: it is apparent on a qualitative level that rotating the components of on
orbital about the x-axes or the y-axes maps one onto the other. In contrast, the
dominant contribution when the magnetic field is aligned along z is (leyy|L, 1y|2e1q),
where the energy difference is 1.81 eV. The contribution of the first matrix element
is much bigger than the contribution from the second one but the impact on the
g-tensor is dominated by the denominator, specifically the energy gap, which is much
smaller when the vacant orbital is the SOMO, 2a;,. The end results is that the
components perpendicular to the Ru-Ru-Ru chain deviate much more strongly from

the free electron value than that parallel to it.

Electronic Structure at the 18-electron Level

The isolated forms of 2" and 3 both have 18 valence electrons, and are isoelectronic
with the one-electron-reduced 1°. In all three cases the 2a;, orbital is now filled
(Figure 3.6 (right)) giving formal bond order of zero consistent with longer Ru-M
separation of 3.1690(3) A and 3.2873(3) A measured by X-ray crystallography for 2+
and 3%, respectively. The computed values with B3LYP are 3.19 A and 3.21 A for
2+ and 3%, respectively, substantially longer than the values of 3.10 A and 3.04 A
for 17-electron 22 and 32", respectively. Accordingly, the UV-Vis spectrum of 3+
is featureless below 20000 cm ™!, and the TD-DFT-MO06-L calculation predicts a first
intense peak at 37316 cm™! (1) due to C1 — M charge transfer (ley, — ey ). This

is also consistent with UV-Vis spectra of the [IrClg]*",?*° which has a single band at

23000 cm™! (1) due to the charge transfer (t1, — e,) and less intense 26719 cm™,

consistent with the experimental spectrum has two bands at 24100 ecm™! and 28100

cm™ L,
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Electronic Structure of the 16-electron Systems

The electro-generated cations 12*, 23* and 32T all share a common 16 valence-electron
count, and the increased number of vacancies in the ty;, manifold leads to a richer
spectrum of low-lying states. As a result, and unlike the 17- and 18-electron cases, the
identity of the ground state is not clear cut, and we seek to use the comparison between
experimental and predicted (TD-DFT) spectra to identify the most likely candidates
in each case. Figure 3.7 shows a comparison of the UV-Vis spectra of [RuClg)*”
and 12T, along with optimized geometries and Kohn-Sham molecular orbitals. The
point of reference is now the UV-Vis spectrum of [RuClﬁ]zf, which has two bands
at 18168 cm™! () and 24708 cm™! (v1): TD-DFT-MO6-L suggests that these are
assigned Cl — Ru charge transfer, t;, — to, and t1, — e,, respectively. In 1%
the B3LYP functional predicts a closed-shell singlet (*A;, state) ground-state with
short Ru-Ru separations of 2.87 A, similar to the values reported for [Ru3C112]47 by
Bino and Cotton.'% The ¢ — o* transition energy of 16496 cm™! (1) estimated
using TD-DFT-MO06-L is the first intense transition, and therefore the most likely
candidate for the prominent band at 9950 cm™! (¢ = 10860 dm®mol 'cm™') in the
experimental spectrum. The deviation between experiment and theory is, however,
large (6500 cm™!), and noticeably larger than in 17 where the TD-DFT value is
within 1200 cm™! of it is experimental value (Figure 3.3 (right)). One explanation
for this deviation is the possible multiconfigurational nature of the singlet excited
state in 12T, We will explore this issue in the context of CASSCF calculations in the
following section. The second band at 20000 cm™! (15) (expt. = 21540 cm™! (e =
3010 dm®mol~!em™') corresponds to a C1 — Ru charge transfer, similar to that in
[RuClg)*". In contrast, the ground state at the BLYP level is a By, (Qa%g 26“;’9) state,
where a single electron has been promoted from the le;, orbital to 2a,,, although the
'A,, state lies only 0.05 eV higher in energy. The single occupation of the Ru-Ru-Ru

o* orbital, 2a;,, leads to longer Ru-Ru separations of 3.12 A
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In 17 (17-electron), we noted that the the inclusion of the exact Hartree-Fock
exchange in the B3LYP functional destabilizes the *Ey, (2a,2¢},) state relative to
Ay, (2a3,2€},a3,), and in general, we find that the B3LYP is systematically biased
towards configurations where vacancies reside in orbitals with o symmetry (1/2a,
ag,) rather than d, (1/2ey,, e1,). The reasons for this are not clear, but it not ex-
clusive to polymetallic chains: even in the Cg,-symmetric monometallic (PH3);RuCl;
fragment (d®), the 2A; state lies below ?E by 0.43 eV with BSLYP but only 0.05 eV
with BLYP. Whatever the reason, it is clear that the two popular functionals, BLYP
and B3LYP, offer up very different pictures of the ground-state electronic structure.

For the isoelectronic system, 23*, the DFT shows a very different picture of the
metal-metal bonding. The strongly bonded 'A;, state is now not the ground state for
either functional, although the Ru-Ru separations of 2.94 A and 2.87 A with BLYP
and B3LYP, respectively, are not dissimilar to those in 127, Instead, we find a triplet
state, *Ag,, with a 2aj 2e] 2ef,a;, configuration, to be more stable. The relatively
long Ru-Rh separations of 3.04 A suggest only weak meta-metal bonding, and the spin
densities (0.26/0.08 on Rh and 0.78/0.93 on Ru with BLYP/B3LYP) indicate that
the electron is localized on the terminal ruthenium centers. We have also identified a
broken-symmetry biradical state, BS(o,0), which is the antiferromagnetic counterpart
of 3A,,, where the electrons are localized rigorously on the two terminal Ru centres
(Mulliken spin density of 0.00 on Rh and 4+0.94 on Ru with B3LYP) which lies just
0.02/0.01 eV above the triplet with BLYP/B3LYP. These results suggested that the
communication between the two Ru centers is weak in 23F.

For the Ir analogue, 3**, the BS(0,0) state with Mulliken spin density of 0.00 on
Ir and £0.80 on terminal Ru has been located with BSLYP and has a rather Ru-Ir
separation of 3.02 A, quite similar to the Rh-Ru distance in 23*. With the BLYP
functional, however, all attempts to converge the broken-symmetry state reverted

to a state have same energy to the closed-shell singlet, 'A;,, with a short Ru-Ru
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bond of 2.95 A and small spin densities on the terminal Ru centres (£0.26). How-
ever, both A}, and BS(0,0) state are not the ground state at BLYP level, the 3A,,
(287,23 2¢1,a3,) is the ground state with very long Ru-Ru bond of 3.30 A and Mul-
liken spin densities of 0.43 and 0.51 on Ir and terminal Ru, respectively. With the
B3LYP functional, in contrast, 3>" appears much more like the Rh analogue, with
symmetry-breaking clearly favored.

The UV-Vis spectrum of the 3% is shown in Figure 3.8, along with optimized ge-
ometry (B3LYP) and Kohn-Sham orbitals. The UV-Vis spectrum is in fact very close
to the spectrum of [RusCly(PEt;)g]*" reported by Heath and co-workers, >*0 suggesting
that the electronic configuration at the Ru centres should be similar. The intense band
at 9130 cm™! in 3%" has a similar shape to the 11100 cm™" (e = 4550 dm®mol 'em™!)
band for [RusCly(PEt;)s]*". The computed UV-Vis spectrum of [RusCly(PH;)g)* for
the BS state is strikingly similar to the experimental one (Figure 3.8), with an intense
band computed (TD-DFT-M06-L) at 12515 cm ™! due to the 2a; — 3a; excitation, a
metal to metal charge transfer band. The intense band in 33 at 12517 cm™! is also
assigned to the 2a; — 3a; excitation, and the iso-surface in Figure 3.8 (right) shows
the clear localisation of both donor and acceptor orbitals on the left-hand side of the
molecule. In the BS state, then, the electronic structure of 33 can be viewed as an
effective Ruy(u—Cl)3 dimer, perturbed weakly by the third Ru centre, and as a result

the spectra of the two species are strikingly similar.
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Figure 3.8: Optimized geometry (B3LYP), Kohn-Sham orbital manifold and UV-Vis
spectra of [Ru,Cly(PHy)g® (left) and 3%+ (right). The energy scale corresponds to the
orbitals of 33*. The experimental spectrum is shown in blue and the TD-DFT-M06-L

in dashed red.
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3.3.2 Multi-Configurational SCF (CASSCF') Approach to the
Electronic Structure

The DFT study described in the previous section presents a complex picture of the
nature of the metal-metal bonding in these isoelectronic systems, with a number
of the key conclusions regarding ground states strongly dependent on the choice of
functional. Given circumstances, we turned to a wavefunction-based method, and
in particular the Complete Active Space (CASSCF) ansatz, as an alternative tool
for the study of metal-metal bonds where the generally weak overlap leads to multi-
configurational character. We will focus on the 16-electron 12+, 23+ and 33+ complexes
where the presence of two holes in the valence manifold leads to a rich spectrum of
states, as shown in Figure 3.9. Depending on the location of the two holes, these
configurations can be grouped into three groups: in the first group, the two holes are
located in the orbitals with o-symmetry, giving single-determinant states with 11A;,,
2'A;, and ®A,, symmetry (026%). In the second group, one hole is located in o man-
ifold and one in 4, that are *Ej, and *Ey, (6267). In the remaining configurations,
both holes are located in the §, manifold (64%). These configurations are classified
in such way because they are related by two electron excitations (1/2'A,,, 1/2°E,,,
1/2%E;, and 1/2%A,,) and these may interact strongly in the configuration interaction
(CI) matrix as we will see shortly. Furthermore, these effects are likely to become
important in the case of the weak metal-metal bonding. To investigate these possibil-
ities, the CASSCF approach followed by second-order perturbation theory (CASPT2)
will be used.

For both systems, 12* and 23%, we adopt a CAS(10,6) active space, with ten
electrons in six orbitals including the lag,, ley,, 2e;, and 2a;, orbitals in Figure 3.2.
Attempted to expand this space to include the le;, and la;, orbitals, with an extra six
electrons in the active space (CAS(16,9)) provides no further stabilization, and the oc-

cupations of the additional orbitals remaining close to 2.0 or 0.0 in the wavefunction.
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Figure 3.9: The manifold of configurations for the 1>T, 237 and 33* (16-electron)
systems.

The orbitals were averaged over the nine lowest-lying states of each multiplicity (9 sin-
glets and 9 triplets) that emerge from this active space. In both cases there is a clear
separation between these nine lowest states and those at higher energy, and moreover
these nine states gave an even distribution of electrons over the two orbitals of o sym-
metry and over the four orbitals of d, symmetry (as measured by equal populations).
The active orbitals of 12T and 23 systems are shown in Figure 3.10. In the triplet
manifold, the nine states consistent of a 3A,, state arising from the ¢2§% manifold,
and 3Elg and *E,, arising from the a?’(SZr manifold. All these states are highly multi-
configurational, containing in-phase combinations of the two configurations shown
in Figure 3.9 i.e. 1/2°E;, and 1/2°Ey,, with almost equal weights. The 3A,, state
arises from the 04® manifold and is again highly multi-configurational, containing
the in-phase combination of 13A,, and 2%A,, configurations shown in Figure 3.10.

3Ey, also arises from 0%6° manifold, and specifically from two components of the

3 .3 : 1 2 1 2 2 1 2 1 .
€7,67, configuration, e,z e,y €140 €1,y° and ey, x7e1,y egr-e1yy . The final state is
3A1, state which arising from an in-phase combination of ey, x'er,y?er e,y and

2 1 1 2
C1uL"C1uY €19T €14y~
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The singlet manifold contains the eight singlet analogues of the triplets identified
above, 'Ey, and 'Ey,,, 'Ay,, 'Ey, and 'A;, and in addition it contains the 'A, state
arising from the 020% manifold. This final state, which proves to be the ground state
in all systems, is highly multi-configurational, containing weights of the 1'A;, and

2'A,, configurations that will be discussed in the following section.
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Figure 3.10: Active space natural orbitals of 12T and 23 complexes.

The CASSCF calculations were performed on the optimized B3LYP geometry
for all systems, with Ru-M separations of 2.87 A, 3.09 A and 3.02 A for 12+, 23+
and 3%T, respectively. For the 1?* systems, the CASSCF wavefunction for the 'A;,
ground state has contributions from both 1'A;, and 2'A;, configurations (Figure 3.9)
with configuration weights of 0.56 and 0.44, respectively, giving overall occupations
of 1.13 and 0.87 for the lay, and 2ay, orbitals, respectively (Figure 3.10). The multi-
configurational character of the 'A;, ground state suggests a weak metal-metal bonds
with effective bond order of 0.13. The next most stable state is *A,, (Table 3.3)
which is dominated by a single configuration, which at the same geometry lies +0.16
eV higher than the 'A;, state. The multi-configurational *E;, and *E,, states are

at +0.39 eV and +0.46 eV, respectively while 3A,, lies at +0.99 eV . The CASSCF
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wavefunctions of all these states are multi-configurational, this suggests that the DF'T
energies based on single determinant must be treat with some caution: only the 3A,,

state can be reasonably described by single configurational method.

Table 3.3: CASPT?2 relative energies (eV) of the manifold configurations of 12*.

Electronic state Configuration  E,q

Ay, 0%6,° 0.00

3As, 026" +0.16
12Ey, 030, +0.39
2°Ey, 030, +0.39
1PEy, 030, +0.46
2°Ey, 030, +0.46
13A2g 0'4(571-6 —|—094
23 A4, 046,6 +0.94
3Eiy 06,0 +0.99
SA1, 0*6,0 +0.99

The CASSCF wavefunction of the isoelectronic 23* system is qualitatively similar
to that of 12*. However, the *Ay,, *Eq,, Eq, and 3A,, states now all lie within ~0.1
eV of the 'A;, ground state, and the wavefunction of the 'A;, ground state is more
multi-configurational than in all-ruthenium system. The weights of the 1'A;, and
21Alg configurations are now 0.50 and the occupations of the lay, and 2a;, natural
orbitals are both 1.0. For the 3* system,'A;, ground state again has contributions
from 1'A;, and 2'A;, configurations with weight of 0.52 and 0.48, and occupations of
the lag, and 2a;, orbitals equal to 1.03 and 0.97, respectively. Both of these lie very
close to the biradical limit (where occupations would be 1.0 and 1.0). The series 17T,
3%t and 23 therefore represent a progressive weakening of the interaction between
the Ru centers, so the extent that they are close to the exchange coupled limit for
the latter two. Even in 12*, however, the multi-configurational character is extreme,
and this may be the origin of the poor match between TD-DFT computed transition

energy and the experimental spectrum in this case.
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3.4 Conclusion

In this chapter, we have discussed the electronic structure of three isoelectronic com-
plexes with general formula [(PEts);Ru(MClg)Ru(PEts)s]”", 17/2F (M = Ru), 22+/3+
(M = Rh) and 32+/3+ (M=Ir) systems at both the DFT and CASSCF levels of theory.
The UV-Vis spectra of these species are computed using the TD-DFT methodology
and are compared to the spectra of the [MClg]* fragments, where these are available.
Initial computational tests on different substituents on the phosphine ligands suggest
that the [(PH);Ru(MClg)Ru(PH)3]*" model that is used throughout is acceptable.
For the 17-electron species, the UV-Vis spectra of 17 and 3*" show a peak due to
metal-to-metal charge transfer that is entirely absent in the [MClg|” fragments. The
computed electronic structure at the DFT level shows that replacement of the central
Ru™ ion by Rh or Ir weakens the metal-metal bonding. The effect is most pro-
nounced in the 16-electron level, where the nature of the metal-metal bonding proves
to depend critically on the applied exchange-correlation functional. The CASSCF
wavefunction shows that the 12*, 23* and 33* systems differ only in the degree of
multi-configurational character in the 'A;, ground state. The continuous variation
in the composition of the 'A;, wavefunction maps a transition from weak covalent
3-center-4-electron bonding in 12% to an exchange-coupled in 23+, where the Rh'™ ion
act as a diamagnetic bridge between two paramagnetic Ru'™" centers. These systems
highlight the point that covalent bonding and antiferromagnetic coupling are simply

two ends of a continuous spectrum, with many cases lying between these two limits.
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Chapter 4

Metal-Metal Bonding in
Face-Shared Tetranuclear Metal
Chains: The Effect of the

Oxidation States

4.1 Introduction

This chapter focusses on the electronic structure of the (PEt3);Ru[RuyClg|Ru(PEt3)3
(4) molecule (Figure 4.1). This structure has a face-shared octahedral architecture
which is closely related to the structure of the trimetallic systems described in the
previous chapter. This molecule has approximately Ds;, symmetry with four ruthe-
nium ions lying along the common three-fold rotation axis: each metal ion has an

approximately Cs, local symmetry.

(@) (b)

Figure 4.1: The structure of di-metallic, [Ru,Clg]*” (a) along with 4*. Hydrogen
atoms were omitted for clarity.
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Our interest in this compound comes from work conducted by our collaborators,
Professors Graham Heath, and Alison Edwards and Dr Nicholas Perkins (Australian
National University), who have reported the synthesis of 47. The synthetic method
that gives access to this complex involves taking the [RuQClg]gf unit rather than
[MClg]* fragments in the trimetallic systems in the previous chapter and capping it
with a source of Ru(PR3)s. The electronic structure of [Ru,Clg)®” is well studied, and
its molecular orbital array well known.?47243 Therefore, to a good approximation,
the molecular orbital diagram of 4 can be generated based on that of the [Ru,Clg)*
dimer. The six to, orbitals of the [RuyClg] % unit and the three tog orbitals from each of
the [Ru(PRj)s]*" fragments are combined to form twelve molecular orbitals as shown
in Figure 4.2. These orbitals split into a ¢ manifold made up of linear combinations
of the d,= orbitals aligned along the trigonal axis (o7, 09, 03, and 04) and a manifold
of three doubly degenerate orbitals with mixed ¢ and 7 symmetry (0, 0r,, Oy, and
6r,). The 4% complex has a [Ruy]'"" core and hence a valence-electron count of 22,
leaving the o4 (2a}) orbital empty.

Detailed spectro-electrochemistry has allowed for characterization of the 4™ com-
plex in a range of oxidation and reduction states, offering a further opportunity to
tune the strength of bonding between the ruthenium ions. The oxidation and re-

%) generate four cores, [Ruy)*", [Ruy)’", [Ruy"'"

duction processes on the 47 ([Ruy]
and [Ru4]124r with valence-electron count of 24, 23, 21 and 20, respectively. The
[Ruy)®" core of the 4~ molecule has no capacity to form metal-metal bonds due to
fully occupation of the molecular orbitals of Figure 4.2. However, the other cores have
the ability to form metal-metal bonds between ruthenium centers. The metal-metal
bonding in these cores can be developed over all four metal ions, or, alternatively,
localized on specific part of the molecule.

From an electronic structure point of view, there are different ways to look at this

tetra-metallic system. Based on the Figure 4.2 the nature of the ruthenium-ruthenium
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Figure 4.2: Molecular orbital array for [(PEts)sRu[Ru,Cly]Ru(PEts)s]™ (D3, symme-
try).

bonding in these species depends on the relative energies of the ty, orbitals on the
[RuyClg] unit and the Ru(PR3); fragments. Therefore, we can consider two scenarios:
(a) the orbitals on [RuyClg| are much higher in energy than those on the outer metals,
in which case the metal-metal bonding would be localized in the central [RuyClg] unit.
(b) the orbitals on [RuyClg] unit are much lower than those on the outer metals, in
which case the orbitals on the central [Ru,Clg] unit become fully occupied. In this
case, the central [RuyClg| fragment can be thought of as bridging ligand, mediating
the interaction between two paramagnetic ruthenium centers. There is, of course, a
continuum of intermediate scenarios of between these two limits.

The central question we aim to address in this chapter is whether we should view
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the (PEt3)sRu[RuyClg|Ru(PEt3)5 system as a [RuyClg] dimer between two [Ru(PEts);]
inert units or all four ruthenium ions participate in the metal-metal interactions. For
this purpose, we compare and contrast the properties of the [RuyClg]* dimer with the
[(PEt;);Ru[RusClg] Ru(PEty)5]™~ chains across a range of oxidation and reduction
states, using both density functional theory and multi-configurational (CASSCF /PT2)
methods. Our results clearly suggest that the answer to this question depends on the
oxidation state of the (PEts);Ru[RuyClg]Ru(PEt;)s system. The [Ru,Clg]* has a 10-
electron core ([Ruy)®") which will be compared to 4 which has 22-electron ([Ruy)'"").
The reduced form, [Ru,Clg]* has an 11-electron core ([Ruy)>") will can be compared
to 4° with 23-electron core ([Ruy)”"). While the oxidized forms, [RusClg]*” vs 42+ and
[RusClg]" vs 4%+ ([Ruy]'?") are also comparable. In the limit that the [Ru(PEt;)s]
units are inert, the UV-Vis spectrum of the (PEt3);Ru[RuyClg]Ru(PEts); molecule
should map directly on to that of [RuyClg] dimer analogue.

The work described in this chapter has been submitted for publishing

4.2 Computational Methodologies

All DFT calculations in this chapter were done with the Amsterdam Density Func-
tional package (DFT2016.105).23721% In this study, we used two types of functionals,

216,217 and its

the gradient-corrected BLYP functional of Becke, Lee, Yang, and Parr
hybrid B3LYP,?!%219 in both cases with relativistic scalar corrections (ZORA). A
triple-¢ Slater-type basis set extended with a single polarization function (TZP) was
used to describe the transition metals while double-( Slater-type basis sets extended
with a single polarization function (DZP) were used for the main-group atoms. The
frozen core approximation was used to treat the electrons in orbitals up to and includ-
ing 3d on Ru, 2p on P and Cl, and 1s on C. For the calculations with PMes ligands,

Grimme’s corrections for dispersion were adopted.??° Symmetry breaking was allowed

by reducing the overall symmetry from D3, to Cs, and polarizing the starting potential
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such that an excess of spin-a and spin-g density was placed on opposite ruthenium
centers (using Modifystartpotential keyword in ADF). This allows the electrons to
localize in a biradical state if this is more stable than the delocalized alternative, but
it does not force them to do so: a spin polarized initial guess can always converge
on the delocalized solution if this is more stable. The gradient algorithm of Versluis
and Ziegler was used to optimize all structures.??! Time-dependent DFT??? was used

223 and

to calculate UV-Visible spectra with Tamm-Dancoff approximation (TDA)
CH,Cl, as a solvent, the BSLYP and M06-L2242% functionals with relativistic scalar
corrections (ZORA) were used in this method.

Single point CASSCF /PT2 calculations were done using the MOLCAS 8.0 pack-
age.??8 The orbitals are expanded in a basis of atomic natural orbitals optimized for
relativistic corrections and core correlation (ANO-RCC).?2 The large primitive set of
functions is contracted to [7s6p4d2flg| for Ru, [4s3pld] for P and Cl, and [1s] for H.
The Cholesky decomposition with threshold of 1.0 e=® was used for the two-electron

integrals. 239

4.3 Results and Discussion

Structural Data: Comparison of X-ray Experiments to DFT

The structure of [(PEts)sRu[Ru,Clg]Ru(PEts)s] ™, 4, have been reported in the PhD
thesis of Dr. Nicholas Perkins.?3! This system has been identified as a face-shared
octahedral architecture shown in Figure 4.1, with two different groups of metal-metal
bonds. The Ru-Ru distance between the two inner ions (Ru-Ru) is 2.696(2) A while
the separation between inner and outer ions (Ru;-Ru,) is much longer at 3.102(8) A.
The Ru;-Ru; distance is slightly shorter than the value of 2.725(3) A in the [RuyClg)*
molecule.?® The Ru;-Ru, distance value is similar to the value of 3.083(1) A in the
16-electron [(PEts)sRu[RuClg]Ru(PEts)s]" system. For the electronic structure inves-

tigations, we have applied two quite different computational methodologies, single-
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determinate DFT and multi-configurational CASSCF/PT2. At the DFT level, we
have considered two quite different functionals BLYP and B3LYP, the latter hav-
ing 20% Hartree-Fock exchange. In the previous chapter, we have shown that these
two functionals provide qualitatively different pictures of metal-metal interactions.
We start our discussion by reproducing the X-ray data of 47 to validate both the

computational methodologies and the simplification used in our model system.

Table 4.1: Comparison of the optimized structure parameters of 4™ with different
substitutions on the phosphine ions (distance in A).

Ru;-Ru; Ru;-Ru, Ru-Cl Ru,-Cl  Ru,-P

PMe; BLYP 2.68 3.13 2.42 2.56 2.29
B3LYP 2.63 3.12 241 2.53 2.30
PH; BLYP 2.72 3.17 2.42 2.54 2.31
B3LYP 2.65 3.15 2.40 2.52 2.31

PEt; X-ray 2.696(2) 3.102(8) 235 250 231

The substituents on the phosphine ligands are similar to those in tri-metallic
system in the previous chapter (Et groups). To reduce the great flexibility of the Et
groups, we replaced this bulky group by smaller groups, Me or H, giving the simplified
models [(PMes)sRu(Ru,Cly)Ru(PMes)s]* and [(PHjs)sRu(Ru,Cly)Ru(PHs)s] ™. Table
4.1 shows the key optimized structural parameters of 41 with different substituents
on the phosphine ions, along the crystallographic data. The data suggests that both
model ligands do appear to capture the majority of the inductive and steric effects
of the alkyl group: the Ru;-Ru; bond length of 2.696(2) A is reproduced to within
4+0.02 A with PH; and PMe; with BLYP. With B3LYP the Ru;-Ru; bond length
is reproduced to within about 0.06 A compared to the X-ray value. The computed
values of the Ru;-Ru, separation with BLYP are within 0.07 A and 0.03 A with PH;
and PMes, respectively. The B3LYP results, in contrast, show that the Ru;-Ru,
separation within 0.05 A and 0.02 A with PH; and PMe;, respectively. Overall, the

computed values of the structure parameters of the different substituents suggests

89



that this simplification of the phosphine ligands does not compromise the description
of the metal-metal bonding to any great extent. As a result, we will use the high
simplified model ligand PHj in the following sections, taking advantage of the ability

to impose D3, symmetry with all its advantages.

Electrochemistry

The electrochemistry of compound 4 reported in the PhD thesis of Dr. Nicholas
Perkins,?3! is summarized in Table 4.2. We need to note here that X-ray data are not
available for any of these electro-generated species. The electrochemistry of 41 shows
two reversible oxidation waves and two reversible reduction waves as shown in Table
4.2, the first and second oxidation waves are at +0.99 V and +1.16 V, respectively, the
first and second reduction waves located at -0.13 V and -1.25 V| respectively. The
voltammetry of the [RuyClg]” system also has two reversible oxidation waves and
one quasi-reduction wave (Table 4.2) at +0.92 V, +1.58 V and -0.57 V, respectively.
The X-ray data of 4 is available for just 47 (22-electrons) oxidation state and the
3- oxidation state of the [RuyClg] molecule but the UV-Vis spectra are available
for the entire oxidation and reduction series of 4 and [Ru,Clg), 43+/2+/+/0/= and
[Ru,Cly] 7> 73/% In the following section we will compare 43, 42t 4+ and 4° to
the isoelectronic member of [Ru,Clg]” series, the purpose of being to understand the

nature of changes in metal-metal bonding across a range of oxidation states.

Table 4.2: Oxidation and reduction potentials for 4 and [RuyClg] (they examined in
the 1+ and 3- states, respectively) vs. Ag/AgCl in CH,Cl, solution.

E1/2 (red?)[V] El/g(redl)[\/} E1/2<OX1)[V] E1/2 (OXl)[V]
RuRuRuRu (4) -1.25 -0.13 +0.99 +1.16
Ru,Cly -0.57 +0.92 +1.58
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4.3.1 The Electronic Structure at DFT Level

Electronic Structure of the 22-electron System
We anticipated above that the [Ru4]10+ core has 22 valence-electron which populates
all molecular orbitals in Figure 4.2 leaving the 2aj orbital with o, character empty.
The Kohn-Sham molecular orbital diagram of 4" shown in Figure 4.3 confirms this.
The Kohn-Sham orbital array of 4* has similar features to the [Ru,Clg]* ™, the 1a}, 1ef,
2¢} and 1aj frontier orbitals of [RUQCIQ]?V with o, d,, 0% and o* character, respectively,
map directly on to the laj, lef, 2¢} and 1aj orbitals of 47 molecule. For 47, Kohn-
Sham array also shows that the linear combinations of the ty, orbitals of the terminal
ruthenium ions all lie in a very narrow band this located below the LUMO (2a}) and
above the 1a] orbital. The ground state for both [Ru,Clg]*” and 4+ has 'A} symmetry,
as predicted by both BLYP and B3LYP functionals. The Ru-Ru bond lengths of 2.76
A and 2.69 A with BLYP and B3LYP, respectively, for [RuyClg]* compare to the
X-ray value of 2.725(3) A. For 4%, the iso-surfaces of orbitals in Figure 4.3 (right)
show that there is a clear separation between orbitals that are localized on the central
Ru ions and those that are localized on the terminal ions. However, there is some
contribution from all four Ru ions in all orbitals with o-symmetry.

The experimental UV-Vis spectrum of 4% shows two intense bands at 11780 cm ™!
(e = 15320 dm®mol'em ') and 23410 em™! (¢ = 8120 dm®mol*em™!). In contrast,
the spectrum of [RuQClg]gf has no band below 20000 cm~! but shows two bands at
22500 cm~! and 25500 cm~!. The UV-Vis spectra of both systems have been com-
puted at the TD-DFT level with both BSLYP and MO06-L functionals as shown in
Figure 4.3. For 47, the first intense band is computed at 11310 cm™* (1) and 13386
em ™! (1) with M06-L and B3LYP, respectively, and can be assigned to the 2a] — 2a/)
transition. From the iso-surface of the 2a] and 2aj orbitals, this band can be clearly
assigned as a metal-to-metal charge transfer, specifically, from the outer ruthenium

to the inner ruthenium ions. The second intense band is computed at 21366 cm™!
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Figure 4.3: Optimized geometry (BLYP), Kohn-Sham orbital manifold and UV-Vis
spectra of [RusClg]®™ (left) and 47 (right). The energy scale corresponds to the orbitals
of 4. The experimental spectrum is shown in blue, the TD-DFT-MO06-L in dashed
red and TD-DFT-B3LYP in solid red.
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(r9) and 22900 cm™! (v5) with M06-L and B3LYP functionals, respectively. This
band corresponds to the laj — 2aj transition, the ¢ — ¢* transition of the central
Ru,Clg unit. The corresponding band in [Ru,Clo]*” is calculated at 19635 cm™! (1)
with M06-L, and can be assigned to the feature at 24000 cm™! in the experiment. In
a previous study on [RuQCIQ]& using the SCF-X,, methodology the same assignment
was proposed.?#? However, at this level of theory the agreement between the calcu-
lated and experimental values was much poorer, this transition is under-estimated
by about 7000 cm~!. The TD-DFT methodology gives a much better description of
the open-shell excited state than SCF-X,, theory. The la] — 2aj transition energy
is given approximately by AW+K where AW is the difference in one-electron (or-
bital) energies given by ASCF methodology and K is the exchange integral. In cases
where the two singly-occupied orbitals in the excited state (for example 1a} and 2aj
in [RuQCIQ]?’* are localized in the same region of space, the exchange integral is large
and its absence in the SCF-X, approach leads to an underestimation of the energy.
Therefore, the deviation from experimental value is found. The positions and intensi-
ties of the charge transfer band (1) is found to be sensitive to the applied functionals
and this consistent with the literature. For example, the charge transfer band of 4% is
found at 11310 cm™? (1) and 13386 cm ™! () with M06-L and B3LYP, respectively,
compare to experimental value of 11780 cm~'. The deviation from the experimental
value is 470 cm ' with M06-L and 1606 cm~! with B3LYP. Despite the fact that the
two functionals shows significant deviation from the experiment, the presence of two

intense bands is consistent with the data.

Electronic Structure of the 23-electron System

The reduction of 4t and [Ru,Clg)*  molecules populates the 2a4 and 1aJ orbitals,
respectively. Therefore, the ground state of both 4° and [RugClg]* systems has 2A,
symmetry with single unpaired electron in the ¢* orbital (Figure 4.4), as predicted

by both BLYP and B3LYP functionals. Populating the 2a) orbital of 4° and the
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laZ orbital of [RusClg]*” with one unpaired electron leads to elongation of the Ru-Ru
bond lengths of both systems. The Ru;-Ru; bonds increase by 0.24 A and 0.23 A,
with BLYP and B3LYP, respectively, compared to 47 (2.96 A vs 2.72 A with BLYP
and 2.88 A vs 2.65 A with B3LYP). The Ru;-Ru, bonds also elongated by around
0.05 A with both functionals (3.23 A vs 3.17 A with BLYP and 3.18 A vs 3.15 A with
B3LYP). The effect of populating the 2aj orbital is less pronounced in the Ru;-Ru,
distance compare to Ru;-Ru; due to small degree of Ru;-Ru, o* character in the 2aj
orbital. The Ru-Ru bond length of [RUQ019]47 also increases by around 0.26 A with
both functionals compared to [Ru,Clg]*” (3.04 A vs 2.76 A with BLYP and 2.96 A vs
2.69 A with B3LYP).

The experimental UV-Vis spectrum of 4° in Figure 4.4 shows two bands at 13000

cm~! and a broad band around 26000 cm~'. The experimental spectrum of [RuyClg|*

has an intense band at 12400 cm™!.

The similarity between the spectra of 4° and
[Ru,Clg]* is obvious, particularly in the area below 20000 cm ™", consistent with the
expectation of the [Ru(PEt;)3]*" units being inert in a redox sense, making the Ru,Clg
units very similar in both systems. TD-DFT with the M06-L functional predicts two
intense bands for 4° at 13837 cm™! (1) and 20117 cm™! (14), assigned to 2a) — 2a)
and laj — 2aj excitations, respectively. The iso-surface shown in Figure 4.4 (right)
shows that the first band (v7) is mainly the 0 — o* transition while the second band
(12) is dominated by charge transfer. The order of these transitions is reversed now
compared to 47; the 0 — o* transition now occurs at low energy (experimental value
of 13000 cm™1), similar to the band at 12400 cm™" of [Ru,Clo]*” which is predicted
at 14065 cm™! (vy), while the charge transfer band (15) at high energy (experimental
value of 26000 cm™!). The v; band is also assigned to o — ¢* transition in the
other systems, for example [RuyCly(PR3)g)*", [RuoCls(AsRy)g)*", [RusCly(NHs)el*"
and [Ru,Cly(Hy0)g)*t. 24424 The reason for the shifting of the charge transfer band

to higher energy compared to 4° is clear: all orbitals on the Ru,Cly unit (including
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Figure 4.4: Optimized geometry (BLYP), Kohn-Sham orbital manifold and UV-Vis
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the SOMO) are upward shifted as a consequence of the reduction process that occurs
on the central Ru,Clg fragment. In contrast, the shift of the ¢ — ¢* transition to
much lower frequency in 4° vs 4% and also [RuyClg]" vs [RuyClg]®™ requires further
comment because the changes in separation between the relevant orbitals in Figure 4.3
and Figure 4.4 are much less pronounced. In 22-electron and 10-electron systems (47
and [Ru,Clg)*), the singlet excited states are multiconfigurational in nature whereas
the doublet ground state 2A% of 4% and [Ru,Clg]* are well described by a single
determinate. As a result, the excitation energy is, to a good approximation, given by
the difference in orbital energies (AW) and not by AW+K. We should therefore be
careful when using the frequency of the intense ¢ — ¢* transition as a direct measure
of the metal-metal bond strength.

The second reduction process (47) leads to a filled the 2a} orbital in the Figure 4.2,
and, therefore, the net bond order is zero. The computed Ru;-Ru; and Ru;-Ru,
separation values of 3.26 A and 3.29 A, respectively, with BLYP are consistent with
the absence of metal-metal bonding at this level of oxidation state. The UV-Vis

1 as would

spectrum of 47 is not of interest because it is featureless below 20000 cm™
be expected due to the large HOMO-LUMO gap. Furthermore, the 5- oxidation
state of the isoelectronic dimer RuyClg is not available so we cannot make any direct
comparison between these two complexes, 4~ and [Ru,Clg]”".

Electronic Structure of the 21-electron System

At first sight the first oxidation of 47 (22 valence electron) should remove one electron
from the doubly degenerate 2¢] orbital in Figure 4.2, giving a 2E} (2¢;3 2a4°) ground
state for both 42 and [RuQClg]Qf systems. However, the number of vacancies in the
valence manifold has increased (we have three vacancies in 4T compare to two in
47) and alternative arrangements of these three holes have to be considered, the

1A] (2€}? 2a4') and unsymmetrical-?E} as shown in Table 4.3. The unsymmetrical-

’E] state has three different Ru-Ru bond lengths that are Ru,-Ru;, Rui-Ru;, and
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Ru;-Ru, of 2.92 A, 2.97 A and 3.05 A, respectively, with Mulliken spin density of
-0.21,-0.43, 1.29, and 0.17, respectively, leading to separate one of the two Ru(PEt3),
units. Therefore, the molecule can be viewed as trimetallic systems connected to
Ru(PEt;); fragment. The ground state for both 42* and [Ru,Clg]>” molecules is
unsymmetrical->E}, but, the quartet state with very different geometry located at
+0.16 €V and +0.36 eV for 4>t and [Ru,Clg)*", respectively. The computed UV-Vis
spectra of both 4** and [RUQC19]27 complexes suggest, in contrast, that the ground
state should be the quartet (2€}? 2a5'), as we will see shortly. The fact that these two
methodologies (DFT and TD-DFT) suggest different ground states of 4T means that
we turn to multiconfigurational methods (CASSCF /PT2) to rationalize the identity

of the ground state of this system.

Table 4.3: Relative energies (eV), optimized bond lengths (A) and Mulliken spin
densities (summed over both inner and outer Ru centres) at B3LYP level of the three
states of 42+ and [Ru,Clg|®” systems.

E,.. Ru-Ru; Ru;-Ru, pRu; pRu,
42+
LAY (212 2al) +0.16 2.98 3.18 2.21 0.15
B (2¢)? 2a4°) +0.52 2.71 3.13 0.42 0.24
Unsymmetrical-?E]  0.00 2.97 2.92,3.05 +41.29,-043 +0.17,-0.21
E, Ru-Ru pRu pRu
[Ru,Clg]*
AT (2€)% 2al1) +0.36 3.07 1.20 1.20
2B (2¢)3 2a49) +0.91 2.64 0.38 0.38
Unsymmetrical-2E]  0.00 2.97 3.21 +1.53, -0.82

The UV-Vis spectrum of 4>t and [Ru,Clg]* is shown in Figure 4.5, along with
optimized metal-metal bond and the Kohn-Sham orbitals. The experimental spec-
trum of 4** shows an intense band at 8200 cm™! (¢ = 15400 dm®mol 'em™') and a
weaker band at 12100 cm™! (¢ = 5900 dm3mol~*ecm™!). In contrast, the spectrum
of [Ru,Clg]* features a broad band at ~10000 cm~" and a second band at ~18000

cm~! with a shoulder to higher frequency. The latter band is similar to those of
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[RuClg]*” and [RuClg]*” reported in the previous chapter (Figure 3.3 and Figure 3.7),
of which have both been reported as C1 — Ru(IV) charge transfer. The intense band
at 10000 cm™! is inconsistent with a similar C1 — Ru charge transfer of a local-
ized valence configuration. For both molecules, the ground state at the B3LYP level
is unsymmetrical->E/, however, the UV-Vis spectrums seem inconsistent with this
ground state. In contrast, the computed spectrum of the A/ state is consistent with
the key feature of the experimental spectrum of both systems as shown in Figure 4.5.
TD-DFT calculations on the *A” state of [Ru,Clg]*” predict a broad band envelope
around 10130 cm™! containing the o — ¢o* one-electron transition (1) and a weaker
transition due to the 0, — &% (15) excitation. The frequency of the ¢ — ¢* transition
is very close to that in [Ru,Clg]*", and the Ru-Ru separation is also similar (3.07 A
vs 2.96 A (B3LYP)), consistent with their shared 1a}? 1a4' configuration in the o
manifold.

For 4%* molecule, the major features of computed spectra of all the three states,
*AY, 2E}, and unsymmetrical-2E}, is similar. All spectra show one intense band
and one weaker band at higher wavenumber. The first band (1) is computed at
8239 cm™!, 15000 cm™! and 13191 em™! for A, 2E} and unsymmetrical-?E] states,
respectively. The second band (1) is computed at 13628 cm™!, 17433 cm™! and 16543
cm~! for A}, ?E| and unsymmetrical-2E} states, respectively. The intense band v,
is dominated by the 2a] — 2al transition while the second band, v, corresponds to
la] — 2aj. The quartet and unsymmetrical-doublet states are very close in energy
(the quartet just 0.16 eV higher in energy). However, these two states show two
different scenarios of metal-metal bonding (Table 4.3): in the quartet state the two
terminal ruthenium ions participate in the bonding (spin density on the terminal
Ru is 0.15) while in the unsymmetrical-doublet state only one of the terminal Ru
centres participates in the bonding. The Mulliken spin density distribution of +0.17,

+1.29, -0.43 and -0.21 of unsymmetrical-doublet confirms that the unpaired electron is
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Figure 4.5: Optimized geometry (B3LYP), Kohn-Sham orbital manifold and UV-
Vis spectra of [RusClg)*” (left) and 42+ (right). The energy scale corresponds to the
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localized on a single centre, giving an oxidation state pattern of Ru?"Ru**Ru*tRu?",
with the isolated Ru?* centre separated from a trimetallic Rus unit. The localization
of orbitals on the different region of space leads to a 2"¢ order Jahn-Teller instability
where the symmetry reduction allows the HOMO and LUMO to mix and then the
charge allowed to flow from one Ru(PHj)3 cap to the RuyClg unit. On the other hand,
the quartet shows that the charge transfer flows symmetrically from both Ru(PHjs);
caps to the central RuyCly unit, the 2a) — 2al transition in Figure 4.5. The iso-
surface of the 2a) orbital is localized mainly on the Ru(PHj)3 caps while the 2aj is
localized on the central RuyCly dimer. The second band v5 corresponds to the laj —
2ay (0 — o*) transition with the 1aj orbital delocalized over the all three ruthenium
ions. In summary, in both quartet and doublet cases the terminal ruthenium ions

start to participate to some extent in the metal-metal bonding at this oxidation level.

Electronic Structure of the 20-electron System

The ground state of [Ru,Clg]' is a broken-symmetry singlet (BS-'A}) with antifer-
romagnetically coupled Ru*t centres, a Ru-Ru separation of 3.31 A and Mulliken
spin density of +1.50 (B3LYP). In contrast, the broken-symmetry singlet (BS-'Af)
(qualitatively similar to the ground state of [Ru,Clg]'") with Mulliken spin densities of
+1.04 on the central Ruy,Clg dimer and +0.54 on the outer ruthenium ions is not the
ground state of 4>T. However, we have located two states very close in energy, a Af
state with 2¢}%2a/12a}! configuration and a close-shell singlet (*A) with 2¢/*2a/2a}°
configuration. The closed shell singlet has a total o bond order of 2.0 distributed over
all four ruthenium ions, and the optimized structure has two very short Ru;-Ru, bond
lengths of 2.70 A and a long Ru;-Ru; distance of 3.19 A. The oxidation state of this
state has a Ru"Ru*TRu?*TRu®t arrangement with single bonds between the inner and

outer ruthenium centres, this molecule can be viewed as two dimers of Ru,Clg(PEt3)s.

The 5AY state differs from the broken-symmetry state only in the coupling between
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the Ru, units which now has a ferromagnetic arrangement. In both cases, a single

electron occupies both 2a/ and 2aZ orbitals, giving relatively long Ru-Ru, (~2.98 A).

Table 4.4: Relative energies (eV), optimized bond lengths (A) and Mulliken spin
densities (summed over both inner and outer Ru centres) at B3LYP level of the three
states of 43F system.

E... Ru-Ru; Ru-Ru, pRu; pRu,

43+
SAT(2¢/22a/12a0T) 0.00  3.18 297 220 1.00
LAY (2¢/422/0222°)  +0.06  3.19 270 0.00 0.00

The optimized geometry (B3LYP) along with Kohn-Sham molecular orbital and
experimental and computed UV-Vis spectra of [RugClg]lf and 43t are shown in
Figure 4.6. The experimental UV-Vis spectrum of 43* has no intense features be-
low 18000 cm™t. There is no sign of a charge transfer band similar to those in the
4% and 4%* or the 0 — o* transition in 4°. This might reflects substantial charge
transfer from both Ru(PHj); caps to the central Ru,Clg unit occurs in the ground
state. The spectrum of [Ru,Clg)'™ is very close to that of [RuClg]* in the previous

I consistent with

chapter (Figure 3.7) with an intense band located at ~18000 cm™
valence-localized configuration. For [RuyCly]'", TD-DFT with M06-L at the BS-'A/
ground state shows that the spectrum is dominated by Cl — Ru®* charge transfer,
which gives a reasonable match to the experimented spectrum. In the previous chap-
ter we have shown that the spectra of [RuClg]* and [RuClg]* are also dominated by
Cl — Ru charge transfer.

For 43F, the quintet and BS-singlet states gives intense ¢ — o* transitions below
15000 cm~! (Figure 4.6) similar to that for [Ru,Clg]* , [RuyClg)*” and 4° (Figure 4.4,
4.5 and 4.4, respectively). However, this band is completely absent in the experimen-
tal spectrum, suggesting that the quintet and BS-singlet states cannot be the ground
state of 43", despite the fact that the A/ state is more stable than BS-'A} and 'A}

states. The computed spectrum of the close-shell singlet (*A’) state with unoccupied
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2a) and 2aj orbitals is, in contrast, a good match with experiment. The first band
(v1) at 18745 cm ™! corresponding to the laj — 2a) transition and second band (v»)
at 22957 cm™! is assigned to the laj — 2aj transition. The 02¢*? configuration at
each dimer unit similar to that in [RuyClg]*” and 4+ (Figure 4.3) where the ¢ — o*

transition occurs above 20000 cm™!.

Despite the fact that, the spectrum of close-
shell singlet matches the experimental spectrum, this is not the predicted ground
state, which is °A7. The tendency of hybrid functionals to stabilise a configuration
with larger number of vacancies in the o-symmetry (2¢}42a)%2a5° vs 2¢;22a)'2aj!)
also appears, as it did in the tri-metallic systems introduced in the previous chapter.
Therefore, it is hard to conclude the nature of the ground state, although the better
match between the experimental spectrum with the close-shell singlet is strong evi-

dence in support of this argument. The CASSCF methodology will be introduced in

the next section to identify the nature of the ground state of 43,

4.3.2 Multi-Configurational SCF (CASSCF) Approach to the
Electronic Structure

In the above section, we have relied on the match between the computed UV-Vis
and experimental spectra to identify the ground state of the 42T and 43*. However,
the possible multiconfigurational nature of 4%, 4%* and 43* needs to be investigated
to understand the nature of the metal-metal bonding in these systems. For these
reasons, in this section, the Complete Active Space SCF (CASSCF) methodology
will be introduced.

For 4%, we have seen in Figure 4.3 that the Kohn-Sham LUMO is mainly localized
on central Ru,Clg dimer, however, there some contributions from the outer ruthenium
ions. Therefore, firstly the active space was chosen to be CAS(22,12) that includes all
orbitals in the Figure 4.2 with 22 electrons distributed amongst them. These orbitals
include the four o-mainfold orbitals (o1, 03, 03, and 04) and the doubly degenerate d,-

manifold (§,1 0x2, dr3, and d,4). We found that the orbitals on the terminal ruthenium
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ions stay fully occupied in the wavefunction and this has no effect on the CASPT2
energy. In order to reduce the computational cost, the active space was reduced to
CAS(10,6) that includes ten orbitals of central RuyClg unit with it is six electrons as
shown in Figure 4.8.

We used the state-averaged method, as we did with the trimetallic systems in the
previous chapter with the same CAS(10,6) active space; the orbitals were averaged
over nine lowest-lying states of each multiplicity (9 singlets and 9 triplets). A system-
atic representation of these states is shown in Figure 4.7. In the triplet manifold, the
nine states consist of A} arising from the 026, manifold, four states of 1/23E/ and
1/23E}, both have 038, configuration, and four states of 1/23A5 and 1/23A),, both
have 0405 manifold. Table 4.5 shows CASPT2 relative energies of these nine states

compared to A/ state, this state is the most stable as predicted by DFT.

_ 4 4
4 A4 A
44 44 A
4 — 4

®

Figure 4.7: The manifold of configurations for the 4% (22-electron) system.

To analyse the wavefunction of the A state we used the BSLYP geometry, Ru;-
Ru; of 2.72 A and Ru;-Ru, of 3.17 A. The total wavefunction of the LA ground
state has 6,10*10%0*0 and §,16*10%*? configurations with weights of 0.78 and 0.22,
respectively, giving occupations of 1.55 and 0.45 of ¢ and ¢* orbitals, respectively, as
shown in Figure 4.8. This multiconfigurational nature of the ground state cannot be

captured by a single determinant DFT method.
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Table 4.5: CASPT?2 relative energies (eV) of the manifold configurations of 41 at
B3LYP geometry (Ru-Ru; of 2.72 A and Ru;-Ru, of 3.17 A)

Electronic state Configuration  E,.g

.Y 25,8 0.00

BAY 26,8 +1.23

13Ef 30,7 +0.56

23E] 30,7 +0.56

13K, 036" +0.56

23E] 30,7 +0.55

13Af 46,8 +0.94

23A% 46,8 +0.94

13A} 040,:5 +0.94

23A, 040,:5 +0.94
2.00 2.00 0.45
2.00 2.00 1.55

Figure 4.8: Active space natural orbitals of 4 molecule with it is occupations of A}

ground state.

For 4, DFT predicts that the ground state is unsymmetrical->E/, however, the

computed UV-Vis spectrum of A/ is a better match to the experimental spectrum

(Figure 4.5), this suggests that A} should be the ground state. The geometries of

these two states, the A} and unsymmetrical-2E}, are very different (Table 4.3). The

active space of both unsymmetrical-?’E] and A/ state was chosen to be CAS(21,12)

that includes all twelve orbitals of Figure 4.2 and 21 electrons distributed amongst

them. We found that the unsymmetrical->E} geometry is used, the orbitals of one

terminal ruthenium ion (the Ru, of Ru;-Ru, bond length of 3.05 A) stay fully occu-

pied in the wavefunction. Therefore, the active space was reduced to CAS(15,9) that

includes the orbitals of three ruthenium ions (six orbitals of Ru ions of central Ru,Clg
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unit and three orbitals of one terminal ruthenium ion) and 15 electrons. However, at
the 1A% geometry we found that both terminal ruthenium orbitals stay fully occupied
in the wavefunction, hence, the active space was reduced to CAS(9,6) that includes
just six orbitals of central Ru,Cly fragment with it is nine electrons. In CAS(15,9)
active space we need to average over 36 states while using CAS(9,6) required averag-
ing over 18 states. Using different sizes of active space and averaging over different
states make energy comparison very difficult. However, the UV-Vis shapes of the
unsymmetrical->E] and 2E} are very similar, this suggests that these two states in
principle have similar electronic structures even thought their geometries are signifi-
cantly different. Noticeably, the geometries of quartet and doublet states are close to
each other (both have short Ru;-Ru; bond length and long Ru;-Ru, separation (Table
4.3), then, we can use the same size of active space (CAS(9,6)) and we can compare
them to rationalize the identity of the ground state of 42,

Using a CAS(9,6) active space on both A and ?E) geometries (Table 4.3), we
found that in both cases the *AY state is more stable than *E| by around 0.2 eV.
This is consistent with TD-DFT which predicts the spectrum of A state is in better
agreement with experimental spectrum than the unsymmetrical-2E} and 2E] states.
To analysis the wavefunction we have used the geometry of the quartet state with
Ru-Ru; of 2.98 A and Ru;-Ru, of 3.18 A. The ground state has 6,*52020*! and
6,20 02%0*! configurations with weights of 0.65 and 0.35, respectively, giving total
occupations of 3.32 and 2.68 of 4, and J,*, respectively, and 2.00 and 1.00 of ¢ and
o*, respectively, as shown in Figure 4.9.

For 43*, DFT calculations show that the ground state has A/ symmetry, how-
ever, the computed UV-Vis spectrum matches better to the spectrum of closed-shell
YA} state. Therefore, to rationalize the identity of the ground state we have used
the CASSCF/PT2 method. Figure 4.6 shows that the Kohn-Sham orbitals are delo-

calized over four ruthenium ions, more precisely, over the two Ru,Cl3(PHz)s dimers
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Figure 4.9: Active space natural orbitals of 4T molecule with it is occupations of A
ground state.

of 43*. Therefore, the active space should include all orbitals of the four ruthenium
ions, this active space is CAS(20,12). We found that all orbitals with J,-symmetry
stay fully occupied in the wavefunction similar to those in 4% where the correlation
happens just between the orbitals with o-mainfold of 'A state. Because we have
two Ru,Cl3(PH;)s dimers and the correlations happen in 47 between the o-mainfold
orbitals of the RuyCly dimer, the active space was reduced to CAS(4,4) that includes
just the orbitals within the o-mainfold as shown in Figure 4.10. The quintet and
closed-shell singlet states have different geometry, Ru;-Ru; of 3.18 A and Ru;-Ru, of
2.97 A for the quintet state and Ru;-Ru; of 3.19 A and Ru;-Ru, of 2.70 A for the
closed-shell singlet state. Therefore, the CASSCF /PT2 calculations was done on both
geometries, one set of calculations using the singlet and quintet multiplicities on close-
shell 1A geometry, and another set with both multiplicities on the A’ geometry. For
both geometries, we found that the close shell singlet state is more stable than quin-
tet state, by 3.14 eV and 1.22 eV at the closed-shell singlet and quintet geometries,
respectively. At the closed-shell 'A] geometry, the A} state has 01205°03%0,° and
01°09%03%0,? configurations with weights of 0.62 and 0.05, respectively, giving overall
occupations of 1.58, 0.42, 1.57, 0.43 of o1, 09, 03, and oy, respectively. On the 5Af
geometry these two configurations have weight of 0.46 and 0.10 of the total wave-

function, respectively, giving overall occupations of 1.37, 0.63, 1.34, 0.66 of o1, o9, 03,
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and o0y, respectively. In summary, the CASSCF/PT2 suggest that the close-shell A}

state is the ground state as predicted by TD-DFT.

(o)} Oy
0.42 (0.63) 0.43 (0.66)

04
1.58 (1.37) 1.57 (1.34)

O3

Figure 4.10: Active space natural orbitals of 43T molecule with it is occupations of the
closed-shell 1A state on both 'A% and >A/ geometries. The occupations of quintet
geometry between the parenthesis.

4.4 Conclusion

In this chapter, we have discussed the electronic structure of 4 in a range of oxidation
state (4 to 4°%) using both DFT and CASSCF methods. The electronic structure
of 4°, 4%, 4%F and 4% is compared to [RuyClg]*, [RuyClg]*, [RusClg)® and [Ru,Cly)
respectively. The UV-Vis spectra of the 4°, 4%, 42T and 4" molecules are computed
using the TD-DFT methodology and they compared to the spectra of the [RuyClg]*
fragments. If the capping Ru(PEt3); units in 4 are inert in redox sense, then the
central RuyCly units of 4°, 4%, 42T and 43" are isoelectronic with the four species of
[RuyClg]”. Therefore, the comparison of their spectra can be used to validate this
assumption and hence probe the extent to which the redox chemistry can drive the
formation of metal-metal bonds. The electronic structure of 4° and 4% is qualita-
tively similar to [Ru,Clg]*” and [RusClg]*". The ground states of 4° and 4% have 2AY
and A/ symmetries, respectively, identical to those in [RusClg)* and [Ru,Clg]*". The

computed UV-Vis spectra of 4° and 4* confirm these assignments of the ground state.
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The UV-Vis spectra of all molecules (42, 47, [RuyClg]*™ and [Ru,Clg)*") show a band
corresponding to o — o*, but the spectra of 4° and 4" feature additional bands cor-
responding to metal to metal (Ru, — Ru;) charge transfer. In 4°, the charge transfer
band is blue shifted by about 10000 cm~! consistent with a reduction process that
localized entirely on the central RuyClg unit. In 47, the CASSCF method shows that
the orbitals on the terminal ruthenium ions are very stable compare to those on the
central RuyCly dimer. Therefore, there is no driving force to include them in the
active space, as illustrated by CASPT2 calculations where the CAS(10,6) has the
same ground state energy as CAS(22,12). In both 4° and 4%, the DFT, TD-DFT
and CASSCF/PT2 methods indicate that the Ru(PEts); caps do not significantly
participate in the metal-metal bonding. This situation changes in the 4** and 43
molecules where the spectra of tetra- and bi-metallic systems appear rather different
and the DF'T calculations show ground states of different multiplicity. These differ-
ences come from the presence of the d,2 orbitals on the terminal ruthenium ions of
4 which can donate electron density into central Ruy,Clg unit. For 42F, there are two
plausible candidates for the ground state, but at DFT level both (unsymmetrical-
’E} and *AY) show some contribution of the terminal Ru(PEts); caps in the total
metal-metal interactions. To try to establish the identity of ground state we used
TD-DFT and CASSCF methods. Both methods suggest that the YA state is the
ground state. Finally, upon further oxidation to 4%%, the site of oxidation is clearly
the Ru(PEt3); caps, leads to a singlet state with Ru**Ru*tRu*tRut valence con-
figuration with short Ru-Ru bonds between the inner and outer ruthenium centers.
The ground state of 43 is not definitive at DFT level and alternative A/ state lies
very close in energy. However, the singlet state with short Ru;-Ru, bond lengths
offers a convincing match to the experimental UV-Vis spectrum, and CASCF/PT2

calculations support this assignment.
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Chapter 5

Metal-Metal Bonding in

(Cp*RuCl)Q(,wCl)zz A Case of
Bond-Stretch Isomerism?

5.1 Introduction

This chapter is closely linked to the two previous chapters where we have also explored
metal-metal bonding in linear clusters of ruthenium. This chapter also focuses on
metal-metal bonding, but now in the solid-state, and so periodic density functional
theory is the tool of choice. The system of interest is (Cp*RuCl)Q(u—Cl)Q where
Cp* = CsMes, the X-ray structure of which is taken from a report by Kolle and
co-workers. 247249 The remarkable feature of this system is that two different isomers
of (Cp*RuCl)Q(,u—Cl)g, with dramatically different bond lengths, are present in same
unit cell as shown in Figure 5.1. The Ru-Ru bond length in the first of these is 2.930(1)
A while in the second it is 3.752(1) A. In the context of metal-metal bonding, such
bond lengths are characteristic of the two extreme limits of covalent bonding on one
hand and exchange coupling on the other. The fact that the two isomers coexist
suggests that the energetic balance between covalent and exchange-coupling regimes
is very delicate, and this presents a very significant challenge to theory. In particular,
the presence of a pair of electrons in a Ru-Ru bonding orbital in the short isomer but

not in the long isomer means that the electron-electron repulsion problem is rather

110



different in the two cases.

A 2.930(1;,&&6 >
- . ? A

é 3.752(1) A 4
B oy (b

Figure 5.1: X-ray structure of (Cp RuCl)y(u—Cl), system taken from reference 247-
249.

The reasons for the coexistence of these isomers in the same unit cell has been
debated since the compound was first synthesized in 1991. The elongation of the
metal-metal separation from 2.930 A to 3.752 A might, in principle, be due to the
change in the spin coupling between the Ru centers, from spin singlet (antiferromag-
netic) arrangement in the short form (2.930 A) to a triplet state (ferromagnetic) in
the long bond length (3.752 A). These two arrangements should, in principle, gener-
ate a double minimum on the potential surface but in practice, a barrier of at least
1.3 eV would be necessary to allow for the isolation of both isomers under normal
conditions. 2

The electronic structure of system such as this, where two isomers differ only in
the length of one or more chemical bonds, is often terms bond-stretch isomerism. %!
The most prominent example of the phenomenon, [Mo(O)Cly(PMeyPh)s], was re-
ported by Chatt and co-worker,?°? where a short Mo-O bond is accompanied by a
long cis Mo-Cl bond in one isomer, and vice versa in the other. The cis-mer-isomer

of [W(0)Cly(Megtacn)]™ was studied by Hoffmann and co-workers using Extended

Hiickel theory, who argued that the bond-stretch isomerism was a result of electron
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redistribution within the 7 framework of the molecule which leads to a crossing of
occupied and unoccupied orbitals in [W(O)Cly(Mestacn)]* or to a second-order Jahn-
Teller effect in cis-mer-[Mo(O)Cly(PMe,Ph);]. 2% However, the structure of these sys-
tems was later reinvestigated by Hall and Song?5? using ab initio methods, who were
able to locate only a single minimum on the potential energy surface. At around
same time, the structure of cis-mer-[Mo(O)Cly(PMe,Ph)s] system was reinvestigated
experimentally, and the results show that the different in Mo-O distances is, in fact,
an artifact of compositional disorder due to traces of mer-[MoCls(PMeyPh)s]. 254255
This clearly illustrates that the level of the quantum chemical methods is crucial in
understanding the electronic structure of such systems. At the time, this reinter-
pretation of the crystallographic data appeared to be the nail in the coffin of the
bond-stretch isomerism debate.

Returning to the (Cp RuCl)y(zi—Cl), system of interest here, and electronic struc-
ture study of the isolated gas-phase molecule using broken-symmetry density func-
tional theory. These calculations confirmed the presence of two minima on the surface,
with Ru-Ru separations very close to the experimental values.?*® Moreover, the short
Ru-Ru bond was associated with a long terminal Ru-Cl bond in one isomer and vice
versa in the other. The fundamental ideas developed by Hoffmann in the context
of the molybdenum oxychlorides therefore seem to have some relevance in this case.
However, by definition only one of these can be the global minimum, and this was
found to be the isomer with a short (i.e. covalent) Ru-Ru bond. A gradient-corrected
functional (BP86) was used in this work, and the results reported in previous chapters
have highlighted the extreme dependence of Ru-Ru bonding on the precise character-
istics of the exchange correlation functional. In this chapter, I revisit the question of
the origins of bond stretch isomerism in this system using a wider range of functionals,
and also periodic DFT, which allows us to include the wider crystalline environment.

We have also applied the CASSCF/CASPT2 methodology developed in the previous
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chapters to offer complementary perspective on the Ru-Ru bonding. In the following
discussion we will refer to the molecule with short Ru-Ru separation as molecule A

and the molecule with long Ru-Ru separation as molecule B.

5.2 Computational Methodologies

All molecular DFT calculations were done with the Amsterdam Density Functional
package (DFT2016.105).21321% In this study, we used two types of functionals, the
gradient-corrected BLYP functional of Becke, Lee, Yang, and Parr?%217 and its hybrid
B3LYP,2%219 in both cases with relativistic scalar corrections (ZORA). A triple-¢
Slater-type basis set extended with a single polarization function (TZP) was used to
describe the Ru centres while double-( Slater-type basis sets extended with a single
polarization function (DZP) were used for the main-group atoms. The frozen core
approximation was used to treat the electrons in orbitals up to and including 3d
on Ru, 2p on Cl, and 1s on C. Symmetry breaking was allowed by reducing the
overall symmetry from Cq, to Cs and polarizing the starting potential such that
an excess of spin-a and spin-f density was placed on opposite ruthenium centers
(using Modifystartpotential keyword in ADF). This allows the electrons to localize
in a biradical state if this is more stable than the delocalized alternative, but it does
not force them to do so: a spin polarized initial guess can always converge on the
delocalized solution if this is more stable. The gradient algorithm of Versluis and
Ziegler was used to optimize all structures.??!

Single point CASSCF /PT2 calculations were done using the MOLCAS 8.0 pack-
age.?? The orbitals are expanded in a basis of atomic natural orbitals optimized for
relativistic corrections and core correlation (ANO-RCC).?? The large primitive set
of functions is contracted to [7s6p4d2flg] for Ru, [4s3pld] for Cl, [3s2pld] for C and
[1s] for H. The Cholesky decomposition with threshold of 1.0 e™® was used for the

two-electron integrals. 230
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For plane-wave based calculations, the Vienna Ab initio Simulation Package (VASP
5.3.2) was used. 2" All calculations were performed using the GGA-PE functional with
the plane-wave basis code. In all calculations, the ions are allowed to move freely, and
the cell volume and shape allow to change. Due to large unit cell, I'-point sampling
(a 1x1x1 k-point grid) was used. Different values of the plane-wave energy cut-off and
the Hubbard U parameter, U.s¢, have been used, and these choices will be discussed

in detail in the relevant section.

5.3 Results and Discussion

5.3.1 The Electronic Structure at the Molecular DFT Level

Figure 5.2 shows Kohn-Sham molecular orbital arrays of both molecule A and B. We
need to note here that the molecular orbital array of (Cp RuCl)y(u—Cl), is qualita-
tively different from those of face-shared octahedral molecules that discussed in the
previous two chapters, the J- and w-manifold are not degenerate in this system. For
molecule A, the ground state has 'A, symmetry with o* character. The computed
Ru-Ru separations of 2.95 A and 2.89 A with BLYP and B3LYP, respectively, are
in excellent agreement with the value of 2.930(1) A from the X-ray data. In con-
trast, the ground state of molecule B has B, symmetry with two unpaired electrons
in the Ru-Ru d-manifold. The Ru-Ru separation of 3.81 A and 3.75 A with BLYP
and B3LYP, respectively, are again in excellent agreement with the X-ray value of
3.752(1) A. The terminal Ru-Cl bond length of molecule A computed at 2.47 A with
both BLYP and B3LYP compared to the X-ray value of 2.418(2) A. The molecule B
has noticeably short terminal Ru-Cl distance of 2.38 A computed with both BLYP
and B3LYP compared to 2.3619(6) A of the X-ray counterpart. A broken symmetry
singlet state, where one electron is localized on one Ru center with spin up and other
electron on the second Ru center with spin down (£0.77 with BLYP and £0.85 with

B3LYP) lies only 0.01 eV below the *B, state with both BLYP and B3LYP, consistent
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with very weak coupling between the two Ru centers at this distance. These results
suggest a strong exchange interaction between two Ru centers in molecule A, but
not in molecule B where metal-metal distance is similar to the nonbonding Rh-Rh

distance in (Cp RhCly), system. 25

-4.0)

-4.5

Kohn-Sham Eigenvalue / eV

-5.0

Figure 5.2: Kohn-Sham molecular orbital of molecule A (left) and molecule B (right)
computed by BLYP functional.

The unoccupied orbital of molecule A has o-symmetry while in molecule B the
singly-occupied orbitals have d-symmetry, and so the transition from covalent bonding
to exchange coupling is intimately connected to the increase of § character in the
unoccupied manifold as a function of increasing Ru-Ru bond length as we will see
in next section. Figure 5.3 shows the potential energy surface of (Cp RuCl)s(u—Cl),
for three states, the closed-shell singlet, the triplet and the broken-symmetry (BS)
singlet. In the BS state the symmetry was reduced from Cq, to C,, and the BS
state was generated from the triplet (06*) by flipping the spin from up to down on
the second Ru-center. The potential energy surfaces with BLYP and B3LYP show
similar general trends, with a minimum at about 2.9 A for the closed-shell singlet
and a minimum at about 3.8 A for the triplet and BS states. Along the whole PES
the triplet and BS states are almost degenerate, even at short Ru-Ru bond lengths,

suggesting that the exchange coupling through the  symmetry orbitals is very weak.

115



The singlet state is more stable than both the triplet and BS states at bond lengths
between 2.5 A to 3.3 A, after which the order is reversed. Furthermore, the minima
for the triplet and BS states are more stable than the singlet for both BLYP and
B3LYP functionals, although the B3LYP functional stabilizes the triplet and BS

states substantially compared to singlet.

Energy / eV Energy / eV
A
=0O= Singlet =O= Singlet
-298.0 =O= Triplet -357.0 =O= Triplet
-O=— BS =O— BS

-298.5 -357.5

-299.0 -358.0

-299.5 -358.5
2.6 3.0 3.4 3.8 2.6 3.0 34 3.8
Ru-Ru/A Ru-Ru/A
DFT-BLYP DFT-B3LYP

Figure 5.3: Potential energy surface at three different configurations optimized by
BLYP (left) and B3LYP (right) functionals.

5.3.2 Multi-Configurational SCF (CASSCF) Approach to the
Electronic Structure

In this section, we will investigate the electronic structure of the (Cp RuCl)s(u—Cl),
system at the CASSCF level to provide a different perspective on the transition
from covalent bonding to exchange coupling. For this reason, we will analysis the
wavefunction at the two extremes, at short Ru-Ru and long Ru-Ru bond lengths,
then we will look at the composition of the wavefunction at different Ru-Ru bond
length between these two extremes. For both systems we adopt a CAS(10,6) active
space that includes the six orbitals in Figure 5.3 and the ten electrons distributed
among them. A state-averaged approach was used, with the averaging over the nine

lowest-lying states (singlets or triplets), as was done in the previous chapters.
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For molecule A (short Ru-Ru bond length), the active space orbitals are shown
in Figure 5.4: the CASSCF calculations were done on the BLYP optimized geom-
etry of the minimum for the 'A, state (Ru-Ru = 2.95 A). The ground state wave-
function has contributions from two dominant configurations, m27*2§2§*2020*° and
w2*2620*20%0*2, with weights of 0.49 and 0.19, respectively. The remainder of the
wavefunction is made up of the 727*2626* 020*!, m21*26'6 20 0", 212525 002%0*2,
and m271*20%0*20%0*? configurations with weights of 0.16 , 0.11, 0.03 and 0.02, respec-
tively. This gives ground-state occupations of 1.35 and 0.65 for o and o*, respectively,
as shown in Figure 5.4. Thus although the ground state is dominated by configu-
rations with two vacancies in the o-mainfold, configurations with vacancies in the

d-manifold do contribute.

)

2.00 2.00

@
¢
@

0.65
L A
:
2.00 2.00 1.35

Figure 5.4: Active space orbitals of molecule A (averaged over the nine lowest singlets)
and the orbital occupations in the lowest singlet state.

For molecule B, the CASSCF calculation was done at the BLYP-optimized ge-
ometry of the ®B, state (Ru-Ru = 3.81 A). The active space of molecule B is
shown in Figure 5.5 along with orbital occupations for the lowest singlet. In this
case, the ground state has almost equal contributions from the m27*2626*%0%20*2, and
w21*25%5*25%0*% configurations (0.49 and 0.51, respectively), giving occupations of

1.02 and 0.98 for ¢ and ¢, respectively. Unlike molecule A, the total wavefunction is
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completely dominated by configurations with vacancies in the d-symmetry orbitals.
Therefore, we now analyze the changes in the wavefunction across a range of Ru-Ru

bond distances intermediate between the covalent and exchange coupling limits.

0.98 2.00 2.00

1.02 2.00 2.00

Figure 5.5: Active space orbitals of molecule B (averaged over the nine lowest singlets)
and the orbital occupations in the lowest singlet state.

Table 5.1 (top) shows the composition of total wavefunction at different Ru-Ru
bond lengths of the lowest-lying singlet state. As the Ru-Ru bond length increases,
the weight of configurations with o-vacancies decreases and the weight of configura-
tions with vacancies in the d-manifold increases. Between metal-metal bond separa-
tions of 2.5 A and 3.1 A, the wavefunction is dominated by the m27*2626*2026*° and
w27*2526*20%6*? configurations with the former decreasing in weight. Between 3.1 A
and 3.7 A, an increasing proportion of the wavefunction is made up of configurations
where a single electron is promoted from the § manifold to o, such that there is a
single vacancy in each. Beyond 3.8 A, the wavefunction has almost equal weights
from the m27*2526*%0%0*2, and 727*26°6*20%0*? configurations with no vacancies in
the ¢ manifold. This is broadly consistent with the DFT calculations where it pre-
dicted that the ground state of molecule A has o-mainfold while the ground state of
molecule B has d-symmetry. Therefore, the transition from covalent bond in molecule
A to exchange coupling in molecule B can be understood in terms of a progressive

transfer of electron density out of the  manifold and into . For the triplet state,
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the wavefunction is dominated by ¢ and ¢ manifolds at Ru-Ru bond lengths 2.5 A
to 3.3 A (Table 5.1 (bottom)). At long Ru-Ru bond distances (3.8 A and 3.9 A) the

wavefunction has weight of just § manifold similar to singlet state.

Table 5.1: Total wavefunction composition of different configurations at different
Ru-Ru bond lengths (A) of the lowest-lying singlet and triplet states.

Ru-Ru
25 27 29 31 33 35 37 38 39
lowest-lying singlet state
min*2620*%0%0*  0.66 0.62 0.52 0.40 0.28 0.19 0.08 0.00 0.00
min*2626*20%*? 0.14 0.17 0.19 0.19 0.16 0.13 0.07 0.00 0.00
w2620 " 0%0* 0.10 0.11 0.15 0.20 0.25 0.27 0.24 0.00 0.04
min*26l6*20to*?  0.06 0.07 0.10 0.14 0.19 0.22 0.24 0.00 0.03
m2n*2620*%0%0*?  0.03 0.02 0.02 0.04 0.07 0.10 0.19 0.51 0.50
w2n*25%5*20%0*%  0.01 0.01 0.02 0.03 0.06 0.09 0.18 0.49 0.43

lowest-lying triplet state
win*25%5*20to*t  0.20 0.23 0.32 0.35 0.32 0.28 0.06 0.00 0.00
mn*26%6* o?o*t  0.53 051 0.40 0.33 0.30 0.28 0.20 0.00 0.04
w25 6*20to*?  0.15 0.17 0.18 0.20 021 0.28 0.18 0.00 0.04
mr*25to*ta?o*? 0.08 0.09 0.11 0.13 0.17 0.22 0.55 1.00 0.93

Figure 5.6 shows the potential energy surface for the singlet and triplet states
generated by CASPT2. We again see two distinct minima, one for the singlet at
short Ru-Ru separations and the other for the triplet at longer distances. Unlike the
DFT studies, however, the singlet state is now more stable than triplet, reflecting the
qualitatively correct treatment of the singlet afforded by the CASSCF but not the

singlet-determinant DF'T methodology.

5.3.3 Solid-State Electronic Structure: the Plane-Wave Ap-
proach

In previous sections we have seen that at both the DFT and CASSCF levels there
are two local minima on the potential energy surface of the gas-phase molecule,

one of which is necessarily more stable than the other (although the identity of the
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Figure 5.6: Potential energy surface at CASPT2 level.

more stable one depends critically on methodology). However, the X-ray structure of
(Cp RuCl)y(si—Cl), confirms that both molecule A and B co-exist in the same unit
cell, suggesting that the wider crystalline environment plays an important part. Pe-
riodic DFT using the plane-wave approach allows us to study the electronic structure
of both molecules in the unit cell. The comparison of DF'T and CASPT2 approaches
for the molecular system highlights the importance of an accurate treatment of the
electron-electron repulsion. In the context of periodic DFT, this can be manipu-
lated through the so-called Hubbard U parameter, U.ss, which imposes an energetic
penalty for double occupation of orbitals. The external pressure and the energy
cut-off also present opportunities to perturb the balance between the covalent and
exchange-coupled limits. We found that by changing the optimization conditions we
can locate all three conceivable scenarios: one short Ru-Ru bond length and one long
(as in the X-ray structure), two short Ru-Ru bond lengths and two long Ru-Ru sep-
arations. Optimization using an energy cut-off set to the default value of 400 eV and
a U.ss parameter of zero on the Ru centre Yields the structural parameters summa-
rized in Table 5.2. These parameters are in excellent agreement with X-ray values,

with Ru-Ru separations of 2.88 A and 3.80 A for molecules A and B, respectively,
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compared to 2.930(1) A and 3.752(1) A from the X-ray data. The terminal Ru-Cl
bonds also show the same pattern observed in the X-ray data, with longer bonds in A
and relatively shorter bonds in B. These calculations confirm that the structure with
both isomers present in the same unit cell is indeed a local minimum on the potential

energy surface, a point that was anticipated based on the gas-phase surface.

Table 5.2: Structural parameters of (Cp RuCl)y(u—Cl), system along with X-ray data
(bond distance in A, Cl,, stand for bridging chlorine).

Ru-Ru  Ru-Cl; Ru-Cl,, Ru-Cp

Molecule A
GGA-PE 2.88 2.46 2.36 2.19
X-ray 2.930(1) 2.418(2) 2.366(1) 2.191
Molecule B
GGA-PE 3.80 2.37 2.44 2.18

X-ray 3.752(1) 2.365(2) 2.445(1) 2.173

The agreement between X-ray structure parameters and our calculations allow us
to analysis the electronic structure of (Cp RuCl)s(u—Cl)y system. For molecule A,
the spin density is equal to zero everywhere, while for molecule B the spin density
at Ru is 0.73 in the ferromagnetic configuration (the initial density of Ru centers
was polarized to have parallel arrangements) (Table 5.3). We have also located the
corresponding anti-ferromagnetic arrangement (the initial density of Ru centers was
polarized to have anti-parallel arrangements), where the spin densities on the two

centers are opposed, just 0.03 eV higher in energy.

Table 5.3: Relative energy, spin densities (p) for ferromagnetic and anti-ferromagnetic
configurations of (Cp RuCl)y(u—Cl), system.

E,e(eV)  p(Ru)/Molecule A p(Ru)/Molecule B
Ferromagnetic 0.00 0.00 0.73
Anti-ferromagnetic ~ 40.03 0.00 +0.70

In the gas-phase DFT calculations we showed that the vacant orbitals in the
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ground states of isomers A and B have character: o-for molecule A and ¢ for molecule
B. To search for these features in the plane-wave calculations, we have generated a
density of state (DOS) diagram for the unit cell, projected onto the 4d orbitals of
the Ru centers (Figure 5.7). Molecule A (left) has a completely empty d,, band
(note that the Ru-Ru bond is aligned along the bisector of the x and z axes). For
molecule B, in contrast, the majority-spin manifold is completely filled and the two
vacancies in the minority-spin band are localized in the d,. orbitals (note that there
are two such orbitals, one on each Ru center of molecule B). with the projected DOS
is therefore entirely consistent with the different nature of the SOMOs of molecule A

and B observed at the gas-phase DFT level.

Energy/eV Energy/eV
L Spin-g Spin-a 4
1.5 ﬁob 1.5
"""""""" O
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1N - d, - d,

O - ) -

& [ - d:
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> =: p ==
2 0 2 -2 0 2
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Figure 5.7: DOS of molecule A (left) and B (right), projected onto the Ru 4d orbitals,
for the ferromagnetic configuration.

The gas-phase potential energy surfaces in Figure 5.4 highlight the point that in-
creasing amounts of exact Hartree-Fock exchange in the wavefunction stabilize states
with singly occupied orbitals over the closed-shell singlet. In periodic DFT, the effects
of increasing Hartree-Fock exchange can be replicated by using finite values for the
Hubbard U parameter, which imposes an energetic penalty for double occupation of
orbitals, effectively favouring electron localisation. To explore whether the nature of
the metal-metal bonding can be perturbed by different choices of parameter set, we

have re-optimized the structure of the unit cell under different conditions.
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Table 5.4 (top) shows the relation between U.s; and the optimized structural pa-
rameters (the magnetic moments were initialized in a ferromagnetic configuration in
all cases). As the value of U.ss is increased from 0 to 3 eV, the Ru-Ru bond length
in molecule A remains short while the Ru-Ru separation in molecule B remains long.
The spin density at the Ru centers in B increases slightly, but otherwise the electronic
changes are minimal. As U, is increased beyond 3.0 eV, the Ru-Ru separation in
molecule A increases and finite spin density develops on molecule A. At Ug; 6.0 €V,
the two molecules, A and B, are almost identical, both structurally and in terms of
spin densities. Very similar patterns are apparent in the calculations where an anti-
ferromagnetic alignment of spins was imposed in the initial density. Specifically, we
find that for U.ss = 4.0 eV and larger, the two molecules are electronically identical,
although the Ru-Ru separation remains somewhat shorter in A than in B. These
calculations highlight again the very delicate balance between covalent and exchange
coupled scenarios, a relatively small changes in the treatment of electron-electron

repulsion can drive a molecule from one extreme to another.

It is less obvious how we can drive the system to the short-short geometry (i.e
more delocalized), because 0.0 eV is clearly the lower limit in U.;;. However, by first
optimizing the structure with a rather low energy cutoff (200 eV) and an external
pressure of 50 GPa, we can converge on a structure with short Ru-Ru bonds in both
A and B (2.50 A and 2.59 A, respectively). Such a low energy cutoff is clearly far
from convergence, but starting from this structure, removing the applied pressure
and increasing the cut-off back to the default value of 400 eV, leads to a closed-shell
singlet with Ru-Ru bond lengths of 2.71 A (A) and 2.87 A (B). This structure is,
however, 1.79 eV less stable than the short/long combination described in table 5.4

for Ueff = 0.
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Table 5.4: The relation between U.;; and structural parameters of molecule A and
B (bond length in A) in ferromagnetic and in anti-ferromagnetic configurations.

Ues;f Ru-Ruin A Ru-Ruin B p(Ru)in A p(Ru) in B

Ferromagnetic
0 2.88 3.80 0.00 0.73
1 2.87 3.79 0.00 0.79
2 2.87 3.79 0.00 0.85
3 2.86 3.78 0.00 -0.91
4 3.65 3.79 0.98 -0.97
5t 3.42 3.80 1.08 1.04
6 3.64 3.77 1.12 1.12
Anti-ferromagnetic
0 2.87 3.80 0.00 +0.73
1 2.87 3.79 0.00 +0.78
2 2.86 3.79 +0.01 +0.85
3 3.14 3.78 +0.84 +0.91
4 3.30 3.78 +0.97 +0.98
5 3.36 3.77 +1.05 +1.05
6 3.39 3.76 +1.13 +1.13

5.4 Conclusion

The electronic structure of (Cp RuCl)y(;i—Cl), system has been studied at three
different levels of theory, gas-phase DFT, CASSCF, and periodic DFT. The gas-
phase DFT results show that the ground state for the two molecules present in the
unit cell have qualitatively different vacant orbitals: in molecule A the vacancy is
in the o manifold while in molecule B they are in the § manifold. The potential
energy surface at this level of theory has two minima corresponding to the different
ground states. A more nuanced perspective on the transition from covalent bonding
to exchange coupling can be understood by analyzing the CASSCF wavefunction as a
function of Ru-Ru distance. An increase in Ru-Ru distance leads first to an increase in
contributions from configurations with vacancies in both the ¢ and ¢ manifolds at the
expense of configurations where both vacancies are in ¢ orbitals. Beyond 3.7 A, the

o manifold becomes fully occupied and both vacancies localize in the ¢ orbitals. The
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transition from covalent to exchange-coupled scenarios therefore involves a progressive
transfer of electron density from 4 to o.

Periodic DFT confirms that the structure where the two isomers co-exist in the
same unit cell is a stable minimum, and moreover that it is more stable than the
corresponding case where both bond lengths are short. A relatively modest increase
in the value of the Hubbard U parameter, Uy, is sufficient to drive localization and

hence a switch to the long/long form.
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