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CHAPTER 1

Introduction
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2 Introduction

1.1 New Light on Complex Molecules

The development of new chemical synthetic methods over the past century has
made it possible to synthesise and construct complex compounds with specific
tailor-made functionalities, such as photochromic molecular switches1–5, molec-
ular machines6–9 and rotors10–14 and self-assembled chiral supramolecules.15–20

For many of these compounds, the functionality is a result of perturbing their
electronic structure. Spectroscopists are therefore not only interested in resolving
the absolute configuration and conformation of these molecules in the electronic
ground state but also their dynamics in excited states. Observing such mechanisms
can be experimentally difficult to achieve. For instance spectroscopic techniques
such X-ray reflectometry,7,20 electronic circular dichroism,21–23 UV/vis transient-
absorption spectroscopy,5,6,24,25 cyclic voltammetry4,26–28 and NMR4,5,29 have all
been used before with some success, but these methods often lack the time resolu-
tion to observe molecular dynamics (which typically occurs on a picosecond time
scale2,5,6,24,25,30), spectral resolution to fully capture the intermediate species in
a dynamic process or absolute configuration of chiral compounds; or more simply
are unable to measure them in their working environment.
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Figure 1.1: The electromagnetic spectrum. The infrared spectrum resides at
lower frequencies than the visible spectrum and its spectral range is from near-
infrared (λ ∼ 1 µm) to far-infrared (λ ∼ 100 µm).

Probing the vibrational modes of molecular systems resolves many of the chal-
lenges and limitations the aforementioned spectroscopic methods confront. Molec-
ular vibrations are the periodic motions of the atoms in a molecule. The vibrations
typically resonate in the infrared frequency (IR) region, see Figure 1.1. There are
many benefits to using vibrational modes to investigate molecular structure, be-
cause some modes are specific to functional groups and can therefore act as local
structural probes and provide information about the local environment.31 The fre-
quencies and intensities of vibrational absorption bands critically depend on the
electronic structure of the molecule and can thus be used to trace the electronic
evolution of the molecule, but they also provide a fingerprint of the molecular
structure, thereby allowing the dynamics of the molecule to be followed in real
time.4,5 In the present thesis two advanced vibrational spectroscopic techniques,
vibrational circular dichroism (VCD) and time-resolved vibrational spectroscopy
(TRVS), are utilised to investigate a range of complex molecules and the dy-
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namic processes that occur in these molecules upon activating them for specific
purposes. VCD, which will be discussed in Section 1.3, is able to unambiguously
identify the absolute configuration and the conformation of chiral compounds.32–36

TRVS, discussed in Section 1.4, is able to observe processes on the picosecond
timescale.5,9,37,38

1.2 Spectroscopy and Molecular Processes

Before discussing these two spectroscopic techniques a brief description of spec-
troscopy, which hinges on the interaction of molecules with electromagnetic ra-
diation and molecular processes, will be discussed. One of the key observables
to characterise this interaction experimentally is the absorbance (Abs), which is
derived from the intensity difference between the incoming light (I0) before pass-
ing through the sample and the transmitted light after it has interacted with the
sample (I) and is given by Beer-Lambert’s law:39

Abs = − log10(
I

I0
) = ε(ν) · l · C, (1.1)

where l is the path length over which the light interacts with the sample, C the
concentration of the sample and ε(ν) the wavelength-dependent molar absorp-
tivity coefficient. Equation 1.1 can be understood quantum-mechanically by the
relationship:40

A =

∫
ε(ν)dν =

hνfi
c

NABif , (1.2)

where A is the integrated absorption coefficient, NA Avogadro’s number, c the
speed of light, h is Planck’s constant, νfi the frequency of the transition and Bif

Einstein’s coefficient for stimulated absorption. The transition rate from an initial
state |i〉 to another state |f〉 is proportional to Einstein’s coefficient of stimulated
absorption following the relation:41

Ti→f = Bifρ(∆Efi), (1.3)

where ρ(∆Efi) is the density of final states (|f〉) per unit of energy difference
between the initial and excited state, ∆Efi. The transition rate (Ti→f ) going from
an initial state (|i〉) to another state (|f〉) is given by Fermi’s Golden rule:40,42,43

Ti→f =
2π

�
|〈f |H ′|i〉|2ρ(∆Efi) (1.4)

H ′ = E · µ, (1.5)

where H ′ is the perturbing Hamiltonian, E the electric field of the electromagnetic
radiation and µ the transition-dipole moment. Equation 1.5 shows that in order
for a transition to occur the incoming photons must have a frequency and polar-
isation that match the frequency and direction of the oscillation of the transition
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dipole moment.44 Combining these expressions shows that absorption is due to a
transition that promotes the system being perturbed from one state to another.
In the present thesis the transitions of interest are transitions between different
electronic states (electronic transitions) that typically occur in the UV/vis part of
the electromagnetic spectrum and transitions between different vibrational states
(vibrational transitions) that occur in the near- to far-infrared regions of the spec-
trum.

1.2.1 Theory of vibrational spectroscopy

This thesis is primarily concerned with utilising the vibrational modes of molecules
to investigate their structure and behaviour. The simplest quantum mechanical
description of a molecular vibration starts from the classical approach by consider-
ing a two-body system with masses m1 and m2 (the atoms) connected by a spring
acting as the chemical bond, as depicted in Figure 1.2. The spring follows Hooke’s
law which contains a force constant k, and r the distance between the two atoms
(re being the equilibrium bond length); classically this leads to simple harmonic
motion with the potential energy of this system given by:45

V (x) =
1

2
kx2, (1.6)

where x = r − re is the displacement from the equilibrium bond length. This
gives a quadratic potential energy surface labelled “Harmonic” in Figure 1.2. The
Hamiltonian of a quantum harmonic oscillator, the quantum-mechanical analog of
simple harmonic motion, is given by the following expression:46

Ĥ = − �2

2µ

d2

dr2
+ V (x), (1.7)

where µ is the reduced mass of the system (µ = m1m2/m1 + m2). Substituting
Equation 1.6, into Equation 1.7 and rearranging the Schrödinger equation pro-
duces:45,46

d2Ψn(x)

dx2
= −2µ

�2
(En − 1

2
kx2)Ψn(x), (1.8)

where Ψn(x) and En is the wavefunction and energy of the system, respectively,
for a given state n. Solving the Schrödinger equation gives the energy of the
vibrational states:45,46

En = �ω(n+
1

2
), (1.9)

where n = 0, 1, 2, ...... and ω (ω =
√
k/µ) the frequency of the vibrational mode.

Equation 1.9 shows that the ground-state energy (n = 0), also known as the
Zero Point Vibrational energy, is not zero but given by: E0 = 1

2�ω.
46 Transitions

can occur between levels for which nf − ni = ±1 and are thus associated with
an energy difference of Efi = �ω. Whilst the quantum harmonic oscillator is a
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good approximation for the lower energy levels, it fails for the higher ones. The
Morse potential, shown in Figure 1.2, on the other hand includes the effect of
anharmonicity due to bond dissociation occurring at large r, and is given by:47

V (x)Morse = De(1− e−ax)2, (1.10)

where De is the bond-dissociation energy and a =
√

k/De. Substituting Equa-
tion 1.10 into the Hamiltonian (Equation 1.7) and solving the Schrödinger equation
results in the following expression for the energy of each vibrational state:47

En = �ω(n+
1

2
)− x(n+

1

2
)2, (1.11)

For lower vibrational states such as n = 0 the Morse potential thus acts similar to a
quantum harmonic oscillator, but, as we go to higher vibrational states the Morse
potential successfully captures the anharmonicity that is seen experimentally.48
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Figure 1.2: The potential well of a quantum harmonic oscillator (red) and the
Morse potential well (blue) for a diatomic molecule.
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1.2.2 Excited-State Molecular Processes

A Jablonski diagram49 (Figure 1.3) illustrates the electronic states, transitions
and molecular processes that can be found throughout this thesis. The absorption
of a photon by a molecule can promote a molecule from the electronic ground state
S0 to a higher electronic state, S1,S2, ..., Sn . Eventually the molecule will relax
to its ground state S0, and in that process discard the excess energy, a process
that can be achieved through multiple mechanisms. If the molecule is promoted
to a state higher than its lowest-energy excited state, for example S2 in Figure 1.3,
then before returning to S0 it can decay to S1 by means of internal conversion, a
non-radiative process in which the spin remains conserved.50

Since the potential energy curves of ground and electronically excited states
are generally displaced with respect to each other, electronic excitation is often ac-
companied by vibrational excitation of the molecule in the electronic state that is
excited, leading to a non-Bolzmann distribution of vibrational energy. Vibrational
relaxation returns the population distribution to a Maxwell-Boltzmann distribu-
tion by a redistribution of the energy over accessible vibrational levels within the
molecule and subsequently by transferring vibrational energy to the surrounding
solvent molecules.

Fluorescence emission refers to the process in which the molecule emits a pho-
ton in order to discard the excess electronic energy. Photon emission can occur
either by spontaneous emission44 or stimulated emission53; a radiating transition
dipole is established and the electron transitions from a energetically higher orbital,
S1 in Figure 1.3, to a lower-lying orbital (S0). Another type of photon emission
process, phosphorescence, may occur if the excited state undergoes intersystem
crossing to an excited triplet state (T1). This is formally a forbidden process54 as
it involves a change in spin, but becomes slightly allowed by spin-orbit coupling.
This state can decay back to the ground state radiatively (phosphorescence) or via
non-radiative internal conversion channels, explained below. Since both processes
involve a forbidden change in spin, they occur on significantly longer time scales
as the corresponding processes from the lowest excited singlet state (S1).

Internal conversion to the ground state is generally a relatively slow process due
to the large energy gap between the excited state and the ground state. However,
in situations in which this energy gap is reduced the internal conversion rate will
clearly increase. Conical intersections represent in this respect the most extreme
form. They occur for molecular geometries where ground and excited state become
degenerate.55,56 Near such conical intersections electronic and nuclear motion are
no longer decoupled, enabling an ultrafast relaxation from the excited state to the
ground state.
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Figure 1.3: Jablonski Diagram: S0, S1 and S2 are the electronic singlet states and
T1 is the electronic triplet state. IC: Internal Conversion, ISC: Intersystem Cross-
ing and VR: Vibrational Relaxation; oscillating arrows represent non-radiative
processes.
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1.3 Vibrational Circular Dichroism

Optical activity, the property of rotating the plane of polarisation of plane-polarised
light, was discovered in 1811 by François Jean Dominique Arago from the obser-
vation that light can pass through two crossed polarisers when a quartz crystal is
placed between them.57 Shortly after, in 1848, Louis Pasteur was working with
tartaric acid (Figure 1.4) and demonstrated that naturally occurring tartaric acid
exhibited optical activity while the synthetically produced form did not. He then
noticed that the crystals from the synthetically produced tartaric acid came in two
asymmetric forms that were optically active and the rotation of the polarisation
were in opposite directions. The final brilliant step by Pasteur was to create an
equimolar mix of the two forms which did not exhibit optical activity.58,59 Finally,
in 1874 Jacob Henricus van ’t Hoff and Joseph Achille Le Bel proposed that opti-
cal activity is a result of the 3D asymmetrical structure carbon can produce when
bonded to four different groups.60,61 The 19th century provided us with the build-
ing blocks to establish chiral spectroscopy, and from it we know that enantiomers
or optical isomers are non-superimposable mirror images whose optical activity
are equal in magnitude but opposite in sign.62 The nomenclature used within the
chemistry/biology community for the optical isomers are S/L (left handed) and
R/S (right handed).

Figure 1.4: The two enantiomers of tartaric acid which Louis Pasteur separated
and then observed their optical activity. Tartaric acid is in fact part of a group
called meso compounds. It has two stereocenters. Shown to the left is the 2S,3S
isomer and to the right the 2R,3R isomer which are optically active and opposite
to one another. The 2R,3S and 2S,3R isomers, on the other hand, may have chiral
centres but are superimposable and do not show optical activity.63
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1.3.1 Circular Dichroism

Circular Dichroism is a chiroptical spectroscopic technique that measures the dif-
ference in absorption of left-circularly polarised (LCP) light and right-circularly
polarised (RCP) light:32–34

∆A = AL −AR (1.12)

where AL and AR are the absorption of LCP light and RCP light, respectively.
Circularly polarised light (CPL) is composed of two plane waves of equal amplitude
which are out of phase by ±π/2. If the CPL is propagating along the z-axis then
the electric and magnetic components can be expressed as:40

E±(t) = 2E0(cos(Φt)ex ± sin(Φt)ey) (1.13)

B±(t) = 2B0(± sin(Φt)ex − cos(Φt)ey) (1.14)

where E0 and B0 are the time-independent amplitudes, ex/y the unit vectors and
Φt = ω(t − z/c). The ± label in Equations 1.13 and 1.14 assign the handedness
of the CPL (“+” for LCP and “−” for RCP). A classical interpretation of circular
dichroism is described in Figure 1.5.

Now consider a chiral compound irradiated by CPL. The transition probability
will follow Fermi’s Golden Rule (Equation 1.4). The perturbation Hamiltonian for
this transition is dependent on the handedness of the phase shifted E± and B±
vector components:

H ′ = −µel ·E± − µmag ·B± (1.15)

where µel and µmag are the electric and magnetic transition-dipole operators.
Substitution of Equations 1.13 and 1.14 into Equation 1.15 and then substituting
the Hamiltonian into Equation 1.4, followed by some rearrangements, produces
the transition rate depending on the handedness of the CPL:40,64

T±
i→f =

2π

3�2
[|〈i|µel|f〉|2 + |〈f |µmag|i〉|2 ± 2i〈i|µel|f〉 · 〈i|µmag|f〉]ρ(∆Efi) (1.16)

where we use Einstein’s transition probabilities and Equation 1.3 to get Einstein’s
coefficient of stimulated absorption for CPL (B±

if ):
41

B±
if =

2π

3�2
[|〈i|µel|f〉|2 + |〈f |µmag|i〉|2 ± 2i〈i|µel|f〉 · 〈f |µmag|i〉]. (1.17)

The next step is to obtain the absorption for both left- and right-CPL in re-
lation to Einstein’s coefficient of absorption using Beer-Lambert’s law and Equa-
tion 1.2 to produce the difference in absorption of the CPL:39,40

∆A = AL −AR =
hνfi
c

NA(B
+
if −B−

if ) (1.18)
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Finally, by substituting Equation 1.17 for each handedness into Equation 1.18 we
get the following expressions:33,34,36

∆A = (
32π3

3
)(
νfiNA

hc
)Im[〈i|µel|f〉 · 〈f |µmag|i〉] (1.19)

Rif = Im[〈i|µel|f〉 · 〈f |µmag|i〉] (1.20)

where Rif is defined as the rotational strength of the transition. Rif is a real
quantity since µmag is an imaginary operator and Equation 1.19 thus shows that
the differential absorption signal (∆A) is proportional to the rotational strength.

1.3.2 Putting the V into VCD

The rotational strength, Rif (Equation 1.20) gives us a general framework for
the absorption of CPL by a chiral compound. However, the calculation of Rif is
different depending on the type of transition (electronic or vibrational). Intuitively,
one might expect that calculations of Rif for vibrational transitions would be
relatively easy as we would solely be working with the electronic ground state, but
difficulties arise when applying the Born-Oppenheimer (BO) approximation to
calculate Rif within the electronic ground state. The BO approximation assumes
that the motion of the electrons and the nuclei can be treated independently.65

The wave function Ψ of the molecule can be split up into two components Ψ =
ψχ where ψ and χ are the electronic and nuclear wave functions, respectively.
Furthermore, the electric and magnetic transition-dipole operators (µel and µmag)
in the Hamiltonian (Equation 1.15) can be split up into electronic and nuclear
contributions (µel = µe

el + µn
el and µmag = µe

mag + µn
mag). Introducing the BO

approximation to calculate Rif (Equation 1.20) for a vibrational transition from
ν → ν′ of a non-degenerate electronic state K results in the following expressions
for each component:

〈ΨKν |µel|ΨKν′〉 = 〈χKν |〈ψK |µe
el|ψK〉+ µn

el|χKν′〉 (1.21)

〈ΨKν |µmag|ΨKν′〉 = 〈χKν |〈ψK |µe
mag|ψK〉+ µn

mag|χKν′〉 (1.22)

However, the electronic magnetic transition-dipole moment µe
mag acting on a single

non-degenerate electronic state (ψK) yields zero due to the characteristic of the
operator:66

〈ψK |µe
mag|ψK〉 = 0 (1.23)

which would lead to the conclusion that only the nuclei contribute to the mag-
netic transition-dipole moment. To resolve this issue a description beyond the BO
approximation is needed.33,67 By utilising first-order perturbation theory on the
BO wave functions (ψ and χ) and including the kinetic energy operator (TN ), that
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Figure 1.5: From a classical viewpoint chiral molecules can be considered as
conducting coils. Aligned copper coils have shown strong optical activity when
subjected to plane polarised microwave radiation whose incidence is orthogonal
to the helical axis of the spring.73 Depicted here is a conducting coil that is being
perturbed by RCP light orthogonal to the helical axis. When CPL passes through
the coil both the electric field and the magnetic field exert a force on the electrons
in the wire; the change of the magnetic flux over time through the wire leads to an
electromotive force.74 Depending on the handedness of the helicity of the coil the
electromotive force will work in the same or opposite direction of the electrical
force. This results in a difference in the current produced for LCP light and
RCP light, and therefore there is difference in the amount of LCP light absorbed
compared with RCP light producing a ∆A (Equation 1.12).
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is neglected under the BO approximation, one can obtain an electronic contribu-
tion to the magnetic transition-dipole moment and therefore a contribution to the
rotational strength which is given by:33,68

〈Ψ|µe
mag|Ψ〉 =

〈
χ0ν

∣∣∣∣∣
∑
K �=0

〈ψ0|µe
mag|ψn〉

EK − E0
(〈ψK |TN |ψ0〉 − 〈ψ0|TN |ψK〉)

∣∣∣∣∣χ0ν′

〉

(1.24)
where E0 and En are the electronic ground state (K = 0) and the Kth electronic
state energies, respectively. This shows that the VCD signal intensities are pro-
portional to the sum of the magnetic transition-dipole moments weighted by the
electronic transition energies (EK −E0). This explains the small VCD signal sizes
seen for organic compounds, because they tend to have large differences in energy
between their electronic ground state (K = 0), and their first excited electronic
state (K = 1). For this reason, VCD signals are typically 10−4– 10−5 times smaller
than their corresponding IR signals. However, it has been shown experimentally
in the past and will be used in the present thesis, that VCD signal intensities can
be dramatically increased by manipulating the electronic manifold in a way that
reduces the energy differences: EK − E0.

69–72

1.4 Time-resolved Vibrational Spectroscopy

Time-resolved spectroscopy studies the dynamic processes of biological, chemical
or physical systems and can be applied to capture the changes to the absorption
and emission of a system.8,9,56,75,76 Early work in the 1940s and 1950s investigated
reaction kinetics on a millisecond to a microsecond time scale.77,78. In this thesis
we are concerned with a type of time-resolved spectroscopy known as pump-probe
spectroscopy (see subsection 1.4.1). For the molecular processes that we want to
observe directly in the time domain, one needs lasers that produce pulses with
a duration in the order of tens to hundreds of femtoseconds. The first major
breakthroughs were in 1960 and 1963 with the development of the laser79 and
the first demonstration of a mode-locked laser80 which is essential for generating
femtosecond pulses. Finally, in 1982 Peter F. Moulton developed the titanium-
sapphire laser81, the type of solid-state femtosecond pulsed lasers that is used
throughout this thesis.

1.4.1 Pump-probe spectroscopy

Pump-probe spectroscopy uses two spectra, the absorption of the perturbed sample
and of the unperturbed sample, to construct a transient spectrum (see Figure 1.6).
The unperturbed spectrum is simply taken by observing the transmission spectrum
with a probe pulse, and for TRVS mid-IR radiation is used to probe the vibrational
modes. In order to obtain the perturbed spectrum a “pump” has to be introduced
to the sample before the mid-IR probe pulse passes through the sample. The
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transient absorption spectrum is produced by taking the difference of the two
spectra (pumped and unpumped):

∆Ata = Ap −Au (1.25)

where ∆Ata is the transient absorption spectrum and Ap and Au are the pumped
and unpumped absorption spectra, respectively. In our case UV/visible radiation
will be used to excite compounds into an electronic excited state, and as the fre-
quencies and intensities of vibrational absorption bands in the mid-IR critically
depend on the electronic structure of the molecule the result is that Ap and Au

spectra are generally significantly different. Figure 1.6 gives a schematic illustra-
tion of Equation 1.25. The blue spectrum shows the absorption spectrum of our
unperturbed molecule (Au) and for simplicity it only has one vibrational band
with a frequency ωg. When excited with a photon the molecule or sample will be
promoted into an excited state where the electronic structure of the molecule has
changed; this affects the vibrational mode and changes the frequency to ωe pro-
ducing a new absorption spectrum (Ap) shown in red. The transient absorption
spectrum shown in green is constructed using Equation 1.25 and is equivalent to
subtracting the blue spectrum from the red spectrum. This results in a spectrum
that has both positive and negative absorption bands. The negative absorption
bands are thus associated with the depletion of the population of molecules in
their ground state (ground-state bleach) and the positive absorption bands are
from molecules that have been promoted from the ground state into their excited
state species. The ground-state bleach is the mirror image of the steady-state IR
spectrum of the compound, and the transient absorption spectrum contains the
features of the electronically excited molecule.

!

!

!

ΔAta(OD)

Ap(OD)

Au(OD)

!g

!e

!g

!e

Figure 1.6: Top: transient absorption spectrum which is constructed from the
measured pumped and unpumped spectra (Equation 1.25) of the sample. Mid-
dle: absorption spectrum of the sample in its excited perturbed state; Bottom:
spectrum of the sample in its unperturbed ground state.
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1.5 Outline and scope of the thesis

This thesis describes experimental and computational research using two distinct
techniques: vibrational circular dichroism and transient absorption spectroscopy.
In Chapter 2 the experimental methods and data analysis used in the thesis are
discussed. It describes the techniques and spectrometers used to measure steady-
state Infrared Absorption and Vibrational Circular Dichroism, and the spectro-
electrochemical measurement methods. It also provides a description of nano- and
femtosecond transient absorption setups as well as the femtosecond transient in-
frared absorption setups. In Chapter 3 a mechanistic study of a non-C3-symmetric
triethynyl terthiophene system is presented. Here we utilise UV/vis and infrared
transient absorption spectroscopy combined with quantum chemical studies (DFT)
to understand the ultrafast dynamics of the system. In Chapter 4 time-resolved
vibrational spectroscopy studies are reported on the photoinduced structural dy-
namics of 2,2-diphenyl-2H-chromene. These types of photochromic molecules are
used in various applications ranging from self-coloring sun glasses to advanced elec-
trooptical technologies. Nevertheless, there is still a large debate on the structural
evolution processes that occur upon light absorption. Here, tansient IR absorption
measurements in combination with (TD)-DFT calculations are used to unveil the
key details of the life cycle of such compounds. Chapter 5 describes studies on
a fluorescent meso-substituted boron-dipyrromethene (BODIPY) molecular rotor.
Fluorescence quantum yields and time-resolved vibrational spectroscopic measure-
ments of the molecular rotor are reported for various different solvents. The com-
parison between the two techniques enables us to understand the excited-state
dynamics of BODIPY and the effect of the solvent on the excited state species.
Chapter 6 reports VCD measurements on a achiral homogeneous rhodium-based
hydrogenation catalyst that becomes enantioselective when a chiral cofactor binds
non-covalently to the bisphosphine ligand. The experimentally obtained VCD
spectra in combination with DFT calculations are used to investigate the struc-
ture of the entire catalytic complex, and to investigate whether these spectra might
be used to predict the observed enantioselectivity. In Chapter 7, vibrational cir-
cular dichroism (VCD) studies are reported on a prototypical chiral compound
that has multiple redox states. VCD and UV/vis spectroelectrochemical measure-
ments in combination with (TD-)DFT calculations have been used to investigate
how the spatial extent of a molecular moiety (in this case C60) , whose electronic
excitation energies can be modulated electrochemically, affects its performance as
a molecular amplifier for VCD signals.
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