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Abstract

A time-resolved photoion yield spectrometer, employing a soft thermal desorption
source for low vapour pressure sample volatilisation, has been constructed, bench-
marked and used to discern the non-adibatic dynamics of biologically relevant mo-
lecules. Extensive time-resolved photoion yield data collection and analysis software
has also been developed and will be of use to the group for many years to come.

The dynamics of the the RNA base uracil and its sulphur containing analogue
2-thiouracil have been investigated at an excitation wavelength of 267 nm. These res-
ults are compared to molecular beam studies employing similar excitation/ionisation
schemes in order to benchmark the new spectrometer. Additional studies of uracil
at pump wavelengths of 220 nm and 200 nm are the first reported for uracil < 250
nm. This study also looked for evidence of a theoretically predicted ultrafast ring-
opening mechanism, however signatures of this process were not observed within the
time window investigated

The non-adibatic dynamics operating in 5,6-dihydroxyindole, a sub-unit of the
skin pigment eumelanin, have been studied in the gas-phase for the first time em-
ploying excitation wavelengths between 241 nm - 296 nm. This investigation revealed
a significant change in dynamical behaviour when compared to the related indole
and 5-hydorxyindole systems, with the molecule displaying dynamics more akin to
phenol/catechol. The addition of a hydroxyl group at the O6H position opens an en-
ergy dissipation mechanism via H-atom barrier tunnelling along the O5H coordinate,
considered as a spectator in the 5-HI system.

Overall, the new spectroscopic instrument developed facilitates the study of low-
vapour pressure molecular species in ultrafast dynamics experiments, broadening the
range of molecules which may be investigated in the gas-phase. This allows for the
study of structure-dynamics-function relationships to be extended to more complex
and challenging systems.
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CHAPTER 1

Introduction:
Investigating Neutral Molecules in the Gas-Phase

Within the discipline of physical chemistry, there are a number of fundamental ques-

tions which permeate across the numerous experimental and theoretical fields. One

question of particular interest is that of how chemical or molecular substances change

under various conditions. This may be represented by the ‘arrow of chemistry’,

whereby initial reactants undergo some process to become products. A represent-

ation of the arrow of chemistry may be seen in Figure 1.1.

Fig. 1.1: A pictorial representation of the arrow of chemistry.

For the case of a molecule following photoexcitation, electrostatic forces, potentials

and charges play a key role in driving dynamical processes such as bond formation

and breaking, ionisation and energy and charge redistribution. By ascertaining the

molecular structure and dynamical reactions of these systems, there is potential to

gain a valuable insight into the functionality of the molecules.

The primary focus of this thesis is to investigate the dynamical processes which

dictate energy redistribution within naturally-occurring biological molecules, such as

the DNA and RNA bases (cytosine, guanine, adenine, thymine and uracil) and eu-

melanin (a constituent of skin pigmentation), following the absorption of ultraviolet

(UV) radiation. Prior to the formation of the ozone layer, the Earth’s surface was irra-
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Chapter 1: Introduction (Investigating Neutral Molecules in the Gas-Phase)

diated with far greater levels of UV light than at present, with molecules of biological

interest having to withstand these harsher conditions. A key question to consider here

is ‘why, over millions of years of evolution, has nature chosen but a few molecules to

genetically code all life on Earth?’. There are alternative combinations of naturally

occurring nucelobases which form similar hydrogen bonded base-pairings [1]. These

candidates for alternative genetic building blocks, however, have not been employed

in biologically relevant roles. An example is that of 2,6-diaminopurine and uracil as

replacements for guanine and cytosine, schematics of which may be seen in Figure 1.2.

Fig. 1.2: Schematics of the DNA nucleobase pair guanine and cytosine, as well
as the alternative candidate nucleobase pairing 2,6-diaminopurine and uracil.

One notable reason to consider is that of the photoresistance of these molecules,

and how they dissipate excess energy through non-destructive methods (i.e. without

bond breaking or fragmentation). This could be achieved through fluorescence, whereby

energy is dissipated from a system via emission of a photon, however, it is evident

that this is not the process occurring in the systems described due to low fluorescence

yields [2]. A more likely scheme is that of non-adiabatic dynamics, whereby systems

undergo non-radiative energy transfer between electronic states [3] and vibrational de-

grees of freedom, with excess energy then dissipated as heat to the surroundings [4].

This process, in which there is a breakdown of the Born-Oppenheimer approximation,

may be used to explain how molecules redistribute surplus energy in a stable manner

as a form of photoprotection [5;6]. Experimentally investigating the temporal response

of a molecule following UV absorption, however, is by no means a trivial matter; it

has been found that these processes often occur on an ultrafast timescale and, thus,

in order to observe the real-time molecular dynamics experimentally, one requires an

acquisition method on a comparable timescale.
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Chapter 1: Introduction (Investigating Neutral Molecules in the Gas-Phase)

The field of molecular dynamics was revolutionised upon advent of the femtosecond

laser [7], making it possible to investigate molecular systems with sub-picosecond res-

olution. The use of femtosecond lasers to interrogate the molecular dynamics of a

molecule in real time was pioneered by Prof. Ahmed Zewail in the 1980s and 1990s [8],

leading to the Nobel Prize in chemistry in 1999 [9]. Interrogating molecular dynamics

may be achieved through utilising the ‘pump-probe’ technique [10]; ‘pump’ photons

provide an initial excitation to the molecule under test, whilst ‘probe’ photons in-

terrogate the system a controlled time later, ∆t, sampling the dynamical excitation

processes. This allows one to interrogate the transitory behaviour of a system as

photoreactants transition to photoproducts.

In this thesis, spectroscopic information will be attained through use of the time-

resolved photoion-yield technique, whereby parent ion and mass fragment yields are

monitored with respect to pump-probe separation. This is used in conjunction with

a new soft thermal desorption for volatilisation of low vapour pressure samples.

Chapter 1 will provide a background to molecular dynamics and energy dissipation

mechanisms, as well as extensive literature reviews on spectroscopic techniques and

molecular sample volatilisation. Chapter 2 will provide an understanding of the newly

commissioned time-resolved photoion-yield mass spectrometer and aspects of the ex-

perimental set-up utilised, while Chapter 3 will discuss the extensive computer code

development for experimental automation and analysis. Chapter 4 will discuss spec-

troscopic studies of the RNA base uracil and its sulfated equivalent 2-thiouracil follow-

ing excitation across the 200 - 267 nm region and Chapter 5 will present the dynam-

ical behaviour of the molecule 5,6-dihydroxyiodole following excitation at wavelengths

between 241 - 296 nm. Finally, Chapter 6 will discuss the various avenues of future

work intended for this project, as well as present a final conclusion to the work un-

dertaken.

Page 3



Chapter 1: Introduction (Investigating Neutral Molecules in the Gas-Phase)

1.1 Molecular Dynamics Theory

Prior to the experimental study of molecular dynamics, it is important to first consider

theoretically how molecules and electrons interact upon photonic excitation. This

section will provide a basic theoretical background to non-adiabatic dynamics and

discuss many of the principles and approximations which are assumed in spectroscopic

studies.

1.1.1 The Time-Independent Schrödinger Equation

In order to investigate energy and charge redistribution in a molecular system due to

the absorption of an energetic photon, it is imperative to first consider the initial and

prepared wavefunctions of the molecule of interest and, concurrently, the energies of

these states. An undertaking such as this requires an understanding of the underlying

quantum mechanical nature and, thus, may be interrogated through use of the time-

independent Schrödinger equation [11], presented in Equation (1.1).

−h̄2

2m
∇2
~r, ~R

Ψ(~r, ~R) + V̂ (~r, ~R)Ψ(~r, ~R) = ĤΨ(~r, ~R) = EΨ(~r, ~R) (1.1)

Here V̂ (~r,~R) is the potential energy, Ĥ is the time-independent Hamiltonian op-

erator, h̄ is Planck’s constant didided by 2π and E is the resultant energy eigenvalue.

The wavefunction investigated is represented by Ψ(~r,~R) and is a function of both the

electronic, ~r, and nuclear, ~R, coordinates in a system of interest and the operator

∇2
~r, ~R

may be presented as Equation (1.2) for a one electron system.

∇2
~r, ~R

=
∂2

∂~r2
+

∂2

∂ ~R2
(1.2)

The Hamiltonian may also be considered as a summation of kinetic, T̂ , and po-

tential energies, V̂ , of a molecule as shown in Equation (1.3).

Ĥ = T̂elec + T̂nuc + V̂elecnuc + V̂elecelec + V̂nucnuc (1.3)

Where T̂elec and T̂nuc are the electronic and nuclear motions respectively, V̂elecelec

and V̂nucnuc represent coulombic repulsion from electron-electron and nuclei-nuclei

interactions and V̂elecnuc accounts for an attractive potential between electrons and

nuclei. To solve Equation (1.1) analytically for a molecule or a multi-electron system

becomes impossible, thus approximations must be introduced so as to quantitatively

analyse these systems.
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Chapter 1: Introduction (Investigating Neutral Molecules in the Gas-Phase)

1.1.2 The Born-Oppenheimer Approximation

The wavefunction of a system may be further expanded when one considers the rel-

evant timescales of its constituents. Within a molecular system, one can consider the

electronic motion to be on a far shorter timescale (attoseconds) than that of nucleic

motion (femtoseconds-picoseconds), thus, one can decouple the respective components

within the wavefunction; this is known as the Born-Oppenheimer approximation [12]

and is expressed by Equation (1.4) below.

ΨTOT (x) = Ψelec(~r; ~R)Ψnuc(~R)Ψs(s) (1.4)

Where x = (~r,s) denotes the full collection of electron position, ~r, and spin, s,

variables and Ψelec, Ψnuc and Ψs are the individual electronic, nucleic and spin com-

ponents of the total wavefunction Ψ. A similar argument may be presented when

considering vibrational and rotational motion of the nuclei, occurring on the femto-

second and picosecond timescales respectively, which may too be decoupled and is

known as the ‘rigid rotor’ approximation as seen in Equation (1.5).

Ψnuc(R, θ, φ) = Ψvib(R)Ψrot(θ, φ) (1.5)

Where Ψvib and Ψrot are the individual vibrational and rotational components of

the nucleic wavefunction Ψnuc. The total wavefunction, therefore, may be presented

as a product of the electronic, vibrational, rotational and spin wavefunctions and the

total energy a summation of these constituent energies as shown in Equation (1.6)

and Equation (1.7) below.

ΨTOT = Ψelec(~r; ~R)Ψnuc(R, θ, φ)Ψs(s) = Ψelec(~r; ~R)Ψvib(R)Ψrot(θ, φ)Ψs(s) (1.6)

E = Eelec + Evib + Erot + Es (1.7)

By means of the above approximation, it is possible to simplify the Schrödinger

equation by expressing the electronic wavefunction as a function of the coulombic field

created by the nuclei.

(T̂elec + V̂elecnuc + V̂elecelec)Ψelec = ĤelecΨelec = EelecΨelec (1.8)

This decoupling of motions may be considered as an adiabatic framework, which

one can utilise to deduce the potential energy surfaces (PES) of a non-linear poly-
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atomic system, a mathematical function which gives the energy of a molecule with

respect to its geometry [13–15]. For the instance of a diatomic or linear molecule, the

potential energy of the system may only be varied through extension and compression

of internuclear distance (R), meaning it is possible to accurately simulate this through

simple theoretical models. However, for the case of non-linear polyatomic molecules,

the PES is far more complex with a larger number of coordinates, n, due to the

increased degrees of freedom associated with higher numbers of atoms, N. A sum-

mary of the vibrational degrees of freedom for such linear and polyatomic molecules

is presented in Equation (1.9)

n =

3N − 5, N = 2 or linear

3N − 6, N > 2 and non-linear
(1.9)

Here a factor of three is utilised as the atoms’ positions are considered in a three-

dimensional coordinate system, with the removal of six (five in linear or diatomic

molecules) to account for centre-of-mass motion. This results in complicated multi-

dimensional PESs which are impossible to construct due to the large number of de-

grees of freedom. An alternative is to investigate a coordinate of interest, such as a

particular torsional angle or bond extension, in a one-dimensional framework. This

is of significant interest as it allows one to determine the motions that are key or

spectator in decay dynamics and is a benefit to systematic studies. Furthermore, this

one-dimensional cut through the multidimensional PES, known as a potential energy

cut, is far less expensive to compute and provides a valuable insight into the excited

state topography. An example of a potential energy cut is presented in Figure 1.3.

Fig. 1.3: A schematic of a potential energy cut, plotting internuclear distance
against energy. V = 0-4 represent the first five vibrational levels for the partic-
ular electronic state shown.
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1.1.3 The Franck-Condon Principle

The Franck-Condon principle [16;17] is a rule which dictates the intensity of vibronic

transitions following the absorption or emission of a photon. The principle states that

during an electronic transition, a change from one vibrational state to another will

occur with a higher propensity if there is a significant wavefunction overlap between

the two vibrational states.

Fig. 1.4: Schematics of the Franck-Condon Principle: Transitions occur from
the ground vibrational state to an excited state with the largest overlap of vi-
brational wavefunctions. Arrows between vibrational levels represent a favoured
vertical transition with good overlap.

This is dictated by the transition dipole moment, d i→f expressed mathematically

in Equation (1.10).

di→f =

∫
Ψfelec

∗Ψfvib
∗Ψfspin

∗(~µe ~E + ~µn ~E)ΨielecΨivibΨispindτ (1.10)

Where Ψi and Ψf represent the initial and final wavefunctions, ~µe and ~µn are

the electronic and nucleic transition moment operators, ~E is the electric field and

subscripts elec, vib and spin represent, electronic, vibrational and spin components

respectively. This may be further expanded and simplified when considering the or-

thogonality of the electronic wavefunctions [18], producing a final transition probability

Equation (1.11).

di→f =

∫
Ψfvib

∗Ψivibdτn

∫
Ψfelec

∗~µe ~EΨielecdτe

∫
Ψfspin

∗Ψispindτs (1.11)

Page 7



Chapter 1: Introduction (Investigating Neutral Molecules in the Gas-Phase)

The square of the first integral represents the Franck-Condon factor (FC), the

second the origin of orbital selection rules and the third presents the spin selection

rules. If all three of these integrals are non-zero, the transition is formally allowed,

with an intensity proportional to the square of the wavefunction overlap integral, as

shown in Equation (1.12).

(di→f )
2 =

[∫
Ψfvib

∗Ψivibdτn

∫
Ψfelec

∗~µe ~EΨielecdτe

∫
Ψfspin

∗Ψispindτs

]2
(1.12)

The highest probability ground-state electronic transitions, assuming v = 0, occur

when potential energy cuts have minima at the same reaction coordinate, as in the

left plot in Figure 1.4, whereas transitions to higher vibrational states(∆v 6=0) are

favoured for systems where electronic state-minima are offset, as displayed in the

right plot of Figure 1.4.

1.1.4 Wavepacket Dynamics and Conical Intersections

When considering non-adiabatic dynamics of a molecule, in cases such as in avoided

crossings in diatomic molecules or at conical intersections in polyatomic molecules

when the PES become degenerate, the Born-Oppenheimer approximation breaks

down [19–21]. Examples of these processes may be seen in Figure 1.5.

Fig. 1.5: Potential energy profiles of ground and excited states illustrating an
avoided crossing and a conical intersection.

Vibronic coupling between two PES’s allows the dissipation of energy from an

energetically higher electronic state to another lower-lying electronic state through
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a non-radiative decay process. When a broadband pulse excites a molecule into a

higher electronic state, a wavepacket, Ψ(t), is formed which may propagate over a

PES, shown mathematically in Equation (1.13)

|Ψ(t)〉 =
∑
n

Ane
(−i[Ent

h̄
+φn]) |Ψn〉 (1.13)

The wavepacket is a superposition of the time-independent eigenstates, Ψn, of the

Hamiltonian with energy En. An and φn are the amplitude and phase of the indi-

vidual modes that contribute to the overall wavepacket respectively. In the adiabatic

framework, the temporal evolution of the wavepacket is dictated by the dimensions

of the potential energy surface (PES) and the initial excitation conditions, with the

vibrational wavepacket able to evolve adiabatically on a single PES, as given by the

Born-Oppenheimer approximation. Under non-adiabatic conditions, such as at the

point of a conical intersection, the amplitude of a wavepacket will decrease as strong

interactions between the electronic states result in population transfer and relaxa-

tion to a lower energy state. To understand this phenomena, one must first consider

the wavefunction as a linear combination of atomic orbitals (LCAO) as in Equa-

tion (1.14) [22].

Ψ =
N∑
i=1

ciφi (1.14)

Where ci is the contribution to the molecular wavefunction, Ψ, and φi is the atomic

wavefunction. It is pertinent at this point to discuss what are atomic orbitals and the

manner in which they may combine in order to produce molecular orbitals.

Atomic wavefunctions, often referred to as orbitals [23], are solutions of the pre-

viously discussed Schrödinger equation [24] (Section 1.1.1). These solutions may be

separated into radial (Rnl(r)) and angular (Ylm(θ,φ)) components, as shown in Equa-

tion (1.15)

φnlm = Rnl(r)Ylm(θ, φ) (1.15)

Here, φnlm is the overall atomic wavefunction and the radial (Rnl(r)) and angular

(Ylm(θ,φ)) wavefunctions are associated Laguerre and spherical harmonic functions

respectively. Furthermore, n, l and m correspond to the energy, angular momentum,

and the angular momentum vector component (the magnetic quantum number) of

each atomic wavefunction. The square modulus of this solution provides the probab-

ility distribution function, which describes the likelihood of finding an electron at a

particular position around the atomic nucleus. A further note is that no two electrons
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can occupy the same quantum state, given the fact that an electron is a fermionic

particle. In accordance with the Pauli exclusion principle [25], each orbital can there-

fore only be occupied by a maximum of two electrons, with each electron having its

own spin quantum number (s = ±1
2
). A graphical representation of hydrogen-like

atomic orbitals of s, p and d character (l = 0, 1 and 2 respectively) may be seen in

Figure 1.6

Fig. 1.6: Graphical representations of hydrogen-like atomic orbitals of s, p and
d character. Orbital colours are used to depict relative phase.

When two atomic species are brought together, it is possible for their respective

orbital wavefunctions to overlap and interfere to form a molecular orbital [19;23;26–28].

If the two electronic wavefunctions are in phase, it is possible for the orbitals to

interfere constructively, leading to an accumulation of electron density within the

internuclear space. This results in the formation of a bonding molecular orbital of

σ or π character. Should the orbitals be out of phase with respect to each other,

the two electronic wavefunctions will interfere destructively, resulting in a deficit of

electron density within the internuclear space. This leads to the formation of an anti-

bonding molecular orbital of σ* or π* character and repulsion between the nuclei. A

bonding orbital sits energetically lower than the individual atomic orbitals, whereas an

antibonding orbital lies energetically higher. If the overlapping atomic wavefunctions
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have a net phase difference of zero, this results in the production of a non-bonding

molecular orbital. Graphical representations of various bonding and anti-bonding

orbitals may be seen in Figure 1.7.

Fig. 1.7: Graphical representations of bonding and anti-bonding molecular or-
bitals formed from a linear combination of atomic orbitals.

Upon absorption of a UV photon, electrons transition from lower lying molecular

orbitals to those that are energetically higher. For instance, an electron may originally

lie in a π orbital but may be excited to an orbital of π* or σ* character. These trans-

itions are denoted as ππ* or πσ* respectively, with this notation employed throughout

this thesis.

Returning to Equation (1.14), if all but two of the electronic wave equation solu-

tions have been found, with solutions of the functions φ1 and φ2 forming a complete
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orthonormal set, the final two wavefunctions may be presented as in Equation (1.16).

Ψ = c1φ1 + c2φ2 (1.16)

With considerations of the time-independent Schrödinger equation presented pre-

viously in Equation (1.2), one can deduce that molecular energy levels, or orbital

energies, are eigenvalues of the molecular Hamiltonian Ĥ as shown in Equation (1.17).

E =
〈Ψ| Ĥ |Ψ〉
〈Ψ|Ψ〉

=
〈c∗1φ1 + c∗2φ2| Ĥ |c1φ1 + c2φ2〉
〈c∗1φ1 + c∗2φ2|c1φ1 + c2φ2〉

=
c1

2 〈φ1| Ĥ |φ1〉+ c∗1c2 〈φ1| Ĥ |φ2〉+ c∗2c1 〈φ2| Ĥ |φ1〉+ c2
2 〈φ2| Ĥ |φ2〉

c12 〈φ1|φ1〉+ c∗1c2 〈φ1|φ2〉+ c∗2c1 〈φ2|φ1〉+ c22 〈φ2|φ2〉

(1.17)

If the Hamiltonian matrix element 〈φi| Ĥ |φj〉 is now defined as Hij and the overlap

integral 〈φi|φj〉 as Sij and note that Hij = Hji and Sij = Sji respectively, Equation (1.17)

simplifies to Equation (1.18), assuming c1,2 are real numbers.

E
(
c1

2S11 + 2c1c2S12 + c2
2S22

)
= c1

2H11 + 2c1c2H12 + c2
2H22 (1.18)

Employing the variational principle, differentiating Equation (1.18) with respect to

c1 and c2 yields two equations with the two unknowns c1 and c2, which can be solved

to determine the coefficients and the energy. These are known as secular equations

and may be seen in Equation (1.19) [29].

c1 (H11 − ES11) + c2 (H12 − ES12) = 0

c1 (H12 − ES12) + c2 (H22 − ES22) = 0
(1.19)

The energies of the PES may be found by solving for the eigenvalues of Equa-

tion (1.19), the results of which may be seen in Equation (1.20).

E1 =
1

2

[
(H11 +H22) +

√
(H11 −H22)

2 + 4H21
2

]
E2 =

1

2

[
(H11 +H22)−

√
(H11 −H22)

2 + 4H12
2

] (1.20)

Here S 11 = S 22 = 1 through normalisation and S 12 is assumed 0 for simplification.
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To this level of approximation, the energy of the two molecular orbitals are displaced

with respect to the individual atomic orbitals (H 11 and H 22 respectively) by a factor

of ±
√

(H11 −H22)
2 + 4H21

2. In the case of diatomic hydrogen, this is representative

of 1s σ and σ* molecular orbitals, as depicted in Figure 1.8.

Fig. 1.8: Depictions of the σ and σ* orbitals of the H2 diatomic molecule.

For a conical intersection to occur between two potential energy surfaces, the two

eigenvalues in Equation (1.20) must be equivalent, satisfying the conditions H 11=H 22

and H 12=H 21=0 respectively. To solve for two conditions, two independent degrees of

freedom are required, thus only molecules of three or more atoms may have a conical

intersection. If two of the 3N-6 coordinates are chosen, x and y, with the origin at

W =H 11=H 22 the secular equations may now be considered as either Equation (1.21)

or Equation (1.22) . [
W + h1x− E ly

ly W + h2x− E

][
c1

c2

]
= 0 (1.21)

[
W + (m+ k)x− E ly

ly W + (m− k)x− E

][
c1

c2

]
= 0 (1.22)
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Where the conditions presented in Equation (1.23) hold.

m =
1

2
(h1 + h2)

k =
1

2
(h1 − h2)

(1.23)

The eigenvalues of this second set of secular equations may then be presented as

in Equation (1.24).

E = W +mx±
√
k2x2 + l2y2 (1.24)

This is the equation of a cone, giving rise to the name conical intersection. A 3D

representation of a conical intersection may be seen in Figure 1.9.

Fig. 1.9: A 3D representation of a conical intersection.

If one were to travel in the plane spanned by these x and y coordinates, known as

the ‘branching space’, the degeneracy of the PES would breakdown, whereas if one

were to move along any of the other n-2 degrees of freedom, the degeneracy would be

held. This space is known as a ‘hyperline’ consisting of an infinite number of conical
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intersection points. The two directions which breakdown this degeneracy are known

as the gradient difference vector, ~g, and the gradient of the interstate coupling vector,
~h, which may be seen in Equation (1.25) and Equation (1.26) respectively

~g =
∂ (E1 − E2)

∂ ~R
(1.25)

~h = 〈Ψ1|
∂Ĥel

∂ ~R
|Ψ2〉 (1.26)

Where E 1 and E 2 are the energy eigenvalues found in Equation (1.24), ~R is the

nuclear configuration vector, Ĥel is the conical intersection Hamiltonian, and Ψ1 and

Ψ2 are the adiabatic wavefunctions.

Conical intersections, also known as photochemical funnels, have been found to be

extremely efficient at non-radiatively transfering population between vibronic states

and are attributed as a major relaxation pathway to photostability. A key example

is that of the DNA bases, where conical intersections play a leading role in non-

destructively dissipating excess energy on an ultrafast timescale, preventing chemical

damage. A key example of this is a comparison of two of the nucelobases presen-

ted previously in Figure 1.2, 2,6-diaminopurine and cytosine. Utilising similar pump

wavelengths across 280-290 nm region, 2,6-diaminopurine displays a much more ex-

tended lifetime (6 - 9 ns) [30] than that of cytosine (55 - 150 ps) [31] which may partially

explain nature’s selectivity.
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1.2 Molecular Relaxation Processes

Having provided a theoretical understanding of the assumptions and approximations

required for spectroscopic analysis, an understanding of how molecules and electrons

dissipate excess energy upon photonic excitation is now required. This section will

provide an overview of the various radiative and non-radiative energy dissipation

mechanisms one can observe when a molecule redistributes excess energy. A summary

of these various mechanisms is provided in the Jablonski diagram [32] in Figure 1.10.

Fig. 1.10: A Jablonski diagram presenting the various radiative and non-
radiative photophysical processes a molecule may undergo to non-destructively
release excess energy.

1.2.1 Non-Radiative Decay

Intramolecular Vibrational Energy Redistribution

Intramolecular vibrational energy redistribution [4;15;33] (IVR) is a non-radiative en-

ergy redistribution process which occurs on ultrafast timescales (10-14 - 10-11 s). The

principle of IVR is that the few vibrational modes populated in an initially excited

state may disperse energy between a larger number of vibrational modes within the

particular electronic state. Due to energy conservation considerations, energy dis-

sipated via IVR must be considered as a redistribution across the vibrational modes
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along a particular reaction coordinate and not an energy release mechanism. When

in the condensed phase, vibrational modes may couple to the surrounding environ-

ment, with excess energy then dissipated safely in the from of heat. An example of

intramolecular vibrational energy redistribution may be seen in Figure 1.10.

Internal Conversion

Internal conversion (IC) is a non-radiative decay mechanism based on the principle

of coupling between vibronic levels, to perform radiationless population and en-

ergy transfer from one excited electronic state to an energetically lower electronic

state [19–21]. Internal conversion is termed when the transition occurs between states

of equivalent spin (S2 → S1, T2 → T1) and occurs on an ultrafast timescale (10-14 -

10-11 s). The probability of a non-adiabatic event such as this occurring is dictated

by the energy separation between the vibronic states, with probability highest as the

energy between states becomes degenerate (∆E = 0) [21]. These points of degener-

acy are known as conical intersections, as previously discussed in Section 1.1.4. An

example of internal conversion may be seen in Figure 1.10

Intersystem Crossing

Intersystem crossing is an example of a non-radiative energy and population trans-

fer between two electronic states of different spin multiplicity (S1 → T1, T2 → S1).

Although formally forbidden due to conservation of angular momentum, a rule first

stated by Mostafa El-Sayed [34] says that the rate of intersystem crossing is relatively

large if the radiationless transition involves a change of molecular orbital type. Inter-

system crossing thus becomes a competitive energy dissipation pathway through mo-

lecular spin-orbit coupling. Furthermore, intersystem crossing is prevalent in systems

which display substantial spin/orbital interactions, where a change of spin is more

favourable, and so is commonly found in molecules containing heavy atoms [35]. These

population transfers occur on a nanosecond to millisecond (10-8 - 10-3 s) timescale, al-

though there is also a growing body of evidence for ultrafast intersystem crossing [36–38].

An example of intersystem crossing may be seen in Figure 1.10.

Photodissociation

Photodissociation is a destructive energy release mechanism of molecules upon ab-

sorption of one or more photons. In this process excess energy is released through the

breaking of bonds between nuclei, with any remaining excess energy converted into
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translational energy in the products. A schematic of a photodissociation process may

be seen in Figure 1.11.

Fig. 1.11: A schematic of an example photodissociation event. Upon absorption
of a photon hν, energy is released from the molecule through bond-breaking.

When a molecule is excited with low energy photons, such as those in the infrared

region of the spectrum, a high-photon order absorption is required for photodisso-

ciation. For efficient photodissociation in this regime, fast photon absorption must

out-compete energy dissipation mechanisms such as IVR and collisional cooling [39].

When utilising high energy photons in the UV and VUV region it is possible to induce

fragmentation with far fewer photons, even single photon fragmentation, due to the

rapidity and magnitude of the energy deposition [40].

1.2.2 Radiative Decay

Radiative decay processes are those in which an excited state molecule emits a photon

in order to release excess energy. There are two main forms of radiative processes in

molecular dynamics, fluorescence [41] and phosphorescence [42], which will be discussed

presently.

Fluorescence and phosphorescence are radiative decay processes which occur on

the nanosecond (10-9 - 10-7 s) and millisecond (>10-3 s) timescales respectively. In

fluorescence, excitation is achieved through absorption of a photon from the molecular

ground state to an excited singlet state, prior to the emission of a photon of equal or

lower energy [41] as a result of IVR, as previously discussed in Section 1.2.1 [43]. Phos-

phorescence, however, undergoes a further non-radiative relaxation process known

as intersystem crossing, as explained in Section 1.2.1, transitioning from the excited

singlet state to an energetically lower, longer lived triplet state prior to radiative de-

cay [43]. These processes may be either spontaneous, where the photon is emitted at

random from the molecule, or stimulated, whereby a molecule already in an excited
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state absorbs a further photon inducing the emission of a fluorescence or phosphor-

escence photon. A photon emitted due to stimulated emission will have identical

polarisation, frequency, phase and propagation vector to the photon which caused

stimulation. Examples of fluorescence and phosphorescence decays may be seen in

Figure 1.10.
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1.3 Experimental Molecular Dynamics

Thus far this thesis has provided an understanding of the basic background to non-

adiabatic dynamics and the various energy dissipation mechanisms which dictate ra-

diative and non-radiative decay. In order to study these processes in detail, various

spectroscopic techniques may be employed to observe and follow the dynamics of a

photoexcited molecule. This section aims to discuss the various spectroscopic tools

which may be utilised to unravel these molecular dynamics, as well as the observables

which may be obtained from these various methods.

1.3.1 Spectroscopic Techniques

Broadly, spectroscopic techniques may be divided into two complementary categor-

ies, frequency-resolved techniques and time-resolved techniques. Due to the inherent

nature of a laser pulse, as the temporal duration of a pulse becomes shorter, the

bandwidth broadens, and thus the frequency of a photon within the pulse becomes

more uncertain. Conversely, as the frequency of a laser pulse is known to a greater

precision, the temporal nature of the pulse becomes elongated. A wealth of molecu-

lar spectroscopic information may be gleaned from utilisation of both temporal and

frequency resolved methods, with a subset described in the following section.

Direct and Multiphoton Ionisation

One of the simplest frequency-resolved measurements one may consider is that of

direct photoionisation of a molecule or atom with UV light [44]. This is a process by

which a single photon of UV radiation is absorbed by an atom or molecule to promote

an electron to the ionisation continuum. A high-energy UV-photon source is utilised

so as to determine the precise frequency at which an ionisation event occurs, through

observation of the kinetic energy of photoproducts, and thus discover the ionisation

potential of a molecular species. The development of highly tunable synchrotron

sources has expanded this technique into both the vacuum and extreme ultraviolet

regions of the electromagnetic spectrum, extending the range of molecules which may

be investigated [45] as well as allowing for the determination of multi-ionisation poten-

tials [46].

In order to obtain frequency resolved data utilising commercially available table-

top laser systems, many molecular species require a multiphoton ionisation [47;48] scheme.

In this case, two or more photons below the ionisation threshold are simultaneously ab-

sorbed by the molecule under investigation in order to achieve ionisation. If one knows
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the photon order involved during ionisation, it is possible to deduce the molecule’s

ionisation potential. The multiphoton process does not require that the photon ener-

gies involved summate to one of the excited states intrinsic to the molecule, however,

should the first photon absorbed during multiphoton ionisation correlate with one of

these states, the propensity for ionisation significantly increases. This phenomenon is

known as resonantly enhanced multiphoton ionisation [49;50] (REMPI) and is a useful

tool in elucidating the excited states of a molecule. Schematics of both direct and

multiphoton ionisation are presented in Figure 1.12.

Fig. 1.12: Jablonski diagrams presenting direct ionisation and multi-
photon/REMPI ionisation schemes.

ZEKE and MATI

There are numerous extensions to the REMPI technique within frequency resolved

spectroscopy, however one of particular interest in this field is the so-called zero

electron kinetic energy [51] (ZEKE) spectroscopy. A pump-probe REMPI scheme is

utilised such that a molecule is first promoted to an excited state by a photon of

fixed-wavelength, prior to an excitation to a high lying Rydberg state by a photon of

tunable energy. The ZEKE technique consists of molecular excitation via the afore-

mentioned REMPI scheme, prior to a delay, on the order of 1 µs, to allow for the

dispersion of any low energy photoelectrons produced. A pulsed electric field is then

applied to the molecules, with excited Rydberg states close to the ionisation threshold

then capable of releasing an electron in an autoionisation event. Electrons emitted

may then be detected through standard time-of-flight techniques. Through tuning of
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the Rydberg excitation wavelength, it is possible to attain excited state spectra for

the molecule with resolution on the order of 1 cm-1 [52].

Fig. 1.13: Jablonski diagrams presenting ZEKE and MATI ionisation schemes,
as well as a depiction of the H-atom Rydberg tagging technique. ZEKE and
MATI are excited to high lying Rydberg states prior to ionisation with a pulsed
electic field. H-atom Rydberg tagging requires a photodissociation event for the
release of H-atoms prior to field ionisation and detection.

A limitation of the ZEKE technique is that there is no information with regard to

the origin of the emitted electron, whether it was produced by the parent molecule

or a neutral fragment. This information may be attained through use of a mass se-

lective alternative to ZEKE known as mass analysed threshold ionisation [53] (MATI).

The MATI technique consists of the same REMPI excitation scheme to a high lying

Rydberg state, with ionisation again achieved through use of a pulsed electric field,

however the frequency resolved analysis is performed on the produced ions rather

than electrons. Post Rydberg-excitation, a small electric field (<1 V/cm) is applied

to the molecules in order to spatially separate any photoions from excited state neut-

rals. Field ionisation of the neutral Rydberg atoms/molecules then allows for a mass

selective analysis of a molecule’s rovibronic structure. MATI has an equivalent fre-

quency resolution to ZEKE spectroscopy, however the advantage of mass selection

allows for the observation of additional processes such as molecular fragmentation [54].

Examples of ZEKE and MATI ionisation schemes can be seen in Figure 1.13.

H Atom Rydberg Tagging

In order to investigate the translational energy of photofragments after a photodisso-

ciation process, a similar technique one may utilise is that of H atom Rydberg tag-
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ging [55;56]. The technique consists of a gas-phase molecular sample of interest first

undergoing photolysis, producing rotationally and vibrationally excited H atoms as

well as an additional excited photoproduct. A multiphoton (1 + 1′) excitation process

(one photon VUV and one photon UV) excites the H atoms to a high-lying Rydberg

state (n=30-90), whilst in the presence of a weak electric field (20 V/cm) [57]. The role

of the electric field is to remove any photoions produced during the excitation process,

as well as to stabilise the Rydberg states and extend their lifetime [58]. H atoms then

propagate along a time-of-flight tube and are field-ionised momentarily before detec-

tion. Field-ionisation post time-of-flight increases detection resolution as it negates

the effects of space-charge repulsion induced in ionised samples over long flight dis-

tances. High resolution Total Kinetic Energy Release (TKER) spectra may then be

obtained through analysis of the H atom TOF profile [59], with anisotropic studies also

possible through variation of the dissociation laser polarisation [60]. It is also possible

to utilise alternative atomic species for Rydberg tagging studies, including oxygen [61]

and sulphur [62], broadening the applicability of the technique.

Hole-burning Spectroscopy

If one wishes to obtain conformer-specific frequency-resolved spectra, an alternative

REMPI technique which may be considered is that of hole-burning spectroscopy [63].

Within the hole-burning excitation method, the REMPI scheme is utilised as a conformer-

specific probe to excite and ionise the molecule directly from the ground state. By

either exciting the molecule of interest vibrationally [64;65] (IR-UV) or electronically [66;67]

(UV-UV) prior to the REMPI probing scheme, it is possible to observe the change in

ground state population in the produced parent ions. Thus, through variation of the

excitation wavelength, it is possible to obtain conformer-specific frequency-resolved

molecular spectra through monitoring the ‘ion-dips’ in parent ion production. It

is possible to use hole-burning spectroscopy in conjunction with another frequency-

resolved technique, laser induced fluorescence, allowing for confidence in conformer

specificity in the latter technique [68;69]. Example Jablonski diagrams of IR-UV and

UV-UV hole-burning spectroscopy may be seen in Figure 1.14.

Laser Induced Fluorescence

Laser induced fluorescence [70;71] (LIF) is a versatile spectroscopic technique which

may be utilised both in the time- and frequency-domain. The LIF process consists

of an incident photon first being absorbed by a molecule, promoting the molecule

from the ground state to a vibrationally excited electronic state. The vibrationally
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excited molecule then undergoes non-radiative energy dissipation, relaxing to the

lowest vibrational level of the electronic state, prior to the spontaneous emission of

a fluorescence photon, relaxing the molecule to a vibrational level within the ground

state.

In the case of frequency-resolved studies, there are two main LIF measurements

used to attain the vibrational structure of a molecule, disperse spectra [72;73] and ex-

citation spectra [74;75]. To attain an excitation spectrum, the fluorescence yield at a

fixed wavelength is observed for a range of excitation wavelengths. Conversely, for

a dispersion spectrum a fixed wavelength excitation laser is utilised to observe the

wavelength dependent fluorescence yield which is spontaneously emitted by a mo-

lecule. A combination of both techniques is often used to attain the full vibrational

spectrum of a fluorescing molecule [76–79].

Fig. 1.14: Jablonski diagrams presenting IR-UV and UV-UV holeburning spec-
troscopy techniques, in addition to a schematic of the laser induced fluorescence
principle.

Temporal spectroscopic information may also be obtained through investigating

gas-phase molecular fluorescence [80–82]. A molecule of interest may be excited to

a particular electronic or vibrational state through absorption of a photon, before

spontaneously emitting a secondary photon of equal or lower energy. Observation of

the flux of photons spontaneously emitted by the molecule, achieved through single-

photon counting [83], provides an insight to the lifetime of a particular state of the

molecule on the picosecond to nanosecond timescale.

Although a useful spectroscopic technique, one of the major limitations of fluor-

escence spectroscopy is that it may only probe molecular decay mechanisms with a
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significant fluorescence yield. Fluorescence spectroscopy is effectively blind to non-

radiative decay mechanisms, such as bond-breaking and non-adiabatic energy redistri-

bution mechanisms, and thus is restricted to molecules with a propensity for radiative

energy dissipation [84]. An example Jablonski diagram of laser induced fluorescence

may be seen in Figure 1.14.

Transient Absorption Spectroscopy

An alternative technique one may consider to provide both frequency- and time-

resolved spectroscopic information is that of transient absorption spectroscopy [85–89].

The technique consists of a sample of interest first being excited by an ultrafast pump

pulse, prior to being probed by a chirped (stretched temporally and spectrally) super-

continuum pulse at a controlled and known time later. The observable monitored in

this experiment is the supercontinuum spectrum post sample interaction, with a dif-

ference absorption spectrum between ground and excited state molecules recorded [90].

Through careful control of the pump-probe separation, a wealth of spectroscopic in-

formation may be gleaned from the transient absorption spectrum, with it possible to

observe processes including electron/proton transfer [91;92], intersystem crossing [93], en-

ergy migration [94] and isomerisation [95]. Although some gas-phase measurements have

previously been reported [96;97], transient absorption spectroscopy is more customarily

utilised as a solution-phase technique with resolution down to the attosecond regime

possible [98–100].

2D-Spectroscopy

A limitation of the transient absorption technique is an inability to distinguish the

origin of coupled vibrational or electronic peaks; whether signals arise from different

species with individual optical excitation frequencies, or from coupled systems, with

energy levels split only by coupling constants. 2D spectroscopy [101–103] may be utilised

to interrogate both coupled vibrational modes (2DIR) [104] as well as coupled electronic

transitions (2DES) [105]. There are two main methods for obtaining a 2D-spectrum,

one in the frequency domain (2D double-resonance spectroscopy) [106] and one in the

time domain (2D Fourier transform spectroscopy) [107], each with a respective transient

equivalent [108;109].

The experimental principle behind both 2D methods is similar, with spectral ana-

lysis following three laser field-molecule interactions. The first field interaction creates

a coherence between the excited vibrational level or electronic state with the molecular

ground state, whilst the second field interaction creates a population in the excited or
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ground states [110], with temporal separation between these two interactions known as

the coherence time, τ . When the molecules are probed by a third laser field, following

waiting time T, an electronic coherence is again created within the molecule, creating

singly and doubly excited electronic or vibrational states. This induces a third-order

polarisation response from the molecule and, after a detection time t, a radiating

signal field response. An interferometric response between the radiating field signal

and part of the original excitation beam allows for complete analysis of the resultant

field amplitude and phase. This principle pulse sequence is presented pictorially in

Figure 1.15.

Fig. 1.15: A pictorial representation of the excitation scheme utilised in a 2DIR
or 2DES experiment, as well as a representation of a 2D-spectrum demonstrat-
ing ground-state vibrational coupling.

A 2D double-resonance spectroscopy experiment consists of a sample being in-

terrogated by two laser pulses in a crossed beam configuration. The pump pulse is

spectrally filtered to form a narrow-band pulse, whilst the probe pulse is maintained

temporally short [111]. The pump-probe waiting time in these experiments is typically

on the order of 2 ps, so as to minimise temporal overlap between pump and probe
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pulses. The first two laser-molecule interactions occur within the temporal duration

of the pump pulse, however within the bounds of this set-up it is not possible to con-

trol laser-molecule interaction separation time, nor the order in which these two field

interactions occur [112]. This results in the third order response obtained containing

both rephasing and non-rephasing components of the wavevector architecture [113].

In the time-domain, a 2D Fourier-transform spectroscopy experiment consists of

a sample being interrogated by three broadband and ultrafast laser pulses in either

a crossed beam [114] or box configuration [115;116]. In a crossed beam allignment, the

emitted field emission pulse is heterodyned with the residual pump beam, whilst in a

box geometry an additional local oscillator pulse is required, positioned as the fourth

corner of the square layout [117]. The second frequency axis is generated through

Fourier transformation with respect to the change in coherence time τ . As the order

in which the first and second laser-field interact with the molecule is known in this

set-up [113], the first laser-field pulse must be temporally scanned equidistantly through

the second laser-field pulse in order to collect equally-weighted rephasing and non-

rephasing components of the wavevector architecture [118]. A transient variation of

this experiment may again be achieved through variation of the waiting time T, with

temporal resolution in the femtosecond regime accessible [119].

Both of these methods produce broadly equivalent equilibria spectra [112], however

a description of the benefits of utilising each technique is outwith the scope of this

thesis. The layout of an equilibria 2D spectrum consists of a plot comparing excitation

wavenumbers with emission wavenumbers of the sample under investigation. Peaks

appearing along the diagonal of the plot with equivalent wavenumber are known as the

autopeaks with the line representative of a standard 1D absorption spectrum. Peaks

arising away from this diagonal line may be considered as crosspeaks, a signature of

vibrational or electronic coupling between two states. A pictorial representation of a

2D-spectrum may be seen in Figure 1.15.

With the inclusion of transient measurements, it is possible to follow the tem-

poral evolution of these excited couplings to follow the folding of peptides [120;121] and

structural rearrangements in catalytic complexes [122], as well as tautomerisation of

organic compounds [123]. Although some measurements have been performed in the

gas phase [124], 2D spectroscopy of this form is still mainly utilised as a solution-phase

technique.

Gas-Phase Electron Diffraction

It should be noted that the excited-state dynamics of a molecule are not the only

important time-resolved measurement that needs to be considered, the intermittent
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Fig. 1.16: An example time-resolved gas-phase electron diffraction experimental
scheme. Femtosecond pump pulses excite the molecule of interest prior to an
electron beam probe to interrogate molecular structure.

structures which form during energy redistribution are also of vital importance in

understanding the structure-function-dynamics relationship of any molecule. Tra-

ditionally, gas-phase electron diffraction has been a conventional technique in the

determination of equilibria molecular structures [125–130]. When an accelerated beam

of electrons is incident on a gaseous molecular sample, the probing electrons are

scattered upon interaction with the charge gradients of the molecule’s nuclei onto a

2D detector. If no alignment of the molecules within the molecular beam has been

performed [131], the resulting diffraction pattern produced from the sample will consist

of a series of concentric rings and may be interpreted as a convolution of sinusoidal

functions dependent upon the interatomic distances of the molecule and scatter in-

tensity. A Fourier transform of the data provides radial distribution curves, peaking

at the average interatomic distances within the molecule [132].

To perform ultrafast gas-phase electron diffraction, the electron beam used must

be pulsed and utilised as a probe after laser excitation of the molecular sample [133–135].
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Temporal separation between laser pump and electron probe pulses allow for time-

resolved measurements of a molecule’s excited-state structure. Although previously

limited to picosecond timescales due to difficulties including space-charge repulsion

between electrons [136] and velocity mismatch between electron and laser pulses [137],

recent developments have allowed for femtosecond resolution to be achieved at both

accelerator facilities [138;139] and with table-top devices [140].

2D Imaging Techniques

2D-imaging spectroscopic techniques [141] are also vital in the analysis of a molecule’s

dynamical behaviour. The use of a 2D array as a detector allows one to obtain meas-

urements of a molecule or fragment’s internal energy and velocity simultaneously. Al-

ternatively, one can equally measure the electron emissions post molecular ionisation,

providing an energy- and angular-resolved measurement of the photoemission process.

The techniques described here are known as photoion imaging spectroscopy [142] and

photoelectron imaging spectroscopy [143] respectively, with a brief description of the

methods explained presently.

The technique consists of a sample of interest first being seeded in a molecular

beam. Through irradiation with a laser pulse, one may electronically excite a molecule

and/or induce dissociation. If single or muti-photon absorption from a photolysis laser

is in excess of the molecule’s dissociation threshold, surplus energy is partitioned

between the internal and kinetic energies of the photoproducts. Through ionisation a

controlled time later, and due to momentum conservation during the photodissociation

process, photoproducts expand on a Newton sphere and are directed towards an array

detector by an electrode assembly.

Initial molecular imaging studies utilised a repeller plate and grounded grid pair [144;145],

with photoions born in the middle of this assembly. It was later discovered that by

replacing the grid pair with open extractor and grounding electrodes in an Einzel lens

configuration, it is possible to map the velocity of photoions or photoelectrons on

the 2D detector, independent of their initial starting positions, in a technique known

as velocity map imaging [146;147]. The polarity of the voltages applied to a repeller,

extractor and ground plate dictate whether one investigates the electronic or ionic

distribution post-ionisation, with a positive repeller voltage and negative electrode

voltage for ion detection and an opposite voltage configuration for electron detection.

When the ionic or electronic expansion is projected onto a 2D detector, such as

a microchannel plate/phosphor screen assembly, circular images may be collected on

a camera. The attained images must be processed so that it is possible to effectively

retrieve the central slice of the projected Newton sphere, containing the energy and
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Fig. 1.17: An example of an abel transformed photoelectron image of pyrrole
following excitation at 267 nm and probe at 300 nm. Noise along the central
aixs is a reult of the abel inversion method. Image taken from Crane et al. [148].

angle-resolved spectroscopic information of the photoproducts, with various methods

available to do so [149–155]. The radius of the image produced determines the kinetic

energy of the photoproduct and, due to the use of the 2D detector, the angular dis-

tribution [156] of photoproducts is also attained. If observing a particular photodisso-

ciation product, mass selectivity may be achieved through gating of the 2D detector,

only acquiring data within the fragment’s time-of-flight window [157;158]. An example

of an abel-transformed 2D-photoelectron image may be seen in Figure 1.17

If one wishes to monitor multiple mass channels in a spectroscopic imaging ex-

periment, there are a number of methods by which one may do so. The simplest

technique to implement is to gate the detector for the time-of-flight of each individual

mass fragment in the ion imaging set-up previously described, building a multi-mass

image spectrum over multiple data acquisition periods [159–162]. This, however, can

become a time-consuming technique if the molecule under investigation has multiple

fragmentation pathways, leading to a large variety of molecular photoproducts and a

full fragment analysis is unreasonable.

An alternative method of multi-mass ion imaging which allows for detection of mul-
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tiple photofragment translational energies simultaneously may be achieved through

use of a constant momentum mass spectrometer [163–165]. The technique itself consists

of a sample in a molecular beam first interacting with a photolysis laser, leading to

photodissociation and a spherical expansion of the photoproducts due to the frag-

ments’ recoil velocities. A controlled time later, a VUV probe beam interacts across

the centre of the spherical photoproduct distribution, ionising the photodissociation

products and creating a velocity distribution in the centre-of-mass frame. A pulsed

electric field may then be utilised for ion extraction prior to entry into a radial cyl-

indrical energy analyser for mass selectivity and translational energy analysis. Data

collection on a 2D ion detector allows for mass and energy resolved analysis of the

photoproducts present, with it also possible to discern between dissociative products

of neutral molecules and ionisation dissociation products by their image distributions.

This technique, however, loses the angle-resolved aspect gained from a velocity map

imaging experiment and thus limits the spectroscopic data which may be attained.

A final multi-mass imaging technique of note has been recently developed due to

technological advances in ultrafast imaging [167;168]. By utilising the same VMI set-up

as described previously for photoproduct imaging, but replacing the camera with a

PImMs camera [169;170], one is able to image multiple fragments within a single meas-

urement. The most recently developed PImMs camera, the PImMs2 [171], consists of a

324 by 324 CMOS array, with each individual pixel capable of recording the presence

and time of arrival of a charged particle four times per millisecond with a temporal

resolution of 12.5 ns. If molecular flux is maintained low, it is possible to collect ion

images for multiple mass fragments simultaneously and generate a complete picture

of the photoproduct emissions in a single experiment. It should also be noted at this

point that the PImMs camera may be utilised for various other applications, with ex-

amples including coulomb explosion imaging for structure determination [172–175] and

neutron imaging [176]. An example PIMMS imaging spectrum may be seen in Fig-

ure 1.18.

An important dynamical extension to the imaging methods discussed previously is

the ability to perform time-resolved measurements [166;177–183]. This is achieved through

careful timing variation between the arrival of the photolysis/ electronic excitation

pulse (pump pulse) and the ionisation pulse (probe pulse). One is then able to per-

form an extremely differential measurement, with time-, energy- and angle-resolved

data capable of being collected simultaneously, with resolution possible down to the

attosecond regime [184–186]. It should also be noted that femtosecond time-resolved

photoelectron spectroscopy [187;188] is an established technique within the Townsend

group, utilised within a wide variety of studies [148;189–196].
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Fig. 1.18: An example PImMS spectrum of the molecule C2F2I following VUV-
UV pump-probe excitation. The fast response of the PImMs cammera allows
for 2D-imaging of multiple mass fragments within a single measurement. Image
taken from Forbes et al. [166].

1.3.2 Time-Resolved Photoion-Yield Spectroscopy

Time-resolved photoion yield spectroscopy [10;197;198] is a simple yet effective technique

for the study of molecular dynamics. Although not as differential a measurement

as some of the others discussed in Section 1.3.1, it is sufficient for the spectroscopic

applications pursued within this thesis. An example time-resolved ion-yield set-up

may be seen in Figure 1.19.

The technique itself consists of a molecular gaseous sample being intercepted by

femtosecond laser pulses in the center of a time-of-flight mass spectrometer. The first

femtosecond pulse initiates an excited state process, acting as the pump pulse, with a

second femtosecond pulse utilised to probe the excited state population a controlled

time later through ionisation. By monitoring the yield of the ionised parent with
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Fig. 1.19: A schematic diagram of a time-resolved ion-yield set-up.

respect to the time delay between pump and probe beams, ∆t, it is possible to observe

the dynamical changes in parent lifetime. Temporal resolution of the experiment is

typically limited by the convoluted width of the pump and probe pulses utilised.

A further caveat to the time-resolved photoion yield technique is that one is able

to also monitor the appearance of photofragments, which are distinguishable from

the parent ion due to spatial separation within the time-of-flight set-up. Due to

neutral photofragments typically having a much higher ionisation potential than the

photon energy within the probe pulse, REMPI schemes are commonly utilised for

photoproduct detection. Key examples include the detection of methyl radicals [199],

iodine atoms [200] and hydrogen atoms [201;202].

Time-resolved photoion yield measurements are an important spectroscopic tool

and have been utilised on the nanosecond [203], picosecond [204], femtosecond [205;206] and

attosecond [207] timescales. The technique has been used extensively in a wide variety

of studies, providing insights into vibrational wave-packet motions [208–211], photodisso-

ciation dynamics [212–214], excited state lifetimes [203–207] and electron relaxation dynam-

ics [215;216]. In this thesis, the technique has been utilised to study the excited-state

lifetime of various molecular species, with a description of the experimental set-up

and implementation described in Chapter 2.
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1.4 Producing Gas-Phase Molecules

When considering the various methods used to obtain a sample for molecular spectro-

scopic interrogation, one can broadly consider the techniques split into two categories,

those used for volatile molecules and those used for non-volatile molecules.

If a molecule is considered volatile, samples for spectroscopic study may be ob-

tained by utilising the naturally high vapour pressure of the molecule. The propensity

for samples to already have a significant vapour form means they may be utilised

as a neat source or in conjunction with a rare gas carrier such as helium or argon

which provides additional molecular cooling. Further molecules may be volatilised

through controlling sample temperature; by heating a molecular sample it is possible

to increase its vapour pressure to a reasonable level for gas-phase analysis, however

additional complications may occur due to some molecules undergoing thermal decom-

position on heating. A volatilised sample may then be injected into a laser interaction

region through either bleeding gas into the system, by generating an effusive jet or cre-

ating a pulsed molecular beam. A final consideration is that the molecules may form

clusters due to intermolecular forces, such as hydrogen bonding and van der Waals

forces. These issues may be mediated through careful consideration of the sample’s

temperature and pressure when being introduced to the laser interaction region.

1.4.1 Non-Volatile Molecules in the Gas-Phase

There are numerous methods which one may utilise to volatilise low vapour pressure

molecules. This subsection will summarise some of the most commonly used tech-

niques to facilitate this aim, as well as discussing the benefits and detriments of each

for the study of neutral gas-phase molecules.

Direct Laser Desorption and MALDI

The simplest method one may utilise to put non-volatile molecules into the gas phase

is that of direct laser desorption [217;218]. The technique itself consists of a sample of

interest being irradiated by a laser, resulting in a direct volatilisation of the molecules

and has been utilised to study the spectroscopic signatures of various neutral bio-

molecules [219–222]. This method, however, has significant drawbacks for investigating

the neutral dynamics of molecules. The laser desorption process results in the form-

ation of not only neutral parent molecules, but additional ionised parents, as well as

neutral and ionised fragments [223] which is not ideal when one wishes to investigate

the dynamics of the neutral parent molecule.
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An extension to the laser desorption technique that has been developed to facilitate

the volatilisation of solely parent molecules without fragmentation is that of matrix-

assisted laser desorption/ionisation (MALDI) [224–227]. When utilising this method, the

sample is prepared within an excess of matrix forming a matrix-sample crystalline

structure. When irradiated with a pulsed laser, the matrix molecules and sample

of interest are vaporised creating a volatilised sample. A schematic of the MALDI

technique may be seen in Figure 1.20.

Fig. 1.20: A schematic diagram of a MALDI desorption scheme.

However, again there are drawbacks to this technique for investigating neutral

dynamics as many of the sample molecules become ionised during the volatilisation

process due to interactions with the matrix used [228] (although the exact mechanism

with which this occurs is not fully understood) [229]. Furthermore, the matrix molecules

used in this technique are not universal, with various studies performed to find suitable

candidates for volatilisation of different sample types [230–232]. Examples of common

matrix molecules include 3,5-dimethoxy-4-hydroxycinnamic acid [230;233], α-Cyano-4-

hydroxycinnamic acid [230;233] and 2,5-dihydroxy benzoic acid [234]. A final complication

introduced through the use of a matrix is the fact that the presence of the matrix

molecules will need to be accounted for in data analysis. Minimal studies on neutral

molecules utilising the laser desorption or MALDI techniques have been previously

reported [235;236], however a number of pump-probe experiments have investigated the

ion desorption yields produced during the laser-desorption process [237–242].
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Electrospray Ionisation

An alternative approach to laser desorption methods for attaining gas-phase samples

of non-volatile molecules is that of electrospray ionisation [243–245]. The technique itself

consists of a sample of interest first being dissolved in a volatile, polar solvent before

flowing through a fine capillary at a rate of the order 1 µL/min. A high potential

difference is applied between the capillary tip and an extraction electrode (on the order

of 2.5 - 5 kV), resulting in the formation of a Taylor cone and a cone-jet. The jet-

flow undergoes nebulisation into a fine, highly-charged aerosol mist, often facilitated

through use of a nitrogen or carbon dioxide counter-flow [246]. As the solvent evaporates

from the aerosol droplets, charges within the droplet become more spatially confined

to the point at which the Rayleigh limit is surpassed and coulomb fission occurs, with

the process repeating as desolvation continues [247].

Gas-phase singly- and multiply-charged ion samples of interest are generated from

the desolvated aerosol droplets, however the mechanism for ion production is not yet

fully understood with two main competing theories as to their origination. One theory

is the ‘ion-evaporation model’ [248], in which an aerosol droplet desolvates and reaches

a radial limit where by the electric field strength at the surface of the droplet is large

enough to facilitate the desorption of molecular ions from within. The alternative

theory is the ‘charged-residue model’ [243;249], in which continuous evaporation and

fission cycles lead to aerosol droplets with an average of one sample ion or less, with

eventual solvent evaporation leading to a gaseous ionic sample. An example of an

elecrospray ionisation set-up is depicted in Figure 1.21.

Fig. 1.21: A schematic diagram of an electrospray ionisation set-up for the
volatilisation of low vapour-pressure molecules.
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Although electrospray ionisation is a useful technique to facilitate gas phase stud-

ies, again it is unsuitable for the investigation of neutral molecular dynamics due

to molecules being singly- or multiply-charged during the volatilisation mechanism.

However, time-resolved spectroscopic studies have been shown to be possible utilising

an electrospray ionisation set-up for the interrogation of anions, with numerous such

studies having been reported in recent years [250–258].

Blister-Based Laser-Induced Forward Transfer

Blister-based laser-induced forward transfer (BB-LIFT) is a recently developed tech-

nique which shows significant promise for the production of neutral molecules in the

gas phase [259;260].The technique consists of depositing a thin film of either metal [259–264]

or polymer [265;266] on a glass substrate, prior to the deposition of the sample of in-

terest above. The thin film between the glass and sample layers is utilised to absorb

the energy from a laser pulse incident upon the glass substrate, leading to blister

formation. This deformation process does not destroy or remove the film, however it

imparts momentum to the sample layer above leading to a desorbed neutral sample.

A schematic of the BB-LIFT sample volatilisation process may be seen along the top

of Figure 1.22

Fig. 1.22: A schematic of the BB-LIFT process. Top: process by which blister
formation occurs and sample ejection. Bottom: Examples of the two theorised
mechanisms for blister formation.

Page 37



Chapter 1: Introduction (Investigating Neutral Molecules in the Gas-Phase)

There are presently two accepted mechanisms for blister formation in BB-LIFT,

with each dependant on the use of either a metal or polymer thin film. When utilising

a polymer layer, the blister formation process is a result of localised ablation at the

interface between polymer and glass layers, resulting in a gas expansion and film

deformation [260;266]. Alternatively, when a metal film is used, the deformation process

results from the differing thermal expansion coefficients of the metal film and the

underlying glass substrate [259;260]. Schematics of both these processes may be seen

along the bottom of Figure 1.22.

An initial concern with the BB-LIFT method, however, was evidence of possible

sample degradation due to thermal effects when utilising a nanosecond deformation

laser in both polymer and metal films [259;260;265], however a recent publication by

Goodfriend et al. [267] investigating the thermal velocities of the desorbed particles

found no evidence of thermal damage.

1.4.2 Laser Induced Acoustic Desorption

A final technique which shows promise for the production of neutral plumes of gas-

phase sample is that a laser induced acoustic desorption (LIAD) [268] and is the source

of sample volatilisation for the work carried out within this thesis. A sample for this

technique is prepared by depositing a crystalline species of interest onto a thin metal

foil (10 - 20 µm). This foil is then back irradiated with a continuous wave or pulsed

laser, producing a neutral gaseous plume of sample from the front surface. Although

an established volatilisation technique, the process by which this plume is produced

is still not well understood. The initial hypothesis was that use of a nanosecond laser

resulted in acoustic waves propagating through the sample foil, with sample volatilised

through a ‘shake-off’ mechanism [269]. Further investigations, such as measurements

of the desorbed molecules velocity, have however indicated that this cannot be the

primary mechanism of desorption [270–273]. A recent publication by Huang et al. [274]

suggests the desorption mechanism may be the result of a surface-stress between the

metal foil substrate and sample layer. It is theorised that laser back-irradiation of the

sample foil forms islands of sample on the substrate, with further irradiation leading to

deformation, decomposition, and cracking of sample islands until a molecular sample

is desorbed. A schematic of a LIAD desorption set-up may be seen in Figure 1.23.

Nonetheless, LIAD has been extensively used in the field of mass spectromety [270;275;276]

and has been utilised in conjunction with quadrupole linear time-of-flight mass spec-

trometers [277;278] and Fourier transform ion cyclotron mass spectrometers [271;279;280].These

studies showed it was possible to volatise large neutral molecules, with atomic weights
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Fig. 1.23: A schematic diagram of a laser induced acoustic desorption source
for neutral sample volatilisation. A neutral plume is produced through back
irradiation of a thin foil with a sample of interest deposited on the opposite side.
Ionisation of products is achieved through use of an additional laser source.

up to 500 u. Furthermore, LIAD has been shown to be applicable to volatilisation of

much larger molecules [281] and biological systems, such as cells, bacteria and viruses,

with precise mass analysis possible through use of quadrupole ion traps [282;283].

LIAD has the potential to become the leading method of producing non-volatile

gas phase samples for time-resolved photoelectron/photoion-yield spectroscopy. The

ability to produce neutral plumes of solvent and matrix-free, nonfragmented samples

means that one may now interrogate a range of molecules that would not volatilise

when utilising other methods. This technique presents the opportunity to investigate

the molecular dynamics of both small and macro molecules in the gas-phase, as well as

mixtures of samples simultaneously. This process is, therefore, of great interest in the

field of molecular dynamics of large non-volatile molecules. Further to this, the LIAD

technique has already previously been utilised for time-resolved studies of biologically

relevant molecules on the femtosecond and attosecond timescale, investigating both

photoelectrons and photoions. Of particular note is the works of Jason Greenwood

and Mauro Nisoli [284–289] who have helped pioneer this technique for dynamical studies

with further examples presented in the forthcoming chapters.
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1.5 Conclusion

This chapter has provided an extensive review of spectroscopic techniques in the

frequency- and time-domain, as well as a review of the various volatilisation methods

to produce gas-phase samples of low vapour pressure molecules of interest in this work .

Furthermore, an overview of the various radiative and non-radiative energy dissipation

mechanisms for molecular relaxation are introduced as well as a discussion of the

various principles and approximations which are assumed in spectroscopic studies.

Chapter 2 will discuss the design and commission of a new mass spectrometer

for study of non-volatile UV chromophores, using a LIAD-style desorption source for

sample volatilisation, as well as a thorough description of the optical set-up employed.

In light of the recent studies discussed in Section 1.4.2, the LIAD source has been

shown to not be acoustic in nature and thus will be referred to as a soft thermal

desorption source in the proceeding chapters.
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CHAPTER 2

Experimental:
Theory and Set-Up

In order to perform a time-resolved spectroscopic measurement, there are various key

tools one must utilise, such as lasers, vacuum systems and detectors. It is import-

ant, therefore, to understand the underlying theory and principles of operation of

these experimental components. Furthermore, in the case of obtaining UV pulses

from an infra-red laser system, one requires a working understanding of non-linear

optics within birefringent crystals. This chapter will describe the main aspects of the

experimental set-up required for time-resolved photoion-yield spectroscopy measure-

ments, as well as providing a theoretical background to many of the key components

discussed.
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2.1 The Laser System

2.1.1 Making Femtosecond Laser Pulses

Since the invention of the first laser in the 1960s [290], scientists have strived to produce

pulses of increasingly shorter temporal duration, with the current reported record set

at 53 attoseconds [291].

Limitations in minimising the temporal duration of a laser pulse may be attributed

to the time-bandwidth product, whereby the product of a pulse’s temporal duration

and spectral width (in frequency space) result in a fundamental limit of 0.441 [292] for a

Gaussian pulse. This may be shown by considering the electric field of a Gaussian laser

pulse, ε(t), in Equation (2.1) and its Fourier transform, Ẽ(ω), in Equation (2.2) [293].

~ε(t) = ε0n̂exp(−at2)exp(iω0t+ ibt2) (2.1)

Ẽ(ω) = ε0exp

[
−1

4

(
a

a2 + b2

)
(ω − ω0)

2 − i1
4

(
b

a2 + b2

)
(ω − ω0)

2

]
(2.2)

Here a and b represent the real and imaginary components of the Gaussian en-

velope, ε0 is the amplitude of the electric field, n̂ is an arbitrary unit vector, ω0

is the carrier frequency of the optical wave and ω is angular frequency. The pulse

width, τ p, may be obtained by considering the pulse’s instantaneous intensity, I(t) in

Equation (2.3), resulting in the solution presented in Equation (2.4).

I(t) =
〈
| ε(t) |2

〉
t
' exp(−2at2) = exp

[
−(4ln2)

(
t

τp

)2
]

(2.3)

τp =

√
2ln2

a
(2.4)

The pulse bandwidth, ∆fp, may be obtained similarly by considering the Fourier

transformed Gaussian envelope, Equation (2.2). One can calculate the power spectral

density of the pulse, |Ẽ| (Equation (2.5)), before solving for the full width at half

maximum (FWHM) spectral width, ∆ωp in Equation (2.6). The pulse bandwidth,

∆fp, may then be found by the simple relation shown in Equation (2.7).

| Ẽ(ω) |2' exp

[
−1

2

(
a

a2 + b2

)
(ω − ω0)

2

]
= exp

[
−(4ln2)

(
ω − ω0

∆ωp

)2
]

(2.5)
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∆ωp = 2
√

2ln2

√
a

(
1 +

b2

a2

)
(2.6)

∆fp =
∆ωp
2π

=

√
2ln2

π

√
a

(
1 +

b2

a2

)
(2.7)

The time-bandwidth product may then be solved by utilising solutions from Equa-

tion (2.4) and Equation (2.7)

∆fpτp =
2ln2

π

√(
1 +

b2

a2

)
≈ 0.441

√(
1 +

b2

a2

)
(2.8)

Thus, a given pulse width is dictated by the real parameter of the Gaussian wave-

packet, a, whilst frequency chirp is associated with the imaginary part of the Gaussian

wavepacket, ib. Examining Equation (2.8), this leads to the conclusion that a Gaus-

sian pulse is constrained to a minimum time-bandwidth product of 0.441, assuming

there is no frequency chirp on the pulse in question. A short laser pulse may only be

created from a combination of a large number of frequencies, thus the pulse will have

a large bandwidth [294]. The temporal duration of a laser pulse, therefore, is usually

constrained by the bandwidth of the laser gain medium used [295].

Inside a laser cavity, only frequencies that are a multiple of the laser cavity length,

L, may be amplified, as described in Equation (2.9) below [296].

L =
mc

2f
=
mλ

2
,m = 1, 2, 3, ... (2.9)

Where m is an integer. The frequencies that satisfy Equation (2.9) are known as

the laser modes and contribute to the temporal duration of the laser pulse. If the laser

modes are amplified randomly, the power distribution will be a random fluctuation.

If, however, the modes are amplified simultaneously, with the modes ‘phase-locked’, a

temporally short, high peak power pulse may be produced, with near to zero intensity

between peaks. This process is known as mode-locking [297;298] with sub-10 fs pulses

consisting of >250000 modes. A representation of this may be seen in Figure 2.1.

Production of femtosecond pulses has progressed significantly since the discovery

of ‘self-mode-locking’ in a Ti:sapphire (Ti:Al2O3) laser by Spence et al. in 1991 [299], a

phenomena commonly known as Kerr-lens mode-locking (KLM) [300]. KLM is a passive

mode-locking technique and is the result of self-focusing within a laser medium, a

consequence of the non-linear intensity-dependent response of the refractive index, n.

This is due to the electric displacement field, ~D, of a material having a third-order
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Fig. 2.1: A simplified example of laser modelocking, comparing 10 and 20 in-
phase mode summations (pulsed) to a 20 random mode summation (continuous
wave). It should also be noted that the temporal duration of the laser pulse
decreases with more modes when comparing the 10 and 20 mode examples,
shown clearly in the zoomed in right hand plot.

response for high electric fields, ~E, as shown in Equation (2.10) [301].

~D = ε0[1 + χ(1)] ~E + χ(3)
~E ~E ~E = ε ~E (2.10)

Where ε0 is the vacuum permittivity, χ(n) is the electric susceptibility for the nth-

order and ε is the dielectric constant. This dielectric constant may be related to the

refractive index of a medium by Equation (2.11) [293].

n '
√

ε

ε0
=

√
ε0[1 + χ(1)] + χ(3)E2

ε0
= n0 + n2E

2 (2.11)

Thus, the refractive index of the material increases as the electric field increases,

resulting in a focusing effect at the most intense region of the electric field, the central

beam axis. This is a cyclic effect, as higher focusing leads to more intense electric

fields and, thus, a higher refractive index and tighter focussing [302].

A hard aperture may be used in conjunction with the lasing medium to induce

the mode-locking effect [303], where the lower intensity, continuous wave components

of the laser spectrum are physically cut with each round-trip of the cavity. It is also

important to note that KLM is not a ‘self-starting’ process, i.e. in order to produce

ultrashort laser pulses, an external stimulus is required. This may be achieved through

the use of a vibrating mirror and synchronous pumping.

The laser utilised within the Townsend group is also a femtosecond Ti:sapphire sys-
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tem (Spectra-Physics, Tsunami) [304] , synchronously pumped using a 5 W neodymium-

doped yttrium orthovanadate (Nd:YVO4) second-harmonic (λc = 532 nm) diode-

pumped laser (Spectra-Physics, Millenia Pro) [305], producing a 400 mW, 800 nm

output of 50 fs pulses, with a bandwidth of 40 nm and a repetition rate of 80

MHz. This output is used to seed a chirped pulse regeneratively amplified system

(Spectra-Physics, Spitfire Pro XP) [306], synchronously pumped using a Q-switched 20

W neodymium-doped yttrium lithium fluoride (Nd:YLF) second-harmonic (λc = 527

nm) diode-pumped laser (Spectra-Physics, Empower) [307]. The final output produces

4 W, 70 fs pulses, with a central wavelength of 800 nm, bandwidth of 30 nm and a

repetition rate of 1 kHz. A schematic of the femtosecond laser system used for all

experiments within this thesis may be seen in Figure 2.2 below.

Fig. 2.2: Regeneratively amplified Ti:saphire (Ti:Al2O3) femtosecond laser sys-
tem set-up

As previously stated, the regenerative amplification step utilises the chirped-pulse

amplification technique (CPA) [308;309] and is performed in three steps, a simple schem-

atic of which may be seen in Figure 2.3.

Fig. 2.3: A simplified schematic of the chirped-pulse amplification process. Seed
pulses are stretched from the femtosecond to nanosecond regime through use
of a grating pair prior to amplification within a Ti:sapphire crystal. Post-
amplification, the pulses are recompressed to the femtosecond regime though a
second pair of gratings.
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The seed pulses are initially stretched from the femtosecond to nanosecond time

domain using a grating pair; this is required as the power density of the femtosecond

pulses would otherwise damage the optics during the amplification process. The pulse

is then amplified by performing multiple propagations through a Ti:sapphire crystal

(the gain medium), with input and release controlled using a pair of Pockels cells

and a thin film polariser. The Pockels cells are electro-optics components, acting as

voltage-dependent λ/4 waveplates, controlling the input and release of pulses to and

from the regenerative amplifier cavity. The final step is to recompress the amplified

pulses to the femtosecond time domain, utilising a second pair of gratings. The optical

layout of the regenerative amplifier utilised for work within this thesis may be seen

in the schematic in Figure 2.4.

Fig. 2.4: A schematic of the Spectra-Physics, Spitfire Pro XP regenerative amp-
lifier optical layout.
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2.2 Non-Linear Optics

In order to investigate the UV self-protection mechanisms of biological analogues,

one requires femtosecond laser pulses with a central wavelength, λc, <400 nm [310].

To facilitate this through use of the infrared laser system described in Section 2.1.1,

one must utilise several non-linear optical techniques including optical parametric

generation [311;312] and amplification [313;314], sum-frequency generation (SFG) [315] and

second-harmonic generation (SHG) [316]. In this subsection, a theoretical description

of these non-linear processes will be provided, as well as a summary of the optical

set-up utilising them.

2.2.1 Birefringent Crystals and Phase Matching

The relationship between the electric field, ~E, of a light wave propogating through an

optical medium with the electric polarisation, ~P , of the material may be expressed by

Equation (2.12) [317].

~P = ε0χ~E (2.12)

Here χ is the electric susceptibility of the medium. The polarisation, ~P , of the

material is a direct consequence of electric field applying a force to the medium, res-

ulting in a displacement of the electron cloud and a macroscopic polarisation change.

When plotted, ~P versus ~E would show a linear relationship, when | ~E| is small.

As the electric field becomes large, a weakly non-linear structure is formed due to

further distortion of the electron cloud within the medium, resulting in a non-linear

response in the polarisation observed. [318]

~P = ε0(χ1
~E + χ2

~E ~E + χ3
~E ~E ~E + ...) = ε0χ~E (2.13)

In isotropic materials, the polarisation is solely an odd function and so the electric

polarisation is reversible. By symmetry, one can therefore deduce that there are no

even harmonics of the polarisation in these materials. For even harmonics to exist

in the electric polarisation, the medium must have a noncentrosymmetric crystal

structure, an example of which would be a birefringent crystal [319].

The χn terms (where n >1) in Equation (2.13) represent the higher order non-

linearity of the electric polarisation, leading to several non-linear effects. Second order

non-linearities include sum-frequency generation (SFG) [315], difference-frequency gen-

eration (DFG) [320] and second harmonic generation (SHG) [316], a specific form of SFG.
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These non-linear effects may be achieved through an interaction between linearly-

polarised monchromatic plane waves, of frequency ω 1 and ω2 respectively, within a

birefringent crystal structure. The electric field in this case would take the form of

Equation (2.14) [321].

~E = [E1cos(k1z − ω1t+ φ1) + E2cos(k2z − ω2t+ φ2)] ẑ (2.14)

Where kn is the wavevector, φn is the phase term and ẑ is a unit vector. The polar-

isation response of the medium to second-order non-linearity may then be represented

in the form of Equation (2.15) [322].

P(2) = ε0χ2



1
2
E2

1cos[2(k1z − ω1t+ φ1)]

+1
2
E2

2cos[2(k2z − ω2t+ φ2)]

+1
2
(E2

1 + E2
2)

+E1E2cos([k1 + k2]z − [ω1 + ω2]t+ [φ1 + φ2])

+E1E2cos([k1 − k2]z − [ω1 − ω2]t+ [φ1 − φ2])

 (2.15)

In Equation (2.15), the processes from top to bottom are the second harmonic

of ω1, the second harmonic of ω2, the optically rectified field, the sum-frequency

generation of ω1 and ω2 and the difference-frequency generation of ω1 and ω2. Similar

expansions of the polarisation to higher-order non-linearity will lead to further terms

in the electric polarisation [322].

The efficiency of non-linear optical processes depends critically upon matching the

phase velocities of input waves with the noncentrosymmetric crystal axis. Each plane

wave input has its own wave vector, ~kn, and angular frequency, ωn. For a non-linear

process to occur efficiently, a summation of the input wave vectors must be equal to

that of the output wave vector, with a wave vector mismatch, ∆~k, equal to zero [323].

1
~k1 + ~k2 + ∆~k = ~k3 (2.16)

With the angular frequencies also required to satisfy the conditions of Equa-

tion (2.17).

ω1 + ω2 = ω3 (2.17)

When the conditions for Equation (2.16) and Equation (2.17) are satisfied, both

the temporal and spatial phase matching of the three waves is ensured.

There are two main methods of achieving this phase-matched condition temper-

ature tuning [324] and angle tuning [325;326]. Angle tuning is possible due to the bi-

refringence of noncentrosymmetic crystals, which have different refractive indices, for
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a single wavelength, along the ordinary, ô, and extraordinary, ê, crystal axes. The

k -vector will observe an angle dependent refractive index with respect to crystal ori-

entation [327].

Fig. 2.5: k-vector direction with associated ordinary and extraordinary crystal
axis in a birefringent crystal.

The wavenumber of an electromagnetic wave is proportional to the wavelength

and refractive index of the propagation material, as shown in Equation (2.18).

kn =
2πn

λn
(2.18)

The wavenumber may then be related to the phase velocity, vp, of the electromag-

netic wave by Equation (2.19).

vp =
ω

k
(2.19)

2.2.2 Optical Parametric Generation and Amplification

Optical parametric generation [311;312] is a process in which a pump photon, of angular

frequency ωp, interacts with a χ(2) medium, resulting in the production of two photons

of lower frequency known as the ‘signal’ photon, ωs, and ‘idler’ photon, ωi. Given

that this is a parametric process, and thus energy conservation rules must be main-

tained, the frequencies of the initial and emitted photons must be equal, as shown in
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Equation (2.20).

ωp = ωs + ωi (2.20)

Furthermore, phase matching conditions must also be satisfied, as described in

Section 2.2.1. This may be achieved through angle-tuning of the non-linear medium

with respect to the input beam.

Fig. 2.6: Diagrams showing the production of a signal and idler beam from a
white light continuum (WL) seed via optical parametric generation (a)), before
undergoing optical parametric amplification upon a second interaction with the
χ(2) medium (b)). A Jablonski diagram representative of this process may also
be seen in c).

Through use of a white light continuum or a signal or idler beam as an additional

input, it is possible to also amplify the optical parametric signal through a process

known as optical parametric amplification [313;314], an illustration of which may be seen

in Figure 2.6. In the commercial optical parametric amplifier utilised for work within

this thesis (OPA-800CF, Spectra Physics) [328], both of these parametric techniques

are employed in order to generate a usable signal or idler beam for further frequency

conversion techniques. A 1 W 800 nm input beam is split at a 96:4 ratio to be used as

a pump beam and for white light continuum generation respectively. The pump beam

is then further split at a 15:85 ratio, so as to create two individual beams for pump-

ing the non-linear medium. The white light continuum is co-propagated through a

β-barium borate crystal (BBO) with 15% of the pump beam, with pulses temporally

overlapped through use of a manual translation stage. The white light continuum acts
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as a seed for the process, with phasematching conditions for production of the signal

and idler achieved through angle tuning of the BBO. A depletion of the white light

continuum and the pump beams leads to the production of a weak signal and idler

beam. By passing the signal and idler beams a second time through the BBO crystal,

co-propagating with the 85% pump beam and temporally overlapped via a second

manual delay stage, it is possible to amplify the signal and idler beams through de-

pletion of the second pump beam. The OPA-800CF utilises a type I frequency mixing

process, producing the signal and idler beams with perpendicular polarisations. This

allows for simple separation of the two outputs through use of polarisation dependent

mirrors post generation. The wavelength ranges of the signal and idler beam are 1.1-

1.6 µm and 1.6-3.0 µm respectively, depending upon the phase matching conditions

utilised.

2.2.3 Sum-Frequency Generation

Sum-frequency generation (SFG) [315] is a second-order non-linear process in which a

photon, of angular frequency ω3, is generated via the annihilation of two photons,

each with an individual angular frequency ω1 and ω2 respectively, upon interaction

with a medium with a χ(2) non-linearity. A simplified picture and Jablonski diagram

of this process may be seen in Figure 2.7 a) and b) respectively.

Fig. 2.7: a) a simple pictorial representation of the sum-frequency generation
process with an associated Jablonski diagram in b). The equivalent diagrams
for second-harmonic generation are represented in c) and d) respectively.

As previously explained in Section 2.2.1, non-linear optical processes depend crit-
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ically upon satisfying the phase-matching conditions of the χ(2) medium utilised. Sim-

ilarly to processes described in Section 2.2.2, sum frequency generation is a parametric

process and thus must satisfy the conditions of Equation (2.17), with the sum of the

angular frequencies of the input photons being equivalent to the angular frequency of

the photon emitted.

Second-harmonic generation [316] is a particular example of sum-frequency genera-

tion in which the angular frequency of the input photons are equivalent, ω1=ω2, with

the resulting annihilation producing a single photon of twice the angular frequency,

ω3. As only photons of a single angular frequency are required to implement this

process, only one beam of light is needed to perform this technique, with the second

harmonic co-propagating with the fundamental frequency post generation. An ex-

ample of second harmonic generation and its’ associated Jablonski diagram may be

seen in Figure 2.7 c) and d).

Throughout this thesis, the medium used to perform these non-linear optical pro-

cesses is a β-barium borate (BBO) crystal [329]. In order to generate the various

wavelengths utilised in the experiments described, it was necessary to use a selection

of BBO crystals cut at a range of angles with respect to the crystal optical axis, with

optimisation of the non-linear process achieved through angle tuning.

The wavelengths required may be obtained through various input configurations

and combinations of the non-linear techniques described. A key staple in the wavelength

production is the utilisation of the harmonics of the laser’s fundamental frequency, a

summary of which may be seen in Table 2.1.

Input 1 (nm) Input 2 (nm) Output (nm) Crystal Angle (°)

800 800 400 29.2

400 800 267 44.2

267 800 200 64.8

Table 2.1: A tabulation of the BBO crystal angles and input frequencies required
for the production of the 2nd, 3rd and 4th harmonic of a Ti:Sapphire laser
system centred at λc = 800 nm. Bold text represents the produced wavelength
of interest.

Harmonics of the laser output are the simplest and most efficient UV wavelengths

to generate due to the high input power provided by the laser system and the minimal

non-linear processes required for their production. In order to interrogate molecules

with a wider range of UV wavelengths, the output of the optical parametric amplifier
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is utilised as part of a two-stage sum-frequency mixing set-up, in conjunction with

the fundamental or harmonics of the Ti:sapphire laser system used. A summary of

some of the wavelengths of interest within this dissertation, as well as the processes

involved in their generation, may be seen in Table 2.2.

Input 1 (nm) Input 2 (nm) Output (nm) Crystal Angle (°)

Stage 1 1257 800 489 23.9
Stage 2 489 400 220 66.0

1238 800 486 24.1
486 486 243 54.9

1292 800 494 23.7
494 494 247 53.4

1333 800 500 23.4
500 500 250 52.4

1392 800 508 23.0
508 508 254 51.1

1454 800 516 22.7
516 516 258 49.9

1536 800 526 22.3
526 526 263 48.5

1720 800 546 21.6
546 546 273 45.9

1823 800 556 21.3
556 556 278 44.8

1935 800 566 21.0
566 566 283 43.7

2032 800 574 20.8
574 574 287 42.9

2163 800 584 20.6
584 584 292 41.9

2307 800 594 20.5
594 594 297 41.0

Table 2.2: A tabulation of the BBO crystal angles and input frequencies re-
quired as part of a two-stage tunable-UV set-up. The output of an OPA-800CF
is utilised as part of a sum-frequency mixing process, with the solid line repres-
enting the switch from signal (above line) to idler beam (below line). Produced
wavelengths of interest are shown in bold.
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Although the non-linear processes described previously are convenient for the gen-

eration of UV-pulses, it is also important to consider their implications upon the tem-

poral characteristics of the produced laser pulses and what precautions may be taken

to minimise their impact. This will now be discussed in Section 2.2.4

2.2.4 Pulse Dispersion

A complication in the use of non-linear crystals for frequency conversion is the dispers-

ive effect it may have on the temporal duration of a laser pulse. To explain this, one

must first consider the phenomena of group delay [330], τ g, presented in Equation (2.21)

below.

τg = −dφ
dω

=
ω0

vφ(ω0)
(2.21)

Here dφ/dω is the total spectral phase shift with respect to angular frequency

and vφ is the wavelength-dependant phase velocity. Equation (2.21) shows how, as

a broadband pulse passes through a medium, the constituent frequencies within the

pulse will travel at a phase velocity dependent upon their corresponding wavelength

and thus will be delayed with respect to one another. The rate of change of this delay,

with respect to angular frequency, is known as the group delay dispersion [327], GDD,

as shown in Equation (2.22) below.

GDD = −dτg
dω

=
d2φ

dω2
=

1

vg
(2.22)

Here, vg is group velocity, a wavelength-dependent property which describes the

speed of a Gaussian pulse envelope travelling through a particular length of medium.

The group delay dispersion, therefore, represents a measure of the chromatic disper-

sion of a particular optical element of known length.

In order to asses the impact of dispersive media on the temporal duration and

shape of a Gaussian pulse, however, one must consider the change in the group velocity

with frequency variation. This quantity is known as ‘group velocity dispersion’ [331],

GVD, expressed in Equation (2.23).

GVD =
d2τg
dω2

=
d

dω

(
1

vg

)
(2.23)

It is often intuitive to consider the group velocity dispersion in terms of the simple

experimental variables of refractive index, n, and central wavelength, λ0. A short
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derivation leads to the expression represented in Equation (2.24) [322].

GVD =
λ30

2πc20

d2n

dλ20
(2.24)

As is clearly seen in Equation (2.23) and Equation (2.24), the differential frequency

imposes variation in the group velocity across the Gaussian pulse envelope. As an

ultrashort laser pulse is made from a large combination of frequencies, the Gaussian

pulse envelope is prone to elongate, compress and/or change shape depending upon

the medium the pulse propagates through.

Throughout the experiments described within this thesis, the effects of GVD have

been minimised through pre-chirping the laser pulses, utilising the internal compressor

within the Ti:sapphire amplifier described in Section 2.1.1. Pre-chirping is a process

by which a negative chirp is purposely applied to a laser pulse, with shorter frequencies

of light propagating ahead of longer frequencies. As the pulse passes through various

optical components, a positive chirp is applied to the pulse, with longer frequencies

propagating through the materials faster than shorter frequencies. The compressor is

optimised such that the non-linear processes described in Section 2.2.3 occur with a

maximum efficiency. As it is only possible to optimise one of the two optical lines (the

pump or probe) utilising this technique at any one time, the second line is optimised

by propagating the beam through glass plates, applying chirp to the laser pulse, again

achieving optimum compression.

2.2.5 The Beamlines

Schematics of the two main optical beamline set-ups utilised for experiments through-

out this thesis are shown in Figure 2.8.

In the 267/200+800 set-up, the initial input beam, of power 2.4 W and central

wavelength, λc, 800 nm, is split at a 2:1 ratio into two beams of 1.6 W and 0.8

W respectively. The 1.6 W beam is utilised as the pump beam within this set-up,

undergoing the various non-linear procedures, whilst the 0.8 W beam acts as the

probe.

The pump beam is initially reflected off a hollow gold retroreflector (# 46-188,

Edmund Optics) mounted on a computer controlled linear translation stage (M-

403.12s, Physik Instrumente). The stage is utilised within the time-resolved experi-

mental set-up to control the temporal separation between the pump and probe beams.

Through use of a pair of curved tunable laser line mirrors (TLM1-800-0-1025-3.00CC,

CVI Laser Optics and TLM1-800-0-1025-1.00CX, CVI Laser Optics respectively), the

pump beam is telescoped down at a ratio of 3:1. This step is taken so as to increase
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Fig. 2.8: Optical set-up utilised for various time-resolved experiments
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the power density of the pump beam as well as to more easily propagate through

the BBO crystal apertures without clipping. The required 200 or 267 nm light may

then be generated through the use of an in-house built harmonics box. The two

configurations for the harmonics production may be seen in Figure 2.9.

Fig. 2.9: Schematics of the harmonics box orientations utilised for the produc-
tion of 267 nm and 200 nm pump beams.

For the generation of 267 nm light, as shown on the right of Figure 2.9, the in-

put beam is initially split through use of a 75% reflective beamsplitter. The more

intense reflected beam undergoes second-harmonic generation through use of a ver-

tically mounted BBO crystal (0.5 mm thick, 29°), producing vertically-polarised 400

nm pulses through type I phase matching. The less intense transmitted beam is

propagated an equivalent path length, with the initial horizontal polarisation rotated

to vertical through use of a half waveplate. The two beams are then recombined and

co-propagated through use of a combiner optic (106853, Layertec), with fine control

of the pulse overlap achieved through use of delay stage 1. The co-propagating beams

are then incident upon a horizontally mounted BBO (0.2 mm thick, 45°) producing a

sum-frequency generated beam of horizontally-polarised 267 nm pulses. Residual 800

nm and 400 nm beams are separated from the 267 nm pulses through use of 267 nm

high reflectors.

For the production of 200 nm pulses, as in the left side of Figure 2.9, further non-

linear processes are required. The input beam is again initially split through use of a

75% reflective beamsplitter, with the more intense reflected beam interacting with a

second beamspiltter which is 25% reflecting. This produces 3 beams which are 18.75%,

25% and 56.25% of the initial input respectively. The most intense of these inputs

(56.25%) interacts with a half waveplate rotating the initial horizontal polarisation

to vertical. This beam then undergoes second-harmonic generation through use of a
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horizontally mounted BBO crystal (0.5 mm thick, 29°), producing vertically-polarised

400 nm pulses through type I phase matching. The second most intense beam (25%) is

propagated an equivalent distance and overlapped with the 400 beam through use of a

beam recombiner, with fine control of the pulse overlap achieved through use of delay

stage 1. The co-propagating beams pass through a second BBO crystal (0.2 mm thick,

45°), mounted vertically, producing vertically polarised 267 nm pulses through a sum-

frequency generation process. 267 nm pulses are separated from the residual 800 nm

and 400 nm beams through use of 267 nm high reflectors. The least intense input beam

(18.75%) is propagated along an equal path length to the produced 267 nm pulses

and with the beam’s polarisation rotated from horizontal to vertical through use of a

second half waveplate. This 800 nm beam and the previously produced 267 nm pulses

are spatially overlapped in a third BBO crystal (0.1 mm thick, 65°) and temporally

overlapped through use of a second manual delay stage. Non-linear interactions with

the BBO crystal produce 200 nm pulses again through a sum-frequency generation

process, with residual 267 nm, 400 nm and 800 nm pulses separated through use of

200 nm high reflectors.

The produced pump beam (267/200 nm) is focussed through use of a 63 cm focal

length lens (630PQ25, Comar Optics), propagated to a combining optic (101343,

Layertec or PW1-1012-UV, CVI Laser Optics) and reflected into the time-of-flight

mass-spectrometer. The 0.8 W probe beam is propagated an identical distance as

the pump beam post separation, focussed through use of a 50 cm focal length lens

(LA5464, Thorlabs) and co-propagated through the combiner optic with the ‘pump’

beam into the time-of-flight mass-spectrometer.

Fig. 2.10: Schematic of a 2-stage tunable-UV set-up
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In order to produce more exotic UV-wavelengths for the pump beam, a 2-stage

tunable-UV set-up is required, as may be seen in Figure 2.10. 1 W of the initial

laser output is split through use of a series of beam splitters and telescoped at a 3:2

ratio (TO-DM2000C8D56, Newport Optic and TO-FM2500C8D56, Newport Optic

respectively). The beam then enters an OPA-800CF producing an output of either

a signal or idler beam, as described in Section 2.2.2. The produced OPA beam is

converted from vertical to horizontal polarisation through use of a periscope, then

focussed using a 20 cm focal lens (LA1708-C, Thorlabs) and propagated to a hori-

zontally mounted BBO crystal. A beam of 800 nm pulses is propagated along an

equivalent path length to the OPA output, focussed through use of a 30 cm glass lens

and spatially overlapped with the OPA output in the BBO crystal. Temporal overlap

is achieved through use of a manual translation stage and characteristics of the BBO

utilised are determined by the input beams and information found in Table 2.2. A

non-colinear sum-frequency generation process occurs between the input beams and

BBO producing an intermediate wavelength in the first stage of tunable-UV genera-

tion. The intermediate wavelength obtained may be utilised in either a sum-frequency

generation set-up or second harmonic generation set-up depending upon the tunable

wavelength desired.

In a second-harmonic generation set-up, the intermediate wavelength beam is fo-

cussed through use of a 30 cm focal length lens (LA4579-A, Thorlabs) and is propag-

ated through a second BBO crystal. The characteristics of the BBO utilised are

determined by input the parameters as shown in Table 2.2. A non-linear interaction

between the input beam and BBO crystal ensues, producing second-harmonic UV

pulses.

In the case of a sum-frequency generation set-up during this second stage, an

additional beamline is required. A further portion of the initial laser output may

be utilised and frequency doubled through use of an additional horizontally-mounted

BBO crystal (0.5 mm thick, 29°), producing 400 nm pulses. These 400 nm pulses

are propagated an identical distance to the produced intermediate wavelength beam,

focussed into the same BBO through us of a 20 cm focal length lens (LA1708-A,

Thorlabs) and spatially overlapped. Temporal-overlap between the intermediate beam

and 400 nm pulses was achieved through use of a manual translation stage. The non-

colinear beams interact with the BBO crystal producing a UV beam. A complete

list of the various intermediate wavelengths utilised and produced UV beams may be

seen in Table 2.2.

The produced tunable-UV may be separated from any residual beams through

use of a series of UV high reflectors and is focussed through use of a 63 cm focal
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length lens (630PQ25, Comar Optics). The focussed pump beam is then reflected

off a combining optic and propagated into the time-of-flight mass-spectrometer. The

probe 800 nm beam is propagated an equivalent distance as the tunable-UV pulses,

focussed by a 50 cm focal length lens (LA5464, Thorlabs) through the combining optic

and co-propagated with the tunable-UV beam into the mass-spectrometer. Timing

between the 800 nm probe pulses and tunable-UV pump are controlled via an elec-

tronic translation stage in the probe beamline.
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2.3 The Spectrometer

The study of gas-phase molecules allows one to distinguish between intrinsic molecular

properties and those that are a consequence of the surrounding environment. The

fundamental dynamics of a molecule following photoexcitation can be perturbed by

intermolecular effects. Background-free study of gas-phase molecules may be achieved

through use of vacuum technology, removing extraneous molecules from the sample-

laser interaction region.

In this subsection, a thorough description of the vacuum chamber designed and

utilised for experiments within this thesis will be given. In addition, an overview

of the instruments contained within the vacuum chamber used to produce a neutral

sample plume, control the motion of ions and electrons and those utilised for the

detection of such particles, will be described at length.

2.3.1 Time-of-Flight Mass-Spectrometer

A newly commissioned time-of-flight mass-spectrometer [332;333] has been utilised for

all experiments performed within this thesis. Construction and characterisation of

the device formed a considerable part of the work undertaken, with the assistance

of Dr Omair Ghafur, while the design of the spectrometer itself was performed by

Dr Ghafur. A CAD drawing of the design may be seen in Figure 2.11 with an addi-

tional cut-through view available in Appendix A. The ultra-high vacuum spectrometer

itself consists of a single chamber evacuated through use of a pair of turbomolecu-

lar pumps (STP-ix455C, Edwards Vacuum and EXT75DX, Edwards Vacuum) with

pumping speeds 450 l/s and 60 l/s respectively. The turbomolecular pumps may only

safely operate in the molecular-flow regime, therefore a pair of backing rotary pumps

(nXDS10i, Edwards and XDS35i, Edwards respectively) are required for the trans-

ition between viscous and molecular flow. Pressures in the two regimes are measured

through use of active pirani (APG100-XLC NW25, Edwards Vacuum) and wide range

gauges (WRG-S-NW35, Edwards Vacuum), with a minimum achievable pressure of

10-8 mbar.

Within the chamber itself there are various components which are utilised to pro-

duce time-resolved photoion-yield data of non-volatile molecular species. These in-

clude a soft thermal desorption molecular source used to produce a gas plume of the

sample of interest, a velocity map imaging electrostatic lens set-up which controls the

motion of ions and electrons post laser interaction and a microchannel plate/ phos-

phor detector which allows for the detection of charged species. Each of these parts
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will be discussed in turn in the proceeding sub-sections.

Fig. 2.11: TRIY spectrometer overview. The rear repeller electrode (A) in-
corporates a clamp holding a 10 mm stainless steel foil on which sample is
deposited. The foil clamp is located at one end of a larger cylindrical mount, to
facilitate easy installation and removal. Circular motion of the rotation coupler
is achieved via a mechanical air-to-vacuum feedthrough (not shown), generating
counter-rotation of the foil-plus-cylinder arrangement via a simple gear system.
A gold brush contact maintains the electrical connection to the repeller elec-
trode at all times (required as the foil holder rotates on Teflon bearings). The
ion optics are 80 mm in diameter, mounted on 4 × 10 mm diameter PEEK
support rods. Spacing between the outer edges of the electrodes is 8 mm (A-B)
or 12 mm (B-E). The extractor electrode (B) consists of a flat plate (1.5 mm
thick) with an 8 mm diameter through hole plus an 8 mm thick aperture with a
conical taper (26 to 36 mm diameter). Electrodes C-E are 8 mm wide, have an
inner lip thickness of 3 mm and 26 mm diameter clear apertures. The overall
distance from the pump/probe laser interaction region to the detector is 97 cm.

2.3.2 Soft Thermal Desorption Molecular Source

Within the 6-way cross depicted in Figure 2.11, one can see the soft thermal desorption

set-up utilised to produce a neutral plume of molecules. A solid sample of interest is

deposited on a 10 µm thick, 32 mm diameter, circle of stainless steel foil. Deposition
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is achieved through simply pressing the sample to a cleaned stainless steel foil, with

a small amount of methanol used to help bind to the surface. The foil and sample

are then positioned in an in-house built off-axis manual rotation mount, shown in

the inset of Figure 2.11. The mount turns via the rotation of a knob external to the

chamber, with motion facilitated by a series of stainless steel cogs.

Fig. 2.12: A simplified diagram depicting the soft thermal laser desorption
process.

A window positioned behind the sample foil allows access for a 1 W, λc= 445 nm,

laser (44513FPA5, Kale CNC) to facilitate sample desorption, focussed through use

of a pair of lenses of focal lengths 10 cm (LA1509, Thorlabs) and 20 cm (LA4102-

A, Thorlabs) respectively. A pair of lenses are utilised so as to first expand the

desorption beam, post the focal point of the first lens, and then more tightly focus

through use of the second lens. A soft thermal localised heating on the rear side of the

foil, provided by the desorption laser beam, produces a neutral plume of molecules of

interest propelled from the front side of the foil. The desorption laser could be used in

both continuous wave and pulsed operation modes, controlled through the use of an

in-house built pulse generator triggered off the output of the regenerative amplifier.

This allowed for the production of desorption laser pulses down to 100 ns duration

and made it possible to investigate if there is any temporal profile to the generated

plume, such as in the laser induced acoustic desorption (LIAD) technique discussed

in Section 1.4.2. Subsequent investigations lead to the conclusion that the plume

produced no significant temporal nature through use of a pulsed laser and thus the
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desorption process is likely thermal in nature. A simplified diagram of the thermal

desorption process may be seen in Figure 2.12.

The design of the sample mount also allows for quick sample replenishment; with

the foil rotation off-axis with respect to the desorption beam position, turning the

external knob between scans provides a fast method for sample renewal.

The rotation mount itself is integrated into the repeller plate of a set of ion optics,

the operation of which will be explained in Section 2.3.3. To prevent charge build-

up of the solid sample, the foil mount is grounded through the use of gold electrical

contacts, as shown in the inset of Figure 2.11.

Post production of the molecular plume, the pump and probe laser beams dis-

cussed in Section 2.2.5 are focussed into the gaseous sample, exciting and ionising the

molecules of interest. The motion of the charged particles produced is then dictated

through use of ion optics, as will be discussed in Section 2.3.3.

2.3.3 Ion Optics and Velocity Map Imaging

Ion optics consist of three principle plates, a repeller plate, an extractor plate and a

ground plate. The function of the ion optics is to control the motion of ions produced

via laser excitation within the interaction region between the repeller and extractor

plates. A simplified diagram showing the operation of the ion optics, in conjunction

with the laser desorption source, used within this thesis may be seen in Figure 2.13.

The repeller and extractor plates have voltages applied via in-house built high

voltage supply units creating an electrostatic field. In time-resolved photoion-yield

spectroscopy, the repeller plate is set to a higher positive voltage than the extractor

plate, so as the ions have a net motion away from the repeller and, by consequence,

electrons have a net motion towards the repeller plate. The ratio of the voltages

between extractor and repeller plates determines the acceleration of the photoions,

with photoions separated depending upon their mass-to-charge ratio. Lighter and/or

more highly charged ions are accelerated faster than heavier and/or less highly charged

ions. This information is extremely important for photoion-yield experiments, where

it is essential to relate the arrival times of detected photoions to the ions mass. In

the time-resolved experiments presented within this thesis, the optimal voltages for

collecting photoion-yield data were found to be 2500 V and 2200 V for the repeller

and extractor plates, respectively.

The final plate utilised in the ion optics set-up is a ground plate. The role of the

ground plate is to stop further propagation of the electrostatic field produced by the

extractor and repeller plates, creating a field-free region for ion propagation known
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Fig. 2.13: A simplified diagram depicting the ion optics and the time-of-flight
mass spectrometry set-up utilised for data collection. The VMI optics consist
of a repeller plate, an extractor plate and a ground plate.

as the flight tube. The accelerated ions travel at a constant velocity within the flight

tube and spatially separate depending upon their mass-charge ratio. Shielding from

external magnetic fields is achieved through use of mu-metal, which surrounds the ion

optic set-up. Rather than blocking the external fields, the high permeability of the

mu-metal provides an alternate route for the fields to propagate around the shielding,

in turn creating a field-free region within the mu-metal shell.

In addition to functioning as standard ion optics, the design was simulated by

Dr Omair Ghafur for velocity map imaging capability, with a particular focus on

photoelectron spectroscopy. Velocity map imaging for photoelectrons consists of the

same ion optics as previously described, except repeller and extractor plates have

high negative voltages applied to them. When the ratio between the extractor and

repeller voltages is approximately 0.75 (0.7-0.8 depending upon the exact design of

the ion optics), an Einzel lens may be created. The inhomogeneous field created

by the Einzel lens maps the velocity of the electrons to different locations on a 2D

detector, independent of their initial ionisation position. This allows for time-, energy-

and angle-resolved data to be obtained in an extremely differential measurement. A

diagram of a velocity map imaging photoelectron set-up incorporating a thermal-

desorption source may be seen in Figure 2.14.

Dr Omair Ghafur performed simulations for two sample foils offset by 0.1 mm in
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Fig. 2.14: A simplified diagram depicting velocity map imaging time-resolved
photoelctron spectroscopy set-up incorporating a soft thermal-desorption source.

both mu-metal shielded and unshielded designs using SIMION 8.0, with a gridstep

of 0.025 mm. The repeller voltage was set to 3000 V for the simulation and the

source was positioned 3 mm from the repeller plate in the unshielded design and built

within the repeller plate for the shielded design. A laser focus of 0.2 by 0.2 mm was

assumed with an ionisation length of 2 mm in the laser propagation direction. The

electrode design was optimised through use of a simple simplex type downhill iterative

optimisation. The resolution is presented as a percentage of radial standard deviation

of the hit points/ average radius, with plots shown in Figure 2.15.

As can be seen in Figure 2.15, the inclusion of a mu-metal shield greatly reduces

the effects of sample foil offset, obtaining a minimum for an extractor voltage of -2657

V. The unshielded design is far more sensitive to the foil axis position, with a 0.1 mm

change resulting in an extractor voltage variation of 15 V. Although the inclusion of

the mu-metal shield slightly decreases resolution, the reduced sensitivity to the foil

axis position allows for more robust data acquisition.

This short discussion of the velocity map imaging capabilities of the spectrometer

has been included due to the initial design brief and the intended future direction

of the experimental set-up. No time-resolved photoelectron data will be presented

within the results chapters of this thesis, however preliminary results of photoelectron

imaging utilising the soft thermal source may be seen in Section 6.1.2.

Once the charged particles of interest have propagated along the flight tube, one

must have a method of detecting them. Section 2.3.4 will discuss the use of microchan-

nel plates and phosphor screens to achieve charged particle detection, as well as the

instruments required to retrieve the spectroscopic data.
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Fig. 2.15: Plots of resolution (%, radial standard deviation of the hit points/
average radius) versus extractor voltage for mu-metal shielded and unshielded
VMI optics produced by Dr Omair Ghafur in SIMION 8.0. Sample foils were
offset by 0.1 mm to show design sensitivity.

2.3.4 Detection of Ions and Electrons

There are numerous devices which may be used to detect the presence of an electron or

an ion, including photomultiplier tubes [334], Faraday cups [335] and Daly detectors [336].

These devices, however, are limited to data acquisition in only a single dimension,

providing no spatial information of where the charged particle hit the detector. In

order to make the spectrometer multifunctional and allow for imaging capability, the

detector utilised within this work is a microchannel plate detector [337], a diagram of

which may be seen in Figure 2.16.

A microchannel plate consists of a highly resistive glass material with a regular

array of channels passing through, each on the order of 10 µm diameter and displaced

by 25 µm. Channels are slightly angled with respect to the incoming charged particles,

so as to minimise back scatter and to increase collisions with the channel walls. As

the photoion or photoelectron hits a channel wall, secondary electrons are produced

due to each channel being coated with a highly resistive semiconductor coating. Each

subsequent channel wall hit by a charged particle produces further electrons resulting

in an electron cascade effect.

The detector utilised for experiments described within this thesis is a chevron

microchannel plate, whereby two microchannel plates are stacked rotated 180° with

respect to each other, as shown in Figure 2.17.

The chevron configuration achieves a gain on the order of 107 electrons. A phos-

phor screen (P47) used in conjunction with the chevron MCP converts the produced
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Fig. 2.16: A diagram depicting a microchannel plate detector. Inset shows the
electron cascade effect when a charged particle is detected in a channel.

Fig. 2.17: A cut-through diagram of a chevron MCP detector, in conjunction
with a phosphor screen, used for the detection of charged particles.

electron cascade into flashes of light, which may then be detected through use of a

CCD camera (DMK21BF04, The Imaging Source) or a photomultiplier sensor and

oscilloscope combination (MicroFM-10035-X18, Sensl and TDS1002b, Tektronix), for
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velocity map imaging and time-of-flight experiments, respectively.

2.3.5 Initial Testing and Results

Initial testing of the chamber and desorption source was performed using time-invariant

time-of flight mass spectrometry of various non-volatile molecular species. Test mo-

lecules included buckminsterfullerene (C60), 1,4-bis(phenylethynyl)benzene (BPEB)

and DL-phenylalanine. BPEB and DL-phenylalanine where interrogated using 267

nm pulses and were utilised for testing due to their extremely low vapour pressures (6

x 10-10 mmHg [338] and 2 x 10-8 [339] mmHg at 25 °C respectively), whilst 800 nm pulses

where used for the interrogation of buckminsterfullerene, which was utilised to test if

it were possible to put significantly larger non-volatile molecules (5 x 10-6 [340] mmHg

at 25 °C) into the gas phase through use of the thermal desorption source. Time-of

flight traces obtained for the three molecules may be seen in Figure 2.18 below.

Fig. 2.18: Time-invariant time-of-flight mass spectra of buckminsterfullerene
(800 nm), 1,4-bis(phenyletenyl)benzene (267 nm) and DL-phenylalanine (267
nm).

One of the key features of the time-of-flight spectra is a prominent parent peak

in each of the three test molecules (720, 278 and 165 mass-to-charge ratio, m/z, for

buckminsterfullerene, BPEB and DL-phenylalanine respectively). This shows that a

portion of the molecules produced through use of the thermal desorption source are the

neutral unfragmented parent. Presence of this signal is important for the intended ex-

periments, as it would otherwise not be possible to perform spectroscopic studies of the
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neutral molecule. A further observation is that the fragmentation patterns observed

in buckminsterfullerene and DL-phenylalanine show many resemblances to those pro-

duced via electron impact ionisation experiments (this information is not presently

available for BPEB to the best of the authors knowledge). In DL-phenylalanine,

peaks observed at m/z = 120, 103, 91, 74, 65, 46, 28 and 18 are consistent with

those observed in electron impact measurements [341], with major peaks seen at m/z

= 360 and 240 in buckminsterfullerene [342], representing the doubly and triply charged

parent ion, further consolidating this notion.

Further testing of the chamber and desorption source were performed using time-

of-flight mass spectrometry of uracil, a time-invariant example of which may be seen

in Figure 2.19 below.

Fig. 2.19: Time-invariant time-of-flight mass spectra of uracil using 267 nm
light pulses. Inset is a stick model of the uracil structure.

The mass spectra shows the expected parent peak at m/z = 112 , with significant

fragments at m/z = 69, 40, 28 and 14, again consistent with electron impact ionisa-

tion measurements [343]. Uracil was then the first molecule used for a time-resolved

experiment utilising the thermal desorption source, with an example output shown in

Figure 2.20.
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Fig. 2.20: Time-resolved photoion-yield spectrum of Uracil utilising a 267 nm
pump and 400 nm multiphoton probe.

Figure 2.20 consists of a three-dimensional plot, with m/z represented on the x -

axis, pump-probe separation in femtoseconds on the y-axis and relative signal on the

z -axis. The y-axis shows the data plotted on a mixed linear-logarithmic scale, with

linear steps of 30 fs from -300 to 600 fs followed by 9 logarithmic steps out to 25 ps.

In the example shown, the pump wavelength was 267 nm and the multi-photon probe

was 400 nm. As can be seen in Figure 2.20, there is a wealth of dynamical information

contained within a single time-resolved spectra, however details will not be provided

at this time, with an extended analysis provided later in Chapter 4.
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2.4 Conclusion

This chapter has provided a valuable insight into the construction and commission-

ing of a state-of-the-art time-of-flight mass spectrometer utilising a soft thermal de-

sorption source. Non-volatile model biological chromophores have been interrogated

through use of this device using the time-resolved photoion-yield spectroscopy tech-

nique. Furthermore, this chapter describes the operation of a femtosecond regeneratively-

amplified laser system as well an extensive discussion on non-linear optics, with a

particular focus on frequency conversion techniques. The descriptions and knowledge

provided within this chapter are central to understanding the concepts discussed in

the subsequent chapters to come.

The proceeding chapters will describe much of the practical work undertaken

throughout the duration of this PhD. Chapter 3 will discuss the extensive software

development undertaken for the collection and analysis of time-resolved photoion-

yield data, followed by Chapter 4 which discusses the non-adiabatic dynamics of the

the RNA base uracil, as well as complimentary analysis of its’ sulfated equivalent

2-thiouracil. Chapter 5 will then proceed to discuss a wavelength-dependent study

of the UV chromophore 5,6-dihydroxyindole before Chapter 6 discusses the future

outlook of the thermal desorption project as well as providing concluding remarks to

the work undertaken.
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Spectroscopic Software Development:
The Code

In order to perform a time-resolved measurement to investigate the ultrafast dy-

namics of a molecular system, one must utilise numerous pieces of hardware; these

include translation stages for optical time-delay control, shutter systems to allow for

background readings and detection equipment to collect data, such as cameras and

oscilloscopes. It is possible to take this data through manually altering these hard-

ware components, however this would be very inefficient and time consuming. It is

therefore logical to automate much of this acquisition process, allowing the user to

collect data with comparative ease. Furthermore, given that fitting of spectroscopic

data is often of a complicated but repetitive nature, development of a graphical user

interface (GUI) programme for the analysis of time-resolved ion-yield transients is also

highly beneficial. Three extensive GUI programmes, consisting of over 10000 lines of

code, have been developed for this purpose. The codes, TOFSET2, TOFRUN2 and

TOFANALYSE2, allow one to acquire and analyse time-resolved photoion yield data

within user-friendly, self-contained programmes. The GUIs have been developed us-

ing MATLAB software due to its ability to handle large quantities of data and due to

programmes previously constructed within the Townsend group having utilised this

platform. Spectroscopic software development has been a huge part of the work un-

dertaken, and as testament to this the base code for these GUIs is available online

(doi 10.5281/zenodo.1419591) and work flow diagrams of its operation may be seen

in Appendix B-Appendix E respectively.
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3.1 TOFSET2

The first GUI developed was the TOFSET2 programme, designed to allow the user

to initially interface with a Tektronix TDS 1002B oscilloscope, dynamically control

the oscilloscope settings and record single or multiple time of flight (TOF) spectra

from the laser-desorption spectrometer. This was a particularly useful programme as

it allowed for on the fly collection of time-invariant mass spectra with relative ease.

The graphical user interface of the TOFSET2 programme may be seen in Figure 3.1

below.

Fig. 3.1: TOFSET2 graphical user interface showing a combined butadiene and
4-hydroxyiondole time-of-flight spectra

Upon initialisation of the GUI, the programme opens communication with the

oscilloscope and updates the settings to those of the last closed session, or if these are

non-existent, to a set of base parameters. The GUI reacts accordingly, displaying a

series of pop-up menus allowing one to alter the timebase, volts per division, averaging,

channel number and the acquisition mode. If these parameters are then altered within

the GUI environment, the oscilloscope will update to those selected. The user also has

the opportunity to load in settings from a previous successful data acquisition. Time-

of-flight spectra may then be collected as either a single scan from the oscilloscope, or

via series of scan iterations with a user defined delay between readings, plotting each

individual trace on acquisition. The data may then be saved to text and/or Excel
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format, exported as a parameter file to the next section of the acquisition programme

(TOFRUN2), or used to perform a preliminary calibration of the data, changing the

time-of-flight axis seen in the raw data to a mass-to-charge (m/z ) scale. The data is

calibrated through utilisation of two horizontal scroll bars to select two known mass

peak positions (or a known mass peak and a zero position) and solving Equation (3.1).

mq = kt2 +m0 (3.1)

Here m0 is a mass offset, k is a calibration constant, t is the flight-time of a

particular mass peak with respect to the laser trigger and mq is the calibrated mass

for a particular temporal peak. The data is then filtered to only account for masses

of m/z ≥ 0. A final feature of this programme is the ability to apply a voltage offset

to the produced spectra, with it possible to scale the base line position through use

of an addition vertical scroll bar. This data may then again be saved or exported as

a settings file for the collection of time-resolved data in TOFRUN2.

The TOFSET2 programme was generally useful for the collection of time-invariant

mass spectra and used extensively throughout the data collected within this thesis. A

particular example of its application within the proceeding chapter is for the collection

of one-colour ion-yield signals or two-colour mass spectra with a fixed time delay. For

uracil and 2-thiouracil, 267 nm and 400 nm one-colour mass spectra, as well as 2-

colour signals at fixed time delays of 0 ps and 5 ps, were able to be recorded using this

software, as may be seen in Section 4.3.2. Furthermore, this programme facilitated the

collection of data for a power-dependence study of uracil, utilising the same excitation

conditions and fixed time delays. Relative parent and fragment ion intensities were

monitored with respect to the probe power, elucidating the photon order for the

formation of each of the peaks, as will be discussed further in Section 4.3.3.
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3.2 TOFRUN2

This GUI may be utilised for the acquisition of time-resolved photoion yield data from

the laser-desorption set-up, again controlling a Tektronix TDS 1002B oscilloscope,

but also a PI M-403.12S linear translation stage and a pair of home built, arduino-

controlled beam shutters. The stage is utilised to control the temporal separation

between pump and probe pulses, whilst the shutters may be employed for collection

of pump-alone or probe-alone data. The interface for the TOFRUN2 programme may

be seen in Figure 3.2.

Fig. 3.2: TOFRUN2 graphical user interface displaying a cross-correlation
time-resolved ion-yield trace of butadiene and 4-hydroxyiondole. Options within
the ‘Scan Setup and Experimental Run’ submenu allows one to control pump-
probe separation and stage position during a scan. The ‘Scan Setup and Stage
Control’ subsection controls the stage position prior to an experimental run,
with it possible to set a relative home position. ‘Background’ and ‘Shutter Con-
trol’ submenus are utilised for arduino shutter control. Individual pump-alone,
probe-alone and pump-probe traces can be monitored during data collection in
the sub-plots to the left of the GUI interface, whilst the summed average of these
traces can be seen in the three sub-plots along the bottom of the GUI.

The TOFRUN2 programme is either opened via exporting data from the TOF-

SET2 GUI, as previously explained in Section 3.1, or through running the base code.

If the latter method is used, the programme requires the user to load in a previous

oscilloscope settings file, so as to provide a clear record of the conditions under which

the data was taken.
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The first consideration when utilising this GUI is to decide if shutters are required

for the intended data acquisition. The arduino-controlled shutters are an optional

addition, with the code designed such that it is possible to attain pump-probe spec-

troscopy data, with options to also record pump-only and/or probe-only background

readings. If shutters are connected, one can manually control their positions through

the GUI, with a toggle button used to clearly show if each shutter is presently open

or closed. If the shutters are not connected or not required for the data acquisition,

the ‘Shutter Control’ and ‘Background’ menu boxes are hidden from the display.

The next stage of operation is the control of the translation stage, which is required

to create a temporal delay between two laser pulses through variation of one’s optical

path length with respect to the other, as well as for a fast and repeatable method

for position control. The user is able to control the position of the translation stage

in a number of ways, with the distance travelled represented by the time for light

propagation (fs), as given by Equation (3.2) below.

t = d/2c (3.2)

Here c is the speed of light, d is the relative distance travelled and t is the light

propagation time. A factor of two is also required as the retroflector mounted on the

translation stage acts as an optical double pass, and thus any distance travelled by the

stage is doubled in the beam propagation. A scroll bar is provided within the ‘Scan

Setup and Stage Control’ GUI subsection for one to move the stage either forwards

or backwards. A further option provided is to use the ‘Go to position’ box, which will

move the stage to a user-defined point. A text box provides a continuous update of the

stage location with reference to a defined ‘Home’ position. A relative home position is

required to allow one to find and record the ‘time-zero’ position between the pump and

probe beam lines, the point at which both have propagated identical distances, prior

to starting the experiment. The ‘Home’ button allows one to return to this defined

position, whilst a new home position may be set using the ‘Set Home’ button. The

time-zero position is found by performing a time-resolved ion-yield measurement on a

molecule with a Gaussian response for the experimental pump and probe wavelengths

utilised. A Gaussian fitting model, which will be discussed further in Section 3.3,

provides the Gaussian peak offset with respect to the assigned home position, as well

as a measure of the cross-correlation between the pump and probe pulses.

Once the time-zero stage position has been located, the user is ready to acquire

time-resolved ion-yield data on the molecule of interest. One initially defines the

pump-probe limits over which data should be attained, and in what incremental

steps, before deciding whether to include a number of additional exponential steps to
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the end of the scan.

The inclusion of exponential steps at the end of a scan’s linear time range is useful

as it allows one to observe the long and short-time dynamics of a molecule within a

single measurement. Other, more laborious, methods to collect data on an extended

timescale would require either excessively long, linearly stepping measurements or

collection of data over multiple experimental runs, interrogating the molecules over

varying time ranges. The number of scans may then be chosen, as well as how many

oscilloscope traces are to be taken and averaged at each translation stage position.

These functions are required so as to limit the effects of statistical fluctuation within

the data, which may be introduced by fluctuations in the laser power or sample density.

At this point, the main routine of the GUI for data collection may be started.

For each translation stage position, a pump-probe oscilloscope trace/average trace

is obtained and plotted in the box labelled ‘Pump-Probe’ to the top left of Figure 3.2.

If background readings are required, additional pump-alone and probe-alone plots

are also presented. The data is then inverted, such that ion peaks are represen-

ted as a positive voltage response, and plotted as a line on a 2D graph of ‘time-of-

flight’/‘m/z ’ vs. pump-probe separation. The plot to the left of this 2D data in

Figure 3.2 presents the total ion-yield for each pump-probe position, a summation

over all ‘time-of-flight’/‘m/z ’, whilst the plots beneath the 2D data are representa-

tions of the total ion signal for each individual measurement. Monitoring the total

ion signal with time is important in the experimental set-up utilised, so as to en-

sure sample concentration is not significantly decaying through use of the thermal

desorption source. Each of these plots are updated within the GUI as each new set

of measurements is recorded. If multiple scans are to be obtained, the 2D plot and

total ion-yield vs. pump-probe separation plot will sum all traces taken at the same

translation stage position. An example time-resolved ion-yield trace may be seen in

the main plot of Figure 3.2. At the end of each scan, pump, probe and pump-probe

data is saved to a text file which may then be analysed through the TOFANALYSE2

GUI, as will be discussed presently.
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3.3 TOFANALYSE2

The final GUI developed, TOFANALYSE2, may be utilised for the analysis of time-

resolved photoion yield data post acquisition, with the capability to carefully calibrate

time-of-flight data to m/z values, remove background signals from pump-probe data,

perform cross-correlation Gaussian fitting of data to obtain instrument response func-

tions and to fit various parallel and/or sequential exponential decay models to obtain

molecular-decay time constants. The interface for the TOFANALYSE2 programme

may be seen in Figure 3.3.

Fig. 3.3: TOFANALYSE2 graphical user interface displaying a time-resolved
ion-yield trace of uracil, following 267 nm pump excitation and a 400 nm probe.

The main panel of Figure 3.3 initially displays the time-resolved ion-yield spectra

experimentally obtained, whilst a plot to the left side shows total ion-yield vs. pump-

probe separation. A particular ion-yield region may be monitored on this left-hand

plot by positioning cursors, controlled by a pair of horizontal scroll bars above the 2D

graph, over a mass region of interest. A final plot of note, below the 2D plot, presents

the ion-yield data summated over all times sampled.

One of the first requirements for analysis of TRIY data is to first accurately calib-

rate the time-of-flight axis to a mass-to-charge ratio. This is performed through a sub-

GUI developed within TOFANALYSE2 and is known as ‘Calibration’, the interface

of which may be seen in Figure 3.4. Once initialised, operation of TOFANALYSE2 is

suspended and the interface displays a plot of the experimental ion-yield time-of-flight
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mass spectrum. Two known m/z peak positions (or one peak and a zero time posi-

tion) are required for axis calibration, in conjunction with Equation (3.1). Use of the

inbuilt MATLAB cursor function allows one to carefully select the centre of a known

mass peak, before confirming the position as a calibration point by clicking either

‘Left Peak’ or ‘Right Peak’. Once two peaks are chosen and m/z values are specified,

the ‘Calibrate/Recalibrate’ button may be used to calibrate the time-of-flight axis

and can be reset through re-pressing. Once an acceptable calibration is achieved, the

‘Export Calibration’ button allows one to save the calibration parameters to a text

file and implement the calibration to the data in TOFANALYSE2.

Fig. 3.4: Calibrate graphical user interface displaying an uncalibrated uracil
TOF trace.

Numerous forms of data manipulation have been incorporated into TOFANA-

LYSE2 for display purposes and to achieve publication-ready image outputs. These

may be accessed through the data manipulation button within the button group on

the right side of the GUI.

Key features include the ability to set m/z and pump-probe separation limits to

zoom in on key areas of the data and being able to plot the pump-probe separation

on a mixed linear-logarithmic axis, with a user optional linear-logarithmic step in-

crement ratio, for easy observation of short and long time dynamics simultaneously.

Further capabilities include the ability to plot TRIY data in 2D or 3D format with

rotatable and reproducible viewing angles, performing 3- or 5-point running average

data smoothing and plotting data intensity on a log-scale. It is also possible to display
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the TRIY data from specific scans, observe 2D pump-alone or probe-alone transient

data or one can subtract these background transients from the pump-probe data.

Examples of some of these features are presented in Figure 3.5.

Fig. 3.5: Example data presentation options available through use of the
TOFANALYSE2 programme. The data presented within the main panel shows
a 3D plot of uracil from a 267-400 nm pump-probe experiment. Individual
pump-alone and probe-alone signals have been subtracted and the temporal data
is presented on a mixed linear-logarithmic plot. Data has also been truncated
between m/z = 0 - 120 for ease of viewing.

In order to fit this TRIY data, it is important to first know the time-zero offset

between the pump and probe beam as well as the instrument response of the spectro-

meter for the wavelengths utilised. These may be obtained by performing a Gaussian

fitting routine on cross-correlation data from a molecule with a zero lifetime. The out-

put parameters obtained provide the the central position of the data peak (time-zero

position) and the Gaussian width (instrument response function). The Gaussian fit,

cc(t), was performed using an inbuilt Levenberg-Marquardt non-linear least squares

fitting routine and was of the form Equation (3.3)

cc(t) = A ∗ exp

[
−(t− t0)2

σ2

4ln(2)

]
+ Y0 (3.3)

Here, A is the Gaussian peak amplitude, t is pump probe separation, t0 is the peak

time-offset, σ is the Gaussian peak variance and Y0 is the baseline offset. A 4ln(2)

factor is required for conversion of the Gaussian variance into a full width at half
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maximum value, representative of the instrument response function from the spec-

trometer. An example cross-correlation and Gaussian fit of the molecule diethylether

may be seen on the left of Figure 3.6.

Fig. 3.6: Example cross-correlation measurement on the molecule diethylether
following 267-400 nm pump-probe ionisation, analysed with a Gaussian fitting
routine. The fit itself may be seen on the left plot within the GUI with details
of the fit seen in the ‘Cross-Correlation Information’ panel.

Once the time-zero offset and Gaussian full width at half maximum values have

been attained, it is possible to implement them as constants within the main fitting

routine for obtaining molecular decay time constants from time-resolved ion-yield

data. The interface for the data fitting is presented in Figure 3.7. Cursors, controlled

by the two horizontal scroll bars positioned above the 2D TRIY data, are utilised

to select an ion-yield region to sum over, which form the ion transients to be fitted.

The code allows for the observation of up to seven dynamical time constants with

an inbuilt Levenberg-Marquardt fitting routine. The fitting function utilised to de-

scribe the transient ionisation signal, ∆S, is initially described in the simplest form

by Equation (3.4)

S(∆t) =
n∑
i=1

Pi(∆t)⊗cc(∆t) (3.4)

Here, cc(∆t) denotes the experimentally determined Gaussian cross-correlation (as

previously described in Equation (3.3)) and is convoluted with Pi(∆t), a series of n

exponentially decaying functions. Pi(∆t) is extremely multifunctional within the GUI
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Fig. 3.7: TOFANALYSE2 GUI interface presenting the fitting options for uracil
267-400 nm pump-probe time-resolved ion-yield data.

framework presented here, with it possible to investigate a wide variety of molecular

decay models utilising a simple set of tick boxes and drop-down menus presented in the

bottom right of Figure 3.7. Options include propagation of molecular time constants

in both pump-probe and probe-pump directions and fitting of both sequential and

parallel molecular decay models, with additional options to include features which

may have an unknown independent rise time or a rise time only feature, which does not

decay relative to the times sampled. A number of example fitting models which may be

implemented for determining two dynamical features are presented in Equation (3.5).

P (∆t) =



a1exp(
−t
τd1

) + a2exp(
−t
τd2

)(1− exp( −t
τd1

)), Sequential forward fit

a1exp(
−t
τd1

) + a2exp(
−t
τd2

), Parallel forward fit

a(−)1exp(
t

τd(−)1
) + a1exp(

−t
τd1

), Counter-propagating parallel fit

a1exp(
−t
τd1

) + a2exp(
−t
τd2

)(1− exp( −t
τr2

)), Unknown rise time feature

a1exp(
−t
τd1

) + a2(1− exp( −tτr2
)), Unique rise time only feature

(3.5)

Here, τ dn and τ d(-)n represent pump-probe and probe-pump decay time constants

respectively, whilst τ rn denotes a rise time time constant and an represents the fit

amplitude associated with a particular dynamical decay. For ease of understanding,

a graphical representation of each of these fitting models may be seen in Figure 3.8.
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Fig. 3.8: Fitting models available employing the TOFANALYSE2 code for a
2 component fit. Examples include sequential and parallel fitting, counter-
propagating parallel fitting and fitting models involving unknown rise time or
rise time only features.

An example output from the fitting routine for a backwards probe-pump fit and

a three-sequential pump-probe fit of the uracil parent ion is presented in Figure 3.9.
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Fig. 3.9: Example of a single fit output from the TOFANALYSE2 programme
for the uracil parent ion following a 267-400 nm pump-probe experiment. Left:
transient parent ion-yield fit and trace for uracil. Right: decay amplitudes.

The left of Figure 3.9 presents the experimental transient ion data as points on

a mixed linear-logarithmic timescale, with solid lines representing the overall fit and

fit components. Below this plot, a smaller graph is presented of the fit residual,

displaying the difference between each experimental data point and its corresponding

fitted value. The right of Figure 3.9 displays the decay amplitudes in the form of a

bar chart, an intrinsic way to compare the relative influence of the various dynamical

processes.

A further fitting feature incorporated into the TOFANALYSE2 software is the

capability to perform global fitting of up to five separate ions. Global fitting means

that the time constants attained from the fitting function are consistent for all ions

analysed, however the relative decay amplitudes are varied for the individual transi-

ents. Transient amplitudes are also normalised so lifetimes observed are not weighted

due to the relative ion abundance. This is a useful tool as it allows one to invest-

igate if comparable dynamics are operating in the different fragments formed in a

time-resolved ion-yield measurement within a single fitting procedure. Transients are

generated in a similar manner to that of an individual fit, utilising cursors operated

by the horizontal scroll bars, however up to five pairs of cursors may now be operated

in this manner for the global fitting option. Choosing how many transients one wishes

to investigate and control of a particular cursor pair is selected through use of the

button panels presented in the top right of Figure 3.7. Tick boxes also allow for a

particular chosen fragment not to be fitted during the global fitting routine, allowing

for fast analysis of ion transient subsets. An example fitting output for the four main

uracil fragment ions, which will be discussed at length in Section 4.3.3, is presented
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in Figure 3.10.

Fig. 3.10: Example of a global fit output from the TOFANALYSE2 programme
showing four transient fragment ion-yield fits and traces for uracil following 267
nm excitation and probed with a 400 nm pulse. Also shown are the associated
decay amplitudes.

A final feature of the TOFANALYSE2 GUI to discuss is that of a background

division feature for compensation of a decaying sample. Due to the use of a thermal
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desorption source, some TRIY measurements displayed sample concentration reducing

throughout the acquisition time of the experiment. This is a problem for the analysis

of molecular lifetimes, as what may be discerned as a decay lifetime may actually be

a signature of lower sample concentrations. This can be monitored within the GUI

through observation of pump-alone or probe-alone signal plotted for each experimental

data point. In such a case, simple subtraction of the pump-alone and probe-alone

data will not be sufficient for background removal and a more refined background

compensation is required for pump-probe transient retrieval.

The first step to this background removal is to create a decay transient by averaging

the pump-alone, probe-alone, or an average of both pump- and probe-alone at each

timestep. Each of the transient peaks of interest may then be divided by this decay

transient so as to form a flat baseline for the pump-probe data of interest, removing

the effects of sample depletion. One can also choose to use only a subset of the

background decay transients for this division removal through use of the tick boxes

in the top right of Figure 3.7. Due to this being a division technique, the baseline of

the transient trace will not be zero, thus when fitting a small manual offset may be

included as a baseline.
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3.4 Conclusion

The construction of the experimental set-up described in Chapter 2 and development

of spectroscopic software discussed in this chapter has formed a huge part of this

PhD. The spectrometer is now fully functioning and code is fully developed for data

acquisition and analysis. Initial results obtained from this set-up are provided in the

proceeding chapters, with further experiments employing the new spectrometer and

developed time-resolved photoion yield software planned.
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CHAPTER 4

Uracil and 2-Thiouracil:
Relaxation Dynamics of Non-Volatile UV Chromophores

The sections preceding this chapter have provided a valuable insight into how and

why one would perform spectroscopic studies, with discussions of the experimental

set-ups utilised and computational acquisition and analysis software developed. The

following chapter will discuss the first results produced from the new time-resolved

photoion-yield spectrometer, presenting results on the UV excitation of uracil across

the 200-267 nm region, as well as a comparative study of the molecule 2-thiouracil

following 267 nm excitation.
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4.1 Motivation and Previous Studies

Ribonucleic acid (RNA) is a vital nucleic acid to all living matter and is essential to

various biological roles including in coding, decoding, regulating, and the expression

of genes [344]. Given the biological relevance of RNA, it is desirable to investigate the

ultrafast relaxation dynamics of such a molecule post-UV excitation to understand

its photo-protection mechanisms, however, given the size of the macromolecule, ana-

lysis of the relaxation process would be challenging. One approach is to utilise a

gas-phase ‘bottom-up’ approach where one investigates the relaxation dynamics of a

UV chromophore within the macromolecule, providing an instructive initial insight

to the relaxation dynamics in an environment free from background perturbations

and cluster effects. The nucelobases of the RNA macromolecule (uracil, adenine,

guanine and cytosine) are prime candidates for such studies and are a rich area for

spectroscopic study.

Fig. 4.1: A graphical summary of the various ultrafast relaxation mechanisms
predicted for uracil predicted by a) Nieber et al. [345], b) Lan et al. [346] and
Fingerhut et al. [347;348], c) Nachtigallová et al. [349] and d) Richter et al. [350].
Image adapted from Richter et al. [350]
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The RNA nucleobase uracil (C4H4N2O2) has been extensively investigated across

the∼220-270 nm UV absorption region through numerous gas-phase spectroscopy and

dynamics studies [351–360], as well as in various theoretical works [346;349;350;361–372]. These

previous studies reveal the complex nature of relaxation dynamics in the uracil mo-

lecule, with various competing non-radiative decay pathways occurring on the femto-

second to nanosecond timescales. Key pathways include those of internal conversion

(IC) from an excited S2(
1ππ*) either to the energetically lower S1(

1nπ*) state or,

alternatively, directly to the S0 ground state, as predicted by Nieber et al. [345]. Sub-

sequent relaxation from the S1 state has been theorised to occur through various

schemes, including via intersystem crossing to the triplet manifold, as calculated by

Richter et al. [350] or through a further IC to the S0 ground state, as found by Lan

et al. [346] and Fingerhut et al. [347;348]. A final theoretically predicted relaxation route

from the S1 state theorised is that of a ring-opening conical intersection of (σ(n-

π)π* character suggested by Nachtigallová et al. [349], connecting the S1 state to the

S0 ground state. For simplicity, Figure 4.1 provides a graphical summary of these

various ultrafast relaxation mechanisms for uracil.

The theoretical prediction of a possible ring-opening mechanism is of particular

interest in the uracil molecule, given this would suggest a destructive and poten-

tially harmful energy dissipation mechanism which would be detrimental to the mo-

lecule’s photostability. Predictions of both S2/S1 (Nachtigallová et al. [349]) and S1/S0

(Nachtigallová et al. [349] and Richter et al. [350]) ring-opening conical intersections have

been found computationally via cleavage of the N3C4 bond in the uracil molecule, as

depicted in Figure 4.2.

Fig. 4.2: Schematic structures of the lowest energy tautomers of uracil and
2-thiouracil.
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In addition to this, Nachtigallová et al. [349] further suggested that the presence of

such a ring-opening mechanism would almost certainly produce new photoproducts

on an ultrafast timescale (predicted 700 fs). Potential experimental evidence of a ring

opening channel has been suggested in nanosecond (1 +1) resonantly-enhanced multi-

photon ionisation (REMPI) experiments on uracil across the 220 - 270 nm absorption

region performed by Barc et al. [358]. In these experiments, the formation of a m/z = 84

peak at wavelengths below 232 nm was attributed to an S2/S1 ring-opening conical

intersection, with further deuterated measurements [373] identifying the fragment as

C3H4N2O
+. Critically, this m/z = 84 fragment is absent in both single-photon ionisa-

tion and collision experiments, which may directly access the excited ionic states [374],

and is also energetically consistent with the energies of all three predicted ring-opening

conical intersections [349;350]. Furthermore, cleavage of the N3-C4 bond results in an

exposed CO group at one end of the molecule and elimination of this moiety follow-

ing photoionisation would yield the observed C3H4N2O
+ fragment. The prediction

of this ring-opening mechanism and m/z =84 fragment appearance was one of the

key motivations for performing time-resolved ion-yield (TRIY) measurements on the

uracil molecule, with the intention of further characterising the dynamical origin of

this specific fragmentation channel. For this purpose, uracil was interrogated utilising

220 nm and 200 nm pump pulses, in conjunction with an intense 400 nm probe.

Although TRIY measurements are not as sensitive or differential as some other

spectroscopic techniques, such as photoelectron spectroscopy or imaging studies, they

are ideally suited to these mass-selective fragment appearance studies given the sep-

aration of ions on an m/z scale. This leads to a final key motivation for the study of

uracil, as well as a further study of the sulfated equivalent 2-thiouracil (the structure

of which may be seen in Figure 4.2), which is the direct comparison of excited state

time constants produced via volatilisation from a soft thermal desorption source to

those of traditional volatilisation methods and more differential studies [360;375]. To this

end, further TRIY measurements on the uracil and 2-thiouracil molecules were per-

formed in order to benchmark the newly designed spectrometer, utilising a 267 - 400

nm excitation-ionisation scheme. The works discussed in this chapter were completed

in collaboration with the group of Dr Sam Eden at the Open University.
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4.2 Experimental Set-up

A full description of the optical set-up, chamber design, sample preparation techniques

and data acquisition software and methods utilised to perform these measurements

have been previously described at length in Chapter 2 and Chapter 3 and the reader

is encouraged to revisit these sections for further information.

Uracil and 2-thiouracil were purchased from Sigma-Aldrich (≥99% purity) and

were used without further purification. Molecular samples were deposited on a 10 µm

thick 316 stainless steel foil (φ = 32 mm) using application of methanol to ensure a

uniform coating 300-500 µm thick. Production of gas-phase species was accomplished

via the soft-thermal desorption technique discussed in Section 2.3.2, with a desorption

laser power typically of ∼330 mW and a spot on the foil ∼1 mm in diameter. Due

to sample burn-off during the volatilisation process, the foil was rotated to a new

position every 45 - 60 minutes with data acquisition temporarily suspended.

The optical set-ups for generation of 400 nm (20 µJ/pulse), 267 nm (1.6 µJ/pulse),

220 nm (0.3 µJ/pulse) and 200 nm (0.2 µJ/pulse) pulses utilised in these measure-

ments are described at length in Section 2.2.5 and should be referred to for a full

overview.

The Gaussian instrument response function was determined using diethylether

backfilled into the interaction region, utilising non-resonant multiphoton ionisation.

Diethylether is an ideal choice for determining the temporal resolution of this experi-

ment as uracil (vertical ∼9.5 eV, adiabatic 9.34 eV) [343;376] and diethylether (vertical

∼9.6 eV) [377;378] have very similar ionisation potentials. This will result in both par-

ent ion signals arising predominantly from the same photon order process in each of

the investigations undertaken, an important consideration as the instrument response

function is dependent upon the photon order of the ionisation process. Further to

this, although 2-thiouracil has a considerably lower ionisation potential (vertical 8.80

eV) [379], for the case of the 267 nm pump investigated here, it too will predominantly

ionise on the same photon order as diethylether. Cross-correlation measurements of

the parent ion were recorded, with resolution optimised though varying the thickness

of BK7 windows (anti-reflection coated for the near-IR) in which the probe beam of

the set-up was incident to prior to the UV generation. Utilisation of this technique

allows one to compensate for the residual (negative) spectral dispersion induced due

to optimisation of the laser amplifier grating compressor for nonlinear conversion in

the pump arm. Numerical cross-correlation values obtained were 140 ± 10 fs, 175 ±
15 fs and 170 ± 15 fs when using the 267 nm, 220 nm and 200 nm pump wavelengths,

respectively.
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4.3 Results and Discussion

The following section will discuss the main results found from our study on the dy-

namics of uracil and 2-thiouracil. Section 4.3.1 will discuss the thermal effects one

must consider due to the use of a soft laser desorption source for sample volatilisation.

An analysis of the parent and fragment transients of uracil and 2-thiouracil after 267

nm excitation will follow in Section 4.3.2 and Section 4.3.3 respectively. An examin-

ation of the 220 nm and 200 nm uracil studies will be then described in Section 4.3.4

before a final discussion of some REMPI nanosecond uracil measurements at 220 nm

in Section 4.3.5. The results discussed in Section 4.3.5 also utilised a soft thermal laser

desorption source for sample volatilisation and were performed by Jana Bocklova and

Andre Robelo at the Open university.

4.3.1 Thermal Desorption Source Characterisation

Prior to discussing the dynamical molecular signatures observed within the uracil

data, it is imperative to first consider the sample temperature. One must consider

the thermal effects which could be induced through use of a laser desorption source,

as well as to ensure that there is no risk of thermal decomposition of the sample

pre-photoexcitation. To investigate the thermal stability of the sample, the ratio

of fragment-to-parent ions was investigated over a range of desorption laser power

settings using one-color multi-photon ionisation at 267 nm, the results of which are

presented in Figure 4.3

As is demonstrated in Figure 4.3, the parent/fragment ion ratios remain steady

for all of the major fragments produced during the photoionisation of uracil. This

strongly suggests that there is no significant thermal decomposition of the sample

through use of the desorption laser over the range of settings investigated.

Estimates of the localised temperature of the stainless steel substrate foil under

various desorption laser power and focussing conditions were made possible through

use of a K-type (chromel-alumel) thermocouple contact which was carefully positioned

at the center of the 1 mm beam focus. Use of such a thermocouple may be justified

when one considers that the thermal conductivities of both chromel and alumel are

both very low (∼18 Wm-1K-1 and ∼30 Wm-1K-1 respectively) [380] and are comparable

to that of stainless steel itself (∼16 Wm-1K-1) [381]. Further supporting arguments may

be made when one considers the respective reflectivities of both alumel and chromel.

Both materials consist of>90% nickel, which shows a comparable reflectivity to that of

stainless steel at the 445 nm desorption laser wavelength (while utilising the reasonable
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Fig. 4.3: Parent/fragment ion ratios obtained from uracil following 267 nm
irradiation through variation of desorption laser power (for fragments m/z =
69, 42/41 & 28). Shaded region indicates the operating conditions used in the
time-resolved ion yield measurements and an estimated foil temperature is also
included along the upper x-axis. Error bars denote 1σuncertainties. Horizontal
bars represent error in desorption laser power. Corresponding uncertainties in
foil temperature are significantly larger (∼ ×3).

assumption that both the alumel-chromel and stainless steel have a similar surface

finish quality) [382]. Utilisation of this approach therefore allows for a rudimentary

estimation of the foil substrate temperature which, as shown by the shaded region

in Figure 4.3, is predicted to be of the order ∼420 ± 30 K for the experiments

performed in this study. This may also be considered as the maximum temperature

possible for the molecular sample. As uracil and 2-thiouracil are chemically stable

species, and also considering the fragment ratio data previously discussed, such a

temperature would seem insufficient to induce significant thermal decomposition of the

samples. Furthermore, such a thermal desorption approach has previously been shown

to successfully volatilise intact DNA nucleosides [287], which are far more thermally

unstable than the uracil and 2-thiouracil molecules in this present study.

Although thermal decomposition of the sample may be considered a negligible

effect, there are further implications to heating one must contemplate, including the

presence of multiple tautomeric forms and thermal excitation of ground state vi-

brational modes. Computational calculations [383–385] on both uracil and 2-thiouracil
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would suggest that all excited tautomers lie >1500 cm-1 higher than the di-keto

(uracil) and oxo-thione (2-thiouracil) structures displayed in Figure 4.2 and would

not be present to any great extent in the desorption plume at a temperature of

420 K. However, such an argument may not be made when considering vibrational

modes accessible from the ground electronic state at such a temperature, where cal-

culations [386;387] show vibrational modes are present with very low frequencies (<500

cm-1) in both uracil and 2-thiouracil and thus a non-negligible excited state population

would be present in the gaseous sample. This is a potentially important consideration

given that out-of-plane bending vibrations of the aromatic ring system have previ-

ously been implicated in helping to access conical intersections, which mediate the

electronically excited state dynamics [346;349;350;361;370;371;388].

4.3.2 Parent Ion Transients of Uracil and 2-Thiouracil Fol-

lowing 267 nm Excitation

As previously discussed in Section 4.1, it is important to compare the dynamical

signatures of molecules volatilised by employing the new laser desorption source

with those of previous studies utilising more conventional molecular beam meth-

ods [351–353;355–357;360;375]. This benchmarking was achieved through performing time-

resolved ion-yield measurements on uracil and 2-thiouracil, using a 267 nm excitation

pump and 400 nm ionisation probe, interrogating the S2(
1ππ*) state in both systems.

A 3D depiction of the transient mass-spectra attained for the uracil and 2-thiouracil

molecules may be seen in Figure 4.4.

The uracil data displays a fragmentation pattern comprising 4 main peaks, which

have previously been assigned [358;373], consisting of the parent ion (m/z = 112) and 3

main fragments at m/z = 69 (C3H3NO+), 42/41 (mostly C2H2O
+) and 28 (CH2N

+),

as well as a somewhat less intense peak at m/z = 14 (predominantly CH2
+). The

fragmentation pattern observed is in good accord with numerous previous studies

on the uracil molecule investigated with a range of different techniques such as one-

color single- and multi-photon ionisation [358;373;374], proton impact [389–391] and electron

impact [343;389;392–394] ionisation and, of particular importance, a series of time-resolved

studies by Weinacht and co-workers that employed a resonant 260 nm excitation pulse

followed by an intense 780 nm ionising probe [355–357;395].

2D cuts though the uracil and 2-thiouracil data at pump-probe delay times of

∆t = 0 and 5 ps, as well as pump-alone and probe-alone fragment distributions, are

presented in Figure 4.5. On inspection of Figure 4.5, it becomes clear that the experi-

mental apparatus has good signal-to-noise, with it possible to observe extremely weak

Page 96



Chapter 4: Uracil and 2-Thiouracil (Dynamics of Non-Volatile UV Chromophores)

Fig. 4.4: TRIY plots for uracil and 2-thiouracil utilising a 267 nm pump and
an intense 400 nm probe. Data collection runs scanned the translation stage
repeatedly between -300 fs to +600 fs in 30 fs steps and +600 fs to +25 ps over
9 exponentially increasing increments.

features, including fragments at m/z = 53/54, 26 and 1. The presence of m/z = 26 in

particular demonstrates the good signal-to-noise achieved in these experiments, given

that it was not discernible in a number of previous mass spectrometry studies [391]. It

is also evidence that these measurements should be sensitive to the presence of weak

photoproducts, including m/z = 84, should they be produced in the latter 220 nm

and 200 nm investigations of uracil. In 2-thiouracil, a wider range of ion peaks were

observed, including strong features at m/z = 128 (parent ion), 69, 42/41 and 28,

which may also be seen in Figure 4.5.

If one wishes to analyse the excited state dynamics observed in a TRIY experiment,

a logical first step is to consider the dynamical signatures produced by the parent

ion transients with respect to pump-probe delay time ∆t. This consists of fitting a

series of sequential exponential rises and decays to the parent ions, each convoluted

with the instrument response function for the given experimental conditions. A full
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Fig. 4.5: Mass spectra observed for uracil and 2-thiouracil for 267 nm pump-
alone signal, 400 nm probe-alone signal and with a 0 ps and 5 ps pump-probe
delay time

description of the fitting procedure has been previously provided in Chapter 3 and

so will not be discussed in greater detail here. Four exponential decaying functions

were required to adequately fit to the parent ion transients of both uracil and 2-

thiouracil. An extremely rapid ‘probe-pump’ feature was present in both data sets
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in the negative time direction due to the high propensity to absorb at 200 nm in

both molecules, energetically equivalent to a 2-photon absorption of 400 nm light.

This will be labelled as τ -1. In the forward direction, both molecules required a

3 sequential exponential decay fit, which may be considered as a molecule initially

optically prepared to an excited state (A), prior to excited state geometry relaxation

and/or population transfers to lower energy states (B-D) as a result of non-radiative

decay processes. These forward propagating time constants will be referred to as τ 1-3

throughout the remainder of this section. The application of this fitting analysis to

the parent transients is presented in Figure 4.6

Fig. 4.6: Parent ion transients and fits for uracil (top) and 2-thiouracil (bottom)
following 267/400 nm pump/probe ionisation on a mixed linear-logarithmic
timescale. Also shown are the associated fit residuals (i.e., the overall fit sub-
tracted from the raw data).

The forward-evolving time constants presented in Figure 4.6 for the uracil molecule

(τ 1 = Gaussian,τ 2 = 200 ± 30 fs and τ 3 = 3.0 ± 0.5 ps), compare favourably to a

number of previous TRIY studies which utilise similar excitation wavelengths and
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multi-photon probes [351;356;357]. Generally in these investigations an initial <100 fs

decay is observed prior to a longer lifetime on the order of 2.2-3.2 ps, comparable

to the time constants τ 1 and τ 3 found in this present study. An exception to this is

an investigation by Canuel et al. [353] in 2005, where decays of 130 fs and 1.1 ps were

observed. Further evidence for the longer time constant in uracil has been shown

when utilising the more differential time-resolved photoelectron imaging technique, in

an experiment performed by Yu et al. [360]. In this study, a 260 nm pump pulse was

employed in conjunction with a two-photon 290 nm probe. Time constants of 170 ±
35 fs and 2.35 ± 0.47 ps were extracted. An additional comparison which may be

drawn from the results of Yu et al. and this present study is the presence of the τ 2 =

170 ± 35 fs time constant in the photoelectron measurements, which is remarkably

similar to the second time constant, τ 2 = 200 ± 30 fs, for uracil presented here.

A time constant of this duration has not generally been observed in previous

TRIY studies, however this may be rationalised when one considers the possibility

of coherent processes occurring around the time zero position through use of intense

multi-photon probes [351]. The necessity for two ultrafast time constants in this present

work, τ 1 and τ 2, may allude to two distinct dynamical process occurring which may

not always have been fully distinguishable in previous studies. One can have confid-

ence in the requirement for two time constants in the present study given the good

signal-to-noise in the attained data transients.

Although alternative relaxation schemes have previously been proposed [350], we

assign the dynamical signatures observed in this study similarly to that of Yu et al..

The physical origin of the Gaussian feature in the uracil data, τ 1, is interpreted as

a geometry reoptimisation of the optically prepared S2(
1ππ*) to its minimum energy

configuration (with the additional possibility that some fraction of population may

also decay directly to the S0 ground state). Subsequent internal conversion of the

geometry relaxed excited S2(
1ππ*) state to the energetically lower lying S1(

1nπ*)

state may then be assigned to the second time constant, τ 2 = 200 ± 30 fs, before the

final decay of this S1(
1nπ*) state is modelled by the third time constant τ 3 = 3.0 ±

0.5 ps.

The most important result from this investigation, however, is the demonstration

that the use of a laser-based thermal desorption approach does not significantly alter

the dynamical signatures observed when compared to results attained with more tra-

ditional molecular beam methods. This leads to the conclusion that any low-frequency

out-of-plane vibrational modes which may have been excited due to elevated exper-

imental temperatures do not significantly alter the dynamical timescales and mech-

anisms operating in uracil at this excitation energy. This may be rationalised when
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one considers that use of 267 nm (4.64 eV) pulses to excite uracil will prepare it well

above the S2(
1ππ*) origin (4.48 eV [365]) and, theory has predicted conical intersections

accessing lower lying electronic states will be essentially barrierless [346;350;364;370;371].

The previously discussed photoelectron imaging study of Yu et al. also reports a

further long-lived dynamical component with a lifetime of >1 ns and is assigned to

intersystem crossing to the triplet manifold from the S1(
1nπ*) state. Absence of this

feature in the present work may be attributed to the two photon probe energy in our

investigation (6.2 eV) being significantly lower than that of the previous photoelec-

tron imaging study (8.4 eV) and thus it is not possible to project sufficiently deep

into the ionisation continuum to observe this long-lived component. This is further

confirmed through observation of the binding energy spectrum for uracil produced in

the photoelectron imaging study [360] and also leads to the conclusion that our detec-

ted parent ion signals arise predominantly from 1 + 2′ ionisation. The lack of 1 + 3′

signal would suggest that either it is not a significant factor in the present ion-yield

measurements or that the parent ion is so internally excited upon 1 + 3′ absorption

that it rapidly fragments with a probability close to unity.

Similarly to the uracil results discussed thus far, the pump-probe time constants

attained for the 2-thiouracil parent ion, τ 1 = 50 ± 20 fs, τ 2 = 310 ± 30 fs, and τ 3 =

90 ± 20 ps, are in excellent agreement to those of a recent time-resolved photoelectron

imaging study performed by Sánchez-Rodŕıguez et al. [375]. In this investigation, 2-

thiouracil was interrogated over a range of pump wavelengths spanning 292-249 nm,

with time constants observed with 271 nm excitation of particular interest for data

comparison (τ 1 < 50 fs, τ 2 = 333 fs, and τ 3 = 109 ps). Again, due to the similarity of

numerical time constants attained utilising traditional molecular beam methods and

through use of a thermal desorption source, one can argue that the elevated sample

temperatures are not sufficient to significantly modify the relaxation dynamics probed

in this investigation.

Given the similarity in the dynamical behaviours observed, the present study

assumes the relaxation mechanisms suggested by Sánchez-Rodŕıguez et al., which are

consistent with recent theoretical predictions [396]. Accordingly, τ 1 is assigned to the

decay of the initially excited S2(
1ππ*) state to the energetically lower S1(

1nπ*) state,

τ 2 relates to intersystem crossing to the triplet manifold and finally τ 3 is a signature of

the decay of the lowest energy triplet state back to the S0 ground state. An interesting

note is that, in contrast to the study of uracil, observation of a long-lived component

in 2-thiouracil, τ 3, is feasible when employing a 2-photon 400 nm probe. This is

due to 2-thiouracil having a significantly lower ionisation potential than uracil (∼0.8

eV) and, thus, it is possible to project deeper into the ionisation continuum. This is
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further supported by the photoelectron binding energy spectrum at 271 nm presented

in the work of Sánchez-Rodŕıguez et al. [375].

4.3.3 Fragment Ion Transients of Uracil and 2-Thiouracil Fol-

lowing 267 nm Excitation

In contrast to the dynamical behaviour of the uracil parent ion in Figure 4.4 and

Figure 4.6, the fragment transients investigated (m/z = 69, 41/42, 28 and 14) clearly

present a distinctly different dynamical picture. Although all the fragment ions appear

to display a broadly similar temporal evolution, much longer-lived dynamical processes

appear to be revealed than those observed in the uracil parent ion, extending well

beyond the sampled pump-probe delay range of 25 ps. Furthermore, one also observes

a slight rise in signal level at pump-probe delays beyond ∼8 ps, which is in stark

contrast to the behaviour observed in the uracil parent ion. Individual fragment ion

transients obtained from uracil following 267 nm excitation are presented in Figure 4.7.

Similar behaviour is also observed in 2-thiouracil, as can be discerned in the 3D mass

spectrum presented in Figure 4.4.

Fig. 4.7: Transients obtained from various uracil fragment ions following
267/400 nm pump/probe ionisation, plotted with a mixed linear-logarithmic
timescale.

Although one may initially assume that it is possible to glean additional informa-

tion about the neutral molecule from this dynamical behaviour, there is, however, also

the caveat that the signal observed may be the superposition of a number of unrelated
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dynamical processes. One possibility is that the decay signature may arise from direct

excitation to the cation. Under these conditions, ionisation is achieved exclusively via

the 267 nm pump beam, with subsequent absorption of a 400 nm photon probing

the cation dynamics, which may include additional, prompt fragmentation in a (3 +

1′) scheme. Complications arise, however, as the signal may also reflect dynamical

processes as a result of higher-order (1 + 3′) processes. This may take the form of pho-

toionisation of low-lying vibrationally excited states in the parent molecule, leading

to the formation of highly vibrationally excited cations which will readily fragment,

or, alternatively, as a result of photofragment ionisation following photodissociation

of the neutral parent. Presence of such behaviour would make extraction of mean-

ingful dynamical information from these fragment transients challenging, as excited

states in the neutral parent molecule and parent cation would evolve dynamically on

different timescales. Deconvolution and analysis of such data would not be possible

within the one-dimensional (i.e. non-differential) measurement framework of a simple

pump-probe TRIY experiment. Recent theoretical calculations on the non-adiabatic

relaxation dynamics of the uracil cation predict extremely rapid internal conversion

to the D0 ground state occurs prior to any significant fragmentation occurring [397;398].

The theory that cation dynamics make a non-negligible contribution to the overall

fragment dynamics observed is supported by three independent pieces of evidence.

Firstly, the appearance time of the fragments with respect to the parent ion show

no discernible offset, which one would not expect for the case of neutral dynamics

given that two uracil ring bonds must break to form any of the fragment species

discussed. It would be expected that the time resolution in our TRIY measurement

would be good enough to discern nascent formation of photofragments, which would

lead to the conclusion that ionisation of neutral photofragments cannot be the sole

dynamical process observed in this study. Furthermore, previous works have sug-

gested that fragment formation occurs sequentially [374;392;395], with the appearance of

m/z = 42/41 and 28 a consequence of m/z = 69 fragmentation through successive

bondbreaking. The successive bondbreaking consists of a two-stage process in which

two bonds are initially broken in the parent ion to form the m/z = 69 fragment, with

a further bond broken within this fragment required subsequently for the formation

of m/z = 41/42 and m/z = 28 respectively. Secondly, although numerous attempts

were made to fit the data utilising various numbers of exponential functions and a

number of different sequential and/or parallel models, it was not possible to extract

numerical time constants resembling those observed in the parent ion. This result is

quite significant, as if the fragments are a reflection of the neutral parent dynamics,

one should observe time constants on a similar timescale in both the parent and frag-
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ment ions, with possible additional longer lived processes also seen in the fragments.

The final piece of evidence considered here is the energetic appearance energies of

the fragment ions. Previous theoretical [395] and experimental [343;374;389] studies have

reported the energetic appearance thresholds for several uracil fragments, a summary

of which may be seen in Table 4.1.

Fragment (m/z ) Appearance Energy (eV)

112 9.34a

69 10.85 - 10.87b

41/42 12.95 - 13.41b

28 13.75 - 13.83b

14 -

Table 4.1: Summary of the uracil fragment appearance energies reported by a)
Choi et al. [376] and b) Coupier et al. [389], Denifl et al. [343] and Jochims et
al. [374] respectively.

A further summary of the possible total available energies generated in a 267 nm

pump, 400 nm probe experiment is also provided in Table 4.2.

Ionisation Process Total Photon Energy (eV)

1 × 267 nm + 2 × 400 nm 10.85

1 × 267 nm + 3 × 400 nm 13.95

2 × 267 nm 9.30

3 × 267 nm 13.95

3 × 400 nm 9.30

4 × 400 nm 12.40

Table 4.2: Summary of the total available energies in a 267 nm pump and 400
nm probe experiment.

What may be gleaned from Table 4.1 and Table 4.2 is that although it may be

possible to access the m/z = 69 fragment through a (1 + 2′) photoionisation process,

observation of the m/z = 41/42 and 28 fragments should require a higher photon order

(minimum 1 + 3′) in the present study. Given that it has already been established

that the parent ion arises from predominantly 1 + 2′ photoionisation, it is highly
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unlikely that the relatively large fragment peaks observed (particularly at ∆t. = 0)

would be exclusively the result of a 1 + 3′ process. One would expect that dynamics

from a higher photon-order process would represent a much smaller fraction of the

overall signal. An additional lower probe photon order process is likely to also be

contributing (e.g. a 3 + 1′ process observing cation dynamics).

In order to establish the origin of the fragment ions observed in this experiment,

and further investigate the role of competing neutral vs. cation dynamics, a series of

power dependence measurements were undertaken for the fragments m/z = 69, 42/41,

28 and 14, in addition to the parent ion. These measurements were performed at ∆t

= 0 and 5 ps (only at ∆t = 0 for the parent ion due to insufficient signal at later times)

and the 400 nm probe power was varied between 4 and 10 µJ/pulse, limited so as

to avoid reaching a saturation regime. Furthermore, background signals arising from

one-colour ionisation (pump-alone and probe-alone signals) were subtracted from the

total recorded ion signal. The number of probe photons absorbed (αprobe) may then

be estimated using Equation (4.1).

I = cPαprobe (4.1)

Here, I is the ion intensity, c is a constant and P is the 400 nm photon fluence.

The gradient of a probe laser power vs. pump-probe ion signal, plotted on a log-log

scale, then yields the desired probe photon order, the results of which may be observed

in Figure 4.8.

The results drawn from this power dependence study present a complex picture

of the ensuing dynamics at the two time periods investigated (∆t = 0 and 5 ps).

Around the time-zero position, the parent ion exhibits close to the expected beha-

viour of 2-photon probe absorption, with photon order (αprobe) found to be 1.7. The

αprobe found for the other fragments investigated, however, lie much lower than the

expected 3-photon absorption anticipated for their given expected appearance ener-

gies (summarised in Table 4.1), with photon-orders ranging between 1.4 (m/z = 69)

and 2.1 (m/z = 14) respectively. This leads to the conclusion that close to ∆t = 0, it

is highly likely that cation dynamics make a strong contribution to the fragmentation

signals observed, probed with a low photon order 400 nm pulse.

However, when considering the power dependence studies at more extended time-

frames (∆t = 5 ps), the dynamics observed align much more closely to the 3-photon

dependence expected energetically, with all fragments having an αprobe value within

the range 2.6-3.2. This result is more in keeping with the theory that fragments are

produced following predominantly (1 + 3′) ionisation of neutral excited states rather

than post-ionisation via optically induced electronic transitions within the cation.
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Fig. 4.8: 400 nm probe power dependence plots showing the photon order
(αprobe) for the uracil parent ion (m/z = 112) and various fragment ions at
pump-probe delay times of 0 ps and 5 ps.

Further to this, the long-time dynamics observed in these fragment transients would

be consistent with the timescales seen for the uracil triplet manifold in the time-
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resolved photoelectron study by Yu et al. [360]. Given that the present analysis sup-

ports the theory that both neutral and cation excited state dynamics are occurring

simultaneously (particularly at ∆t = 0), and it would not be possible to deconvolute

the individual components, the fragment transients will not be quantitatively con-

sidered further in the current study. It should be also noted that these issues are also

expected to be prevalent in the subsequent 200 nm and 220 nm studies presented in

Section 4.3.4.

Although the 220 nm and 200 nm pump intensities were significantly reduced

relative to the 267 nm study (an order of magnitude lower), only a (2 + 1′) photoion-

isation scheme would be required to induce cation dynamics here and thus would still

be prevalent. A summary of the total available energies in 200/220 nm pump - 400

nm probe excitation schemes is presented in Table 4.3.

Ionisation Process Total Photon Energy (eV)

1 × 220 nm + 2 × 400 nm 11.83

1 × 220 nm + 3 × 400 nm 14.93

2 × 220 nm 11.27

3 × 220 nm 16.91

1 × 200 nm + 2 × 400 nm 12.40

1 × 200 nm + 3 × 400 nm 15.50

2 × 200 nm 12.40

3 × 400 nm 9.30

4 × 400 nm 12.40

Table 4.3: Summary of the total available energies in a 220/200 nm pump and
400 nm probe experiment.

In a more general sense, utilising greatly reduced pump powers when recording

fragment transients (where all pump-alone signal is fully suppressed) opens the pos-

sibility to additional quantitative insights into the excited state dynamics operating in

the neutral uracil molecule. Conversely, however, this will result in a dramatic reduc-

tion in ion counts which would be detrimental to the signal-to-noise ratio achieved.
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4.3.4 Parent Ion Transients of Uracil Following 220 nm and

200 nm Excitation

Having successfully demonstrated the thermal stability of molecular samples (Sec-

tion 4.3.1) and benchmarked the new spectrometer (Section 4.3.2), it is now possible

to consider excitation in uracil at shorter wavelengths. As discussed previously in

Section 4.1, the formation of photofragments would provide compelling evidence for

the existence of an ultrafast ring-opening pathway in uracil. Of particular interest

would be the rise of a m/z = 84 peak, which has previously been suggested as a

by-product of a ring-opening mechanism by Barc et al. [358]. In order to investigate

this further, a 220/400 nm pump-probe scheme was employed. This wavelength was

chosen as Barc et al. reported the greatest abundance of this specific fragment at

220 nm using nanosecond (1 + 1) REMPI measurements (the shortest excitation

wavelength investigated in that particular work). However, as seen in the transient

data presented in Figure 4.9, there is no evidence in the current measurements to

support the appearance of any additional photoproducts to those seen in the 267 nm

experiments.

As dynamical simulations predicted the nascent formation of photoproducts on

the ultrafast timescale (< 1 ps) [349;350], cut-throughs of the transient mass-spectra in

the m/z = 65 - 90 region at delay times ∆t = 0 and 1 ps are presented in Figure 4.10.

This again shows no evidence of an m/z = 84 fragment peak.

Although the main fragment peaks that are observed in this study are compar-

able to those of previous work reported for uracil, higher mass resolution experi-

ments [358;373] reveal that the peaks have a finer substructure which cannot be dis-

cerned in this present study. This is a consequence of the phosphor screen decay time

(>100 ns), which has a limited resolution for closely spaced features. This concern,

however, may be mitigated when one considers that there are no significant ion signals

in the m/z = 80 - 90 region of the mass spectrum and thus if an m/z = 84 peak were

present at these excitation energies it should be observable. Furthermore, contrast

should not be an issue for m/z = 84 detection given that previous power dependence

studies have shown that the energetic onset for the formation of this fragment is 11.28

eV [358]. This is the equivalent of absorbing 2 photons of 220 nm, which is well below

the total energy supplied from the (1 + 2′) 220 nm pump - 400 nm probe scheme

(11.83 eV total energy) employed in the present study. Our present work was further

expanded to investigate longer delay times, in order to ascertain if slower processes

may be responsible for production of the m/z = 84 mass peak. These included ex-

tending the pump-probe scan range of the experiment out to 100 ps (the limit of our
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Fig. 4.9: TRIY plots for uracil when excited at 220 nm (top) or 200 nm (bot-
tom) and probed by an intense 400 nm pulse. Data collection runs scanned the
translation stage between -330 fs to +1.2 ps in 30 fs steps and +1.2 ps to +100
ps over 59 exponentially increasing increments (220 nm) and between -400 fs to
+2450 fs in 30 fs steps and +2450 fs to +10 ps over 59 exponentially increasing
increments (200 nm). As was observed with the 267 nm pump, fragment ions
display longer lived transient signals than that of the parent ion.

translation stage) and an additional measurement at a fixed pump-probe delay of ∼
330 ps. These studies, however, still provided no evidence for the formation of any

additional photoproducts and, thus, does not support the theory of a ring-opening

mechanism in uracil.

Given that the maximum wavelength in the REMPI study of Barc et al. was 220

nm and that the m/z = 84 fragment had been steadily rising between 232 nm - 220

nm in their work, it was then postulated that the relative size of this fragment signal

could possibly increase as the excitation wavelength is further shortened. Moreover,

the plausibility of this theory was further supported by considering the vapour-phase

absorption spectrum of uracil [399]. A second ππ* absorption band is present in the
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Fig. 4.10: Mass spectra obtained for uracil over the m/z = 65 - 90 mass region
at two selected pump-probe delay times (∆t = 0 and 1 ps) following excitation
at 220 nm (top) and 200 nm (bottom).

uracil molecule, denoted as S3(
1ππ*) for the remainder of this study, which begins to

supersede the S2(
1ππ*) at ∼ 220 nm and peaks at 190 nm. It was therefore speculated

as an alternative origin of the m/z = 84 peak. A further TRIY study was therefore

performed utilising a pump wavelength of 200 nm and 400 nm probe. Again, however,

there was no evidence of any nascent photofragments forming over the 10 ps pump-

probe range scanned, as may be seen in both Figure 4.9 and Figure 4.10.

Although a lack of support for an ultrafast ring-opening mechanism in this data

is perhaps an unexpected result, there is still significant merit in the analysis of m/z

= 112 parent ion transients given that this is the first reported time-resolved exper-

imental study of uracil at excitation wavelengths < 250 nm. A similar fitting model

was utilised to that described in Section 4.3.2, however only 2 forward-propagating

sequential decays, in addition to the ultrafast backwards component, were required

to fit the transients satisfactorily. A small additional constant baseline offset was also

included in this model as a result of imperfect pump-alone and probe-alone signal

subtraction in this data. The resultant parent transients and fits are presented in

Figure 4.11.

In contrast to the extended lifetimes observed in the uracil parent ion when util-
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Fig. 4.11: Parent ion transients and fits for uracil following 220/400 nm (top)
and 200/400 nm (bottom) pump/probe ionisation on a mixed linear-logarithmic
timescale. Also shown are the associated fit residuals (i.e., the overall fit sub-
tracted from the raw data).

ising a 267 nm pump, in the cases of 220 nm and 200 nm excitation the dynamics of

uracil appear to occur at a faster rate. In both of these shorter wavelength studies one

observes an initial, essentially Gaussian feature (τ 1) prior to a much lower intensity

feature of lifetime 190 - 200 fs (τ 2). Relaxation of the excited S3(
1ππ*) state, which

is known to be optically accessible at both of these wavelengths, has been theoret-

ically suggested to proceed via extremely rapid internal conversion to S2(
1ππ*) [349].

Subsequent relaxation from the S2(
1ππ*) state proceeds via the same mechanism as

described in Section 4.3.2, with population transferring to the S1(
1nπ*) state prior to

intersystem crossing to the triplet manifold. Utilising a 220 nm pump, it is expec-

ted that uracil will have both an S2(
1ππ*) and an S3(

1ππ*) excited state population,

whereas for the case of a 200 nm pump population will almost exclusively be prepared
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in S3(
1ππ*) state [399]. Observation of the very similar dynamics when using either a

220 nm or 200 nm pump therefore leads to the conclusion that the decay of the

S3(
1ππ*) is extremely rapid and is not resolvable within the current measurements.

Furthermore, it is also concluded that the S2(
1ππ*) state is extremely short-lived. It

is, however, not possible to determine whether these parent ion transients also provide

an insight into the fate of the S1(
1nπ*) state, which is expected to be a significantly

faster decay process than the 3.0 ps observed in the 267 nm study.

An alternative consideration is that the measurement may be effectively blind

to the S1(
1nπ*) state. The Franck-Condon factors associated with these particular

pump and probe energies may be poor and, thus, efficient ionisation of the highly

vibrationally excited S1(
1nπ*) state may not be possible. Further to this, following

ionisation from highly vibrationally excited S1(
1nπ*) there will be a high propensity

for extremely rapid dissociation of the parent ion. It is possible, therefore, that the

∼200 fs decay observed in the parent transient data is only a reflection of the S2(
1ππ*)

lifetime. As previously discussed in Section 4.3.2, due to potential contributions from

cation states, it is not possible to glean additional insights into the neutral uracil

molecules dynamics through analysis of the fragment ion transients. This is further

reinforced through observation of the non-consistent fragment dynamics operating at

these wavelengths, as may be seen in Figure 4.9, where it is clear that the m/z = 69

channel has a much more rapid decay than those of m/z = 41/42 or 28. As such, the

data presented here only permits the assignment of an upper bound on the S2(
1ππ*)

lifetime of ∼200 fs.

4.3.5 Nanosecond REMPI Thermal Desorption Studies at

220 nm

Although the dynamical timescales observed in the 267 nm studies presented in Sec-

tion 4.3.2 have been found to be comparable to those of previous works utilising cold

molecular beams, it is possible that thermal influences may still be contributing to the

220/200 nm measurements and could be the reason why no m/z = 84 peak is observed

in the present data. In order to investigate this postulation further, complimentary

nanosceond REMPI measurements were performed by Jana Bockova and Andre Re-

belo at the Open University. This investigation used the same instrument employed in

the original study by Barc et al. [358], however a laser-based thermal desorption source

was employed for sample volatilisation rather than the original supersonic molecular

beam nozzle. The only difference of note between the thermal sources at Heriot-Watt

and the Open University is that the latter set-up did not employ a rotatable foil
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mount, thus sample replenishment was more limited in this experimental arrange-

ment. A (1 + 1) REMPI mass-spectra was recorded at the OU utilising 220 nm

nanosecond pulses and may be seen in Figure 4.12.

Fig. 4.12: REMPI mass spectrum obtained from uracil utilising a thermal
desorption source for volatilisation, recorded using nanosecond 220 nm laser
pulses. An m/z = 84 peak is clearly visible, as observed in previous molecular
beam experiments [358]. The broad peak centred at m/z = 87.6 and additional
tail feature observed on the m/z = 69 peak are signatures of metastable HNCO
loss from excited uracil ions. [358].

What is evident in Figure 4.12 is that a prominent peak at m/z = 84 is still clearly

apparent, which leads to the conclusion that elevated sample temperatures are not

responsible for the lack of an m/z = 84 mass peak in our TRIY measurements. A fur-

ther point of note is that the relative fragment intensities observed in this nanosecond

study contrasts significantly to that of the previous femtosecond work discussed in

this chapter. In particular, when comparing Figure 4.12 and Figure 4.9, it becomes

clear that the nanosecond data m/z = 69 peak is a much smaller feature than that

observed in the femtosecond TRIY measurements. A potential explanation is that the

higher total photon energy in the femtosecond experiments (0.56 - 1.13 eV, as seen in

Table 4.3) may lead to a higher propensity for fragmentation in the TRIY measure-

ments. However, similar discrepancies arise when utilising photons of identical energy,

as is evident through comparison of our 267 nm pump-alone uracil data and the 266

nm REMPI mass spectrum reported by Barc et al. [358] and presented in Figure 4.13.

In this nanosecond study, the m/z = 28 and 14 channels appear considerably
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Fig. 4.13: REMPI mass spectrum of uracil recorded using 266 nm nanosecond
laser pulses. Plot taken from Barc et al. [358]. Inset shows one colour 267 data
from the present study.

enhanced whereas the m/z = 69 fragment is somewhat suppressed. Making strong

comparisons in terms of total absorbed energy is challenging, however, as both sets of

measurements contain different relative combinations of ionisation schemes associated

with the various product ions. Furthermore, comparisons between femtosecond and

nanosecond ionisation measurements have previously shown significant differences in

ion production patterns, with fragmentation less prevalent when utilising femtosecond

pulses. One may rationalise this by considering the propensity for ionisation via

ladder-climbing or ladder-switching with respect to laser pulse duration [400–404]. In

a ladder-climbing mecahanism, photon absorption occurs exclusively in the parent

molecule with the formation of all smaller fragment species as a direct or indirect

consequence, whilst in a ladder-switching scheme it is also possible for fragment ions

to absorb photons, leading to further subsequent dissociation. The propensity for

additional photon absorption in fragment ions, as in the ladder-switching mechanism,

becomes favoured with longer laser pulses, as fragmentation of the parent ion may then

occur within the temporal duration of the laser pulse. Utilisation of a pump-probe

scheme, as in that of the TRIY measurements presented in this chapter, effectively

enhances the ladder-switching pathway when compared to one-colour femtosecond

ionisation measurements. This is because the temporal delay between pump and

probe pulses may be longer than the dissociation of the parent molecule and, thus,
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increases the likelihood of probe absorption by subsequently produced fragments.

Even so, the 100 ps delay range sampled in this present study is extremely small in

comparison to the 7 ns pulses utilised in the REMPI experiments of Barc et al. [358].

To suggest that the production of m/z = 84 mass fragments in the nanosecond study

is a direct consequence of a ladder-switching ionisation mechanism, however, is an

inadequate conclusion. This is because a minimum of three 220 nm photons would

then be required for the production of m/z = 84 fragments, whereas previous power

dependence studies have shown only two photons are necessary for formation of this

fragment [358]. This leads to the suggestion that formation of the m/z = 84 species

is a result of dynamics operating on a longer timescale in the neutral uracil molecule

than those sampled in this present study. Natural candidates for this are long-lived

triplet states and/or the highly vibrationally excited S0 ground state.
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4.4 Conclusion

This chapter has presented the first results from the newly designed gas-phase spectro-

meter, utilising a laser-based thermal desorption source for volatilisation of low-vapor

pressure molecular samples. A series of time-resolved ion-yield measurements have

been undertaken on the RNA nucleobase uracil, using pump wavelengths of 267 nm,

220 nm and 200 nm and ionising with an intense multiphoton 400 nm probe. Compli-

mentary measurements on the related sulfated species 2-thiouracil are also presented

for 267 nm excitation. Dynamical signatures observed in the 267 nm studies of uracil

and 2-thiouracil are in good agreement with previous time-resolved studies and thus

provide a useful benchmark for the newly commissioned instrument. In addition, ul-

trafast time-resolved studies of uracil have not previously been reported for excitation

wavelengths <250 nm, thus studies at 220 nm and 200 nm provide a valuable new

insight into the relaxation mechanism operating in this UV-regime. Extremely rapid

relaxation of the S3(
1ππ*) state is observed on a timescale of <200 fs. A further

point of note is that within the first few hundred picoseconds of pump-probe delay,

there is no evidence for the appearance of m/z = 84 fragment ions. This leads to the

conclusion that the presence of this fragment is not directly linked to theoretically

predicted ultrafast ring opening processes at S2/S1 or S1/S0 conical intersections as

previously attributed in nanosecond studies. It does, however, leave open the pos-

sibility that the appearance of an m/z = 84 peak may be associated with an excited

state process operating on a much more extended timescale, an interesting avenue of

future investigation.
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CHAPTER 5

5,6-Dihydroxyindole:
A Wavelength Dependent Study

With the newly designed time-resolved mass spectrometer and soft thermal desorption

source benchmarked using uracil and 2-thiouracil in Chapter 4, Chapter 5 will discuss

the energy dissipation signatures of another significant biologically relevant molecule,

5,6-dihydroxyindole. This molecule has not previously been investigated in the gas-

phase due to its low vapour pressure. Time-resolved photoion yield measurements

have again been utilised to investigate the excited state dynamics of this molecule.

Photoexcitation was achieved through employing pump wavelengths across the 241 -

296 nm region and the molecule was ionised using with an intense 800 nm probe. A

comparative study with deuterated 5,6-dihydroxyindole at a pump wavelength of 260

nm provides a further valuable insight into the ongoing structure-dynamics-function

relationships within this molecule.
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5.1 Motivation and Relevant Works

Skin, the largest organ of the human body, serves as our first point of contact with the

external environment. Various biological and physical characteristics of the skin dic-

tate its ability to resist repeated exposure to various damaging environmental stimuli,

including ultraviolet light. Examples include increasing epidermal thickness, shedding

of epidermal squamous layers, programmed cell death of damaged cells, DNA repair

activity and, importantly, production of skin pigments [405]. Melanin [406] is an import-

ant class of naturally occurring pigments found in the hair, eyes and skin of mammals,

in addition to other animals and plants [407]. Melanin has a broad absorption across

the UV region [408], however the mechanism by which this occurs is not well known or

understood. Furthermore, epidemiological studies have shown that the relative levels

of the two main melanin pigments found in skin, pheomelanin and eumelanin, may

be significant to UV self-protection. These investigations concluded that people with

fairer skin colours, and a higher proportion of pheomelanin, are more prone to tumor

formation and UV-induced damage than those of a darker complexion, with greater

levels of eumelanin [409]. A full investigation of the UV-dissipation mechanisms of the

eumelanin pigments would therefore be desirable, however eumellanin has a large and

ill-defined amorphous structure. Using the rationale outlined in Section 4.1 for the

case of RNA, deconvolution of the various energy redistribution mechanisms would

be complex for a system such as this. Again, a gas-phase bottom-up approach may be

employed, investigating one of the UV-chromophores of the eumelanin pigment. This

gives a background-free insight into the dynamics of this eumelanin building block,

providing key new benchmarks for theory. To this end, eumelanin has two main sub-

units [410] which could be considered as candidates for such studies, 5,6-dihydroxyindole

(5,6-DHI) [411] and 5,6-dihydroxyindole-2-carboxylic acid (5,6-DHICA), with 5,6-DHI

chosen for investigation within this present study. The structures of 5,6-DHI and

5,6-DHICA, may be seen in Figure 5.1.

5.1.1 Previous Studies

Eumelanin

The photo-properties of eumelanin have been the subject of numerous spectroscopic

studies over the past two decades [412–418], with several investigations showing an in-

terest in the excited state lifetimes of solvated melanin [419–427]. Theoretical investig-

ations into the non-radiative relaxation mechanisms of this melanin, however, have

been far more sparse. A recent publication by Marchetti et al. [428], provided a first the-
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Fig. 5.1: Schematic structures of the eumelanin building blocks 5,6-
dihydroxyindole and 5,6-dihydroxyindole-2-carboxylic acid, the mono-
hydroxyindoles 4-, 5- and 6-hydroxyindole and the bare UV chromophore
indole. For clarity, the 4, 5 and 6 carbon positions are shown on the indole
structure.

oretical insight into elucidating these complex dynamics, investigating the relaxation

processes in a selection of dimers and trimer combinations made from a combination

of eumelanin building blocks. This study concluded the presence of a barrierless ul-

trafast electron driven proton transfer pathway from the initially excited S1(
1ππ*)

state to an S1/S0 crossing, however further theoretical investigations are required to

more fully understand the relaxation schemes in operation.

5,6-dihydroxyindole: Theoretical Investigations

5,6-DHI (C8H7NO2) has been the subject of a number of theoretical studies, investig-

ating the molecular structure and photo-properties of the molecular monomer [429–436],

and, more recently, an increasing body of work on the oligomer systems [430;434;437–439].

Boĺıvar-Marinez et al. [429] undertook the first ab initio and semiempirical calculations

of 5,6-DHI. This study revealed the molecule is a good electron acceptor, which is

speculated as the basis for a protection mechanism against damage by free radicals,

as well as the first simulations of the 5,6-DHI absorption spectrum. Ilichev et al. [431]

calculated the minimum energy tautomer of the 5,6-DHI system when in the gas-

phase and when solvated. All tautomers were found to lie > 1300 cm-1 energetically
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higher than the ground state geometry. Given that only modest teperature elevation

of the sample due to use of a thermal desorption is seen in our present investigation,

only the lowest energy tautomer of 5,6-DHI is accessible and present in the sample

plume. In addition, vertical excitation energies of various 5,6-DHI tautomers dispersed

in vacuum and in solvent were calculated using combined density functional theory

(DFT), as well as self-consistent reaction field (SCRF) and conductor-like polarisable

continuum model (CPCM) methods. A further publication by Stark et al. [430] cal-

culated the bond distances and angles of the minimum energy tautomer, in addition

to simulations of the gas-phase absorption spectrum. An investigation by Powell et

al. [432] used DFT to also calculate the bond lengths and angles of the 5,6-DHI struc-

ture. Additional findings in this study include calculations of the HOMO-LUMO

energy difference of 5,6-dihydroxyindole via the ∆SCF method as well as simulations

of the infrared and Raman spectra of the the 5,6-DHI redox form from first principles.

A further publication by Mandal et al. [434] employed equation of motion ionisation

potential coupled cluster with single and double excitations (EOM-IP-CCSD) to cal-

culate the vertical and adiabatic ionisation energies of 5,6-DHI (7.31 eV and 7.00 eV

respectively).

Of particular interest to the present study of 5,6-dihydroxyindole are a small se-

lection of studies focussed upon the non-adiabatic excited state deactivation routes

in the 5,6-DHI molecule. An ab initio study on the photochemistry of 5,6-DHI by

Sobolewski et al. [433] investigated the dynamical behaviour of the molecule following

excitation to the first S1(
1ππ*) state. These authors proposed a non-adiabatic relax-

ation route via the S2(
1πσ*) state mediated along the O5H coordinate. Furthermore,

a hydrogen migration is predicted from the O5H to the neighbouring C4 atom form-

ing the photoproduct 6-hydroxy-4-dihydro-indol-5-one (HHI). This photoproduct is

predicted to absorb strongly in the visible region of the spectrum, transitioning to a
1ππ* state prior to rapid relaxation to the HHI ground state.

A more recent study employing multireference methods on the deactivation mech-

anisms operating in 5,6-DHI by Datar et al. [435] provides an alternative insight into

the molecule’s energy dissipation routes. Geometry optimization of the first two

excited states S1 and S2, conical intersections in the plane of the molecule, and non-

radiative decay pathways were calculated using state averaged complete active space

self-consistent field (SA-CASSCF) method with explicit use of Cs symmetry. The

authors state that following excitation to the S1(
1ππ*) state, the molecule undergoes

internal conversion to S2(
1πσ*) via a conical intersection. In contrast to the sug-

gestions of Sobolewski et al., however, this publication suggests the S2(
1πσ*) state

has a minimum energy geometry rather than a barrierless hydrogen migration from
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the O5H to the neighbouring C4 atom. Furthermore, energy cuts along the O5H and

NH stretching coordinates showed non-radiative conical intersections accessible along

the two possible (1πσ*) deactivation routes. Both mechanisms display an energetic

barrier for energy dissipation, however this barrier is found to be smaller along the

O5H coordinate (0.3 eV compared to 0.63 eV along the NH coordinate). An addi-

tional ring-puckered conical intersection was found for direct deactivation from the

S1(
1ππ*) state to the S0 ground state, however a barrier is again present for this en-

ergy dissipation mechanism. Deactivation from the second bright 1ππ* state is also

suggested to occur via a barrierless conical intersection to the S1(
1ππ*) state. A final

conclusion drawn from this study is that the antibonding σ* orbital, corresponding to

the hydrogen-bonded O6H, was shown to be much higher in energy than the O5H σ*

orbital. This can be rationalised when one considers the interaction of the σ* molecu-

lar orbital along the O6H coordinate with the non-bonding orbital on the hydrogen

bond acceptor, O5H coordinate. A sketch of the potential energy cuts taken from this

publication may be seen in Figure 5.2.

Fig. 5.2: Potential energy cuts along the (a) NH and (b) O5H coordinates of
5,6-DHI. Inset molecule schematics show the O6H hydrogen bonded structure
of 5,6-DHI. Figure taken from Datar et al. [435]

A final publication considered here is the work of Ghosh et al. [436] who employed

SA-CASSCF and multistate complete active space second-order perturbation theory

(MS-CASPT2) calculations to understand the nonradiative decay pathways in 5,6-

DHI. In this study the authors calculated potential energy cuts comparable to Datar

et al. [435] along the O5H and NH stretching coordinates of 5,6-DHI, drawing a similar

conclusion to the fate of the S1(
1ππ*) state. The S1(

1ππ*) state was found to non-

radiatively decay to the S2(
1πσ*) state via a conical intersection, prior to encountering

a further conical intersection with the S0 ground state. A barrier is again present
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between the S2(
1πσ*) state and the S0 ground state along the O5H and NH stretching

coordinates, with that along O5H found to be energetically lower. Calculations along

the O6H stretching coordinate yielded no deactivation mechanism for the 5,6-DHI

molecule to the S0 ground state. Furthermore, the authors also investigated the

morphology of the potential energy surfaces produced through elongation of the O5H

and NH coordinates. The study analysed the tilt of the cone in the ~g and ~h branching

plane between the S2(
1πσ*) state and S0 ground state for elongation of both the

O5H and NH stretching coordinates. Due to the symmetric nature of the cone in the

case of O5H elongation, it was concluded that there is an equal propensity for non-

radiative decay to the ground state and H-atom elimination/radical formation. The

cone formed along the NH stretching coordinate was found to be tilted along the ~g,

corresponding to a higher likelihood of radical 5,6-DHI formation and H elimination,

with only a small probability of returning non-radiatively to the ground state minima.

5,6-dihydroxyindole: Experimental Studies

Experimental studies on the excited state lifetime of 5,6-DHI following UV irradiation

have thus far been restricted to the liquid phase. These investigations have been

performed within the group of Villy Sundström at Lund University, employing both

transient absorption and time-resolved fluorescence spectroscopies, respectively. Both

of these techniques have been described previously in Section 1.3.1 and Section 1.3.1

and the reader is encouraged to revisit these sections for further information.

Sundström and co-workers [440] undertook transient absorption studies of the 5,6-

DHI system. Here, a 267 nm pump and white light probe were employed, monitoring

absorption changes over the 440-715 nm region at pH 3 and pH 7. A three-component

overall lifetime was observed in both cases, with picosecond time constants of 10 ps

and 140 ps at pH 3 and 5 ps and 180 ps at pH 7, respectively, with both displaying

a further long-lived non-decaying component. The shortest time constant (5/10 ps)

was assigned to vibrational energy redistribution and dissipation to form the equi-

librated S1(
1ππ*) excited state, whilst the middle time constant (140/180 ps) was

attributed to the lifetime of the S1 state, with sequential population transfer to both

the ground state (both radiatively and non-radiatively) and the triplet manifold. The

non-decaying component is assigned as a spectral signature of the 5,6-DHI cation,

formed through direct photoionisation from the equilibrated S1 state, with a lifetime

far longer than that of the experimentally sampled pump-probe window.

The first time-resolved fluorescence measurements on the 5,6-DHI molecule were

performed by Huijser et al. [441], with the system dispersed in a 0.02 M pH 7.0 sodium

phosphate buffer solution. The data presented utilised pump wavelengths of 266 nm
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and 280 nm, with fluorescence emission observed between 320 nm and 460 nm. Res-

ults showed two main excited state deactivation routes for 5,6-DHI, dependent upon

excitation to the first S1(
1ππ*) or second S4(

1ππ*) state. Following excitation to

S4(
1ππ*), an ultrafast electron transfer to the solvent competes with internal conver-

sion to the S1 state on a sub-picosecond timescale. A 110 ps lifetime observed from

the 3.75 eV emission band is attributed to the excited state lifetime of the radical

cation formed. Energy redistribution from the S1(
1ππ*) takes place on a far more

extended timescale of 1.7 ns, with deactivation occurring through internal conversion

to the S0 ground state, fluorescence emission of 3.20 eV or via intersystem crossing

to the triplet manifold.

A follow up publication by Corani et al. [442] presented the same 266 nm time-

resolved fluorescence data as Huijser et al. [441], however this work included further

measurements of 5,6-DHI in a poly(vinyl alcohol)/sodium phosphate buffer solution.

The short time constant was shown to elongate to 130 ps, whilst the long-lived

component occurred on the same 1.7 ns timescale. The interpretation of the UV-

dissipation mechanisms of 5,6-DHI presented by Corani et al. [442] are very similar to

that of Huijser et al. [441]. Following excitation to the S4(
1ππ*) state, internal con-

version to the S1(
1ππ*) state is expected to occur on a sub-picosecond timescale,

with S3(
1πσ*) and S2(

1πσ*) states possibly also implicated in the relaxation route.

The middle lifetime (130 ps in sodium phosphate buffer and 110 ps in poly(vinyl

alcohol)/sodium phosphate buffer) is again attributed to the lifetime of a radical 5,6-

DHI cation following ultrafast electron transfer to the solvent. The 1.7 ns long-lived

component is assigned to fluorescence decay of the S1(
1ππ*) state.

A final publication from the Sundström group considered here is that of a fur-

ther time-resolved fluorescence study of 5,6-DHI dispersed in a water/methanol mix-

ture [443]. These measurements employed a 280 nm pump and monitored fluorescence

emission at 340 nm. The study found that the excited state lifetime of 5,6-DHI

was dependent upon solvent and the lifetime increased from 103 ± 10 ps in aqueous

buffer solution to 2.2 ± 0.1 ns in neat methanol. Analysis of the time-resolved fluores-

cence data in conjunction with quantum-chemical calculations, which included explicit

solvent molecules, revealed a proton-coupled electron transfer deactivation pathway.

A reorganisation of the solvent molecules facilitates the formation of a solvated elec-

tron and subsequently induces a further proton transfer from one of the OH groups

to the surrounding solvent, with both OH groups involved in the process. It is fur-

ther suggested that multiple proton transfers are likely along solvent wires, driven by

the electrostatic interaction between the proton and the solvated electron. Lifetimes

observed within the time-resolved fluorescence data are attributed to internal conver-

Page 123



Chapter 5: 5,6-Dihydroxyindole (A Wavelength-Dependent Study)

sion to the molecular ground state, with the solvated electron recombining with the

deprotonated 5,6-DHI molecule.

5,6-dihydroxyindole-2-carboxylic Acid

The related sub-unit of eumelanin, 5,6-DHICA, has also been the subject of a small

number of theoretical and experimental investigations. A theoretical study by Pow-

ell [444] provided the first insights into the structure of the 5,6-DHICA molecule using

density functional theory. Furthermore, the study provided the first calculations of

the seperation between the highest occupied molecular orbital and the lowest unoc-

cupied molecular orbital (HOMO-LUMO) using the difference of self consistant fields

(∆SCF) method for 5,6-DHICA and its oxidised forms. An experimental study by

Olsen et al. [445] investigated the absorption and fluorescence of the molecular anion

(hydrogen eliminated from the O6H position) in a borax buffer solution, pH = 9.0,

and suggest deactivation via a excited-state intramolecular proton transfer. Follow-

ing excitation to either the S1 or S2 states, the mechanism for energy dissipation

predicts a non-adiabatic proton transfer between the O5H hydroxyl group and O6
-

anion position, with radiative decay to the ground state from the S1 state of this new

photoproduct.

Huijser et al. [446] performed time-resolved fluorescence studies on 5,6-DHICA dis-

persed in both acidic (pH = 2.5/3.0) and neutral (pH = 7.0) sodium phosphate buffer

solutions. The molecule was excited at 280 nm and fluorescence emission was mon-

itored over the 380 nm - 540 nm region. Under neutral conditions, a 5,6-DHICA

anion is formed, with a loss of hydrogen on the carboxylate group. Excitation of the

anion leads to dual fluorescence with bands peaking at λmax = 378 nm and 450 nm

respectively. The first band (378 nm) is assigned to emission from the excited initial

geometry, whilst the second band is attributed to the probable complex formation

between the carboxylate anion and a sodium ion of the buffer. In the absence of

complex formation, the carboxylate anion solely decays non-radiatively or by emis-

sion, with a lifetime of about 2.1 ns, whilst in the presence of buffer ions lifetimes of

1.1 ns and 2.4 ns are observed for the two bands respectively. The situation is quite

different when utilising an acidic buffer solution as the 5,6-DHICA molecule if fully

hydrogenated. Similar 1.1 ns and 2.4 ns lifetimes are again observed under acidic con-

ditions, however the second band is red-shifted to 427 nm. In addition to this, the 427

nm emission displays a 240 ps lifetime, attributed to zwitterionic species formation

following rapid excited-state intramolecular proton transfer from the COOH group

toward the NH group.

A follow-up publication by Corani et al. [447] utilising fluorescence up-conversion
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provided an extension to the findings of Huijser et al. [446]. Here the authors state

that the mechanism for relaxation of the 5,6-DHICA anion in neutral buffer solution

(pH = 7) is a consequence of a excited-state intramolecular proton transfer to form

the 5,6-DHICA double-anion on a timescale of 2.5 ns, with a proton lost at the O6H

position. Relaxation from the S1 state of the double-anion to its ground state occurs

of a timescale of 2.4 ps, prior to reprotonation to form the 5,6-DHICA mono-anion.

Furthermore, this publication states that excited-state intramolecular proton transfer

under acidic conditions then occurs in 300 fs. A further conclusion drawn from this

publication is that the proton transfer mechanism is solvent dependent, with studies

in methanol inhibiting this relaxation pathway.

A final publication by Corani et al. [448] provides an additional insight into not

only the excited state lifetime of the 5,6-DHICA molecule, but also a number of its

dimers and trimers. Fluorescence up-conversion and streak camera studies following

267 nm excitation found that dimers and trimers of the 5,6-DHICA molecule showed

a far more rapid excited state lifetime. Under neutral conditions, pH = 7, the dimer

lifetime was found to be 300 fs in comparison to the 1.6 ns of the monomer. When

in a more acidic solution, the lifetime reduction is more modest, with the dimer and

momomer having having 190 fs and 300 fs lifetimes respectively. This rate increase is

attributed to the increased proton accepting capacity of the several OH-groups of a

5,6-DHICA oligomer, with the O5H and O6H positions seen to be key to the proton

transfer process. Again, these dynamics are shown to be solvent dependent however,

with monomer and dimer samples in methanol showing more extended lifetimes.

Mono-Hydroxyindoles

A further set of molecules one may use to compare with 5,6-DHI are the monohydroxy-

indoles, 4-, 5- and 6-hydroxyindole, the structures of which may be seen in Figure 5.1.

By far the most prevalently studied of the three molecules is 5-hydroxyindole (5-HI),

a key analogue to 5,6-DHI.

Theoretical studies by Catalán et al. [449] and Robinson et al. [450] discovered that

the two lowest lying optically excited states of 5-HI are the S1(
1ππ*) state and the

S4(
1ππ*) state.

Experimentally, Oeltermann et al. [451] performed a rotationally resolved electronic

spectroscopy study on gas-phase 5-HI, where it was possible to assign the band ori-

gins to the molecule to the syn- and anti-conformers. Studies of the H-atom pho-

tofragment distributions of 4- and 5-HI where investigated by Oliver et al. [452], em-

ploying excitation wavelengths between 303.9 nm and 193.3 nm. In the case of 4-

hydroxyindole, it was found that high kinetic energy H atoms were produced at all
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excitation wavelengths studied, formed predominantly from O-H bond fission. 5-HI

displayed a markedly different behaviour, with a wavelength-dependent H-atom pho-

tofragment production. High kinetic energy H atoms were produced at excitation

wavelengths below 255 nm, originating predominantly from N-H bond fission, with

only a small contribution from O-H dissociation becoming apparent at wavelengths

shorter than 235 nm. Employing wavelengths longer that 255 nm resulted in the

production of only low kinetic energy H atom fragments. Fluorescence lifetime in-

vestigations of the mono-hydroxyindoles in a helium jet have also been reported, with

4-hydroxyindole [453] displaying a far shorter lifetime (0.2 ± 0.05 ns), to that of 5- [454]

and 6-hydroxyindole [455] (11.1 ± 0.1 ns and 2.8 ± 0.2 ns respectively) [456].

A final investigation to discuss with regard to the 5-HI molecule is that of a time-

resolved photoelectron study by Livingstone et al. [6], a publication produced within

the Townsend group. Employing excitation wavelengths of 249 nm and 273 nm and

probing with a 320 nm pulse, it was concluded that the molecule exhibited a lifetime

which may be modelled by three components. An ultrafast lifetime, τ 1 = < 100 fs,

was attributed to the decay of the initially prepared S4(
1ππ*) state via either the

S1(
1ππ*) or S2(

1πσ*) state. The lifetimes of the second and third time constants,

τ 2 = 0.8 ps/1.4 ps and τ 3 = ∞ (defined as > 1 ns in the study), are assigned to

the decay of the S2(
1πσ*) and S1(

1ππ*) states respectively. Here, the authors agree

with Oliver et al. [452] and state that excess energy is mainly dissipated along the NH

coordinate. The OH bond is considered to act as a spectator in this study, supported

by complementary measurements on indole at the same experimental wavelengths

displaying extremely similar dynamics.

5.1.2 Experimental Outline

As is evident from each of the discussed studies, the environment in which the 5,6-DHI

molecules are dispersed plays a key role in the excited state deactivation pathways.

Using the rationale outlined in Section 4.1, it would be of interest to understand

the excess energy dissipation mechanisms of the bare molecule, free from perturba-

tions induced by the surrounding solvent molecules, providing new benchmarks for

theoretical study.

The results discussed within this chapter present the first gas-phase spectroscopic

investigation of the 5,6-DHI monomer molecule. Previous detection of 5,6-DHI in

the gas-phase has been limited to oligomer ions, consisting of dimers or larger, fol-

lowing MALDI investigations of synthetic melanins [457;458], dihydroxyphenylalanine

and dopamine [459], tyrosine [460] or 5,6-DHI following autoxidation in acetone [461]. A
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key reason for the lack of gas-phase spectroscopic studies on this molecule is due to

its extremely low vapour pressure, further showing the importance of our soft laser

desorption technique for sample volatilisation. Pump wavelengths across the 241 -

296 nm region have been employed in conjunction with an intense 800 nm probe

to investigate the UV-redistribution mechanisms of the 5,6-DHI monomer via time-

resolved photoion yield measurements. A comparative study with deuterated 5,6-DHI

at a pump wavelength of 260 nm provides a further valuable insight into the ongoing

structure-function-dynamic relationship ongoing within this molecules.
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5.2 Experimental Set-up

Similarly to the preceding chapter, descriptions of the equipment utilised for data

acquisition and codes developed for data collection and analysis have been extensively

described previously in Chapter 2 and Chapter 3. For further information on the

experiment in this regard, the reader is encouraged to revisit these sections.

5,6-DHI samples were synthesised by Thomas Cowie, within the research group of

Dr Magnus Bebbington, at Heriot-Watt University. Samples were produced employing

the synthesis scheme developed by Novellino et al. [462;463]. Deuterated samples were

synthesised by dissolving 5,6-DHI in deuterated water, boiling for 3 - 4 hours and

recrystallising. The resultant deuterated samples were found to show 90 % deuterium

substitution at the O5D and O6D positions. 4-HI (99% purity), 5-HI (97% purity),

6-HI (>99% purity) and indole (99% purity) samples were purchased from Sigma-

Aldrich and were used without further purification in preliminary UV absorption

spectra experiments.

Samples were deposited onto a 10 µm thick 316 stainless steel foil in the same

manner as described in Section 4.2 previously. The molecular plume was produced

employing a desorption laser power typically of ∼150 mW, which relates to an estim-

ated foil temperature on the order of 370 ± 30 K. This is deduced from our previous

foil temperature studies on uracil in Section 4.3.1, with Figure 4.3 showing this de-

sorption laser/ temperature relationship.

Generation of the pump wavelengths employed in these experiments (241 nm -

296 nm) have previously been described at length in Section 2.2.5, with Table 2.2

and Table 2.1 providing an overview of the generation schemes. In brief, either the

signal or idler output of an OPA-800C (depending on the particular pump wavelength

generated) was sum-frequency mixed with a portion of the 800 nm output from the

regeneratively amplified Ti-sapphire laser system. The output of this generation pro-

cess was then frequency doubled in order to produce pulses of the required pump

wavelength. Pump powers used in experiments were dependent upon wavelength gen-

eration efficiency, with powers ranging 0.2 µJ/pulse - 1 µJ/pulse typical. Systems were

ionised with an 800 nm probe of either 130 µJ/pulse or 220 µJ/pulse, with similar

dynamics detected in both instances when compared at the same pump wavelengths.

Pump and probe beams were individually focussed into the spectrometer through use

of 63 cm and 50 cm focal length lenses respectively.

1,3-butadiene was backfilled into the interaction region in order to perform cross-

correlation measurements, provide time-of-flight callibration and also to determine

the experimental time-zero positions prior to starting experiments. Although 1,3-
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butadiene has a higher ionisation potential (9.082 ± 0.004 eV) [464] and thus a different

ionisation photon order (1 + 3′ or 1 + 4′ depending on wavelength) than 5,6-DHI

(predicted 7.31 eV vertical and 7.00 eV adiabatic ionisation potentials [434] and photon

order 1 + 2′ respectively), utilisation of this molecule for cross-correlation purposes is

still valid. The cross-correlations are temporally limited by the broader UV excitation

pulses employed in these experiments rather than the much shorter ionisation pulse.

The 800 nm ionisation pulse was found to be temporally short from autocorrelation

measurements (≈ 70 fs), thus the absorption of 1 - 2 additional photons will have

only a minimal effect on the Gaussian instrument response function. Numerical cross-

correlation values obtained were dependent upon wavelength and generation scheme,

but were found to lie between 90 fs - 160 fs for the 241 nm - 296 nm range investigated,

with a summary provided in Table 5.1 below.

λpump (nm) Energy (eV) Power (µJ/pulse) XCorr (fs)

241 5.15 0.3 120

250 4.97 0.4 130

260 4.78 0.5 150

260* 4.78 0.5 160

267 4.65 1.0 135

273 4.54 0.4 125

278 4.47 0.8 160

282 4.40 0.8 110

287 4.32 0.8 110

292 4.26 0.4 125

296 4.20 0.2 90

Table 5.1: Pump powers and cross-correlation measurements for each 5,6-
dihydroxyindole excitation wavelength. Cross-correlations were performed on
1,3-butadiene in conjunction with an 800 nm probe. Associated errors in power
and cross-correlation values are ± 0.1 µJ/pulse and ± 10 fs respectively. *Ex-
periments performed on deuterated 5,6-dihydroxyindole.
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5.3 Results and Discussion

The proceeding section will present the main results and findings from our dynamical

study of 5,6-DHI. Section 5.3.1 will examine preliminary UV absorption specta of the

5,6,-DHI molecule, in addition to the mono-hydroxyindoles 4-, 5- and 6-HI, as well

as the hydroxyl-free indole chromophore. These spectra were collected by Dr James

Thompson. A discussion of the time-resolved mass spectra and assignment of 5,6-DHI

fragment species will be presented in Section 5.3.2, whilst an analysis of the excited

state parent lifetimes and assignment of their origins will be discussed in Section 5.3.3.

5.3.1 UV Absorption Spectra

The first data sets to be considered here are UV absorption spectra collected for

5,6-DHI, the mono-hydroxyindoles 4-, 5- and 6-hydroxyindole and the hydroxyl-free

UV-chromophore indole. Spectra were recorded for all molecules using a commercial

bench-top UV/visible spectrophotometer (Shimadzu UV-2550, 0.2 nm scan interval/1

mm slit width) over the wavelength range 225 nm - 325 nm. Due to the relatively

low vapor pressures of some of these molecules, in particular 5,6-DHI which has a

predicted vapor pressure on the order of 10-6 - 10-7 mmHg at 25 °C [465], all samples

were dispersed in cyclohexane. Cyclohexane is an ideal solvent for this application as

it is very non-polar, thus will have minimal interaction with the dispersed molecules

and the obtained spectra should be analagous to vapor-phase results. Furthermore,

cyclohexane has minimal UV absorption at wavelengths greater than 195 nm [466] and

will therefore not show absorption over the sampled wavelength range (225 nm - 325

nm). The collected spectra may be seen in Figure 5.3.

The first point of note from observing these spectra is that indole and 5-HI are

very similar to previous vapor-phase spectra reported by Livingstone et al. [6]. This

provides support to the notion that use of cyclohexane as a solvent results in minimal

perturbation to absorption data, with the resultant spectra comparable to the vapor-

phase equivalent. In addition, by comparison to the UV absorption spectrum of the

bare indole chromophore, 4-HI, 5-HI and 6-HI all display red-shifted absorption bands.

The introduction of a hydroxyl group at the C4 position only slightly perturbs the

onset of the first absorption band with respect to indole, whereas adding a hydroxyl

group to the C6 position displays a more pronounced red shift in the absorption

spectrum. The presence of a hydroxyl group at the C5 position produces the most

pronounced spectral red-shift of the three molecules, in addition to the first absorption

band displaying a more diffuse feature than those seen in the other systems.
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Fig. 5.3: UV absorption spectra of 5,6-dihydroxyindole, the monohydroxyindoles
4-, 5- and 6-hydroxyindole, as well as the UV chromophore indole. Samples dis-
persed in cyclohexane providing spectra analogous to the gas-phase. Absorption
spectra were collected by Dr James Thompson.

A further piece of information gained from the 5,6-DHI UV-absorption spectra is

the approximation of the onsets for the first excited states of the molecule. This is an

important requirement for the analysis of this data, as the state a molecule is excited

to will play a key role in its energy redistribution mechanism. Furthermore, it is noted

that the UV absorption spectra for 5,6-DHI shows very similar features to that of 5-HI,

thus comparisons between 5-HI and 5,6-DHI at the same pump wavelength are valid.

To this end, a similar assignment of the optically bright excited states is made. The

absorption onset of the first excited band of 5,6-DHI begins to appear at approximately

310 nm and is attributed to excitation to the S1(
1ππ*) state. The second excited

band begins to rise at approximately 285 nm and extends to approximately 265 nm.

This state is assigned as the second ππ* state, S4(
1ππ*), the next available optically

accessible state.

5.3.2 5,6-dihydroxyindole Time-Resolved Photoion Yield Mass

Spectra

With the excitation bands of 5,6-DHI having been preliminarily characterised and

preliminarily assigned through the UV absorption spectra in Section 5.3.1, it is now

possible to investigate the excited state deactivation mechanisms of the molecule

following UV excitation. The time-resolved photoion-yield technique was employed

to interrogate the energy dissipation schemes of 5,6-DHI, using UV pump excitation
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wavelengths between 241 nm and 296 nm and an intense 800 nm ionisation probe. A

representative 3D plot of the transient mass-spectra attained for 5,6-DHI employing

pump and probe wavelengths of 250 nm and 800 nm respectively may be seen at the

top of Figure 5.4.

Fig. 5.4: Top: TRIY plots for 5,6-DHI utilising a 250 nm pump and an intense
800 nm probe. Data collection runs scanned the translation stage repeatedly
between -600 fs to +1000 fs in 100 fs steps and +1000 fs to +190 ps over
49 exponentially increasing increments. Bottom: ×20 zoomed in view of the
5,6-DHI fragments, displaying various dynamical features.

On first inspection of Figure 5.4, it is clear that there is a prominent parent ion

(m/z = 149) and very minimal fragmentation. This same lack of significant frag-

mentation is seen for all pump photon energies investigated, suggesting that pho-

toionisation is achieved via the same photon-order process for all measurements. If a

higher photon-order ionisation scheme were to be required as the pump photon energy

is reduced (i.e becomes redder), it would be expected that the relative intensity of

the fragments would increase significantly as the total excess energy in the cation is

greater. What may be concluded here is that the 5,6-DHI parent ion is produced
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via a 1 + 2′ ionisation scheme at all pump wavelengths investigated. This puts an

upper limit on the ionisation potential of the molecule to the energetic equivalent of

one 296 nm photon (4.189 eV) and two 800 nm photons (1.55 eV), which equates

to 7.2 eV - 7.3 eV (within pulse bandwith considerations). This latter finding is

in good agreement with previous theoretical calculations of the ionisation potential

of 5,6-DHI performed by Mandal et al. [434] (predicted 7.31 eV vertical and 7.00 eV

adiabatic ionisation potentials).

By zooming in on the mass spectra by a factor of 20, as is the case in the bottom

plot of Figure 5.4, it is possible to see a rich variety of dynamics present in the

low intensity fragments. The fragments present an array of dynamical signatures,

including both ultrafast and extended decays, long-lived components and even a rising

feature in the case of m/z = 120. Furthermore the observed fragments produced

and the relative dynamics appear to be consistent at all wavelengths studied. An

additional small Gaussian feature seen at m/z = 32 is the dynamic signature of

contaminant methanol parent ion signal. Trace amount of methanol were observed

as it is utilised when depositing sample onto stainless steel foils in preparation for

soft thermal desorption. This, however, is a useful signal as it provides a real-time

time-zero lock in the experiment. A summary of the various fragments observed in

these experiments and some assignments are presented in Table 5.2.

It is tempting to try to glean additional information relating to the dynamics op-

erating in the neutral excited states of 5,6-DHI using the fragment transients, however

much like in the case of uracil and 2-thiouracil in Section 4.3.3 this is not possible. The

produced fragments could be the signature of higher-order 1 + 3′ multiphoton ionisa-

tion, producing highly internally excited cations which readily fragment, or via the

multiphoton ionisation of photofragments, formed following dissociation of the neut-

ral parent species, both of which would be useful signals. Once again, however, the

temporal evolution of fragment ions may also reflect independent dynamical processes

operating solely in the parent cation, for example in a 2 + 1′ ionisation/excitation

process. In this instance, ionisation is achieved solely through two-photon absorp-

tion of the pump and dynamics within the cation produced may evolve on a different

timescale to that of the neutral species. Absorption of an 800 nm photon probes the

dynamical signatures of the photocation, inducing additional prompt fragmentation.

As with uracil and 2-thiouracil, it is concluded that within the one-dimensional frame-

work of a time-resolved photoion yield measurement, it is impossible to deconvolve

the various unconnected neutral and cation dynamical processes. As such, further

analysis of the transient fragment ion data will not be considered further within this

present study.
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m/z Molecular Formula

1 H+

27 ??

28 ??

32 CH3OH+ (Methanol contaminant)

39 ??

43 ??

51/52 ??

65/66 ??

75 C8H7NO2
2+

93 ??

103 C7H5N
+

120 C7H6NO+

132 C8H6NO+

Table 5.2: A tabulation of the various fragment ions produced from 5,6-
dihydroxyindole following UV excitation over the 241 nm - 296 nm region and
ionisation with an 800 nm probe.

5.3.3 Parent Ion Transients of 5,6-dihydroxyindole

Fitting Model

In order to understand the energy redistribution mechanisms operating in neutral

5,6-DHI, analysis of the molecule’s transient nature following photoexcitation and

ionisation must be performed. Having established the unreliability in the analysis of

fragment ion transients as a reflection of neutral dynamics in Section 5.3.2, temporal

fits to the parent ion are the limit to this study. Figure 5.5 presents representative

fits to the 5,6-DHI parent ion, utilising pump wavelengths of 292 nm (top) and 250

nm (bottom) in conjunction with an intense 800 nm probe.

A fitting model similar to that of uracil, as described in Section 4.3.2, was required

to adequately fit the parent ion transients of 5,6-DHI. Data fitting was performed using

the in-house built TOFANALYSE2 code, discussed previously in Section 3.3. The

transients required either a one, two or three exponential decay fit (convoluted with

the Gaussian instrument response function), which was dependent upon the excitation

wavelength employed. Ion transients which required more than one time constant
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Fig. 5.5: Representative parent ion transients and fits for 5,6-DHI presented on
a mixed linear-logarithmic timescale. Also shown are the associated fit residuals.
Top: 292/800 nm pump/probe. Bottom: 250/800 nm pump/probe.

were modelled to occur sequentially, whereby the lifetime of the previous exponential

decay served as the rise time for the next function as in the form of Equation (3.5)

in Section 3.3. In the case of wavelengths ≤278 nm, a function containing three

exponential lifetimes (τ 1, τ 2 and τ 3 respectively) was required to adequately fit the

parent transient. Here τ 1 is considered as a short-time component with numerical

values of ≤1 ps, τ 2 is a picosecond component with lifetimes ranging tens to hundreds

of picoseconds and τ 3 is a long-lived component with lifetimes >1 ns. This model

considers the molecule to be initially prepared in an excited state (A) prior to geometry

relaxation and/or population redistribution to states of lower energy (B-D) via non-

radiative decay mechanisms. In the case of a pump wavelength of 282 nm, only a two

exponential sequential fit is employed to model the lifetimes of the parent transient

(τ 1 and τ 2). This is a result of the signal arising from the middle time constant,

τ 2, extending beyond the limit of the sampled pump and probe time window, thus

a long-lived component could not be fitted. Although not expressly included in the
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fitting procedure, it is assumed that this long-lived component will still exist at pump

wavelengths ≥282 nm given its presence at shorter wavelengths. When considering

the excited state lifetime of 5,6-DHI following pump excitation of ≥287 nm, only a

single time constant was required to model the decay of the parent ion. This lifetime

reflects the dynamics of the second time constant, τ 2, with reasons for this presented

later in this section. A summary of the fitted time constants at each pump wavelength

is shown in Table 5.3.

λpump (nm) Energy (eV) τ 1 (fs) τ 2 (ps) τ 3

241 5.15 20 ± 20 10 ± 5 >1 ns

250 4.97 100 ± 30 15 ± 5 >1 ns

260 4.78 200 ± 50 22 ± 5 >1 ns

260* 4.78 320 ± 100 37 ± 5 >1 ns

267 4.65 275 ± 100 30 ± 5 >1 ns

273 4.54 325 ± 100 36 ± 5 >1 ns

278 4.47 600 ± 150 51 ± 5 >1 ns

282 4.40 990 ± 150 73 ± 5 n/a

287 4.32 - 95 ± 5 n/a

292 4.26 - 122 ± 5 n/a

296 4.20 - 132 ± 5 n/a

Table 5.3: Experimental decay times of 5,6-dihydroxyindole following UV excit-
ation over the 241 nm - 296 nm region and ionisation with an 800 nm probe.
Cross-correlations for these decay fits may be seen in Table 5.1. τ3 lifetimes
labelled ‘n/a’ indicate signals beyond the experimental time window, however
are assumed to still be present. *Experiments performed on deuterated 5,6-
dihydroxyindole.

τ1 Lifetime Assignment

Assignment and understanding the origin of the time constants in Table 5.3 is a

non-trivial process with various potential reasons for the observed decay signatures.

Considered here first is the decay of the short time component τ 1, with two prelimin-

ary suggestions for its dynamical behaviour. One possible origin for the τ 1 lifetime is

an intramolecular vibrational energy redistribution (IVR) response to photoexcitation

in the S1(
1ππ*) state. The molecule may be prepared vibrationally hot following the

absorption of a pump photon, with vibrational redistribution of energy the origin of
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this short time component. However, this potential assignment is not wholly suppor-

ted when comparing the onset threshold for τ 1 in Table 5.3, with the UV absorption

measurements discussed in Section 5.3.1. Since the origin of the S1(
1ππ*) state was

found at approximately 310 nm (see Figure 5.3) and the first appearance of the τ 1

time constant occurred with a pump photon of 278 nm, this would suggest that the

threshold for IVR would lie >3550 cm-1 above the band origin. As a threshold for

IVR onset, this value would seem too large [467–469], escpecially for a relatively large

molecule with low symmetry such as 5,6-DHI. Therefore, to suggest that τ 1 is a decay

signature of IVR would seem unlikely. An alternate possibility is that the decay of τ 1

is a signature of the second 1ππ* state, S4(
1ππ*). This assignment aligns well with

interpretations from the UV absorption spectrum, with the origin of the S4(
1ππ*)

state seen at approximately 285 nm (see Figure 5.3). In addition, it has also been

predicted that a barrierless conical intersection exists between the S4(
1ππ*) state and

the energetically lower S1(
1ππ*) state [435], adding further support to this assignment.

Given the supporting evidence considered here, it appears that attributing τ 1 to the

decay of the S4(
1ππ*) - S1(

1ππ*) state would appear reasonable.

τ2 Lifetime Assignment

The logical next step would be to consider the second lifetime, τ 2, as the decay of the

first ππ* state, S1(
1ππ*). More detailed analysis, however, reveals that a more subtle

picture is required. This time constant does not show a similar lifetime to that seen in

indole and 5-HI at similar wavelengths [6], with decay of this state appearing to occur

far more rapidly. This suggests that the presence of O6H in this system opens up

new dynamical pathways for energy redistribution, with it possibly more appropriate

to draw comparisons to systems such as phenol/catechol [189;470;471] (the structures of

which may be seen in Figure 5.7) and the interplay between the two hydroxyl groups.

Furthermore, an unexpected relationship is observed in the lifetime of the second time

constant when τ 2 is plotted with respect to the pump photon energy, as may be seen

in Figure 5.6.

On inspection of Figure 5.6, it becomes apparent that the excited state lifetimes

display a non-linear behaviour with respect to the energy of the pump photon. In

the case of direct population transfer, a linear relationship might reasonably be ex-

pected between excited state lifetimes and pump photon energy. It is not possible to

definitively ascertain whether this relationship is a bi-linear or exponential in nature,

however speculations as to how it arises may be made. If the relationship is perceived

as bi-linear, this would suggest that there is a pump-energy dependent threshold in

the energy dissipation within 5,6-DHI at 282 nm. This, however, would suggest that
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Fig. 5.6: Plots of the τ1 (top) and τ2 (bottom) lifetimes of 5,6-DHI fitted for
the various pump energies employed.

the molecule can more efficiently redistribute excess energy for pump energies ≤∼
4.55 eV, with it to be expected that a molecule would more efficiently redistribute ex-

cess energy as the pump energy is increased. This behaviour is reflected in Figure 5.6

as at high pump photon energies there is a significantly more shallow gradient than

at low pump photon energies. This would therefore suggest that a bi-linear function

is not the behaviour observed in this time constant.

If considered as an exponential relationship, a very different conclusion may be

drawn as to the origin of τ 2. Drawing on the possible similarities of 5-HI/5,6-DHI to

phenol/catechol systems, as mentioned earlier, it is possible that the observed beha-

viour of τ 2 may reflect H-atom tunnelling through a barrier along the O5H coordin-

ate. This behaviour has been observed in both the phenol [189;470] and catechol [189;471]

systems. Potential energy cuts along the OH coordinate displaying this tunnelling

behaviour are presented in Figure 5.7.

On observation of Figure 5.7, it can be seen that there are only minimal perturb-

ations to the shape of the S1 and S0 states when comparing phenol and catechol.

The major differences in the potential energy cuts relate to the shape of the S2 state.

The reduction in the H-tunnelling barrier height/volume seen in catechol is mainly

Page 138



Chapter 5: 5,6-Dihydroxyindole (A Wavelength-Dependent Study)

Fig. 5.7: Potential energy cuts along the OH coordinate of phenol (top) and cat-
echol (bottom), displaying a H-atom tunnelling dynamic. Adapted from Roberts
et al. [470] and Chatterley et al. [471] respectively.

attributed to the conical intersection crossing point between the S1 and S2 states

lying energetically lower when compared to phenol. Although the reduction in bar-

rier height may seem modest from Figure 5.7, given the exponential dependence of

the H-atom tunnelling rate on barrier height [470], a small reduction leads to a signi-

ficant increase in the energy dissipation rate. Investigations of phenol and catechol

performed at equivalent excitation wavelengths appear to confirm this theory, with
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Livingstone et al. [189] having studied both molecules with a 267/300 nm pump-probe

ionisation scheme. Here the authors found the S1(
1ππ*) lifetime of phenol (980 ps)

to be significantly more extended than that seen in catechol (12.1 ps), with change

in barrier height along the OH coordinate cited as a key reason for this finding. This

work, in addition to the study of Chatterley et al. [471], concluded that the introduc-

tion of the additional hydroxyl group in catechol reduced the barrier for tunnelling

along the non-hydrogen bonded OH coordinate, induced by S1(
1ππ*)/S2(

1πσ*) state

mixing. This consequently gives rise to more efficient energy dissipation in catechol

than that seen in the phenol system. This would be a significantly different situation

when compared with 5-HI, where both Oliver et al. [452] and Livingstone et al. [6] con-

cluded that the O5H coordinate acted as a spectator in energy dissipation schemes.

Furthermore, a tunnelling interpretation aligns well with predictions made by Datar

et al. [435] and Ghosh et al. [436] as to the nature of energy dissipation within 5,6-DHI.

As discussed in Section 5.1.1, both authors conclude that there is a lower barrier

for energy dissipation along the S2(
1πσ*) O5H coordinate than the NH coordinate,

following a barrierless conical intersection connecting the S1(
1ππ*)/S2(

1πσ*) states.

Deuterated 5,6-dihydroxyindole Measurement

In order to further investigate whether a phenol/catechol H-atom tunnelling behaviour

(mediated by the OH coordinate) is seen in this data rather than behaviour similar

to indole/5-HI (mediated by the NH coordinate), a study on deuterated 5,6-DHI was

performed. Here, the 5,6-DHI molecule was deuterated at the O5D and O6D positions

and measurements were taken employing a 260 nm pump. This investigation showed a

marked difference in the dynamical time constants when compared to those found for

standard 5,6-DHI under the same conditions. Upon deuteration there was a significant

increase in the observed excited state lifetimes, with τ 1 increasing from 200 fs to 320

fs and similarly τ 2 extending from 22 ps to 37 ps. From this result it may therefore be

concluded that the energy redistribution mechanism in 5,6-DHI relies upon dissipation

via interaction of the two OH coordinates. As previously discussed, this is drastically

different to the dynamics observed in other indolic systems such as 5-HI, where the

OH coordinate was found to act as a spectator with energy redistribution mediated

via the NH coordinate.

τ3 Lifetime Assignment

From our time-resolved photoion yield studies it is not possible to determine the fate

of the state associate with the final time constant, τ 3, however speculations may again
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be made as to its origin. Following the decay of the S1(
1ππ*) state following H-atom

barrier tunnelling induced by interaction between S1(
1ππ*) and S2(

1πσ*), there are

two active routes for energy redistribution. One route is the population of the triplet

manifold, indicated as a key dissipation route in the deactivation of indole by Park et

al. [472]. Alternatively, τ 3 may reflect repopulation of the S0 ground state, supported

by the studies of Datar et al. [435] and Ghosh et al. [436]. Here both authors performed

calculations on 5,6-DHI which showed the presence of an S2/S0 barrierless conical

intersection, accessible along both the O5H and NH coordinates. It is postulated,

within the bounds of this present study, that the signal arising from τ 3 is a signature

of triplet manifold population. This conclusion is drawn as we consider it less likely

that two 800 nm photons would probe deep enough into the ionisation continuum

to pick-up dynamical signatures from the vibrationally hot S0 ground state. It is

considered more likely the signal will arise from the less vibrationally excited triplet

manifold, which should be more easily accessible under the experimental conditions

employed. Furthermore, the previous theoretical studies of Datar et al [435] and Ghosh

et al. [436]did not consider the role of triplet states within their calculations, thus

further theoretical work is required. Finally, it is also important to note that further

dynamical processes will undoubtedly also be operating within this system on similar

timescales, however this present measurement is blind to their dynamical fingerprint.

Possible further operating mechanisms include H-atom dissociation along the O5H

coordinate, as seen in studies of 5-HI by Oliver et al. [452], as well as H-atom migration

as theorised by Sobolewski et al. [433] for the formation of 6-hydroxy-4-dihydro-indol-

5-one.
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5.4 Conclusion

This chapter has presented the first ever gas-phase spectroscopic study of the eu-

melanin sub-unit 5,6-DHI, with sample volatilisation achieved via a laser-based thermal

desorption source. A series of time-resolved ion-yield measurements have been under-

taken employing pump wavelengths across the 241 nm - 296 nm excitation region and

ionisation achieved with an intense multiphoton 800 nm probe. An upper limit on

the ionisation threshold of 5,6-DHI is assigned as 7.2 - 7.3 eV, given that the relative

intensity of fragment transients are equal at all pump wavelengths investigated and

is in good agreement with theoretical predictions. Relaxation of the S4(
1ππ*) state

to the S1(
1ππ*) state is observed at wavelengths ≤282 nm on a timescale of τ 1 = <1

ps. Drawing on comparisons with phenol/catechol systems, H-atom barrier tunnelling

along the O5H coordinate following S1(
1ππ*)/S2(

1πσ*) state mixing mediates the de-

cay of S1(
1ππ*) on a timescale of τ 2 = 10 ps - 132 ps. Complimentary measurements

of 5,6-DHI deuterated at the OH positions utilising a 260 nm pump showed a signi-

ficant elongation of the excited state lifetimes, confirming that the OH coordinates

play a key role in the energy dissipation mechanisms in 5,6-DHI. This is in contrast

to the related 5-HI system, where the OH coordinate is considered a spectator and

the NH coordinate is key to energy redistribution. A final long-lived component τ 3

= >1 ns, is attributed to intersystem crossing and population of the triplet manifold.

The results from this study provide a good illustration of how subtle changes to a

molecular structure can lead to significant modification of the observed dynamics.
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Conclusions and Future Work:
What To Do Now?

As can easily be imagined, when working on a continuous project with various aims

there are numerous avenues along which work continues following one’s working time

frame coming to an end. This section aims to summarise the various partially com-

pleted projects and intended future endeavours of the experimental set-up. Further-

more, a final conclusion to the thesis is discussed, providing an overview of the work

undertaken.
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6.1 Future Work

6.1.1 Characterisation of a Molecular Nozzle

One key aim for further development of the laser desorption source presented in this

thesis is the ability to entrain the desorption plume into a molecular beam set-up.

The benefits of such a design would include increasing sample density, as molecules

would have a more restricted directionality once within the molecular beam. Use of a

carrier gas would provide partial molecular cooling through collisions. Initial design

ideas considered the use of a modified pulsed valve set-up, similar to that presented

in Figure 6.1.

Fig. 6.1: A schematic of a potential laser desorption molecular beam source.
The laser desorbed plume interacts with a gas pulse from a pulsed molecular
valve creating an entrained sample beam.

Although this set-up would provide the desired molecular cooling, this design is

not ideal for this intended application. Such a set-up would not entrain the entire

sample plume following laser desorption, lowering potential sample concentration.
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Furthermore, due to the low temperature and speed of the desorbed plume, it is

believed the molecules may not be able to penetrate into the molecular beam pulse to

any great extent. The gas pulse would therefore have poor sample pick-up and thus

would not be a successful molecular carrier.

An alternate idea for sample collimation considered the use of aerodynamic lenses [473;474].

A typical aerodynamic lens system consists of three sections: a flow control opening,

a series of mass flow lenses, and an accelerating nozzle output. A schematic of an

example aerodynamic lens system cut-through may be seen in Figure 6.2.

Fig. 6.2: A schematic of an aerodynamic lens system cut-through. Blue lines
represent the flow of the carrier gas whereas red lines show the particle traject-
ories when successfully collimating.

After entering the aerodynamic lens system, the gas streamlines are forced to

the axial center at each focussing lens aperture. A gas expansion occurs on the

opposite side of the orifice, however inertia maintains the sample particles closer to

the centreline axis [475]. The separation between focussing lenses is key to sample

collimation, with particles that are too large or too small not effectively aligning. For

particles that are above a certain size, their inertia is greater than the drag imparted

by the carrier gas and thus do not follow gas streamlines to the central axis. In the

case of particles below a critical size limit, focussing is unsuccessful as the particles

either diffuse away from the center axis due to Brownian motion or follow the gas

streamlines due to a lack of inertia [476].

Aerodynamic lenses are traditionally utilised when focussing particles that are in

the nanometre regime, thus to deduce the feasibility of using such a technique for

molecular samples an aerodynamic lens calculator [477], designed by Xiaoliang Wang

and Peter H. McMurry, was used to investigate ideal focussing conditions. Calcula-

tions showed the expected behaviour, with use of multiple focussing lenses resulting

in very low transmission rates due to the molecules being too light. The simulation
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suggested use of only a single focussing lens would be possible and would still suffer

from the loss effects of Brownian motion.

A final design idea considered is similar to that of the focussing nozzle of Piseri et

al. [478–480], utilised for the production of supersonic cluster beams. The basic principle

of this set-up relies upon the fact that a sample is already within a gas pulse before

entering the focuser. The focuser consists of a circular disk with eight evenly spaced

holes sitting an adjustable distance in front of a smaller exit nozzle. Variation of the

disk-nozzle distance allows for mass selectivity along the exit nozzle central axis, due

to inertial changes between the gas and particles travelling through two tight bends.

A schematic of this design may be seen in Figure 6.3.

Fig. 6.3: A schematic cut-through of an supersonic cluster beam focuser as
designed by Piseri et al. [478]. Mass selectivity is achieved through variation of
the focuser position with respect to the nozzle outlet. Inset: Front facing view
of the focuser.

Inspiration was taken from these previously described set-ups for a final Heriot-

Watt molecular nozzle design which will be implemented and tested in the near future.

A molecular nozzle, similar to that of the Piseri et al. [478] set-up, has been designed

for sample pick-up and cooling in a molecular beam. The focuser is replaced with the

laser desorption foil and sample penetration into the gas flow is facilitated through

a series of ‘saw-teeth’ in the region between foil and nozzle. The increased pressure

in the 100 µm gaps at the foil surface allow for targeted regions of sample pick-
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up. 2D axis-symmetric helium gas velocity and pressure profiles have been simulated

for the intended design using the commercial modelling software package COMSOL

Multiphysics, the results of which may be seen in Figure 6.4.

Fig. 6.4: Steady-state 2D axis-symmetric gas velocity and pressure profiles for
the intended molecular nozzle design. Initial inlet pressure was set to 5000 Pa
and outlet pressure was set as 10-3 Pa and helium was the chosen carrier gas
simulated.

Here, an input pressure of 5000 Pa was assumed and an outlet pressure of 10-3 Pa

was chosen. As can be seen from Figure 6.4, the use of the saw-tooth design creates a

region of high velocity and pressure at the sample surface which will allow molecules

to penetrate into the gas flow. Furthermore, a time-dependent study of the sample

pick-up and collimation has been simulated over a 3 ms time-region using the same

modelling software. A subset of these results may be seen in Figure 6.5.

The final molecular nozzle design was developed using the AutoCAD software

package. This allowed for the construction of each of the individual pieces as a 3D

structure, with the ability to export the various components dimensions with ease for

design layouts. The nozzle has been designed to sit on a flange within the CF160 cross

of the new spectrometer and may be positioned in x, y and z dimensions through use of

a series of sliders. Gas flow for molecular pick-up may be achieved either by coupling

with an attotech GR001 pulse valve or via a continuous flow. The final nozzle design

has also now been constructed by the Heriot-Watt University mechanical engineering

workshop. The final AutoCAD design and construction may be seen in Figure 6.6.
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Fig. 6.5: Time-dependent study of the sample pick-up and collimation following
laser desorption. A time-range of 3 ms was sampled and particles are born with
an initial velocity of 200 ms-1 and assumed as 1 nm spheres and density 2200
kgm-3. Pressure conditions are the same as described previously.
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Fig. 6.6: Left: Final AutoCAD design of the molecular nozzle. Right: Construc-
ted molecular nozzle for comparison. Molecular nozzle parts made by Heriot-
Watt University mechanical engineering workshop.

An additional z-axis cut-through of the molecular nozzle is provided for clarity of

the design in Figure 6.7.

Fig. 6.7: A z-axis cut-through of the molecular nozzle. Inset: An annotated
zoomed in view of the foil holding position and gas inlet. Yellow arrow shows
carrier gas flow direction. Sample foil not included in image for clarity.
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Future work associated with this project initially consists of testing the perform-

ance of this molecular nozzle in conjunction with the mass spectrometer utilised for

the experiments throughout this thesis. This potential molecular beam source will

need to be characterised to ensure an increase in sample density has been achieved at

the nozzle outlet and to investigate whether any molecular cooling is exhibited in the

desorbed sample.

6.1.2 Velocity Map Imaging Spectroscopy

Velocity map imaging is a powerful spectroscopic acquisition technique which can

provide a wealth of dynamical information through both energy- and angle-resolved

measurements. An extensive literature review and the benefits of utilising this tech-

nique have been discussed previously in Section 1.3.1, and the reader is encouraged

to revisit this section for further information to this regard.

As discussed in Section 2.3.3, the ion optics incorporated into the mass spectro-

meter, utilised for measurements throughout this thesis, have been designed to also

perform velocity map imaging. In order to investigate the capabilities of the spec-

trometer, a series of 267 nm one-colour photoelectron images were collected for the

molecules 2-thiouracil, DL-phenylalanine and guanine, utilising the laser desorption

source for sample volatilisation. The obtained photoelectron images may be seen in

Figure 6.8.

Collection of these photoelectron images is in itself a noteworthy result, with

no imaging studies having previously been reported when employing a soft thermal

desorption source. Utilisation of this volatilisation method opens up a wealth of

new opportunities, with it now possible to produce a gaseous molecular sample of

significant density for detailed spectroscopic investigations.

Going forward, there are two exciting potential research avenues considered for

future experimental investigations utilising the velocity map imaging technique, time-

resolved photoelectron spectroscopy and photoelectron circular dichroism studies,

with each discussed in the proceeding subsections.

Time-resolved Photoelectron Spectroscopy

Time-resolved photoelectron spectroscopy [187] is an established technique for the study

of molecular dynamics and has been utilised within the Townsend group for the last

decade [6;148;189–196]. An extensive description of the technique and the benefits of

utilising this differential measurement have been detailed previously in Section 1.3.1

and thus will only be discussed briefly here.
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Fig. 6.8: Symmetrised one-colour 267 nm photoelectron images of 2-thiouracil,
DL-phenylalanine and guanine obtained using the laser desorption source for
sample volatilisation.

The technique itself relies on the use of a pump-probe scheme, in which two

laser pulses excite and ionise the molecules of interest respectively, with a controlled

time separation, ∆t, between the interactions. Photoelectron images are collected

as a function of this pump-probe delay, providing time-, energy- and angle-resolved

data. An example strip of time-resolved photoelectron images for the molecule N,N-

dimethylisopropylamine (DMIPA) following 200 nm excitation and 267 nm ionisation

may be seen in Figure 6.9 [193].

Fig. 6.9: Time-resolved photoelectron images of the molecule N,N-
dimethylisopropylamine (DMIPA) utilising a 200 nm pump/ 267 nm probe ion-
isation scheme. Image taken from Thompson et al. [193].

The avenue of interest for future work is the utilisation of the thermal desorption

source as a method of sample volatilisation in conjunction with the VMI set-up. Time-

resolved photoelectron studies utilising a desorption source such as that presented
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here have not previously been reported, thus in itself would be a beneficial endeav-

our. The time-resolved photoelectron imaging technique is vastly more differential

than the time-resolved ion yield measurements presented within this body of work,

and thus could provide an array of new spectroscopic information on these systems.

Furthermore, the range of molecules which would become accessible to investigate is

a key motivation. Molecules which may previously have been considered non-viable

for studies of this form due to a low vapour pressure may now be investigated with

relative ease thanks to this volatilisation scheme.

Photoelectron Circular Dichroism Studies

An alternate avenue for further research is to image the photoelectron emission from

chiral molecules following excitation with circularly polarised light, an effect known

as photoelectron circular dichroism (PECD) imaging. PECD was first predicted by

Ritchie et al. in 1976 [481], however experimental demonstrations were not shown

until the 21st century [482–484]. In a non-chiral molecule, photoelectron emissions are

symmetric parallel and anti-parallel to the direction of laser propagation. In the case

of chiral molecules, however, an asymmetry is present due to scattering of the emitted

electron from the chiral potential of the molecule. Coupled with the velocity mapping

technique it is possible to obtain PECD angular distributions. This is achieved by

performing a difference measurement following excitation with left (p = +1) and right

(p = -1) circularly polarised light respectively, with the resultant image representative

of the molecules PECD. An example of PECD data for (S)-(-)-camphor excited with

398 nm light, produced by Lux et al. [485], may be seen in Figure 6.10.

Furthermore, it is possible to extract the normalised angular distribution of emit-

ted photoelectrons, Ip(θ), from this difference image using an equation of the form

Equation (6.1) [481].

Ip(θ) = b0 +
2N∑
i=1

bi
(p)Pi(cosθ) (6.1)

Here, N is the number of excitation photons, bi are the anisotropy parameters, Pi

are the Legendre polynomials and θ is the photoelectron emission angle relative to the

propagation direction. The odd coefficients b1, b3, b5, etc., are normally zero unless

the molecule is chiral and the light is circularly polarised. These odd coefficients

also exhibit a change in sign when either the polarisation helicity is switched or the

opposite enantiomer is investigated. If the PECD image distribution is integrated

over all forwards Fp(θ = 0deg - 90deg) and backward Bp(θ = 90deg - 180deg) angles,

the overall asymmetry may be expressed conveniently by a single parameter, G, which
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Fig. 6.10: Photoelectron images of (S)-(-)-camphor excited with linear (LIN)
left circularly-polarised (LCP) and right circularly-polarised (RCP) 398 nm
light. PECD shows the difference image (LCP-RCP), with symmetric and anti-
symmetric components of the PECD image presented in the final two panels.
Image adapted from Lux et al. [485].

may be calculated as shown in Equation (6.2) [486].

G =
(F+1 − F−1)

(F+1 + F−1) /2
− (B+1 −B−1)

(B+1 +B−1) /2
=

1

b0

(
2b1 −

1

2
b3 +

1

4
b5 − ...

)
(6.2)

Although measurements such as these were originally only performed utilising

synchrotron radiation for single photon PECD, more recently studies of multiphoton

PECD have been demonstrated utilising femtosecond laser systems [486–488]. This is

an exciting avenue for future research within the Townsend group, with use of the

laser desorption source offering the opportunity to investigate an array of previously

unstudied molecules. Moreover, there is also the potential to investigate the transi-

ent nature of these PECD responses through time-resolved studies [489–491], a further

exciting avenue of future research.
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6.2 Conclusion

In this thesis, the non-adiabatic dynamics of non-volatile biologically relevant molecu-

lar species have been investigated following the absorption of UV radiation. Time-

resolved photoion-yield spectroscopy has been employed for data acquisition, with

sample volatilisation facilitated through use of a newly developed thermal desorption

source, producing neutral plumes of low vapour pressure systems.

At the beginning of this thesis, Chapter 1 provided an extensive review of spec-

troscopic techniques, considering methods both in the frequency- and time-domain,

in addition to a further review of the various volatilisation methods available to pro-

duce gas-phase samples of low vapour pressure molecules. Furthermore, the various

radiative and non-radiative energy dissipation mechanisms for molecular relaxation

were discussed as well as an overview of the various principles and approximations

which are assumed in spectroscopic studies.

An outline of the experimental set-up utilised for data collection was presented in

Chapter 2. A description of how femtosecond laser pulses are produced and amplified

was followed by an extensive discussion on the theory of non-linear optical frequency

conversion as well as how it was implemented in the work for this thesis. A further

description of the new state-of-the-art time-of-flight mass spectrometer, employed

with a soft thermal desorption source, was provided as well as a background to the

various vacuum components required to construct such a machine.

Chapter 3 discussed the extensive spectroscopic software developed in MATLAB

for the acquisition and analysis of time-resolved photoion-yield data. This required

interfacing with various pieces of hardware, including an oscilloscope, home-built ar-

duino shutters and a translation stage, for automation of the data acquisition process.

Furthermore, extensive code development was required for the production of a uni-

versal data transient fitting function to determine molecular excited state lifetimes.

All software produced are operated through graphical user interfaces for ease of use.

Chapter 4 presented the first results obtained from the newly designed spectro-

meter, investigating the RNA base uracil, as well as its sulfated equivalent 2-thiouracil,

across the 267 - 200 nm excitation region and employing an intense 400 nm probe.

Benchmark studies of the two molecules at 267 nm show good agreement with pre-

vious time-resolved studies of excited state lifetimes. Furthermore, studies of uracil

at 220 nm and 200 nm showed extremely rapid relaxation of the S3(
1ππ*) state on

a timescale of <200 fs. A further point of note is that within the first few hundred

picoseconds of pump-probe delay, there is no evidence for the appearance of an m/z

= 84 fragment ion, the presence of which in previous nanosecond REMPI studies had
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been attributed to theoretically predicted ultrafast ring opening processes at S2/S1

or S1/S0 conical intersections. This leads to the conclusion that production of m/z

= 84 is not associated with any ultrafast ring-opening process, however, this leaves

open the possibility that the appearance of this fragment may be associated with an

excited state process operating on a much more extended timescale.

The first ever gas-phase spectroscopic study of the eumelanin sub-unit 5,6-DHI was

presented in Chapter 5, with sample volatilisation again achieved via a laser-based

thermal desorption source. Investigations were performed across the 241 - 296 nm

excitation region in conjunction with an 800 nm ionising probe. An upper limit on the

ionisation threshold of 5,6-DHI is assigned as 7.2 - 7.3 eV which is in good agreement

with theoretical predictions. Relaxation of the S4(
1ππ*) state to the S1(

1ππ*) state

was observed at wavelengths ≤282 nm on a timescale of τ 1 = <1 ps. Drawing on

comparisons with phenol/catechol systems, H-atom barrier tunnelling along the O5H

coordinate following S1(
1ππ*)/S2(

1πσ*) state mixing mediated the decay of S1(
1ππ*)

on a timescale of τ 2 = 10 ps - 132 ps. Complimentary measurements of deuterated

5,6-DHI employing a 260 nm pump showed a significant elongation of the excited state

lifetimes, confirming that the OH coordinates play a key role in energy dissipation.

This is in contrast to the related 5-HI system, where the OH coordinate is considered

a spectator and the NH coordinate is key to energy redistribution. A final long-lived

component τ 3 = >1 ns, is attributed to intersystem crossing and population of the

triplet manifold. The results from this study provide a good illustration of how subtle

changes to a molecular structure can lead to significant modification of the observed

dynamics.

Finally, Chapter 6 has discussed the various avenues of future work being actively

pursued within the Townsend group building on the work presented within this thesis.

A particular area of interest is the testing of a molecular nozzle, which will be employed

to concentrate sample plume density and provide an aspect of molecular cooling.

Further projects will include investigating molecular dynamical and chiral signatures

using the time-resolved photoelectron technique and photoelectron circular dichroism

imaging respectively, both in conjunction with the thermal desorption source. A final

summary of the work presented within this thesis has been provided within the present

subsection.
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[14] H. Eyring and M. Polanyi. Über Einfache Gasreaktionen. Zeitschrift fur Physikalische
Chemie B, 12:279–311, 1931.

[15] H. Eyring. The Activated Complex in Chemical Reactions. The Journal of Chemical
Physics, 3(2):107–115, 1935.

[16] J. Franck. Elementary Processes of Photochemical Reactions. Transactions of the
Faraday Society, 21:536–542, 1926.

[17] E. Condon. A theory of intensity distribution in band systems. Physical Review, 28
(6):1182–1201, 1926.

[18] A. S. Coolidge, H. M. James and R. D. Present. A study of the franck-condon principle.
The Journal of Chemical Physics, 4(3):193–211, 1936.

[19] F. Hund. Zur Deutung der Molekelspektren. I. Zeitschrift für Physik, 40(10):742–764,
1927.
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[25] W. Pauli. Über den Zusammenhang des Abschlusses der Elektronengruppen im Atom
mit der Komplexstruktur der Spektren. Zeitschrift für Physik, 31(1):765–783, 1925.

[26] F. Hund. Zur Deutung einiger Erscheinungen in den Molekelspektren. Zeitschrift für
Physik, 36(9-10):657–674, 1926.

[27] R. S. Mulliken. Electronic States and Band Spectrum Structure in Diatomic Mo-
lecules. IV. Hund’s Theory; Second Positive Nitrogen and Swan Bands; Alternating
Intensities. Physical Review, 29(5):637–649, 1927.

Page 157



REFERENCES

[28] R. S. Mulliken. The assignment of quantum numbers for electrons in molecules. I.
Physical Review, 32(2):186–222, 1928.

[29] G. Herzberg and H. C. Longuet-Higgins. Intersection of potential energy surfaces in
polyatomic molecules. Discussions of the Faraday Society, 35:77–82, 1963.

[30] Z. Gengeliczki, M. P. Callahan, N. Svadlenak, C. I. Pongor, B. Sztáray, L. Meerts, D.
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[429] L. E. Boĺıvar-Marinez, D. S. Galvão and M. J. Caldas. Geometric and Spectroscopic
Study of Some Molecules Related to Eumelanins . 1 . Monomers. The Journal of
Physical Chemistry B, 103(15):2993–3000, 1999.

[430] K. B. Stark, J. M. Gallas, G. W. Zajac, M. Eisner and J. T. Golab. Spectroscopic
Study and Simulation from Recent Structural Models for Eumelanin: I. Monomer,
Dimers. The Journal of Physical Chemistry B, 107(13):3061–3067, 2003.

[431] Y. V. Il’ichev and J. D. Simon. Building Blocks of Eumelanin : Relative Stability and
Excitation Energies of Tautomers of. The Journal of Physical Chemistry B, 107(29):
7162–7171, 2003.

Page 187



REFERENCES

[432] B. J. Powell, T. Baruah, N. Bernstein, K. Brake, R. H. McKenzie, P. Meredith and
M. R. Pederson. A first-principles density-functional calculation of the electronic and
vibrational structure of the key melanin monomers. The Journal of Chemical Physics,
120(18):8608–8615, 2004.

[433] A. L. Sobolewski and W. Domcke. Photophysics of Eumelanin : Ab Initio Studies on
the Electronic Spectroscopy and Photochemistry of 5 , 6-Dihydroxyindole. ChemPhy-
sChem, 8(5):756–762, 2007.

[434] M. Mandal, T. Das, B. K. Grewal and D. Ghosh. Feasibility of Ionization-Mediated
Pathway for Ultraviolet-Induced Melanin Damage. The Journal of Physical Chemistry
B, 119(42):13288–13293, 2015.

[435] A. Datar and A. Hazra. Pathways for Excited-State Nonradiative Decay of 5,6-
Dihydroxyindole, a Building Block of Eumelanin. The Journal of Physical Chemistry
A, 121(14):2790–2797, 2017.

[436] P. Ghosh and D. Ghosh. Elucidating the Photoprotection Mechanism of Eumelanin
Monomers. The Journal of Physical Chemistry B, 121(24):5988–5994, 2017.

[437] M. D’Ischia, O. Crescenzi, A. Pezzella, M. Arzillo, L. Panzella, A. Napolitano
and V. Barone. Structural effects on the electronic absorption properties of 5,6-
dihydroxyindole oligomers: The potential of an integrated experimental and DFT
approach to model eumelanin optical properties. Photochemistry and Photobiology,
84(3):600–607, 2008.

[438] G. Prampolini, I. Cacelli and A. Ferretti. Intermolecular interactions in eumelanins:
A computational bottom-up approach. I. small building blocks. RSC Advances, 5(48):
38513–38526, 2015.

[439] D. Tuna, A. Udvarhelyi, A. L. Sobolewski, W. Domcke and T. Domratcheva. Onset
of the Electronic Absorption Spectra of Isolated and π-Stacked Oligomers of 5,6-
Dihydroxyindole: An Ab Initio Study of the Building Blocks of Eumelanin. The
Journal of Physical Chemistry B, 120(14):3493–3502, 2016.

[440] M. Gauden, A. Pezzella, L. Panzella, A. Napolitano, M. D’Ischia and V. Sundström.
Ultrafast excited state dynamics of 5,6-dihydroxyindole, a key eumelanin building
block: nonradiative decay mechanism. The Journal of Physical Chemistry B, 113(37):
12575–12580, 2009.

[441] A. Huijser, A. Pezzella and V. Sundström. Functionality of epidermal melanin pig-
ments : current knowledge on UV-dissipative mechanisms and research perspectives.
Physical Chemistry Chemical Physics, 13(20):9119–9127, 2011.

[442] A. Corani, A. Huijser, A. Iadonisi, A. Pezzella, V. Sundström and M. D’Ischia.
Bottom-Up approach to eumelanin photoprotection: Emission dynamics in parallel
sets of water-soluble 5,6-dihydroxyindole-based model systems. The Journal of Phys-
ical Chemistry B, 116(44):13151–13158, 2012.

[443] J. J. Nogueira, A. Corani, A. El Nahhas, A. Pezzella, M. D’Ischia, L. González and
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APPENDIX A

Ion Optics Cut-Through

This appendix provides a cut-through view of the ion-optics in conjunction with the

rotation coupler for sample replenishment.

Fig. A.1: A cut-through view of the ion-optics/rotation coupler. A-C represent
the repeller, extractor and grounding electrodes respectively whilst D and E are
unused. The sample foil is held within the repeller electrode and is able to
rotate off-axis with respect to the desorption laser beam. Sample replenishment
is achieved via manually rotating the sample using an air-to-vacuum coupler.
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APPENDIX B

TOFSET2 Flow Chart

This appendix provides a flow chart showing how the code behind one of the three

GUIs developed during this PhD, TOFSET2.m, functions. The function of this code

is to interface with a Tektronix TDS 1002B oscilloscope in order to extract and save

oscilloscope traces.
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Appendix B: TOFSET2 Flow Chart

Fig. B.1: A flow chart depicting the operation of the TOFSET2 programme.
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APPENDIX C

TOFRUN2 Flow Chart

This appendix provides a flow chart demonstrating the processes undertaken by the

GUI for time-resolved photoion yield data acquisition, TOFRUN2.m. This code was

required to interface with a Tektronix TDS 1002B oscilloscope, a PI M-403.12S linear

translation stage an a pair of home-built arduino controlled stutters and allowed for

automation of the data acquisition process.
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Appendix C: TOFRUN2 Flow Chart

Fig. C.1: A flow chart depicting the operation of the TOFRUN2 programme.
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APPENDIX D

TOFANALYSE2 Flow Chart

This appendix provides a flow chart demonstrating the processes undertaken by the

main GUI for time-resolved photoion yield data analysis, TOFANALYSE2.m. This

code was developed to extract molecular time constants from time-resolved photoion

yield spectroscopic data, as well as to produce publication ready figures of the attained

and analysed data.
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Appendix D: TOFANALYSE2 Flow Chart

Fig. D.1: A flow chart depicting the operation of the TOFANALYSE2 pro-
gramme.
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APPENDIX E

Calibration Flow Chart

This appendix provides a flow chart demonstrating the processes undertaken by the

the sub-GUI for calibration of time-of-flight data to mass-to-charge ratio, Calibra-

tion.m.

Fig. E.1: A flow chart depicting the operation of the Calibration programme.
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