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Abstract

The photochemical and photophysical properties of transition metal complexes are
rich and varied due to the complex interplay between various electronic, vibrational
and spin degrees of freedom. The intricate coupling between these leads to compli-
cated dynamic behaviour from the moment of photoexcitation to the final electronic
state or photochemical product. This leads to difficulty in tracking the photophysi-
cal processes that occur but it is also the source of many features which makes them
suitable for light capture and conversion. In particular, the dynamics occurring at
the earliest moments after light absorption can often dictate the final outcome of
a light-induced process. In this thesis, a range of femtosecond absorption spectro-
scopies are used to study the electronic, nuclear and spin dynamics within transition
metal complexes with a particular focus on single-molecule magnets. Single-molecule
magnets are one of the smallest realisable units of magnetic recording media, and
therefore combining these with excitation from femtosecond laser pulses could lead
to ultrafast and ultradense data storage.

Manganese(III)-based single-molecule magnets were studied as their magnetic
properties are strongly coupled to the complex’s nuclear structure. Optical tran-
sient absorption was used to track coherent vibrational dynamics in manganese(I1I)
complexes. The vibrational motion could be observed as oscillations in light absorp-
tion after photoexcitation as a result of a switch in the Jahn-Teller distortion. Three
complexes of the form [Mn(2,2;6’,2”-terpyridine)X3] where X = fluoride, chloride,
and azide were studied. Upon photoexcitation of a metal-centred transition, a vibra-
tional wavepacket is formed corresponding to a Jahn-Teller pincer-like motion of the
terpyridine ligand. The vibrational dephasing times decrease from 620 to 370 fs as
the number of vibrational modes with frequencies below the pincer mode increases,
suggesting that low-frequency modes are an effective bath to dissipate excess energy.

Despite the utility of optical transient absorption and its ability to identify nor-
mal modes that are activated upon excitation, this technique does not provide the di-
rection or magnitude of the change in nuclear coordinates. Therefore, K-edge X-ray
transient absorption spectroscopy was performed to study the single-molecule mag-
net [Mn(III);0(Et—sao)3(8—pic)3(ClO,)], where saoH, and [3-pic are salicylaldoxime
and 3-methylpyridine, respectively. K-edge X-ray spectroscopy is particularly use-



ful, as it is an element-specific technique and carries more structural information
than optical spectroscopies. These measurements were carried out at the Spring-8
Angstrom Compact Free-Electron Laser (SACLA). Coherent vibrational motion of

a Jahn-Teller mode was observed with a frequency of 180 cm™*

in agreement with
the previous optical studies. The K-edge X-ray spectra were simulated at different
geometries along this Jahn-Teller mode. Good agreement between the calculated
and experimental spectrum was found for bond length changes of only 0.01 A. This
shows the potential capabilities of X-ray absorption to track nuclear motion in large
transition metal complexes, perfect for the emerging area of ultrafast molecular
magnetism.

Ruthenium(II) polypyridyl complexes display a variety of light-induced func-
tions, ranging from luminescence to photochemical ligand loss. It is well-known
that triplet metal-centred states act to quench emission but promote photochem-
istry. Despite the importance of triplet metal-centred states in these excited state
processes, detecting and following the dynamics that occur within these remains a
challenge because of their short lifetimes. If the polypyridyl ligands are replaced
with triazolyl ligands, this results in a destabilisation of the luminescent metal-to-
ligand charge transfer state, which leads to the metal-centred state being the lowest
energy excited state. Using femtosecond optical transient absorption, it is shown
that triplet metal-centred states are populated within 100 fs, which launches a vi-
brational wavepacket. This vibrational coherence arises from a Jahn-Teller normal
mode that is activated upon population of one of the e orbitals, similar to man-
ganese(I1I) complexes. This coherent vibrational motion provides a clear signature
of the triplet metal-centred states. In addition, small modifications to the ligand
framework have a significant effect on the observed wavepacket dynamics, which
suggests that synthetic control of coherent nuclear dynamics could be achieved.

In addition to tracking nuclear motion in single-molecule magnets, it is important
to be able to measure spin dynamics to gain insight into changes in the magneti-
sation. Recently, a broadband time-resolved magnetic circular dichroism setup was
developed within the lab. Magnetic circular dichroism describes the differential
absorption of left and right circularly polarised light under the application of a mag-
netic field. Zinc(I) tetraphenylporphyrin has been studied as its static magnetic
circular dichroism spectrum and photoinduced dynamics are well understood. After
excitation of the porphyrin B-band, there is a fast decay to the lowest excited singlet
state, which shows an excited state magnetic circular dichroism spectrum. This is
one of the first examples of a femtosecond magnetic circular dichroism spectrum of
a molecule and opens up the possibility of studying femtosecond spin dynamics in

a range of different systems.



Lay Summary

Controlling and exploiting the properties of magnetic materials is vital for the op-
eration of many modern technologies. Magnets range from huge superconducting
coils that are used in magnetic resonance imaging to capture three-dimensional im-
ages of organs inside the human body to tiny neodymium magnets that make our
phones vibrate when we receive a call. One particularly widespread use of magnetic
materials is digital data storage. The cloud storage that saves our most precious
memories - photos, videos, etc. - uses magnets to do so. All magnets have a direction
associated with them; a simple bar magnet has a north and a south pole, and if an
arrow is drawn between them, that is defined as the direction of the magnetisation.
In many materials, the magnetisation will prefer to point along certain directions.
This is known as magnetic anisotropy. Imagine that the magnetisation only wants
to point up or down. In computers, data is stored and transmitted using logical
bits. These bits of information can take the binary states of “0” or “1”. If we define
the magnetisation pointing downward as “0” and pointing upward as “1”, then we
can store binary data, given that we are able to control and measure the magneti-
sation. Indeed, society developed magnetic tape recorders in the 1930s to do just
that. Despite decades of continuous improvement, the same principle is used today
to write magnetic data in devices. A magnetic field is applied to the material to flip
the magnetisation from up (“1”) to down (“0”) or vice versa. Recent research has
shown that this method has a maximum speed. If magnetic data storage is to keep
up with the increasing demands of data-intensive technologies, then a new method
of writing data is required.

In this thesis, the use of ultrashort laser pulses to control the magnetisation in
single-molecule magnets is explored. Ultrashort laser pulses that shine light for only
a millionth of a billionth of a second can now be routinely generated. These have
been shown to be able to control the magnetic anisotropy and, therefore, magneti-
sation in some materials, showing unprecedented data-recording speeds. However,
there is a lack of research concerning single-molecule magnets, which are around a
millionth of a millimetre in size. These have the added advantage of being smaller
than the magnetic domains used to write data currently and therefore could also

increase data storage density as well as read/write speeds. The results herein dis-
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cuss methods for both controlling and measuring properties related to magnetic
anisotropy in molecular materials on ultrafast timescales. Using advanced experi-
mental techniques, we can see how the atoms in single-molecule magnets move after
they are hit by a laser pulse. This motion is discussed in terms of its relation-
ship with magnetic anisotropy and magnetisation control. The conclusions provide
potential pathways for exploiting light-controlled data recording in single-molecule

magnets.
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Chapter 1

Introduction

1.1 Magnetism and Data Storage

Magnets have been vital for countless technological developments over the course of
history. The needles inside compasses are magnets and have been used for centuries
to allow navigation across the oceans. Even in the modern world, magnets are as
important as ever. For example, magnets in electrical generators provide a path
to convert mechanical energy to electrical energy, which is the basis for almost all
energy production. Large cryogenically-cooled superconducting magnets are used
in magnetic resonance imaging to generate 3-dimensional maps of organs inside the

human body.

One important application of magnets is data storage. By controlling and mea-
suring the direction of the magnetisation of a material, data can be written and read.
The key property for non-volatile storage of digital data is magnetic anisotropy.
Anisotropy describes any property that is not the same in every direction. Magnetic
anisotropy means that the magnetisation of a material will preferentially point along
one or more directions. These directions are known as the anisotropy axes. In the
simplest case, uniaxial anisotropy describes a material whose anisotropy is symmet-
ric around a single axis. This property can lead to easy axis anisotropy which means
the magnetisation will point either up or down along a single axis. In this situation,
the material is said to have bistability due to the two possible orientations of the
magnetisation. These two orientations can be used to store binary digital data by
defining, for example, up as “1” and down as “0”. If the material has slow relaxation
of magnetisation, that is, it does not switch between pointing up and down without

external stimulus, it is perfect for non-volatile data storage.

A material that exhibits bistability and slow relaxation of magnetisation is an
excellent platform to store data. However, the direction of the magnetisation must

be able to be controlled and measured in order to make this useful. One of the
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first developed methods, which is still used today, utilises a small electromagnet
that switches the magnetisation depending on the direction of the applied current.
To read the data in modern devices, the giant magnetoresistance (GMR) effect is
employed. A material that has GMR is brought close to the the surface of a magnetic
bit and, depending on the direction of the magnetic field, the resistance of the
material is different and can address the state of the data bit. These methods have

been implemented in devices and continually improved upon for a few decades.|[1]

In today’s information era, enhancing data storage technologies is crucial due to
the escalating volume of data generated by advancements such as artificial intelli-
gence and automation. Meeting this demand may be difficult as the conventional
data writing method has a drawback, a constraint on data writing speed.[2} |3] In
2018, there was around 33 zettabytes of data stored in the world, this is expected
to rise to 175 zettabytes by 2025 where 50 % of it will be stored on public cloud
servers using magnetic data storage.[4] Consequently, there is a risk that the required

read /write rate for storing data may surpass its capacity.

Luckily, methods to optically control and measure magnetisation faster than tra-
ditional methods have become available. The development of amplified femtosecond
titanium sapphire lasers in the 1980s/early 1990s|5, |6] gifted researchers the ability
to influence and study matter on previously unobtainable timescales. It is possible
to probe the magnetisation of a material using light by employing magneto-optical
techniques. The Faraday effect describes the change in the polarisation state of light
due to a magnetic field within a material.|7] Therefore, femtosecond lasers can be
used to measure magnetisation dynamics faster than ever before. The first ultrafast
magneto-optical study was carried out by Beaurepaire et al.[8] The authors excited a
thin nickel film with a 630 nm laser pulse that was 60 fs in duration. Using another
laser pulse, the magneto-optical signal was recorded, and it was shown that the
nickel film demagnetised within 100 fs. Considering that the fastest switching speed
for a single switching event in a device without laser excitation is around 200 ps,[9)
optical laser pulses seem to be an attractive prospect to significantly increase the
rate at which it is possible to manipulate magnetism. This method only produced
a demagnetisation as a consequence of thermal effects and therefore cannot be used
to write data. But, it did show that optical methods can change the magnetisation

of a material orders of magnitude faster than traditional methods.

In recent decades, numerous new methods of magnetisation control using light
have emerged, potentially capable of writing data to magnetic materials.|10H16]
Circularly polarised laser pulses can generate magnetic fields in a material via the
inverse Faraday effect.[17, (18] The high peak powers of femtosecond laser pulses
mean that the induced magnetic field can reach around 1-10 T and last for the

duration of the laser pulse. Therefore, similar to the traditional electromagnetic
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method, these strong induced magnetic fields could be used to flip the direction
of a magnetic field. Indeed, these methods have been used to coherently control
spin precession[19]. Helicity-dependent all-optical magnetic switching has also been
demonstrated.[20] However, it is worth noting that this process relies on a thermal
effect tied to magnetic circular dichroism, leading to substantial heat dissipation

into the lattice, rendering it inefficient. |21} 22]

Instead of utilising strong magnetic fields to switch the magnetisation, opti-
cal excitation can be used to manipulate the magnetic anisotropy directly.[23-25]
Magnetocrystalline anisotropy arises from the interaction of a metal ion with its
crystal-field environment. Generally, a crystal field will act to quench orbital an-
gular momentum. However, spin-orbit coupling can recreate the orbital angular
momentum destroyed by the crystal field.|26] Spin-orbit coupling aligns the spin
angular momentum, and consequently, the spin magnetic moment, along the axis
of the unquenched angular momentum. Since the direction of the orbital angular
momentum is determined by the crystal-field environment, the magnetocrystalline
anisotropy is also governed by this environment. Thus, by employing light to ma-
nipulate the crystal field, one can alter the magnetic anisotropy, facilitating rapid

reorientation of the magnetisation.

The direction of magnetisation has been controlled on ultrafast timescales by
optically exciting crystal-field transitions. [23| 24, 27-32] However, in early studies
of this process,[23, [24] the new direction of magnetisation was only stable for as
long as the crystal-field relaxation time and could not be used to store data. More
recently, with the correct choice of material, non-thermal photomagnetic recording
after excitation of a crystal-field transition has been achieved with switching speeds
of 20 ps in a cobalt-substituted yttrium iron garnet.[29] This was achieved due to
a large photoinduced anisotropy with a short lifetime that,[25] after a quarter of a
period of the spin precession, left the magnetisation closer to another ground state
anisotropy axis. Strong damping of the precession allowed the magnetisation to
relax into its new orientation quickly. Therefore, the magnetic moments could be
switched between two ground state anisotropy axes. This is schematically shown in
Figure for the case of easy axis anisotropy along the z-axis and a photoinduced
anisotropy in the xy-plane. This is not the case in the discussed study,[29] as it
contains four anisotropy axes but the dynamics remain largely the same. This was a
landmark study in the field, but it relied on a fortuitous cooperation between strong
photoinduced anisotropy, the correct crystal-field relaxation time, anisotropy axes
and damping of magnetic precession.[33] Designing materials that have the perfect
combination of these parameters is paramount to the development of ultrafast optical

control of magnetism.

Almost all existing research concerning ultrafast optical control of magnetisation
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Figure 1.1.1: Schematic of magnetisation switching from photoinduced changes in
magnetic anisotropy in a model system. The magnitude of the magnetisation is
assumed to be constant so the direction of the magnetisation can be defined by a
point on a sphere. a Before the interaction with a laser pulse, the magnetisation
points along the positive z-direction aligned with the uniaxial magnetic anisotropy
corresponding to point 1 on the surface of the sphere. b After the interaction with a
laser pulse, a new photoinduced anisotropy axis is produced in the xy-plane. Starting
from point 1, the magnetisation begins to precess around this new direction for a
time dictated by the lifetime of the photoinduced anisotropy. The photoinduced
anisotropy turns off, and the magnetisation is in a direction defined by point 2 on
the sphere, below the zy-plane. ¢ Considering point 2 is closer to the negative z-
direction of the ground state anisotropy, it begins to precess around the negative
z-direction. d The fully relaxed spin after damping arrives at point 3 of the sphere
which corresponds to fully switching the magnetisation from the positive z-direction
to the negative z-direction.
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has investigated traditional condensed matter materials such as metals,[§] semicon-
ductors[34] and dielectrics.[29] However, there is a potential treasure trove of ma-
terials for these applications that have been developed by chemists over the past
few decades that have yet to be properly utilised. Molecular magnetic materials
are compounds that are composed of molecular building blocks and show the same
magnetic hysteresis exhibited by traditional magnetic materials.[35-39] Their molec-
ular nature provides a highly tunable platform to study light-induced magnetisation
dynamics. If researchers in ultrafast magnetism began exploring the range of syn-
thetic modifications provided by chemists, it could provide even better materials for

photomagnetic switching.

A particular class of molecular magnets, single-molecule magnets (SMMs), pro-
vide the potential for even more unique properties. SMMs are materials that exhibit
slow magnetic relaxation below a certain blocking temperature that is molecular in
nature and does not rely on long-range magnetic order.[40-43] In addition to the
potential faster switching speeds that are offered via optical control, the ability to
store data on a single molecule provides a pathway to massively increasing the data
storage density. SMMs therefore represent a huge amount of unexplored territory

to expand the capabilities of ultrafast optical control of magnetisation.

The majority of SMMs are transition metal complexes, which consist of one or
more metal ion/s bonded to organic ligands. The magnetic anisotropy required for
magnetic behaviour arises from the crystal-field environment similar to condensed
matter crystals but with the added advantage of easier synthetic tunability.[44] The
metal ions and the ligands can be replaced and modified to achieve the desired
magnetic anisotropy through known design criteria.[45] External stimulus such as
temperature,[46] pressure[47] and magnetic field[48] have already been shown to
control the magnetic anisotropy in SMMs. If light can do the same, then there is

scope for ultrafast control of magnetisation in single molecules.

This thesis begins to explore the potential of ultrafast photomagnetic switching in
SMMs. It begins by discussing the electronic structure of transition metal complexes,
of which SMMs are a subset, from the point of view of crystal-field theory and
how the electronic structure can be probed spectroscopically. The fundamentals
of molecular magnetism are then introduced with particular focus on the relation
between the crystal field and magnetic anisotropy. A large section of the thesis is
devoted to manganese(I1l) metal ions and their complexes so these are discussed in
detail. The discussion eludes to the possible control of anisotropy using a laser pulse
to excite crystal-field transitions to change the Jahn-Teller distortion. Concepts
that relate to the ultrafast dynamics of molecules are presented with attention to
vibrational wavepackets as a method of tracking nuclear motion after excitation.

Finally, existing literature on the ultrafast photoinduced dynamics in transition
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metal complexes is reviewed. This is important as the dynamics that occur in
single molecules that have localised transitions are very different to those observed

in traditional condensed matter materials where excitations tend to be delocalised.

1.2 Electronic Structure and Spectroscopy of Co-

ordination Complexes

1.2.1 Crystal-Field Theory

Crystal-field theory was first developed in the 1930s in an attempt to explain the
colours of transition metal complexes.[49, 50] This treats the breaking of the degen-
eracy of orbitals by considering the ligands introducing a static charge distribution
around the metal. The metals and ligands are considered as point charges and do not
take part in bonding within complexes. Crystal-field theory primarily describes the
splitting of d-orbitals (although p and f-orbitals can also be described), the shape of
these is shown in Figure .[51] If a ligand, considered as a point charge, is placed
along the direction of one of the orbital lobes, then the energy of that orbital is
increased due to electron-electron repulsion. The smaller the metal-ligand distance,
the greater the increase. This means that different structures around the metal ions
lead to different d-orbital splittings. In an octahedral complex of Oy symmetry, the
ligands are at an equal distance from the metal centre along both directions of all the
principle axes. In this arrangement, the d.. and d,2_,2 orbitals are higher energy as
the lobes point directly toward the ligands. The d,,,

in energy as they point away from the axes.[52] The lower energy set is known as

d.. and d,, orbitals are lower

the to, orbitals and the upper set are the e, orbitals, referring to their symmetry
and degeneracy. There are many other shapes and symmetries of complexes that
have different splittings.[52]

This theory explained the bright colours of some complexes. The splitting of
the ty and e, orbitals allows photon absorption between these sets of orbitals and
the energy difference is often in the visible region of the electromagnetic spectrum.
This splitting of the levels is called the crystal-field strength (A),[53] which follows
certain trends. Taking into account the metal ions, a higher oxidation state leads to
a larger crystal-field splitting. The greater positive charge causes the ligands to lie
closer to the metal centre. Therefore, a metal with a higher oxidation number will
have a blueshifted absorption.

The nature of the ligands also determines the crystal-field strength. The spec-
trochemical series is an empirical list of ligands ordered from ligands that induce
the smallest crystal-field splitting (known as weak-field) to those that generate the
largest (known as strong-field).[54] The ordering of this list is shown below:

18



y X

4
‘
X
(i
y
U

_
. 3d, 3d,2.,2

Figure 1.2.1: The shapes of d-orbitals, show the probability density of the electron
wavefunction, the blue and orange indicate the opposite phases of the wavefunction.
The d.» and d,2_,2 orbitals have lobes that point in the z direction and, x and y
directions, respectively. Whereas, the d,,, d,. and d, . orbitals have lobes that point
between the axes. Figure taken from ref.

[ <Br <Cl' <N; <F <NCO < C,0/ <0y <Hy,0 < acac’ < NCS~
(N-bonded) < CH3CN < pyridine < NH3 < bpy (bipyridine) < phen
(1,10-phenanthroline) < PPhy < CN™ < CO

Some of the trends in the series can be explained by crystal-field theory. For example,
the smaller the halogen, the stronger the crystal field. Smaller halogens have the
ability to occupy positions closer to the metal ions, increasing the electron-electron
repulsion. However, not all of these can be justified using crystal-field theory. For
example, the negatively charged cyanide ligand would be expected to be higher in
the series than the neutral CO ligand. A new theory was needed to describe this.
Ligand-field theory was developed by combining crystal-field theory and molec-
ular orbital theory. It explicitly takes into account covalency between the metal
and ligand orbitals. Metal-ligand interactions fall into three broad categories shown
in Figure In octahedral complexes, o-donor ligands donate electrons into the
eg orbitals. Strong o-donors therefore increase the energy of the e, orbitals which
increases the crystal-field strength. 7-donor ligands donate electrons into the o,
orbitals which increases their energy leading to a weaker crystal-field splitting. Fi-
nally, m-acceptor ligands remove electron density from the metal ?5, orbitals and
therefore increase the crystal-field strength. In terms of the spectrochemical series,
the weak-field ligands such as the halogens tend to be o-donors and m-donors due
to their filled p-orbitals and produce a small crystal-field splitting. Ligands in the

centre of the series such as NHj are pure o-donors. Strong-field ligands such as
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Figure 1.2.2: Types of ligand interactions and the orbitals involved.
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Figure 1.2.3: a High and b low-spin configurations of a d® metal ion. P is electron
pairing energy and Ag is the crystal-field strength of an octahedral complex.

CN and CO are o-donors and m-acceptors. CO has lower-lying 7* orbitals com-
pared to CN and therefore is a better m-acceptor and explains the ordering of the

spectrochemical series which cannot be justified in crystal-field theory.

The magnetic properties of transition metal complexes can also be explained
using crystal or ligand-field theory. Fe(II) has six d-electrons, following Hund’s rule,
this ion should have a spin quantum number of S = 2 (4 unpaired electrons). In
the case of [Fe(H,0)q*" magnetic susceptibility measurements have shown this to
be the case.[56] However, in [Fe(bpy)]*" and [Fe(CO)g]* the spin quantum number
was found to be zero,[57, 58] suggesting a violation of Hund’s rule. Referring to
the spectrochemical series, both bpy and CO are strong-field ligands whereas H,O
is a weak field ligand. There are two competing energy terms that dictate the spin
quantum number of the metal ion, one is the crystal-field splitting Ao (where the
subscript O denotes the octahedral ligand field) and the electron pairing energy P.
The pairing energy is the energy cost of adding a second electron into the same
orbital. If the pairing energy is larger than the crystal-field splitting the electrons
will preferentially occupy the higher lying orbitals before pairing, this gives a high-
spin complex, which obeys Hund’s rule. If the cost of pairing the electron is less than
the crystal-field splitting, the electrons will pair off first and a low-spin complex is
formed. The case for a d® metal is shown in Figure m This explains the apparent

violation of Hund’s rule.
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1.2.2 High-spin Mn(III) and Jahn-Teller Distortion

Mn(III) complexes often have a high-spin d* electron configuration. In this case,
there is an electronic degeneracy in the e, orbitals. The Jahn-Teller theorem states
that “any nonlinear polyatomic system in a degenerate electronic state distorts spon-
taneously so that the degeneracy is lifted and a new equilibrium structure of lower
symmetry is attained”.[59] Considering a Hamiltonian, H of a polyatomic molecule,
the eigenvalues of H describe the potential energy surfaces as functions of the normal
mode coordinates ();. Jahn and Teller showed that at points of symmetry-induced
degeneracy in a nonlinear molecule there are always non-zero first-order expansions
in the Hamiltonian that are symmetry-lowering.[59] These linear terms act to distort
the molecule away from a point of high-symmetry (any linear term necessitates a
gradient in the potential at that point) to one of lower symmetry along a coordinate
;. Hence, the point of high-symmetry cannot be the lowest equilibrium nuclear
arrangement of a molecule which in turn also lifts the degeneracy. Mathematically,
this corresponds to expanding the molecular Hamiltonian in a power series of @);.
The matrix element H,, of two electronically degenerate states |¢,) and [¢) can

be written as

Hoy, = (o] H [t) = (| H(Q: = 0) +Z 30, 220l (12.1)

where 2% is the derivative of the potential energy surface V along normal mode

0Q;
Coordinaie Q:.160] The expansion has been truncated at first order. Solving this
equation leads to adiabatic potential energy surfaces that describe how the potential
energy changes with respect to all modes );, this is shown schematically in Figure
124
Although the Jahn-Teller effect applies to any non-linear molecule with a degen-
erate electronic state, it is particularly prominent in transition metal complexes.[61]
Jahn-Teller distortion occurs in d*, d?, low and high-spin d*, low-spin d®, high-spin
d®, low and high-spin d” and d° configurations. The distortion in the molecule dif-
fers depending on the orbitals involved in the degeneracy. For degeneracies in the
tye orbitals, which are non-bonding or weakly bonding/antibonding the change in
nuclear coordinates is small. In high-spin Mn(III) (d*), the degeneracy occurs in the
strongly antibonding e; orbitals and this leads to a much larger distortion around
the coordination sphere. This distortion leads to a lowering of the symmetry of the
complex from Oy to Dyy,.
The Dy, symmetry can manifest itself in two different ways. Firstly, the metal-
ligand bonds along the z-axis can expand and the bonds in the equatorial plane

can compress. This is called Jahn-Teller elongation and leads to a lowering in
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Figure 1.2.4: The diabatic potential energy curve of a molecule exhibiting the Jahn-
Teller effect along normal mode coordinate (). At (o = 0 the two states are de-
generate and the system is in a high-symmetry arrangement. Here, this is shown
as O symmetry. The system will distort along normal mode () until it reaches
the minimum of the potential energy curve. These minima are shown as the Dyy
axially compressed and axially elongated forms of Jahn-Teller distortion Fjr is the
Jahn-Teller stabilisation energy. Typically, axial Jahn-Teller elongation is found.

energy of the occupied antibonding d.» orbital and an increase in energy of the
unoccupied d2_,2 orbital. The opposite can occur where the equatorial bonds are
elongated and the axial bonds are compressed, this is Jahn-Teller compression. The
compression lowers the energy of the d,2_,» and increases the energy of the d,e
orbital. Both Jahn-Teller distortions are shown in Figure [1.2.5] with ground and
excited state term symbols. The Jahn-Teller effect does not predict the type of
distortion, only the symmetry lowering from Oy to Dy,. However, the elongated
geometry is overwhelmingly observed due to greater anharmonic contributions to
the potential surface[62] and 3d,2-4s hybridisation.[63] The above only considers
complexes where all the ligands are equivalent, the situation is more complicated
if there are ligand inequivalencies in the molecules. It is possible to have systems
with even lower symmetries such as Cy,, Doy and Cs.[64] For Dy, symmetries the
electronic states are designated with Mulliken term symbols for transition metal
complexes as shown in Figure [1.2.5]

It is possible to change the Jahn-Teller distortion transiently by using light
to promote electrons between the d,2_,2 and d,2 orbitals in Mn(III) on ultrafast
timescales. [65] Switching the Jahn-Teller distortion can also be initiated via light-
induced spin crossover in Co(II) complexes.[66, 67] It is also possible to induce
Jahn-Teller distortion in the excited states when it is absent in the ground state

via population of higher-lying doubly degenerate states. This is the case in some
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Figure 1.2.5: Valence electronic ligand-field states of Jahn-Teller distorted d* high-
spin metal ions assuming Dy, symmetry. Top: axially elongated geometry. Bottom:
axially compressed geometry.

tetrahedral Cu(I) phenanthroline complexes|68-73] and in Ru(II) triazolyl-based
complexes discussed in Chapter [5] Similarly, Jahn-Teller distortion can be turned
off by exciting to non-degenerate states as observed in charge transfer excited states

in MnFe Prussian blue analogues. |74, |75

1.2.3 UV-Visible Spectroscopy

Ultraviolet-visible (UV-vis) spectroscopy is an experimental technique that uses light
in the ultraviolet and visible regions of the electromagnetic spectrum to measure
the absorption spectrum of a material. This region corresponds to frequencies that
match the difference between energy levels in valence orbitals, which allows the
experimentalist to gain information about the d-orbital configuration and low-lying
ligand orbitals. In mononuclear transition metal complexes, there are five main types
of transition that can be observed in UV-vis spectra: crystal-field or metal-centred
(MC) transitions, metal-to-ligand charge transfer (MLCT), ligand-to-metal charge
transfer (LMCT), ligand-to-ligand charge transfer (LLCT) and ligand-centred (LC)

transitions.

The Beer-Lambert law|[76] provides a quantitative description of how much light
a material absorbs at a specific wavelength. The absorbance (A) of an isotropic
and homogeneous material is given as a function of the concentration (c) of the
absorbing species, the path length () through which the light traverses the material
and the extinction or molar absorption coefficient (¢(A)) which is a function of the

wavelength (\):
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A=ec. (1.2.2)

The extinction coefficient of an absorption peak in a UV-vis spectrum can be used
to infer some information about the nature of the transition and the peak position
can be used to gain information about the energy difference between states. This
information is only useful, provided that there is prior knowledge of typical values
of the molar absorption coefficient for different types of transitions. The unit used
for absorption is optical density (OD) which is defined as the A = —log,,(T/Tp)
where Tj is the transmission with no sample in the beam and 7' is the transmission
with the absorbing species. Therefore 1 OD corresponds to a transmission of 10 %

or an attenuation of 90 %.

Selection rules exist for electronic transitions in transition metal complexes. In
the framework of the dipole approximation, the magnitude of the transition dipole
moment p is how strongly the dipole operator fi couples together the ground elec-
tronic (initial) state |g) and the state in which the electrons are excited to |e) (final
state). It is defined as

p=(glfile). (1.2.3)

If the transition dipole moment is zero, light cannot couple the two states of the
transition within the dipole approximation, and that transition is said to be forbid-

den.

The Born-Oppenheimer approximation can be introduced to separate the elec-
tronic (1)e) and nuclear (i) parts of the wavefunction.[77] The spin component of
the wavefunction (v5) can also be separated. Therefore, the total wavefunction can
be written as |VU) = [qtnt)s). The dipole operator depends on the position and
charges of the electrons and nuclei and therefore the dipole operator expressed as a
sum of the nuclear and electronic parts of the dipole operator ({i = fi¢ + fin). The

transition dipole moment can be expressed as

1= {g|it]e) = (gergngs| flel + fin |€cr€nes) - (1.2.4)

This can be simplified by invoking the Condon approximation, |78, [79] which assumes
that the integral (ge| ficl |€) does not depend on the nuclear coordinates. This leads

to the final expression,

f="{Gulen) (gell fLer [€er) (gsles)  + (getleer) (gnl fin len) (esles) - (1.2.5)
—— —_—— —— ——
Franck-Condon Orbital Selection Spin Selection =0
Factor Rule Rule
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The second term of this equation is equal to zero due to the orthogonality of the
electronic states. This equation contains information about the transitions that can

be observed in UV-vis spectra.

The orbital selection rule states that the electronic dipole operator must couple
the ground and excited states. The electric dipole operator is odd (fte = —e ), 7;
where e is the charge of an electron and 7; is its position vector), so the electronic
states must have a different parity for the transition dipole moment to be non-zero.
In transition metal complexes with octahedral symmetry, this means that transitions
between the d-orbitals are forbidden as both ¢, and e, orbitals have a centre of
inversion. These types of transitions are said to be Laporte forbidden.[80]. This
selection rule can be broken in octahedral complexes in a few different ways. If there
are ligand inequivalencies that break the centre of inversion, the transition is Laporte
allowed. If the molecule has asymmetric vibrations, this transiently breaks the centre
of symmetry and the electronic transition can occur. This is known as a vibronic
transition because it relies on a vibration mediating the electronic transition. In
these cases, the transition is said to be weakly allowed and the transition can be

observed in a UV-vis spectrum.

The spin selection rule states that a transition cannot occur if there is a change
of spin quantum number associated with that transition. This stems from the fact
that the dipole operator does not act on the spin wavefunction and therefore it
cannot couple different spin states. These transitions are said to be spin forbidden.
However, there is a caveat to this selection rule. Spin-orbit coupling describes the
interaction of electron spin with the motion of the electrons inside a potential.[81]

The Hamiltonian for spin-orbit coupling (Hso) is

Hso = %ﬁ . S (1.2.6)
where £ is the spin-orbit coupling constant, L is the orbital angular momentum
operator and S is the spin angular momentum operator. This Hamiltonian has the
effect of coupling spin states of different spin multiplicity so that L and S are no
longer good quantum numbers. Physically, this means that electronic states are
no longer pure spin states and have small parts of other spin states mixed in.[82]
For example, a “formal” singlet ground state could be 99 % singlet and 1 % triplet
and the 1 % triplet part of the ground state can couple to an excited triplet state.
Therefore, it is possible to observe spin forbidden transitions in UV-vis spectra but
they are often very weak. & has a Z* (where Z is atomic charge) dependence, which
means that spin-orbit coupling is much stronger in heavier ions. This leads to an
increase in intensity for spin-forbidden transitions for heavier metal ions, which is

observed in [M(bpy)s]*" where the Fe(II) complex has the weakest transition and

25



Os(II) has the strongest spin-forbidden transition.[83] Spin-orbit coupling is also
responsible for magnetic anisotropy and intersystem crossing.

The final term in Equation is the Franck-Condon factor. The Franck-
Condon factor is the overlap of the nuclear wavefunctions on the ground and ex-
cited electronic states. This overlap must be non-zero in order for a transition to
be observed. This also leads to the Franck-Condon principle which states that an
electronic transition occurs much quicker than the nuclei can move therefore the out-
come immediately after photoexcitation is a molecule with its ground state geometry
but in an electronic excited state.[84]

Returning to the Beer-Lambert law, there are rough values that can be referenced

to help pinpoint the nature of a transition. These are shown in Table [1.2.1]

Transition e /M~ tem™!
Spin and Laporte forbidden 0.1
Spin allowed and Laporte forbidden 1-10
Spin and Laporte allowed 50 - 200
Spin and Laporte allowed (charge transfer) > 1000

Table 1.2.1: Transitions that can be observed in transition metal complexes and
their extinction coefficient. [85]

1.3 Molecular Magnetism

1.3.1 Magnetic Anisotropy

Magnetic anisotropy provides a preferential direction to the microscopic magnetic
moments in a material. A uniaxial magnetic anisotropy leads to the magnetisation
pointing up or down along an axis and can constitute a binary logical bit. Read-
ing and writing to magnetic bits (i.e knowing what direction the magnetisation is
pointing, and being able to change it) is central to magnetic data storage. Therefore,
strong magnetic anisotropy is the most important factor for non-volatile memory.
For free magnetic moments in an external magnetic field (éext), the potential
energy (V') of a magnetic moment (m) is given by V = —ni - Bex. Therefore, under
the application of a magnetic field, magnetic moments will preferentially align with

the field. Even without an external magnetic field, molecules with S > 1 can

2
show magnetic anisotropy known as zero-field splitting (ZFS). In this case, there
is breaking of the degeneracy of the different mg sublevels and therefore different

potential energies depending on the direction of the spin in the absence of an external
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field. ZF'S arises from unquenched orbital angular momentum (L) that, along with
spin-orbit coupling, leads to a preferred direction for the spin angular momentum
(§ ).[26] The spin-orbit Hamiltonian is shown in Equation . To minimise energy,
S will always anti-align with L leading to the spin magnetic moment favouring

certain directions. In general, I_;‘ < ’5 ‘ therefore the dominant contribution to

the total magnetisation is spin-only. However, there can be some exceptions to this
rule.[86] The direction and magnitude of the orbital angular momentum depends
on the geometry and nature of the crystal-field environment. Changing the inner
coordination sphere of a transition metal complex can lead to control of the magnetic
anisotropy.

The ZFS parameters describe the magnetic anisotropy in ions.[87] The ZFS
Hamiltonian for uniaxial anisotropy is

~ A

H=D(5% - %sw +1)) + E(S2 - 57) (1.3.1)

where S, . are the components of the spin operator in the z,y, z-direction and D
and E are the axial and equatorial (rhombic) ZFS parameters, respectively. The
eigenvalues of S, are ms. D and E are strongly related to the ligand-field symmetry
and for Mn(III) complexes an equation can be derived for D based on the energies of
the ligand-field states. Applying second-order perturbation theory to the spin-orbit
coupling operator in d* axially elongated Jahn-Teller distorted ions yields Equation
[1.3.2] as a function of ligand-field transition energies.[87, [8§]

£ 1 4 4
D = E (E(5E) — E(5B1) N E(5B2) _ E(5B1) o E(gE) — E(5B1)> (132)

For Jahn-Teller elongation, D is negative and the minimum energy state is when
ms = £S5 (the maximum value of my) leading to an easy axis anisotropy.|89] Jahn-
Teller compression leads to a positive D and the energy is minimised when mg =
0 which leads to an easy plane anisotropy where the spin points somewhere in
the xy-plane. Changing the Jahn-Teller distortion from elongation to compression
using a short laser pulse will transiently change the magnetic anisotropy in Mn(III)
complexes. Indeed, there are reports of magnetic anisotropy switching in transition
metal complexes using external stimuli such as temperature,[46] pressure|d7] and
magnetic field.[48] If there is a photoinduced anisotropy, it could lead to methods
of ultrafast control of magnetisation in SMMs.

Changes in ZFS parameters have never been measured on an ultrafast timescale
in molecular materials. Traditional techniques used to extract these parameters,

such as electron paramagnetic resonance (EPR)[87] cannot reach timescales below
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a few nanoseconds due to spin precession frequencies.|[90] Part of this thesis is con-
cerned with the application of experimental methods that yield information related
to the ZFS parameters and attempt to extend them to the ultrafast regime. A con-
sideration of equation may suggest that D can be extracted by optical spec-
troscopy and identifying the ligand-field transition energies. However, transitions to
the triplet state are forbidden and often completely hidden by charge transfer bands
and can only be estimated.[91] Temperature-dependent magnetic circular dichroism
(MCD) can be used to calculate the D parameter by fitting different m, populations
using a Boltzmann distribution[92-94] and a time-resolved broadband MCD set-up
has been recently developed within the group.[95] There are also reports of using
few-cycle pulsed terahertz radiation as a probe of ZFS,[96] which is essentially a
frequency-domain version of EPR and direct magnetic (m;) transition energies are
measured. An optical femtosecond pump laser could be coupled into this leading to
methods of determination of ZF'S parameters on picosecond timescales. If ultrafast
control of anisotropy is to be harnessed in SMMs a reliable method to measure D

(and to a lesser extent, E') must be developed.

1.3.2 Superexchange

In molecular magnetism, the Kramers-Anderson superexchange interaction,[97, 98]
or just superexchange interaction, dictates the relative alignment of spins on different
metal ions in a polynuclear transition metal complex. This means it dictates the
total magnetic moment of the molecule with S =) . s; where s; is the spin quantum
number on an individual ion ¢. So overall, magnetic anisotropy dictates the direction
of the magnetisation over all ions (Mg) and the superexchange dictates its strength
(9).

Generally, a superexchange interaction can be grouped into two types, ferromag-
netic in which the spins on two interacting ions point in the same direction and
antiferromagnetic where the spins point in opposite directions. The superexchange
Hamiltonian is given by H = —2J(5] - §3) where J is the coupling constant and §; is
the spin on each ion 4.[98] If J is positive, the superexchange is ferromagnetic and
the spins align. If J is negative, the interaction is antiferromagnetic and the spins
anti-align. The sign and magnitude of J is closely related the electronic and nuclear
structure of a polynuclear transition metal complex. Superexchange comes from an

indirect exchange interaction across two metal ions bridged by an organic ligand.

1.3.3 Single-Molecule Magnets

Single-molecule magnets (SMMs) are molecules with a bistable magnetic ground

state and therefore act as one of the smallest realisable units of magnetic memory.[40),
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44] As discussed above, uniaxial magnetic anisotropy provides a doubly degenerate
ground state where the magnetisation points up or down along an axis (Mg = +5).
For SMMs to be used in data recording media, the memory must be non-volatile

and therefore exhibit slow magnetic relaxation between the two states. Magnetic

Evar
kT

characteristic of a material and kgT is thermal energy.[99] Ey., is the barrier between

relaxation time is given by 7 = 7 exp( ) where 7y is the attempt time, which is
the two Mg = £ states for uniaxial anisotropy and is given by Fj., = DS?, which
can easily be seen from Equation when the rhombic ZFS £ = 0. Both the
axial anisotropy parameter and total spin dictate the relaxation time and therefore
both ZFS and superexchange are important to SMMs. Although, there is often a
trade off between the magnitude of D and S.|100] Additionally, single-ion magnets
can be made without any superexchange interactions if D is large enough.[101} |102]

The first SMM, [Mn;,0,5(CH3CO0);4(H50),]-2CH;COOH-4H,0 (Mn;,-acetate)
was reported in 1993 and exhibits magnetic hysteresis below 4 K.|103] This is an
Mn-based SMM with 12 metal centres which shows uniaxial magnetic anisotropy
with a barrier of around 60 K.|104] Since 1993, many more SMMs have been syn-
thesised with various blocking temperatures,[44] the largest anisotropy found for
an Mn-based system is [MngOq(sa0)s(Oo,CPh)y(EtOH),] (saoHy = salicylaldoxime
or 2-hydroxybenzaldehyde oxime) with a barrier of 86.4 K.[105] More recently, fo-
cus has turned to lanthanide-based SMMs due to their large spin-orbit coupling,
which can lead to SMMs that have non-volatile magnetisation above liquid nitrogen
temperatures.[106]

This thesis primarily concerns Mn-based SMMs as their spin physics and magneto-
structural relationships are well understood. As discussed above, axial Jahn-Teller
elongation leads to easy axis anisotropy and axial Jahn-Teller compression leads to
easy plane anisotropy. Converting between these two geometries is possible using
light as shown for Mn complexes,[65] 1-dimensional Cu(I)-based chain magnets[107]
and Co(II) complexes. |66} 67] These results open the door to multi-functional SMMs

whose magnetic anisotropy could be controlled via ultrashort laser pulses.

1.4 Ultrafast Spectroscopy and Dynamics

1.4.1 Optical Transient Absorption Spectroscopy

Ultrafast transient absorption spectroscopy is a pump-probe technique that mea-
sures the change in absorption after a sample interacts with a strong electromagnetic
pump pulse. This is a time-resolved extension of UV-visible spectroscopy discussed
in Section Therefore, it has the ability to measure the dynamics that occur

in transition metal complexes after light absorption. Generally, the pump is in the
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UV-visible regime of the electromagnetic spectrum and therefore excites transitions
between different electronic states. After the pump pulse, an excited electronic state
is populated, and the probe is used to measure the absorption in this state. The
absorption before the pump is subtracted from the absorption after the pump to
yield a difference spectrum as a function of wavelength (AA(\)). The delay be-
tween pump and probe pulses is varied and the progression from the initial excited
state to the final photoproduct or state can be monitored.

The different signals that can be measured in transient absorption spectroscopy
are described in Figure [[.4.1] After photoexcitation, there is a reduced number of
molecules in their electronic ground states. Therefore, there is less absorption in
the region of their ground state transitions, which leads to a negative signal known
as ground state bleach (GSB). GSB has the same lineshape as the ground state
absorption spectrum. Molecules in their excited states have access to new transitions
to higher lying energy levels. These transitions create additional absorption features
in the excited state which are positive in a difference spectrum and known as excited
state absorption (ESA). Finally, an electronic excited state can undergo stimulated
emission (SE) to a lower lying state where a probe photon of a certain energy
interacts with a sample producing an additional photon of the same energy. As

more light reaches the detector, this is recorded as a negative absorption.

1.4.2 Wavepackets and Coherence

Molecules primarily act quantum mechanically and are therefore governed by the

time-dependent Schrodinger equation:

- d -
ih D(0) = H|W(1)) (1.4.1)

Where i = /—1, h is the reduced Planck’s constant, H is the Hamiltonian or total
energy operator of the system and |WU(¢)) is the state vector of the wavefunction
(U(x,t) = (x|¥(t))) at time ¢. For time-independent Hamiltonians, the wavefunc-
tion can be expressed as a product of a solely time-dependent part and a solely
spatially-dependent part. The general solution to a time-independent Hamiltonian

can therefore be expressed in terms of the time-dependent solutions:
(T(t) =) cne™ ™" |y, (1.4.2)

where |¢,) are the eigenvectors of the time independent solutions with energy eigen-
values E,,, given by the equation H |n) = En |¢n) and w, = E, /h. The coefficients
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Figure 1.4.1: Features observed in a transient absorption measurement. a Energy
level diagram of a simple 4-level system. Before the interaction with the pump pulse,
all the molecules are in their ground electronic state and have one single absorption
band. After the pump, some of the molecules are excited to the first excited state.
There are now more energy levels at high energies that the probe can access. This
leads to additional ESA features, which are seen in b. Additionally, as there are
fewer molecules that occupy their ground electronic state after the pump there is
less absorption in this region leading to a GSB. The absorption before the pump
is subtracted from the absorption after the pump, generating a difference spectrum
shown in the bottom panel of b. ESA leads to a positive signal and GSB leads to
a negative signal.
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¢, represent the expansion coefficients. This equation describes a superposition of
quantum states, which remains a solution to the time-dependent Schrodinger equa-
tion as it is a linear equation. This type of solution is known as a wavepacket, which
is a coherent, non-stationary solution of the time-dependent Schrodinger equation
constructed from the eigenvectors |¢,). The wavepacket is observed to be non-

stationary by calculating the probability density p(x,t) = | (x|¥(t)) |2

P(iB,t) = Z ‘Cn’2| <m’¢n> |2 + Z C;Cm <¢n|$> <w|¢m> pi(wn—wm)t

n#m

=D lealPl(@ln) P +2 ) Re(cicm (dnl2) (@]m) ) (1.4.3)

n>m

where wy,,, = w,—w,,. 1t is clear to see that the probability density is time dependent
due to the oscillatory part of the second term.

A superposition of energy eigenstates generates a non-stationary solution called
a wavepacket. This result is highly significant in the context of ultrafast dynamics.
There is a significant bandwidth associated with the femtosecond pulses used in
ultrafast spectroscopy. This is because a narrow distribution in time corresponds to
a wide distribution in frequency according to Fourier transform principles, and thus
short pulses encompass a broad spectrum of wavelengths. These pulses can excite
multiple states that are close in energy, such as vibrational levels in a molecule.
Therefore, a short pulse with a large bandwidth will excite many vibrational levels
on an electronic potential energy surface. The superposition of vibrational states
generated from the pulse creates a time-dependent wavepacket on the excited state
surface. The subsequent propagation of the wavepacket is then governed by the
time-dependent Schrodinger equation.

The creation and subsequent motion of a vibrational wavepacket is shown in
Figure [[.4.2l A short laser pulse composed of many frequencies excites the ground
state wavefunction into a number of different vibrational states that are associated
with the electronic excited state dictated by the pulse spectrum and Franck-Condon
factors. This coherent superposition of vibrational states leads to a non-stationary
wavepacket that oscillates back and forth in the potential well.

Another crucial consideration involves determining the potential surface on which
the wavepacket oscillates. Despite tuning the pump pulse on resonance with an
electronic transition, a non-stationary wavepacket can still arise on the ground state
instead of the excited state.[108] When coherences are generated on an excited state
surface, the wavepacket’s motion is initiated via a displacive mechanism. As the
wavefunction is excited to a region on the excited surface that is not a minimum,

the wavepacket will descend to the minimum along the steepest gradient on the
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Figure 1.4.2: Generation and propagation of a vibrational wavepacket. a Creation
of a vibrational coherence. A short laser pulse with a large bandwidth excites more
than one vibrational level generating a non-stationary superposition of states. b
Subsequent motion of the wavepacket. The wavepacket can stay on the excited
state potential where it reaches the turning points at t = 7//2 and ¢t = T where t is
the time after excitation and 7T is the vibrational period. The wavepacket can also
quickly fall back down to the ground state potential curve where it will reach the

turning points at t = 7'/4 and t = 37'/4.

33



surface and oscillate within that potential well. In contrast, a ground state coherence
can be impulsively generated, and instead of displacement, the wavepacket gains
momentum from the pump pulse in a Raman-like process.[109] Optical transient
absorption is sensitive to both of these coherences, and if a frequency observed in a
time-resolved experiment matches that found in a Raman spectrum, it is crucial to

differentiate between ground and excited state vibrations.

In general, ground state coherences have a sine-like phase as they start oscil-
lating from the minimum of the potential surface, whilst excited state coherences
have a cosine-like phase as they start from a turning point (Figure [.4.2b). There-
fore, the measurement of the phase of a coherence in a time-resolved experiment
can be a sufficient way to distinguish between these two scenarios. However, co-
herent artifacts during pump-probe temporal overlap make it difficult to extract
absolute phase and processes such as hole-burning can lead to different phases for
ground state coherences meaning this method is unreliable.|110] Luckily, broadband
transient absorption can be used to discriminate between ground and excited state
vibrations.[111] If the oscillations are predominantly observed in areas of ground
state bleach where the ground state absorbs then the oscillations are likely to be on
the ground state. Whereas if they are found in areas of excited state absorption or
stimulated emission they are on the excited state potential surface. It has also been
shown that positively and negatively chirped pump pulses can be used to selectively

drive a coherent vibrational mode in the ground or excited state.[112]

It should be made clear that the coherence discussed above is a quantum me-
chanical coherence generated within a single molecule. In pump-probe experiments,
the coherence between molecules is also important in order to be able to observe
this phenomena in macroscopic samples. Even though a pulse may have sufficient
bandwidth to excite a superposition of vibrational states, the pulse duration must
still be shorter than the oscillation period of the wavepacket. If the pulse is longer
than the period, there is no phase relationship between the ensemble of molecules
that have been excited and the coherence cannot be observed. There are two co-
herences that need to be considered, the coherent superposition of states within a
molecule, the wavepacket, and the coherence between the molecules which describes
the phase relationship of the wavepacket oscillation in different molecules.[113] For a
vibrational wavepacket to be observed, both coherences must exist in the ensemble

of molecules.

The process of coherence loss is known as decoherence or dephasing. These two
terms are different although, often used interchangeably in the literature. Dephasing
is the general term used to describe any loss of coherence. Whereas decoherence is a
more specific, single-molecule phenomena when the coherence is lost due to the de-

struction of the superposition of vibrational states from interactions that depopulate
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the higher lying vibrational states. This depopulation can occur when energy is lost
to other intramolecular modes or the surroundings.[114] This population relaxation

time is denoted T7.

To differentiate population relaxation and other ensemble dephasing mecha-
nisms, the term pure dephasing is used. Pure dephasing occurs when the phase
relationship between the ensemble of vibrating molecules randomises due to in-
teractions with the surroundings. This process involves no population relaxation,
only a changes in phase. The time constant for this process is denoted 7}. There
are two formulations of this process, one developed by Oxtaby|115] [116] based on
Kubo’s[117] lineshape theories of magnetic resonance. This formulation suggests
that solute molecules experience a Gaussian spread of instantaneous frequencies
which shifts the vibrational frequencies with respect to one another causing the
oscillators to become out of sync.[118] Another interpretation was presented by Ya-
maguchi,[119] which assumes that intermolecular collisions with solvent molecules
induce phase jumps in the solute oscillations with no transfer in energy, as these
occur with different phase shifts at different times it destroys the coherence within
the ensemble. The total dephasing time 75 - assuming equal population relaxation

times (7}) from two superposition states - is given by[120]

1 1 1

- 1.4.4
T or T; (1.4.4)

The discussion above only considers the loss of coherence when considering one
set of vibrational states on a single potential energy surface which is vibrationally
coupled to other intramolecular modes and/or a bath. However, it does not account

for behaviour of the wavepacket as it changes electronic states.[121]

Optical transient absorption can resolve coherent vibrational motion as the nu-
clear dynamics are coupled to the absorption properties. Two different cases are
shown in Figure [1.4.3] Figure shows an oscillation on a lower potential en-
ergy curve that has a transition to a displaced potential energy curve at higher
energies. The oscillations in transient absorption spectra arise from changes in the
transition maximum as the wavepacket oscillates in the potential well. The oscil-
latory signal’s amplitude is strongest where the transition bandshape changes most
rapidly with respect to energy, aligning closely with the derivative of the bandshape.
Consequently, it exhibits a phase shift at its peak amplitude where the derivative
is zero. The second case in Figure corresponds to losing population from
an electronic state during vibrational motion. As the wavepacket oscillates, it loses
population each time it reaches one of the turning points. Therefore, the oscillatory
signal observed in a transient absorption arises from the Beer-Lambert law, where

the concentration of a state changes as the wavepacket evolves on the surfaces. The
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amplitude of the oscillations more closely follows the bandshape of the transition,
rather than its derivative.

In a transient absorption experiment, only the total dephasing time 73 can be
measured and the individual contributions cannot be separated. It has been shown
for I3 in solution that pure dephasing dominates this process[122] and this has some-
times been considered to be the case for vibrational dephasing in larger molecules.
I3 is a small molecule with very few intramolecular vibrational degrees of freedom so
one would expect intramolecular vibrational redistribution and therefore population
relaxation to be slow, this may not be the case in much larger molecules such as
transition metal complexes. It is an open question whether 75 dominates in large
molecules with hundreds of normal modes and higher density of states. Careful de-
sign of experiments may be able to indicate which of these dephasing components is
dominant in a molecule, this is explored in Chapter [3, Recently, it has been shown
that time-resolved 2D spectroscopy can more effectively decouple the 7 and T3
times.[123]

1.5 Processes after photoexcitation

In addition to the observation of vibrational wavepackets, there are many other pro-
cesses that can occur after photoexcitation which are shown in Figure The
non-radiative processes that transfer population from one electronic state to an-
other are internal conversion (IC) and intersystem crossing (ISC). IC corresponds to
a transition from one electronic state to another of the same spin quantum number.
ISC corresponds to transitions between two states of different spin quantum num-
bers and is therefore forbidden in the absence of spin-orbit coupling. The radiative
analogues of these processes are fluorescence and phosphorescence, where fluores-
cence occurs within the same spin manifold, whilst phosphorescence occurs across
two spin manifolds. Finally, there is vibrational relaxation that occurs within the
same electronic state where the population is funnelled down a ladder of vibrational
states. Vibrational relaxation consists of fast intramolecular vibrational redistribu-
tion (IVR) and slower processes where energy is transferred to the surroundings.
Within transient absorption measurements, IC and ISC are expected to lead to
the decay and growth of completely new transitions as new electronic states are
populated. However, distinguishing between IC and ISC is difficult, there are no
criteria for identifying spectra from different spin states. IC and ISC are differenti-
ated from vibrational relaxation through their spectral evolution. Considering there
is no change in electronic state during vibrational relaxation, only subtle changes
are likely in the experimental spectra. Generally, as lower energy vibrational states

are populated, this will blueshift an excited state absorption band as the energy gap
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Figure 1.4.3: Schematic of how vibrational coherences can manifest themselves in
a transient absorption experiment. This is a simplified view assuming only a sin-
gle dominant normal mode. The top shows the potential energy surfaces and the
wavepacket motion and the bottom shows a cartoon of typical transient absorption
spectra that may be observed. a shows two displaced potentials. As the wavepacket
oscillates back and forth in the lower energy well there is a change in transition
energy which shifts the absorption maxima. Therefore, the strongest oscillations
are observed on the wings of the peak. b shows two nested potential energy surfaces
with a third state, which the wavepacket can transfer to. As the wavepacket oscil-
lates and reaches the crossing of potential energy curves it can cross into the next
state leading to a reduced absorption. Each pass transfers more population to the
lower energy state, causing a change in absorption due to changes in the population
of the excited state. Generally, this leads to oscillations that are strongest around
the transition peak maximum.

A
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Figure 1.5.1: The processes that can occur after photoexcitation of a molecule. The
figure depicts a model system with a singlet ground state (Sy), an excited singlet
state (S1), which is the initial photoexcited state, and an excited triplet state (T;).
a Arbitrary potential energy curves of these states, the y-axis corresponds to energy
and the z-axis corresponds to an arbitrary nuclear coordinate. b The corresponding
Jablonski diagram. Filled lines correspond to radiative processes. Dashed lines
correspond to non-radiative processes. PE - photoexcitation, F- fluorescence, P -
phosphorescence, VR - vibrational relaxation, ISC - intersystem crossing, b-ISC -
back-intersystem crossing and IC - internal conversion.

between the populated state and higher-lying energy levels is increased. Second, as
the nuclear wavefunction is more localised in lower vibrational states, the transitions
tend to become narrower.|124] Fluorescence and phosphorescence are not observed
in a transient absorption as light from these processes is emitted incoherently in all
directions. However, if either of these processes is dominant, it can certainly lead to

a reduction in the signal from the excited state.

1.6 Ultrafast photophysics of coordination com-

plexes

The literature on ultrafast magnetism in single-molecule magnets (SMMs) is lim-
ited; however, transition metal complexes offer a wealth of fascinating photoinduced
phenomena that have been extensively studied. This review primarily focusses on
the dynamics associated with crystal-field transitions, which govern the magnetic
anisotropy in SMMs, as well as coherent vibrational wavepackets that can inform
on nuclear dynamics. The discussion begins with Fe(II) complexes, well known
for their rapid photoinduced spin-crossover, illustrating fundamental aspects of ul-
trafast photophysics. Comparative analysis between Fe(II) and Ru(II) complexes
highlights the impact of altering the excited state order. Vibrational coherences
in Cr(III) complexes are discussed to demonstrate the complicated nature of co-
herent motion. The analysis extends to the photoinduced Jahn-Teller distortion

observed in Cu(I) complexes and Co(II) complexes, with a particular focus on ul-
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trafast anisotropy changes. Lastly, a review of Mn(III) photophysics sets the stage
for subsequent discussion of the results in Chapters [3 and

1.6.1 Iron(II) and Ruthenium(II) Complexes

Fe(II) complexes are discussed as they are one of the most heavily studied systems
when investigating ultrafast photoinduced dynamics in transition metal complexes.
These molecules show a rich and complex interplay of spin, electronic and nuclear
dynamics, which exemplify many of the most important aspects of inorganic photo-
physics. Fe(II) complexes have a d° electron configuration and are generally found
in their low-spin form, with all six d-electrons occupying the ¢, orbitals. They can
undergo spin-crossover (SCO), a change from low-spin to high-spin with the appli-
cation of external stimulus, [125] including light.[126] They are studied both from a
fundamental point of view, to deeply understand photoinduced dynamics and as a
possible alternative to more expensive metals (Ru, Ir, Pt etc.) for applications such
as photoredox|127, |12§] and luminescence.[129] Ru(Il) is isoelectronic with Fe(II)
but shows a significantly different time evolution after photoexcitation and finds
use in countless different applications.|130-132] It is instructive to discuss where the
differences in dynamics arise between these two complexes as it provides a basic
framework to understand processes that can occur after light absorption. Ru(II)
complexes are also discussed in more detail in Chapter [5

One of the first sub-picosecond ultrafast studies of a transition metal complex
was carried out by McCusker et al. in 1993 on solution-phase low-spin Fe(II) com-
plexes.[133] These complexes were chosen as they exhibit optically-induced SCO
behavior.[134] In addition to photoinduced SCO, the conversion to high spin can
be prompted by the application of pressure or heat.|135] Because of this, the spec-
trum of high-spin Fe(II) complexes could be measured via temperature-dependent
absorption measurements, which can be used as a signature to identify the high-
spin state in a time-resolved experiment. The authors used transient absorption
spectroscopy with a 700 fs time resolution to investigate [Fe(tpen)](ClOy), in HyO
(where tpen = tetra-kis(2-pyridylmethyl)ethylenediamine) following "MLCT <« A,
excitation. They show that the quintet >T5 state is formed within 700 fs of photoex-
citation before any observed vibrational relaxation (Figure [1.6.1)). Similar results
were found across other Fe(II) SCO complexes including [Fe(bpy)s]*™ (where bpy
= 2,2’-bipyridine). This suggests that spin-orbit coupling in transition metal com-
plexes is sufficient enough to promote changes in spin state rapidly.[136] This could
be important to control the magnetisation in SMMs.

In Fe(IT) SCO complexes, population of the antibonding e; orbitals in the high-

spin, °Ty state leads to increased metal-ligand bond lengths, indicating that nu-
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Figure 1.6.1: a The kinetic trace monitored at 425 nm of [Fe(tpen)|(ClO,), after
'MLCT < 'A; excitation. Inset: structure of [Fe(tpen)](ClO,),. b The kinetic trace
monitored at 425 nm of Fe(bpy)s ' after 'MLCT ¢« 'A; excitation. Inset: structure
of Fe(bpy)s ™. The kinetic traces show a change of absorbance within 700 fs and this
is the signature of the formation of the T, state. Figure adapted from ref. [133].

clear dynamics will be important alongside spin and electronic changes. Coherent
vibrational wavepackets were first observed in the high-spin state of [Fe(bpy)s]**
after MLCT excitation in 2009.[137] Transient absorption measurements revealed
oscillations in absorbance, which were Fourier transformed to extract vibrational
frequencies. With higher time resolution, additional modes were observed, and the
entire SCO process from the initially excited 'MLCT state to the high-spin °T,
state was found to occur in less than 50 fs.[138] These results are summarised in
Figure After relaxation from the MLCT states into ligand-field states, the nu-
clear wavepacket oscillates within the 5T, potential well. The main normal modes
(127 and 157 cm™!) likely involve Fe—N bending and stretching modes.[135] These
symmetry-breaking modes efficiently couple different electronic and spin states, fa-
cilitating fast electronic decay. Time-resolved circular dichroism measurements on
enantiopure [Fe(bpy)s]*" emphasised the importance of non-totally symmetric modes
in the conversion from high to low-spin states.[139)

Ruthenium(II) complexes, being isoelectronic with Fe(II) complexes, exhibit sim-
ilar dynamics, such as the !MLCT to SMLCT conversion with identical time con-
stants.[140, [141] However, unlike [Fe(bpy)s)°", which further relaxes into ligand-field
states, [Ru(bpy);]*" only relaxes to the *MLCT state.[142] [143] This difference holds
chemical significance, as the long-lived *MLCT state in [Ru(bpy)s]*" enables oxida-
tive and reductive chemistry,[144] as well as applications in photovoltaics.[145] De-
spite these advantages, ruthenium’s scarcity and expense have prompted researchers
to explore iron as a cost-effective alternative. However, in Fe(II) complexes, the
MLCT state is populated for less than 100 fs, precluding diffusion-limited chem-
istry. The disparity in the lifetimes of the lowest-lying MLCT state between Ru(II)
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Figure 1.6.2: a The transient absorption of [Fe(bpy);]*" after exciting at 580 nm

('MLCT < 'A; transition). Oscillations in the signal can be clearly seen in the
region around 310 nm. b Fast Fourier transform of the residuals after subtracting
the kinetic fit from the data identifying the 127 cm™' and 157 cm™! frequencies.
¢ The wavepacket dynamics after photoexcitation as a function of Fe—N distance.
Figures taken from ref. [13§].

and Fe(II) complexes has been attributed to the primogenic effect, wherein the
4d-electron wavefunction extends out further than the 3d-electron wavefunction re-
sulting in an increased crystal-field strength for Ru(II). This leads to the MLCT
state being the lowest excited state in [Ru(bpy)s]*", while in [Fe(bpy)s]*", the lowest
excited state is a ligand-field state.

The question arises: how to engineer an Fe(II) complex with a long-lived MLCT
state? One strategy involves creating coordination environments with stronger
ligand-fields, inducing state inversion akin to second-row transition metals.
Alternatively, constraining vibrational degrees of freedom mediating MLCT to
ligand-field state conversion could prolong MLCT population. This method, pursued
by Paulus et al., employed a polypyridyl-based ligand (L) (Figure ) comprised
of tethered bpy units and tertiary amine-capped triimines. Time-resolved transient
absorption data of [FeL)*" revealed a decay time constant of 110 #+ 30 fs for the
MLCT to ligand-field state conversion as shown in Figure[l.6.3c. Vibrational coher-
ences at 127 and 173 cm™! were identified (Figure ), attributed to significant
movement of the amine caps. Modification to include copper ions ([Fe(L)Cuy)*")
enhanced rigidity, inhibiting vibrational motion, thereby prolonging MLCT decay to
2.6 + 0.1 ps, marking the slowest MLCT decay among low-spin polypyridyl-based
Fe(II) complexes (Figure [L.6.3e—f). These results show that knowledge of vibra-
tional motion at the earliest times after light absorption can be used to control the

dynamics within transition metal complexes.
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Figure 1.6.3: a Structure of polypyridyl-based ligand, L. b Structure of [Fe(L)Cuy**.
Iron, red; nitrogen, blue; copper, green; carbon, gray. c Kinetic trace at 608 nm
in [Fe(L)]*" showing a fast decay of 110 fs after excitation of a MLCT transition.
d Linear-predictive singular value decomposition fit and Fourier transform of the
residuals in ¢ showing two excited state coherences at 127 and 173 cm™!. e Kinetic
trace at 608 nm in [Fe(L)Cuy]"" showing a much slower decay of 2.6 ps after the
addition of the copper ions into the structure. f Linear-predictive singular value
decomposition fit and Fourier transform of the residuals in g showing a change in
frequency of the vibrational coherences after structural modification. Figures taken

from ref. )
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1.6.2 Chromium(IIT) Complexes

Chromium(III) complexes have been extensively studied since the 1960s for their
photophysical and photochemical properties[151-153] and were first subjected to
femtosecond transient absorption measurements in 2005 with Cr(acac)s; (Figure
[1.6.4k).[154] Upon excitation of the *A, to T, transition, they observed an ISC
to the intraconfigurational 2E state within 100 fs. Subsequent vibrational relax-
ation in the hot 2E state took approximately 1 ps. Further investigation revealed
a competition between back-ISC to 4Ty and forward-ISC, resulting in some *T,
state population that could undergo IC back to the ground state.|155-157] The full
Jablonski diagram depicting this process is presented in Figure [1.6.4b.
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Figure 1.6.4: a Structure of Cr(acac);. b Jablonski diagram of dynamics with elec-
tronic configuration of ligand-field states. ¢ Residuals of a kinetic fit with frequencies
of 164 and 75 cm™! after exciting the *A, to *T, transition. d Calculated normal
mode that dominates the reaction coordinate. Figures b, ¢ and d taken from ref.
[158].

In a subsequent study, the same group investigated Cr(acac)s; with improved
signal-to-noise ratio and time resolution, enabling the observation of vibrational co-
herences in the excited state (Fig. [L.6.4k).[158] The strongest oscillation at 164 cm™,
was attributed to a Cr—O breathing mode along with significant motion of periph-
eral methyl groups of the acac™ ligands whose eigenvectors are shown in Figure
[1.6.4d. Further experiments replacing methyl groups with bulkier tert-butyl groups
demonstrated a larger barrier to ultrafast ISC, significantly prolonging the *T5 state
lifetime from 100 fs in Cr(acac)s to 12 ps in Cr(tert-butyl-acac)s;. However, investi-
gations on derivatised Cr(acac)s ligands revealed a complex relationship between the
vibrational coherence frequencies, dephasing times and the IC time constant, which
are shown in Figure .[159] Despite changes in the frequencies and dephasing

times of the coherent oscillations there is no change in the IC time constant. The
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Cr(acac)s Cr(3-Cl-acac); Cr(3-Br-acac); Cr(3-I-acac);
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Figure 1.6.5: Nuclear displacements associated with the coherent oscillations iden-
tified for the Cr(3-X-acac); derivatives. Below each compound’s name is the listed
frequency associated with the coherence feature, the measured dephasing time, and

the time constant (71¢) corresponding to the observed kinetics for excited-state evo-
lution. Figures taken from ref. [160].

discussion of Fe(IT) complexes suggests that coherent vibrational motion can provide
insight into influencing dynamics.|150] However, the Cr(III) measurements indicate
the exact relationship between vibrational coherences and the lifetimes of states is

not so simple.

1.6.3 Copper(I) Complexes

Copper(I) bis-diimine complexes such as [Cu(dmphen),]" (dmphen = 2,9-dimethyl-
1,10- phenanthroline) have long-lived triplet MLCT states useful for photosensitisers
and photocatalysts that could be used as an alternative to [Ru(bpy)g]zf,
In the ground state, the Cu(I) ion has a d'° configuration with degenerate d,. and

d,. orbitals at higher energy than the non-degenerate d,,, d,» and d,2_,2 orbitals.

~y
Upon MLCT excitation, an electron is removed from the d,. or d,. orbital and the
complex has an electronic degeneracy in the excited state, which leads to Jahn-
Teller distortion. The ground state of [Cu(dmphen),]™ has a tetrahedron-like Daog
symmetry in which two ligands are attached to the Cu(I) perpendicular to each
other. The Jahn-Teller distortion in the excited state, where the copper ion is
oxidised, leads to a flattening of the ligands to a more square planar arrangement,
which is commonly seen in Cu(II) complexes. Figure shows that the excited
state Jahn-Teller distortion decreases the symmetry of the complex from Dyg to Ds.

Tahara and co-workers have extensively studied the ultrafast dynamics in Cu(I)
bis-diimine complexes to fully characterise the excited state pathways. Time-
resolved fluorescence spectroscopy was used to track the dynamics after excitation
of the MLCT band at 550 nm in [Cu(dmphen),]*.[68] The fluorescence spectra
shown in Figure b clearly show three different processes occurring sequentially.

IC occurs first within 300 fs of excitation to the lowest energy singlet excited state
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followed by the flattening distortion (FD) occurring over the next picosecond. The
fluorescence band redshifts appreciably during the distortion, which is indicative of
significant nuclear relaxation. The complex then decays via ISC to the long-lived
MLCT triplet state. The dynamics are summarised in Figure [1.6.6(c.

The same group also carried out transient absorption measurements on
[Cu(dmphen),]™ with a time resolution of 30 fs. They observed oscillations su-
perimposed on the kinetic traces, which were attributed to vibrational coherences
on the excited state potential.[69] A Fourier transform analysis of the oscillations
(Figure [1.6.6e) showed a significant component at 125 cm™!, which was attributed
to a Cu—ligand breathing mode using density function theory calculations (Figure
1.6.6f). This breathing mode is due to removing electron density in the antibonding
copper orbitals which increases the metal-ligand attraction. Another mode was ob-
served at 290 cm™!, which is a ligand-twisting mode (Figure ) with the same
symmetry as the flattening distortion. These modes have also been found using
time-resolved X-ray K-edge absorption spectroscopy and agree with the assignments
made by Tahara and co-workers.[73] As the flattening distortion and ligand twisting
mode have the same symmetry they are vibrationally coupled to the first order. It
is likely that energy flows efficiently from the ligand-twisting mode, which is co-
herently excited, to the flattening distortion. This suggests that the symmetries
of a coherent vibrations could be important to control the speed of relaxation and

dephasing times in transition metal complexes.

1.6.4 Cobalt(II) Complexes

In recent years, research in molecular magnetism has turned to single-ion magnets
(SIMs), which are a subset of SMMs that only contain a single metal ion.[101], [163]
The magnetic properties of SIMs are solely based on the single-ion anisotropy. Co(II)
complexes can have large axial zero-field splittings |D| &~ 100 cm™' and therefore
have slow magnetic relaxation.|[164] In certain crystalline environments, Co(terpy)3 "
exhibits SCO behaviour, where the high-spin quartet state has been shown to exhibit
SMM properties.|165] |166] The combination of SCO and SMM behaviour has the
potential to create some interesting multifunctional molecular materials.

Biasin et al. have studied an aqueous solution of Co(terpy)5t using ultrafast X-
ray scattering after excitation of the MLCT transition.[66] In the low-spin state, the
complex is axially compressed. After photoexcitation of the MLCT transition, the
complex undergoes ISC to the high-spin quartet state leading to anisotropic expan-
sion of all Co-N bonds because of the population of a second antibonding e} orbital.
The ultrafast X-ray scattering signal was fitted with a solute, solvent and solvent
cage term in order to extract bond length changes over time. Figure shows
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Figure 1.6.6: Summary of photoinduced dynamics in [Cu(dmphen),]*. a Schematic
potential energy curves with respect to the flattening distortion for the ground and
MLCT excited state. The Jahn-Teller flattening distortion is shown by the change
in the dihedral angle. Taken from ref. [73]. b Time-resolved fluorescence upcon-
version measurement after pumping the MLCT band showing difference spectra for
the IC, flattening distortion, and ISC. ¢ The proposed excited state pathway excit-
ing to both the S; and S, state. d Transient absorption kinetic trace at 650 nm
showing oscillatory signal after excitation to S;. Inset shows the residuals of a ki-
netic fit. e Fourier transform of the residuals in e. f Excited state breathing mode
with wavenumber from the Fourier transform and the calculated value in brackets.
g Excited state ligand twisting mode. Figures b-g are taken from ref. .
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Figure 1.6.7: Co(terpy)3t after MLCT excitation in aqueous solution. a Change in
the axial Co-N distance (Adco.Naxial) as a function of time measured by X-ray scat-
tering. The data have been fit with two oscillatory components that have periods of
330 fs and 220 fs. Inset: short-time shifting window Fourier transform of Adco-Naxial
showing the change in frequency over time. Figure taken from ref. [66]. b Exper-
imental and calculated ground and excited state KB spectrum of Co(terpy)st. ¢
Experimental and calculated Kf difference spectrum from data in b. Figures b and

¢ taken from ref. .

the change in the axial Co-N distance (AdcoNaxial) s a function of pump-probe
time delay. The Fourier transform in the inset resolved two frequency components.
The first with a period of T} = 330 fs and a second component that grows in as
the other decays at To, = 230 fs. With comparison to DFT calculations, the period
T1 was assigned to a symmetric breathing mode of all the Co—N bonds. Whilst T3
is in good agreement to a pincer-like mode of the terpyridine ligands. Therefore,
upon excitation, the MLCT quickly decays to the high-spin quartet state where
the population of a e} orbital immediately initiates a breathing mode. Considering
the population of the second ej orbital will lead to a more octahedral coordination
sphere, the axial bonds must change more than the equatorial bonds (as the com-
plex is axially compressed in the ground state) which leads to the activation of the
more anisotropic terpyridine pincer mode. These results prove that it is possible for

vibrational coherence to be transferred between two normal modes.

Photoinduced magnetic anisotropy in the high-spin state of Co(terpy)s™ was
investigated by Canton et al. using ultrafast K-edge X-ray emission spectroscopy.
X-ray KB emission is particularly sensitive to spin state and the author’s results
clearly indicated an increase in spin state after excitation in good agreement with the
expected increase from S = 1/2 to .S = 3/2 that occurs during SCO. The spectra are
shown in Figures|1.6.7b and c. The splitting between the two peaks in a Kf3 spectrum

is primarily dependent on 3p-3d exchange energy. Therefore, an increase in S in the
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3d orbitals leads to a larger exchange energy and a larger splitting. This can be
seen in Figure as the highest energy peak blueshifts and the lowest energy
peak redshifts. By fitting to a kinetic model, the transition from MLCT to high-
spin quartet state was found to occur with a time constant of 100 fs and the full
high-spin lifetime is 6.4 ps. Density functional theory calculations were used to
determine the axial ZFS in the high-spin state and found that D = +120 cm™!.
D is not defined for S = 1/2 systems and therefore could not be calculated in the
ground state. However, the results do suggest that very strong easy plane anisotropy
can be induced via excitation in Co(II) complexes and that these complexes may be

good candidates for research in ultrafast molecular magnetism.

1.6.5 Manganese(III) complexes

The results in Chapters [3| and [4] concern dynamics in Mn(III) complexes. The
ground and excited state electronic structure of these has been discussed in Sec-
tion [1.2.2l Mn(III) complexes were used for the first SMMs as their magnetic
anisotropy is strongly related to their structure and synthesis could be used to
control this. External stimuli can also be used to modulate the magnetic prop-
erties. Pressure has been shown to reorientate the Jahn-Teller axis in Mn;y to
change magnetic anisotropy|167, |168] and some form of magneto-optical control
has been demonstrated.|169, 170] There is not much literature on the dynamics
of crystal-field excited states in Mn(III) complexes. Work that pertains to ultra-
fast Mn(IIT) photophysics has generally looked at donor-acceptor complexes|171] or
porphyrins/phthalacyanines that have very different electronic structures.[172-175]

The first ultrafast study on an Mn(III)-based SMM was carried out within the
group.[65] Transient absorption spectra were measured after crystal-field excitation
of the SMM, [Mn(III);O0(Et—sao)3(5—pic)3(ClOy,)] (where saoH, and S-pic are sal-
icylaldoxime and 2-methylpyridine, respectively), hereafter Mnz. This has three
Mn(III) ions arranged in a triangle,[176] which are connected with a pg-oxo bridge
and strong peripheral —N—O— bonds with the Jahn-Teller axis aligned perpendic-
ular to the plane of the triangle (Figure [1.6.8a). This SMM creates difficulty for
the theory due to the large spin ground state, so the monomer Mn(acac); was also
investigated. This is not an SMM but still possesses a Jahn-Teller axis.

The transient absorption results for Mn(acac)s showed that photoexcitation of
a ligand-field transition leads to a coherent vibrational wavepacket in the lowest
excited state which corresponds to a switch from axial to equatorial Jahn-Teller
distortion with two frequencies of 170 and 208 cm ™! and a dephasing time of 325 fs.
The authors also fitted the decay to a kinetic model and found a rate constant for the

internal conversion to the lowest ligand field state to be 250 fs and the subsequent
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Figure 1.6.8: a The structure of Mn(acac); and Mns core with the Jahn-Teller
axis indicated. Pink, manganese; red, oxygen; blue, nitrogen; black, carbon; grey,
hydrogen. b The change in electronic configuration upon photoexcitation. The pho-
toexcitation causes an electron to be promoted to the d,2_,2 orbital which stabilises
the axial bonds and destabilises the equatorial bonds. ¢ The residuals of the tran-
sient absorption spectra of Mn(acac)s after subtracting the kinetic fit. This is fit the
two decaying cosine functions and yielded two frequencies (170 and 208 cm™!) and
a dephasing time of 325 fs. d The residuals of the kinetic fit of Mns which exhibits
one frequency (181 cm™!) and a dephasing time of 360 fs. Figures taken from [65].

vibrational relaxation had biexponential dynamics with time constants of 1.0 and
5.2 ps. There was a plateau in the dynamics indicating that the excited state exists

for longer than their experimental timeframe (200 ps).

In Mngs, the authors observed one single frequency of the vibrational wavepacket
in the excited state (181 cm™!). This was attributed to the restriction of in-plane
motion created by the strong oxime bridges between the Mn(III) ions. This re-
striction meant that Mnjs could not expand in the equatorial plane. Subsequently,
the nuclear dynamics were dominated by in-phase out-of-plane motion of all the
Mn(IIT) ions moving back and forth along the Jahn-Teller axis. The rigidity of the
Mnj triangle also leads to a decrease in excited state lifetime to 9 ps as the bonds
in the equatorial plane are unable to expand. To gain deeper insight into the nu-
clear dynamics that occur upon photoexcitation in Mns, time-resolved X-ray K-edge

spectroscopy was performed and the results of this are presented in Chapter [4]

To investigate the effect of rigidity in the equatorial plane and its relationship to
excited state lifetimes, aqueous solutions of [Mn(cyclam)(H,0),][OTf]3 (cyclam =
1,4,8,11-tetraazacyclotetradecane and OTf = trifluoromethanesulfonate) were stud-

ied using transient absorption spectroscopy.[177] The macrocyclic cyclam ligand was
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Figure 1.6.9: Dynamics of [Mn(cyclam)(H,0),)[OT{]3 in aqueous solution after pho-
toexcitation. a Ground state electron configuration and HOMO. b Excited state
electron configuration and LUMO. ¢ Transient absorption after 640 nm excitation
monitoring the probe wavelength of 375 nm. The data are fit to a biexponential de-
cay with the sum of four exponentially damped cosine functions. The frequency and
dephasing times of these components are shown in the inset. d Structural displace-
ments and vibrational frequencies of the normal modes assigned to the coherences
observed in c. Figures are taken from [177].

chosen to deliberately add rigidity into the equatorial plane. The electron configu-
ration along with the electron densities of HOMO and LUMO are shown in Figure
and b, respectively. Note that the positions of the d,, and d2_,» orbitals have
been switched but this is simply because the x and y-axes have been defined to point
in between the metal-ligands bonds and not along them. The change of absorption
as a function of time at the maximum of the excited state absorption is shown in
Figure[L.6.9c. A fit of the exponential population dynamics yielded an excited state
lifetime of 3.7 ps, which is several orders of magnitude less than Mn(acac)s;. The
ability to control excited state lifetimes is vitally important in the efforts to control
magnetisation in SMMs. The lifetime of the photoinduced anisotropy needs to be
tuned in conjunction with its strength and direction to drive efficient reorientation

of magnetisation as described in Figure [1.1.1}]

In addition to the short lifetime of the excited state, four different frequency com-
ponents were observed in the data and are shown in Figure with their respec-
tive dephasing times. By comparison to results in the complex [Mn(cyclam)C12]2+,
the frequencies were assigned to the normal modes in Figure [[.6.9d. wos and w3

mostly involve motion of the axial water ligands whereas the movement in wog and
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ws3 is localised to the equatorial cyclam ligand. The motion in the cyclam ligand
does not involve much of an expansion in the equatorial bonds as expected from the
additional rigidity. Instead, torsional modes are activated to accommodate the pop-
ulation of the d,, orbital. These torsional modes will break the symmetry around the
metal-centre and therefore can lead to strong modulations in the optical absorption.
Symmetry breaking torsional modes are interesting as they often lead to coupling
between different electronic states, which could also be a factor in the complex’s

short excited state lifetime.

1.7 Aims

Generally, two very broad problems are tackled by the results: (1) can the dynamics
in transition metal complexes, and therefore SMMs, be controlled by synthetic de-
sign? (2) How can the magnetisation dynamics and other molecular properties that
effect the magnetisation be measured on ultrafast timescales in SMMs? Chapters
and [5| tackle question 1. Transition metal complexes with only slight modifications
in structure are studied after the excitation of a crystal-field transition using ultra-
fast transient absorption spectroscopy. Vibrational wavepackets are observed after
excitation which is a signature of nuclear motion in the crystal-field environment.
Chapter |3] discusses the possibility of controlling dephasing times via synthetic de-
sign. Chapter 5| shows that minor synthetic modification can create major changes
in the wavepacket dynamics. Chapters [4] and [6] focus on question 2. Chapter
explores the use of ultrafast X-ray spectroscopy as a method to very accurately
track nuclear motion in SMMs. It is shown that the method has a sensitivity to the
crystal-field bond lengths below 0.01 A in large polynuclear complexes and there-
fore it will be an important method to study dynamics in SMMs. Chapter [0 utilises
time-resolved magnetic circular dichroism spectroscopy to study the dynamics of a
molecule in solution. There is a lack of spectrally-resolved methods for studying
magnetisation dynamics, therefore the development of new methods for studying
spin dynamics in molecules is needed. This technique is applied to a model system
and it is shown that additional information about the dynamics can be extracted

compared to purely optical techniques.
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Chapter 2

Methods

2.1 Optical Setup

The time-resolved optical setup uses a Light Conversion Pharos-PH2 regenerative
amplifier, which is seeded via a built-in mode-locked oscillator. The laser can deliver
pulses that are 330 fs in duration with a spectral centre of 1024 nm at a repetition
rate of 25 kHz with energies of 0.4 mJ/pulse. Although the laser can operate at
25 kHz, all the measurements in this thesis were carried out at 1 kHz due to limi-
tations of the detection scheme. The spectrum and autocorrelation of these output
pulses are shown in Figure 2.1.1} The spectrum was measured using an Ocean Op-
tics HR2000+ spectrometer and the autocorrelation was measured using an APE
Pulsecheck-15 autocorrelator. The spectrum has its peak maximum at 1022 nm and
a sech? fitting to the autocorrelation provides a peak width of 330 fs. The transient
absorption setup is based on the apparatus in ref. |[178]. An overview of the entire

setup is shown in Figure [2.1.2

2.1.1 Pump Generation

90 % of the Pharos output is used to pump a Light Conversion Orpheus-F non-
collinear optical parametric amplifier (NOPA), which can deliver pulses between 640
and 940 nm with pulse durations around 60 fs. Optical parametric amplification is
based on difference frequency generation[179] and supercontinuum generation.|[180]
In the NOPA, around 1 % of the 1024 nm Pharos output beam is directed into a
sapphire plate via a polarising beamsplitter where a supercontinuum is generated.
This pulse is chirped and therefore all the wavelength components of the continuum
are temporally separated, this is the seed beam. The remaining 99 % of the pump
beam is directed into a B-barium borate (BBO) crystal that generates the second
harmonic of the beam centred around 512 nm and is split into 2 parts, which will

act as the pump for the first and second amplification stages.
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Figure 2.1.1: a Spectrum and b autocorrelation of Pharos output. The autocorre-
lation has been fit with both a sech? and Gaussian autocorrelation function. The
sech? function provide the best fit with an autocorrelation width of 508 fs and a
pulse width of 330 fs at FWHM.
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In the first stage, the supercontinuum and the first part of the pump are over-
lapped in a BBO crystal facilitating difference frequency generation which creates
an idler (the difference frequency of the pump and component of the white-light
seed) and a signal (amplified seed beam). Due to the chirp of the supercontinuum,
the frequency which is amplified can be selected by altering the temporal overlap of
the pump and seed beams via a mechanical delay stage. The second stage operates
similarly, the now amplified seed beam which is quasimonochromatic after the first
stage is focused into another BBO and combined with the second pump, which fur-
ther amplifies the seed and also generates a second idler collinear to both the pump
and signal beam. Both the signal and idler of the second amplification stage can be
taken from the NOPA for use on the optical table although only the signal beam
(640-940 nm) is used in this thesis. The signal beam is separated from the pump
and idler beams by two dichroic mirrors. The pulse duration is optimised by a dou-
ble prism compressor. Spectra and autocorrelations for a few selected wavelengths
of the NOPA signal are shown in Figure 2.1.3] The spectra were measured using
an RGB Laser Systems spectrometer built into the NOPA and the autocorrelations
were measured using a APE Pulsecheck-15 autocorrelator. The compressed signal
can be frequency doubled in the Light Conversion Lyra, which can produce light
with wavelengths 320-470 nm. The compressed signal or its second harmonic is used
as the pump pulses in the time-resolved experiments throughout this thesis.

The pump pulses exit the NOPA and are chopped using a Thorlabs MC2000
chopper equipped with the MC1F10 wheel at half the repetition rate of the laser,
typically 500 Hz. Every second pump pulse is dumped, which allows the probe to
consecutively measure pump-off/pump-on spectra to generate transient absorption
difference spectra. A Newport U-BBR2.5-1S corner retroflector mounted on an
Aerotech PRO115LM-600 translation stage which is 60 cm long is used to control
the timing between pump and probe pulses up to a time delay of around 3 ns. The
beam is directed into a half-waveplate-polariser combination to control the power
and polarisation of the pump with respect to the polarisation of the probe pulse.
A spherical mirror with focal length f = —50 cm brings the pump beam into focus
just after the sample position. The final mirror before the sample is controlled by
a pair of Thorlabs PIAK10 piezoelectric actuators which allows fine adjustment of
the spatial overlap of pump and probe horizontally and vertically. The remaining

pump after the sample is blocked on the side of an aperture.

2.1.2 Probe Generation

The remaining 10 % of the Pharos output is used to generate the probe beam for use

in the transient experiments. The beam first travels through a half-waveplate and
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Figure 2.1.4: Optical set-up for white light generation. Around 3 pnJ of the 1024 nm
Pharos output is used to generate the supercontinuum. The beam travels through a
variable aperture to restrict the beam waist and a lens to focus it into the sapphire
or CaF, plate. Nonlinear optical processes lead to supercontinuum generation and
the outgoing beam is recollimated using a spherical mirror and the residual 1024 nm
light is removed using a near IR filter. The beam is not dispersed in this process
but the rainbow colours are used to signify a white light beam.

polariser to adjust the pulse energy. The polariser (Thorlabs GL10) is set to horizon-
tal (parallel to the optical bench) and the half-waveplate (Thorlabs WPH05M-1030)
can be rotated to control the attenuation through the polariser. A pulse energy of
around 3 1J is used. The beam is then directed through a variable aperture set to a
diameter of around 5 mm that blocks the outer part of the beam, and a 10 cm convex
lens to focus into a nonlinear optical crystal that generates the supercontinuum. The
supercontinuum is collimated using a spherical mirror with focal length f = —10 cm
and the residual pump beam is discarded using a near-IR filter (Newport 10CLVR-
1) which cuts off around 850 nm. A diagram of the white-light generation setup is
shown in Figure The angle of the half waveplate, aperture diameter and lens
position are used to optimise the supercontinuum spectrum.

The nonlinear optical materials used to generate the white-light probe spectra
are sapphire (5 mm) or calcium fluoride (Crystran, 5mm). The average spectrum
and standard deviation for 100 pulses are shown for the two materials in Figure[2.1.5
CaF, has a wider spectrum extending deeper into the UV (320-850 nm). Although
sapphire generates a narrower spectrum (500-850 nm), it has much better stability
as evidenced by the lower standard deviation of less than 0.1 %. This is likely due to
the need to raster the CaF, plate in the plane perpendicular to the beam to prevent
thermal damage. Within the region 450-600 nm, white light generation in CaF,
has a standard deviation of around 0.2 %. However, below 450 nm the standard
deviation increases to around 1 %.

Using a beamsplitter, 80 % of the supercontinuum is reflected into the probe
line and 20 % is transmitted into the reference line. This double-beam setup allows

shot-to-shot spectrally-resolved referencing. The probe beam is directed towards a
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sample using a spherical mirror with focal length f = —50 cm with the sample in
the focal position. After the sample, the diverging beam is collimated by another
f = —50 cm concave spherical mirror and then sent into the spectrometer. Similarly,
the reference beam is coupled to the reference spectrometer.

For magnetic circular dichroism measurements, the probe beam must be circu-
larly polarized, and a superachromatic quarter waveplate (Thorlabs SAQWP05M-
700) is inserted into the probe line before the entrance to the electromagnet. To
ensure circular polarisation, a linear polariser is inserted into the sample position
and rotated, pure circular polarisation is achieved when there is no change in beam
intensity when the linear polariser is rotated. This is not perfect as the quarter
waveplate does not have a retardance of exactly 7 or the same fast axis across the
spectrum leading to some ellipticity. As long as there are no polarisation optics
after the quarter waveplate the signal will be proportional to the magnetic circular
dichroism of the sample. The imperfections in the quarter waveplate only allow the

MCD intensity to vary up to 5 % across the spectrum.|95]

2.1.3 Detection Scheme

The probe and reference spectrometers spectrally disperse the light using prisms
(Eksma Optics 320-1218). The probe enters the spectrometers with horizontal linear
polarisation so that it is p-polarised with respect to the prism surface. Setting the
prism rotation so that the angle of incidence is at the Brewster angle limits the loss
of probe intensity through reflection. The spectrally dispersed beams are guided
into charge-coupled device (CCD) cameras (Entwicklungsbuero Stresing) equipped
with Hammamatsu S7031-0907 sensors. A diagram of the spectrometers is shown
in Figure [2.1.6] The sensors are comprised of 512 horizontal and 58 vertical pixels.
The probe and reference beams are spectrally dispersed horizontally on the detector
and the vertical pixels are binned together which allows synchronised read out of
512 pixels at a rate of 1 kHz. Considering the majority of the supercontinuum
is used in the probe line, a graduated neutral density filter is inserted into the
beam immediately before the CCD camera to prevent saturation of the detector. A
gradient in the neutral density filter attenuates the spectra in the red more than in
the blue and therefore it is possible to increase the amount of UV light reaching the
CCDs without saturation at longer wavelengths. This can be seen in Figure [2.1.5
as the probe spectrum is more flat than the reference.

The spectrometers must be calibrated to assign a wavelength to the individual
horizontal CCD pixels. A 900-1300 nm bandpass filter (Thorlabs, FBG36) is added
to the beam before the probe and reference are split. The filter has an intricate

absorption spectrum in the UV-visible region and the wavelength of each peak and
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Figure 2.1.6: On the left is the optical layout of reference and probe spectrometers.
The right panel shows that the 58 vertical pixels are binned together to get a single
1-dimensional spectrum.

trough is assigned a single pixel (Figure [2.1.7a). The corresponding wavelength-
pixel data are plotted and fitted with a third-order polynomial as shown in Figure
[2.1.7b. Consequently, there is a correspondence of pixels to probe and reference

wavelengths.

2.1.4 Sample Environment

The sample interaction area is shown in Figure[2.1.8 The pump and probe beams are
focused and spatially overlapped within the sample at an angle of around 1 degree.
The sample can be solid in the case of thin films or a solution held in a cuvette.
In the case of solid samples, they can be mounted inside an Oxford Instruments
Microstat-He cryostat with two spectrosil windows to allow propagation of the laser
pulses. Within the cryostat, the sample temperature can be controlled between 10—
500 K wusing liquid helium and as low as 77 K using liquid nitrogen. Temperature
is adjusted through an Oxford Instruments Mercury iTC controller. The sample is
situated between two poles of a water-cooled GMW 3470 electromagnet. Depending
on the current supplied, and the distance between the poles, fields up to 0.8 T can
be reached. The maximum field when using the cryostat is around 0.5 T as the gap
between the poles must be wide enough to accommodate the cryostat (around 2.5
cm). Using a thin cuvette for solution measurements, the gap can be made much
smaller (around 3 mm) and fields of around 0.8 T can be reached. Magnetic field
strengths are measured using a Hirst GM08 Gaussmeter and are shown as a function
of current applied to the electromagnet for pole spacing with the cryostat and with
the cuvette in Figure [2.1.9,

While performing MCD measurements, the direction of the current is switched
to measure the difference between the two magnetic field orientations. This is equiv-
alent to switching the helicity of light from left to right.[95] Current is supplied to
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Figure 2.1.7: Wavelength calibration. a The transmission spectra of the BG36 filter
with the reference points marked at relevant peaks and troughs. The spectrum was
measured using a Shimadzu UV-1800 spectrophotometer. b Wavelengths at the
corresponding pixel number on the CCD detectors. These have been fitted with a
third-order polynomial to calibrate the detectors.

the electromagnet by an Aim-TTi CPX400SP power supply which is capable of ad-
justing current supply and can be controlled using LABVIEW. An Arduino Uno
fitted with a relay shield is used to switch the direction of the current and therefore
the magnetic field, but this can only handle 4 A. The magnetic field can also be
reversed manually using a switch allowing currents up to 5 A to be supplied to the
magnet.

Before the sample, a flip mirror can be use to direct the pump and probe
into a complementary metal-oxide-semiconductor (CMOS) camera (Basler acA1920-

25nm), which is used for beam imaging. The camera sensor is placed at the same

pump probe

‘ sarrr_lple

? to spectrometer

lens

cryostat/
sample
holder

sample imaging

beam imaging

Figure 2.1.8: Diagram of the sample interaction area showing methods of imaging
both beam and sample. The transparent optics that are outlined by dotted lines are
optional for beam and sample imaging.
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Figure 2.1.9: Magnetic field as a function of current applied to the electromagnet
for pole spacing needed for the cryostat and cuvette.

distance away from the focussing mirrors as the sample so the beam morphologies
and diameters at the sample can be measured with a resolution of 2.2 pm. The inset
in Figure shows a typical beam image taken by the camera. The 2D surface
is fitted with the product of two Gaussian functions for the horizontal and vertical
directions with different widths, which are used to calculate the area of the beam and
therefore the pump fluence. Care must be taken when collimating the probe beam
after white light generation as the different wavelength components may not have
the same divergence due to processes inherent in supercontinuum generation.[17§]
Horizontal slices of the beam images are shown for different probe wavelengths in
Figure along with the 800 nm pump. In transient absorption, the pump
should be larger than the probe to excite all the molecules in the probe diameter
and provide as uniform an excitation density as possible across the probe.[181]
Additionally, all the wavelength components of the probe should be around the
same size and have maximal overlap with the pump. Assuming the beam profiles of
pump and probe are perfect 2D Gaussian functions, in polar coordinates with radial
coordinate r, the intensities of the pump (I,,) and probe (I,,;) which are separated

by distance ry in a plane perpendicular to their propagation are given by:

A r? 1 (r —rg)?
I, = —exp (— ) and [, = 5y CXP (——) (2.1.1)

27 202, 2 202,
The pump beam has a maximum intensity of A/27 and the probe is modelled using a
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Figure 2.1.10: Beam profiles of the pump and different wavelength components of
the probe. a Beam intensity of a horizontal slice of the 2D beam profile as a funcion
of distance. Inset: Typical image of the beam from the CMOS camera. b 1/e? width
of the the pump and probe components after fitting the data in a with a Gaussian
function.

Gaussian with normalised area as it is referenced to the same intensity distribution
with pump-on and pump-off. The width of the Gaussian is o}y, for pump and
probe beams, respectively. For one-photon excitations, the excitation density and
therefore the transient signal is directly proportional to the average pump fluence
experienced over the envelope of the probe pulse. This “effective” fluence F.g is

given by the area integral over the product of the pump and probe profiles,

Fug o //A Ioelpu dA = ﬁexp [— ((:))2 (1 - @)] (2.1.2)

Opu Opu

This equation suggests for the maximum transient absorption signal the probe beam
should be small compared to the pump to achieve a large fluence. The distribution
of probe sizes within our experiment suggests a maximum deviation of 5 % change in
F.g over the probe wavelength range (Figure . The best method for ensuring
the similarity between probe wavelengths using CaF, generated white light was
to collimate for wavelengths below 375 nm which yields good circular shapes and
similar diameters across the rest of the spectrum, also the UV region is the most
difficult to collimate.

After the sample and the electromagnet, there is a second CMOS camera for
imaging the position of the probe on the sample and the sample itself. This is par-

ticularly useful for inhomogeneous samples and/or samples that are prone to pho-
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todamage. The sample can be moved using a Zaber X-LSM025A-E03/X-VSR20A
translation stage in the plane perpendicular to the direction of the probe beam and
measurements can be made on a homogeneous spot with no damage. This is imaged
using a lens and mirror on a flip mount that collimates and directs the probe beam
into the CMOS camera. To facilitate the imaging of the sample, a torch is used to
illuminate it from behind.

Considering that time-resolved MCD measurements use strong magnetic fields
up to 0.8 T that change during measurement, it is important to confirm that the
MCD signal does not arise from changing beam positions as the magnetic field
switches. Both pump and probe were directed into the beam imaging cameras,
and the magnetic field was switched from one direction to another while the beam
position on the camera was monitored. There was no change observed so variation
in the peak position of the beams was less than the camera resolution (< 2.2 um).
Using the typical beam diameters of 100 pm for the probe and 200 pm for the
pump, the change in effective fluence for a maximum change in rg of 2.2 pm can be
estimated with Equation A change from ry = 0 to rg = 2.2 pm reduces F.g
by 0.01 %. Taking into account the typical MCD signal of 1 % of total absorbance,
movement of the beams due to the magnetic field will have less than a 1 % effect on

the magnetic circular dichroism (MCD) intensity.

2.2 Post-Processing and Data Analysis

2.2.1 Post-Processing

The transient absorption data are collected via a LabVIEW program with param-
eters chosen by the user. The difference spectra are collected at each delay for a
total number of ny times for a specified number of laser shots (ng,) which are mea-
sured consecutively. The data for ng, shots are averaged for each time delay. This
constitutes a single scan. Scans are repeated ng. times. Multiple scans are used to
confirm there is no degradation or change of the signal in real time. There is also
a filter level to remove the x % highest and lowest intensity CCD signals that can
arise from electrical noise or other processes. Typically, this filter is set to 1 %.
The LabVIEW program produces a matrix of dimensions 1y X ny X ng. (where ny =
512 is the number of wavelength points). Therefore, each matrix element contains
the differential absorbance at time ¢, wavelength A, and for the scan number S. In
typical transient absorption measurements, ng, ~ 10® and ng, = 3-10. In addition,
measurements at negative times are taken (tgeny < —50 ps) as background mea-
surements to subtract from the data set. If all scans agree well, they are averaged

together to give a final ny x n; dataset.
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Typically an MCD signal is less than 1 % of the total absorption signal and
therefore MCD measurements are averaged for much longer. Considering a typical
sample that has a strong time-resolved absorption signal of around 10-100 mOD,
the time-resolved MCD must have a sensitivity in the sub-1 mOD range. In a
typical solution-phase MCD measurement, > 10° difference spectra are taken for
each field direction and subtracted. Each of the time points in a time-resolved
MCD measurement takes around 30 minutes to a few hours to collect. Specific
procedures used to handle time-resolved MCD data are provided in Chapter [6]

In the final averaged data set, there are still some corrections to be made. The
white light is chirped because of processes inherent in the white-light generation,
meaning that each wavelength component arrives at the sample at a different time.
To extract a difference spectrum for a single time delay this chirp must be corrected.
In transient absorption experiments, there are often extra signals at early times due
to nonlinear optical processes. Cross-phase modulation (XPM) occurs when the in-
tense pump induces a variation in the refractive index of the sample as a result of the
optical Kerr effect. The consequences of XPM on a transient absorption measure-
ment are shown in Figure Although this creates problems when attempting
to characterise dynamics at early times it provides a good estimate of time zero for
each wavelength component. Time zero is chosen at the centre of the XPM signal for
around 20 wavelengths across the spectrum and this data is fitted with a 3rd order
polynomial with respect to wavelength. The data at each wavelength are shifted in
time by the value of that polynomial yielding chirp-corrected transient absorption
data (fitting shown in Figure 2.2.1a). Generally, XPM is ignored within the fitting

as it provides no useful information about the sample being studied.

2.2.2 Data Analysis

Broadband transient absorption measurements produce 2-dimensional data sets of
AA as a function of both wavelength (A) and time delay between pump and probe
(t). Considering the number of processes that can occur in excited states and their
different spectral evolution, there is no standard method of analysing data. Proce-
dures should be chosen based on the features of the particular transient absorption
spectra and the goal of the experiment. Generally, one wants to extract time scales
for dynamical processes and the nature of those processes (IC, ISC, IVR, etc.), and
in the process identify different states the molecules access during relaxation.

To extract time scales, the time domain data must be fitted with a kinetic model.
Any model can be used if prior knowledge of excited state dynamics is known,
but in the absence of this, a parallel or sequential kinetic model is generally used.
Schematics of these models are shown in Figure 2.2.2] In a parallel model, it is
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Figure 2.2.1: Transient absorption measurement of pure ethanol in a 200 pm path
length cuvette after excitation at 400 nm. a Contour plot of the transient absorbance
as a function of wavelength and time without chirp correction. The black line
overlaid shows a 3rd order polynomial fit to the chirp. The time data is shifted to
provide a common time zero for all wavelengths. Pump scatter is seen at 400 nm.
b XPM signal at different wavelengths as a function of time.

assumed that a number of different states (n) are populated by the pump pulse
at t = 0 and decay back to the ground state with rate constants k; where 1 = 1-
n. This model is not very physical as it is unlikely that many different electronic
states will be populated via a single wavelength excitation; at least there is likely
to be one dominant populated state. However, it does give a good estimation of
the timescales of the dynamics, particularly if the time constants are well-separated.
The sequential model is more physical and describes a relaxation decay without any
branching where one species converts to another sequentially until it reaches the

ground state. For a parallel model, each component is fitted to the equation:

N
AA(Nt) =IRF(o,t) ® > A/ (2.2.1)

where A; is the amplitude of the component with time constant 7;. The function
is convoluted with the instrument response function that is modelled as a Gaussian
with width o that corresponds to the time-domain cross-correlation between the
pump and probe pulses. The instrument response takes into account the finite
duration of the pump and probe pulses and that all the molecules are not excited
simultaneously but over the time profile of the pump pulse and measured over the
time profile of the probe pulse.

Global analysis is used to fit the entire 2-dimensional transient absorption data
set in Chapter [5] Global analysis fits all wavelength traces at once, sharing the time

constants but allowing the amplitude of those components to vary. This relies on
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Figure 2.2.2: Schematic of a parallel and b sequential kinetic models.

the assumption that each species that is accessed during the dynamics has a char-
acteristic spectrum. Therefore, processes such as vibrational relaxation that cause a
blueshift and narrowing of excited state absorption bands are not always captured
well because the spectra of the species evolves as it redistributes vibrational energy.
Global analysis yields decay-associated spectra which describe A; as a function of
wavelength. The features of the decay-associated spectra can be used to identify
species when an experimentalist already has prior knowledge of some reference spec-

tra which can be extracted from spectroelectrochemistry or other means.

A significant amount of this thesis is concerned with the observation of coher-
ent vibrational motion that can be identified along the time-domain of a transient
absorption measurement. The oscillatory signal cannot be modelled with a sum of
exponential components and therefore additional data analysis is required. After
fitting a kinetic model to follow the population dynamics, the residuals will con-
tain information about vibrational coherence. To start, the residuals are Fourier
transformed to the frequency domain to identify dominant frequency components
within the coherence. Simulated data and the corresponding Fourier transform is
shown in Figures[2.2.3a and b. A simple Fourier transform without post-processing
often leads to broad peaks due to “spectral leakage” which is caused by the rect-
angular window over which the Fourier transform is performed due to the finite
experimental timescale. If a windowing function is used that limits the discontinu-
ity on the edges of a time-domain signal, it can suppress this leakage. The effects on
the time and frequency-domains are shown in Figures [2.2.3c and d for an applied
Hann window. Finally, the data are zero-padded (adding a list of null values at the
end of a time-domain signal) which increases the number of points on the frequency
axis after Fourier transformation. This does not increase the experimental spectral
resolution because this is set by the sampling frequency and the number of steps
recorded. However, given the sparseness of points given by a Fourier transform with
no zero-padding, it is possible that the maximum value in the spectrum is not the
true frequency as it could sit between two discrete points.[111] Zero-padding solves

this problem by increasing the density of points in the spectrum. The effect of a

67



Hann window and 4x zero padding is shown in Figures [2.2.3e and f.

After the frequencies of the coherent motion have been identified, direct fitting
of the oscillations can be carried out. The residuals of the kinetic fit can be fitted
to a damped waveform term, Aoe "™ cos (2mcevt).  Aose is the amplitude of the
oscillations, 74 is the dephasing time of the coherence, ¢ is the speed of light and
v is the frequency in em™!. If the oscillations are particularly large in comparison
to the exponential population dynamics, then this term can be added to Equation
directly. This is needed for the results in Chapter |3| where the oscillatory part
of the dynamics is a magnitude similar to that of the exponential dynamics.

Considering the transient absorption measurements are spectrally resolved a
Fourier transform or a waveform fit can be carried out for all wavelength traces
in a given measurement. For an entire transient absorption measurement a Fourier
transform can be carried out in the time-domain which generates a 2D map of
wavelength versus vibrational wavenumber. Alternatively, a global fit of a sum of
damped waveforms can be used where the frequency and dephasing times of the
coherences are shared between all the wavelengths. Both these methods provides a
spectrum associated with a particular vibrational frequency. This spectral-domain
information can help distinguish between ground state and excited state vibrational
coherences as discussed in Section [I] and it is utilised in Chapters [3] and [f
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Figure 2.2.3: Effect of post-processing procedures to the fast Fourier transform of
simulated oscillatory data. a Simulated time domain data of a damped oscillatory
waveform with damping time 74 = 0.5 and frequency v = 5 with added Gaussian
noise ¢ = 0.05. b Fast Fourier transform of the time domain data in a with no
post-processing. ¢ and d Effect of applying a Hann window function to a in the
time domain and frequency domain showing a reduction of spectral leakage in the
Fourier transform. e and f Effect of applying both a Hann window and 4x zero
padding in the time domain and frequency domain, which shows an increase in the
density of points in the frequency domain.
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Chapter 3

Ultrafast photoinduced
Jahn-Teller switch in Mn(III)

terpyridine complexes

3.1 Introduction

The first report of vibrational coherences in Mn(III) SMMs after optical excitation
was published by the group in 2020.[65] The results of this paper are described in
detail in the introduction of this thesis. Considering this was the only report of these
coherences in high-spin Mn(III) complexes, there are many open questions about
the dynamics of these molecules and the role coherences have within that. How
do the ligands affect the frequencies and dephasing times? Does having a dynamic
or static Jahn-Teller distortion have an effect? From the previous study,[65] there
was a single frequency component and a longer dephasing time in the excited state
of the more rigid Mng compared to the more flexible Mn(acac)s, which exhibited
two frequency components. Is geometric restriction the reason for the apparent
simplification of the reaction coordinate and retention of coherence and, if so, is this
still true in mononuclear complexes? Harnessing the information coherences hold
may prove vital in controlling the reaction coordinates to influence the magnetic
properties in Mn-based SMMs.

Information gathered from coherences has led to synthetic control of ultrafast
dynamics in transition metal complexes as shown by Paulus et al.|[150] This focused
on the frequency of the wavepacket along the reaction coordinate, assigning that to
a normal mode and inhibiting that motion via the introduction of structural rigidity.
The effect of this rigidity was to increase the MLCT state lifetime 20-fold. Indeed,
other studies have shown it is readily possible to influence dynamics by altering

molecular structure to disrupt normal modes involved in a reaction coordinate.[114,
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158} (159, [182] Although there is an abundance of literature that uses information
from coherences to infer details about dynamics, there is a lack of information about
how the vibrational dephasing can be changed and/or controlled. Longer vibrational
decoherence could be key for magnetic anisotropy control in Mn-based SMMs as
it provides a prolonged window where the preferred direction of magnetisation is

modulated via Jahn-Teller-active modes.

Vibrational dephasing can occur via population relaxation (77) and pure dephas-
ing (7%). Population relaxation is generally controlled by the rate of intramolecular
vibrational redistribution (IVR) and vibrational cooling (VC) to the solvent bath.
Slow IVR has been suggested as the reason for the long multi-picosecond vibra-
tional dephasing time in cresyl violet where the coherent mode is nearly harmonic
and therefore has minimal coupling to the other normal modes of the molecule.|183]
The long dephasing time of a Pt—Pt stretching mode in [Pty(P,05H,),* (PtPOP)
was attributed to slow VC. The authors proposed energy loss to the solvent from
this mode is suppressed by “shielding” provided by the bulky POP ligand.|184] This
is similar to vibrational decoherence of dihalogens in noble gas matrices where the
local mode in Bry is decoupled from the bulk phonons.[185] Vibrational dephasing
times ranging from 0.3 — 2.6 ps have been observed in Cr(acac)s and its derivatives
with no change in lifetimes of electronic states.[159] The reasons for the large range
of dephasing times for these structurally similar complexes is not known. These
reports imply that synthetic modification could lead to long-lived vibrational co-
herence but currently there is no solid criteria which can guide molecular design

towards this goal.

In order to investigate the effect of synthetic modification on vibrational wavepack-
ets in Mn(III) complexes, a series of [Mn(terpy)Xs] complexes where terpy = 2,27:6’,6”-
terpyridine and X = Cl, F and N3 were studied. The molecular structure is shown
in Figure 3.3.1. These differ with respect to Mn(acac); as the heteroleptic nature
of the complexes means there are three distinct bonding axes, which creates a static

Jahn-Teller elongation fixed along the No,—Mn—N,, axis in the ground state.

This chapter presents an investigation of the electronic structure and dynamics of
[Mn(terpy)Xs] complexes through a combination of experimental and computational
methods. All spectroscopic measurements detailed in this chapter were conducted
and analysed by myself and the computation was carried out by Julien Eng and
Tom Penfold at the University of Newcastle. The findings presented herein have
been the subject of a publication.[186]
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Complex Solvent ¢ (mM) Apump (nM) dpump (NM) F (mJ/cm?)
[Mn(terpy)Cls] DMF 35 400 234 9.4
[Mn(terpy)Fs] Ethanol 25 750 210 7.9

[Mn(terpy)(N3)3] Ethanol 15 800 216 9.8

Table 3.2.1: Experimental parameters for the transient absorption measurements of
[Mn(terpy)Xs]. The path length was 0.2 mm. The solution was flowed at 16 nL/min
and the probe diameter was 100 pm for all measurements.

3.2 Methods

3.2.1 Synthesis and Characterisation

Synthesis of the complexes was carried out by Iona Ivalo and Marco Coletta at the
University of Edinburgh. The synthetic procedures were followed from literature for
[Mn(terpy)Cls],[187] [Mn(terpy)F3][188] and [Mn(terpy)(N3)s]|189]. UV-Vis spec-
troscopy was carried out using a Shimadzu UV-1800 spectrophotometer using a 1 cm
quartz cuvette. [Mn(terpy)Fs] and [Mn(terpy)(N3)s] were dissolved in ethanol and
[Mn(terpy)Cls] was dissolved in dimethylformamide (DMF). Raman spectra were

acquired using a Renishaw Raman microscope with a laser wavelength of 785 nm.

3.2.2 Time-Resolved Measurements

The transient absorption set-up is described in detail in chapter [2 particular exper-
imental parameters used are highlighted here. [Mn(terpy)Fs] and [Mn(terpy)(N3);]
were dissolved in ethanol and photoexcited at their lowest energy transition °B;
— %Ay (d.2 to dy2_,2). [Mn(terpy)Cls] could not be photoexcited at this wave-
length due to the transition being outside the NOPA wavelength range. Instead,
[Mn(terpy)Cls] was pumped using 400 nm light which corresponds to the °B; —
°Eq (dy2/y. — dy2_y2) transition. Furthermore, the low solubility of [Mn(terpy)Cls]
in ethanol meant that the absorption measurements had to be carried out in DMF.
The concentrations of the samples in the transient absorption measurements were
such that the optical densities at the pump wavelength were in the region 0.01 —
0.2 OD. The pump polarisation was set to the magic angle (54.7°) relative to the
probe. The exact parameters used for excitation are shown in Table [3.2.1] The
samples were flowed through a 0.2 mm pathlength Starna flow cuvette at a rate of
16 pL/min during the measurements. The probe beam spectra spanned 320-720 nm
and had a beam diameter of around 100 pm at the sample. For each scan, 1500
difference spectra were recorded at each time delay, 5 scans were performed so each

average difference spectra consisted of 7500 individual spectra.
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Figure 3.3.1: a Structure of [Mn(terpy)Xs] with Cy axis marked. Mn; purple, N;
blue, X; yellow, C; black, H; grey. b UV-vis spectra of [Mn(terpy)Xs] where X = F
and N3 were dissolved in ethanol and X = Cl was dissolved in DMF. Inset: ligand-
field transitions > 400 nm. Figures are adapted from ref. [186].

Complex Mn—X,, / A Mn—X., / A Mn—N,, / A Mn—N,, / A
[Mn(terpy)Cly) 2.23 2.26 2.2 2.25
[Mn(terpy)Fs] 1.78 1.78 1.89 1.97

[Mn(terpy)(Ns)s] 1.92 1.95 2.14 2.27

Table 3.3.1: Ground state structural parameters of the inner coordination sphere
for [Mn(terpy)Xs] from from DFT (PBEO) calculations.

3.3 Results and Discussion

3.3.1 Ground State Characterisation

The geometry of [Mn(terpy)Xs] is shown in Figure where the C, axis is
highlighted, axial (ax) positions are defined along this axis and equatorial (eq) po-
sitions are in the plane perpendicular to the Cy axis. Strictly, there is no C, axis
in [Mn(terpy)(N3)s] due to rotation of the azide units but the axial positions are
defined similarly. Jahn-Teller elongation is present in all three complexes along the
Neq—Mn—N,, bonds in agreement with crystal structures.[187-189] Bond lengths
that describe the first coordination sphere of [Mn(terpy)Xs] are given in Table[3.3.1]

UV-visible spectra of the three complexes are presented in Figure [3.3. 1. Charge
transfer transitions are observed in all three complexes complexes below 350 nm,
although [Mn(terpy)(N3);] has a long tail in the charge transfer transitions that
carries out to the visible region. Charge transfer spectra of [Mn(terpy)F;] and
[Mn(terpy)(N3)s] are very similar, likely arising from transitions involving the ter-
pyridine unit as this is common to all the complexes. These transitions are different
in [Mn(terpy)Cls], likely due to the change in solvent which can strongly effect

charge transfer transitions,|[190] however the peaks remain at roughly the same en-
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Complex °B; — A, (nm) °B; — 5A, (nm) °B; — °E; (nm)
[Mn(terpy)Cly] (calc.) 1100(925) 530(566) 460(490)
[Mn(terpy)F3] 750 510 470
[Mn(terpy)(N3)3] 800 520 450

Table 3.3.2:  Electronic transitions of [Mn(terpy)Cls], [Mn(terpy)Fs] and
[Mn(terpy)(N3)s] from UV-Vis spectra in Figure [3.3.1pb.  The calculated
CASSCF/NEVPT?2 transition energies are shown in brackets for [Mn(terpy)Cls).

ergy. Ligand-field transitions above 400 nm are displayed in the inset. The C,,
symmetry of these complexes means there should be four spin-allowed ligand-field
transitions, however, the splitting of the two highest energy transitions is too small
to be reliably distinguished.|64] Therefore, three absorptions arising from the lowest
energy °By — °Aq(d,2 — dy2_2), "By — %Ay (dyy — dy2_,2) and the psuedode-
generate °B; — °E; (dm/yz — d,2_,2) transitions are observed. The extinction
coefficients are within 10-100 M~tcm™!, which places them firmly as ligand-field
transitions. The wavelengths of these transitions are summarised in Table [3.3.2]
The energies of the lowest ligand-field transition decrease as X becomes a weaker
field ligand (F~ > N3 > Cl ), as expected.

Electronic transitions of [Mn(terpy)Cls] were computed by Julien Eng and Tom
Penfold at the University of Newcastle using a complete active space self-consistent
field (CASSCF) /n-electron valence perturbation theory 2 (NEVPT2) approach. The
computed transitions of the metal-centred quintet excited states are shown in Table
Along with the transition energies the change in electronic density upon
excitation was computed. The electron density difference map of the °B; — °A;
(d.> — dy2_,2) transition is shown in Figure [3.3.2a. This clearly indicates a shift of

electron density from the d,» orbital to the d,2_,» orbital.

3.3.2 Time-Resolved Measurements

Armed with the knowledge of the electronic transitions and changes in electron
configurations associated with them, transient absorption spectroscopy was car-
ried out exciting the lowest energy ligand-field transition in [Mn(terpy)Fs] and
[Mn(terpy)(N3)s] (corresponding to a one-electron transition from the d.: to the
d,2_,2 orbital) and the d,./d,. to d,2_,> transition in [Mn(terpy)Cls].

The transient absorption difference spectra for the three complexes are shown in
Figure[3.3.3p. All three complexes display strong excited state absorptions occurring
around and below 350 nm. In addition to this peak, there is a broad flat absorption
in the visible region for [Mn(terpy)Cls]. The ESA in [Mn(terpy)(N3)s] has some
peak structure in the visible region perhaps from redshifted LMCTs from the azide
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Figure 3.3.2: a Change of electron density map after "By — °Ai(d,2 — dy2_y2)
photoexcitation in [Mn(terpy)Cls]. Green; increase, pink; decrease. There is a
clear transfer of electron density away from the d,» orbital into the d,2_,2. b A
frequency analysis at the point close to the conical intersection between the first
excited state and the ground state reveals one imaginary frequency that corresponds
to a combination of ¢;9 and ¢o; in [Mn(terpy)Cls]. The red arrows indicate the
vibrational motion that takes the nuclei away from the Franck-Condon region to
the conical intersection. The nuclear rearrangement agrees well with the expected
change from the change in electron density. Figures are adapted from ref. .

ligand after photoexcitation. LMCT transitions from halogen atoms to the Mn(III)
centre are likely too far in the UV to observe in the probe region.[191] As the peak
at 350 nm is common to all three complexes, this must be a transition arising from
the manganese and/or the terpyridine ligand. Considering the intraligand transition
is at 290 nm in free terpyridine[192] and ligand-field excitations have little affect on
these it is unlikely to be a 7m—7* transition. An excited ligand-field transition is
also unlikely as the oscillator strength of the band is on the order of the LMCT
observed in the [Mn(terpy)(N3)s] data. We would expect it to be roughly two orders
of magnitude weaker as it would be a Laporte forbidden transition. Additionally,
the onset of the charge transfer transitions in the ground state is around 350 nm,
if the excited state absorption of these complexes was a ligand-field transition the
charge transfer GSB would completely dominate any excited ligand-field transitions
leading to a negative signal. MLCT or LMCT involving the terpyridine ligand
therefore must be be the origin of this band.

Kinetic traces are shown in Figure for each of the complexes. The probe
wavelength is at the peak of the 350 nm absorption. As well as the exponential pop-
ulation dynamics, large oscillatory modulations of the absorption are superimposed
on the signal. Both components were fitted using Equation which comprises
two exponential components to take into account the population dynamics and a

decaying cosinusoid to fit the vibrational wavepacket.

2
AA =1IRF(o,t) ® (Z Ae VT 4 Aggee ™™ cos (27rcz?t)> (3.3.1)

=1
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Figure 3.3.3: Results of the transient absorption experiments after exciting
[Mn(terpy)Cls] at 400 nm, [Mn(terpy)F3] at 750 nm and [Mn(terpy)(N3)s] at 800 nm.
a Differential absorbance spectra of all three complexes at selected time delays. b
Kinetic traces taken at the excited state absorption maxima with fit using Equa-
tion m The probe wavelength is 350, 340 and 343 nm for [Mn(terpy)Cls],
[Mn(terpy)F3] and [Mn(terpy)(N3)s], respectively. Figures are adapted from ref.
1186].
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This equation takes into account the finite pulse duration of the pump and probe
via the instrument response function (IRF(o,t)), which is the time-domain cross-
correlation function of the pump and probe pulses. It is modelled as a Gaussian
function with width o (o ~ 80 fs). A; is the amplitude of an exponential decay
with a time constant 7;, the parameters for the oscillatory part of the fit are the

amplitude A, frequency o and dephasing time 74.

The fit gave oscillation frequencies of 7 = 113 &1, 115 £ 1, and 115 £ 1 cm ™! for
[Mn(terpy)Cls], [Mn(terpy)Fs;], and [Mn(terpy)(N3)s, respectively. The correspond-
ing dephasing times were 7y = 620 %+ 40, 450 £ 20 and 370 + 10 fs. The kinetics in the
UV decayed with two components with time constants 7, = 330 + 40 fs and , = 11.7
+ 0.1 ps for [Mn(terpy)Cls]; 71 = 450 £ 20 fs and 75 = 4.0 £ 0.2 ps for [Mn(terpy)F;];
and 7, = 850 £ 60 fs and 75 = 9 £ 1 ps for [Mn(terpy)(N3)s]. These parameters are
summarised in Table [3.3.3] The transient absorption of [Mn(terpy)Fs] showed no
signal in the visible, and none of the complexes showed significant oscillations in the
visible region from the sample. The visible ESA is likely to originate from a different
transition than the UV peak observed in [Mn(terpy)Cl;] and [Mn(terpy)F;| and the
visible region is only marginally sensitive to the wavepacket in [Mn(terpy)(N3)s| at
460 nm (Figure [3.3.4). The visible traces, fits and Fourier transform of residues are
shown in Figure [3.3.4] The time constants for traces at 460 nm were the same as
the peak of the ESA apart from [Mn(terpy)Cl;] where 7 was smaller, 2.4 £ 0.3 ps.

Considering the lowest energy transition was excited in [Mn(terpy)Fs] and
[Mn(terpy)(N3)], the only processes that can occur are IVR/VC and relaxation to
the ground state. Considering 71 is accompanied by a slight blueshift of the ESA
this is assigned to IVR in the first excited state as vibrational cooling to the solvent
bath tends to occur over a few picoseconds not hundreds of femtoseconds.[193] 7o
is accompanied by a return to zero signal and is assigned as IC back to the ground
state. The transient absorption spectra of [Mn(terpy)Cls] can have extra compo-
nents arising from IC between higher lying levels due to the population of higher
excited states. 7 is likely a combination of IC between these states along with IVR.
Ty is defined as return to the ground state although there is a small offset to the
signal at longer times which suggests some population may get trapped in the lowest
excited state.

Interestingly, the frequency of the oscillations was found to be essentially the
same for all three complexes. Immediately, it is possible to infer that the normal
mode associated with the oscillations in the kinetic traces is overwhelmingly dom-
inated by motion of the terpy ligand and/or the metal-centre. If the normal mode
involved significant motion of Cl, F or N3 we would expect the frequency to be
different for each of the three complexes. Returning to the one electron picture

of transitions which involves a transfer of electron density from d,» to d,2_,2 (this
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Complex [/ fs Ty / ps v/ cem™? Tq / fs
[Mn(terpy)CL] 330 £40 | 11.7+0.1 113 + 1 620 + 40
[Mn(terpy)Fs)] 450 £ 20 4.0 £ 0.2 115 + 1 450 £ 20

Mn(terpy)(Ny)s] | 850 =+ 60 9+ 1 115 + 1 370 + 10

Table 3.3.3: Calculated fitting parameters from Equation.3.1} The fits were carried
out at the excited state absorption maxima and are shown in Figure |3.3.3b.
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Figure 3.3.4: Dynamics observed at a probe wavelength of 460 nm. a Kinetic trace
data and fit for [Mn(terpy)Xs;]. [Mn(terpy)Cls] and [Mn(terpy)(N3);] were fitted with
just 2 exponential components reflecting the population dynamics. [Mn(terpy)Fs;]
was not fitted as it shows no population dynamics at this wavelength. The fitted time
constants agreed with those found fitting the peak of the excited state absorption
(Table apart from 7, for [Mn(terpy)Cls] which was 2.4 £ 0.3 ps. b Fourier
Transform of the residuals following subtraction of the population dynamics. The
asterisk (*) denotes signals arising from solvent and cuvette only measurements.
There are no oscillations from the sample for [Mn(terpy)Cls] and [Mn(terpy)Fs]
in this region. The same 115 cm™! frequency seen in Figure is observed for
[Mn(terpy)(N3)s], however. The step size of the time delay was changed during the
measurements. Figures are adapted from ref. .
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Figure 3.3.5: Eigenvectors of normal modes that decrease the energy gap between
B, and ®A; states in [Mn(terpy)Cls]. a The pincer-like mode g9 (wip = 97.8 cm™1)
which is observed in the transients. b the symmetrical breathing mode g9 (w1 =
273.4 cm™1). Figures are adapted from ref. .

is clearly seen in the electron density difference map for the lowest energy transi-
tion in Figure ), these are both antibonding e orbitals suggesting that the
excitation will lead to an extension of the N,,—Mn bond and a contraction of the
Neq—Mn bonds. From this we can hypothesise that the vibrational wavepacket ob-
served in the transient spectra arises from a pincer-like motion of the terpyridine
ligand around the metal ion where a shortening of the N.,—Mn bonds is accompa-
nied by a lengthening of the No,—Mn bond and vice versa (Figure ) This
mode has previously been observed in [Co(terpy)]*" in an ultrafast X-ray scattering
experiment with a frequency of 150 cm™! where Jahn-Teller distortion is activated
by photoexcitation. Pincer-like modes have also been observed in the ground
state of [Pt(terpy)(S—gluta’chionato)]2+ and [Ru(’cezl"p}f)g]2Jr at 111 and 80
cm™!, respectively. 113-115 cm™! therefore seems reasonable for these modes in
[Mn(terpy)Xs].

For additional verification of this mode, electronic structure calculations were
carried out along normal modes (g;, where ¢ is the number of the normal mode
starting from the lowest frequency) in [Mn(terpy)Cls] to find which modes decreased
the energy between °A; and 5B; the most. Two modes are significant in lowering
the energy gap, qio (w0 = 97.8 cm™') and g1 (w2; = 273.4 ecm™!). The eigenvectors
of these modes are shown in Figure [3.3.5 ¢io involves a pincer-like motion of the
terpyridine ligand with a small modulation of the Cl,,—Mn—Cl,, angle and has
a frequency close to the experimental frequency suggesting that it is indeed the
mode observed in the transient spectra and supports the hypothesis based on purely

experimental observations discussed in the previous paragraph.

The second mode, go; consists mostly of a symmetrical stretch of the two Mn—Cl,,

and a small symmetrical breathing motion of the terpyridine. This is not observed
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in the transient spectra but is likely seen in the Raman spectra (Figure )
The lack of sensitivity to this mode in the transient absorption may stem from the
weak ligand field of Cl, F and N3 compared to the terpyridine ligand. As ¢9; (and
corresponding modes in [Mn(terpy)F;] and [Mn(terpy)(N3)s]) involve large changes
in the Mn—X,, bonds, but minimal motion of the other bonds, there will only be a
slight modulation of the electronic structure due to the weak-field nature of CI, F
and Nj. Secondly, the breathing mode is more symmetrical than the pincer-mode,

which is likely to modulate the oscillator strength of a transition significantly less.

To further support the assignment of these modes as part of the reaction coor-
dinate, computations to calculate the geometry of the conical intersection between
the ground state and first excited state were carried out. This was composed of one
imaginary frequency corresponding to a combination of ¢iy and g9, (Figure ),
suggesting these are the distortions that take place upon excitation and define the
majority of the reaction coordinate. Indeed, the nuclear rearrangement in the ex-
cited state is consistent with change of electron density. The contraction of the axial
N.x—Mn bonds accompanied by the expansion of the equatorial bonds confirms a

Jahn-Teller switch on ultrafast timescales.

Using Kubo’s lineshape theory,[117] Raman spectra can be used to estimate
dephasing times of coherent vibrations and therefore validate some conclusions made
thus far. The linewidth of a Raman peak is inversely proportional to dephasing
times due to the Fourier transform relationship between signals in the time and
frequency-domain. The equation 7q = _Z— where o is the full width half maxima
(FWHM) of a Lorentzian fit can be used to calculate dephasing times.[196] The peaks
between 100-200 cm™! were fitted (Figure ), the dephasing times from both
the transient absorption and Raman linewidth measurements are plotted in Figure
[3.3.6b. The dephasing times from both methods are well-correlated and provide
a strong indication that the peaks at 113-115 cm™! in the Raman spectra are the
same mode observed in the excited state transient absorption signal. Although
there is a good linear correlation with the three data points they do deviate from
the theoretical values. There may be a few reasons for this, the vibration in the
transient experiment is likely on the excited state potential (see below) whilst the
Raman probes the ground state. Secondly, the Raman spectrum was measured with

powdered samples whereas the absorption measurements were in solution.

As discussed in the introduction, vibrational coherences in transient absorption
spectra can arise from both a coherence generated on the excited state potential
through a displacive mechanism and a coherence on the ground state potential pro-
duced via an impulsive Raman process. The peak in the Fourier transform of the
kinetic trace, after subtracting the exponential population dynamics, is found close

to peaks in the ground state Raman (Figure [3.3.7a) and the linewidth in the ground
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Figure 3.3.6: Correlation between the linewidth of Raman peaks and dephasing time
from transient experiments. a Raman spectra of the three complexes in the region
100-200 ecm™!. The data (black dots) are fitted with multiple Lorentzian functions
(transparent coloured lines). The cumulative fit is shown by the bold blue line. b
Plot of the dephasing times fitted directly from the transient absorption spectra
against calculated values from the FWHM of the Lorentzian fit of the 113-115 cm™*
mode (red transparent line) in the Raman spectra for each of the complexes. The
black line shows the expected values if the analysis from both these methods match
exactly. The red line shows a linear fit to the raw data points.
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Figure 3.3.7: a Ground state Raman spectra of crystalline powders and fast Fourier
transform of the kinetic traces after subtraction of population dynamics from 0.2
to 2 ps. The asterisk (*) indicates a signal arising from the solvent. b A from
fitting equation to different probe wavelengths, ground state UV-Vis spectra
and AA at 0.6 ps. A follows the shape of the excited state absorption much more
closely than the ground state spectra suggesting the observed vibration is coupled
to the transition at 350 nm and that the wavepacket propagates on the excited state
potential.

state correlates well with the dephasing time in the time-domain (Figure )
It is therefore important to confirm the coherence observed in the transient spectra
arises from vibrational states in the first excited state rather than the ground state.
Figure [3.3.7b shows the ground state UV-vis spectra, the difference spectra at 0.6
ps and the A from fits of different probe wavelengths as a function of wavelength.
For a ground state coherence it is expected that the oscillation amplitude should
follow the ground state spectrum and similarly, an excited state coherence would
follow the excited state absorption. It is clear in the figure that A, follows the
excited state spectra much closer than the ground state spectra, confirming the ob-
served vibrational wavepacket is generated and propagates on the electronic excited

potential.

Returning to the loss of coherence, although the frequency of the vibration is
the same for all three complexes the dephasing times decrease from [Mn(terpy)Cls]
to [Mn(terpy)F3] to [Mn(terpy)(N3)s]. As discussed in the introduction, vibrational
dephasing occurs from two main mechanisms, decoherence, which describes the loss
of quantum superposition due to vibrational energy loss and pure dephasing, due

to interactions that involve no energy transfer just phase shifts that are randomised
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within the ensemble of molecules due to solvent fluctuations. Most of the vibrational
energy will be concentrated within the pincer-like mode, as time progresses, energy
in this mode will be lost due to IVR to other normal modes in the molecule. IVR
occurs preferentially to modes of lower frequency.[195] Ground state frequency cal-
culations show that the pincer mode is the 10th, 12th and 18th lowest energy normal
mode when X = Cl, F and N, respectively. As the number of normal modes with fre-
quencies lower than the pincer mode increases the dephasing time decreases, which
is consistent with vibrational dephasing times in [Mn(terpy)Xs;] being dominated by
population relaxation (77), with IVR being the dominant reason for depopulation of
the vibrational states. This is similar to decoherence in cresyl violet where slow IVR
leads to multi picosecond vibrational dephasing times.[183] It should be noted that
although the trends here indicate low-frequency modes act as an effective bath for
IVR to take place leading to dephasing, a full normal mode-normal mode coupling
calculation would need to be carried out to confirm this. This is outside the scope
of the calculations presented in this chapter. In addition, there were attempts to
synthesise the bromide, cyanate and thiocyanate salts of [Mn(terpy)Xs] to increase

the sample size. Unfortunately, these efforts failed.

In comparison to Mn(acac)s,[65] the [Mn(terpy)Xs] complexes may have a sim-
pler reaction coordinate in the excited state due to the static Jahn-Teller distortion
compared to the dynamic distortion in Mn(acac)s. In [Mn(terpy)Xs|, only one fre-
quency is observed in the transient absorption spectra which corresponds to the
pincer-like mode of the terpyridine ligand. Whereas in Mn(acac)s, two frequencies
are observed in the results. This is could be due to Mn(acac); possessing dynamic
Jahn-Teller distortion where the Jahn-Teller axis can lie along any of the three bond
axes due to all the coordination sites being equivalent. [Mn(terpy)Xs] does not have
equivalent ligands at all coordination sites and therefore the Jahn-Teller axis in the
ground state is fixed along the Ng,—Mn-N,, bonds. When photoexcited, there are
two separate nuclear trajectories that Mn(acac)s can take to reach the compressed
state. The axial bonds can compress and the equatorial bonds can expand or only
two of the equatorial bonds that lie opposite each other can elongate. Both these
routes lead to the same geometry for the compressed Jahn-Teller distortion in the
excited state but involve different trajectories to do so. Since [Mn(terpy)Xs] has a
fixed Jahn-Teller axis there is only one main trajectory for the nuclear relaxation.
This may explain the observation of two frequency components in the dynamics in
Mn(acac)s but only one in [Mn(terpy)Xs], suggesting a simpler reaction coordinate
can be generated via restriction of the Jahn-Teller axis similar to the strong oxide

and oxime bonds which constrained the wavepacket motion in Mnj3.[65]
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Figure 3.4.1: Summary of the photoinduced dynamics of [Mn(terpy)Xs] after °B;
— A, excitation.

3.4 Conclusion and Future Work

Femtosecond transient absorption spectra of [Mn(terpy)Xs] where X= Cl, F, and
Nj after exciting ligand-field transitions have been measured. The lowest energy
transition was assigned using multiconfigurational calculations and corresponds to
an excitation from the d,2 to the d,2_,2 orbital, which leads to an ultrafast switch in
the Jahn-Teller distortion from axial elongation to compression. During the subse-
quent nuclear motion, all three complexes show evidence of a vibrational wavepacket
with frequencies 113-115 cm ™!, which corresponds to a pincer-like motion of the ter-
pyridine ligand. This is identified in the computations as one of the main reaction
coordinates along the first excited electronic potential energy surface. The single
frequency observed potentially indicates a simpler reaction coordinate due to fixing
the Jahn-Teller axis to one dimension in contrast to Mn(acac)s.[65] The dephasing
times are inversely correlated with the number of normal modes with frequencies
lower than that of the pincer-mode, implying the coherent motion dephases pri-
marily due to population relaxation from intramolecular vibrational redistribution.
A summary of the photoinduced dynamics is shown in Figure These results
represent a strategy to increase vibrational dephasing times in transition metal com-
plexes by limiting the number of low-frequency vibrational modes. Extending these
coherence lifetimes may lead to methods of optical control of magnetic anisotropy

in SMMs.

Further work should focus on determining the generality of limiting the number of
low-frequency modes to increase dephasing times. Efforts were made to synthesise
more complexes of the form [Mn(terpy)Xs] where X = Br, NCO and NCS to
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increase the sample size. However, following the same procedure as literature|187-
189] but using reagents with different counterions, the synthesis always generated the
Mn(IT) complexes rather than the Mn(III) complexes. Another interesting direction
would be to synthesise complexes with different terpyridine derivatives to also change
the frequency of the pincer-like mode. If a heavier terpyridine derivative was used
where bulky groups were attached to the rings, then the pincer-mode would have a
lower frequency. This could lead to an increase in dephasing times due to a lower
number of normal modes of energy lower than the pincer-like mode. On the other
hand, localised modes of bulky groups attached to the terpyridine rings may couple
strongly to the reaction coordinate and speed up dephasing. Establishing solid
molecular design criteria to increase dephasing times will be beneficial. In fact, a
greater focus on vibrational wavepacket dynamics of large molecules in general will

lead to a fuller understanding of the photophysics of complex systems.
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Chapter 4

Femtosecond K-edge X-ray

absorption spectroscopy of
Mn(I11) SMM

4.1 Introduction

The group has previously explored the photoinduced dynamics of the Jahn-Teller
distortion in the SMM [Mn(III);O(Et—sao)s(—pic)3(ClO4)], where saoH, and [3-pic
are salicylaldoxime and 3-methylpyridine, respectively, now referred to as Mns.[65]
In this molecule, three Mn(III) ions are arranged in a triangle and the spins of each
ion ferromagnetically couple to form an S = 6 ground state.[176] Optical transient
absorption spectroscopy which was used in the previous study and is discussed in the
Introduction,[65] was limited to a convoluted picture of the electronic and nuclear
dynamics because valence electronic spectra are composed of a complicated overlap
of many different transitions. Important nuclear motions in the reaction coordinate
were inferred from the observed vibrational wavepacket and quantum chemical cal-
culations. Only one normal mode was observed in the optical transient absorption
corresponding to motion of the three Mn ions along the Jahn-Teller axis. However,
the calculations indicated that there are more nuclear degrees of freedom than just
motion along the Jahn-Teller axis, such as the flattening of the triangle.[65] This
motion will have important consequences for magnetic properties, as the 3d-2p-3d
orbital overlap between magnetic Mn(III) ions in the triangle determines the sign
and strength of superexchange interactions.[176]

Despite the information that can be obtained from vibrational wavepackets and
tracking excited state lifetimes, using optical transient absorption spectroscopy to
directly identify electronic, spin and structural dynamics is much more challeng-

ing. In this case, vibrational coherences generated with an ultrashort pulse in a
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molecule with more than a few nuclear degrees of freedom usually do not permit
direct interpretation of changes in bond lengths and angles. Alternatively, to di-
rectly address the crystal field around the metal ions, X-ray spectroscopies are an
excellent technique because they offer the elemental specificity and direct struc-
tural insight that optical spectroscopies cannot. In particular, time-resolved X-ray
spectroscopies on femtosecond timescales carried out at X-ray free electron lasers
(XFELSs) are uniquely suited to tackle such problems as they track the dynamics on
and around the metal ion, exclusively. This could make time-resolved X-ray K-edge
spectroscopy of metal ions an incredibly useful technique in the area of ultrafast

molecular magnetism.

The elemental specificity has led to many important insights into the dynamics
of photoactive transition metal complexes.[197-200] X-ray K-edge spectra focus on
transitions originating from the 1s to valence and continuum states of an atom.
The elemental specificity arises from the K-edges of different atoms being well-
separated in energy. The K-edge can be divided into three regions:[201}-203] (1)
The pre-edge occurs at energies lower than the edge and is primarily composed of
1s-to-3d electronic transitions and carries information on d-orbital occupation and
ligand-field strength. These s-to-d transitions are formally forbidden and generally
very weak. However, non-centrosymmetric symmetry can lead to d-p mixing and
increase the intensity of these transitions. Therefore, the pre-edge is also sensitive
to coordination symmetry. (2) The rising edge occurs as the energy reaches near
the 1s ionisation threshold and is composed of 1s to 4p transitions. The position
of this edge is particularly sensitive to electron density on the metal and therefore
is a good marker of oxidation state. (3) Extended X-ray absorption fine structure
(EXAFS) region is found at energies above the edge and involves the ionisation and
ejection of an electron. The ejected electron scatters off nearby atoms, which can
create standing waves. This signal can contain information on the local structure

around the metal ion.

The high brilliance and femtosecond duration of hard (>5 keV) X-ray pulses at
XFELSs have opened up new avenues to explore photoinduced dynamics at the earli-
est timescales in photophysical processes. [204-206] The first study showing femtosec-
ond K-edge X-ray spectroscopy was possible at XFELs was carried out by Lemke
et al.[207] Monitoring the kinetics of the iron K-edge in [Fe(bpy)s]*" after MLCT
excitation, it was found that the lowest energy excited state, ®Ts, was populated
in 160 fs. Since this landmark study, many improvements have been made, such as
increasing shot-to-shot stability and timing diagnostics to ensure accurate pump-
probe delay times. Only a few years later, the same experiment on [Fe(bpy)s]*" was
performed but with a much higher signal-to-noise ratio and time resolution.|[208]

This allowed the observation of vibrational coherences imprinted on the X-ray ki-
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netic traces. In comparison to simulations, the authors concluded that the dynamics
must involve a passage through an intermediate 3T state, which had been an open
question for a long time.[138, |209] This was one of the first studies to show that X-ray
spectroscopies at femtosecond timescales have the opportunity to answer questions

that are inaccessible by optical means.

Direct structural information has previously been extracted from K-edge absorp-
tion spectroscopy by analysing vibrational wavepackets in mononuclear complexes.
Katayama et. al. studied the Cu(I)-phenanthroline complex [Cu(dmphen),]** (dm-
phen is 2,9-dimethyl-1,10-phenanthroline) and showed multiple different nuclear mo-
tions could be decoupled using time-resolved X-ray absorption spectroscopy (TR-
XAS) at the Cu K-edge. 73] By following the change in XAS after photoexcitation at
the pre-edge and rising edge, the measurement is sensitive to coordination symmetry
and electron density on the copper atom, respectively. The time-dependence of the
rising edge probe showed one frequency of a vibrational wavepacket corresponding
to a symmetric breathing mode that modulates the total electron density around
the copper ion. In addition to this breathing mode, the pre-edge exhibited two
more frequencies that correspond to a flattening motion of the two phenanthroline
ligands due to the activation of Jahn-Teller distortion in the excited state. Only
the pre-edge is sensitive to this motion as it is symmetry breaking and leads to
3d-4p mixing increasing its intensity. From comparison to simulations, they showed
that the inner coordination sphere bond lengths contract by 0.02 A which shows the
potential sensitivity of TR-XAS to minute bond length changes. Considering the
structural rigidity of Mns implied from the previous optical study,[65] it is likely
that a method as sensitive as TR-XAS is needed to track the changes in nuclear
structure. In addition, it is interesting to find out if as much structural detail can
be elucidated in a molecule as large as Mns as can be for a smaller mononuclear

complex such as [Fe(bpy)s]°t or [Cu(dmphen),]*".

As evidenced by the previous paragraphs, a high level of detail can be gained from
K-edge TR-XAS of transition metal complexes. Therefore, this chapter presents
results from time-resolved K-edge X-ray absorption spectroscopy at the Spring-8
Angstrom Compact free-electron Laser (SACLA) to gain deeper insight into the
photoinduced dynamics of Mns after metal-centered photoexcitation. With com-
plimentary simulations, a detailed and cohesive picture of the nuclear dynamics of
Mn; after photoexcitation has been developed. Most aspects of the TR-XAS mea-
surement can be interpreted considering motion along a single Jahn-Teller mode

with a frequency of 181 cm™!

. The changes in the main and pre-edge regions were
simulated with good agreement to experimental data. These calculations suggest
very small changes in the nuclear structure with one of the largest being only a

0.05 A elongation of the Mn—O (oxime) bond lengths. Using the time dependence
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of the dynamics at the main edge, good agreement with the optical transient ab-
sorption is found. TR-XAS also provides further evidence of coherent motion at a

! which further supports its assignment as the dominant mode

frequency of 181 cm™
in the reaction coordinate. Measurements focussing on the pre-edge region, which
provides sensitivity to the coordination symmetry, agree well with the changes in the
inner coordination sphere suggested from the main edge. The results in this chapter
show that TR-XAS is an excellent technique for tracking crystal field dynamics in
large polynuclear complexes and therefore is an important tool in the emerging field
of ultrafast photoswitchable SMMs.

Considering travel restrictions in place at the time of the experiment, visiting
SACLA was not possible. Therefore, the experiment was ran by Tetsuo Katayama
with remote participation from myself. The data analysis of the experimental results
presented was carried out by myself. Simulations of the TR-XAS spectra were
performed by T. J. Penfold and J. Eng at the University of Newcastle. The contents

of this chapter has been accepted for publication in Nature Communications.

4.2 Methods

4.2.1 X-ray Free Electrons Lasers (XFELs)

An accelerating charge generates electromagnetic radiation, which is the basis for
any particle accelerator based light sources such as synchrotrons and FELs. The
peak brightness and photon energies of some X-ray light sources are shown in Figure
which shows FELs have a much greater brightness than synchrotron sources.
In FELs, the method of accelerating charges is provided by undulators, which are
a series of dipolar magnets that create a periodic structure of oscillating magnetic
fields along an axis. The fundamental wavelength of the radiation emitted by the
electrons travelling along this axis is on the order of A, /72, where \, is the undulator
period and -y is the Lorentz factor.[210] Undulator periods of a few centimetres are
typical for XFELs and the Lorentz factor is on the order of several thousand which
can take the radiation into the hard X-ray regime. Experimental realisation of FEL
radiation was first demonstrated in 1953[211] and since then there have been several
substantial breakthroughs.[212, [213]

Despite the successful generation of FEL light, the emitted radiation was initially
incoherent, which substantially reduced its ability to create high-intensity and short
pulses. These two properties are vital for the development of femtosecond spec-
troscopy using X-rays. To create coherent light, the phases of all the electric fields
must be the same. This has been achieved by periodically “bunching” groups of

electrons at the same wavelength as the radiation.[215] This is the high-gain regime
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Figure 4.2.1: Overview of X-ray sources and the schematic of the operation of FEL
lasing. a Photon energies and peak brightness of X-ray sources as of 2015 show the
improvement of the brightness of FEL-based sources over synchrotrons. Taken from
ref. b Schematic of the undulator emission showing the creation of incoherent
radiation due to the acceleration of charges. After some time in the undulator,
the charges microbunch creating coherent radiation that has high brilliance. Figure
taken from ref. [215]. ¢ Potential energy (®) as a function of undulator distance (6)
viewed from the rest frame of the electron. The phase, ¢ is shown on the right-hand
side of the figures. From top to bottom: the development of microbunching across
two potential wells of the radiation field. The electrons initially experience a small
force from the initial field that causes them to fall into the potential well around
6 = 37/2 and 7w /2. This drives a small phase shift ¢ in the position of the wells. The
weakly bunched electrons (that is electrons that are near the peak of the potential)
begin to fall into the well and lose their kinetic energy to the radiation field. This
process continues, increasing the amplitude of the radiation field exponentially. This
growth stops when the electrons are strongly bunched and surf in the potential wells
along the remainder of the undulator. Figure taken from ref.

90



of FEL operation and is shown schematically in Figure and . The pro-
cess is known as self-amplified stimulated emission (SASE). Overall, this process
generates ultra-bright X-ray pulses that can be tens of femtoseconds in duration,

which are necessary for pump-probe X-ray spectroscopy on ultrafast timescales.

4.2.2 Time-resolved K-edge X-ray absorption spectroscopy

The experimental procedure for time-resolved X-ray K-edge spectroscopy at SACLA
utilises a total fluorescence yield detection method.[216| 217] This assumes that, over
the spectral region of interest, the quantum yield of X-ray fluorescence is constant
regardless of the absorbed photon energy. Therefore, by scanning the incoming
X-ray photon energies and measuring the total intensity of the X-ray fluorescence
emitted from the sample, an absorption spectra can be generated. In an experiment,
the XFEL radiation is monochromated by a crystal to select the photon energy.
Under the total fluorescence yield detection method, the number of photons at each
monochromator position must be the same to achieve a true absorption spectrum.
In reality, due to the inherent noise in FEL lasing there is large fluctuations in pulse
intensities which need to be corrected for. For X-ray absorption spectra the total
fluorescence yield is normalised with respect to the pulse intensity that is measured
shot-to-shot. Overall, the X-ray absorption at one photon energy can be measured
on a shot-to-shot basis by normalising to pulse intensity and a monochromator can
be scanned to produce a spectrum of the entire region.

A time-resolved X-ray absorption difference spectrum is acquired in a manner
analogous to how an optical difference spectrum is measured. An optical pump
laser is overlapped spatially with an X-ray beam and chopped at half the repetition
rate of the X-ray probe. Therefore, each two probe pulses measure the pump-on
and pump-off absorption at one probe photon energy. A difference spectrum can be
produced by scanning the probe photon energy. A change of absorption over time
at one photon energy (an X-ray kinetic trace) can be acquired by scanning the delay
between the pump and probe. To achieve accurate time delays, timing jitter of the

FEL pulses must be corrected for using timing diagnostics.|[218]

4.2.3 Sample Preparation

Mn; was synthesised according to literature procedures with the aid of Marco Co-
letta.[176] A 9 mM ethanol solution of Mnjz was injected into the sample chamber|73]
using a glass nozzle that produced a 50 pm cylindrical jet at a speed of 12 ms™!,
which was constantly circulated. The X-ray repetition rate was 60 Hz and therefore

new sample was probed every pulse.
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4.2.4 Time-Resolved Measurements

The TR-XAS measurements were performed at beamline 3 of SACLA|216, 217].
The X-ray absorption was measured using the total fluorescence detection method
as discussed above. Two Si(111) crystals in the (+,-,—,+) geometry were used to
monochromate the beam and a Be lens was used to focus the X-rays at the sample
position to a size of 10 x 10 pm? at FWHM. At the interaction point, 400 nm laser
pulses were focused down to 210 x 215 pm? at FWHM and interleaved with the
X-ray pulses to measure both optical laser on and off spectra to acquire the pump
induced difference spectra. The timing jitter was measured using the beamline
diagnostics|218| and corrected in the data analysis, to improve the time resolution.

Considering the small signals that arise from X-ray spectroscopy, high pump-
pulse intensities are used to achieve high excitation yields. To ensure the pump
energy is within the one-photon absorption regime, a pump-power dependence of
the transient signal was carried out. Figure shows the transient signal moni-
tored at 700 fs and a probe energy of 6548.5 eV. The signal is linear up to a fluence of
124 mJem 2. Despite the linearity of the signal up to a fluence of 124 mJem™2, this
pump power suggests there are around 7 photons absorbed per molecule. Consid-
ering the unusually high absorbed photon number, a pump power dependence was
carried out also scanning pump-probe time delay. This is shown in Figure 4.2.2b.
When normalising the signal to the pump power the signal is indeed linear when
only monitoring at 700 fs, however the early time kinetics are dependent on pump
power. These measurements suggest that it is not enough to only check a power
dependence at a single time delay and care should be taken to check the power
titrations at different time delays. This has important consequences for many stud-
ies where photon numbers exceed 100 % excitation but show linear signal strengths
with respect to pump pulse energy. Subsequent measurements were performed at a
pump fluence of 13.3 mJem =2 which, with a 9 mM ethanol solution of Mnj, path

1

length of 50 pm and extinction coefficient of 12500 M~tem™! at 400 nm, provides

an excitation yield of 74 %.

4.3 Results and Discussion

The experimental (red) and simulated (blue) K-edge X-ray absorption spectra of
Mnjs are presented in Figure f.3.Ta. The two spectra are in good agreement, and
show a weak pre-edge (1s-to-3d transitions) at 6539 ¢V and the main edge at 6549 eV,
matching what is expected from Mn(III) ions.|219] The absorption difference spec-
trum at 700 fs, obtained after photoexcitation of Mnjs at 400 nm, is shown in Figure

4.3.1b and the pump-on and pump-off spectra are shown in Figure 4.3.2a. The
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Figure 4.2.2: Power titration of the transient XAS signal at 6548.5 eV. a The tran-
sient signal as a function of pump fluence measured at 700 fs. The data show a loss
of linearity above 124 mJem~=2. b The kinetic traces measured at fluences of 13.3
mJem ™2 and 124 mJem™2. The 13.3 mJem ™2 data has been multiplied by 9.32 to
aid comparison with the high fluence measurement.

93



0.04 v v v
1t > c x Data
= ——Exponential Fit
gt) 0.8 g 0.03 Oscillation Fit |
‘>’<) g ——Total Fit
0 0.6 i : 0-02
€04l 3
£ 0.4 2 0.01
L) c
Z0.2¢} ®
= 0
0 \ \ \ \
0w 1f 200 O 200 400 600 800
< .
P2 Time / fs
c d Y
o
2 0.5F 8 ‘
S
= » m*v
£ .
£ o .
Z S
6540 6550 6560 . % A

Energy / eV

Figure 4.3.1: X-ray K-edge absorption spectra of Mns. a The experimental (red)
and calculated (blue) ground state K-edge XAS of Mns. b XAS difference spectra at
700 fs after 400 nm photoexcitation. The calculated spectrum was simulated using
the 74 % excitation yield and calculating the XAS at a new geometry along vg to
give the best match to the experimental results. ¢ Time evolution of the TR-XAS
signal at an X-ray probe energy of 6548.5 eV with 5-point adjacent averaging. The
fitted line is made up of two exponential decay components with time constants 7=
180 fs and 7 = 9000 fs. There is also a small oscillatory component with a frequency
of 181 cm ™! that is a signature of a vibrational coherence. d Schematic of the mode
(vg0) that is responsible for to oscillation seen in ¢, where the peripheral ligands of
the Mnj complex have been removed for clarity.

400 nm excitation wavelength corresponds to the highest energy crystal-field transi-
tion. In a simplified Dy, coordination symmetry, this corresponds to the °Eq <> Ay,
transition. At this pump-probe delay, there is an increase in the pre-edge intensity
and a small redshift of the main edge of around 0.2 eV (Figure [£.3.2b) at 700 fs.
From the optical study,[65] it is known that Mnjs reaches the lowest energy elec-
tronic excited state with a time constant of 180 fs. Therefore at 700 fs, most of the
molecules will have undergone internal conversion to the lowest excited state. This
is confirmed by the plateau of the kinetic trace shown in Figure [£.3.Tk.

Figure displays a spectrum of the pre-edge of the Mn K-edge XAS spec-
trum. Subtracting the background of the main edge generates a pure pre-edge
spectra that is composed of two peaks. These have been fitted by the sum of two

Gaussian functions as shown in Figure [4.3.3b. Simulations suggest the lower energy
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Figure 4.3.2: K-edge X-ray absorption spectra of 9 mM ethanoic Mnj solution with
and without 400 nm photoexcitation. a The laser on and laser off XAS spectra
showing a small pump induced signal at 700 fs. b Ground and excited state XAS
spectra. The excited state spectra have been calculated using the estimated propor-
tion of excited state molecules generated by the pump pulse (74 %). Inset: Edge
region showing an edge shift of around 0.2 eV in the excited state at 700 fs.

transition at 6539.5 eV is made up of 1s-to-3d transitions. The higher energy tran-
sition at 6542 eV is composed of transitions from the 1s-orbital to the 3d-orbitals
mixed with the ligand p-orbitals and will be referred to as the MLCT peak. The
assignment of these two peaks is in agreement with previous literature on Mn K-
edge spectroscopy.|219] The 1s-to-3d electronic transition is forbidden and therefore
the pre-edge is significantly weaker than the main edge. In an idealised Dy, symme-
try the pre-edge is purely made up of electric quadrupole transitions as the 1s-to-3d
transition is dipole forbidden.|220] However, symmetry breaking geometries can lead
to 3d-4p orbital mixing and contribute dipole allowed character to the 1s-to-3d tran-
sition. 1s-to-3d transition intensities therefore hold information on the symmetry of
inner coordination spheres. The MLCT peak includes details on the amount of 3d-
ligand orbital mixing and therefore covalency, which will also be an indirect measure

of inner coordination sphere structure.

To extract kinetic information, the largest pump-induced transient at 6548.5 eV

was measured as a function of time delay. The decay signal could be fitted with
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Figure 4.3.3: Ground state pre-edge region. a Ground state pre-edge region with the
background from the rising edge. b Pure pre-edge spectra with background from a
subtracted. This has been fitted with two Gaussian functions.

a biexponential function, as shown in Figure |4.3.1lc. The data was processed with
a five-point adjacent averaging filter, the effect of this is shown in Figure [4.3.4]
Interestingly, there are oscillations superimposed on the transient signal. Similar to
the optical experiment, this type of behaviour is indicative of coherent vibrational
motion induced by the pump pulse. A term was included to capture this vibrational

wavepacket using the same equation provided in Chapter [3}

2
AA =1RF(o,t) ® (Z Ae T 4 Aggee ™™ cos (27rcﬂt)> (4.3.1)

=1

where A; and 7; are the exponential decay amplitudes and decay times, respectively.
Aose and 7,¢. are the wavepacket amplitude and dephasing time, respectively. The
wavepacket frequency is given by 7 and ¢ is the speed of light. The equation is
convoluted with an instrument response function (IRF) modelled as a Gaussian of
width o = 42 £ 2 fs from the fitting, which takes into account the finite width of
the pump and probe pulses. The fitting yielded a decay constant of 73 = 178 + 6 fs
in agreement with the optical data|65] (7, = 180 %+ 10 fs) and the excited state
lifetime was fixed at 75 = 9000 fs.[65] The value of the oscillation frequency was
7 = 17248 cm~!. The observed mode was assigned to vgy and involves an in-phase
oscillation of the three Mn(III) ions along their Jahn-Teller axis (Figure [4.3.1d)
and was also observed in the optical transient absorption with a frequency of 7 =

. The vibrational dephasing

18143 cm ™! and has a computed frequency of 210 cm™
time was found to be shorter than in the optical data at 7., = 170 £ 80 fs. This
is likely due to the lower amplitude of the oscillations in comparison to the optical

data which means the oscillations fall below the noise level at earlier pump probe
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Figure 4.3.4: Effect of 5 point adjacent averaging on the main edge probe (6548.5
eV) transient kinetic trace.

delay times compared to the optical data (7,5 = 360+ 15 fs). The XAS investigates
core-to-valence transitions whilst the optical measurements only look at valence
transitions. It is possible that the sensitivity of the optical transient absorption to
the wavepacket is primarily due to changes in the HOMOs whilst the XAS only
investigates the LUMOs. The 1.9 ps vibrational cooling component found in the
optical data was not observed. Again, this could be due to the vibrational cooling
occurring on the potential energy surface of the highest populated electronic state

and therefore XAS would not be sensitive to this as it probes unpopulated states.

It was previously proposed that the structural rigidity of Mns constrains the
reaction coordinate to a single dominant mode, vgy, in contrast to the more flex-
ible monomer Mn(acac)s.[65] Considering the agreement in the optical and X-ray
data, the aim is to interpret the TR-XAS data within the normal mode frame-
work by simulating XAS spectra of Mns at different geometries along mode vg, in
the electronic ground state. It could not be calculated in the excited state due to
the difficulty in modelling exchanged-coupled polynuclear complexes with large spin
angular momentum. It is expected that the electronic effect of metal-centred exci-
tation would lead to only small modulations of the overall X-ray spectrum as there
is no formal change in oxidation state of the metal ions. The calculated difference
spectrum shown in Figure was generated by calculating the XAS spectrum
at the ground state geometry and at different points along v4o corresponding to very
small geometry changes. The proportion of excited molecules (74 %) was taken into
account to compare with experiment. Considering the complexity of the molecule,
there is an excellent agreement with experiment showing the peaks at the pre-edge,
rising edge and post-edge and also the negative signal above 6560 eV. This strongly
suggests that the TR-XAS data can be accurately described by structural changes

along the dominant r4y mode.
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Structural Parameter Franck-Condon Distorted Structure Change

Ave. Mn-O (ClOy) bond length (A) 2.367 2.415 0.048
Ave. Mn-N (B-pic) bond length (A) 2.369 2.342 —0.027
Ave. Mn-N (Et-sal) bond length (A) 1.995 2.003 0.008
Ave. Mn-O (OH) bond length (A) 1.875 1.883 0.008
Ave. Mn-N (oxime) bond length (A) 1.929 1.938 0.009
Ave. Mn-O (113-O) bond length (A) 1.911 1.922 0.011
Plane of Mnj to 115-O distance (A) 0.333 0.374 0.041
Ave. Mn—-N-O-Mn dihedral angle (°) 42.94 42.39 -0.55

Table 4.3.1: Computed structural parameters for Mns at the Franck-Condon geom-
etry and distorted excited-state geometry. The difference in bond lengths involving
the three manganese ions does not vary more than 0.01 A and the dihedral angles
only vary by 0.2 °.

The changes in nuclear coordinates are detailed in Table In particular, the
axial Mn—O bond length increases by around 0.05 A and the Mn—N axial bond
length decreases by 0.03 A suggesting the manganese ions move down along the
Jahn-Teller axis. Equatorial bonds change by < 0.011 A suggesting restriction of
in-plane motion as previously suggested.[65] The effect of other modes alongside vg
is shown in Figure 4.3.5| and the eigenvectors of these modes are shown in Figure
While the combination of multiple modes can improve the agreement with
the experimental difference spectrum, these additional modes only give to rise small

modulations of the spectra with 14 being the dominant contribution.

In order to explore the structural changes in more detail, energy scans were
carried out at different time delays in the pre-edge region 65356545 eV. Pre-edge
spectra are particularly sensitive to coordination sphere symmetry and therefore
are an excellent marker of crystal-field nuclear dynamics in a time-resolved exper-
iment.[73| Figure displays pre-edge spectra, with the background from the
tail of the main edge subtracted (this background is shown in Figure [4.3.7)), of the
excited state at different pump-probe delay times. The pure excited state spectra
were calculated by adding the ground state contribution to the difference spectra.
To calculate the ground state contribution, the 74 % excitation yield calculated in
the methods section was scaled by e~ where ¢ is the time delay between pump
and probe. This is to take into account the recovery of the ground state which
occurs with a time constant of 9000 fs. The same features that occur in the ground
state occur in the excited state with the 1s-to-3d peak and the MLCT peak. The
data show a small decay and slight blueshift in the MLCT peak and a much more
pronounced decay in the 1s-to-3d peak. Kinetic scans at three probe wavelengths
were also performed and are shown in Figure These can be fitted to the
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Figure 4.3.6: Eigenvectors for the modes involved in calculating the transient XAS
signals in Figure [4.3.5| Mode v5; has small arrows as the nuclear motion is mostly
localised on the peripheral ligands.
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Figure 4.3.7: Pure excited state pre-edge region and the background that is sub-
tracted to yield only the pre-edge transitions for each pump-probe time delay. The
background is modelled as a Gaussian rising edge and was done by eye.

same time constants as the main edge and prove that there is consistency across the
whole K-edge spectral region.

Returning to the calculations and focussing on just the pre-edge transitions calcu-
lated using time-dependent density functional theory, there is qualitative agreement
with experimental data (Figure [4.3.10)). There is a decrease in intensity of the 1s-
to-3d peak and a blueshift of the MLCT peak moving from the distorted structure
back to the ground state.

To quantify these changes, the spectra were fit with the sum of two Gaussian
functions (fits shown in Figure with the peak centre of the 1s-to-3d transition
fixed at 6539.4 eV. The time evolution of the fitting parameters is shown in Figures
[4.3.9b-d along with the ground state values. Figure [4.3.9 shows the peak areas as
a function of time. The 1s-to-3d peak decays at the same rate as the MLCT peak
grows showing they are likely sensitive to the same dynamical process. Considering
the pump pulse only excites a ligand-field transition, the total d-orbital occupation is
constant and the change in the 1s-to-3d peak is likely due to coordination symmetry.
Returning to the structural parameters calculated by the simulations there are very
small changes in the equatorial plane (Table due to the rigid in-plane bonds.
The axial bonds in the ground state are about equal at 2.37 A but in the excited
state the Mn—-O bonds increase by about 0.05 A and the Mn-N bonds decrease
by around 0.03 A. This suggests a reduction in symmetry along the z-axis, which

will cause the 1s-to-3d peak to increase in intensity due to 3d-4p mixing in good
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Figure 4.3.8: Pure pre-edge spectra of the excited state at different time delays.
These have been fit with two Gaussian functions with the 1s-to-3d peak centre fixed
at 6539.4 eV.

agreement with the experimental peak area. The energy of the 1s-to-3d transition
does not shift. There is no change in the Mn oxidation state and so the average

energy of the 3d orbitals would be expected to shift only by a very small amount.

Changes in peak widths are shown in Figure [£.3.9d. This shows a small in-
crease in the width of the 1s-to-3d transition. Considering this band is composed of
transitions to all the 3d orbitals it could suggest a slightly greater energy splitting
amongst them and a stronger ligand field. Indeed, the Mn—N bonds to the strong-
field ligand (B-pic) decrease by 0.03 A. There is very little change in the equatorial
bonds and the other axial ligand (ClOy,), despite an increase in the Mn—O bond
length, is unlikely to have much effect as it is a weak-field ligand. Therefore, there
could be a small increase in ligand field strength on the order of 1500 cm™" in the

excited state upon contraction of the Mn-{3-pic distance.

The peak centre, area and width of the MLCT transition also change with time.
Upon photoexcitation, all metal-ligand bonds elongate apart from the 3-pic ligand
(Table . Compared to the Franck-Condon structure, there is worse overlap
between the ligand and metal 3d orbitals in the excited state distorted structure,
which leads to the MLCT transitions having more 1s-to-3d character than 1s-to-
ligand character. This has two effects; the peak centre redshifts as the 3d orbitals
are at lower energy than the ligand orbitals and the intensity of the transition will
decrease as the 1s-to-3d transition is more forbidden than the 1s-to-ligand transition.

Both these effects are observed in the experimental data at early times, the centre
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Figure 4.3.9: Pre-edge dynamics after photoexcitation. (a) Ground and excited state
pre-edges after subtracting the background of main edge. There is a clear increase
in the low-energy 1s-to-3d band after photoexcitation that then decays. There is a
blueshift of the high-energy MLCT peak initially that then blueshifts back to the
ground state value. (b) Energy splitting of the two peaks as a function of time
calculated using Gaussian fits (Figure [£.3.9c). (c) Peak areas of the two pre-edge
peaks as a function of time calculated using Gaussian fits (Figure [4.3.9¢). (d) Peak
widths of the two pre-edge peaks as a function of time calculated using Gaussian
fits (Figure [4.3.9). The fitted lines are an exponential decay with a time constant
of around 500 fs and is provided as a guide for the eye. The dashed horizontal lines
show the values for the ground state (GS) pre-edge
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and area then return to near their ground state values over the next few picoseconds.

Similar dynamics are found in the 1s-to-3d and MLCT peak as changes arise
from the same dynamics associated with the inner coordination sphere. As the
MLCT peak is a marker of metal 3d-ligand 2p orbital overlap it acts as an indirect
measure of metal-ligand covalency. The sharing of the unpaired metal 3d electrons
with ligand 2p orbitals dictates the superexchange interaction between the metal
ions. Therefore, a reduction in the MLCT peak could be an indication of mildly
weaker magnetic coupling.

The peak width of the MLCT peak decreases upon excitation. Considering
all other bond lengths apart from the Mn-N((-pic) increase, it is likely that the
MLCT peak is predominantly 1s-to-3-pic character in the excited state. The peak
is now composed of one dominant transition, which likely sharpens the distribution
of energies that the peak is composed of.

In the context of photomagnetism, there are generally two important structural
parameters that will dictate the magnetic properties in Mns.[176] In the ground
state, the magnetic property is dominated by ferromagnetic superexchange between
the three Mn(III) sites, yielding a total spin of S = 6. The superexchange interaction
is dictated mostly by the dihedral Mn—-N—O-Mn angles.[176] From the ground state
to the distorted structure these decrease from 43 to 42.5 °. Antiferromagnetically-
176]

therefore, it is very unlikely that photoexcitation changes the superexchange in-

coupled Mn(III) triangles generally have dihedral angles smaller than 20 °,

teraction. The second parameter is the Mn-ligand bond lengths, particularly the
difference in the equatorial and axial bond lengths as these determine the magnetic
anisotropy through their influence on the crystal field. The average equatorial bond
length only increases by around 0.01 A from the Franck-Condon to the distorted
structure, whilst the axial bonds change by around 0.05 A. Therefore, there is likely
a very small change in the magnetic anisotropy. The metal-ligand bond lengths in
Mn(acac)s are calculated to change by around 0.2 A, which is an order of magnitude
more than Mns. This is further evidence that this molecule is very rigid and is likely
the reason for the short 9 ps excited state lifetime in comparison to the much more
flexible Mn(acac)s, which has a lifetime well over 1 ns.[65]

In light of these very small structural changes, it is unlikely that changes in nu-
clear structure alone will lead to methods of magnetisation control in such a rigid
polynuclear complex. If control of magnetisation is to be achieved in these large
metallic Mn(III) clusters by influencing the geometry of the crystal field, perhaps
more focus should be given to flexible molecules that will be able to accommodate
larger changes in nuclear coordinates. There is some evidence that light can in-
fluence the magnetic properties in some Mn;, SMMs,[169] and so with the right

molecular structure femtosecond magnetic manipulation might be possible. It has
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been previously shown in Mn(III) monomer model systems, i.e. not SMMs, that
it is possible to simplify the reaction coordinate to a reduced number of normal
modes by introducing a static rather than dynamic Jahn-Teller axis as shown in
Chapter .[186] In addition, excited state lifetimes can be reduced by adding struc-
tural rigidity into the equatorial plane which restricts the in-plane expansion and
favours ground state recovery.[177] These suggest that, through targeted synthetic
design, reaction coordinates in the excited state could be engineered to create the
most efficient path to control the magnetisation in SMMs. Using pressure as the
external stimulus has already been shown to be an effective method to switch the
Jahn-Teller distortion to access different magnetic properties.[168] The results pre-
sented here show that light can also be used to influence the bond lengths in the
inner coordination sphere.

Considering the discussion of the TR-XAS results presented in the previous para-
graphs, all of the data can be explained by motion along one reaction coordinate
dominated by mode vgg. This may be a general finding for molecules where there are
only small transient XAS signals due to the excitation of metal-centred transitions,
which do not change oxidation state or spin state but can cause geometrical distor-
tions. To the best of our knowledge, all previous work using femtosecond K-edge
TR~XAS studied metal complexes after generation of a charge-transfer state, where
there is a formal change in metal oxidation state and therefore large transient signals
due to large shifts in the main edge. The measurements presented here, show that
even upon excitation of metal-centred transitions in large polynuclear exchange-
coupled complexes, conclusions can be drawn from comparison to computation with

sensitivity to bond-length changes on the order of hundredths of Angstroms.

4.4 Conclusions and Future Work

In this chapter, it has been demonstrated that time-resolved K-edge X-ray absorp-
tion spectroscopy is an excellent method for tracking the nuclear dynamics in com-
plex polynuclear transition metal complexes. The whole K-edge difference spectrum,
after metal-centred excitation, can be interpreted using geometric changes occurring
predominantly along a single Jahn-Teller active mode, which is crucial for the mag-
netic anisotropy in these systems. The signature of this mode was also observed

Lin the kinetic trace, sug-

as an oscillation with a frequency of around 180 cm™
gesting a coherent excitation of this mode, in excellent agreement with the optical
time-resolved measurements.[65] Spectral changes in the pre-edge also agree well
with the changes across the whole K-edge region with motion along one Jahn-Teller
mode being dominant. The good agreement between computation and experiment

allowed us to estimate bond length changes from the Franck-Condon structure to
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the excited state on the order of hundredths of angstroms demonstrating the sensi-
tivity of TR-XAS. Changes in the axial Jahn-Teller bonds were greater than 0.03 A
whereas equatorial bonds elongated only by around 0.01 A, indicating structural
rigidity in the equatorial plane. In light of these small geometry changes upon exci-
tation, it would be instructive to look at more flexible SMMs as a platform to direct
nuclear motion using light in order to control the magnetisation direction in SMMs.
Although only the nuclear structure has been studied in this chapter, electronic and

spin dynamics will certainly play a role in magnetisation dynamics.

In terms of further X-ray spectroscopies, studying these dynamics with meth-
ods that are more sensitive to d-orbital occupation such as resonant inelastic X-ray
scattering[221], 222] to follow the electronic dynamics would be useful. Using known
magneto-structural relationships, it is possible to infer likely changes in the mag-
netic properties after photon absorption using the structural data obtained in this
chapter. However, more direct measures of the superexchange interaction and mag-
netic anisotropy will be crucial in the emerging field of ultrafast single-molecule
magnetism. A tentative connection between the MLCT peak intensity and metal-
ligand covalency has been made that will have an influence on the superexchange
interaction but more detailed information is needed. In terms of other aspects of
X-ray absorption spectroscopy, the ligand K-edge,|223] metal shakedown transitions
and metal L-edge spectra224] are good markers of metal-ligand covalency. Con-
sidering exchange interactions (and therefore superexchange interactions) depend
heavily on orbital overlap and covalency, these transitions could be used to gather
information on coupling between metal centres. The spin quantum number and di-
rection of magnetisation can be found by angle-dependent X-ray magnetic circular
dichroism at metal L-edges[225] which would be an excellent technique to study
single-molecule magnetism on ultrafast timescales particularly for bimetallic SMMs
where the spin dynamics could be followed independently at each edge. But, the
first measurements using this technique at femtosecond timescales at XFELs have
only just been published.[226]

Time-resolved X-ray K-edge emission spectroscopy has already been carried out
at the European Union XFEL by the group, which should provide further infor-
mation on the electronic and spin dynamics of Mns. Preliminary data are shown
in Figure which shows the Ka (2p to 1s) and KB (3p to 1s) emission differ-
ence spectra as a function of pump-probe time delay. The Ko emission is primarily
sensitive to 2p-3d spin-orbit coupling as the two peaks arise from the 2p;,, and
2p3 /o states. KB emission is sensitive to the 3p-3d exchange interaction. Therefore,
K-edge emission has been used to track changes in spin state in transition metal
complexes.[205, 209, [227, 228] But importantly, as there is no formal changes in

spin state upon photoexcitation of Mngs, it is specifically sensitive to spin density
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Figure 4.4.1: Femtosecond K-edge emission difference spectra of a 5 mM ethanoic
solution of Mnj after photoexcitation with a 400 nm pump with a fluence of
120 mJem™2. a Ko emission spectra. b KB emission spectra.

on the metal ions. Therefore, careful analysis of the K-edge emission spectra could

yield information on the spin dynamics and spin density after photoexcitation.
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Chapter 5

Ligand-field excited states in
Ru(II) triazolyl complexes

5.1 Introduction

Ruthenium(II) polypyridyl complexes have been utilized for a variety of photo-
physical applications, from solar energy conversion|229, [230] to photodynamic ther-
apy.[231} 232] The broad applicability of these complexes to photochemical prob-
lems is due to their strong MLCT transitions in the visible region, which can ini-
tiate a wide range of processes. One of the most extensively studied chromophores
is Ru(bpy)s " (where bpy = 2,2’-bipyridine).[233] A search of “Ru(bpy)s " photo-
physics” on Google Scholar yields more than 20,000 results.

A scheme of the dynamics after MLCT excitation of Ru(bpy);fJr is shown in
Figure [5.1.1 Excitation of the 'A; ground state to the 'MLCT state leads to
a fast ISC to the famous luminescent and photoredox active MLCT state.[234,
235] This process occurs in 20 fs[236, 237] and the lifetime of the *MLCT state is
600 ns in aqueous solution at room temperature.|141} 238] Temperature-dependent
emission studies indicate that the 3MLCT state is quenched at higher temperatures
via the thermal population of the >MC state which is around 3000 cm™! higher in
energy compared to the SMLCT state.[239] The *MC potential energy minimum is
distorted with respect to the *A; ground state so that the >MC minimum is close
to the crossing with the ground state potential energy surface. This leads to fast
nonradiative decay to the ground state, which quenches the emission. The relative
energies of the >MC and *MLCT states can be tuned by applying pressure[240] or
chemical modification of the bpy ligands.[241] In cases where the *MC state is shifted
below that of the 3MLCT state, the emission is completely quenched.

Although long-lived MLCT states are beneficial for photoredox and solar cells,

low-lying metal-centred states such as the 3MC state offer additional avenues for
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Figure 5.1.1: Depiction of the photoinduced dynamics of Ru(bpy)32+ after excitation
of the MLCT transition. Unbroken lines correspond to radiative processes and
dotted lines correspond to nonradiative processes. I1C is internal conversion and ISC
is intersystem crossing. The orbital configurations of the states is also given where
7* refers to the antibonding orbital centred on the bipyridine ligands.

light-triggered chemistry. The population of antibonding ej orbitals in the SMC
state can lead to ligand loss photochemistry with potential applications in light-

activated drug release.[160), 242, 243] The 3MC has a tggeé electron configuration

that is electronically degenerate and therefore is subject to Jahn-Teller distortions.

*
g

manifests itself as tetragonal, similar to the Mn(III) complexes discussed in the

Taking into account the antibonding character of the e} orbitals, the distortion
previous sections. Theoretical modelling of Ru(bpy)g2+ shows two distorted struc-
tures of the 3MC state.[244] There is a 3MCj.,s state that shows an elongation
of two metal-ligand bonds along the same axis, which is equivalent to the axially
elongated Jahn-Teller distortion and can lead to the dissociation of monodentate
ligands of Ru(II) polypyridyl complexes.[245] The *MC; state is equivalent to an
axially compressed Jahn-Teller distortion with four longer bonds in the plane. The
3SMCs state can lead to bidentate ligand loss.|246] However, some new experimen-
tal evidence has emerged suggesting that ligand-loss photochemistry can also occur
directly from MLCT states.[247] Considering the variety of ligand-field and MLCT
states, it is vitally important to understand their behaviour on ultrafast timescales

to control the outcome of photochemical transformations.

Despite evidence for the existence of the *MC state from temperature-dependent
emission and photochemistry experiments,[239] direct spectroscopic detection of this

state has remained fairly elusive. The difficulty arises from the fact that the popu-
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Figure 5.1.2: Optical transient absorption spectroscopy of Ru(bpy)g2+ and its ster-
ically encumbered derivatives. a—c show the chemical structures of Ru(bpy)s "
Ru(m—bpy)s " and Ru(tm—bpy)s . d—f show the optical transient absorption dif-
ference spectra at a range of time delays for acetonitrile solutions of Ru(bpy)g2+
Ru(m—bpy)s" and Ru(tm—bpy);*. The black line shows the corresponding ab-
sorption spectrum with the axis on the left. g—i show the optical transient absorp-
tion kinetic traces at a range of wavelengths for acetonitrile solutions of Ru(bpy) s
Ru(m—bpy)s" and Ru(tm—bpy);". Figures d—i are taken from ref.

lation of the 3MC state is much slower (=~ 1 us) than its depopulation back to the
ground state (& 100 ps). Therefore, there is a fleeting population of the MC state
that exists only at extremely low concentrations that prevents its identification in
time-resolved experiments. Additionally, in complexes where the 3MC state is the
lowest energy excited state, it is expected that the 3MC to 3MLCT transition in-
tensity will be much weaker than its singlet counterpart due to longer metal-ligand
bond lengths in the 3MC state, which leads to difficulty observing it in transient

absorption experiments.

Detection of the MC state in Ru(bpy)g2+ still remains elusive, however, observa-
tion of this state has been inferred in some Ru(II) complexes with derivatised bpy
ligands by Sun et al., The regular bpy ligands were replaced by m-bpy and
tm-bpy which are 6-methyl-2,2’-bipyridine and 4,4’,6,6’-tetramethyl-2’,2’-bipyridine,
respectively as shown in Figure [5.1.2la—c. The steric bulk of the extra hydrocar-
bon substituents leads to longer metal-ligand bonds, which reduces the strength of
the ligand field and pushes the 3MC state below the >MLCT state, as shown by
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their complete lack of photoluminescence. Further transient absorption measure-
ments show very different excited state lifetimes for Ru(bpy)s ", Ru(m—bpy)s" and
Ru(tm—bpy);+. Results are shown in Figure [5.1.2d—i. Ru(bpy)s " shows the
expected fast population of the >MLCT state and then no change over the first
few hundred picoseconds after photoexcitation due to its microsecond lifetime.[23§]
However, there are stark differences in the dynamics of Ru(bpy)s ' compared to
Ru(m—bpy)s " and Ru(tm—bpy);s". In Ru(m—bpy);", there is a fast decay of
1.6 ps of the transition at 380 nm due to the absorption of the radical bpy™ anion,
while the bleach of the ground state persists before decaying with a time constant
of 450 ps. Rm(tm—bpy)g2+ shows very similar spectral features, but the timescales
are much faster. The fast time component which defines the decay of the 380 nm

peak is only 160 fs and the total excited state lifetime is just 7.5 ps.

Consolidating the information in the previous paragraph, the authors suggest
the following interpretation, summarised in Figure Upon substitution of the
two hydrogens for methyl groups in the ligands of Ru(bpy)st, the metal-ligand bond
lengths increase, decreasing the ligand-field strength, which stabilises the 3MC state
with respect to the ®MLCT state. This leads to a fast non-radiative decay from the
SMLCT state into the *MC state. Due to the population of antibonding €} orbitals,
the metal-ligand bond lengths elongate in the metal-centred state, and the minimum
of the 3MC state occurs at a geometry different from that of the ground state. Now,
there is a small barrier to deactivation to the ground state as the curve crossing
between the 3MC state and the ground state is close to the *MC state minimum,
leading to a fast nonradiative return to the ground state. The addition of more
methyl groups to form Ru(tm—bpy)g,2+ generates greater stabilization in the 3MC
state due to even longer metal-ligand bonds. The lower energy *MC state speeds up
both the *MLCT deactivation and the *MC decay back to the ground state.

Despite the strong evidence for accessing the *MC state, there is no experimental
observable in a transient absorption measurement that defines it.[250] The peak at
380 nm decays with the radical bpy™ anion. There is a flat excited state absorption
above 500 nm once the >MC state has been populated but this absorption also occurs
in the SMLCT state and therefore cannot serve as a good marker for the population
of the 3MC state.

In previous paragraphs, steric bulk has been shown to effectively lower the energy
of the 3MC state. Electronic effects can also be used the change excited state
ordering. The ability to synthesise 1,2,3-triazoles opened the door to many new
ligands for coordination chemistry.[251] These ligands have led to many interesting
developments in the photophysics of transition metal complexes.|252} 253] Compared
to their bpy analogues, they tend to show a blueshifted absorption spectrum and

highly quenched emission spectra. These properties are expected since the electron-
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Figure 5.1.3: Schematic representation of the potential energy surfaces of the
ground state and the relevant excited states of Ru(bpy)s ', Ru(m—bpy)s " and
Ru(tm—bpy);t (from left to right). Radiative and non-radiative processes are in-
dicated by smooth and wavy lines, respectively. For Ru(bpy)s ', the lifetime given
is associated with the SMLCT lifetime. For Ru(m—bpy); " and Ru(tm—bpy)s",
the lifetimes given reflect the 3MC to *MLCT conversion and *MC to ground state
conversion, respectively. Figure taken from ref. [249].

R
— \N N/
= / ,{,M,q
=N N SN
bpy R-btz

Figure 5.1.4: Structure of bpy (left) and R-btz (right) where R phenyl or benzyl.

rich triazolyl rings are likely to destabilise the MLCT states relative to the MC
states when compared to pyridyl ligands.

The effect of the symmetric 4,4’-bi-1,2,3-triazolyl (btz) ligand (a direct analogue
of bpy) on the electronic structure of Ru(II) complexes has been studied by Welby et
al.[254] The chemical structure of bpy and btz are shown in Figure . Welby et al.
studied the photophysics of complexes [Ru(bpy)s »(Bn—btz),]*" (where n = 0-3 and
Bn = benzyl) to investigate the effect of sequentially replacing pyridyl with triazolyl
ligands. The UV-visible absorption spectra of the four complexes are shown in Figure
5.1.5a. For n = 0, the usual Ru(bpy)s " spectrum is shown with the strong "MLCT
transition at 450 nm and the bpy m — 7* transition at 290 nm. On replacement of
bpy with btz ligands, the MLCT energy blueshifts as n increases from zero to two,
suggesting a destablisation of the MLCT state. Upon substitution of the final bpy
ligand with btz, the 450 nm MLCT and sharp 290 nm m — 7* transition disappear
and a broad peak centred at 315 nm appears. Additionally, when n = 0-2, there
is detectable emission from the complexes, however, for n = 3, there is no emission

even at 77 K.

Quantum chemical calculations suggest that the 450 nm peak for all bpy-containing
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complexes has significant MLCT character from the Ru(II) to the bpy ligands (Fig-
ure ) Upon replacing the final bpy ligand with btz, there can no longer
be MLCT transitions to a bpy ligand and the lowest energy spin-allowed transi-
tion is now of metal-centred character. Considering the excited !MC state is below
the 'MLCT state it is also likely that the 3MC state sits below the SMLCT for
[Ru(btz)3]**. To confirm this, a geometry optimisation was carried out fixing the
spin multiplicity to three. Compared to the ground state singlet, the triplet geome-
try displays an elongation of two mutually trans Ru—N bonds. Partial dechelation
of these two bonds leads to the formation of [Ru(k*btz)(k'-btz)]**. This struc-
tural change is due to Jahn-Teller distortion in the >MC state due to an electronic

degeneracy in the e orbitals.
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As discussed throughout this thesis, the population of electronic states with
displaced potential energy minima can lead to coherent vibrational motion along that
potential energy surface. Photoexcitation into the '"MLCT state of [Ru(R—btz);]*"
will lead to fast, potentially coherent crossing to the *MC state, which may allow the
observation of a vibrational wavepacket in a transient experiment. This would be the
first observation of coherent motion in the metal-centered state of a Ru(II) complex.
Compared to the Mn(III) complexes discussed elsewhere in this thesis, excitation

leads to a change from no Jahn-Teller distortion to distortion in the excited state.

This chapter contains results from a collaboration with Paul A. Scattergood
and Paul I. P. Elliot’s groups at the University of Huddersfield. All syntheses and
computations were performed at the University of Huddersfield. All time-resolved

measurements were carried out and analysed by myself.

5.2 Experimental

The complexes, [Ru(Ph—btz);][PFgl, and [Ru(Bn—btz)3][PFg], were synthesised at
the University of Huddersfield. For transient absorption measurements, the com-
plexes were dissolved in acetonitrile at a concentration of 1.2 mM. A 0.2 mm path
length Starna flow cuvette was used to replenish the sample every few seconds using

a flow rate of 8 pL/min.

The samples were excited using a 330 nm pump pulse. Although it is possible
to generate this from the Light Conversion Lyra, the light was manually generated
using the second harmonic of the 660 nm NOPA output after the optical delay
stage. The delay stage uses silver mirrors, and therefore, a lot of UV light is lost
as it passes through the stage. Much higher powers could be achieved by frequency
doubling the 660 nm beam close to the sample. A 0.2 mm thick BBO was placed in
a rotation mount that also allowed fine adjustment of the crystal angle to optimise
phase matching conditions. The crystal axes were aligned with the polarisation of
light and the incident angle tuned to achieve maximum second harmonic generation
efficiency of around 10 %. Most of the residual 660 nm light was removed by the
polariser before the sample (the second harmonic has a polarisation perpendicular
to the fundamental beam), but a 275-375 nm band-pass filter was used to remove

the remaining 660 nm light.

The pump-probe polarization angle was set to the magic angle (54.7 °) for all
measurements to ensure that there are no anisotropic contributions. A fluence of
1.3 mJem ™2 was used for the pump with a beam diameter of 160 pm. The diameter

of the probe was 110 pm.
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Figure 5.3.1: UV-Vis spectrum of [Ru(Ph—btz);]** and [Ru(Bn—btz);]*" in acetoni-
trile.

5.3 Results and Discussion

The UV-vis spectra of [Ru(Ph—btz);]*" and [Ru(Bn—btz);]*" in acetonitrile are
shown in Figure |5.3.1] This is composed of one large broad MLCT transition cen-
tred around 300 nm. The spectrum of [Ru(Ph—btz),)*" is slightly redshifted with
respect to [Ru(Bn—btz)s]*. This is likely due to the higher amount of conjugation in
Ph-btz which will shift the ligand 7* orbitals to lower energies. Calculations suggest
that the singlet metal-centred transition is at lower energies than the MLCT tran-
sition but it is likely obscured by the much stronger charge transfer transition.|254]
Considering the !MC state is at lower energies than the 'MLCT state, it is expected
the 3MC state will be lower energy than the MLCT state.[254] Therefore, in the
transient absorption experiment, the sample was pumped at the low-energy edge
of the '!MLCT transition and it is expected this would quickly decay to the lowest
energy triplet metal-centred state, which is Jahn-Teller distorted.

Differential absorption spectra at different time delays for [Ru(Ph—btz)s]*" and
[Ru(Bn—btz)3]*t in acetonitrile are shown in Figures and b. They display
very similar features with the GSB arising from the MLCT transition below 400 nm
and a broad ESA at longer wavelengths. At the earliest pump-probe delays, there
is an additional feature at 600 nm and around 700 nm for [Ru(Ph—btz)s]*" and
[Ru(Bn—btz);]*", respectively. The spectra of [Ru(Bn—btz)s]*" also display a small
ESA at 380 nm at 2.5 ps that does not have an analogue in [Ru(Ph—btz)s]*".

The ground state recovery is complete within hundreds of picoseconds for both
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Figure 5.3.2: Difference absorption spectra and decay associated spectra for the

two Ru(II) complexes. Transient absorption spectra at various pump-probe time

delays after 330 nm excitation of acetonitrile solutions of Ru(Ph—btz);" and

Ru(Ph—btz)?)2+ are shown in panels a and b, respectively. Decay-associated
spectra from the global fitting of acetonitrile solutions of Ru(Ph—btz)g2+ and
Ru(Ph—btz)fJr are shown in panels ¢ and d, respectively. The time constants asso-
ciated with the decay-associated spectra are given in the legend.

complexes.

To further characterise the dynamics, a global fitting procedure was carried out
for every wavelength trace using a sequential model in Glotaran, which is a kinetic
modelling tool that enables one to fit data to a global kinetic model. A selection
of the data and fits are shown in Figure [5.3.3] The decay-associated spectra of this
fit are shown in Figure for [Ru(Ph—btz)s)*" and [5.3.2d for [Ru(Bn—btz)s]**.
The global fit produced time constants of 77 = 110 £ 1 fs and 7, = 46 £ 1 ps
for [Ru(Ph—btz)s]*" and 7, = 100 + 1 fs and 7, = 17 + 1 ps for [Ru(Bn—btz)s]*".
Considering 7, is accompanied by a decay to zero for all wavelengths, this is assigned
to recovery of the ground state. This value is comparable to the recovery of the
ground state of Ru(m—bpy)s " which was assigned to the decay of the triplet metal-
centered state back to the 'A; ground state. The decay-associated spectra of 7
for the [Ru(Ph—btz))*" data show no change in the bleach region, which suggests

that it is simply a conversion between excited states with no ground state recovery.

The sequential global fit describes the transient absorption data of [Ru(Ph—btz);]**

well at all wavelengths. However, the probe region around 370-400 nm in the
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Figure 5.3.3: Transient absorbance as a function of time delay for selected wave-
lengths. The circles correspond to data points and the lines to the global fit. a and b
show the data for [Ru(Ph—btz);]** and ¢ and d show the data for [Ru(Bn—btz)s]*".
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Figure 5.3.4: Transient absorption spectra of Ru(Bn—btz); " in acetonitrile in the
region 355—445 nm. The peak at 370 nm grows in and blueshifts within the first
5 ps after photoexcitation at 330 nm.

[Ru(Bn—btz);)°" data set is not well modeled by the fitting. This can be seen
clearly in the 370 nm trace in Figure [5.3.3d. The reason for the discrepancy be-
tween the model and the data likely arises from the additional ESA peak that is
observed around 370 nm. Figure shows the transient absorbance in the region
355-445 nm for delay times up to 5 ps, which clearly shows a growth and blueshift
of this peak over the first few picoseconds after excitation. Global analysis is un-
able to capture shifting of transition maxima,[256] which is likely the source of the
mismatch between the model and data around this region. Considering this peak

blueshifts over a few picoseconds it is likely due to vibrational relaxation.

The values for 7 in both complexes are around 100 fs and the molecules exhibit
similar features in the decay-associated spectra with a peak above 600 nm and a
lower signal around the ground state bleach. It is likely that this time constant is
associated with the same dynamics in [Ru(Ph—btz)s]*" and [Ru(Bn—btz)s]*". After
excitation to the 'MLCT state, the MLCT state is likely to be formed in around
20 fs through ISC, which cannot be observed due to the experimental time reso-
lution. Therefore, 7, is attributed to the internal conversion from the SMLCT
state to the *MC state, although this could also have some contributions from in-
tramolecular vibrational redistribution. Further evidence of the population of the
3MC state is given in subsequent paragraphs. 7, is associated with a return to the
baseline and is assigned to the recovery of the 'A; ground state. The timescales
shown here are very similar to the data shown by Sun et al. in the introduction with

a sub-picosecond relaxation of the MLCT state to the >MC state and then recovery
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Figure 5.3.5: Kinetic traces up to 2 ps (a) [Ru(Ph—btz)s]*" and (b) [Ru(Bn—btz);]*"
showing the oscillatory motion at early times.

of the ground state over the next tens of picoseconds.[249] This strongly suggests
that the >MC state is the lowest-energy ground state that is populated in around
100 fs and followed by ground state recovery in 10-50 ps.

Considering the *MC state is populated within 100 fs, it is possible that coherent
vibrational motion is triggered in this state. To establish if this is the case, transient
absorption measurements were carried out with higher signal-to-noise (2000 laser
shots for each time scan with 5 repeats) up to 3 ps to resolve any possible vibrational
coherence. Kinetic traces up to 2 ps are shown in Figure |5.3.5] Figure refers
to data for [Ru(Ph—btz)s]*t, which clearly exhibits oscillations that have a period
of around 200 fs. The situation for [Ru(Bn—btz)s]*" in panel b is more complex,
oscillatory behaviour can be observed but the period of the waveform appears to
increase as time progresses. The coherence also decays to below the noise level much

quicker.

The residuals after global analysis were Fourier transformed in the time domain
and the corresponding wavelength-wavenumber map is shown in Figure [5.3.6] The
bottom panels in this figure show the Fourier transform at a particular wavelength.
The frequency of the oscillation for the [Ru(Ph—btz)s)*" data is 156 cm~' and it
is strongest around 390 nm. This is shifted away in energy from the ground state
transition maximum, therefore this is likely an excited state vibrational coherence.
For [Ru(Bn—btz);]*", the map shows no obvious frequency components, although
there may be a signal below 100 cm~! and also a broad peak between 100 and
200 cm~!. The lack of a single obvious frequency component could be due to the

short lifetime and apparent shift in frequency of these oscillations.

To further investigate the change in frequency over time, a shifting-window
Fourier transform was performed in the region where the oscillations appear the
strongest for both complexes. A shifting-window Fourier transform involves Fourier

transforming a window of time-domain data and then shifting that window along
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Figure 5.3.6: Fourier transform of the global fit residuals for a [Ru(Ph—btz),)*"
and b [Ru(Bn—th)3]2+. The FFT is performed along the time axis yielding a
wavelength-wavenumber map. The bottom panel shows a slice of the Fourier trans-
form spectrum for one wavelength.
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Figure 5.3.7: Shifting-window Fourier transform of the residuals for global fitting
with a 1.2 ps Hann window. The values along the time axis correspond to the start of
the window. a Data for [Ru(Ph—btz);]*" the Fourier transform has been performed
over an average of the residuals between 380 and 410 nm. The bottom panel shows
the time evolution of the 156 cm~" component. b Data for [Ru(Bn—btz)s]*". The
Fourier transform has been performed over an average of the residuals between 365
and 400 nm. The bottom panel shows the time evolution of the 80 and 105 cm™*
components.

one time point and performing the transform again. With the continuation of this
process, the time evolution of a Fourier spectrum can be visualised, which is shown
in Figure m The results for [Ru(Ph—btz)s]*" are shown in Figure [5.3.7a which

1 as expected. However, Figure

displays the decay of a single frequency at 156 cm™
shows the data for [Ru(Bn—btz);]*" is more complicated. It suggests an ini-
tial high-frequency component around 105 cm™! that quickly decays, during which
time a low-frequency component (80 cm™!) grows.

Considering the simplicity of the oscillatory signal in the data of [Ru(Ph—btz)s]*",
the trace at 400 nm was fitted directly with the sum of two exponential components

and a damped waveform as described by Equation [5.3.1}

2
AA =1RF(o,t) ® (Z Ae VT 4 Aggee ™™ cos (QWCDt)) . (5.3.1)

i=1
This equation takes into account the finite pulse duration of the pump and probe

via the instrument response function (IRF(o,t)), which is the time-domain cross-
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correlation function of the pump and probe pulses. It is modelled as a Gaussian
function with width o ~ 80 fs. A; is the amplitude of an exponential decay with a
time constant 7;, the parameters for the oscillatory part of the fit are the amplitude
Aose, frequency 7 and dephasing time 74. This is the same equation used to fit the
kinetic data in Chapters [3]and [ The data and fit are shown in Figure 5.3.8a. The
time constants were fixed to the values obtained from the global fit (1= 110 fs and
Ty= 46 ps). The fitting yielded a frequency of 7 = 156 + 1 cm™!

time of 74 = 610 £ 60 fs.

and a dephasing

To fit the [Ru(Bn—btz);]*" data, the following model was assumed. The dynam-
ics initially are dominated by the oscillatory signal with frequency 7; which decays
with the same time constant, 74; as the second 7 component grows. The second,
low-frequency component decays with a time constant, 742. Equation [5.3.2describes
the fitting function used for this model with the addition of the exponential popu-
lation terms. This equation was not convoluted with the IRF due to the difficulty

in calculating this for the rise and decay of the second frequency component.

2
AA = Z Ae T p Aggere Tt cos (2meint) + Aggeze”t/702(1 — et/ cos (2mcint)
. (5.3.2)
The fit is shown in Figure [5.3.8b. The frequencies obtained from the fitting
are ; = 131+ 1 ecm™! and 7, = 83 £ 1 cm™!, which agree well with the Fourier
transform in Figure [5.3.7b. The decay of the 7; and rise time of 7, was found to be
Ta1 = 112+ 1 fs and the decay time of the 5 component is 749 = 295 4+ 2 fs. The
time constants for the population dynamics were found to be 7 = 280 + 5 fs and
T9 = 7.7+ 0.1 ps, which are different from those obtained in the global fit. However,
this is expected due to the transition around 380 nm shifting, which was previously
discussed and shown in Figure [5.3.4

The dynamics of [Ru(Ph—btz);]°" can be explained well by a model very similar
to what was proposed by Sun et al. for [Ru(m—bpy)s]*". The 330 nm pump pulse
initially excites the molecule to the 'MLCT state which quickly undergoes ISC
to the 3MLCT state faster than the experimental time resolution. The *MLCT
impulsively populates the 3MC state with a time constant of 7y = 110 fs. This state
has a single electron that populates one of the e, orbitals which activates the Jahn-
Teller distortion on an ultrafast timescale. The population of this state launches
a vibrational wavepacket along the potential energy surface of the MC state with
a frequency of 156 cm™!, which dephases in 610 fs. The subsequent ground state

recovery occurs with a time constant of 7, = 46 ps. These dynamics are summarised

in Figure [5.3.9@a.
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Figure 5.3.8: Kinetic traces (red line) and fit (black line) including the oscillatory
components. a Transient absorption of [Ru(Ph—btz);]*" at a probe wavelength of
400 nm fit with Equation @ b Transient absorption of [Ru(Bn—btz)s*" at a
probe wavelength of 380 nm fit with Equation .

The dynamics of [Ru(Bn—btz);]*" are more complex. The population dynamics
consist of a fast 100 fs time constant and a delayed ground state recovery with a
time constant of 17 ps. This suggests the same kinetic model as [Ru(Ph—btz)s]*",
with a fast MLCT to 3MC state conversion and then subsequent recovery of the
ground state. Assuming this scheme, there are two possible origins for the loss of one
frequency and the growth of another. The first possibility is shown in Figure [5.3.9b.
This assumes that the SMLCT state has a different potential minimum from the

L oscillates

ground state and that the initial high-frequency component of 131 cm™
on the *MLCT potential energy curve. With a time constant of 100 fs the wavepacket
transitions to the 3MC state that has a wider potential well, which leads to the lower

frequency oscillations of 83 cm™!.

The molecule then returns to the ground state
with a time constant of 17 ps. This picture is supported as the fast time constant
associated with the decay of the MLCT to the 3MC state (7, = 110 £ 10 fs) is
within the error of the decay of the 130 cm™! oscillations and growth of the 90 cm ™!
oscillations (747 = 112 + 1 fs). A similar transfer of vibrational coherence between
states in the impulsive limit has been observed in other systems.[257-259] MLCT
states are generally nested with the ground state with only very small shifts from
the ground state potential energy minima. This is because the ?9, orbitals are non-
bonding, so the removal of an electron from these orbitals has minimal effect on
the structure and therefore does not normally lead to coherent motion in the initial
excited state. However, recently a coherence with a frequency of around 120 cm™*
has been observed in the 3MLCT state of [Ru(bpy)s ], which is a similar magnitude

to the 112 ecm™! frequency observed for [Ru(Bn—btz)s]*".[260]

The second possibility assumes that vibrational wavepacket dynamics only occur
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Figure 5.3.9: Schematic of the proposed dynamics for the Ru(II) bistriazolyl com-
plexes. a The proposed dynamics for [Ru(Ph—btz)s]*" after MLCT excitation. b
and ¢ Two different possibilities of the proposed dynamics for [Ru(Bn—btz)s]*" after
MLCT excitation. In b, all the dynamics occur along a single Jahn-Teller normal
mode and the two different frequencies arise from the width of the potential energy
curves in the >MLCT and *MC state. In c, only the 3MC state is considered to
contribute to the vibrational wavepacket dynamics. In this case, a multidimentional
surface is required, with the wavepacket initially oscillating within a narrow well
that moves into a well that is wider leading to a lower frequency vibration.

within the *MC state. In this case, the decay of one frequency and the growth of
another can only be described by a multidimensional potential energy surface with
at least two different normal mode coordinates. A cartoon of the 3MC surface and
trajectory of the wavepacket is shown in Figure [5.3.9¢c. The wavepacket populates
the >MC state where it crosses with the >MLCT surface and is initially within
a narrow well that corresponds to the high-frequency mode. As the wavepacket
evolves it moves into an area that has a wider well and therefore the wavepacket
begins to oscillate with a lower frequency. The nature of the wavepacket mode is
still likely to be a Jahn-Teller-like coordinate but the character of the other mode
is unknown. It could be that this slower, non-oscillatory motion along the second
normal mode is responsible for the peak shifting that is observed in the transient
absorption spectra shown in Figure [5.3.4] The only difference in the structures of
[Ru(Ph—btz)s)*" and [Ru(Bn—btz)s]*" is the replacement of the phenyl substituent
by the benzyl substituent. Considering that the phenyl moiety is conjugated with
the triazolyl ring, it is likely that the rings lie in the same plane and the rotational
motion of the phenyl ring is restricted. Whereas, the benzyl substituent is not
conjugated and therefore will be more flexible. The second coordinate axis could be
some form of twisting of the benzyl ring with respect to the triazolyl ring. A process

similar to this is observed in some Cu(I)-phenanthroline complexes.[70, |72
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5.4 Conclusions and Future work

The photoinduced dynamics of triazolyl-based structural analogues of Ru(bpy)s ™t
have been studied with the aim of a more direct identification of the *MC excited
state. By replacement of the bpy with the triazolyl equivalent, 4,4’-bi-1,2 3-triazolyl,
the excited state ordering of the SMLCT and *MC state can be inverted, which
changes the nature of the lowest-energy excited state to metal-centred. This *MC
state has a single electron in the metal e, orbitals which leads to Jahn-Teller dis-
tortion. In the two complexes studied, [Ru(Ph—btz)s]*" and [Ru(Bn—btz))*", the
photoexcitation of the MLCT transition leads to an ultrafast and impulsive popu-
lation of the 3MC state which drives coherent vibrational motion within the 3MC
state. This is one of the first observations of vibrational coherence in the MC state
in a Ru(Il) complex. The dynamics of [Ru(Ph—btz)s]*" show a single vibrational
mode that is activated with a frequency of 156 cm~! with a dephasing time of 610 fs,
which is assigned to the motion of a Jahn-Teller normal mode as it moves to its new
elongated geometry in the MC state. Calculations are underway to calculate the

normal modes in the lowest energy triplet state to confirm this assignment.

Despite having the same fast MLCT to *MC (100 fs) conversion and slow ground
state recovery (17 ps), the vibrational wavepacket dynamics in [Ru(Bn—btz)s]**
differ significantly from those observed in [Ru(Ph—btz);]*". There is an initial

! component with a time constant

131 cm~! component that decays into a 83 cm™
of 112 fs. The second component then dephases with a time constant of around
295 fs. These wavepacket dynamics could arise from two different cases: (1) The
131 em~! wavepacket is initiated in the SMLCT state and upon impulsive internal
conversion to the *MC state the second 90 cm~! wavepacket is activated along the
same normal mode trajectory. (2) The wavepacket dynamics only occur within the
SMC state, which necessitates the dynamics occur on a multidimensional surface
with at least two independent vibrational normal modes. The wavepacket initially
oscillates within a narrow well that opens up into a wider well leading to the change

from a higher frequency to a lower frequency.

In the context of this thesis, the initial wavepacket dynamics are interesting.
One broader aim is to harness some control over the photoinduced dynamics that
influence the magnetic properties of a molecule. As discussed in Chapter [I] the
magnetic anisotropy is closely related to the Jahn-Teller distortion in Mn(IIT) SMMs.
In Chapters[3]and [4] the nuclear motion after excitation is tracked and there is some
suggestion that synthetic modification can be used to control wavepacket dynamics
after excitation. The data presented here do indeed suggest that, even with relatively
minor synthetic modification (replacing a phenyl for a benzyl group), it is possible

to drive very different vibrational motion after light absorption. Control of the
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wavepacket dynamics has not been achieved here as it is unknown what causes
the change in vibrational motion between the two complexes. However, it certainly
suggests that with the correct choice of complexes, design criteria could be developed
to direct nuclear motion along chosen coordinates. The development of these design
criteria could be crucial in controlling the magnetisation of SMMs where the nuclear
coordinates are coupled strongly to the magnetic anisotropy.

In this vein, further work on the triazolyl ligand framework has been carried
out. The bistriazolyl ligands were replaced with two molecules of tris(1-benzyl-1,2,3-
triazol-4-yl)-p-anisolylmethane (ttz).[261] Two of these molecules form an octahedral
complex with with Ru(IT) (Ru(ttz); "), as shown in Figure . The two ligands
form a tripodal chelation that is staggered with respect to one another. The transient
absorption of Ru(ttz); " in acetonitrile after exciting the MLCT is shown in Figure
. This is very similar to the data for [Ru(Ph—btz);)**. [Ru(Ph—btz);*"
decays back to the ground state within tens of picoseconds, whilst Ru(ttZ)22+ shows
a similar tens of picosecond decay (42 ps), it plateaus and does not return to zero
(Figure p.4.1kc). In fact, the molecule does not decay within our measurable 3 ns
time delay. Further nanosecond transient absorption measurements carried out by
Owen Woodford and Elizabeth Gibson at the University of Newcastle show that the
full excited state lifetime of this molecule is 30 ns. This was initially thought to be a
solvento complex due to the dechelation of one of the triazolyl rings and the chelation
of an acetonitrile molecule. However, the dynamics also show a plateau around the
same value when the same experiment was performed in dichloromethane (Figure
). Therefore, the proposed nature of this state is a pseudo-five-coordinate
complex shown in Figure . After relaxation to the >MC state the elongation
provides room for one of the triazolyl rings to rotate and form a w-interaction with
the Ru(II) ion to loosely obey the 18-electron rule. Indeed, preliminary density
functional theory calculations performed at the University of Huddersfield show a
local minimum around this geometry. Ru(ttz)s " exhibited no evidence of coherent
vibrational motion after excitation but with synthetic modification, a completely
different structure was induced in the final excited state. This provides further
evidence that molecules can be designed to have specific desired excited state nuclear

geometries.
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Figure 5.4.1: Overview of the dynamics of Ru(ttz)s ' after MLCT excitation. a
Chemical structure of Ru(ttz)f*. b Transient absorption difference spectra at se-
lected time delays after MCLT excitation. ¢ Kinetic traces at selected wavelengths.
The 340 nm trace shows a long-lived plateau. d Kinetic traces for a probe wave-
length of 340 nm in dichloromethane and acetonitrile showing the same plateau
level. The data have been normalised to the maximum ground state bleach at that
region to compare. e Schematic of the proposed dynamics after photoexcitation to
the MLCT state.
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Chapter 6

Femtosecond Broadband Magnetic
circular Dichroism Spectroscopy of

Zinc Tetraphenylporphyrin

6.1 Introduction

One objective of this thesis is to observe and monitor the magnetic state of a molecule
with femtosecond time resolution. Currently, there is extensive research focused on
studying magnetisation dynamics in metals, semiconductors, and dielectrics.[10} |13]
15] These studies typically employ a quasi-monochromatic optical probe to measure
Faraday rotation or ellipticity.[8, |262] This approach is highly effective for traditional
condensed-phase magnets, as they exhibit absorption spectra that lack distinctive
features, making it unnecessary to expand the energy range of the probe.[263] How-
ever, transition metal-based SMMs often possess complex optical absorption spectra
due to various charge transfer, metal-centered, and ligand-centered transitions. Con-
sequently, it is crucial to develop magneto-optical spectroscopies that are broadband
and spectrally-resolved for the study of ultrafast molecular magnetism. Addition-
ally, ultrafast spectroscopies that have greater spin-state sensitivity will be useful in
cases where different spin manifolds can play a role in the dynamics such as photo-

catalysis,[264] solar cells[265] and thermally activated delayed fluorescence.[266]
A broadband femtosecond MCD spectrometer has been developed within the

group to measure time-resolved magnetic circular dichroism (TRMCD),|95] which
is described in Chapter [2| To test the utility of this setup, the ultrafast dynamics of
zinc(IT) tetraphenylporphyrin (ZnTPP) are investigated. This molecule was chosen
as its dynamics after light absorption have already been heavily investigated|267,
268] and the complex shows a strong ground state MCD spectrum at room tem-

perature. The following chapter contains results from a project that was started by
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Doctor Erica Sutcliffe.[269] The results section contains a replication of the solution-
phase measurements from their thesis,[269] with higher signal-to-noise. The thin film
and temperature-dependent measurements presented here are reported for the first

time.

6.1.1 Theory of Magnetic Circular Dichroism

Magnetic circular dichroism (MCD), often referred to as Faraday ellipticity, is the
differential absorption of left and right circularly polarised light (0" and o™, respec-
tively) under the application of a magnetic field.|270] This effect arises as photons
carry £1h of angular momentum depending on whether they are left or right circu-
larly polarised. Therefore, photons preferentially excite transitions with Amj; = 41
or Amj = —1 depending on their helicity, to conserve angular momentum. Linearly
polarised light does not exhibit the MCD effect as it represents the superposition of
the two circular polarisations.

The microscopic origins of MCD arise from the Zeeman effect.|271] Upon applica-
tion of an external magnetic field, the Zeeman effect leads to changes in the energy
of magnetic sublevels depending on their angular momentum quantum numbers.
The perturbation from the magnetic field is V = —m - B where m is the magnetic
moment of the state and B is the magnetic field. Both the spin and orbital angular

momentum contribute to the magnetic moment,

kB
h

where pp is the Bohr magneton and the factor of 2 arises from the gyromagnetic

m (L, +28S.) (6.1.1)

ratio of the electron spin. In the case where spin-orbit coupling dominates over
the effect of the external field and the magnetic field points along the z-axis, the
pertubation is given by V= usgsB J, where J, is the total angular momentum (.J)
projection operator and ¢y is the Landé g-factor. Overall, the change in energy is
directly proportional to B and depends on the z-projection (m) of the total angular

momentum. The energy difference (AFE) is is given by

AE = <n(0)} m,B |n(0)> = <n(0)| 'LLBgJBjZ

n(0)> = upgsBm; (6.1.2)

for an unperturbed zeroth-order wavefunction |n(0)> with angular momentum quan-
tum numbers J and m.

In addition to the change in energy, the application of a magnetic field also
leads to new perturbed wavefunctions. To first order, the perturbed wavefunction
(|n‘V)) is formed from the unperturbed wavefunction (|n(”)) mixed with all other

zeroth-order wavefunctions,

k©). The expression for this is
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where V is the Zeeman perturbation and EZ»(O) is the energy of the unperturbed
states. The denominator suggests that significant magnetic field-induced mixing

occurs only when two states are close in energy.

Transitions occur from an electronic ground state |g) with sublevel 7 to an excited
state |e) with sublevel e. The sublevels v and € encompass the magnetic states with

quantum numbers J and m;. The MCD signal for such a transition is given by

Adyien = C Y Ny (led iz o) = led i lo)Pov) — (6.1.4)

776

where the prefactor C' is a collection of constants, N, ., is the population of the state
|g) with sublevels v, fix is the electric dipole operator for o light and p(v) is the
lineshape of a transition with frequency v. This assumes that the electronic energy
difference between |g) and |e) is very large compared to thermal energy so only the

ground state sublevels are populated.

Substitution of the results from perturbation theory into Equation and

neglecting terms that are second-order in B leads to the expression[270]

stn=cn (4 (29 (s ©)o) 09

with three distinct MCD terms: A;, By and Cyp-terms. This equation also makes
use of the rigid-shift approximation, which assumes that the Zeeman effect only
leads to an energy shift of a transition and no change in the transition lineshape

(p(v) = p(v — p)).

The A;-term is given by

A= (el fiz lee) = gy = L)) (el = g * = el i 190 [) (6.1.6)

776

which describes a transition from a ground state to a degenerate excited state with
split Zeeman sublevels. This splitting leads to small changes in the transition band
positions depending on whether the light is left or right circularly polarised. There-
fore, after taking the difference, the shape of the MCD signal has a derivative-like

form as shown in Figure [6.1.1]

The By-term is given by
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where |k,) denotes all other electronic states k with sublevels k. From the denom-
inators in Equation [6.1.7, this term is only large if two states lie close in energy
to each other. This effect arises from the first-order perturbation theory and the

resultant mixing of zeroth-order wavefunctions shown in Equation [6.1.3]

The Cy-term is given by

Co=> (gl = lgv) x ([{gy| i lee)* = [{gy] fis le)]) (6.1.8)

v,
which describes the signal arising from a Zeeman split ground state to a non-
degenerate excited state. This term is sensitive to the population of the ground
state levels. For high temperatures, all ground-state Zeeman sublevels are equally
populated, and therefore no Cy-term is observed. However, at low temperatures, the
lowest energy sublevel is preferentially populated because of the Boltzmann distri-
bution and Cy-terms dominate the MCD spectrum. Cy-terms necessitate a Zeeman
splitting in the ground state, and therefore do not play a role in the spectrum of dia-
magnetic complexes. However, these terms dominate the spectrum of paramagnetic

compounds at low temperatures because of their 1/kgT dependence.

Finally, the absorption term D, is given by

Dy =5 3 (Hoa i led) P+ gl s Jed)?). (6.1.9)

776

This is simply the average of the absorption of both the left and right-handed cir-
cularly polarised light. This does not contribute to the MCD spectrum but rather
to the absorption spectrum.

A schematic of all the terms and the spectral shape they produce is shown in
Figure [6.1.1] Importantly, the features of all these terms allow their identification
in an experimental spectrum. A;-terms are characterised by a derivative-like shape
that is generally insensitive to temperature changes. Both Bj-terms and Cy-terms
have a shape that matches the absorption band. However, they can be distinguished
through their temperature-dependent behaviour, where the intensity of Cyp-terms

will increase with 1/T. The relative contribution of the Ay, By and Cy terms scale
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Figure 6.1.1: Origin of MCD terms. a The shape of the Dy, Ay, By and Cy from
left to right. The dotted line in the upper and lower panels shows the absorption
of o light and the absorption of the o~, respectively. The red line shows the
corresponding MCD spectrum. b The transitions associated with each MCD term.

with linewidth (AT"), energy splitting between electronic states (AFE), and thermal
energy, respectively: ﬁ : ﬁ : kBLT Typically, AT' ~ 1000 cm~!, AE ~ 10000 cm™*
and kgT ~ 100 cm™! (at room temperature) therefore the ratio of the A;, By and
Co-terms is 0.1:0.01:1, respectively. Even at room temperature, Cy-terms are the
strongest component of MCD of paramagnets. At temperatures around 10 K, the
intensity of the Cy-terms will increase 10-fold and completely dominate over the A;

and By-terms.

6.1.2 Metalloporphyrins and their Electronic Structure

Porphyrins are large organic macrocycles composed of four pyrrole units connected
via methine bridges. The structure of free base porphyrin is shown in Figure [6.1.2
Porphyrins are vital for many biological functions, from heme proteins that trans-
port oxygen around the body to one of the main substituents of vitamin B12.[272]

They also exhibit incredibly strong optical absorption bands in the visible region of
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Free base porphyrin Zinc(ll) Tetraphenylporphyrin (ZnTPP)

Figure 6.1.2: Chemical structure of free base porphyrin (left) and zinc(II)
tetraphenylporphyin (right).

the spectrum that, when excited, can lead to various light-triggered processes. In
biology, magnesium porphyrin is the light-absorbing antenna for photosynthesis in
plants.[273] Porphyrins are also being studied for use in photodynamic therapy,|274]
dye-sensitised solar cells|275] and photocatalysis.|276]

The porphyrin’s interesting optical properties arise from the combination of four
valence orbitals. As described by Gouterman’s four orbital model,[277 [278] the
valence states are composed of two HOMOs and two LUMOs. In the Dy, symmetry
of ZnTPP, the HOMOs and LUMOs are degenerate which leads to the description
given in Figure Figure displays the molecular orbital picture showing
two degenerate HOMOs with le, symmetry and two degenerate LUMOs with le,
symmetry. These molecular orbitals mix and give rise to the state picture in Figure
with a non-degenerate ground state and two doubly degenerate excited states.
The electronic structure leads to an optical absorption spectrum that is composed
of two main bands, the Q-band and B-band. In a free electron model, the Q-band
transitions occur with a change in orbital angular momentum of AM; + 9, which
is forbidden. The B-band is associated with a change in orbital angular momentum
of AMp + 1, which is allowed. The B-band typically occurs around 400 nm and has

“lem™!. The Q-band occurs around 600 nm

an extinction coefficient of ¢ > 10° M
and despite its forbidden nature, the transition has a relatively large extinction
coefficient of ¢ ~ 10* M~'ecm™!. Taking into account the non-degenerate ground
state and doubly degenerate excited states, the ground state MCD spectrum is

composed of only A;-terms in diamagnetic ZnTPP.

The Jablonski diagram after 400 nm excitation (Sy to Sy) is shown in Figure
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Figure 6.1.3: Gouterman’s four orbital model. a Molecular orbital picture. The fully
populated HOMOs are degenerate le, orbitals with M; = +4 and the LUMOs are
composed of empty le, orbitals with My = £5. Two different transitions can arise
from this, the dotted arrows denote the Q-band with AM; = £9 and the solid arrow
show the B-band transitions with AM; = +1. b The state picture that is equivalent
to the molecular orbital picture. The two excited states are doubly degenerate and
can be split with the application of a magnetic field leading to A;-terms in an MCD
spectrum. The figure is adapted from ref. [279].

[6.1.4] Vibrational relaxation and the subsequent IC to the S; state occur in 70 fs
and 1.5 ps, respectively.|267] The results obtained in this chapter only focus on
dynamics occurring after 20 ps and therefore dynamics associated with the S, state
do not need to be considered. Within the S; state, vibrational relaxation occurs
with time constants of around 10 ps and 100 ps and the ISC to the T; state with a
time constant of around 2 ns.[268] In the measurements, the pump-probe time delay
is 20-3000 ps and therefore it investigates vibrational relaxation in the S; state and

the ISC to the lowest energy triplet state.

6.2 Methods

6.2.1 Experimental

The TRMCD set-up is described in detail in Chapter [2, and particular experimental
parameters are highlighted here. A supercontinuum generated in sapphire was used
as the probe pulse with a spectrum spanning 500-800 nm. The probe diameter was
100 pm at the sample position. The pump wavelength was 400 nm, which excited
the molecule to the second vibrational level of the Sy state. The pump diameter
was 210 pm and the fluence was 1.4 mJem =2 at the sample. The pump polarisation
was linear and the applied magnetic field was 750 mT. Each presented spectrum is
composed of 200,000 individual time-resolved difference spectra measured at each
field. For the solution-phase measurements, ZnTPP was dissolved in toluene at a
concentration of 780 M and flowed through a 200 pm cuvette at a rate of 32 pul./min.

The excited state features of the TRMCD spectrum need to be assigned to A;,By
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Figure 6.1.4: Jablonski diagram of the ultrafast dynamics of Zn'TPP in toluene after
400 nm excitation. Values extracted from refs. [267] 268, 280].

or Co-terms. In order to fully characterise the spectrum, temperature-dependent
measurements are required to differentiate By and Cy-terms as the latter exhibit a
1/T dependence. If samples are to be mounted in the cryostat, they must be solid,

and therefore this necessitates the synthesis of solid thin films.

Thin film samples were synthesised by Ioan Jenkins at the University of Edin-
burgh. A small amount of ZnTPP powder was mixed with Loctite superglue and
pressed between two glass coverslips. Most of the ZnTPP dissolved in the superglue,
however, there were some small crystals left in the film. The UV-vis spectrum of
the Q-band in film and solution is shown in Figure [6.2.1] The spectra are similar
but the thin film spectrum is redshifted by around 4 nm and also has a much higher
baseline. The shift in the spectrum could be due to miscalibrations between the two
spectrometers that were used or due to the different chemical environments. The

higher baseline is likely due to scattering from small crystals in the films.

The samples were mounted in an Oxford Instruments Microstat HE2 cryostat.
All of the time-resolved measurements of thin films were carried out with the sample
mounted in the cryostat and pumped out to a high vacuum. The sample was contin-
ually moved in a grid pattern during the measurements to prevent sample damage.
For every measurement, a fresh grid was used to ensure the undamaged sample was

probed. The measurements were carried out at 293 K and 80 K.
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Figure 6.2.1: UV-vis spectrum of ZnTPP in toluene and superglue thin films. The
solution-phase measurement was carried out by Erica Sucliffe at the California Insti-
tute of Technology using a JASCO J-1700 spectrometer. The ZnTPP was dissolved
in toluene at a concentration of 38 pM. The path length of the cuvette was 1 cm.
The spectrum of the thin film was measured on a Shimadzu 1800-UV spectropho-
tometer. Inset: Image of thin film.

6.2.2 Post-Processing

An MCD signal is typically around 1 % of the total absorption signal. A strong
signal in a transient absorption measurement is around 10-100 mOD and there-
fore a sensitivity of under 1 mOD is required. This can be difficult because the
MCD measurements are not performed shot-to-shot like the transient absorption
measurements. It is impossible to switch the magnetic field at 1000 Hz with the
electromagnet. In theory, a transient absorption measurement with a circularly po-
larised probe can be performed with one field direction and then another with the
field reversed, and the difference between these would be the MCD signal. How-
ever, even a slight drift in laser parameters (such as pump fluence) between these
two measurements could completely dominate the signal over the true MCD effect.
Generally, the magnetic field is switched about every second to cancel out the effect
of long-term drift of laser parameters. This is a good compromise between minimis-
ing the effect of drift and the increase in measurement time due to the time it takes
to flip the magnetic field (around 200 ms).

Considering the signal-to-noise required, the TRMCD measurements are aver-
aged for much longer than the equivalent transient absorption measurements. For
the solution phase measurements, a single TRMCD spectrum at one time delay takes

around 1 hour. The equivalent transient absorption spectrum would take seconds.
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Figure 6.2.2: Measurement of a TRMCD spectrum at a 20 ps pump-probe delay.
The measurement is composed of 4000 difference spectra for each field direction.
Each individual difference spectra is the average of 200 laser shots which are not
individually resolved. The sample was excited with a 400 nm pump pulse with a

fluence of 1.4 mJem=2. The sample concentration was 780 nM, the optical path

length was 200 pm and the solution flowed at 8 pL/min. a The average transient
absorption difference spectrum for each field direction with a circularly polarised
probe. b Histogram of the integrated intensity between 600 and 700 nm of the 4000
spectra that constitute the average spectra shown in a. ¢ The TRMCD spectrum
at a 20 ps pump-probe delay. The shaded area describes the standard error of the
mean.

Figure shows the transient absorption spectrum with a circularly polarised
probe at 20 ps in a 780 uM toluene solution of ZnTPP in a 200 pm path length cu-
vette after photoexcitation using a 400 nm pump with a fluence of 1.4 mJem=2. The
spectra shown are the average of 4000 difference spectra, which are the mean of 200
consecutive laser shots each at positive and negative magnetic fields. Figure [6.2.2b
shows a histogram of the integrated signal between 600 and 700 nm for the 4000
difference spectra. These are mostly overlapped, but there is a slight shift of the pos-
itive field spectra to higher intensities. Figure shows the TRMCD spectrum
at 20 ps, the positive field spectrum in Figure subtracted by the negative
field spectrum. The shaded area is the standard error of the mean, )AMCD = %=

VN
where o is the standard deviation and N is the number of measurements.

To confirm the setup truly measures TRMCD and does not show a difference
due to sample damage between the two field directions, the measurement is taken
twice. Starting first with a positive field direction and reversing the field back
and forth during the measurement. Then we begin instead with a negative field
direction and flip the magnetic field back and forth. If the signal arises from sample

damage we would expect the same results in both cases. If the effect is due to

138



0.1 —— 2
a Positive Field Start (/2] b
Negative Field Start =
5
A 0.05 .
) 2
E 2
a o =
Q e
= 2
<-0.05 =
S —— A MCD at 3000 ps
S ——Ground state MCD x -1
-0.1 = : . 2 : :
550 600 650 700 550 600 650 700
Wavelength / nm Wavelength / nm

Figure 6.2.3: a Comparison of TRMCD spectrum with a positive and negative
starting field at a pump-probe delay of 200 ps. b Comparison of the ground state
MCD spectrum with the TRMCD spectrum at 3000 ps when most of the first excited
singlet state has decayed.

MCD, the measurements will be mirror images of one another as shown in Figure
[6.2.3a. Another good marker that a given signal is true TRMCD, analogous to GSB
in a transient absorption measurement, a bleach will also occur at the position of
the ground state MCD in a TRMCD measurement. The ground state MCD and
TRMCD are shown in Figure|6.2.3b. There is good agreement between the shapes of
the MCD and TRMCD which suggests the MCD bleach is captured well. However,
they are not expected to match exactly given that there will be some excited state
signals in the spectrum but it still suggests there is a ground state MCD contribution

to the spectrum as expected.

6.3 Results and Discussion

The UV-vis spectrum and the MCD spectrum of ZnTPP in toluene are shown in
Figure [6.3.1] Figure shows the B-band, which corresponds to the Sy to S,
transition. The strongest transition is centred at 430 nm, which originates from
the transition to the lowest vibrational level of So. The smaller shoulder at 400 nm
corresponds to the transition to the first vibrationally excited level of S;. The MCD
displays one dominant A;-term at 430 nm and a much weaker A;-term from the
vibronic transition. The sample is excited at 400 nm in the time-resolved experi-
ments and the Sy state is populated. The Q-band (S to Sy transition) is shown in
Figure |6.3.1]b. The strongest transition is at 555 nm and displays additional peaks
corresponding to transitions to other vibrational levels in the S; state. The MCD

spectrum contains two dominant A;-terms from different vibrational levels in the
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Figure 6.3.1: UV-vis and MCD spectrum of ZnTPP in toluene. a UV-vis absorption
spectrum and MCD of the B-band centred around 420 nm. b UV-vis absorption
spectrum and MCD of the Q-band centred around 550 nm. The data were obtained
by Dr Erica Sutcliffe at the California Institute of Technology using a JASCO J-
1700 spectrometer in Prof. Ryan Hadt’s lab. The measurements were carried out
at room temperature with an applied magnetic field of 1.4 T.

same electronic excited state.

The transient absorption and TRMCD spectra after 400 nm excitation are shown
in Figure After 400 nm excitation, ZnTPP undergoes IC to the S; state with
a time constant of 1.5 ps and subsequent vibrational relaxation in that state with a
time constant of around 100 ps. The ISC to the T, state occurs in 2.3 ns. Figure|6.3.2
shows pump-probe time delays between 20-3000 ps, which will follow the vibrational
relaxation in S; and the S; to Ty ISC.

The transient absorption spectra in Figure|6.3.2a exhibit GSB at 555 and 600 nm,
which corresponds well to the absorptions in the ground state spectrum shown in
6.3.1p. Additionally, there is a small dip in the transient spectra at 660 nm, which
likely arises from stimulated emission as it matches with the peak of the fluorescence
spectrum. The remaining signals arise from ESA. From 20 to 3000 ps there is
a decay at all wavelengths apart from 660 nm where there is a small growth due to
the depopulation of the S; state and therefore a reduction of stimulated emission.

The TRMCD spectra at various time delays are shown in [6.3.2b. There is a
large peak at around 610 nm, which shows very little change in the first 100 ps and
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Figure 6.3.2: a Transient absorption and b TRMCD spectra at different pump-probe
time delays. The concentration of ZnTPP was 780 uM in toluene. The sample has

a path length of 200 pm and was pumped at 400 nm with a fluence of 1.4 mJem—2.
The applied magnetic field was 750 mT.
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then decays to almost a plateau at 2000 ps. Similar dynamics occur at the small
shoulder around 660 nm. At times after 2000 ps, the TRMCD spectra strongly
resemble the ground state MCD spectra suggesting that the spectra are dominated
by an MCD GSB. Considering the triplet state is populated with a time constant
of approximately 2000 ps, it is likely the T; state has a very weak MCD spectrum
in the spectral region measured. Based on their decay, the 610 and 660 nm peaks

are likely associated with the S; state.

In an attempt to isolate the pure S; MCD spectrum for characterisation, the
ground state MCD spectrum was subtracted from the TRMCD spectra. The con-
tribution of the ground state MCD to the TRMCD was estimated by scaling the
ground state MCD to match, as closely as possible, with the TRMCD at 3000 ps.
The comparison between the ground state MCD and TRMCD at 3000 ps is shown in
Figure[6.2.3b. The estimated excited state MCD spectra at various times are shown
in Figure [6.3.3] At 3000 ps, the signal is not exactly zero, which is expected as
there will still be some population of the S; state given its 2000 ps lifetime. Despite
the incomplete subtraction of the ground state signal, it is clear the 580, 610 and
660 nm peaks do not possess derivative-like bandshapes and therefore are unlikely
to be A;-terms. The 610 and 660 nm peaks are separated by around 1200 cm™!,
which is the same splitting between the vibrational shoulders in the ground state
spectrum. These two peaks could arise from a transition to the same electronic state

but a different vibrational state.

To further characterise the timescales of vibrational relaxation within the S;
state and the ISC to the T, state, the transient absorption and TRMCD signals
were integrated from 600 to 700 nm and plotted as a function of time. This is
shown in Figure [6.3.4 The integrated intensities as a function of time, I(f) were
globally fit with a biexponential decay described by:

I(t) = Are ™™ 4 Aye ™™ + A (6.3.1)

where A; are the amplitudes associated with time constants 7; and Ag is an
offset term at long times. The fit provided time constants, 7, = 70 + 30 ps and 7 =
200041000 ps, which agree well with the previously measured vibrational relaxation
and ISC time constants, respectively.[267] All fitting parameters are shown in Table
6.3.1 The amplitude of the first time constant associated with the vibrational
relaxation is significant in the transient absorption data, around 27 % of the total
signal. However, the amplitude of the vibrational relaxation component in the
TRMCD data is less than 1 %. Considering the molecular temperature of ZnTPP
decreases during vibrational relaxation, this suggests that the TRMCD between 600

to 700 nm is not sensitive to temperature. An excited state A;-term has already
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Figure 6.3.3: Estimated excited state MCD spectra at different pump-probe delays.
These have been generated by subtracting the ground state MCD spectrum.

been dismissed due to the shape of the spectrum. The origin of the excited state
MCD must be a By or Cy-term. Because the TRMCD is insensitive to the cooling
of the molecule during vibrational relaxation, it suggests the excited state MCD is
dominated by By-terms.

To confirm the assignment that the excited state MCD signal arises from By-
terms, a TRMCD measurement was carried out at 80 K. To do this, a thin film
sample was used and mounted within the cryostat. The UV-Vis of the film is shown

in Figure|6.2.1in the methods. The time-resolved data at a time delay of 100 ps are

Parameter MCD Transient Absorption
71 (ps) 70 £ 30 70 £ 30
Ty (ps) 2000 % 1000 2000 £ 1000
Ay 0.003 % 0.100 0.33 £ 0.10
A 0.90 + 0.17 0.27 £ 0.09
Ay 0.10 £ 0.10 0.40 4+ 0.09

Table 6.3.1: Fitting parameters extracted from the global fit of the transient ab-
sorption and TRMCD kinetic fit in Figure [6.3.4, The amplitudes A; are given as a
fraction of the maximum amplitude of the signal.
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Figure 6.3.4: Integrated intensity of the transient absorption and TRMCD spectra
shown in Figure from 600 to 700 nm as a function of pump-probe time delay.
The TRMCD data has been multiplied by 200 to aid visualisation. The data are
globally fitted with a biexponential decay with time constants 70 4+ 30 ps and 2000
4 1000 ps. The errorbars of the transient absorption data are too small to see.
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shown in Figure together with the solution-phase data at room temperature
for comparison. The transient absorption spectra in thin films are largely the same
as in toluene solution. Peaks and troughs occur within a few nanometres of each
other, apart from the additional structure in the thin-film measurements between
600 and 650 nm, which suggests a splitting of peaks. Comparing the 293 K and 80 K
transient absorption spectra, the absorption in the region 600-650 nm is roughly the
same, which should allow a reasonable comparison between the TRMCD spectra at
the two temperatures.

The TRMCD spectra at room temperature in solution and temperature-dependent
thin film measurements are shown in Figure [6.3.5b. Taking into account the 1/T
dependence of Cy-terms, a reduction in temperature from 293 K to 80 K should
increase the magnitude of a Cy-term by 3.5 times. Despite the low signal-to-noise
ratio of the data, it is clear that the MCD does not increase by 3.5 times and re-
mains roughly constant, suggesting no temperature dependence associated with the
excited state MCD term. This is in agreement with the apparent insensitivity to vi-
brational relaxation processes suggested by the kinetic data. Therefore, the excited
state MCD likely arises from a By-term.

In ground state MCD spectra, the By-terms tend to be much weaker than the
other terms. Considering that By-terms are inversely proportional to the energy
difference between two states that are mixed by the magnetic field, one could expect
these terms to be more intense as electronic states are more closely spaced at higher
energies. It could be that the By-terms are much more common in the excited states
of molecules. Indeed, the energy difference between the closest excited state in the
So state is 1.57 eV to the T; state whereas in the S; state the closest states are

separated by only 0.54 eV.[28]1]

6.4 Conclusion

Using a newly developed TRMCD setup, the MCD spectrum of the first singlet
excited state in ZnTPP was measured. By comparison to the ground state MCD
spectrum, it is shown that the S; MCD spectrum is dominated by peaks at 580, 610
and 660 nm. Given that the bandshape of these signals do not have a derivative-like
shape, it is unlikely these are A;-terms. It was observed that the S; state MCD
signal is not sensitive to vibrational cooling dynamics suggesting that the signal
does not depend on molecular temperature. These observations indicate that the S;
state MCD signal in the 550-700 nm region is dominated by By-terms. To confirm
this, temperature-dependent TRMCD measurements were conducted that showed
no change in the S; state MCD signal down to 80 K.

Although nothing new about the dynamics that occur after photoexcitation of
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Figure 6.3.5: Temperature-dependent transient absorption and TRMCD spectra
after 400 nm excitation in solution and thin film samples. The pump-probe time
delay is 100 ps. The solution phase data has been multiplied by 0.2 to aid comparison
to the thin film measurements. a Transient absorption spectra. b TRMCD spectra.
The lines have been smoothed with 7 point adjacent averaging and the markers
display the unsmoothed data points for the thin film measurements.

146



/n'TPP was discovered, the results still show that TRMCD is an interesting tech-
nique to investigate the excited states of molecules. By-terms are generally the most
difficult MCD terms to analyse as they rely on wavefunction mixing rather than
Zeeman shifts. The analysis of A; and Cyp-terms can yield the value of magnetic
moments in the excited states.[282] A direct measurement of the magnetic moment
in the excited state of a molecule on these timescales will be important to de-
velop light-controlled magnetisation in SMMs. Additionally, temperature-dependent
MCD measurements have been used to calculate ZFS parameters of transition metal
complexes. [283] This would be interesting to extend to electronic excited states, par-
ticularly to measure the change in ZFS parameters after Jahn-Teller switching in

Mn(III) complexes.
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Chapter 7
Conclusions

This thesis examined the application of ultrafast spectroscopic techniques to single-
molecule magnets and related transition metal complexes. One main focus was to
follow how the magnetic anisotropy of metal ions might change upon light absorp-
tion on femtosecond timescales and to explore the possibilities of controlling this.
Given that nuclear, electronic, and spin degrees of freedom are intimately related to
the magnetic anisotropy, methods that were sensitive to these were applied. Two
very broad questions were asked: (1) could the dynamics in transition metal com-
plexes, and therefore SMMSs, be controlled by synthetic design? (2) How could the
magnetisation dynamics, magnetic anisotropy, and other molecular properties that
have an effect on the magnetisation be measured on ultrafast timescales?

In Chapters [3] and [5] optical transient absorption spectroscopy was used to in-
vestigate nuclear wavepackets after the population of crystal-field excited states in
Mn(III) terpyridine and Ru(II) triazolyl complexes. Nuclear structure is important
to SMMs, as the geometry of the crystal-field environment can dictate the magnetic
anisotropy. In [Mn(terpy)Xs] where X = F, Cl, N3, the excitation of the lowest
energy crystal-field transition leads to the activation of a pincer-like mode on the
terpyridine ligand with a frequency of 110 ecm™!. This mode is activated due to the
2 orbital that drives a Jahn-Teller

switch from axial elongation to compression. The dephasing times of the pincer-

transfer of an electron from the d.» to the d,2_,
mode increase moving from X = F to Cl to N3. With the aid of computations,
it was found that as the number of vibrational normal modes with energies below
the pincer mode increases, the dephasing times decrease. This suggests that low-
frequency modes act as an effective bath to dissipate energy through intramolecular
vibrational redistribution. It could be possible to harness some control over vibra-
tional relaxation and dephasing in SMMs.

In Chapter [, the photoinduced dynamics of triazolyl-based structural analogues
of Ru(bpy)3* were investigated with the aim of directly identifying the MC excited
state. By substituting the bipyridine ligand with the triazolyl equivalent, 4,4’-bi-
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1,2,3-triazolyl, the excited state ordering of the *MLCT and *MC state could be
inverted, thereby transforming the nature of the lowest-energy excited state to metal-
centered.[254] This *MC state contains a single electron in the metal e, orbitals, in-
ducing Jahn-Teller distortion. In the two complexes studied, [Ru(Ph—btz);)*" and
[Ru(Bn—btz)3]2+, photoexcitation of the MLCT transition resulted in impulsive pop-
ulation of the MC state, driving coherent vibrational motion. In [Ru(Ph—btz)s]*",
relatively simple wavepacket dynamics with one single dominant mode were ob-
served, which dephases over time. Even with relatively minor synthetic changes
(replacing a phenyl with a benzyl group), significant variations in vibrational mo-
tion after light absorption were observed. The findings suggest that, with the correct
design criteria, coherent vibrational motion could be controlled in the excited states

of molecules, including SMMs.

Chapter [4] utilised femtosecond K-edge X-ray absorption spectroscopy to accu-
rately track nuclear dynamics after photoexcitation in a trinuclear Mn(IIT) SMM to
investigate question (2). The whole K-edge difference spectrum, after metal-centred
excitation, could be interpreted using geometric changes occurring predominantly
along a single Jahn-Teller active mode. The signature of this mode was also observed
as an oscillation in the X-ray kinetic trace with a frequency of around 180 cm™!,
suggesting a coherent excitation of this mode. This was in excellent agreement with
the optical time-resolved measurements.|65] Spectral changes in the pre-edge also
agreed well with the changes across the whole K-edge region, with motion along
one Jahn-Teller mode being dominant. The good agreement between computation
and experiment allowed the determination of bond length changes that occurred in
the excited state. Changes in the axial Jahn-Teller bonds were greater than 0.03 A
whereas equatorial bonds elongated only by around 0.01 A indicating structural
rigidity in the equatorial plane as suggested previously.[65] In light of these small
geometry changes, it is unlikely that any significant magnetisation dynamics would
take place based on the nuclear structure only. Therefore, it was suggested that more

flexible SMMs would provide a better platform to control the magnetic properties.

Time-resolved magnetic circular dichroism is used in Chapter [0] to study the
ultrafast dynamics of zinc(II) tetraphenylporphyrin. Temperature-dependent mag-
netic circular dichroism spectroscopy has previously been used to calculate the zero-
field splitting parameters that define the anisotropy in Mn(III) complexes.[88] There-
fore, the time-resolved extension could be used to measure zero-field splitting param-
eters in electronic excited states. To test the setup, zinc(Il) tetraphenylporphyrin
was chosen for study due to its large ground state magnetic circular dichroism and
strong excited state optical transitions. It was shown that it is possible to measure
the time-resolved magnetic circular dichroism spectrum of a molecule in solution on

picosecond timescales. Through temperature-dependent measurements, the excited
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state MCD was found to be dominated by MCD By-terms. In addition to its poten-
tial utility for measuring spin dynamics in SMMs, this technique could have broad
applications in various photophysical and photochemical problems, where optical

spectroscopies alone lack specific details about the nature of excited states.
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