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Summary

Bringing to light transient molecular structure and function using
advanced vibrational spectroscopy

This thesis is concerned with the application of advanced vibrational spectro-
scopic techniques to understand the dynamics and functional behaviour of novel
compounds with targeted properties. To this purpose we employ advanced tech-
niques that rely on the interaction of circularly polarised light with chiral molecules
(Vibrational Circular Dichroism (VCD)) and techniques that probe in real time
the transient structure of molecules that have been activated by photon absorp-
tion (Time-Resolved Vibrational Spectroscopy (TRVS)). Whilst the two techniques
themselves appear vastly different, they both rely on probing the vibrational tran-
sitions of molecules. The benefits of probing vibrational transitions, as demon-
strated throughout this thesis, comes from the increase in resolving power offered
by the number of transitions that can be accessed, and from the fact that vibra-
tional modes specific to functional groups can act as local structural probes as well
as provide information about the local environment. VCD probes chiral molecules
and uses the number of vibrational transitions to obtain the absolute configuration
and conformational distribution of the chiral compound. In this thesis VCD has
been applied to understand the structure and mechanism of an enantioselective
catalyst and to come up with new designs for compounds that can act as tuneable
amplifiers of vibrational circular dichroism. TRVS has been used in this thesis
to unravel the key aspects that determine the excited-state properties of targeted
photochromic compounds, molecular electronics and molecular fluorescent motors.
Since infrared absorption bands in the mid-IR critically depend on the electronic
structure of the molecule, they can be used to trace the electronic evolution of
the molecule and provide a fingerprint of the transient molecular structure. To
interpret the experiments Density Functional Theory has been extensively used
and the combination of supporting experiments with theory has been particularly
enlightening for elucidating molecular properties.

Chapter 1 gives a short introduction to some of the challenges that spec-
troscopists face, in particular in the context of the highly functional complex
molecules that are being synthesised nowadays. These molecules require more ad-
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vanced techniques in order to resolve their structure, absolute configuration and
dynamics. A quantum mechanical description of the interaction between molecules
and electromagnetic radiation is given as well as a quantum mechanical description
underlying vibrational transitions. This serves as a background for the theoretical
framework of VCD, which is presented after a brief review of the history of circular
dichroism. Subsequently, TRVS is introduced which is a form of pump-probe spec-
troscopy and a basic overview of this technique is given. TRVS uses pulsed light
to perturb the system of interest and to probe the system after the perturbation.

Chapter 2 describes the experimental methods used in this thesis. After an
overview of Fourier Transform infrared (FTIR) and VCD spectroscopy, the setup
is described as well as the computational methodology used to obtain IR and VCD
spectra. We also describe how cyclic voltammetry can be combined with VCD
spectroscopy using a special OTTLE cell. The femtosecond and nanosecond tran-
sient absorption methods used in Chapter 3 and the TRVS setup used throughout
this thesis are described in full. Finally, the data analysis of the transient data
obtained from the time-resolved setups is explained as well as the approach taken
to model the data.

In Chapter 3, we focus on a mechanistic study of a non-C3-symmetric triethynyl
terthiophene system symmetrically substituted with RuCp*(dppe) or trimethylsi-
lyl termini. The diarylethene moiety (the subunit of a terthiophene system) is one
of the most extensively used switches in the field of molecular electronics because
of its photochromic properties. These compounds were initially investigated using
spectroelectrochemistry and were shown to be extremely photo-stable, in contrast
to expectations. Terthiophene cores are photochromic and upon radiation nor-
mally cyclisation of the core occurs. It is therefore of key interest to determine
how and why the addition of the ethynyl linkers affects the cyclisation. The ethynyl
linkers are strong IR markers, and this is used in TRVS experiments to get insight
into the character and dynamics of the electronically excited states of these com-
pounds on the ps time scale. Alongside TRVS, visible transient spectroscopy has
been used to unveil the decay pathways of both compound. We show that the pho-
toexcited compounds undergo intersystem crossing to a long-lived triplet excited
state from which they convert back to the ground state without ring closure. In
combination with electronic transient absorption and TRVS studies, DFT calcula-
tions show that the conjugation of the non-C3-symmetric triethynyl terthiophene
system in the excited state strongly affects one of the thiophene rings involved in
the ring closure. From the TRVS measurements it was discovered that the elec-
tronic excitation induces an electronic asymmetry in the terthiophene core leading
to a reduction of electronic delocalisation. As a consequence, the molecule has a
mesomeric structure in the excited state that strongly disfavours cyclisation. Our
studies thus explain why these compounds are so photo-stable, but also provide
leads to designing new versions of symmetrically substituted terthiophene-based
compounds that are photochromic.

In Chapters 4 we study the photoinduced structural dynamics of 2,2-diphenyl-
2H-chromene, a prototypical photochromic compound that undergoes ring opening
upon UV radiation. There has been an extensive amount of work done on these
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types of compounds using a multitude of techniques other than TRVS, but as of
yet only a very qualitative picture exists on the electronic and accompanying struc-
tural evolutions that take place after photon absorption, and even this qualitative
picture is still subject of debate. The electronic and conformational resolution of-
fered by TRVS has shown to be a powerful means to unravel the various processes
occurring upon photoexcitation and lead to the discovery of three species after
irradiation of the compound. Aided by quantum chemical (TD-)DFT calculations
the experimental observations have allowed for a number of key conclusions to be
made and the identification of all the observed species. The excited state species
was too short-lived to be observed in our experiments and the spectral signature
of species in electronically excited states require a higher time resolution. Im-
portantly, however, the experiments and calculations allow us to unambiguously
determine the sequence and structures of the photoisomers that precede ring open-
ing. It turns out to be quite different from previously proposed models.

In Chapter 5 we study the influence of solvent properties on the excited state
dynamics of a meso-substituted boron-dipyrromethene (BODIPY) fluorescent molec-
ular rotor. We are interested in the effect the environment (solvent) has on the
fluorescence of the BODIPY-based molecular rotor and aim to understand the
mechanism that deactivates the fluorescence of the compound. We therefore start
by measuring the fluorescence quantum yield of the compound in various sol-
vents. In order to get more detail on the dynamics and the molecular structure
upon excitation, which ultimately determines the fluorescence and its quenching,
time-resolved vibrational spectroscopy is used to follow the dynamics of the ro-
tor. From the TRVS spectra two species are observed whose dynamics have been
determined by modelling the decay pathway. In order to see if the first species is
a vibrationally hot state, and not the fluorescent species, the lifetimes have been
measured using different excitation wavelengths, but the results were inconclusive.
Therefore, TRVS measurements have been performed with the molecular rotor in
several different solvents and the lifetimes of the transient species have been com-
pared with two of the solvent properties, the viscosity and the thermal diffusivity.
The results show that the lifetime of the initial-species correlates with the thermal
diffusivity, whereas the second-species lifetime does not. However, the correlation
between the lifetimes of both species with the viscosity of the solvents is larger
than the correlation with the thermal diffusivity of the solvents. The structure of
the compound in the ground and excited states has been investigated using DFT
and TD-DFT calculations, and the predicted frequency spectra have been com-
pared with the experimental TRVS measurements. Importantly, we find that the
lifetime of the second species correlates well with the fluorescence quantum yields,
although the theoretical calculations fail to reproduce the second species transient
spectra. Finally, a new proposed model for the relaxation of the compound is given
whereby an equilibrium is established between two species in the excited state.

In the last two chapters we focus on studies using Vibrational Circular Dichro-
ism. In Chapter 6, we use VCD to investigate an achiral rhodium-based hydro-
genation catalyst that becomes enantioselective when a chiral cofactor binds to
the bisphosphine ligand. Previously, optimising the catalyst design for maximum
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enantioselectivity was done in a trial-and-error fashion, which can be time consum-
ing. Due to its conformational sensitivity, VCD is an excellent tool to understand
the enantioselectivity of this chiral supramolecular catalyst. We were able to di-
rectly observe how a chiral cofactor induces chirality into an intrinsically achiral
catalyst by non-covalently binding to it. The best performing cofactor produced
well-defined VCD signals with sharper structural features than the lower perform-
ing cofactors. Ab initio DFT calculations have been performed on the structure
of the best performing cofactor, and comparison with the experimental spectrum
revealed that the cofactor-catalyst has a unique structure in which the substrate
coordinates to both the catalyst and the cofactor.

Chapter 7 reports a VCD signal amplification study on a chiral compound in
which a fullerene C60 moiety is used as a local, switchable and tuneable amplifier
for VCD signals originating from a chiral compound attached to it. Spectroelec-
trochemical UV/vis, IR absorption and VCD spectra have been recorded. The
UV/vis spectra show that the various oxidation states of C60 lead to low-lying
excited states that serve as a source for amplification of the VCD signal via vi-
bronic coupling, the FTIR spectra show that the IR bands respond to the new
electronic configuration and most importantly there is an amplification of VCD
signals; each oxidation state produces different amplification factors. The length
of the alanine-based peptide chain confirms the distance dependance of the am-
plification between the oscillator to the amplifier as previously reported. While
the tunability of the C60 amplifier nicely follows expectations based on how the
low-lying electronic state manifold is modulated by increasing reduction of C60,
the magnitude of the amplification was smaller than originally hoped for. DFT
calculations on the changes in the electronic distribution induced by vibrational
motion show that the fundamental reason why the VCD amplification is not as
large as expected is that only a limited part of the amplifier is affected by vibra-
tional motion, i.e. the amplifier is not employed to its fullest extent.


