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Abstract

Time-resolved radiation chemistry: dynamics of electron attachment to nucleobases and
small molecules

by

Sarah Bailey King

Doctor of Philosophy in Chemistry

University of California, Berkeley

Professor Daniel M. Neumark, Chair

Time-resolved photoelectron imaging is used to investigate the dynamics of electron at-
tachment and electron interaction with the molecules uracil (U), thymine (T), adenine (A)
and imidazole (Im). In this technique, the molecule of interest is clustered with an io-
dide atom, and a tunable UV photon induces ultrafast electron transfer from iodide to the
molecule, forming a transient negative ion with femtosecond time resolution. After a known
time delay, a second photon detaches the transient negative ion and the resulting photoelec-
trons are detected using velocity map imaging. This experimental method allows for insight
into how biologically relevant molecules in the gas phase interact with, and accommodate,
an excess electron, an important question in radiation biology.

Uracil and thymine interact similarly with excess electrons. We observe two different elec-
tron attachment motifs, dependent on the pump pulse excitation energy that induces charge
transfer from the iodide atom. The vertical detachment energy (VDE) of the iodide-uracil
cluster is 4.11±0.05 eV and 4.05±0.05 eV for the iodide-thymine cluster. Excitation of the
clusters with photon energies of approximately 500-700 meV above the I– ·U and I– ·T VDEs
results in electrons with approximately 500-700 meV of kinetic energy that scatter directly
into the valence-bound orbitals of uracil and thymine, forming the valence bound anion.
Using lower excitation energies, between 120 meV below the VDE and 110 meV above the
I– ·U and I– ·T VDEs, the I– ·U/T anion ground state is photoexcited to an anion state where
the excess electron is bound in a dipole-bound (DB) anion state by the dipole moment of
the cluster. Due to a changing photodetachment cross-section of the uracil and thymine DB
anion from geometry relaxation at early times, the DB photoelectron signal has a rise-time
longer than the cross-correlation of the pump and probe pulses. Subsequently, a small popu-
lation of the uracil and thymine DB anions transition to the valence-bound (VB) anions, in
agreement with theoretical predictions. However, no participation of the uracil or thymine
DB anion is observed in the formation of the respective VB anion at excitation energies
500-700 meV above the I– ·U/T VDEs, contrary to experiments that invoked participation
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of the dipole-bound anions to explain features in the dissociative electron attachment spectra.

The uracil and thymine DB and VB anions ultimately decay through a variety of mech-
anisms. In the lower excitation energy region, both the DB and VB anions of uracil and
thymine decay bi-exponentially at all of the excitation energies studied. The decay lifetimes
range between 2 to 25 ps for the short decay lifetime and 30-2000 ps for the long decay
lifetime, depending on excitation energy and anion state. In the higher excitation energy
region, the thymine VB anion signal decays completely by 10 ps, unlike uracil that has a bi-
exponential long-time lifetime that persists until at least 100 ps. The bi-exponential decays
for the DB and VB anions of uracil and thymine are attributed to various mechanisms de-
pending on the molecule and excitation energy including: different rates of autodetachment
prior and subsequent to iodine loss, and non-statistical autodetachment versus statistical
autodetachment.

Experiments investigating the electron attachment dynamics to adenine show evidence
of multiple tautomers of adenine participating in the dynamics. Excitation from the ground
state I– ·A anion cluster to the iodine-adenine DB anion, is induced with excitation energies
near the 3.96 eV VDE of the I– ·A9 canonical tautomer. The DB anion of adenine is initially
formed with a ∼ 250 fs rise-time due to a changing photodetachment cross-section correlated
with relaxation of the cluster geometry from the Franck-Condon region, as is observed in
uracil and thymine. The DB anion undergoes a complete ultrafast transition to the VB anion
at some excitation energies, and a partial transition at other excitation energies. However,
electronic structure calculations do not predict a stable valence bound anion of the A9 canon-
ical tautomer of adenine, and the relative intensities of the dipole-bound and valence-bound
anions and the dipole-bound anion decay lifetimes display non-monotonic trends. These dy-
namics are consistent with two tautomers present in the ion beam clustered to iodide, the A9
canonical tautomer and the A3 non-canonical tautomer. The DB to VB transition is due to
the A3 tautomer. The A3 tautomer is calculated to support a VB anion with an exothermic
transition from the DB to VB state. The A9 canonical tautomer however only supports an
excess electron in a DB orbital and the DB anion is formed in a narrower excitation energy
range than the A3 tautomer, causing the non-monotonic trends in the dipole-bound and
valence-bound anion intensity ratios and dipole-bound anion decay lifetimes.

Imidazole, like the A9 tautomer of adenine, only supports an excess electron in a DB
orbital. The VDE of the iodide-imidazole binary cluster is 3.90 eV. With excitation energies
just below 3.90 eV, the ground state I– · Im cluster is excited to the I · Im–

DB anionic excited
state with an ultrafast rise-time due to geometry changes in the I · Im– cluster. The DB state
decays multi-exponentially with decay dynamics that change rapidly with small changes in
the excitation energy. These dynamics suggest that the degree of vibrational excitation in
the dipole-bound cluster considerably effects the decay dynamics of the transient (I ·Im)– ion.

Overall, the systems studied provide a wide picture of the various ways that biologically
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relevant molecules can interact with, and accommodate, excess charge in dipole- and valence-
bound anion states, and the various ways that iodide(iodine) can influence the observed
dynamics, through the rise time of the dipole-bound state and the decay of both dipole- and
valence-bound anions. A detailed understanding of the electron kinetic energy dependent
mechanisms of electron attachment in nucleobases, and any subsequent dipole-bound anion
to valence-bound anion transition, is crucial for understanding the various mechanisms of
low-energy electron damage to DNA.
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Chapter 1

Introduction

1.1 Overview
Studying the electron accommodation dynamics of nucleobases and nucleobase constituents
is crucial to our understanding of the mechanisms of radiation damage to biological sys-
tems. The interaction of α, β, and γ radiation with cells has been well known to cause a
wide range of adverse health effects to living systems including: cell mutation, cancer and
death.1,2 However, not only the direct interaction of high-energy ionizing radiation with cells
causes adverse health effects. High-energy radiation can form large numbers of low-energy
electrons, which can in turn interact with cellular systems causing damage.3 In order to
understand the fundamental interaction dynamics of electrons with biological systems, this
dissertation investigates the interaction of electrons with nucleobases, the subunits of DNA
and RNA that provide the encoding of the genetic sequence, using time-resolved photoelec-
tron spectroscopy. In order to observe the dynamics of electron addition and accommodation,
the nucleobase or molecule under investigation is clustered with an iodide atom, which acts
as a time-resolved electron source with tunable electron kinetic energies.

Chapter 1 introduces the systems of study and necessary background information while
chapter 2 details the experimental apparatus. Chapters 3, 4, and 5 discuss experiments done
with uracil and thymine at different electron collision energies and compare and contrast the
results from the two similar molecular systems. Chapter 6 discusses experiments conducted
with adenine at low electron collision energies, while chapter 7 details experiments with
imidazole, a subunit of adenine and provides more information about the effect that the
charge transfer partner, iodine, may have on our observed dynamics.

1.2 DNA damage by low-energy electrons
In a seminal paper by Boudaïffa et al,3 low-energy electrons with kinetic energies below 20
eV induced both single- and double-strand breaks in DNA thin films. Strand breaks were
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even observed below the ionization potential of any of the individual components of DNA.4–8
The mechanism for these strand breaks was unclear, although molecular resonances of DNA
components were suggested to be involved.9 High resolution experiments proposed initial
electron attachment to the nucleobase followed by transfer to a σ∗ resonance in the phos-
phate group.10 However, other studies suggested that electron attachment occurred both on
the nucleobase as well as directly on the phosphate group.11,12 The structure of the thymine
nucleotide, deoxythymidine monophosphate, is shown in Figure 1.1. The majority of these
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Figure 1.1: Structure of the deoxythymidine monophosphate nucleotide. The phosphate
group is shown in red, the sugar group in blue and the nucleobase in green.

investigations were performed in the gas phase with DNA in thin-films or in a molecular
beam under ultra-high vacuum conditions, although recently experiments have also been
performed with DNA covered with bilayers of amorphous solid water.13

Despite the copious number of experimental studies examining the products of these sin-
gle and double strand breaks, the mechanism of DNA damage by low-energy electrons has
not been fully elucidated. Theoretical work is also in disagreement as to the primary damage
mechanism. The calculated electron attachment energies and bond dissociation energies are
highly sensitive to the electronic structure theory method,14 and the extended size of DNA
systems makes the use of high level computation methods, such as coupled cluster singles
and doubles (CCSD), computationally expensive. Theory done with density function theory
(DFT) and the B3LYP functional concluded that attachment to the π∗ level of the nucleobase
led to delocalization over the nucleotide and cleavage of the sugar phosphate backbone.15,16
However, other authors have argued that because B3LYP suffers from self-interaction error it
has a tendency to over-stabilize charge delocalized states.17 Using a variety of different func-
tionals, other calculations suggested that the sugar phosphate backbone and the glycosidic
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bond (C1’-N) have competitive bond-dissociation energies and that electron attachment to
the nucleobase, followed by rupture of the glycosidic bond might be energetically feasible.17
Still other calculations determined that direct electron attachment to, and cleavage of, the
sugar-phosphate backbone may be possible.18,19

The general disagreement among experimentalists and theorists as to the mechanism of
damage of DNA by low-energy electrons has motivated our group and others to investigate
how electrons interact with various components of DNA. In particular in the Neumark group
we have worked to understand the ultrafast dynamics of electron interaction with nucleobases
and nucleobase constituents in the gas-phase as a first step towards looking at the ultrafast
dynamics of electron interaction with nucleotides and nucleosides. The five RNA and DNA
nucleobases are shown in Figure 1.2.
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Figure 1.2: Structures of the canonical tautomers of uracil, thymine, cytosine, adenine and
guanine with the atomic numbers of the ring atoms.

1.3 Iodide-Small Molecule Anionic Clusters
All of the experimental systems discussed in this dissertation are binary complexes of io-
dide and a small molecule. A fundamental question in the mechanisms of DNA damage by
low energy electrons is the initial interaction of an electron with the nucleobase. Experi-
ments such as dissociative electron attachment (DEA), Rydberg electron transfer (RET),
and single-photon photoelectron spectroscopy can provide information about how nucle-
obases ultimately fragment upon interaction with electrons or the most stable binding of an
electron to a nucleobase in the gas phase.20–33 However, these experiments do not answer
the question of the dynamics of the initial electron interaction with a nucleobase, or how
the stability of the nucleobase with an excess electron evolves after electron attachment.
The experiments detailed in this dissertation use iodide as a time-resolved electron source
to transfer electrons from iodide to the small molecule and monitor the electron-molecule
interaction with femtosecond time resolution in a mechanism like that in Equation 1.1,

I−M
hν1−−→ [I ·M ]− hν2,∆t−−−−→ I ·M + e−(eKE = hν2− eBE[I·M ]−) (1.1)
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where the first photon (hν1) creates a temporary negative ion [I ·M]–. During a time delay,
∆t, this state can evolve before a probe pulse (hν2) photodetaches the excess electron using
time-resolved photoelectron spectroscopy resulting in an electron with electron kinetic energy
(eKE) related to the electron binding energy (eBE) and the energy of the photodetachment
pulse (hν2), as discussed in the next section.

1.4 Time-resolved photoelectron spectroscopy
Anion photoelectron spectroscopy (PES) allows for the use of infrared, visible and UV wave-
lengths to probe the electron binding energies and vibrational structures of various molecular
and cluster targets. The main concept behind the technique is “photon in, electron out”,
where the kinetic energy of the ejected electron can be related to the binding energy of the
electron of interest by conservation of energy

eKE = hν− eBE, (1.2)

where eKE is the election kinetic energy, eBE is the electron binding energy and hν is the
photon energy. Electron detachment occurs when the photon energy exceeds the electron
binding energy. The photoelectron signal from a specific anion state is determined by the
rate of photodetachment between the anion and neutral states.

Photodetachment rates(Γf←i), the transition probability per unit time, from an anion
state are described using Fermi’s golden rule,

Γf←i = 2π
h̄
|〈Ψf |V |Ψi〉|2ρf (E), (1.3)

where Ψf and Ψi are the initial anion state and final neutral states, respectively, in single-
photon photoelectron spectroscopy, V is the potential coupling the initial and final states,
and ρf (E) is the density of final states at energy E.

In the case of single photon detachment, the potential is given by

V = −e
mc

A ·p (1.4)

within the “weak-field approximation”,34 where A is the vector potential of the incident
electromagnetic field and p is the momentum of a charged particle with charge e.34 Using
the “electric-dipole” and “long-wavelength” approximations,34 |〈Ψf |(−e/mc)A ·p|Ψi〉|2 can
be simplified, with constants neglected, to

|〈Ψf |µ ·ε|Ψi〉|2, (1.5)

where µ is the dipole operator and ε is the light polarization vector. Within the Born-
Oppenheimer approximation, the nuclear and electronic degrees of freedom are separable,
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and we can separate the wavefunction Ψ into its nuclear and electronic components. If we fur-
thermore assume the Franck-Condon (FC) approximation, that the electronic wavefunctions
are slowly varying with respect to the nuclear coordinates, then the electronic wavefunction
can be defined at a specific nuclear geometry and equation 1.5 can be rewritten as

|〈χf |χi〉|2|〈φf |µ ·ε|φi〉|2, (1.6)

where |〈χf |χi〉|2 is the overlap of the nuclear components of the wavefunction χ and is re-
ferred to as the Franck-Condon (FC) factor, and 〈φf |µ ·ε|φi〉 is the transition dipole matrix
element of the electronic components of the wavefunctions φ. In a single-photon experiment
the signal intensity at a given kinetic energy will be proportional to the photodetachment
rate, therefore the intensity is determined by the transition dipole between the two electronic
states, the anion and the neutral/detached electron, as well as the overlap of the vibrational
wavefunctions of the anion and the neutral in the anion geometry.

In our pump-probe PES, the pump pulse first prepares an anionic excited state. This cre-
ates a vibrational wavepacket that can evolve on the anionic excited potential energy surface.
The probe pulse photodetaches this non-equilibrium distribution at some time delay after
the pump pulse at time τ = t− t0. This process is shown in Figure 1.3. Therefore if τ is at
early times, the initial energy distribution has not changed much from what the pump pulse
initially prepared and the photoelectron distribution will resemble that in purple, where the
time-resolution of the femtosecond laser does not allow for resolving vibrational structure.
However, if τ is at longer times, the vibrational wave packet has evolved on the potential
energy surfaces and the resulting photoelectron distribution will resemble that in green.

We can determine the mathematical form of the time-resolved photoelectron signal from
the time-dependence of the anionic excited state wavepacket

|Ψ′(τ)〉 ∝
∑
n
An(τ)e−i[Enτ/ h̄+θn]|ψ′n〉, (1.7)

where An(τ) is the time-dependent amplitude of the exact eigenstate |ψ′n〉, En the energy of
the state, and θn a constant representing the phase of the state n at time τ = 0.35,36 An(τ)
is time dependent to allow for the fact that we do not know the exact eigenstates |ψ′n〉 and
is proportional to the FC factors and transition dipole moments of the pump pulse from the
ground anionic state to the excited state. The time-dependent photodetachment signal from
an anionic excited state will therefore have the form

Signal(τ)∝ |〈Ψneutral|〈Ψe−|µ ·εprobe|Ψ′(τ)〉|2, (1.8)

where |Ψ′(τ)〉 is from equation 1.7.35,36 In total, the time-dependent signal at a specific elec-
tron kinetic energy depends on the initial pump photon absorption rate and the evolution of
that prepared wavepacket on the intermediate surface, as well as the photodetachment rate
of the intermediate state with the final neutral state, which depends on the the FC factors
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Figure 1.3: Schematic describing time-resolved photoelectron spectroscopy.

between the intermediate and final state and the transition dipole moment between those
two electronic states.

Practically however, analyzing the changing intensity of the photoelectron signal at a
specific kinetic energy is less useful than the evaluation of the electron kinetic energy spec-
trum as a whole. The power of photoelectron spectroscopy lies in its sensitivity to both the
binding energy of an electron in an anionic state and time-dynamics of that anionic state.
For example, after pump excitation from the anion ground to the anion excited state, the
prepared wavepacket can evolve along the potential energy surface by nuclear relaxation of
the anion or a change in the anionic electronic state. These dynamics will manifest them-
selves as shifts in the electron kinetic energy spectrum and changes in the intensity of the
photoelectron signal from a particular state.

The peak of the electron kinetic energy distribution corresponds to photodetachment
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from the vibrational state of the anion to the vibrational level of the neutral with the high-
est FC overlap. As the wavepacket evolves on the potential energy surface and the anion
undergoes nuclear relaxation, the FC overlap between the vibrational level of the anion with
the various vibrational levels of the neutral changes. This shifts the photoelectron peak in
kinetic energy. Additionally, the larger the difference in geometry between the anion state
and the neutral, the more states with FC activity, and the wider the photoelectron distribu-
tion for detachment from that state. Therefore shifts in the peak and width of the electron
kinetic distribution can be indicative of geometry changes of the anion relative to the neutral.
These kinds of peak shifts are discussed in chapters 4, 5, and 7.

Any electronic state transitions will also be manifested in the electron kinetic energy
spectrum. The vertical energy difference from the new anion state to the neutral state and
the FC overlap between the vibrational levels of the anion and neutral states will likely be
different due to binding energy and geometry changes accompanying the electronic state
transition. Such electronic state transitions will be discussed in chapters 4, 5, and 6. As the
signal of an electronic state decays due to evolution of the anionic excited energy surface
to a different electronic state, if the new electronic state is bound by less than the energy
of the probe pulse, a new corresponding photoelectron signal will appear. Photoelectron
spectrum signatures such as: shifts in the peak of the electron kinetic energy and width of a
photoelectron state, the decay in intensity of that state, and the appearance of other states
enable the tracking of the fate of a prepared anionic state with considerable detail, including
the lifetime of the state and ultimate decay mechanisms.

1.5 Angular distributions of photoelectrons
In time-resolved photoelectron spectroscopy, changes in the electron binding energy and sig-
nal intensity of a photoelectron state are not the only observables that provide information
about the time-dynamics of the state. The photoelectrons also display angular dependence
relative to the probe laser polarization in the laboratory frame. This angular dependence
is due to the symmetries of the allowed transitions induced by a photon of light with a
given polarization relative to the symmetry of the anion state. In our experimental setup,
the photoelectrons are accelerated onto a 2D detector, as will be discussed in section 2.4.
For photodetachment with linearly polarized light, perpendicular to the direction of elec-
tron acceleration, the polarization vector of the light defines a laboratory frame vector z and
the distribution of electron intensity at a set electron velocity varies with angle θ relative to z.

Single-photon photoelectron angular distributions (PADs) can be fit to the function:

I(θ) = σ

4π [1 +β2P2(cosθ)] (1.9)

where P2(cosθ) ≡ 1
2(3cos2 θ− 1) is the second-order Legendre polynomial and β2 is the

second-order anisotropy parameter that is determined by fitting the electron intensity distri-
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bution with respect to θ.37 β2 values are restricted to fall between +2 and -1, where a β2 = 2 is
referred to as a purely “parallel” transition (as this corresponds to electron intensity parallel
to the laser polarization) while β2 =−1 is a purely “perpendicular” transition (electron in-
tensity perpendicular to the laser polarization). In the case of two-photon photodetachment
equation 1.9 becomes:

I(θ) = σ

4π [1 +β2P2(cosθ) +β4P4(cosθ)] (1.10)

where here P4(cosθ)≡ 1
8(35cos4 θ−30cos2 θ+3) is the fourth-order Legendre polynomial and

β4 is the fourth-order anisotropy parameter.36 β4 only takes on non-zero values when two-
photon photodetachment is occurring and there is no limit to the range of possible β4 values.

Predicting PADs in molecular systems is difficult. In the case of molecular transitions,
both the molecular frame as well as the laboratory frame of reference must be taken into
account. Excellent examples of rough approximation methods can be found in Mabbs et
al.38 and Grumbling et al.39. More rigorous models include approximating the initial orbital
as a superposition of s and p type functions using the Cooper-Zare central-potential model37
generalized to anionic states and are discussed in Khusevynov et al.40. For example pho-
todetachment from dipole-bound anions, discussed in section 1.7, can be approximated as a
detachment from a s state with a small amount of p character,41 resulting in photoelectrons
with β2 values of approximately one.

Single-photon photoelectron PAD analysis can be extended to time-resolved photoelec-
tron spectroscopy. Changes in the anisotropy parameters with pump-probe time delay pro-
vide information about changes in the wavefunction of the anion electronic state and can
aid in the deconvolution of the time-resolved dynamics, although such analysis was not uti-
lized in any significant detail in this dissertation. A detailed discussion of the anisotropy
parameter information with time-resolved photoelectron spectroscopy can be found in Wu
et al.36.

1.6 Energy definitions for molecular anions
Experiments and theoretical calculations of nucleobase anions in general refer to three dif-
ferent energy definitions defined in Figure 1.4 that will be used throughout this introduction
and dissertation. The adiabatic electron affinity (AEA) is the difference in energy between
the anion and the neutral at the optimal geometries of both. When positive, the AEA indi-
cates that the anion is lower in energy than the neutral. The vertical electron attachment
energy (VAE) is the energy required to attach an electron to a neutral molecule forming an
anion state in the geometry of the neutral. When the VAE is positive, energy is required
to attach an electron to the neutral and the anion is higher in energy than the neutral at
that geometry. The vertical detachment energy (VDE) is the difference in energy between
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the anion and the neutral at the optimal geometry of the anion. A positive VDE indicates
that energy is required to detach an electron from the anion to the neutral, and that at the
anion geometry the anion is lower in energy than the neutral.

Anion

Neutral

E
n

e
rg

y

VAE
VDE

AEA

Molecular Geometry

Figure 1.4: Energy definitions of the adiabatic electron affinity (AEA) the vertical electron
attachment energy (VAE) and the vertical detachment energy (VDE) where the arrows
indicate the direction of positive energies.

1.7 Valence-bound and dipole-bound nucleobase
anions

Valence-bound (VB) anions are conventional anions where an excess electron resides in a
valence orbital of a molecule. The excess electron of VB molecular anions are less tightly
bound than the electrons of a neutral molecule.42 The VB anions of nucleobases are mostly
un-bound or very weakly bound with respect to the neutral, as discussed in section 1.8.
The low electron binding energies of VB anions makes them a convenient experimental sys-
tem for table-top laser systems where photon energies up to ∼ 5.4 eV can be easily produced.

Dipole-bound (DB) anions are very different than VB anions. The excess electron in a
DB anion is bound primarily in the dipolar field of the molecule, at the positive end of the
dipole, and it resides largely outside the molecular core in a large diffuse orbital.41 Binding
of a DB electron minimally perturbs the nuclear core and most DB anions have very similar
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geometries to those of the neutral molecule.43 Electron-dipole interactions are characterized
by the dipole potential, Equation 1.11.

Vdipole =−µecosθ/r2 (1.11)

Theory predicts that DB anions can be formed for molecules with dipole moments (µ) greater
than ∼ 2 D, taking into account molecular rotation.44 Typically the binding energy of an
electron to a DB orbital is roughly proportional to the dipole moment, µ. However disper-
sion interactions between the excess electron and the other electrons in the molecule also
constitute a significant contribution to the dipole-bound electron binding energy, and the DB
electron binding energy is also influenced by the other occupied orbitals of the molecule.43 For
example, the dipole moments of uracil and thymine are both approximately 4.2 D.45 However,
experimentally the DB electron is more tightly bound in uracil than in thymine.21,46 This
is due to numerous competing effects in the binding energies of DB electrons to molecules,
including the electron donating abilities of other constituents and the spatial extent of the
molecular orbital.46

The excess electron in DB anions is in a very diffuse orbital and the approximate size of the
DB orbital is difficult to determine due to the inaccuracies in calculating long-range effects
with quantum chemistry calculations.41 However a crude estimate for the mean electron
radius can be made by approximating the interaction as one between a point charge and a
point dipole in a classical interaction,47,48 as shown in Equation 1.12, where all units are
atomic units and Eb is the binding energy, r, the average electron radius, and µ a point
dipole.

Eb = µ/r2 (1.12)
Using experimentally determined electron binding energies and calculated dipole moments,
this equation gives a mean electron radius of approximately 30 Å for the DB anion of ace-
tonitrile,48 and approximately 11-12 Å for uracil and thymine for example, see section 5.6 for
more discussion in the context of iodide-thymine experiments. It is important to remind the
reader that this estimate does not take into account excluded volume, quantum mechanical
effects or electron correlations, and therefore these numbers are to be used for comparison
rather than absolute distances. As will be discussed further in sections 5.6 and 7.6, the dif-
fusivity of the DB electron has profound implications for the photodetachment cross-section
of DB anions in photoelectron spectroscopy.

DB and VB nucleobase anions have very different photoelectron signatures in the gas
phase. The DB anion photoelectron signature is sharply peaked at very low electron binding
energies, while the VB anion typically has a higher VDE and broader photoelectron distri-
bution. In a molecular beam of unclustered uracil and thymine anions only photoelectron
signatures of the uracil and thymine DB anions are observed, where the VDE is 93 ± 3 meV
and 69 ± 7 meV for uracil and thymine respectively.21,23 Complexation of uracil with various
atoms and molecules changes the relative stability of the DB and VB anions. When uracil
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is complexed with argon and krypton, the excess electron is still bound in a dipole-bound
orbital. However, signatures of both DB and VB anion binding are present upon complex-
ation with xenon, and purely VB anion binding occurs upon complexation of uracil with
water.23 A photoelectron spectrum of the adenine DB anion has, to our knowledge, not been
measured to date. A photoelectron spectrum of the adenine VB anion has been measured,
however the authors believe that the spectrum was due to several tautomers of adenine, and
not from the canonical tautomer of adenine.49,50

1.8 Computational chemistry on nucleobase anions
The calculated structures of nucleobase DB anions have planar geometries like the neutral
nucleobase structures, and low calculated AEAs: 71 meV for uracil,51, 51 meV for thymine,52,
and 12 meV for adenine.24 However, the low binding energies of the nucleobase DB anions
coupled with their high dipole moments make theoretical studies on VB anions of nucle-
obases computationally difficult.14 The optimal geometries of the uracil and thymine VB
anion are puckered structures,52,53, while in adenine the NH2 group lies out of the plane of
the bicyclic ring system.54 There is consensus that the VB anions of uracil and thymine in
their planar geometries are higher in energy than the neutrals; the calculated VAEs are 572
meV and 650 meV for uracil and thymine, respectively.54,55 However, electron transmission
spectroscopy experiments, which find the π∗1 orbitals are 220 meV and 290 meV above the
neutral for uracil and thymine, respectively, suggest that these calculated numbers may be
high.56 The VAE for the VB canonical tautomer of adenine is believed to be even higher
and has not been calculated theoretically, although experiments find a range of 0.45-0.54
eV above the neutral.20,27,31,56–58 The VDE of the VB anion is also positive for both uracil
and thymine, 600 meV and 457-512 meV respectively,51,59 while for adenine it is estimated
to be 30 meV.60 There is disagreement between computational methods and basis sets in
the calculation of the AEAs. High level calculations of the AEA for uracil range from -50
meV to 40 meV depending on calculation method,51,54 while for thymine the AEAs range
from -90 meV to 18 meV.52,54 The differences in energy between these methods for uracil
and thymine are small, but they have profound implications for the stability of the uracil
and thymine valence bound anions. The high level results for adenine are widely varying
depending on calculation method, but are in agreement that the AEA of the neutral to the
VB anion of adenine is negative.54 These results suggest that the AEAs of both uracil and
thymine to their respective VB anions are very close to zero and that the uracil VB anion
is more stable with respect to the uracil neutral than the thymine VB anion with respect
to the thymine neutral, while the canonical tautomer of adenine does not have a bound VB
anion.

Several groups have also calculated the energy barrier for transitions between the DB
and VB anions of uracil. These calculations use DFT and a linear scaling factor to describe
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the chemical reaction coordinate between the planar DB anion and the puckered VB anion
geometry in order to estimate the transition state barrier between the DB and VB anions.
The barrier for uracil was estimated to be between 36 meV and 178 meV depending on the
specific DFT functionals used.61–63 The calculation of the same barriers for thymine and
adenine are discussed in chapters 5 and 6.

1.9 Summary of systems studied

Iodide-Uracil
Chapters 3 and 4 both detail time-resolved photoelectron imaging experiments on iodide-
uracil. Uracil and thymine undergo dissociative electron attachment (DEA) with incident
electron kinetic energies as low as 0.6-0.7 eV with fragmentation of the N1−H bond, see Fig-
ure 1.2.25–33 A progression of sharp features in the DEA cross-section at and below electron
kinetic energies of 1 eV suggested that the DB anions of uracil and thymine were involved
in the DEA mechanism.28,32 The uracil and thymine N1−H σ∗ states and DB anions have
similar wave functions, potentially allowing for efficient coupling between the two states. The
progression in the negative ion yield peaks in the DEA spectra was explained as vibrational
Feshbach resonances of the DB anion coupling to the N1−H σ∗ states of uracil and thymine
followed by hydrogen atom tunneling.32 However, the DEA studies could not observe the
mechanism of electron attachment directly. Observation of the electron attachment mecha-
nism to the nucleobases uracil and thymine at comparable collision energies motivated the
experiments discussed in chapter 3. UV photoexcitation of iodide-uracil and iodide-thymine
eject an electron from the complex, which scatters off the nucleobase with approximately
0.6 eV of kinetic energy, in analogy to the DEA experiments. A near-IR photon subse-
quently detaches any resulting transient negative ions, probing the dynamics of the electron
attachment to uracil and thymine and the resulting decay processes with femtosecond time
resolution. At excitation energies 500-700 meV above the VDEs of I– ·U and I– ·T, only the
VB anions of uracil and thymine are observed, and no evidence of the DB anions that were
invoked in the DEA experiments. The uracil valence bound anion appears within the cross-
correlation of the pump and probe pulses and decays bi-exponentially, through vibrational
autodetachment, with timescales of several hundred femtoseconds and 10s of picoseconds
depending on the excitation energy. The bi-exponential lifetimes are attributed to different
rates of autodetachment prior and subsequent to iodine loss.

Chapter 4 details the experiments performed using considerably lower excitation energies,
within 100 meV below and above the I– ·U VDE. At excitation energies near the VDE, these
studies use effective collision energies near 0 eV. Photoelectron signatures of both the dipole
and valence bound anions of uracil are observed. The uracil DB anion appears with a rise-
time that depends on excitation energy, with a 240 fs rise-time at the lowest excitation energy
and within the cross-correlation at the highest excitation energy. Shifting dynamics of the
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DB anion VDE mirror the rise in the DB anion signal, and these dynamics are attributed
to the influence of the iodine atom on the DB orbital. The VB anion always appears after
the DB anion, which suggests that the VB anion is formed via the DB anion, consistent
with theoretical predictions.61–63 However, a matching decay of the DB anion corresponding
to the rise-time of the VB anion could not be identified. Ultimately, both the DB and VB
anions also decay bi-exponentially at all excitation energies near the I– ·U VDE.

Iodide-Thymine
Chapters 3 and 5 detail time-resolved photoelectron imaging experiments on iodide-thymine.
Although uracil and thymine only differ by a −CH3 group and theory predicts similar ener-
getics between the two systems, a number of differences are observed in the TRPES data.
At higher excitation energies, corresponding to collision energies of 550 to 740 meV above
the I– ·T VDE, only the VB anion of thymine is observed, as in iodide-uracil. However,
the thymine VB anion signal does not persist as long as the uracil VB anion, completely
decaying by 10 ps, much earlier than in uracil. Thymine appears to have a faster mechanism
to dissipate the energy from electron attachment.

Using excitation energies near the I– ·T VDE, corresponding to ∼ 0 eV collision energies,
detailed in Chapter 5, both the DB and VB anions of thymine are observed. However the
early time dynamics of the thymine DB and VB anions show slightly different trends than
those observed in uracil. The rise-time observed in the uracil DB anion at only the lowest
excitation energies was observed for the thymine DB anion at all excitation energies studied.
In turn, the shifting of the DB anion VDE is slightly different between thymine and uracil.
The appearance time of the VB anion of thymine also displays an excitation energy depen-
dence that is not observed in uracil. The difference in the experimental trends is consistent
with a higher transition barrier between the DB anion and VB anion of thymine than in
uracil. Long-range corrected DFT(LC-DFT)63 was used to calculate both the interaction be-
tween iodine and the DB anion of thymine and uracil at early times as well as the transition
barrier between the DB and VB anions for thymine without iodine. The calculations found
the DB to VB anion transition barrier is higher in thymine than in uracil, matching the
experimental results. Ultimately, the thymine DB and VB anions produced with excitation
energies near the I– ·T VDE decay bi-exponentially and the I· · ·T− iodine loss rate is slower
than for uracil. The comparison of the dynamics of thymine versus uracil allow for greater
insight into the electron accommodation mechanisms of both nucleobases. The results also
possibly reflect enhanced stability of thymine upon electron impact compared with uracil,
which is of considerable interest for the issue of the relative stability of DNA versus RNA
with interaction with low-energy electrons.
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Iodide-Adenine
Chapter 6 discusses time-resolved photoelectron imaging experiments on iodide-adenine bi-
nary clusters. With a dipole moment of 2.5-2.8 D,24,64 adenine is capable of binding an
electron in a dipole bound state, but, unlike uracil and thymine, theory predicts that the
canonical tautomer of adenine does not stably bind an electron in a valence-bound orbital.54
However, the time-resolved photoelectron spectra with pump photon energies ranging from
-110 meV to 10 meV relative to the I– ·A VDE contain spectral signatures of both a dipole
bound and valence bound state of adenine. Comparison with theoretical calculations of the
DB to VB transition in adenine suggests that the VB photoelectron signatures could be a
result of participation from more than one tautomer of adenine, namely the A3 tautomer
in addition to the A9 tautomer. This is consistent with the one-color photoelectron spectra
which have a small shoulder off the side of the main I– ·A9 photodetachment peak, corre-
sponding to photodetachment from I– ·A3. The calculated DB to VB transition barrier for
the A3 tautomer of adenine is almost barrier-less, with the A3 VB anion lower in energy
than the A3 DB anion. Experimentally, this results in the decay time of the DB A3 an-
ion matching the rise-time of the A3 VB anion, in contrast to the results from uracil and
thymine, where the uracil and thymine VB anions are higher in energy than the uracil and
thymine DB anions. All of the observed dynamics of the time-resolved adenine spectra are
attributed to a mix of dynamics from both the A9 and A3 tautomers. This study is the
first photoelectron experimental observation of the A9 tautomer. The comparison of the
experimental observation of a DB to VB transition in the A3 tautomer of adenine versus
the possible transitions in uracil and thymine, allows for a broader picture of the spectro-
scopic signatures and mechanisms of DB to VB anion transitions in the gas phase. These
experiments determine that electron attachment to adenine is less likely to contribute to
mechanisms of DNA damage by low-energy electrons as the A9 canonical tautomer is the
biologically relevant tautomer.

Iodide-Imidazole
Imidazole is a subunit of the adenine ring and many other important biological systems.
Imidazole has a dipole moment of 3.89 D and can therefore support a dipole bound state.65
Similar to adenine, the imidazole VB anion is adiabatically unbound with respect to the
neutral and imidazole is not expected to bind an electron in a VB orbital.66 The observed
experimental dynamics in adenine were very complicated and imidazole was sought out as
a simpler system for comparison purposes. Time-resolved photoelectron spectra of iodide-
imidazole contain only photoelectron signal from the DB anion of imidazole. No tautomers
of imidazole are observed. The DB anion has a rise-time longer than the cross-correlation,
similar to that observed in uracil, thymine and adenine. Comparison between the DB anion
rise-times found in the systems discussed in this dissertation, and the appearance within
the cross-correlation of the iodide-nitromethane DB anion,67 allows for the determination of
the cluster characteristics necessary for the observation of a rise-time longer than the cross-
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correlation in some systems and not in others. Additionally iodide-imidazole displays ex-
tremely complex decay dynamics exhibiting both mono-exponential as well as bi-exponential
decay to a long-time lifetime. Analysis of these decay lifetimes and trends provide more in-
formation about the interaction between iodide and the molecular system and the possible
effects these interactions have on the electron accommodation dynamics of the molecule in
iodide-molecule binary clusters, critical for future experiments with more complex systems
with higher degrees of freedom.
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Chapter 2

Experimental apparatus

2.1 Overview
The majority of the experimental apparatus has been discussed previously in the dissertations
of Martin Zanni, Jeffery Greenblatt, Alison Davis, Arthur Bragg, Graham Griffin and Ryan
Young.68–74 The dissertation of Margaret Yandell also discusses issues that were encountered
with components of both the Velocity Map Imaging (VMI) portion of the instrument as well
as the femtosecond laser system.75 This chapter therefore includes only a brief summary of
the various components of the apparatus and one should refer to the above dissertations for
more detail. This chapter does include however a fairly lengthy discussion of the various
methods for VMI reconstruction in section 2.5. The computer program, implementations
of the data acquisition program, and reconstruction methods are discussed in appendices A
and B.

2.2 Generation of iodide-molecular binary clusters
All of the experiments described in this dissertation used a pulsed molecular beam in order
to study anionic species in the gas phase. A molecular beam is one where gas is super-
sonically expanded across a pressure differential through a small nozzle, where the nozzle
orifice is larger than the mean free path of the gas.76,77 The molecules collide frequently in
the expansion and the molecular internal degrees of freedom are converted to kinetic energy,
providing a beam of cold molecules.78 In our configuration, the gas was expanded through
a pulsed valve, although in principle supersonic expansions can also be operated with a
continuous, or un-pulsed, expansion. We used an Even-Lavie (EL) pulsed solenoid valve79
that operates at 500 Hz, where the gas mixture before the nozzle was 50 psig (pounds per
square inch gauge, relative to atmospheric pressure) neon or argon, sublimed solid precursor,
and methyl iodide. This mixture was co-expanded through the valve into a chamber with
a pressure of 10−5 Torr. The supersonic expansion passed through a ring-filament ionizer
that was attached directly to the EL valve, and ionization occurred via secondary electron
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attachment off of the inert neon or argon backing gas. The secondary electron is produced
via a molecular mechanism like that shown in Equation 2.1.

Ar + e−→ Ar+ + 2e− (2.1)

The secondary electron that is produced has considerably less kinetic energy that the initial
electron that collided with the Ar atom, allowing for electron attachment to the molecular
cluster. The exact clustering mechanism, whether the neutral cluster forms via evaporative
and collisional cooling followed by electron attachment or whether a large anionic cluster is
first formed and the inert clustering gas subsequently evaporates, is unclear.80 Collisional
and evaporative cooling allows for clusters with approximate temperatures of 150 K.81,82

The internal temperature of the clusters is highly dependent on the pressure behind the
nozzle of the supersonic valve as well as the identity of the inert backing gas. In water clus-
ters, lower backing pressures (∼30 psig) are associated with “warmer” expansions, meaning
that the clusters have more vibrational energy. Higher backing pressures (∼70 psig) in turn
are associated with “colder” expansions. The use of neon versus argon as a backing gas also
changes the relative vibrational temperatures of the water clusters. Neon, as the smaller
atom, is less efficient at collisional cooling and results in vibrationally warmer clusters than
in argon.83 The initial studies on iodide-uracil and iodide-thymine discussed in chapter 3
were performed with an argon co-expansion. However in subsequent work we found that co-
expansion with neon resulted in slightly higher ion signal levels and a more stable molecular
beam. Comparison of the results obtained in the two co-expansions indicated the backing
gas did not have an effect on the dynamics, as discussed in chapter 4.

The sublimed precursor (uracil, thymine, adenine, or imidazole) was placed as a solid
sample into a cartridge in the back of the EL valve. The cartridge was heated to 205◦C for
uracil and thymine and 210◦C for adenine. For solid imidazole, the melting temperature is
only 89-91◦C84,85 and operation of the valve and the ionizer, which was in thermal contact
with the valve, resulted in temperatures at the cartridge sufficient to melt the imidazole and
clog the EL valve. Therefore the valve was held at 25-30◦ C by use of a water-cooled copper
jacket that fits around the solenoid coils of the EL valve and was connected to water cooling
lines outside of the vacuum chamber. The high-pressure tube components of the EL valve
require frequent cleaning (at least every two weeks with regular valve operation) for stable
ion production. In particular the poppet portion of the high pressure tube and ruby guides
in the high pressure tube are prone to a build up of material as well as wear and pitting on
the front face of the poppet where it interfaces with the back of the nozzle. Sonication in
methanol ameliorates the build up of material on the assembly. Replacement of the entire
high-pressure tube assembly is required after the degradation of the poppet progresses to the
point that achieving a good “seal” between the nozzle and the high-pressure tube assembly
is difficult.
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The ring-filament ionizer consists of a thoriated tungsten filament suspended by electri-
cally insulated tungston loops inside of a electrically isolated cage. The filament was held
at a current of approximately 3-5 A, while the cage was pulsed with -(300-400) V approxi-
mately 100 µs after the pulsing of the valve, accelerating the hot electrons from the filament
towards the supersonic expansion. The ionizer also requires frequent maintenance as the car-
bon based molecules results in build up of carbonaceous material on the ionizer components,
leading to breakage of the thoriated tungsten filament.

2.3 Manipulation of molecular beam
A diagram of the instrument is shown in Figure 2.1. The anionic molecular and cluster
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Figure 2.1: Diagram of the time-resolved photoelectron imaging apparatus.

species resulting from the Even-Lavie valve and the ring-filament ionizer pass through a
skimmer, and only the coldest part of the expansion continues into a chamber containing
a Wiley-McLaren (WM) time-of-flight (TOF) mass spectrometer.86 The anions are perpen-
dicularly extracted into the TOF such that the various molecular and cluster species are
separated in time depending on their mass. The species with higher masses take longer to
fly down the length of the machine than the smaller masses, allowing for subsequent mass
isolation of our anion beam. The WM TOF consists of three plates, one pulsed from zero
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to -2000 Volts, one pulsed from zero to between -1400 and -1700 Volts, and one held at
ground. The 500 Hz pulsing of the WM TOF plates are synced to the laser system via a
repetition rate divider with a trigger from our laser system, and the plates are pulsed at a
time relative to the laser depending on what species is under investigation with the laser.
The pulse timing of the EL valve and the ionizer are determined relative to the WM TOF
pulse time.

After extraction of the anionic species from the TOF, the ions are steered using a first set
of deflectors in the first differential pumping region with typical voltages that range between
+50 and -50 volts in both the horizontal and vertical directions. The ions then pass through
an einzel lens consisting of three plates where the first and third plates are held at ground,
and the middle plate is held at a voltage ranging between -300 to -600 Volts, allowing for
radial focusing of the ion beam. The anions then pass through a second set of deflectors in
the second differential pumping region before reaching the velocity map imaging and electron
detection portion of the experiment.

We can observe the TOF distribution by inserting a retractable ion detector, consisting
of micro channel plates coupled to an oscilloscope. The TOF mass spectrometer can be
calibrated off of a progression of I–Arn clusters which have a characteristic 39.95 amu repeat
unit. A representative TOF spectrum when producing I– ·U is shown in Figure 2.2. The

Figure 2.2: Time of Flight mass spectrum showing all of the produced clusters when making
I– ·U (labeled with the red rectangle). The approximate TOFs where I– · Im (green), I– ·T
(purple) and I– ·A (blue) are found when making those various clusters are indicated by the
shaded rectangles.

anionic species of interest can be isolated from the mass-distributed anionic beam by using a
combination mass-gate and re-referencing tube, consisting of two plates sandwiching a short
tube, approximately 5 cm long. There is small metal mesh covering the first plate while the
exit from the mass-gate is free of mesh. The mass gate is held at -4000 Volts except for a



CHAPTER 2. EXPERIMENTAL APPARATUS 20

short 500 ns time window, when the voltage is dropped to 0 V, and during which time the
species of interest enters the mass-gate. The voltage then returns to -4000 Volts while the
species of interest is in the tube, repelling all other masses from entering the mass gate and
only allowing the species of interest to continue to the laser interaction region. When the
mass gate is turned on, we can check the quality of the mass isolation with the same ion
detector by observing how cleanly the intended peak is selected. Further optimizations with
the WM, deflectors, and einzel lens are then preformed to insure that the mass-isolated ion
signal is optimized for the experiment.The mass-gate also acts as the repeller plate for the
velocity map imaging (VMI) detection of the photoelectrons that are detached from inter-
action of the species of interest with the laser beam.

2.4 Velocity map imaging
A more detailed schematic of the VMI portion of the instrument is shown in Figure 2.3.
Originally proposed by Eppink and Parker,87 the VMI consists of three plates where the

Mass Gate/

Repeller Plate

Extractor

Ground
MCPs

Figure 2.3: The velocity map imaging portion of the experimental apparatus.

differential voltage between the repeller/extractor/ground plates enacts a focusing condition
on the resulting sphere of photoelectrons. Photoelectrons with the same velocity vector
are focused to the same position on a two-dimensional (2D) detector, allowing for spatial
variation in the point of photodetachment without impacting the resulting velocity vector
map. The repeller plate is the mass-gate/re-referencing tube that re-references the ions to
-4000 V such that the extractor and ground plates can be held at -2811 V and ground,
respectively.70,88 As shown in Figure 2.3, the expanding three-dimensional (3D) sphere of
photoelectrons is collapsed onto our 2D detector, which consists of a chevron stacked pair
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of micro-channel plates coupled to a phosphor screen and a CCD camera. When the VMI
setup is properly aligned and focused, almost perfectly circular rings should be observed in
our images. The degree of circularity of the images is dependent on multiple parameters
including: the quality of the µ metal shielding the photoelectrons from the earth’s magnetic
field and the degree of magnetization of the VMI plates. Problems of ellipticity of the VMI
images and the various strategies employed to fix the problem were detailed in Margaret
A. Yandell’s dissertation.75 The electrons with higher velocity are farther from the center
of the sphere than electrons with lower velocity. Since we have collapsed a 3D sphere onto
a 2D surface, signal in the resulting circular image at low radii contains contributions from
the higher radii of the sphere, and the image requires reconstruction, as will be discussed in
the next section, section 2.5. Considerable detail into the programs that acquire our images
from the CCD camera and reconstruct the VMI images are discussed in appendix A and
Appendix B.

2.5 VMI reconstruction methods
Velocity map imaging (VMI) has many experimental benefits such as 4π steradian collection
efficiencies, as well as the ability to yield not only photoelectron kinetic energy information
but also photoelectron angular distributions. However, there are drawbacks to accelerating
a three-dimensional expanding sphere of electrons onto a two dimensional surface. Figure
2.4 shows a 3D sphere that is being accelerated in the ŷ direction onto a 2D surface, where
the dotted line shows the direction of acceleration. When the sphere is collapsed onto a 2D
surface, the projection P (x,z) will have contributions at every point from multiple values
of y, significantly complicating the data analysis and decreasing the energy resolution of
the VMI spectrometer. Therefore reconstruction algorithms for the 2D image have been
developed to effectively determine the intensity distribution I(x,z) at y = 0. There are three
main classes of image reconstruction that have been explored on our project: reconstruction
with the inverse Abel transform and basis set expansions (BASEX and pBASEX), so called
polar onion peeling where the outermost contribution from the image is stepwise removed
from the image as the program moves closer to the center of the photoelectron sphere (POP),
and stepwise iterative comparison between an estimated map for the photoelectrons and the
actual image (MEVELER and MEVIR).

BASEX and pBASEX
The cylindrical symmetry that exists with respect to the laser polarization axis ẑ significantly
aids in the reconstruction of the 3D image I(r,z) from the 2D projection P (x,z). Due to the
cylindrical symmetry, the following relationship between the projection and the 3D image
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Figure 2.4: A diagram defining the relevant axes and projections for the reconstruction of
VMI images where the acceleration of a 3D sphere of electrons is along the ŷ axis as indicated
by the dotted arrow and the laser polarization is in the ẑ direction. The 3D sphere can be
described by I(r,z) while the 2D projection can be described by P (x,z).

can be made, the Abel integral,

P (x,z) = 2
∫ ∞
|x|

rI(r,z)√
r2−x2 dr. (2.2)

However, the inverse transformation is required; P (x,z) is known and the distribution I(r,z)
is unknown. Eq. 2.2 can be inverted resulting in

I(r,z) = −1
π

∫ ∞
r

[dP (x,z)/dx]√
r2−x2 dx, (2.3)

the inverse Abel transform.89 This inversion works well when working with continuous im-
ages. However the VMI images obtained experimentally use a CCD camera, which is pix-
elated. This results in complications due to singularities, and the inverse Abel transform
becomes computationally difficult. Therefore various alternative ways of using the inverse
Abel transform have been developed. The Basis Set Expansion Method (BASEX)90 and
the polar Basis Set Expansion Method (pBASEX)91 define a set of functions for which the
inverse Abel transform is easy and then expand the experimental image in that basis set.
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For example in BASEX, which performs the reconstruction in cartesian coordinates, take
a set of functions {fk(r,z)} such that

I(r,z) =
k−1∑
k−0

ckfk(r,z). (2.4)

The projection of those functions onto a 2D surface {fk(r,z)} can be defined with the same
expansion coefficients,

Pij =
k−1∑
k=0

ckGkij (2.5)

where Gkij is defined as

Gkij = 2
∫
h(x−xi, z− zj)dx dz

∫ ∞
|x|

rfk(r,z)√
r2−x2 dr (2.6)

containing the familiar Abel transform as well as an experimental response function h(x−
xi, z− zj), and x and z are defined in figure 2.4. Therefore the reconstruction of I(r,z) be-
comes matrix algebra. Of course, in reality, this turns out to be computationally difficult and
for considerable details into the implementation the reader should refer to Dribiniski et al.90.
In the reconstruction x and z are separable and therefore {fk(r,z)} becomes {ρk(r)ζm(z)}
where ρk(r) and ζm(z) are the same functions,

ρk(r) =
(
e

k2

)k2(
r

σ

)2k2

exp[−(r/σ)2], k = 0 . . .K−1 (2.7)

and K is the total number of basis sets. BASEX arguably performs the reconstruction better
than methods that just use a form of the inverse Abel transform, however it suffers from
center line noise. This means that while the electron kinetic energy distributions for the
photoelectrons are highly accurate, the anisotropy parameters are more error prone.

pBASEX attempts to correct this by performing the reconstruction in a very similar
manner to BASEX only performing the reconstruction in polar coordinates. Therefore Eqn.
2.4 becomes

I(r,θ) =
k=kmax∑
k=0

`=`max∑
`=0

ck`fk`(r,θ) (2.8)

Here the functions {fk`(r,θ)} are

fk`(r,θ) = exp[−(r− rk)2/σ]P`(cosθ) (2.9)

where P`(cosθ) is the Legendre polynomial of order `. The reader should refer to Garcia
et al.91 for more details. Changing to polar coordinates offers some advantages. The ex-
traction of the kinetic energy distribution is slightly computationally easier, and extraction
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of the β values for the photoelectron angular distribution (PAD) is significantly simpler.
However, instead of noise spread over the center line, as in BASEX, in pBASEX the noise
is concentrated to the center point. This is highly beneficial for the PADs, but in the event
of scientific interest in very low kinetic energy electrons that appear near the center point
in the 2D projection, pBASEX is not as strategic. Ultimately pBASEX is not implemented
with our reconstruction suite to date because, as discussed in the next section and appendix
B, polar onion peeling is competitive with pBASEX for photo angular distributions and
provides for easier integration with existing reconstruction software.

Polar Onion Peeling (POP)
Discussion of POP requires a change of coordinate system from the one that was described
in pBASEX, as shown in Figure 2.5. The aim of POP is to remove the contributions from
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Figure 2.5: The relevant axes and projections for the reconstruction of VMI images using
Polar Onion Peeling, where the acceleration of a 3D sphere of electrons is along the ŷ axis
as indicated by the dotted arrow and the laser polarization is in the ẑ direction. With POP,
the 3D sphere can be described by I(r,θ,φ) while the 2D projection can be described by
P (R,α).

φ 6= 0 from P (R,α) so that what remains is effectively the slice I(r,θ,φ = 0).92 POP does
this by starting at the largest radius, and incrementally subtracting the projection of that
radius from each of the inner radii so that upon reaching r=0, there is no longer any pro-
jection contribution to any radius in the circular image. This iterative subtraction is done
using polar coordinates. The details of the algorithm can be found in reference.92 Similar to
BASEX and pBASEX this method uses a basis set for computationally efficient generation
of the projection that is subtracted from the image at each radius.

This method has been shown to be as accurate as pBASEX where the main source of
error is the assumption that a “polar pixel” has the same dimensions as a cartesian pixel.
This error is less pronounced as R increases, therefore POP also suffers from noise at the
center point. POP is competitive with pBASEX for the PADs but BASEX outperforms
POP for the electron kinetic energy distributions.
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MEVIR/MEVELER
The Maximum Entropy Velocity Image Reconstruction (MEVIR) and Maximum Entropy Ve-
locity Legendre Reconstruction (MEVELER) methods are completely different than BASEX,
pBASEX or POP.93 MEVIR and MEVELER never apply an inversion, smooth the data, or
fit the data to a basis function for reconstruction; instead the two programs iteratively find
the “map” that has the greatest probability of causing the observed data using likelihood
criteria from a Poissonian distribution. Both programs start with the inverse Abel trans-
form from Eqn. 2.3 as the initial guess. Next the simulated projection for the initial guess is
calculated and compared to the actual image projection. The guess is iteratively improved
by minimizing the error between the projection of the guess and the actual image. MEVIR
makes no assumptions except for rotational symmetry about the laser polarization vector
ẑ. MEVELER however makes an assumption that the velocity distribution should have the
form of a small number of Legendre polynomials. Anisotropy parameters are extracted from
comparison between the `= 0 and `= 2 Legendre polynomial velocity distributions. The de-
tails of the reconstruction methods are found in Dick et al.93. Comparision in the literature
between pBASEX and MEVELER find that MEVELER outperforms pBASEX by a factor
of 4. MEVELER runs with a Windows executable script. Comparison between BASEX,
POP, and MEVELER with our data showed similar results but MEVELER did not provide
for calculation of β4 values. Therefore BASEX and POP are the two main reconstruction
methods implemented in our software although a file conversion for use with pBASEX and
MEVELER is provided.

2.6 Femtosecond laser system
In order to observe ultrafast time-resolved dynamics in anionic cluster species, we have a KM
Labs femtosecond laser system consisting of a Griffin oscillator and Dragon amplifier. The
Griffin oscillator consists of Coherent Verdi 5 W diode-pumped Nd:YVO4 532 nm continuous
(non-pulsed) laser operated at 4.2 W that enters a cavity containing a Titanium:Sapphire
crystal that creates pulses of approximately 30 fs pulse duration through Kerr-Lens mode-
locking94 centered at 790 nm with a repetition rate of 80-95 MHz with very low energy per
pulse. Optimal alignment of the oscillator results in mode-locked powers of approximately
400 mW compared to continuous wave operation power of approximately 275 mW. Differ-
ential powers between the mode-locked power and continuous wave power of greater than
100 mW is considered excellent, while differential powers down to 30-40 mW are marginally
acceptable. A laser service visit in April of 2015 recommended frequent cleaning of the
Ti:Sapphire crystal in the oscillator as this is usually the largest culprit for degradation of
the oscillator power.

The 80-95 MHz pulse train is not usable for our experiments and needs to be pulse-picked
and amplified. However, amplification of <30 fs pulses results in damage to optics. Therefore
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the pulse train first enters a stretcher which stretches the pulses in time prior to amplifica-
tion. The pulse train of stretched pulses first passes through a polarizer that only allows light
with horizontal polarization to pass through. The pulse train then passes through a Pockels
cell containing a crystal that acts as a half-wave plate when voltage is applied. When the
Pockels cell is “on”, a single pulse per 1 kHz repetition is flipped from horizontal to vertical.
After the Pockels cell there is a second polarizer that only allows vertically polarized light
to pass through. Therefore only the single pulse with vertical polarization can pass through
the second polarizer, allowing for extremely effective “pulse picking”. In 2013 we observed
degradation in the ability of the Pockels cell to switch the polarization of the light. The
degradation in the performance was correlated with an increased Pockels cell current. After
discussing the performance and current reading with KM Labs they recommended replace-
ment of the high voltage electronics that controlled the Pockels cell. The replacement of the
electronics as well as the installation of an arc-limiter in the power supply was performed in
April of 2015.

After the Pockels cell, the single vertically polarized 150-200 ps long pulse enters the
multi-pass optical ring for amplification. The seed passes through a second Ti:Sapphire
crystal housed in a cryogenically cooled low-pressure chamber, cooled to well below 100 K to
prevent thermal lensing and improve amplification.95 The seed pulse makes thirteen passes
through the same position in the crystal that is overlapped with a vertically polarized Lee
Laser Nd:YAG 2nd harmonic 532 nm centered pump laser with a pulse width of 100-300ns.
The Lee Laser pumps the Ti:Sapphire lasing material such that more emission is stimulated
with each subsequent pass of the ultrafast seed pulse. After the thirteenth pass, the am-
plified pulse is picked off from the ring and the polarization is changed to horizontal with
a half wave plate. The beam is telescoped up in size and enters a pulse-compressor that
compresses the pulses back down. The amplifier ultimately generates pulses centered at 790
nm with pulse durations between 30-35 fs with pulse energies of approximately 1.95 mJ per
pulse at 1 kHz when properly aligned. The use of an optical chopper directly at the output
of the amplifier blocks every other laser pulse in order to match the repetition rate of the
Even-Lavie valve, resulting in effectively a 500 Hz laser repetition rate.

After the amplifier, the high-power ultrashort laser pulses are steered into a variety of
optical components that allow for different wavelengths to be produced for experiments.
The experiments that are detailed in this dissertation all required pump excitation energies
between 3.8-5.4 eV, corresponding to wavelengths 325 nm - 230 nm, in the ultraviolet (UV)
region of the electromagnetic spectrum. Those wavelengths can be produced from the 790
nm fundamental output of the amplifier via a variety of non-linear optical processes. Using
thin barium borate crystals (BBO) the frequency of the 1.57 eV (790 nm) fundamental can
be frequency doubled resulting in 3.14 eV (395 nm) photons or frequency tripled resulting in
4.71 eV (263 nm) light with some stretching of the pulse duration. Alternatively, for other
wavelengths an Optical Parametric Amplifier (OPA) can be used to produce a variety of
wavelengths of light from the infrared to the visible depending on the type of process of the
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OPA. The visible output of the OPA can then be frequency doubled and to produce UV
wavelengths. All of the experiments discussed in this dissertation use the second harmonic
of the output of the OPA to produce the UV wavelengths needed for the experiments. For
example, for excitation energies of approximately 4.00 eV required for the experiments with
iodide-uracil and iodide-thymine discussed in chapters 4 and 5, the sum-frequency-signal of
a Light Conversion TOPAS-C OPA centered at 620 nm (2.00 eV) is frequency doubled to
310 nm (4.00 eV), with an approximately 40 meV (3 nm) peak full-width-half maximum
(FWHM). The use of the OPA results in more stretching of the pulse duration.

The pulse duration of the fundamental output of the amplifier can be measured using
a single-shot autocorrelator (Coherent), with pulse durations typically ∼35 fs after passage
through a few transmissive optics that minimally stretch the pulse due to positive group
velocity dispersion, although very close to the 30-35 fs transform limit of the 25-30 nm
FWHM of the 790 nm amplifier output. A better alternative to the autocorrelator is a
GRENOUILLE which allows for the characterization of both the pulse duration as well as
the spatial chirp of the pulse and wavefront tilt. This allows for optimization of higher
order dispersion in the compressor and better pulse compression. A cross-correlation of the
fundamental frequency with the output of the TOPAS allows for the determination of the
time-resolution of our experiment. The fundamental wavelength and ultraviolet wavelength
are overlapped in space and time in a BBO crystal and the difference-frequency signal or sum
frequency signal is spatially separated using a Pellin-Broca prism that separates the different
wavelengths of light spatially. The difference frequency signal is steered to a fast photodiode.
The signal on the fast photodiode is measured at a variety of pump-probe delays. The width
of the resulting Gaussian σcross-correlation is equal to

σ2
cross-correlation = σ2

pump +σ2
probe. (2.10)

Typically outside the experimental chamber the FWHM of the cross-correlation is measured
between 90-200 fs, and inside the chamber, due to a small amount of negative chirp com-
pressed by the Magnesium Fluoride windows, the cross-correlation is typically less than 150
fs. In principle, the time-resolution of our experiment could be further improved by the
installation of negative group-velocity dispersion mirrors or a prism compressor to compress
the output of the OPA, since the transform limit of the frequency doubled output of the OPA
is approximately ∼ 50 fs.74 However, both of these compression methods lead to loss of laser
power, and the current time-resolution of the experiment is acceptable for our experiments.
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Chapter 3

Time-resolved imaging of the
iodide-thymine and iodide-uracil
binary cluster systems

3.1 Abstract
The energetics and dynamics of thymine and uracil transient negative ions were examined
using femtosecond time-resolved photoelectron imaging. The vertical detachment energies
(VDEs) of these systems were found to be 4.05 eV and 4.11 eV for iodide-thymine (I−·T) and
iodide-uracil (I−·U) clusters, respectively. An ultraviolet pump pulse was used to promote
intracluster charge transfer from iodide to the nucleobase. Subsequent electron detachment
using an infrared probe pulse monitored the dynamics of the resulting transient negative ion.
Photoelectron spectra reveal two primary features: a near-zero electron kinetic energy signal
attributed to autodetachment and a transient feature representing photodetachment from
the excited anion state. The transient state exhibits biexponential decay in both thymine
and uracil complexes with short and long decay time constants ranging from 150-600 fs
and 1-50 picoseconds, respectively, depending on the excitation energy. However, both time
constants are systematically shorter for I−·T. Vibrational autodetachment and iodine loss
are identified as the primary decay mechanisms of the transient negative ions of thymine
and uracil.1

3.2 Introduction
Ionizing radiation is a major cause of damage to DNA.1,2 Though experiments and theory
estimate the lowest ionization potentials for DNA components to be between 8-11 eV,4–8
electrons with less than 3 eV of kinetic energy have been demonstrated to induce both single

1Reprinted with permission from S. B. King, M. A. Yandell, and D.M. Neumark, Faraday Disc. 163, 59
(2013) The Royal Society of Chemistry, http://dx.doi.org10.1039/C3FD20158A
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and double strand breaks in DNA.3 The mechanism of strand cleavage by ionizing radiation
below the relevant ionization potentials has been the subject of much recent study. The-
oretical work by Simons16and Schaefer96 posits that these strand breaks may result from
electron attachment to the empty π∗ orbital of the nucleobase followed by energy transfer
and cleavage of the C-O σ bonds in the sugar phosphate backbone of the DNA strand.
Cleavage of the N-C bond linking the sugar to the nucleobase at the N1 position (Fig. 3.1)
and N-H cleavage at the N3 position may also occur following electron transfer from the π∗
orbital of the nucleobase. Understanding the mechanisms driving relaxation and fragmen-
tation of nucleobases subsequent to charge transfer will provide insight into how low energy
electrons cause DNA damage. In this chapter, we explore the dynamics of electron transfer
to nucleobases by performing one-photon photoelectron (PE) spectroscopy and two-color
time-resolved PE spectroscopy of iodide-thymine (I−·T) and iodide-uracil (I−·U) complexes,
expanding on our previous report of I−·U.97

Extensive experimental and theoretical work has been carried out on the nucleobases of
DNA and RNA to gain insight into the mechanisms of DNA damage. Dissociative electron
attachment (DEA) experiments examining dissociation pathways of isolated nucleobases as
a function of incident electron collision energy25,28–30,33 find that the dominant channel at
low collision energy is production of the deprotonated DNA base (B-H)− via hydrogen loss
from the N1 position. Sharp resonances in the DEA spectra at and just below 1 eV have been
attributed to vibrational Feshbach resonances resulting from the coupling of dipole-bound
states of the isolated nucleobase to the σ∗ orbital of the N1-H bond, leading to fragmentation
and hydrogen loss.32,98

PE spectroscopy and Rydberg electron transfer (RET) experiments demonstrate that the
anions of the isolated nucleobases are preferentially formed in dipole-bound states rather than
conventional valence-bound states.20–23 Dipole-bound anions readily form for molecules with
dipole moments greater than 2.5 Debye,44 and isolated nucleobases have dipole moments on
the order of 4 D.99,100 Bowen and co-workers21 recorded PE spectra characteristic of dipole-
bound states for thymine and uracil anions, yielding adiabatic electron affinities (AEAs) for
uracil and thymine of 93±7 meV and 69±7 meV, respectively. These spectra are dominated
by a single narrow peak representing the transition between the anion and neutral ground
vibrational states due to very similar anion and neutral geometries.

There is, however, experimental and theoretical evidence for low-lying valence states of
nucleobase anions. These species are expected to have relatively broad PE spectra and higher
vertical detachment energies (VDEs, defined as the difference in energy between the anion
and neutral at the geometry of the anion) than dipole-bound states.51 RET experiments on
nucleobases by Schermann and co-workers20,22 suggested that valence-bound states of uracil
could be formed by electron attachment to U(Ar)n clusters, followed by Ar evaporation.

Experiments by Bowen23 on uracil-rare gas binary cluster anions found that the uracil



CHAPTER 3. TIME-RESOLVED IMAGING OF THE IODIDE-THYMINE AND
IODIDE-URACIL BINARY CLUSTER SYSTEMS 30

anion remains a dipole-bound state upon complexation with Ar or Kr. However, the PE
spectrum of the uracil-Xe anion complex showed evidence for both a dipole-bound and
valence-bound uracil anion, with the latter having a VDE of ∼ 0.6 eV. Only the valence-
bound state was seen in the binary complex with water. Schiedt et al.101 reported PE spectra
of anionic DNA bases solvated by one or more water molecules. By extrapolating to zero
water molecules, the electron affinities of uracil and thymine to form valence-bound states
were estimated to be 150± 120 meV and 120± 120 meV respectively, within the range of
the electron affinity to form dipole-bound states. Calculations report VDEs of the valence-
bound anions of 0.5 eV for thymine52 and 0.6 eV for uracil53,102 and suggest that a stable
valence-bound anion should exist in a puckered ring geometry.51

Here we apply conventional PE spectroscopy and femtosecond time-resolved PE spec-
troscopy35,103 to iodide-thymine (I−·T) and iodide-uracil (I−·U) anion complexes in order to
study the energetics and dynamics of nucleobase transient negative ions. Calculated struc-
tures, see section 3.3, for both complexes are shown in Fig. 3.1. Using an ultraviolet pump
pulse, the excess electron is transferred from iodide to the nucleobase forming a transient neg-
ative ion I· · ·B∗− in analogy to electron scattering studies. In the time-resolved experiments,
a probe pulse detaches the electron from the transient negative ion of thymine or uracil,
yielding the decay times of these species and providing insight into their dynamics. Through
these experiments and preliminary calculations we hope to understand the energetics and
dynamics of the thymine and uracil transient negative ions.

Figure 3.1: Structures of a) iodide-thymine and b) iodide-uracil clusters with calculated
bond distances indicated.
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3.3 Experimental Details
The experimental apparatus has been described in detail elsewhere.104,105 Clusters of I−·T
and I−·U are produced by passing argon gas at 50 psig over a reservoir containing methyl
iodide. This gas mixture is expanded through an Even-Lavie pulsed solenoid valve operat-
ing at 500 Hz with a cartridge containing the sample heated to 205◦C. The pulsed beam
passes through a ring filament ionizer creating iodide-nucleobase anionic clusters. The an-
ionic clusters are accelerated perpendicularly and separated in time using a Wiley McLaren
time-of-flight (TOF) mass spectrometer.86 The mass spectrum is calibrated using the char-
acteristic peak progression of I−(Ar)n clusters. The cluster size of interest is mass-selected
and crossed with one or two laser beams perpendicular to the TOF axis. The resulting
photoelectrons are accelerated collinearly by a set of velocity-map imaging plates87 onto
a position sensitive detector consisting of two chevron stacked microchannel plates and a
charge-coupled device camera.

The femtosecond laser pulses used in our experiment are generated from a Ti:Sapphire
oscillator and multipass amplifier (KM labs Griffin Oscillator and Dragon Amplifier). The
laser operates at a 1 kHz repetition rate and produces 1.8 mJ per pulse centered at 790 nm.
An optical chopper reduces the repetition rate of the laser to 500 Hz to match the repetition
rate of the pulsed solenoid valve. In order to generate the UV pump wavelengths used in
the experiment, a portion of the 790 nm pulse is either frequency-tripled to generate 265
nm or sent into an optical parametric amplifier (Light Conversion TOPAS-C). The output
of the TOPAS can be frequency-doubled to produce nearly continuous wavelengths from
235 nm to 330 nm (5.27-3.75 eV), with energies of approximately 10 µJ/pulse. Part of the
remaining fundamental at 790 nm (1.57 eV) serves as the probe pulse. Measurements of the
cross correlation between the pump and the probe directly before the laser pulses enter the
experimental apparatus yield a cross correlation of approximately 150 fs.

The photoelectron images obtained on our detector are reconstructed following four-way
symmetrization using the basis-set expansion method (BASEX).90 Both electron kinetic
energy (eKE) distributions as well as photoelectron angular distributions (PADs), which
will not be considered in this chapter, can be obtained from the reconstructed images. The
electron kinetic energy distributions were calibrated using the well-known spectrum of iodide.

3.4 Results

One-photon photoelectron spectra
Figs. 3.2a and 3.2b show one-photon photoelectron spectra for I−·T and I−·U measured
at excitation energies ranging from 4.10-5.30 eV. For ease of comparison at different pho-
ton energies, the spectra are plotted as a function of electron binding energy eBE, where



CHAPTER 3. TIME-RESOLVED IMAGING OF THE IODIDE-THYMINE AND
IODIDE-URACIL BINARY CLUSTER SYSTEMS 32

Figure 3.2: One-photon photoelectron spectra at different photon energies of iodide-thymine
a), and iodide-uracil b), where A indicates photoelectrons from direct detachment to the
2P3/2 neutral state and, and B to the 2P1/2 neutral state, and C zero kinetic energy electrons.
From top to bottom photon energies are as follows in a) 5.30 eV, 4.87 eV, 4.70 eV, 4.51 eV,
4.20 eV, and 4.10 eV and in b) 5.30 eV, 4.92 eV, 4.68 eV, 4.51 eV, 4.20 eV, and 4.10 eV.

eBE = hν− eKE. Both the iodide-thymine and iodide-uracil spectra show electron signal
due to direct detachment from the anion to the neutral iodine-nucleobase complex (feature A)
as well as photoelectrons with nearly zero kinetic energy (feature C), found where eBE ≈ hν.
At 5.30 eV, an additional signal (feature B) is seen. This feature represents detachment to
the 2P1/2 state of iodine complexed to the nucleobase. Vertical detachment energies of both
anions can be derived by fitting feature A with a Gaussian function to find the peak center,
yielding values of 4.05±0.05 eV and 4.11±0.05 eV for I−·T and I−·U, respectively.

For both anion complexes, feature C is observed as a distinct feature from 5.30 eV to
4.20 eV, a range of 0.90 eV. Near-zero kinetic energy photoelectron signal is observed for
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excitation energies as low as 3.76 eV for both complexes, however only a single peak or rising
edge is seen that cannot definitively assigned as feature A or feature C. Table 3.1 gives the
ratio of intensities of features C and A for both species at excitation energies where both
features are seen and clearly defined. This ratio is highest at 4.77 eV for both complexes,
although I−·T complexes have consistently higher C to A ratios than I−·U complexes at all
photon energies.

Table 3.1: Ratios of Features C/A in time-resolved experiments of I– · · ·U.

Pump Energy (eV) Thymine Uracil
4.92 – 0.36
4.87 0.56 –
4.77 0.62 0.42
4.70 0.57 –
4.68 – 0.36
4.51 0.33 0.13

Two-photon time-resolved photoelectron spectra of I−·T and I−·U
Fig. 3.3 shows a representative time-resolved photoelectron spectrum of I−·T excited at 4.79
eV and probed at 1.57 eV, plotting photoelectron signal vs. eKE spectra at a series of pump-
probe delays. Three features are apparent in the spectra: the direct detachment feature A,
near-zero kinetic energy electrons (feature C), and a broad, low intensity signal (feature D)
with eKE ranging between 1.0-1.6 eV. Features A and C appear at all pump-probe delays,
while the transient feature D appears at the zero of pump-probe delay, t0, and persists for
tens of picoseconds. The rise and decline of the transient feature is mirrored by a depletion
and subsequent recovery in the intensity of feature C.

Fig. 3.4 displays the time-dependent integrated intensities of features C and D for I−·T
measured with an excitation energy of 4.69 eV at short and long time delays. The open
circles and squares represent measured intensities for features C and D, respectively, while
the curves are obtained from the fitting procedure described in the next section. At all
pump energies, feature D rises abruptly at t0, then decays monotonically over a time scale
of 100-300 fs. A more detailed analysis in the next section shows that feature D decays
biexponentially at all excitation energies studied. Features C and D show complementary
dynamics: feature C has non-zero intensity at negative time delays, is abruptly depleted at
t0, then recovers on time scales similar to the decay of D. Both signals reach their asymptotic
values by 5 ps.

Analogous plots for iodide-uracil clusters based on our earlier work97 are presented in
Figs. 3.5a and 3.5b. As in I−·T, the intensity of feature D sharply increases at t0 and
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Figure 3.3: Time-resolved photoelectron spectrum of the iodide-thymine cluster excited at
4.79 eV and probed at 1.57 eV. Features A, C, and D represent direct detachment of the
anion to form the corresponding neutral species, vibrational autodetachment, and photode-
tachment of the transient negative ion, respectively.

then undergoes biexponential decay. Fig. 3.5c compares the short-time dynamics of feature
C for I−·T and I−·U at the same pump energy, showing slower decay at short times and
more persistent signal at longer times for I−·U. Feature C is also quite different in I−·U.
While this feature shows similar depletion and recovery for both complexes at early times, it
subsequently recovers past its initial intensity in I−·U. Maximum intensity is achieved after
about 25 ps, followed by decay to its initial value over tens of picoseconds.

Electronic Structure Calculations
The structures of the iodide-nucleobase complexes were optimized using second order per-
turbation theory in the Gaussian 09 software package106 with an augmented double zeta
Dunning-type basis and an aug-cc-pVDZ-pp pseudopotential107 for iodide. Schematics of
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Figure 3.4: Normalized integrated intensities for features C and D in I−·T clusters excited
at 4.69 eV and probed at 1.57 eV, where a) shows short time dynamics and b) shows long
time dynamics.

Figure 3.5: Normalized integrated intensities for I−·U clusters excited at 4.69 eV and probed
at 1.57 eV where a) shows the short time dynamics of features C and D, b) the long time
dynamics and c) a comparison between the short time dynamics of feature D in I−·U with
that of I−·T excited at 4.69 eV.

the I−·T and I−·U complexes are shown in Fig. 3.1, with calculated bond distances indi-
cated between iodide and the N1 and C6 protons. The excess charge is localized on the
iodine atom. The iodide resides between the hydrogen bound to N1 and the neighboring
vinyl hydrogen in both clusters and appears to interact somewhat more with the hydrogen
bound to C6 in the thymine complex. The presence of iodide leads to slight elongation of the
N1-H and C5-C6 bonds relative to un-complexed species,51,108 as well as bowing of both the
N1 and C6 hydrogen atoms toward the halide. Single point energy calculations carried out
using coupled-cluster singles and doubles (CCSD) with the same basis sets estimate VDEs as
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4.09 and 4.13 eV for thymine- and uracil-containing complexes, respectively. The calculated
geometry and VDE for I−·U agree well with a recent calculation by Ortiz109 using density
functional theory.

3.5 Analysis
The integrated intensity of feature D and, for I−·T, feature C, can be fit to Eq. (3.1), a
convolution of a Gaussian instrumental response function, with a FWHM of the measured
cross correlation of 150 fs, and a step function at t= t0 that then evolves bi-exponentially:

I(t) = e−t
2/σ2
∗

I0 t < t0,

I0 +Aδ(t− t0) +A1e−(t−t0)/τ1 +A2e−(t−t0)/τ2 t≥ t0
(3.1)

Table 3.2 lists the time constants τ1 and τ2 and the amplitude ratio A1/A2 for I−·T and I−·U
at the various excitation energies used in our experiment, while Figs. 3.6a and 3.6b plot the
two time constants against excitation energy. For both systems, τ1 and τ2 decrease with

Table 3.2: Time constants of Feature D in iodide-thymine and iodide-uracil clusters.

Nucleobase Pump Energy (eV) A1/A2 τ1 (fs) τ2 (ps)
Thymine 4.60 3.8 300±50 1.9±1.0

4.69 2.4 200±40 1.5±0.4
4.79 1.5 160±60 0.9±0.2

Uracil97 4.69 7.0 620±50 52±20
4.79 5.6 390±80 37±20
4.90 5.6 300±50 12±6

increasing excitation energy. The time constants τ1 and τ2 are systematically shorter for
I−·T. This trend is particularly striking for τ2 values, which are over an order of magnitude
shorter for I−·T than for I−·U. Moreover, while the time-dependence of feature C for I−·T
can be completely described by Eq. (3.1) with the same constants that fit feature D (except
that A1 and A2 are negative), this functional form cannot capture the long-time dynamics
of feature C in I−·U.

3.6 Discussion

Nature of iodide-nucleobase clusters
In one-photon PE spectra of both I−·T and I−·U at 5.30 eV, the two direct detachment
features A and B are split by the spin orbit splitting of iodine, indicating the anion has the
electronic character of iodide, and the excess electron in the ground state of these complexes
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is localized on the iodine atom. This interpretation is fully supported by the electronic
structure calculations reported here and elsewhere.109

The one-photon photoelectron spectra in Fig. 3.2 show clear evidence for very slow
electrons, feature C, over a wide range of excitation energies. This feature is assigned to vi-
brational autodetachment from the transient negative ion (TNI) I · · ·B*– formed after charge
transfer from iodide to the nucleobase, as follows:

I− ·B hνpump−−−−→ I · · ·B∗− k1−→ I · · ·B+ e− (3.2)

The resulting photoelectrons have nearly zero kinetic energy. Similar slow electron signal,
seen in our previous work on iodide-solvent clusters have also been ascribed to autodetach-
ment.110–113

The TNI is also the source of pump-probe signal observed as feature D in the time-
resolved experiments according to:

I− ·B hνpump−−−−→ I · · ·B∗−
hνprobe−−−−→ I · · ·B+ e− (3.3)

The resulting photoelectrons are ejected with a kinetic energy given by

eKE = hν2− eBE(I · · ·B∗−) (3.4)

where the last term is the eBE of the TNI in Eqn. (3.3). The eKE of feature D ranges from
1.0-1.6 eV. Owing to the diffuse nature of this transient signal, we cannot definitively assign
peak in the eBE distribution, the VDE of the TNI, but can place it in the range of 0-0.6
eV, which covers the calculated VDEs of 0.5 and 0.6 eV for the valence bound anions of
thymine and uracil.51,52 Notably, we see no spectroscopic evidence for the sharp peak char-
acteristic of dipole-bound nucleobases at any pump-probe delay. We therefore conclude that
the TNI formed in our experiment upon UV initiated charge transfer is the valence-bound
state of the nucleobase. Anion photoelectron spectroscopy23 and Rydberg electron transfer22
experiments show that complexation to a polarizable species stabilizes valence-bound anions
relative to dipole-bound states, and we may be seeing a manifestation of that effect here.

Our experiment can be considered in terms of intracluster electron scattering, where the
electron produced by photodetachment from the iodide moiety is either ejected into free
space, resulting in the direct detachment features A and B, or is indirectly scattered from
the nucleobase forming the TNI leading to the time-dependent features C and D. A similar
mechanism was also proposed by Continetti and co-workers114 in their dissociative photode-
tachment experiments on the iodide-aniline complex.

Since thymine and uracil absorb at the excitation energies used in our experiment,115,116
we must also consider the possibility that UV absorption by the nucleobase could excite
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the nucleobase to a π→ π∗ state, followed by transfer of an electron from iodide into the π
hole of the nucleobase and forming the same I · · ·B*– state as in in Eqns. (3.2) and (3.3).
There are several arguments against this mechanism, however. First, Figs. 3.4 and 3.5 show
formation of the TNI immediately at t0, with an appearance rate limited by the Gaussian
shape of our laser pulses, whereas electron transfer from iodide to an electronically excited
nucleobase would most likely result in delayed formation of the TNI. Secondly, the gas phase
absorption cross section for uracil increases by more than a factor of ten from 4.2 to 5.0
eV,116 and the gas phase spectrum of thymine also rises steeply above its onset around 4.4
eV.117 The autodetachment signal in Fig. 3.2 does not show a corresponding increase with
energy, however, indicating that it is not correlated with UV absorption by the nucleobase.

Time-Resolved Dynamics
The transient feature D in the time-resolved photoelectron spectra decays bi-exponentially
for both I−·T and I−·U clusters. Key trends are shown in Table 3.2 and Figs. 3.6a and 3.6b.
For both complexes, the two time constants τ1 and τ2 decrease with increasing excitation
energy. This result is consistent with a statistical decay process such as vibrational autode-
tachment in Eq. (3.2), as shown in our recent work on other iodide-solvent clusters.118 The
fast time constant τ1 ranges from 150-600 fs. Fig. 3.6a shows that at comparable excitation
energies, τ1 is more than a factor of two lower for thymine than uracil complexes. For exam-
ple, at 4.69 eV, τ1 = 200 fs for I−·T but is 620 fs for I−·U. The slow time constant τ2 varies
from 1-2 ps for I−·T and is considerably longer (12-52 ps) for I−·U.

The bi-exponential decay of feature D indicates that the I · · ·B*– state created by the

Figure 3.6: a) Short and b) long time-constants b) in Table 3.2 versus excitation energy for
I−·T and I−·U clusters.
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pump pulse does not decay solely by autodetachment. Instead it must also decay to a longer-
lived anion state that can be detached with a 1.57 eV probe photon. In I−·T, recovery of
the autodetachment signal C is bi-exponential and is fit well with the same time constants
as those used to fit feature D. This correspondence indicates that in I−·T, both the initial
I · · ·B*– state and its anionic decay product undergo autodetachment. The situation for au-
todetachment from the uracil complex is more complicated and is considered in more detail
below.

An overall mechanism consistent with our results is as follows:

I− ·B hνpump−−−−→ I · · ·B∗−
hνprobe−−−−→ I · · ·B+ e− (3.5a)

I · · ·B∗− k1−→ I · · ·B+ e− (3.5b)

I · · ·B∗− k2−→ I+B∗− (3.5c)

B∗−
hνprobe−−−−→B+ e− (3.5d)

B∗−
k3−→B+ e− (3.5e)

Here, the initially formed I · · ·B*– species can be detached by a probe photon (3.5a) , au-
todetach (3.5b), or lose an iodine atom (3.5c). The B*– fragment from (3.5c) can also be
photodetached by a probe photon (3.5d) or autodetach (3.5e). The iodine atom should be
bound to the nucleobase by ∼ 50 meV,110 so the B*– fragment should have less vibrational
energy than the initially formed I · · ·B*– resulting in an autodetachment rate k3 slower than
k1. According to this scheme, the two time constants τ1 and τ2 are related to the three rate
constants in (3.5) by:

τ1 = 1/(k1 +k2), τ2 = 1/k3 (3.6)
The overall mechanism in Eq. (3.5) explains the decay of feature D in both uracil and

thymine and the dynamics of feature C in thymine. However, it does not explain the “over-
shoot” in feature C observed in uracil. As has been argued previously,97,119 this overshoot
indicates enhancement of the autodetachment signal by the probe pulse. Fig. 3.5b shows
that the time interval during which feature C exceeds its initial level roughly coincides with
the long-time decay of feature D. Hence, the overshoot may occur through probe absorption
by the U∗− fragment, produced in step (3.5c), to an autodetaching state. In other words,
the probe pulse may not only induce direct detachment (3.5d) but may also enhance au-
todetachment. Once the U∗− fragment has decayed by (3.5e) the probe pulse can no longer
be absorbed and the overshoot disappears. Note that because τ2 is considerably shorter in
I−·T, the lifetime of the fragment that absorbs the probe pulse may be too short to see
significant probe-enhanced autodetachment, which might explain the absence of this effect
in I−·T complexes.

We should also consider other possible contributions to the time-resolved dynamics seen
in our experiments, summarized in Fig. 3.7 along with previously discussed iodine loss.
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DEA experiments show that low energy electron collisions with uracil25,26 and thymine30

Figure 3.7: Energy diagram showing approximate relative energies of possible fragmentation
pathways of thymine and uracil subsequent to UV initiated charge transfer from iodide where
a) shows UV initiated charge transfer, b) iodine loss, and c) hydrogen loss.

lead to formation of the deprotonated (U-H)− and (T-H)− anions via hydrogen atom loss
from the N1 position. In the low energy regime, the yield for this channel shows an onset
of 0.6 eV, a small peak at 0.7 eV and a much larger resonance at 1 eV.32 These results raise
the question of whether the analogous channel is energetically accessible in our experiments,
whereby electron transfer to the nucleobase from the iodide leads to H-atom loss. Calcula-
tions by Martínez et al.109 find that removal of a hydrogen atom from the N1 position in
I−·U requires 4.6 eV, which falls in the range of excitation energies used in our experiments.
Alternatively, from the intracluster electron scattering perspective, the electron produced by
photodetachment of the iodide moiety collides with the nucleobase at an effective collision
energy Ec = hν−V DE(I− ·B). The VDEs, as discussed above, are 4.05 eV for I−·T and
4.11 eV for I−·U. Based on the pump energies in Table 2, the range of Ec is 0.55-0.74 eV
and 0.57-0.79 eV for I−·T and I−·U, respectively, overlapping the threshold for H atom loss
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in both cases.

It thus appears that H-atom loss is a viable decay channel that can occur in parallel
with autodetachment, affecting the decay constants τ1 and τ2. Unfortunately, we are unable
to observe this channel directly in our current experimental configuration. Photoelectron
spectroscopy experiments on deprotonated thymine find that the electron affinity of the T-H
radical is 3.25 eV,120 and one can reasonably assume a similar value for U-H. Therefore the
probe energy in our experiment, 1.57 eV, is not sufficient to detach these species and the
excess electron is too tightly bound to autodetach. Experiments at higher probe energies
will need to be performed in order to assess the importance of this channel. A more indirect
approach would be to perform the same experiments reported here on deuterated thymine
and uracil. DEA experiments on deuterated thymine show a 40-fold drop in deuterium loss
at low energies, compared to hydrogen loss in native thymine.33 A similar effect is predicted
in calculations on uracil.98 This dramatic isotope effect is attributed to a lower tunneling
probability for D-atom loss, whereas autodetachment is unaffected. Hence, if H-atom loss
is significant in our experiments, we should see considerably slower decay of the transient
feature D upon deuteration as the hydrogen loss channel would be largely turned off.

The possible role of anion tautomerization should also be considered. PES experiments
by Bowen and co-workers53 using a laser ablation ionization source found a uracil anion with
a VDE of 2.5 eV. Comparison to electronic structure calculations suggests this species is a
tautomer of the uracil anion in which a hydrogen atom has migrated from N3 to C5. Several
other tautomers have been identified in calculations on uracil and thymine anions.55,59 All
hydrogen migration tautomers have higher VDEs than the canonical tautomer, and one (the
N1-C5 tautomer) is predicted to be more stable than the canonical tautomer by 1.4 kcal/mol
for thymine and 2.6 kcal/mol for uracil. One can envision a scenario in our experiment in
which electron transfer from the iodide to the nucleobase is followed by tautomerization to
a species with a higher VDE than the initially formed TNI. Such a process would contribute
to the decay of the transient feature D. However, the barriers to tautomerization are calcu-
lated to be 40 kcal/mol,55,59 and are not accessible in our experiment. Therefore absent a
lower energy path it is unlikely that tautomerization can occur under the conditions of our
experiment. As with H-atom loss, further experiments with higher photon energies should
be able to verify the absence of tautomerization.

Given the similarities between uracil and thymine, the observation of considerably faster
decay dynamics in I−·T complexes compared to I−·U is striking. The electronic structure
of the two nucleobases is similar, as are the DEA cross sections for H atom loss. The
additional methyl group in thymine might be expected to slow, rather than accelerate, the
autodetachment rate owing to a larger density of reactant states in the TNI. However, our
previous work on iodide-solvent clusters showed that relatively small increases in the energy
available for autodetachment can significantly raise the autodetachment rate.118 Such an
effect may be operative here as well. The VDEs of the valence-bound states of thymine and
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uracil are calculated to be 0.5 and 0.6 eV, respectively,51,52,102 while the VDE of I−·T is 0.06
eV lower than that of I−·U. Therefore at the same excitation energy, there is 0.16 eV more
energy available for autodetachment in I−·T than in I−·U, possibly leading to more rapid
autodetachment and faster decay in I−·T.

3.7 Conclusion
We have investigated the energetics and dynamics of the I−·T and I−·U binary clusters us-
ing one-photon and two-photon time-resolved photoelectron spectroscopy. The one-photon
experiments show a stabilization of iodide by the nucleobase, increasing the VDE from 3.05
eV for bare iodide to 4.11 eV for I−·U clusters and 4.05 eV for I−·T clusters. In addition to
direct detachment from the anionic cluster to the neutral manifold, we observe a wavelength
independent zero electron kinetic energy feature that we attribute to charge transfer from
iodide to the nucleobase forming a transient negative ion that decays by vibrational autode-
tachment.

Two-photon time resolved experiments on the I−·U and I−·T clusters show that the TNI
formed by charge transfer has a VDE between 0-0.6 eV. In both thymine and uracil clusters,
this transient feature decays bi-exponentially at all pump energies studied, 4.60-4.90 eV.
The short time constants range between 160-300 fs in thymine and 300-600 fs in uracil,
while the long time constants range between 1-2 ps in thymine and 12-52 ps in uracil. The
bi-exponential decay is attributed to changing rates of autodetachment upon iodine loss
from the TNI. The shorter time constants in I−·T clusters may reflect small differences in
the iodide-nucleobase binding energy and the VDE of the nucleobase valence anion. The
role of hydrogen atom loss and tautomerization merit further exploration. In addition, more
detailed theoretical work into the nature of the iodide-nucleobase interaction both in the
ground and charge transfer state would be of considerable interest both for understanding
the dynamics observed in this experiment as well as how these experiments can be used to
provide insight into the interactions of excess electrons with DNA.
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Chapter 4

Dynamics of electron attachment to
uracil following UV excitation of
iodide-uracil complexes

4.1 Abstract
Electron attachment to uracil was investigated by applying time-resolved photoelectron imag-
ing to iodide-uracil (I– ·U) complexes. In these studies, an ultraviolet pump pulse initiated
charge transfer from the iodide to the uracil, and the resulting dynamics of the uracil tem-
porary negative ion were probed. Five different excitation energies were used, 4.00 eV, 4.07
eV, 4.14 eV, 4.21 eV and 4.66 eV. At the four lowest excitation energies, which lie near the
vertical detachment energy of the I– ·U complex (4.11 eV), signatures of both the dipole
bound (DB) as well as the valence bound (VB) anion of uracil were observed. In contrast,
only the VB anion was observed at 4.66 eV, in agreement with previous experiments in this
higher energy range. The early-time dynamics of both states were highly excitation energy
dependent. The rise time of the DB anion signal was 250 fs at 4.00 eV and 4.07 eV, 120
fs at 4.14 eV and cross-correlation limited at 4.21 eV. The VB anion rise time also changed
with excitation energy, ranging from 200-300 fs for excitation energies 4.00 eV to 4.21 eV, to
a cross-correlation limited time at 4.66 eV. The results suggest that the DB state acts as a
“doorway” state to the VB anion at 4.00-4.21 eV, while direct attachment to the VB anion
occurs at 4.66 eV.1

1Reprinted with permission from S. B. King, M. A. Yandell, A. B. Stephansen, and D.M.
Neumark, J. Chem. Phys. 141, 224310 (2014) Copyright 2014, American Institute of Physics,
http://dx.doi.org/10.1063/1.4903197
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4.2 Introduction
In recent years, numerous experiments have implicated low energy electrons in both single-
and double-strand breaks of DNA.3,121Theory predicts that this damage occurs via cleavage
of the sugar phosphate backbone following electron transfer from the nucleobase, the orig-
inal electron acceptor.14,16,96 Thymine and its RNA analog, uracil, have been investigated
both experimentally and theoretically to understand how low-energy electrons interact with
nucleobases.25,28,29,122–124 While dissociative electron attachment (DEA) experiments show
that electrons as low as 0.6-1.0 eV can cause fragmentation of the nitrogen-hydrogen bonds
in uracil,26,32,98 the precise mechanism by which the low energy electrons interact with these
nucleobases is not fully understood. In this work, we explore early-time electron attach-
ment dynamics to the RNA base uracil via time-resolved photoelectron (PE) imaging of the
iodide-uracil (I– ·U) complex at a variety of excitation energies both near and well above
the vertical detachment energy (VDE) of I– ·U, expanding on earlier studies97,125 performed
only at excitation energies well above the VDE.

Uracil in the gas phase binds an excess electron in a dipole bound (DB) ground state,
with a conventional valence bound (VB) state of the anion calculated to be slightly higher
in energy.21,100 In the DB state, the excess electron is bound in a diffuse orbital by the field
of the molecular dipole moment, largely outside the molecular core;41 such states can be
supported by molecules with dipole moments greater than 2 Debye.44 The VB state of uracil
binds the excess electron in a conventional π∗ molecular orbital.53 In DEA experiments,
coupling between the DB and VB states of the uracil anion has been invoked to interpret the
low energy (0.6-1 eV) DEA resonances, with the DB anion assumed to act as a“doorway”
state.32 Calculations predict that a DB to VB anion transition occurs via a puckering of the
uracil ring and out of plane motion of the C6 hydrogen (atomic numbering shown in Figure
4.1),61,62 with an energy barrier ranging from 36-178 meV, depending on the calculation
method.61,63,126

DB and VB states of anions can be distinguished in PE spectroscopy by differences in
peak width and electron binding energy.23,127 DB electrons minimally perturb the neutral
molecular geometry and DB anions are characterized in their PE spectrum by a very narrow
peak and a vertical detachment energy (VDE), defined as the difference in energy between
the neutral and the anion at the geometry of the anion, that is generally less than 0.1 eV.14
Since the geometries of the DB anion and neutral are very similar, the VDE of the DB state
is approximately the same as the adiabatic electron affinity (AEA) of the neutral, where the
AEA is defined as the energy difference between the electronic and vibrational ground states
of the anion and neutral.

In contrast, VB anions often have a different geometry than the neutral, resulting in
a much wider peak in their PE spectrum. The PE spectrum of bare uracil anions in the
gas phase show evidence only for the DB anion, with a VDE of 93 ± 3 meV.21 PE spec-
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Figure 4.1: Calculated structure of the iodide-uracil cluster.97 The blue arrow indicates the
direction of the calculated dipole moment of the neutral uracil molecule.

tra for uracil complexed with a sufficiently polarizable species (i.e. xenon) have peaks due
to both the DB and VB anions.23 Only the VB anion is present when uracil is complexed
with a single H2O molecule,23 and continued water solvation shifts the VB anion to higher
binding energies.101 A photoelectron spectrum of the bare uracil VB anion has not been
measured, but theory predicts a VDE of 600 meV51 and an AEA between -50 meV and
40 meV.14,22,51,54,102,128 Experimental extrapolation from PE spectra of U−(H2O)n clusters
yields an estimate of 150 ± 120 meV for the adiabatic electron binding energy of the VB
anion.101

Iodide-uracil (and iodide-thymine) complexes have been previously studied in our labo-
ratory using one-photon and time-resolved PE spectroscopy.97,125 Single photon PE spectra
of I– ·U identified the ground state complex as a negative iodide atom complexed to a neu-
tral uracil molecule with a VDE of 4.11 eV;97 the calculated ground state geometry of I– ·U
from that work is shown in Figure 4.1. Absorption spectra of the I– ·U complex and U−
photofragment action spectra have not been recorded.

In the time-resolved PE spectroscopy experiments,35 a UV excitation pulse (hν1) induced
electron transfer from the iodide to the uracil molecule, and the resulting transient negative
ion was photodetached by a near IR pulse (hν2) after a known time delay, according to
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equation 4.1.

I− ·U hν1−−→ I · · ·U− ∆t,hν2−−−−→ I · · ·U + e−(eKE = hν2− eBE) (4.1)

UV excitation energies from 4.69-4.90 eV were used, significantly above the VDE of I– ·U,
and those experiments were considered analogous to electron scattering experiments. The
excitation energies 4.69-4.90 eV corresponded to collision energies, Ec = hν−V DE(I−U),
of 580-790 meV. Coupling between DB anions and σ∗ anions of uracil has been invoked to
explain resonances in DEA spectra at >0.6 eV electron kinetic energy,32 within the range
of the collision energies studied in the time-resolved PE experiments. However in the time-
resolved experiments only the VB anion of uracil was observed as a transient species, with
no evidence of a DB anion of uracil. The VB anion appeared on a cross-correlation limited
time scale (<150 fs) and decayed bi-exponentially with time constants of 400-700 fs and
12-52 ps, depending on excitation energy. These time constants were attributed to autode-
tachment of the temporary negative ion I· · ·U−, both before and after loss of the iodine atom.

To gain further insight into the role of DB and VB states in these experiments, we
carried out time-resolved PE studies on two model systems, iodide-acetonitrile and iodide-
nitromethane.67 The acetonitrile anion is a DB state, with no low-lying VB state.129,130 Ni-
tromethane, however, supports both low-lying DB and VB anions with a VB anionic ground
state.127 UV-initiated charge transfer from the iodide to the acetonitrile or nitromethane
molecule was investigated using excitation energies near the VDE of the binary complex.
Experiments on I–CH3CN complexes showed evidence only for the DB anion of acetonitrile,
while experiments on I–CH3NO2 clusters showed initial formation of the DB CH3NO2 anion
decaying to the VB anion on a timescale of 400-600 fs.67

The work on I−CH3N and I−CH3NO2 suggested that the early-time electron attachment
dynamics in I– ·U might be substantially different at excitation energies closer to the VDE of
the complex. In this paper, we carry out such experiments, using excitation energies ranging
from 4.00 to 4.21 eV, below and above the VDE of I– ·U, as well as at 4.66 eV, in the range
of our previous experiments. We find that the early-time attachment dynamics are highly
sensitive to excitation energy and observe formation of both the DB and VB anions of uracil
at all excitation energies near the VDE. Below the VDE, both DB and VB anions appear
with 200-300 fs rise times. Above the VDE, the DB anion appears with a less prominent
120 fs rise time and within the cross-correlation for 4.14 and 4.21 eV, respectively, while the
VB anion has the same 200-300 fs rise time from 4.00 to 4.21 eV. In contrast, at 4.66 eV, no
DB state is seen, and the VB state appears within our cross-correlation. Evidence suggests
that the DB state acts as a doorway to the VB state near the VDE, but that electrons attach
directly to the VB state at 4.66 eV, a result with possible implications for interpreting the
DEA experiments.
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4.3 Experimental
The time-resolved PE spectrometer used in these experiments has been described in detail
elsewhere.104,105 I– ·U clusters were formed by flowing 50 psig neon over a reservoir containing
iodomethane through an Even-Lavie pulsed solenoid valve containing uracil heated to 205◦C.
The resulting gas mixture was expanded into vacuum through a ring-filament ionizer attached
to the valve body. The femtosecond laser system is a KM Labs Griffin oscillator and a
Dragon amplifier that outputs pulses centered at 790 nm with a 1 kHz repetition rate.
The excitation pulses used in these experiments were generated by frequency-doubling the
output of a Light Conversion TOPAS-C optical parametric amplifier (OPA), resulting in
laser pulses that were tuned from 4.00 eV to 4.66 eV with approximately 5-10 µJ/pulse
at the interaction region, depending on the efficiency of the OPA. The laser fundamental
served as the probe pulse in these experiments with approximately 80 µJ/pulse. The cross-
correlation of the pump and probe pulses was less than 150 fs. The photoelectrons resulting
from the pump-probe experiment were energy-analyzed by velocity map imaging (VMI) onto
a position sensitive detector.87 These VMI images were then processed using the BASEX
reconstruction method.90

4.4 Results and Analysis
Experiments were conducted at five excitation energies: 4.00 eV, 4.07 eV, 4.14 eV, 4.21 eV,
and 4.66 eV. For the remainder of the paper, these excitation energies will be referenced
relative to VDE(I– ·U)=4.11 eV, as -110 meV, -40 meV, 30 meV, 100 meV, and 550 meV.
Figure 4.2 shows time-resolved PE spectra obtained at -40 meV (4.2a), 30 meV (4.2b), 110
meV (4.2c) and 550 meV (4.2d and 4.2e). Figure 4.2d is a raw time-resolved spectrum
and 4.2e is background subtracted. The y-axis is electron binding energy (eBE), defined as
eBE = hνprobe− eKE, where hνprobe = 1.58 eV, the photon energy of the probe pulse.

The spectra comprise three distinct features labeled I -III. Features I and II are tran-
sient features due to probe detachment from the photo-excited complex, while feature III is
primarily due to direct detachment of the ground state iodide-uracil cluster induced by the
excitation pulse.67,97,131 Feature III is very high in intensity compared to features I and II,
and in Figure 4.2d it is largely off scale and colored grey. Upon negative-time background
subtraction, feature III is only seen as residual noise in Figure 4.2e. It should be noted
that at 30 meV and 100 meV, there is some electron signal near ∆t=0 between -0.2 eV and
0 eV eBE, in the vicinity of feature I. This electron signal is attributed to two-color two-
photon detachment of the iodide-uracil complex, observed previously with I−nitromethane
and I−acetonitrile,67 and is not included in the analysis of feature I.

Feature I is a narrow feature appearing at low eBE, between 0 and 0.2 eV, and observed
at excitation energies -110 meV to 100 meV. The peak of feature I evolves slightly with
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Figure 4.2: Time-resolved photoelectron spectra of iodide-uracil at excitation energies (a)
4.07 eV (-40 meV), (b) 4.14 eV (30 meV), (c) 4.21 eV (100 meV) and 4.66 eV (550 meV) both
raw (d) and negative time background subtracted (e), all probed with 1.58 eV.

pump-probe delay time, approaching 95 ± 5 meV at long times. Feature II is a broad, low
intensity feature spanning the energy range from 0.3 to 0.7-0.8 eV, and is observed at all ex-
citation energies studied. Based on previous experiments, features I and II can be identified
as photo-detachment from the dipole bound (DB) and valence bound (VB) anions of uracil
respectively.67,97

Table 4.1 reports the intensity ratio of feature I to feature II, which was measured at
a set time delay where both features are close to their maxima, approximately 400-500 fs.
This ratio decreases with increasing excitation energy. The 550 meV data is in agreement
with previously published results where the iodide-uracil clusters were formed by expansion
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in argon instead of neon.97

Table 4.1: Lifetimes and decay coefficient ratios for features I and II of I– ·U, where τ1 is the
rise time (if applicable) and τ2 and τ3 are the decay times. The energies in parentheses refer
to the energy definition given in the beginning of Section 4.4, where the excitation energies
are defined relative to the VDE(I– ·U)=4.11 eV.

Excitation Energy τ1 (fs) τ2 (ps) τ3 (ps) A1/(A2 +A3) Ratio of I/II
Feature I

4.00 eV (-110 meV) 240 ± 30 8.5 ± 1.2 2000 ± 600 -0.44 1.9
4.07 eV (-40 meV 260 ± 50 7.1 ± 0.7 1200 ś 100 -0.46 1.41
4.14 eV (30 meV) 120 ± 90 5.0 ± 0.6 500 ± 130 -0.28 1.04
4.21 eV (100 meV) – 1.7 ± 0.4 30 ± 10 – 0.83

Feature II
4.00 eV (-110 meV) 264 ± 15 16 ± 2 460 ± 80 -0.77
4.07 eV (-40 meV) 200 ± 20 13.9 ± 1.4 450 ± 40 -0.76
4.14 eV (30 meV) 220 ± 40 5.6 ± 1.5 80 ± 30 -0.74
4.21 eV (100 meV) 300 ± 150 5.0 ± 2.0 30 ± 40 -0.48
4.66 eV (550 meV) – 0.41 ± 0.04 35 ± 13 –

In order to quantify the peak shifting of feature I, the photoelectron spectrum of the
feature can be fit with a Gaussian function at all pump-probe delays with non-zero intensity.
The peak in the eBE is the VDE of the feature and Figure 4.3 shows the evolution of the
VDE of feature I versus pump-probe delay at -40 meV.

The peak shifting shown is representative of that observed at all other excitation energies
where feature I is present. At zero pump-probe delay, the VDE of feature I is approximately
75 meV, and rises to approximately 115 meV by 700 fs before decaying back to a longtime
value of 95 ± 5 meV. This asymptotic value lies within error bars of the previously measured
value of the VDE of the bare uracil DB anion.21 Feature II does not display any notable
peak shifting and is too diffuse to be fit to an analytical function.

Features I and II both undergo intensity changes with varying pump-probe delay. Since
the intensity of feature I changes in both time and energy space, the feature is integrated
by a set amount around the peak at each pump-probe delay to minimize the effect of energy
shifting on the intensity changes. Feature II is integrated over a fixed eBE range for every
pump-probe delay. The intensities of both features for all short delays are shown in Figure
4.4.

At -40 meV, feature I has a measurably slower rise time than the cross-correlation (Figure
4.4a), while at 100 meV, feature I rises on a cross-correlation limited time before decaying
(Figure 4.4c). Between these two excitation energies, at 30 meV, feature I has a distinct
rise time although faster and less prominent than at -40 meV. At longer times, as shown
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Figure 4.3: Time evolution of the vertical detachment energy of feature I at 4.07 eV (-40
meV) shown at both (a) short times and (b) long times. The dashed line indicates the
longtime VDE of 95 ± 5 meV.

in Figure 4.5, feature I decays bi-exponentially, with considerably faster decay at 110 meV
than at -40 meV.

Feature II exhibits two different early-time dynamic regimes. At lower excitation energies
-110 meV to 100 meV, feature II exhibits a clear non-zero rise time, and it rises more slowly
than feature I in all three panels (Figure 4.4a-c). However, at 550 meV the VB anion rises
on a cross-correlation limited time scale before decaying (Figure 4.4d). For all excitation
energies studied, feature II eventually decays bi-exponentially (Figure 4.5a-c).

The normalized intensity evolution of both features can be fit to a sum of exponential
functions convoluted with an experimental response function, equation 4.2.

I(t) = 1
σCC
√

2π
exp

(
−t2

2/σ2
CC

)
∗

I0 t < t0,

I0 +∑
iAi exp

(
−t
τi

)
t≥ t0

(4.2)

Feature I is fit well with three coefficients and time-constants at -110 meV, -40 meV, and
30 meV comprising a mono-exponential rise and bi-exponential decay. At 100 meV, feature I
is fit well with only two coefficients and time-constants, capturing the cross-correlation lim-
ited rise and bi-exponential decay of the feature. Feature II is fit well with three coefficients
and time-constants at -110 meV to 100 meV, a mono-exponential rise and bi-exponential
decay. However at 550 meV, feature II is fit well with two coefficients and time-constants,
capturing the cross-correlation limited rise and bi-exponential decay at that excitation en-
ergy. Where applicable, A1 and τ1 capture any mono-exponential rise and A2, A3, τ2, and
τ3 capture the bi-exponential decay. Data collected at the same excitation energy were fit
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Figure 4.4: Normalized integrated intensities for features I and II of I– ·U, where feature I
is in blue and feature II is in red at (a) 4.07 eV (-40 meV) (b) 4.14 eV (30 meV), (c) 4.21 eV
(100 meV) and (d) 4.66 eV (550 meV).

concatenately. Table 4.1 shows all lifetimes τi and the ratio of the rising component to the
decay components, A1/(A2 +A3), at the five different excitation energies. Note that when
A1 = 0, the rise time is cross-correlation limited.

Features I and II exhibit long time bi-exponential decays regardless of early-time behav-
ior. As seen in previous papers from our group,75,97,125 this kind of bi-exponential decay can
be explained with a kinetic model like Scheme 4.6.

The bi-exponential decay lifetimes in Table 4.1 can be related to the time constants of
the kinetic model by Equation 4.3.
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Figure 4.5: Normalized Intensities for features I and II at long time of I– ·U, feature I is
shown in blue, feature II is shown in red at excitation energies (a) 4.07 eV (-40 meV), (b)
4.21 eV (100 meV) and (c) 4.66 eV (550 meV).

τ2 = 1
k1 +k2

τ3 = 1
k3

(4.3)

According to Knee et al,132 by using the fraction of the fast decay to the total decay signal,
rate constants can be extracted from the bi-exponential lifetimes according to equation 4.4.

k1 = FA2

(
1
τ2
− 1
τ3

)
+ 1
τ3

(4.4)

k2 = 1
τ2
−k1 (4.5)

k3 = 1
τ3

(4.6)



CHAPTER 4. DYNAMICS OF ELECTRON ATTACHMENT TO URACIL
FOLLOWING UV EXCITATION OF IODIDE-URACIL COMPLEXES 53

State I

State II

State III
k
1

k
2

k
3

Figure 4.6: Kinetic scheme 1 describing bi-exponential decay kinetics.

Fractions and rate constants are summarized in Table 4.2. The nature of States I-III is
considered in more detail in Section 4.5.

Table 4.2: Rate constants and fractions for bi-exponential decay kinetics.

Feature I
Excitation Energy k1 (1010s−1) k2 (1010s−1) k2 (1010s−1) FA2

4.00 eV 6.0 5.6 0.1 0.5
4.07 eV 7.1 6.9 0.1 0.5
4.14 eV 15 5.8 0.2 0.7
4.21 eV 35 23 3.2 0.6

Feature II
Excitation Energy k1 (1010s−1) k2 (1010s−1) k2 (1010s−1) FA2

4.00 eV 3.5 2.6 0.2 0.6
4.07 eV 4.1 3.0 0.2 0.6
4.14 eV 11 6.4 1.2 0.6
4.21 eV 13 7.3 1.3 0.6
4.66 eV 200 41 2.8 0.8

4.5 Discussion
The dynamics of iodide-uracil clusters following UV initiated charge transfer are highly
sensitive to excitation energy. As the excitation energy is increased, the following trends are
observed: (i) shifting of the DB anion VDE is the same at all excitation energies, (ii) starting
at -40 meV, the DB anion rise time τ1 and the ratio |A1|/(A2 +A3) decrease, and by 100
meV the DB anion appears within the cross-correlation without any observed rise time, (iii)
the VB anion rise time is approximately the same from -110 meV to 100 meV but is cross-
correlation limited at 550 meV, (iv) the ratio of the DB anion to the VB anion decreases
with the DB anion disappearing completely by 550 meV, and (v) the bi-exponential decay
lifetimes decrease for both the DB and VB anion. In this section, we consider the underlying
electron attachment and detachment dynamics responsible for these trends.
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Early-time dynamics of the uracil dipole bound anion
At early times, the VDE of the DB anion shifts with pump-probe delay, as shown in Figure
4.3. Shifts of this magnitude have been seen in the early-time dynamics of other iodide-
solvent complexes.67,110–112 Comparison to theory suggests that these shifts result from two
effects: the excited state interaction of the neutral iodine atom with the diffuse electron
associated with the nascent negative ion formed by photoexcitation,133 and, in the case of
multiple solvating species, solvent motion driven by the injection of the excess electron into
the solvent network.134–138 For a binary complex such as I– ·U, only the first mechanism is
operative.

Therefore, neutral iodine motion relative to the DB orbital of the uracil anion is likely
responsible for the dynamics in Figure 4.3. Initially, the VDE of the DB anion is ∼75 meV,
lower than our measured asymptotic value of 95 ± 5 meV, suggesting a repulsive interaction
between the iodine atom and the DB anion. The VDE steadily increases (as shown in Fig
4.3a), reaching a maximum value of 115 meV by ∼700 fs, where there may be a favorable
interaction between the iodine atom and the DB anion, before the VDE finally decreases
to 95 ± 5 meV by approximately 20 ps (Figure 4.3b). By that time the iodine is either
interacting less strongly with the DB orbital or has left the binary cluster.

These qualitative ideas are supported by recent theoretical work on I– ·U by Takayanagi
and co-workers,63 who performed CIS(D) calculations analyzing iodine movement relative
to N1 after UV charge transfer to the uracil DB orbital from iodide. The potential energy
curves show weak repulsion at small iodine-N1 distances and flatten at higher iodine-N1
distances, supporting the assignment of the initial VDE increase as a response to a repulsive
interaction between the iodine and uracil DB anion.

At excitation energies of -110 meV and -40 meV, a clear rise time of ∼250 fs is seen for
the DB state (Table 4.1 and Figure 4.4a), suggesting that a fully formed DB state is not
created instantaneously by the pump pulse. Indeed, this rise time occurs on a time scale
similar to that of the VDE shifting in Figure 4.3, during which the wavefunction of the excess
electron is evolving as the iodine and nucleobase separate subsequent to photoexcitation.63,133
Therefore, the intensity rise is likely a result of cross-section changes associated with this
evolution. However, while the time-dependence of the VDE shifting is largely independent
of excitation energy, the rise time τ1 drops from 260 fs at -40 meV to 120 fs at 30 meV, and
the ratio |A1|/(A2 +A3) drops from 0.46 to 0.28. This ratio represents the prominence of the
signal with rise time τ1 relative to the cross-correlated rise associated with the A2 and A3
terms. By 100 meV, the DB anion rises within the cross-correlation limit with no additional
rising behavior (A1 = 0). The dynamics responsible for this trend are discussed further in
section 4.5.
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Early-time dynamics of the uracil valence bound anion
The 200-300 fs rise time of the VB anion at -110 meV to 100 meV compared to its cross-
correlation limited rise at 550 meV implies that not only the dynamics but also the mechanism
of electron attachment to uracil is highly dependent upon excitation energy. Our previous
studies of I– ·U used excitation energies between 580 meV and 790 meV and the VB anion
appeared with a cross-correlation limited rise time.97 Experiments at intermediate excitation
energies were attempted, but significant formation of neither the DB nor the VB anion was
observed. It thus appears that there are two different mechanisms for VB anion formation,
one at excitation energies near the VDE, and another 550-790 meV above the VDE, while
in between these regimes there is no efficient pathway for VB anion formation. These trends
can be understood with reference to the energetic landscape of the uracil DB and VB anions.
This landscape, based on the calculations by Bachorz et al,53 and experimental measurement
of the uracil DB anion,21 is depicted in Figure 4.7, which shows schematic potential energy
curves for neutral uracil (black) as well as the anion DB and VB states (blue and red,
respectively) as a function of the uracil puckering angle.

Absorption of a photon by the I– ·U complex is a vertical process. Barring any scattering
resonances or bound states in either iodide or neutral uracil, the electron transfer process
from iodide to uracil should also be approximately vertical, in the sense that the scattered
electron will initially interact with the uracil in its original geometry, as shown in Figure
4.1, in which the neutral uracil is minimally perturbed by the iodide.97 Therefore the uracil
anion geometry directly after electron transfer is likely a planar structure very similar to the
neutral geometry. The calculated vertical attachment energy (VAE) of the valence state in
this planar geometry is 572 meV above the neutral.55 As shown in Figure 4.7, at excitation
energies in this range, indicated by the purple arrow, there is sufficient energy to form the
VB anion directly in a planar geometry, and the VB anion is formed on a cross-correlation
limited time via pathway A.

At excitation energies from -110 meV to 100 meV, shown by the green arrow in Figure
4.7, there is insufficient energy to form the VB anion directly. Table 4.1 shows that the rise
time (τ1) of the VB state is measurable across this interval, with the VB anion population
increasing relative to the DB anion population as excitation energy increases, as indicated
by the I/II ratio in Table 4.1. The VB anion must be formed by an indirect pathway between
-110 meV to 100 meV, and we propose in the next section that this pathway involves the DB
anion, depicted as pathway B in Figure 4.7.

Dipole bound to valence bound anion transition
The geometry of uracil DB anion is very close to that of neutral uracil, and therefore the
VAE to the DB state should be approximately the negative of the VDE of the uracil DB
anion, i.e. -93 meV,21 as shown in Figure 4.7, making formation of the DB anion efficient at
excitation energies near the VDE. At excitation energies from -110 to 100 meV we observe
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Figure 4.7: Schematic potential energy curves for neutral uracil (black), the DB anion (blue),
and the VB anion (red) plotted vs. uracil puckering angle. Tick mark on x-axis indicates
planarity of the uracil ring. AEAs for the two anion states are shown,21,51 along with the
calculated vertical electron attachment energy (VAE), 572 meV, for the VB anion.55 The
vertical purple arrow represents a photon with excitation energy between 550 meV and 790
meV, where the VB anion is directly formed by mode A, while the vertical green arrow
represents a photon with excitation energy between -110 meV and 100 meV and a possible
mode B.

the DB state prominently at short delay times (<500 fs). The rise time of the VB state
is either equal to or slower than that of the DB state. These results suggest that near the
VDE, direct detachment to the DB anion occurs, and raise the question of whether the DB
anion acts as a doorway to the VB anion. Evidence for such a mechanism is not as clear
as it was for I−CH3NO2 complexes, where we observed a decay of the nitromethane DB
anion matching the rise time of the VB anion.67 Complementary decay and rise times are
not seen for I– ·U, suggesting that if such a doorway mechanism occurs, there is incomplete
conversion from the DB to the VB state.

The barrier between the DB and VB states has never been measured experimentally and
calculated values vary with different levels of theory, between 36-178 meV.61–63 Calculations
using long range corrected DFT yield the lowest value, 36 meV, and are expected to be



CHAPTER 4. DYNAMICS OF ELECTRON ATTACHMENT TO URACIL
FOLLOWING UV EXCITATION OF IODIDE-URACIL COMPLEXES 57

the most accurate given the diffuse nature of the DB orbital.63 Given the bandwidth of the
excitation pulse in our experiment, 40 meV, combined with incomplete vibrational cooling
of the I– ·U anion, a DB to VB transition should be energetically feasible to varying extents
from -110 meV to 100 meV. Indeed, the observed trend in the feature I/II ratio (Table 4.1) is
consistent with the notion that the DB to VB anion transition is facilitated as the excitation
energy increases.

Recent calculations by the Takayanagi group62,63 have investigated the nature of the
charge transfer state from iodide to uracil. They find that the initial state is either a DB
anion or a hybrid DB/σ∗ anion, and that the transition to the π∗ VB anion can easily occur
with puckering of the uracil ring and out of plane movement of the C6 hydrogen by approxi-
mately 25 degrees. The presence of iodine may also be relevant to the transition. Iodine, like
xenon, is highly polarizable and may slightly alter the relative energies of the DB and VB
anions, making a transition more energetically accessible before it leaves the binary cluster.

A DB to VB anion transition could also provide an explanation for why the rising behavior
of the DB anion with time constant τ1 becomes less prominent relative to the cross-correlated
rise with increasing excitation energy. There are numerous processes in the I– ·U complex
that occur on similar timescales of 200-300 fs: the VDE shifting of the DB anion, the rise
time of the DB anion at -110 meV and -40 meV, and the rise time of the VB anion. If the
DB anion is indeed the doorway to the VB anion, the timescale of the DB anion decay to
the VB anion is also 200-300 fs. At higher excitation energies, where there is comparatively
more decay to the VB anion (Table 4.1), the combination of the DB anion population decay
to the VB anion and the DB anion intensity rise due to cross-section changes from iodine
dynamics can effectively cancel each other out. This changes both the rise time of the DB
anion signal as well as the intensity of that rise at those excitation energies, as observed at
30 meV and 100 meV. The addition of a new decay component to Eq. 4.2 with a similar
lifetime to τ1, representing the decay of the DB anion to the VB anion, effectively reduces
the ratio |A1|/(A2 +A3) relative to lower excitation energies where the DB to VB anion
decay is less important.

A dipole-bound to valence-bound transition also offers a reasonable explanation for the
rise time of the VB anion at excitation energies near the VDE. In contrast to nitromethane,
where the VB anion state lies lower in energy than the DB anion, the VB anion for uracil is
higher in energy than the DB anion, presumably explaining the incomplete conversion of the
DB to the VB state. The decrease in the ratio of features I/II with increasing excitation
energy is consistent with overcoming a barrier and energy gap for this transition. Overall,
however, the evidence for the DB to VB anion transition in uracil is indirect rather than
definitive.
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Bi-exponential decay of the dipole bound and valence bound
anions
We turn now to the longer-time decay dynamics of the DB and VB anions. Upon formation,
both the DB and VB anions decay bi-exponentially. Bi-exponential decay is suggestive of
consecutive decay processes according to figure 4.6 (Section 4.4), where the final state III
is an autodetachment state of the uracil transient negative ions. Our previous papers on
I– ·U and I– ·T defined state I as I· · ·U− and state II as I+U−, where k1 and k3 are differing
rates of autodetachment prior and subsequent to iodine loss, and k2 is the rate of iodine
loss.97,131 An analysis of the fractions in each decay pathway as well as the relative decay
constants allows for the direct calculation of those rates, as detailed in Section 4.4. The
resulting calculated rate constants are listed in Table 4.2. At all excitation energies, we
find that k1 > k2 > k3 for both the DB and VB anions. This ordering is consistent with
autodetachment before and after iodine loss, because we expect that iodine loss reduces the
internal energy of the remaining uracil anion, resulting in slower autodetachment. However,
raising the excitation energy from 4.21 to 4.66 eV results in an increase in k1 by nearly a
factor of 20 for the VB state, and brings into question whether iodine loss is the only process
that affects the autodetachment rate.

It is therefore of interest to consider other mechanisms for the bi-exponential decay. For
example, if the uracil anion is initially formed with a non-statistical vibrational energy distri-
bution, then k1 can represent the autodetachment rate from this distribution, k2 the rate of
internal vibrational energy redistribution (IVR), and k3 the autodetachment rate from a sta-
tistical vibrational energy distribution. This mechanism is similar to that proposed by Knee
et al.132in the paper where Eq. 4.4 was derived, with the underlying assumption that the
vibrational mode (or modes) in the initial distribution is strongly coupled to autodetachment.

This latter mechanism may well be operative in the VB anion at excitation energies
550 meV to 790 meV. When the VB anion is formed directly at those excitation energies,
the initial VB anion geometry is planar and significantly perturbed from the equilibrium
geometry of the VB anion.51 Therefore the VB anion will be initially vibrationally excited
specifically along the modes that transition between the planar and puckered geometries.
State I would be a vibrationally excited state with energy concentrated in the puckering
modes and state II a state with vibrational energy fully distributed throughout all vibrational
modes. Given that the potential energy curves for the VB and neutral state cross at an
intermediate non-planar geometry (see Figure 4.7), it is reasonable to expect that the initially
prepared vibrational distribution will be more strongly coupled to autodetachment compared
to a statistical distribution with the same total energy, leading to k1 >> k3, as is observed
here at 4.66 eV. At lower excitation energies, where the VB state is not accessed directly, it
is more difficult to envision a similar scenario, and the iodine atom loss mechanism is more
likely to dominate.
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4.6 Conclusion
The dynamics of electron attachment to uracil are highly sensitive to excitation energy. At
excitation energies -110 meV to 100 meV, both the DB and the VB anion of uracil are
formed, while at 550 meV only the VB anion is observed. At -110 meV and -40 meV, the DB
anion photoelectron signal has a 240-260 fs rise time, attributed to evolution of the wave-
function of the dipole-bound electron as the iodine moves relative to the DB anion. This
rise time becomes less prominent, disappearing by 100 meV, where the DB anion rises on a
cross-correlation limited time as decay of the DB anion to the VB anion possibly cancels the
iodine-motion-related rising intensity.

The VB anion has a 200-300 fs rise time for excitation energies -110 meV to 100 meV,
which is likely due to a DB to VB anion transition. At higher excitation energies, where
there is sufficient photon energy to directly access the VB anion from the iodide-uracil anion
initial state, the VB anion appears within the cross-correlation. Both states at all excitation
energies subsequently undergo bi-exponential decay due to iodine loss or IVR, with IVR the
more likely mechanism for the VB anion at 550 meV, where the VB anion can be formed
directly.

These early-time electron attachment dynamics provide information about the necessary
energies to directly form valence anions of uracil without the aid of dipole bound anion
doorway states, and draw into question whether the DB anion assists in electron capture at
electron energies between 0.6-1 eV, as has been invoked in studies of dissociative electron
attachment in uracil.32 We also identify a possible timescale for the DB to VB anion tran-
sition in uracil, which will be of interest in future studies of the mechanisms of DNA and
RNA damage by low-energy electrons.



60

Chapter 5

Electron accommodation dynamics in
the DNA base thymine

5.1 Abstract
The dynamics of electron attachment to the DNA base thymine are investigated using
femtosecond time-resolved photoelectron imaging of the gas phase iodide-thymine complex
(I– ·T). An ultraviolet pump pulse ejects an electron from the iodide and prepares an iodine-
thymine temporary negative ion that is photodetached with a near-IR probe pulse. The
resulting photoelectrons are analyzed with velocity-map imaging. At excitation energies
ranging from -120 meV to +90 meV with respect to the vertical detachment energy (VDE)
of 4.05 eV for I– ·T, both the dipole-bound and valence-bound negative ions of thymine
are observed. A slightly longer rise-time for the valence-bound state than the dipole-bound
state suggests that some of the dipole-bound anions convert to valence-bound species. No
evidence is seen for a dipole-bound anion of thymine at higher excitation energies, in the
range of 0.6 eV above the I– ·T VDE, which suggests that if the dipole-bound anion acts as a
“doorway” to the valence-bound anion, it only does so at excitation energies near the VDE
of the complex.1

5.2 Introduction
The mechanism by which radiation causes damage to living tissue, including damage to
DNA, is of considerable interest in chemistry, physics, and biology.1 High-energy radiation
produces secondary low-energy electrons that are capable of inducing both single and dou-
ble strand breaks in DNA,3 even at electron kinetic energies below the ionization potential
of any of the DNA components.4–8 These observations have motivated several theoretical

1Reprinted with permission from S. B. King, A. B. Stephansen, Y. Yokoi, M. A. Yandell, A. Kunin, T.
Takayanagi, and D. M. Neumark, J. Chem. Phys. 143, 024312 (2015) Copyright 2015, American Institute
of Physics, http://dx.doi.org/10.1063/1.4923343
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studies aimed at identifying the site of electron attachment to DNA and the mechanism of
bond-breakage.14,16 Some of these find initial electron attachment to the nucleobase followed
by delocalization and cleavage of the sugar phosphate backbone15 or the glycosidic bond,17
while others indicate that direct electron attachment and cleavage on the DNA backbone
is energetically feasible.18,19 In the gas phase, spectroscopic and electron scattering exper-
iments have focused on how low-energy electrons interact with isolated molecular DNA
constituents.20,21,30,46 In this paper, we investigate the time-resolved dynamics of electron
attachment to the DNA base thymine using UV-initiated charge transfer in iodide-thymine
binary clusters and compare these results to uracil, the RNA counterpart to thymine.

Electron-nucleobase interactions in the gas phase have been probed by dissociative elec-
tron attachment (DEA),26,30,32,33 negative ion photoelectron (PE) spectroscopy,21 and Ry-
dberg electron transfer (RET).20 DEA experiments have shown that electrons with kinetic
energy as low as 0.6 eV can break the N1−H bond in thymine (see atomic numbering in
Figure 5.1a), the location of the glycosidic bond that attaches the DNA base to the sugar
in nucleotides and nucleosides.26,30 Sharp peaks in the DEA intensity below 1.5 eV were at-

Figure 5.1: Calculated optimal geometries of (a) I– ·T, (b) I· · ·T−(DB), (c) I· · ·T−(VB), (d)
I– ·U, (e) I· · ·U−(DB), and (f) I· · ·U−(VB).

tributed to cross-section enhancement from vibrational Feshbach resonances of the thymine
dipole-bound anion coupling to the σ∗ state of the N1-H bond,32 and involvement of both
dipole-bound and valence-bound orbitals of the anion has been implicated in thymine N1−H
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bond breakage in the gas phase.

With a dipole moment of 4.2 D,45 thymine can easily support a dipole-bound (DB) an-
ion.44 Characterized by a very diffuse excess electron orbital, the DB anion of thymine has
a planar geometry similar to that of neutral thymine and a very low vertical detachment
energy (VDE), the energy difference between the neutral and the anion at the geometry of
the anion, of 69 ± 7 meV, measured with photoelectron spectroscopy.21 When the thymine
ring puckers, thymine can also support a valence-bound (VB) anion in which the excess elec-
tron resides in a π∗ orbital.52 Rydberg electron transfer (RET) experiments estimate the VB
anion to be only minimally adiabatically bound.20 The PE spectrum of the bare VB anion
of thymine has not been measured experimentally to date, but the PE spectra of T−(H2O)n
clusters yielded an extrapolated adiabatic electron affinity (AEA) for the neutral to the bare
thymine VB anion of 120 ± 120 meV and a VDE of 440 ± 120 meV.101 Theoretical estimates
of the AEA of the VB anion vary from -50 meV54 to 18 meV,52 with a VDE of 457-512 meV
depending on the method of calculation.59 Calculations estimate the vertical attachment
energy (VAE) of thymine, the difference in energy between the neutral and the anion at
the geometry of the neutral, to be about 650 meV,54 and electron transmission spectroscopy
estimate the π∗ orbital to lie 290 meV higher in energy than the neutral.56

In our laboratory, we have performed time-resolved experiments on electron attachment
to nucleobases and other electron acceptors through femtosecond time-resolved photoelectron
spectroscopy (TRPES) on binary clusters of iodide and the molecule of interest.67,97,125,131
Using the scheme in Eq. 5.1,

I− ·M hν1−−→ I · · ·M− ∆t,hν2−−−−→ I · · ·M + e−(eKE = hν2− eBE) (5.1)
an ultraviolet pump pulse (hν1) excites the excess electron, originally localized on the iodide,
to form a temporary negative ion associated with the electron acceptor M that is photode-
tached with a near-IR probe pulse (hν2) after a known delay time. With this scheme, we
can investigate the dynamics of electron attachment to M , as well as any ultrafast decay
mechanisms occurring after electron transfer.

The nucleobase uracil, which operates in place of thymine in RNA, differs only in the
exchange of the methyl group at C5 for a proton (see Figure 5.1d). In TRPES experiments
on iodide-uracil clusters, at excitation energies near the VDE (4.11 eV) of the iodide-uracil
(I– ·U) complex, both the DB and VB anions of uracil were formed, while at excitation
energies 550-790 meV above the VDE, only the VB anion was seen.97,125 Near the VDE,
the VB anion of uracil appeared more slowly than the cross-correlation of the pump and
probe pulses, while at excitation energies well above the VDE the VB anion appeared on a
cross-correlation limited time. We concluded that the VB anion was formed directly at the
higher excitation energies, while at lower excitation energies the VB anion was being formed
via another state, possibly the DB anion. However, the evidence for this transition was in-
direct, in contrast to experiments in our group with iodide-nitromethane and ongoing work
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on iodide-adenine where the DB anion acts as an obvious doorway state to the VB anion.67,139

In previous experiments using TRPES with I– ·T clusters, excitation energies 550-740
meV above the VDE of I– ·T, 4.05 eV, were used to initiate charge transfer.131 Only the
VB anion of thymine was observed, appearing on a cross-correlation limited lifetime before
decaying to zero by 10 ps. In this work, we use TRPES to investigate electron attachment
dynamics in I– ·T clusters at excitation energies near the VDE of I– ·T, and compare and
contrast to our results from I– ·U. We observe both the DB and VB anions of thymine, with
the VB anion appearing after the DB anion, suggesting that the VB anion is formed via
the DB anion at excitation energies near the VDE of I– ·T. Both the DB and VB states
ultimately decay bi-exponentially with similar decay lifetimes. TD-DFT calculations find
that the optimized structures of I· · ·T/U−DB and I· · ·T/U−VB are different from those of I– ·T
and I– ·U and indicate that the iodine atom perturbs the initially formed DB anion. In total,
we explore how small energetic and structural differences between I– ·T and I– ·U impact their
electron attachment and decay dynamics, continuing our exploration of electron attachment
to biologically relevant molecules.

5.3 Experimental Methods
The time-resolved photoelectron spectrometer has been described elsewhere in detail.104,105
Iodide-thymine clusters are formed by passing 50 psig neon over a reservoir containing
methyl iodide; the resulting neon-methyl iodide mixture passes through an Even-Lavie pulsed
solenoid valve operating at 500 Hz with a cartridge containing solid thymine heated to 205◦C.
A ring filament ionizer ionizes the resulting supersonic expansion via secondary electron at-
tachment. The formed negative ions are mass-selected for the species of interest, and after
steering and focusing ion optics, interact with the pump and probe laser pulses.

A KM Labs Griffin oscillator and Dragon amplifier generates pulses centered around 790
nm at a 1 kHz repetition rate. The portion of this light to be used as the probe pulse is
split off, while the remainder is steered into a Light Conversion TOPAS-C optical parametric
amplifier (OPA). Frequency-doubling the output of the OPA results in pump pulses between
315-300 nm that are used as the pump pulse. At the interaction region, typical pulse powers
are 5-10 µJ/pulse for the pump and 80 µJ/pulse for the probe. The cross-correlation of the
pump and probe pulses is below 150 fs. An optical chopper is used to match the repetition
rates of the Even-Lavie valve and the laser. Photoelectrons resulting from laser interaction
with the iodide-thymine cluster are accelerated towards a position sensitive detector using
velocity map imaging (VMI).87 The resulting images are reconstructed using the BASEX
algorithm.90
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5.4 Theoretical Methods and Results
Calculations on the I– ·T and I– ·U complexes were conducted with long-range (LC) cor-
rected density-functional theory (DFT) using the ωB97XD functional with the Gaussian09
program package.106 For H, C, N, and O atoms, the standard aug-cc-pVDZ basis set was
used, where hydrogen atoms were further augmented with additional sets of diffuse sp basis
functions to describe the very diffuse nature of DB anions. The exponents of the diffuse
functions were obtained from the outermost sp functions of the standard basis set by using a
scaling factor of 2. For the iodine atom, we employed the aug-cc-pVDZ-pp pseudopotential
basis set,107 where diffuse sp functions were further added with the same scaling factor. Fig-
ures 5.1a and 5.1d show the optimized geometries for I– ·T and I– ·U, respectively, in their
ground electronic states. The calculations show that in both the thymine and uracil cluster
geometries, iodide is bound at the positive end of the nucleobase dipole moment, between
the C6 and N1 positions.

Time-dependent (TD)-DFT calculations using the same ωB97XD functional were also
performed in order to obtain the equilibrium geometries on the electronically excited state
potential energy surfaces of the I· · ·T−(DB), I· · ·U−(DB), I· · ·T−(VB), and I· · ·U−(VB) clus-
ters, as well as to calculate electron density differences between I– ·T/U and I· · ·T/U−DB at
the I– ·T/U geometries. The optimized geometries of the complexes for both DB and VB
anions are also shown in Figure 5.1. The optimized structures of the I· · ·T−DB and I· · ·U−DB
complexes, as shown in Figures 5.1b and 5.1e, have elongated iodine N1-H and C6-H dis-
tances compared to the ground state geometries. In comparison, the I· · ·T−VB and I· · ·U−VB
complexes, as shown in Figures 5.1c and 5.1f, show strikingly different geometries from both
the ground state anion and DB anion complexes; the iodine atom has moved above the
nucleobase ring, which has undergone significant ring puckering by 31.01◦ and 33.29◦ for
thymine and uracil respectively.

The electronic density differences between the ground and DB anion excited states at
the optimized ground state geometries of both I– ·T and I– ·U are shown in Figure 5.2.
Figure 5.2 indicates that vertical excitation from the ground state involves electron promo-
tion from an iodide valence p-orbital to a diffuse orbital located outside of the nucleobase.
The photo-excited electron appears to localize near the iodine atom site, in the same region
where the excess electron is localized in the isolated thymine DB anion.20 The adiabatic
electron affinities (AEA) of I·T and I·U cluster systems and the dipole moments of the neu-
tral I· · ·T/U clusters in the anion and neutral geometries were calculated with second-order
Møller-Plesset perturbation theory (MP2) and coupled cluster singles and doubles (CCSD)
with the Gaussian09 program package.106 The vertical detachment energies (VDE) of I– ·T
and I– ·U have been reported previously.97,131 The I– ·T and I– ·U and I· · ·T and I· · ·U neu-
tral cluster geometries were optimized with MP2, and frequency calculations verified they
are minimum energy geometries. These geometries are included in Table 5.1.
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Figure 5.2: Excited state calculations for both I– ·T (a) and I– ·U (b) showing the difference
in electron density prior and subsequent to electronic excitation from the neutral to the first
excited state at iso-surface value 0.0015. Regions where electron density is removed with
UV excitation are shown in teal, while regions where electron density increases after UV
excitation are shown in purple.

Unsurprisingly, there are slight differences between the MP2 geometries and the LC-
DFT geometries, although the two methods are very similar; in the ground state anion
cluster geometries the iodide-nucleobase distances are slightly shorter with MP2. These
differences carry over to comparison between the I· · ·T/U−DB and I· · ·T/U geometries. While
the geometries are expected to be slightly different, at the MP2 level the I· · ·T/U distances
are shorter than the LC-DFT I· · ·T/U−DB geometries. Using the MP2 geometries, single-
point energy calculations were then done using CCSD for higher accuracy AEAs and dipole
moments. All calculations used the aug-cc-pVDZ basis sets for C, N, O and H atoms and the
aug-cc-pVDZ-pp pseudopotential for iodine.107 The calculated AEAs and dipole moments
are reported in Table 5.2. Calculations of the transition barrier between the DB and VB
anions of thymine were carried out using the ωB97XD and CAM-B3LYP methods of LC-
DFT. LC-DFT methods can describe both DB and VB anion states, with their different
excess electron binding motifs, as well as interconversion between them with reasonable
computational costs.63 The same basis sets were used as in the DFT calculations discussed
earlier in this section. These calculated barriers are reported in Table 5.3. These isolated
base anion results suggest the DB→ VB transformation barrier for the excited I– ·T complex
would also be larger than that for I– ·U, although the calculated barrier heights do not contain
the effect of iodine.
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Table 5.1: Relevant geometry parameters of the I−B ground state (GS), the I· · ·B−DB and
I· · ·B−VB excited states, and the I·B neutral state including the change in the parameter
between the ground state and each respective excited or neutral state. Abbreviations are as
follows, D=Dihedral, I· · ·N1-C6=I distance to center of N1-C6 bond.
Parameter GS Anion GS Anion DB Anion VB Anion Neutral ∆ GS-DB ∆ GS-VB ∆ GS-Neutral

(LC-DFT) (MP2) (MP2) (MP2)
Thymine

N1-H· · · I (Å) 2.633 2.527 3.057 4.894 2.879 0.423 2.261 0.352
C6-H· · · I (Å) 3.079 3.001 3.585 4.499 3.387 0.505 1.419 0.386
N1· · · I (Å) 3.513 3.419 3.927 4.396 3.737 0.414 0.883 0.318
C6· · · I (Å) 3.768 3.683 4.236 3.847 4.034 0.468 0.079 0.351
N1-H (Å) 1.03 1.038 1.01 1.006 1.016 -0.02 -0.024 -0.022
C6-H (Å) 1.092 1.095 1.089 1.091 1.093 -0.003 -0.001 -0.002
H-N1-C6 ∠ (◦) 116.6 115.8 119.9 120.3 120.4 3.3 3.6 4.602
N1-C6-H ∠ (◦) 112.9 112.7 114.8 114.1 115 1.9 1.3 2.283
I-H-N1 ∠ (◦) 143.2 143.8 144.9 55.1 142.7 1.7 -88.2 -1.154
I-H-C6 ∠ (◦) 121.6 120.7 120.1 47.5 119.2 -1.6 -74.1 -1.533
C2-N1-C6-C5 D ∠(◦) 0 0 0 -11.7 0 0 -11.7 -0.028
H-N1-C6-H D ∠ (◦) 0 0 -0.1 31 0 -0.1 31 0.01
N1-C6-C5-C4 D ∠ (◦) 0 -0.2 0 9.5 0 0 9.5 0.18
I· · ·N1-C6 (Å) 3.577 3.487 4.026 – 3.827 0.449 – 0.34

Uracil
N1-H· · · I (Å) 2.619 2.506 3.045 5.308 2.863 0.427 2.689 0.357
C6-H· · · I (Å) 3.092 3.035 3.639 4.677 3.44 0.547 1.584 0.405
N1· · · I (Å) 3.502 3.41 3.926 4.834 3.735 0.424 1.331 0.326
C6· · · I (Å) 3.769 3.697 4.265 4.127 4.064 0.496 0.359 0.366
N1-H (Å) 1.031 1.039 1.011 1.006 1.016 -0.02 -0.025 -0.023
C6-H (Å) 1.091 1.094 1.089 1.091 1.092 -0.002 -0.001 -0.002
H-N1-C6 ∠ (◦) 116.8 116 120.3 120.3 120.2 3.5 3.5 4.272
N1-C6-H ∠ (◦) 113.2 112.9 115.2 113.8 115.1 2.1 0.6 2.244
I-H-N1 ∠ (◦) 143.6 145 146.2 57 144.3 2.6 -86.7 -0.698
I-H-C6 ∠ (◦) 120.8 119.4 118.3 53.8 117.7 -2.4 -67 -1.771
C2-N1-C6-C5 D ∠ (◦) 0 0 0.1 -11.9 0 0.1 -11.9 0
H-N1-C6-H D ∠ (◦) 0 0 0.1 33.3 0 0.1 33.3 0
N1-C6-C5-C4 D ∠ (◦) 0 0 0.2 10.2 0 0.2 10.2 0
I· · ·N1-C6 (Å) 3.574 3.49 4.041 – 3.841 0.467 – 0.352

5.5 Experimental Results
All excitation energies from this point will be referred to relative to the previously determined
iodide-thymine (I– ·T) VDE of 4.05 eV,131 where Erelative=Excitation Energy-VDE(I– ·T),
and therefore pump photon energies of 3.93 eV, 4.00 eV, 4.07 eV and 4.14 eV will be referred
to as -120 meV, -50 meV, 20 meV and 90 meV, respectively. Figure 5.3 shows time-resolved
photoelectron spectra of the I– ·T binary cluster at -50 meV excitation energy and 1.58 eV
probe energy. A contour plot where the x-axis is delay time, and the y-axis is electron binding
energy (eBE), defined as eBE = hνprobe−eKE, is shown in Figure 5.3a. Specific time slices
from the contour plot in Figure 5.3a are plotted in Figure 5.3b. Two features are present
in Figure 5.3, labeled feature I and feature II. Feature I is a narrow, high-intensity, feature
that appears between 0-0.2 eV, and changes both in intensity as well as energy with pump-
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Table 5.2: Calculated adiabatic electron affinities (AEA) and dipole moments (µ) for neutral
iodine-thymine and iodine-uracil clusters.

Cluster AEA (eV) µ Anion Geometry (D) µ Neutral Geometry (D)
Iodine-Thymine 3.95 6.23 5.64
Iodine-Uracil 3.99 6.48 5.85

Table 5.3: Calculated energies of the dipole-bound to valence-bound transition barrier height
for different calculation methods and basis sets.

Method Basis Set Uracil (meV) Thymine (meV)
ωB97XD 6-311+G(2d,p) 138 155

aug-cc-pVDZ 116 131
CAM-B3LYP 6-311+G(2d,p) 56 63

aug-cc-pVDZ 36 44

probe delay time. Feature II is a broad, low-intensity, feature appearing between 0.2-0.8 eV,
and peaking around 0.5 eV. As in previous investigations of iodide-molecule binary clusters,
intense near-zero kinetic energy electrons were present in the photoelectron spectra, which
appear at eBEs of 1.58-1.56 eV, and are not included in Figure 5.3 for clarity.67,97,125,131
The dynamics of these electrons were similar to those reported previously for I– ·T and will
not be discussed further.131 Based on previous investigations, we can assign feature I as the
DB anion of thymine and feature II as the VB anion of thymine, with or without the iodine
atom.67,125,131

The peak of feature I, which represents the vertical detachment energy (VDE), shifts
slightly with pump-probe delay, illustrated by the dotted and dashed lines in Figure 5.3a
and b. The dotted line marks the VDE at initial times, and the dashed line indicates the
VDE at approximately 700 fs. The peak of feature I eventually recovers at long times to
the dotted line. This energy shifting can be quantified by fitting feature I to a Gaussian
function at each pump-probe delay and plotting the peak versus pump-probe delay as shown
in Figures 5.4a and b, for -50 meV excitation energy. The VDE at initial times is slightly
below but within error bars of the longtime VDE, 75 ± 5 meV. Over the next several hun-
dred femtoseconds the VDE of feature I increases, reaching the maximum of 95 meV at
approximately 700 fs, before decaying and reaching the longtime value of 75 ± 5 meV by
20-30 ps. The analogous plot for I– ·U at 4.00 eV ( 40 meV relative to the I– ·U VDE) is
shown for comparison in Figures 5.4c and 5.4d.

Time-resolved photoelectron spectra at -120 meV, 20 meV and 90 meV are similar to that
shown in Figure 5.3 in that they contain both features I and II as well as similar shifts in
the VDE of feature I, with some differences in time-dynamics as well as relative intensities
of the two features. These results are different from those previously reported for I– ·T clus-
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Figure 5.3: Time-resolved photoelectron spectra of I– ·T with 4.00 eV (-50 meV) excitation
energy and 1.58 eV probe energy, where (a) shows a contour plot and (b) selected delays and
where the dotted and dashed lines highlight the minimum and maximum VDEs of feature I,
respectively.

ters, where the excitation energy was significantly above the VDE of the I– ·T cluster.131 At
those excitation energies, only feature II was observed, similar to observations for I– ·U at
excitation energies well above the VDE.97,131

The differences between the time-resolved PE spectra at various excitation energies can
be quantified by analyzing the changing intensities of both features in time, as well as the
ratios of the two features. The normalized intensities of both features at short and long
times are shown for select excitation energies in Figure 5.5. These normalized intensities
can be fit to the convolution of the Gaussian experimental response function with a multiple
exponential function capturing the rise as well as decay of both features, equation 5.2.

I(t) = 1
σCC
√

2π
exp

(
−t2

2/σ2
CC

)
∗

I0 t < t0,

I0 +∑
iAi exp

(
−t
τi

)
t≥ t0

(5.2)

At excitation energies near the VDE of I– ·T, -120 meV to 90 meV, both features I and II
rise more slowly than the cross-correlation of the pump and probe pulses (<150 fs). Fea-
ture I rises on a 200-250 fs time at excitation energies -120 meV to 90 meV, and decays
bi-exponentially. Feature II rises on a 1.5 ps time at -120 meV and 250-300 fs time at all
other excitation energies and then also decays bi-exponentially. In Table 5.4, A1 and τ1
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Figure 5.4: Shifting of the VDE of feature I for (a) I– ·T at 4.00 eV (-50 meV) excitation
energy at short and (b) long times, and (c) I– ·U at 4.07 eV (-40 meV) excitation energy
at short and (d) long times. The dashed lines indicate the longtime values of feature I for
I– ·T and I– ·U, 75 ± 5 meV and 95 ±5 meV respectively. ∆E1 denotes the difference in
energy between the minimum and maximum VDE and ∆E2 denotes the difference in energy
between the maximum and the longtime VDE for I– ·T and I– ·U.

measure the mono-exponential rise and A2 and τ2 and A3 and τ3, the bi-exponential decay.
The ratio A1/(A2 + A3) reflects the degree of rising behavior in comparison to the decay of
each feature. In both features, |A1|/(A2 + A3) decreases with increasing excitation energy,
where a ratio of ∼0 means that the signal appears within the cross-correlation and has no
additional rising behavior.

Feature II displays markedly different early-time dynamics at higher excitation energies.
Figure 5.5e and 5.5f shows feature II from our previously published results with I– ·T at
4.69 eV (640 meV) excitation energy, where feature II appears within the cross-correlation
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Figure 5.5: Normalized intensities of feature I and II for I– ·T, where feature I is in blue
and feature II is in red at (a) 3.93 eV, -120 meV; (b) 4.00 eV, -50 meV ; (c) 4.07 eV, 20 meV;
(d) 4.00 eV, -50 meV at long delay times; (e) 4.69 eV, 640 meV; and (f) 4.69 eV, 640 meV at
long delay times.

and then decays on an ultrafast timescale.131 The decay dynamics of this feature can be
reasonably well fit by both mono-exponential as well as bi-exponential decays, Figure 5.6
shows a comparison of the mono-exponential versus bi-exponential fits. We previously re-
ported bi-exponential decay lifetimes for I– ·T to maintain consistency with what were clearly
bi-exponential long-time decays for I– ·U.131 We have revisited this fitting and here report
the mono-exponential decay lifetimes of the previously published thymine VB anion data at
excitation energies of 4.60 to 4.79 eV in Table 5.4. The bi-exponential fitting parameters can
be found in Table 3.2 in chapter 3.

Bi-exponential decay kinetics, like those observed in features I and II at low excitation
energies, are well described by kinetic schemes like Scheme 4.6, as has been discussed in
previous papers in our group.67,97,125,131 Using analysis by Knee et al,132 and detailed in our
paper on I– ·U,67,125 rate constants k1, k2, and k3 can be extracted from the bi-exponential
delay times, τ2 and τ3, as well as the fraction of the first decay to the total decay, FA2 =
A2/(A2 +A3) . These rate constants are summarized in Table 5.5.



CHAPTER 5. ELECTRON ACCOMMODATION DYNAMICS IN THE DNA BASE
THYMINE 71

Table 5.4: Lifetimes, and decay coefficients, and ratios for features I and II of I– ·T. τ1 is
the rise time (if applicable), and τ2 and τ3 are decay times. Erelative=Excitation Energy-
VDE(I– ·T), where the VDE of I– ·T is 4.05 eV.

Excitation Energy Erelative τ1 (fs) τ2 (ps) τ3 (ps) A1/(A2+A3) Ratio I/II
Feature I

3.93 eV -120 meV 223 ± 18 6.4 ± 0.2 1000 ± 130 -0.6 2.25
4.00 eV -50 meV 220 ± 25 6.7 ± 0.4 1800 ± 200 -0.55 2.04
4.07 eV 20 meV 250 ± 40 5.2 ± 0.4 1100 ± 130 -0.49 1.63
4.14 eV 90 meV 230 ± 50 2.1 ± 0.3 33 ± 5 -0.45 1.13

Feature II
3.93 eV -120 meV 1510 ± 140 25 ± 3 400 ± 140 -0.68
4.00 eV -50 meV 310 ± 40 11.4 ± 1.2 590 ± 90 -0.55
4.07 eV 20 meV 250 ± 50 13.1 ± 1.2 530 ± 130 -0.33
4.14 eV 90 meV 350 ± 120 5.0 ± 0.9 50 ± 20 -0.3
4.60 eV 550 meV – 0.46 ± 0.04 – –
4.69 eV 640 meV – 0.61 ± 0.04 – –
4.79 eV 740 meV – 0.46 ± 0.03 – –

5.6 Discussion
In our experiments, thymine is in many ways very similar to its RNA analog, uracil. Both
the DB and VB anions of the iodine-thymine complex are generated at excitation energies
near the VDE of I– ·T, while only the VB anion is formed in the higher excitation energy
region. The rise time of the DB anion is slower than the cross-correlation of the pump and
probe pulses and shifts in energy at early times. In the lower energy region, the rise time
of the thymine VB anion is longer than both the cross-correlation and the DB anion while
in the higher energy region it appears within the cross-correlation. At excitation energies
near the VDE of I– ·T, the DB and VB anions decay bi-exponentially with similar decay rates.

However, there are slight but noticeable differences in the dynamics in the I– ·T and I– ·U
experiments. At early times, the increase in the VDE of the iodine-thymine DB anion is less
than that of the corresponding species in uracil (see Fig. 5.4). In addition, the rise time of
the thymine DB anion is 220-250 fs for all excitation energies in the lower excitation energy
region, while the corresponding rise time of the uracil DB anion drops slightly with increasing
excitation energy. The rise of the thymine VB anion at the lowest excitation energy, 1.5 ps
at -120 meV, is considerably slower than the 200-300 fs rise times for the VB anion in uracil,
while from -50 meV to 90 meV the thymine VB anion rise-time is approximately constant and
comparable to these uracil values. Lastly, while the bi-exponential decay rates for thymine
and uracil are similar at lower excitation energies, new analysis shows that at excitation
energies ∼500 meV, decay of the VB anion of thymine can be fit mono-exponentially with
a similar lifetime to the short lifetime of the uracil bi-exponential decay. The longer-time
decay in uracil is absent in thymine. We will now explore these effects in detail.



CHAPTER 5. ELECTRON ACCOMMODATION DYNAMICS IN THE DNA BASE
THYMINE 72

0 1.0 2.0

0

0.5

1.0

Delay Time (ps)
0 5 10 15 20 25

N
o

rm
a

liz
e

d
 I
n

te
n

s
it
y
 (

a
u

)

0

0.5

1

MonoExp Decay

BiExp Decay

(a)

(b)

Figure 5.6: Comparison of mono-exponential (solid line) versus bi-exponential fit (dotted
line) of I– ·T feature II normalized intensities at 4.69 eV, 640 meV at (a) short delay times
and (b) long delay times.

Early-time dynamics of the thymine DB anion and comparison to
the uracil DB anion
Of the four pump photon energies near the VDE, two lie slightly above the VDE, and two
lie below it. In addition, the four pump photon energies are at -20 meV, 50 meV, 120 meV,
and 190 meV with respect to the calculated AEA of I·T, 3.95 eV (Table 5.2). The bandwidth
of the pump pulse is around 40 meV, so all four excitation energies can access the electron
detachment continuum, even at the lowest energy when accounting for the laser bandwidth.
Hence, direct detachment is in principle accessible at all four pump photon energies, and
should be particularly facile above the VDE because of good Franck-Condon overlap between
the initial and accessible final states of the complex. Nonetheless, at all four photon energies,
we observe evidence for long-lived dipole-bound states.

The presence of DB states is not overly surprising, since the calculated dipole moment
of the I·T complex in the FC geometry, 6.23 D, lies well above the critical 2 D dipole mo-
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Table 5.5: Rate constants and fractions for bi-exponential decay kinetics.
Erelative=Excitation Energy-VDE(I−B), where the VDE of Thymine is 4.05 eV and
the VDE of Uracil is 4.11 eV. The Uracil data is a reprint from Table 4.2 for ease of
comparison.

Molecule Ex. energy (eV) Erelative (meV) k1 (1010s−1) k2 (1010s−1) k3 (1010s−1) FA2
Feature I

Thymine 3.93 -120 13 2.8 0.1 0.82
4 -50 9.5 5.5 0.06 0.63
4.07 20 13 6.5 0.1 0.66
4.14 90 36 11 3 0.74

Feature II
3.93 -120 3.4 0.6 0.24 0.84
4 -50 6.4 2.4 0.17 0.72
4.07 20 6.1 1.6 0.19 0.79
4.14 90 16 4 1.9 0.78

Feature I
Uracil 4 -110 6 5.6 0.05 0.52

4.07 -40 7.1 6.9 0.08 0.5
4.14 30 15 5.8 0.2 0.71
4.21 100 35 23 3.2 0.58

Feature II
4 -110 3.5 2.6 0.22 0.55
4.07 -40 4.1 3 0.22 0.56
4.14 30 11 6.4 1.2 0.61
4.21 100 13 7.3 1.3 0.63

ment needed to support a dipole-bound state. It also lies well above the dipole moment of
bare thymine, 4.2 D. This enhancement of the dipole moment by addition of an I atom was
also reported by Mabbs and co-workers140 in their work on iodide-pyrrole complexes. The
more interesting question is why the onset of photoelectron signal associated with feature
I exhibits a clear rise time of ∼250 fs, as seen in Figs 5.5a-c, given that photoexcitation
to a dipole-bound state should be an instantaneous process within the time-resolution of
our experiment. This delay was not seen in analogous experiments on I−(CH3CN) and
I−(CH3NO2), where the increase in VDE compared to bare iodide, 0.49 eV and 0.55 eV,
respectively, was about half of the ∼1 eV increase for I– ·T and I– ·U.97,131

The intensity of feature I and the increase in the VDE of feature I both peak at simi-
lar times, at approximately 600-800 fs. It is therefore reasonable to assume that these two
effects have a common dynamical origin. Given the geometric differences between the I– ·T
ground state and the equilibrium structure of the I· · ·TDB state, as shown in Fig. 5.1, these
early-time dynamics most likely comprise motion of the I atom relative to the nucleobase.
We first consider the effect of I atom motion on the VDE of feature I. In both I– ·T and



CHAPTER 5. ELECTRON ACCOMMODATION DYNAMICS IN THE DNA BASE
THYMINE 74

I– ·U, the VDE initially increases and reaches its maximum value at approximately 700-800
fs, before decreasing within tens of ps to that of the bare DB anion VDE, 75 meV for T−
and 95 meV for U−.21,101 Figure 5.7 shows one-dimensional potential energy curves for the
neutral complex and the DB anion state as a function of iodine-thymine distance that are
consistent with these data and the calculated energetics presented in this paper. The exper-

4.05 eV

3.95 eV Neutral

I...T-(DB)

E
n

e
rg

y
 (

e
V

)

Rxn Coord. (I...T Distance)

I- T

Figure 5.7: Energy schematic illustrating how the energies of the neutral and DB anion
of thymine change with iodine distance. Plain text indicates an experimental value while
italicized text indicates a calculated energy at the CCSD level of theory. The shape of the
curves is determined from the experimental VDE of feature I, 70 meV at initial delay times,
95 meV at approximately 1 ps, and 75 meV at long delay times.

imentally determined VDE and the calculated AEA of the iodine-thymine neutral cluster
are connected along the iodine-nucleobase reaction coordinate for the neutral potential en-
ergy curve. The DB anion potential energy curve is displaced from the neutral curve taking
into account the changing VDE of the DB anion observed in the data. These curves show
that there are repulsive iodine-nucleobase interactions for both the DB anion as well as the
neutral at the FC geometry. For the VDE to increase as the iodine atom moves toward the
optimized I· · ·T/U−DB geometry, the interaction between the iodine and the nucleobase in
the anion excited state at shorter distances must be more repulsive than in the open-shell
neutral complex, an effect that can be attributed to the repulsive interaction between the
iodine atom and the dipole-bound electron, due to excluded volume effects.134,140–143 There
is also an attractive interaction, leading to the slight minimum in the potential energy curve,
due to van der Waals and ion-induced dipole interactions between the DB state and the
neutral iodine atom. At longer times, the subsequent drop in the VDE is attributed to the
iodine atom leaving the cluster. This VDE drop reflects the significantly larger dipole mo-
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ment of the iodine-nucleobase complex compared to that of the bare nucleobase (see Table
5.2), resulting in stronger dipolar binding of the excess electron in the presence of the I atom.

One notable difference between I– ·T and I– ·U is that ∆E1, the VDE difference between
the minimum and maximum VDE of feature I, as shown in Figure 5.3, is approximately
half as large in thymine as in uracil, 25 meV versus 40 meV respectively, suggesting that
the initial iodine repulsion is less steep for the thymine DB anion than the uracil DB anion.
Comparison of the optimized I· · ·T−DBand I· · ·U−DB geometries to those of the I– ·T and I– ·U
ground anion states in Figure 5.1 offers a possible explanation for this effect. After UV
excitation, iodine moves away from both the N1-H and C6-H atoms in thymine and uracil,
changing angles with both hydrogens. However, the iodine moves farther relative to the
center of the N1-C6 bond in uracil than in thymine. Transitioning from the FC geometry
to the I· · ·B−DB equilibrium geometry, iodine moves 0.467 Å away from the N1-C6 bond in
uracil, but only 0.449 Å in thymine. At long-times, ∆E2 is the same for the two nucleobases,
indicating that the iodine atom leaving the relaxed binary cluster has approximately the
same energetic effect on the DB orbital VDE in both nucleobases.

We now return to the issue of the rise time of feature I, which we attribute to an increasing
photodetachment cross section correlated with I atom motion just after photoexcitation. A
similar effect was observed previously in I−(H2O)n clusters,141,144 although in that case
the collective motion of the H2O molecules was believed to play a role as well.142,143 In
those studies, the increase in photodetachment cross-section was attributed to increased
localization of the dipole-bound electron, and a similar effect is expected here. When the de
Broglie wavelength of the detached electron is smaller than the spatial extent of the orbital
from which it was detached, the photodetachment cross-section is exceptionally sensitive to
the spatial extent of the orbital.145 The kinetic energy of the photodetached electrons in
the current experiment is approximately 1.57 eV, corresponding to a de Broglie wavelength
of ∼ 10 Å. We can estimate the spatial extent of the dipole-bound electron in thymine at
different points in time by using a crude model that approximates the distance between a
point charge from a point dipole for a given binding energy, Equation 5.3 in atomic units
where Eb is the binding energy of the electron, µ the dipole moment, and r is the mean
radius of the dipole-bound orbital,

Eb = µ/r2 (5.3)

as used by Lineberger and Johnson to estimate the spatial extent of dipole-bound electrons
of acetaldehyde enolate,47 and acetonitrile.48

At the FC geometry, the dipole moment of the iodine-thymine complex is 6.22 D and
the vertical detachment energy of the electron, an excellent estimate of the electron binding
energy, is approximately 70 meV. We can solve Eq. 5.3 for r and find that the mean radius
of the dipole-bound orbital at the FC geometry is 16 Å. If we do the same calculation at the
peak in the VDE of feature I at ∼1 ps, where the VDE is ∼95 meV and the iodine-thymine
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complex has relaxed to that of the optimized neutral geometry with a dipole moment of
5.65 D, the approximate size of the dipole-bound orbital is only 13 Å. This increase in DB
orbital localization is consistent with the increase in photodetachment cross-section that we
observe in the DB anion of thymine. Of course this model does not take into account the
other atoms in the cluster system, quantum mechanical effects, or the excluded volume of
the iodine atom, but it does give an estimate for the extent of the DB orbital as a function
of both the dipole moment and binding energy of the DB electron. This model is probably
better-suited for evaluating the change in the local extent of the DB orbital with dipole
moment and electron binding energy rather than the absolute size of the DB orbital, which
has been calculated for bare uracil and thymine by Adamowicz and coworkers.46

This model also explains why we do not see a corresponding rise in the DB anion signal
in nitromethane. The DB anion of nitromethane does not exhibit VDE shifting. The change
in cluster dipole moment between the iodine-nitromethane FC geometry and the relaxed
neutral geometry is 4.62 D versus 4.51 D,672 a much smaller dipole moment change than
observed in thymine and uracil. This results in a negligible change in the spatial extent of
the DB orbital and an apparently instantaneous rise-time in the DB anion of nitromethane
at early times.

At 30 and 90 meV excitation energies, where we are above the VDE of I– ·T, “dipole scat-
tering states” could in principle also participate in the observed dynamics. Gianturco and
co-workers146,147 calculated scattering of strongly polar molecules with low-energy electrons,
and found strong similarities between the real part of the scattering wavefunction and the
extremely diffuse electronic wavefunction for a dipole-bound (DB) state lying below the de-
tachment threshold. Therefore, one might expect facile coupling between a dipole-scattering
(DS) state and a DB state with conversion of a small amount of electronic energy to vibra-
tional energy of the molecular core. This DS to DB state conversion is essentially the inverse
of vibrational autodetachment148 that would take place to form a vibrationally excited DB
state whose electronic energy lies below the detachment threshold. Iodine motion could be
the primary sink of the vibrational energy.

Thymine VB anion formation mechanism
As was the case in uracil, we observe two distinct dynamical regimes for the formation of the
VB anion state of thymine, feature II in our time-resolved spectra. At energies well above
the VDE, as shown in Figure 5.5e at 640 meV excitation energy, the VB state appears within
the cross correlation of the two laser pulses, and the photoelectron spectra show no evidence
for feature I. The calculated vertical attachment energy (VAE) of the VB anion of thymine
is approximately 650 meV above the neutral, while electron transmission spectroscopy ex-

2Geometry optimizations were performed using the Gaussian 09 computational suite at the MP2/aug-
cc-pVDZ lvel with an aug-cc-pVDZ pseudopotential for iodide.



CHAPTER 5. ELECTRON ACCOMMODATION DYNAMICS IN THE DNA BASE
THYMINE 77

periments estimate the energy of the first π∗ orbital is 290 meV above the neutral,54,56 in the
range of our pump photon energies at 550-740 meV above the I– ·T VDE. Therefore, these
dynamics are attributed to direct formation of the VB state by the pump pulse in which the
scattered electron is captured by the VB orbital of thymine.

At excitation energies near the VDE, formation of both DB and VB anion states is ob-
served for I– ·T. The rise time of the VB state, τ1, is slower than that of the DB state at
-120 and -50 meV, with the rise times being nearly identical within error bars at 20 and
90 meV. The slower rise time of the VB state is particularly noticeable at -120 meV (Fig.
5.4a). Similar but not identical trends were seen for I– ·U at excitation energies near the
I– ·U VDE, with τ1 for the VB state always being slightly longer than for the DB state. One
interpretation of these trends, as discussed in our previous work, is that the DB state acts as
a gateway to the VB state at excitation energies near the VDE. Depending on the excitation
energy, a small population of the DB anions formed by electron capture convert over a small
barrier to VB anions on a hundred(s) of fs time scale.

This sequential picture for VB formation has several positive aspects. It is consistent
with the VB state never appearing before the DB state and with the decreasing rise time for
the VB state as the excitation energy increases, corresponding to more rapid passage over
the DB to VB state barrier. Moreover, the DB to VB anion calculated barrier is slightly
higher for thymine than uracil at all levels of theory (Table 5.3). This is in accordance with
the considerably longer 1.5 ps rise time for the VB state at -120 meV in the I– ·T experi-
ments compared to the 260 fs VB anion rise time at a comparable excitation energy in our
I– ·U studies, as well as the increased DB anion signal relative to the VB anion signal in
thymine compared to that observed in uracil, shown in Tables 5.4 and 4.1. Additionally, the
higher barrier and reduced production of the VB anion in thymine is also consistent with
the relatively constant DB anion rise-time and prominence in thymine contrary to what was
observed in uracil. Finally, as discussed above, any dipole scattering states created by the
pump pulse should easily convert to vibrationally excited DB states, making a DB state a
reasonable gateway state for subsequent dynamics.

The primary negative aspect of the sequential mechanism is that we do not observe a
depletion of the DB signal with a time constant that mirrors the rise of the VB signal. Such
a correspondence would offer unambiguous evidence for a DB-to-VB anion conversion and
was observed in our previous time-resolved work on iodide-nitromethane,67 as well as in
ongoing work on iodide-adenine complexes (for the A3 conformer of adenine).139 The DB
to VB anion transition is calculated to be slightly endothermic for thymine and uracil, by
52 and 53 meV respectively,51,52 while it is exothermic in both nitromethane149 and the A3
conformer of adenine, enabling complete conversion and a clear depletion of the DB state.
While one can rationalize the absence of a DB depletion signal for I– ·T and I– ·U based on
these energetic considerations, more sophisticated theoretical treatments may be required to
sort out the VB formation mechanism in the low excitation energy regime.
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Decay mechanisms and differences between thymine and uracil
In the low excitation energy region, near the I– ·T VDE, both the DB and VB anions of the
iodine-thymine complex decay bi-exponentially with similar decay lifetimes. Bi-exponential
decay has been observed previously in our experiments with uracil, nitromethane, and ace-
tonitrile67,97,125,131 and can be represented with a kinetic scheme like Scheme 4.6, shown
earlier. As shown by Knee et al,132 rate constants k1, k2, and k3 can be calculated from the
bi-exponential decay rates and amplitudes, shown in Table 5.5.

Iodine loss was invoked previously to explain bi-exponential decay kinetics in thymine
and uracil.97,125,131 In such a mechanism, k1 corresponds to autodetachment from the binary
complex of iodine and the nucleobase, k2 to the rate of iodine leaving the complex, and k3
to the rate of autodetachment from the nucleobase, where some of the internal energy of
the complex has been transferred to iodine kinetic energy. A comparison between k1, k2,
and k3 for uracil versus thymine finds that k2 for thymine is systematically slightly smaller
than for uracil while k1 and k3 are more or less the same between the two molecules. This
is consistent with the VDE shifting for thymine and uracil shown in Figure 5.3. In thymine,
the VDE of feature I reaches that of the bare thymine DB anion by approximately 20-30 ps
while in uracil the VDE reaches that of the bare uracil DB anion by ∼10 ps. That iodine loss
may take longer in thymine than in uracil is in agreement with the larger number of degrees
of freedom in thymine than in uracil, assuming that iodine loss is an evaporative process. In
contrast, the values of k3 are almost the same for the two systems, consistent with the iodine
binding energy, measured by ∆E2, being approximately the same in the VDE shifting of
feature I for both systems. Iodine loss thus appears to be a reasonable primary mechanism
for bi-exponential decay of both the DB and VB anions of thymine and uracil in the lower
excitation energy region.

At the higher excitation energy, the decay of the VB anion of thymine can be fit with
either a mono-exponential or a bi-exponential decay function. In previous publications,
the thymine VB anion was fit bi-exponentially, consistent with the bi-exponential decay of
the uracil VB anion; those lifetimes are listed in Table 3.2.97,131 However, the VB state of
thymine can be well fit using a single exponential decay and, as shown in Table 5.4, the re-
sulting decay lifetime is similar to the first decay constant of uracil, Table 4.1. The thymine
mono-exponential decay rate is ∼ 200 ·1010 s−1 and this is very comparable to k1 for uracil at
excitation energies 550-790 meV above the I– ·U VDE, which ranges from 140−290 ·1010 s−1,
depending on excitation energy.125 Regardless of the choice of the number of exponential de-
cays, the thymine VB anion decays to zero intensity by approximately 5-10 ps while the
uracil VB anion still has population intensity at 100 ps. Hence, at high excitation energies,
there is a long-lived component of the uracil VB anion that is absent for thymine.

The bi-exponential decay of the uracil VB anion in the high excitation energy region
was attributed to a combination of the same iodine loss mechanism discussed above as well
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as the difference in non-statistical versus statistical autodetachment rates before and after
intermolecular vibrational energy redistribution (IVR), where k1 is autodetachment from a
subset of vibrational modes, the IVR is rate k2, and traditional statistical autodetachment
is rate k3. The absence of a long lifetime in thymine in the higher excitation energy region
implies that in thymine the initial autodetachment rate, k1, competes more effectively with
IVR or iodine loss, k2. In the lower excitation region, the rate of iodine loss from I· · ·B−VB was
slightly slower for thymine than uracil, while the rate of I· · ·B−VB autodetachment was ap-
proximately the same. If these trends continue in the high-energy region, comparative rates
of autodetachment to iodine loss would be consistent with the lack of long-time thymine VB
anion decay. In contrast, the rate of IVR would be expected to increase in thymine with
the presence of the methyl rotor and higher density of vibrational modes.150,151 Therefore
we conclude that faster initial autodetachment compared to iodine loss is the primary de-
cay mechanism leading to mono-exponential decay for the thymine VB anion in the higher
excitation energy.

5.7 Conclusion
Overall, the electron attachment dynamics in thymine are similar to those in uracil. At ex-
citation energies -120 meV to 90 meV from the VDE of I– ·T, both the DB and VB anions of
thymine are formed. The DB anion photoelectron signal has a consistent 200-250 fs rise-time
and shifting VDE with pump-probe delay, while the VB anion has a rise time that varies
with excitation energy but appears after the DB anion. These dynamics are attributed to
initial formation of a vibrationally excited dipole-bound state and rapid formation of the VB
anion from the DB anion. At excitation energies significantly above the VDE of I– ·T, the
VB anion of thymine is formed directly upon pump excitation and appears within the cross-
correlation of the pump and the probe pulses. The work on I– ·T presented here supports
our previous interpretation of a DB to VB anion transition in I– ·U.125 The slight differences
between the DB and VB anion rise-time trends and ratios between thymine and uracil are
consistent with the calculated higher DB to VB anion barrier for thymine.

We also find that the bi-exponential decay lifetimes of both the DB and VB anions of
thymine formed with excitation energies near the VDE of I– ·T are very similar to those pre-
viously reported for uracil.125 This suggests the same bi-exponential decay mechanism, most
likely changing rates of autodetachment prior to and subsequent to iodine loss. However in
the higher excitation energy region, ∼550-740 meV above the VDE of I– ·T and I– ·U, the
VB anion of thymine has no long-time decay lifetime, suggesting that autodetachment from
I· · ·T−VB is essentially complete before the I atom leaves.

While this study was done in the gas phase and is therefore not directly analogous to
in-vivo radiation damage, the subtle differences between thymine and uracil have larger
implications for the stability of DNA versus RNA in the presence of ionizing radiation. Not
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only is the barrier to formation of the VB anion of thymine higher than in uracil, the decay
mechanisms to eliminate the excess charge in thymine are more efficient, possibly decreasing
the likelihood that an electron attaching to thymine will transfer throughout a nucleoside
and lead to DNA damage. This issue and others will be addressed in planned experiments
on more complex nucleic acid constituents.
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Chapter 6

Dynamics of dipole- and valence
bound anions in iodide-adenine binary
complexes

6.1 Abstract
Dipole bound (DB) and valence bound (VB) anions of binary iodide-adenine complexes
have been studied using one-color and time-resolved photoelectron imaging at excitation
energies near the vertical detachment energy. The experiments are complemented by quan-
tum chemical calculations. One-color spectra show evidence for two adenine tautomers, the
canonical, biologically relevant A9 tautomer and the A3 tautomer. The time-resolved exper-
iments show signals from both DB and VB states of adenine anions formed on femto- and
picosecond timescales, respectively. Analysis of the spectra and comparison with calculations
suggest that while both the A9 and A3 tautomers contribute to the DB signal, only the DB
state of the A3 tautomer undergoes a transition to the VB anion. The VB state of A9 is
higher in energy than both the DB state and the neutral, and the VB anion is therefore not
accessible through the DB state. Experimental evidence of the metastable A9 VB anion is
instead observed as a shape resonance in the one-color photoelectron spectra, as a result of
UV absorption by A9 and subsequent electron transfer from iodide into the empty π∗-orbital.
In contrast, the iodide-A3 complex constitutes an excellent example of how DB states can
act as doorway states for VB anion formation when the VB state is energetically available,
which is manifested in the data as matching decay and rise components of the A3 DB and
VB features. 1

1Reprinted with permission from A. B. Stephansen, S. B. King, Y. Yokoi, M. Minoshima, W. Li, A.
Kunin, T. Takayanagi, and D.M. Neumark, J. Chem. Phys. In Review. Copyright 2015, American
Institute of Physics
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6.2 Introduction
Interactions between nucleic acid constituents and low-energy electrons can result in transient
negative anions with the potential consequence of irreversible DNA lesions.3,9,25,31,56,152–156
DNA strand breaks have been observed to occur at electron energies well below the ion-
ization threshold of any of the DNA moieties,3,154 and this result has motivated numerous
studies on the damage mechanism. Cleavage is believed to occur by dissociative electron
attachment (DEA),15,16,25,31,153–159 where the electron initially is captured by one of the
DNA components. If the resulting anion has a sufficiently long autodetachment lifetime, it
can dissociate into anionic and neutral fragments.153 The nucleic acid bases15,154–156,158,159
and the phosphate units17,160 have been suggested as potential electron trapping sites due
to their low-energy π∗ orbitals.16 Electron scattering experiments have shown that all DNA
bases in the gas phase exhibit shape resonances below their ionization energies,56 and DEA
experiments reveal that attachment of low energy electrons can result in hydrogen loss at the
nitrogen atoms linking the base to the sugar-phosphate.27,29,58,153,161–163 Theoretical studies
predict that strong electronic coupling facilitates transfer of the electron from the base to
the sugar-phosphate units, where the cleavage most efficiently occurs.15,16,159,164 While the
π∗ orbitals of the nucleobases appear to be the dominating electron trapping sites, the mech-
anism for the electron capture is still not fully understood.26,122,155,165 Here, following up
on previous work on gas phase, binary anion clusters,67,97,125,131,166 we focus on the initial
electron capture dynamics by the nucleobase adenine complexed with iodide, the electron
donor, using femtosecond time-resolved photoelectron(PE) imaging.67,97,125,131,166 In these
experiments, an UV pump pulse induces electron transfer from iodide to the base and is fol-
lowed by an IR pulse that detaches the electron, thus probing how the base accommodates
the electron, Equation 6.1.

I− · · ·Base hνpump−−−−→ I · · ·Base−
∆t,hνprobe−−−−−−→ I · · ·Base+ e−(eKE = hνprobe− eBE) (6.1)

A key issue in electron/nucleobase interactions is the role of dipole-bound (DB) and
valence-bound (VB) states of the nucleobase anion. All nucleobases have dipole moments
larger than ∼2-2.5 D44 and can, in principle, bind an electron by electrostatic charge-dipole
interactions. In such DB anions, the electron resides in a highly diffuse, anisotropic orbital
largely outside the molecular framework.44,167,168 In DEA experiments, the DB anions have
been proposed to act as doorway states to formation of a conventional VB anion,61,169 in
which the excess electron is located in an antibonding molecular orbital. However, the role
of the DB anion to act as a precursor state for VB anion formation has not yet been proven.

Previous investigations from our laboratory examined anion dynamics in photo-excited
binary complexes of iodide with nitromethane, acetonitrile,67 uracil,97,125,131,166 and thy-
mine.131,166 Acetonitrile and nitromethane were examined as model systems; while acetoni-
trile only supports a stable DB anion, nitromethane exhibits both DB and VB anions and
demonstrates a complete and efficient DB to VB state transition.67 Uracil and thymine dis-
play more complex anion dynamics due to a combination of effects. These include strong
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interactions between iodide and the bases, nearly iso-energetic DB and VB anions, and
non-negligible barriers for their inter-conversion.61,62,125,126,131,166 For uracil and thymine,
experiments were performed in two different pump photon energy regimes: near the cluster
vertical detachment energy (VDE, defined as the difference in energy between the neutral
and the anion at the equilibrium geometry of the anion) and several hundred meV above the
VDE.97,125,131,166 While DB anions were observed only in the low-energy regime, VB anions
were observed at all excitation energies. It was concluded that the formation mechanism
depends on the energy regime. At the higher energies, VB anions are accessed directly from
the I– ·Base ground state complexes and formed in a vibrationally excited state; the resulting
VB anions of uracil and thymine have lifetimes of just a few picoseconds. Near the VDE, VB
anions are formed through a precursor state, and the VB anions exhibit lifetimes an order of
magnitude larger than in the higher excitation energy regime. Whether the DB anion acts
as doorway state in the low-energy regime was not fully clear, since no matching decay and
rise components of, respectively, the DB and VB states were observed. However, the DB
states (when present) always appeared before the VB state, and the DB anion and/or dipole
scattering states of the neutral continuum146,147 appear to be the most plausible gateways
for VB anion formation in the near VDE regime.166

Thus far, the DB and VB anions of the pyrimidine bases uracil and thymine have been
studied more extensively than the anions of cytosine and the purine bases guanine and
adenine, the last being the current focus. The dipole moment of the most stable and biologi-
cally relevant adenine tautomer A9 (Figure 6.1a) is 2.5-2.8 D24,64 which is near the minimum
dipole moment known to support a DB anion (2.2-2.5 D).170 The result is a smaller electron

	  Figure 6.1: The three most stable tautomers of adenine.

binding energy for the DB anion of A9 compared to uracil and thymine (µ ∼4.2 D).100,171
While signatures of the A9 DB state were observed in Rydberg Electron Transfer (RET)
experiments, yielding an electron affinity (EA, defined as the difference in energy between
the neutral and the anion) of +11-12 meV,24 a photoelectron spectrum of the adenine DB
anionic state has, to our knowledge, never been measured. Photoelectron spectra of gas
phase adenine VB anions have been reported, but the authors concluded that the observed
peaks originated from a range of different adenine tautomers,49,50 and the literature reports
no experimental measurements of the VDE of the A9 VB state. Theoretically, the VDE of
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the A9 VB anion has been estimated to be +0.03 eV.60 Experimental investigations involving
RET,57 DEA,27,31,161 and electron transmission spectroscopy20,56 find a range of 0.45 to 0.54
eV for vertical electron attachment to the A9 valence orbital. High-level energy calculations
agree that the VB anion of A9 is not adiabatically bound, although very dispersed values are
predicted depending on the calculation method.54 These results suggest that the VB anion
of A9 is adiabatically unstable with respect to the neutral and only weakly bound vertically,
if at all. This differs from the situation for uracil and thymine, where the VB anions are
predicted to be at least vertically bound, while it is unclear whether the VB anions are
adiabatically bound with respect to the neutral in the gas phase. Upon complexation to a
proton donor (water,172 methanol,57 formic acid173), the A9 VB anion becomes observable
in photoelectron spectroscopy, either due to electrostatic interactions and/or the proton-
donating abilities of the complexed species stabilizing the VB anion. Experimental172 and
theoretical174 work on adenine-water clusters suggest that it takes up to three or four water
molecules to make the A9 VB anion adiabatically bound, and for smaller clusters the anion
is assumed only to be stable with respect to vertical detachment.

While the previous studies indicate that the gas phase A9 VB anion is higher in energy
than the corresponding neutral, the Bowen group has reported evidence of both vertically
and adiabatically stable VB anions of other adenine tautomer(s), possibly an enamine/imine
form, which was suspected to be formed due to harsh source conditions.49 It is well-known
that adenine has several stable tautomers including both amine and enamine/imine forms,
with the amine forms A9, A7, and A3 (Figure 6.1) being lowest in energy.60 A9 is predicted
to be the only tautomer present at significant amounts in the gas phase, but A3 is estimated
to be preferentially stabilized in small clusters,64 and A7 attains a ∼20% abundance in
aqueous solutions due to its significant dipole moment.64,175 While both A3 and A7 exhibit
dipole moments (approximately 4.7 D and 6.8 D respectively)64 large enough to support DB
anions,168,176 relatively little work has focused on the anions of these tautomers. To our
knowledge, no experimental data exist on the DB anions of A3 and A7, but the Adamowicz
group addressed the DB state of A7 theoretically and found an EA of +60-110 meV de-
pending on the level of theory.176 Raczyńska et al. investigated the VB anions of adenine
tautomers theoretically and estimated adiabatic EAs of -170 meV and +130 meV for A7 and
A3 respectively, suggesting that only A3 forms stable VB anions.60

Here we investigate the anions of adenine and the photo-induced iodide-adenine dynamics
in the energy regime near the cluster VDE using both conventional one-color and pump-probe
based femtosecond time-resolved PE imaging of iodide-adenine (I– ·A) complexes combined
with quantum chemical calculations, while considering potential implications from the three
dominating adenine tautomers. One-photon PE spectra show evidence of both the I– ·A9
and I– ·A3 complexes exhibiting VDEs of 3.96 eV and 4.11 eV respectively. Indications of an
unbound A9 VB anion are observed at detachment photon energies overlapping with the A9
UV absorption band, and appear as a photon-energy-invariant resonance. We tentatively
ascribe this resonance to UV absorption by A9 followed by electron transfer from iodide into
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an empty A9 valence orbital, forming an A9 VB anion that autodetaches. The time-resolved
experiments show that photo-excitation of I– ·A9 and I– ·A3 forms DB anions, but the A9
DB anion is formed in a narrower range of excitation energies compared to A3 DB anion
formation. The A3 DB state decays into a VB anion, and the transition appears to be
efficient and complete at all examined energies, consistent with our theoretically predicted
potential energy surfaces for the dipole-to-valence transition of the A3 anion. The work
presented here complements time-resolved experiments on electronically excited adenine in
the gas phase and in solution.177–179

6.3 Experimental

Photoelectron Spectroscopy
The time-resolved photoelectron imaging spectrometer has been described in detail else-
where.104,105 Iodide-adenine clusters are formed by flowing 50 psig neon over a reservoir
containing iodomethane and through a pulsed (500 Hz) Even-Lavie valve containing adenine
(purchased from Sigma-Aldrich, purity ∼99%) heated to 210◦C. The mixture is adiabati-
cally expanded into vacuum and passes through a ring-filament ionizer. The resulting ions
are mass-separated in a Wiley-McLaren mass spectrometer, and only clusters of the desired
mass are allowed to enter the laser interaction region. NMR spectra were conducted before
and after heating to verify that adenine does not decompose into imine/enamine tautomeric
forms. Due to the structural similarity between A9, A7, and A3, we cannot rule out from
the NMR data whether A3 and A7 are formed in the source as a result of heating the sample.

The femtosecond (fs) laser system consists of a KM Labs Griffin oscillator and a Dragon
amplifier, and generates pulses centered at 1.58 eV (790 nm) with a 1 kHz repetition rate.
In the time-resolved experiments, the excitation pulses are generated by frequency doubling
the output of a Light Conversion TOPAS-C optical parametric amplifier resulting in laser
pulses of 3.85 eV-3.97 eV with an intensity of approximately 5-10 µJ/pulse at the vacuum
chamber. The remaining fundamental is used as the probe with an intensity of approximately
85 µJ/pulse. The cross-correlation of the pump and probe pulses is less than 150 fs. One-
color spectra are obtained by blocking the fundamental and only using the UV light. For
these experiments, photon energies of 4.28 eV-4.97 eV were used with intensities ranging
from 3-9 µJ/pulse. Photoelectrons resulting from the interaction between the laser and
the anion clusters are accelerated using velocity map imaging (VMI) towards a position
sensitive detector. These VMI images are processed using the basis-set expansion (BASEX)
reconstruction method90 for electron kinetic energy distributions and polar onion peeling92
(POP) for photoelectron angular distributions.
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Computational
All electronic structure calculations were performed using the Gaussian 09 program pack-
age.106 Minimum energy geometries of bare A9, A7, and A3 and the corresponding I ·A clus-
ters (neutral and anionic) were optimized using Møller-Plesset perturbation theory (MP2)
combined with an augmented Dunning basis set for adenine (AUG-cc-pVDZ) and an ex-
panded basis set with an increased set of diffuse functions for iodide.107 Frequency cal-
culations verified that the optimized geometries represent minimum energy structures (no
imaginary frequencies). Vertical detachment energies (VDE) were calculated as the energy
difference between the neutral and the anionic cluster at the equilibrium geometry of the an-
ion using coupled cluster singles and doubles (CCSD) with the same basis set as was used for
the MP2 geometry optimizations. Similarly, the cluster adiabatic electron affinities (AEA)
were calculated as the energy difference between the optimized neutral and the optimized
anion of the clusters. Cluster dipole moments were extracted from the CCSD single point
calculations on the geometries optimized at the MP2 level of theory. The dipole moments of
specific interest are those associated with the vertical and relaxed cluster geometries of the
(I ·ADB)– states. These were approximated as the dipole moments of the neutral complex at
the geometry of the anionic ground states and the neutral equilibrium state, since calcula-
tions of the true DB state of the complex are computationally very demanding on the CCSD
level of theory, and the diffuse DB electron to a reasonable approximation only changes the
geometries minimally.

In order to understand the energetics and the transformation between DB and VB anions
of A9, A7, and A3 tautomers, we performed long-range corrected density-functional theory
(LC-DFT) calculations that can describe both DB and VB anions and their interconversion.
Several LC-DFT functionals are available in recent quantum chemistry codes, and we chose
to employ the CAM-B3LYP method combined with the standard 6-311++G(2d,p) basis set
augmented with five sets of diffuse sp functions on hydrogen atoms (with an exponential
scaling factor α = 2). The geometries of gas phase neutral A9, A7, and A3 were optimized,
and from these calculations, the DB and VB anion geometries, the VDEs of the DB and VB
anions of bare A9, A7, and A3, and the corresponding AEAs were calculated. It is impor-
tant to stress that the estimated VDEs and AEAs (especially the negative ones) should be
interpreted cautiously. The properties of π∗ VB anions are difficult to investigate theoreti-
cally,43 particularly when the anion is higher in energy than the corresponding neutral. In
such cases, the VB anion corresponds to a quantum mechanical continuum state, and the
computational results will be very sensitive to the treatment of correlation interactions and
the inclusion of extra diffuse functions in the basis set. In the current investigation, the A9
tautomer represents an especially challenging system as elaborated below.

DB↔VB interconversion was traced with a linear scaling scheme, where geometries
between DB and VB structures were linearly interpolated. The linear scaling scheme is
equivalent to what we employed previously63 and also corresponding to work by the Som-
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merfeld group.169 Here, the geometries between the DB and VB anions are defined as
X(s) = X(AnDB)− s · [X(AnDB)−X(AnV B)] where s is a dimensionless reaction coor-
dinate parameter taking values from to 0 to 1, X(AnDB) represents the equilibrium DB
anion (s = 0), and X(AnV B) is the equilibrium VB anion (s = 1) of the respective adenine
tautomers (n, where n = 9,7,3). In the case of A9, the procedure was slightly different due to
the computational difficulties of evaluating the properties of the A9 VB anion as mentioned
above. We found that a stable A9 VB anion structure cannot be located on the potential
energy surface obtained from the LC-DFT calculations with diffuse basis functions, due to
the significant influence from the A9 DB state. Similar difficulties of optimizing an A9 VB
anion minimum have been reported previously both using DFT and ab initio methods, see
for instance Roca-Sanjuán et al.54. Therefore, the A9 VB structure at s = 1 was optimized
using LC-DFT without diffuse basis functions, and the results should therefore be inter-
preted on this basis. Furthermore, the VDE of the A9 VB anion and the corresponding
AEA were estimated from the energies associated with the geometry at s = 1, though this
does not correspond to a true minimum. We also investigated tautomerization and anion
transformation from A9 DB to A3 VB. In this case, the linear scaling scheme can be defined
as X(s) =X(A9DB)− s · [X(A9DB)−X(A3V B)].

6.4 Results and Analysis

Calculated structures and energies of adenine-iodide complexes
The gas phase energies of optimized A7 and A3 were calculated at the MP2/Aug-CC-pVDZ
level to be respectively +0.31 eV and +0.33 eV relative to the canonical A9 tautomer, both
matching the values reported in the literature60,180 and the CAM-B3LYP/6-311++G(2d,p)
energies calculated here. The lowest energy conformers of the I ·A9 and I ·A3 clusters (neu-
trals and anions) are shown in Figure 6.2 including key structural parameters. As discussed
in section 6.5, no indications of I– ·A7 are observed in the experiment, so the I– ·A7 cluster
is not shown in Figure 6.2. Upon iodide complexation, the A3 tautomer is stabilized by 0.13
eV relative to A9, which reduces the energy difference to 0.2 eV.

Table 6.1 summarizes calculated energetics and dipole moments for anionic and neutral
complexes. At the CCSD/aug-CC-pVDZ level of theory, calculated VDEs of the I– ·A clus-
ters for A9, A7, and A3 are 4.01 eV, 4.5 eV, and 4.15 eV respectively, and the AEAs of the
neutral complexes are 3.86 eV, 4.21 eV and 3.98 eV. The cluster dipole moments of neutral
I ·Adenine in the Franck-Condon and relaxed geometries (Figure 6.2) were found to be 4 D
and 3.1 D respectively for I ·A9, and 5.6 D and 5.1 D for I ·A3. The structures of A9 DB,
A3 DB, and A3 VB are shown in Figure 6.3, the structure of A9 VB is omitted here since
no minimum was located. The three gas phase bases have positive DB anion VDEs∼AEAs
in the range 0.02-0.265 eV. Due to the structural similarity between the DB anion and the
corresponding neutral, the VDEs and the AEAs are approximately the same. Adiabatic
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Figure 6.2: Optimized geometries including central structural parameters of a) I ·A9 and b)
I ·A3 neutral and anionic complexes.

binding energies are negative for the VB anions of A9 and A7, and positive by 120 meV for
A3, consistent with the literature.60 The theoretically estimated VB anion VDEs are >0.5
eV for A7 and A3. For A9, the VDE at s = 1 was found to be 0.135 eV, but this value
has little physical meaning as the structure does not correspond to an actual minimum on
the potential energy landscape. Thus, while the calculations point towards an adiabatically
and possibly vertically unbound A9 VB anion, the results should not be interpreted in a
quantitative matter.

In order to understand the DB ↔ VB anion transformation processes for bare A9, A3,
and A7 tautomers, we calculated potential energies for neutral and anionic states along
linearly scaled geometries at the CAM-B3LYP level as described previously. All energies
presented in Figure 6.4 are referenced to the energy level of the most stable A9 DB anion.
Figure 6.4a displays the potential energy profiles for A9. As mentioned previously, the s= 1
A9 VB structure was optimized without diffuse basis functions to obtain a non-planar π∗
VB anion structure. It is worth mentioning that the obtained structure is very similar to the
VB anion structure of Raczyńska et al.60 which was optimized at the B3LYP/6-311+G(d,p)
level. The calculated anion potential energy monotonically increases from s= 0 to 1 and no
minimum is observed. However, we found that the binding mechanism of the excess electron
is smoothly changed from the DB towards a VB anion, and that the VDE value is slightly
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Table 6.1: Calculated energies and dipole moments of A9, A7, and A3 in the gas phase
and in anionic clusters. The level of theory is indicated in the parenthesis. For the CCSD
calculations the basis set was AUG-cc-pVDZ further augmented on iodide, and for the CAM-
B3LYP calculations the basis set was 6-311++G(2d,p) augmented on hydrogen as described
in section 6.3, and 6-311+G(2d,p) for the VB VDE calculations. The experimentally mea-
sured VDEs are included for comparison. Values marked * refer to the s=1 point on the
potential energy surface that does not correspond to a true minimum.

A9 A7 A3
I– ·A VDE (CCSD) 4.01 eV 4.5 eV 4.15 eV
I– ·A VDE (Experimental) 3.96 eV - 4.11
I ·A AEA (CCSD) 3.86 eV 4.2 eV 3.99 eV
µ (I ·A Franck-Condon geometry) 4 D 5.6 D
µ (I ·A Relaxed geometry) 3.1 D 5.1 D 5.1 D
µ (A gas phase) 2.5 D 6.8 D 4.7 D
Bare DB VDE∼AEA (CAM-B3LYP) 0.02 eV 0.265 eV 0.057 eV
Adiabatic eBE of bare VB anion (CAM-B3LYP) -0.497 eV* -0.201 eV 0.120 eV
Bare VB VDE (CAM-B3LYP) 0.135 eV* 0.501 eV 0.686 eV

Figure 6.3: Geometries of A9 DB, A3 DB, and A3 VB.

increased. In Figure 6.4a, we also show the tentative potential energy (shaded region) for
the metastable π∗ VB anion state within a local-complex theory picture.181 Since this state
is embedded in the electron scattering continuum, the corresponding potential energy curve
has energetic uncertainty depending on the electron autodetachment lifetime. The potential
energy curve with energy widths is shown to approximately reproduce the previous electron
transmission spectroscopy experiments,56,57 which suggest that the π∗ VB state is 0.45 to
0.54 eV higher in energy above the neutral A9 minimum energy structure.
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Figure 6.4: Potential energy surfaces associated with DB to VB transition for (a) A9, b)
A3, (c) A7, and (d) A9 DB to A3 VB, calculated using CAM-B3LYP/6-311++G(2d,p)
augmented with five sets of diffuse sp functions on the hydrogen atoms with an exponential
scaling factor α = 2). In all cases, the energy scale is adjusted relative to the most stable
species; the dipole bound anion of the canonical A9 tautomer.

Figure 6.4b shows the energy profile between the A3 DB and A3 VB structures. The A3
VB anion has a non-planar structure and is more stable than the A3 DB anion by 65 meV
(1.5 kcal/mol). There is a very small barrier of 30 meV (0.7 kcal/mol) on the pathway from
A3 DB to A3 VB, but this is not a true transition state. However, this calculation indicates



CHAPTER 6. DYNAMICS OF DIPOLE- AND VALENCE BOUND ANIONS IN
IODIDE-ADENINE BINARY COMPLEXES 91

that the A3 DB anion can easily convert into the A3 VB anion, though the effect of iodide
is not taken into account. Figure 6.4c shows potential energy profiles similar to Figure 6.4b,
but for the A7 tautomer. In this case, the A7 DB anion has a large VDE (265 meV) due to
the large dipole moment of the neutral core (6.8 D)64, but the A7 DB →A7 VB process is
found to be endothermic and associated with a barrier of 550 meV (12.68 kcal/mol). This
VDE for the A7 DB state is somewhat larger than the previous theoretical results.60

Figure 6.4d shows the potential energy profiles from A9 DB to A3 VB along the linear
scaling coordinate of s. The anionic potential energy profile from A9 DB to A3 VB shows
characteristics of two avoided crossings at s ≈ 0.2 and 0.8. The former point corresponds to
the change of the excess electron occupation from the DB to the π∗ orbital, and the latter
to population transfer from the σ∗ to the π∗ orbital. This figure implies that the A9 DB
anion cannot easily isomerize into the A3 VB anion due to the very high barrier of 1.7-2.2
eV (40-50 kcal/mol).

One-color spectra
One-photon photoelectron spectra of the I– ·A clusters recorded at photon energies hν from
4.28 to 4.97 eV are shown in Figure 6.5 with the normalized intensity plotted as a function
of electron binding energy defined by eBE = hν− eKE, where eKE is the electron kinetic
energy. The spectra show three features: feature A with a constant eBE of 3.96 eV and a
shoulder, A’, at 4.11 eV, feature B with a varying eBE but constant eKE of approximately
0.25 eV, and feature C at eBE=4.90 eV. Feature B is only present in the spectra recorded
at photon energies 4.69-4.97 eV and is slightly obscured at 4.97 eV due to feature C, which
grows in with eBE=4.90 eV at the highest photon energy. The anisotropy parameters,
β2, associated with the spectral features were obtained by fitting the photoelectron angular
distributions (PADs) to Equation 6.2.182

I(θ) = σtotal
4π [1 +β2P2(cosθ)] (6.2)

where σtotal denotes the total photodetachment cross section, θ represents the angle be-
tween the laser polarization and the detached electron, and P2(cosθ) is the second Legendre
polynomial. Values of β2 range from -1 to 2 corresponding to perpendicular and parallel
detachment, respectively. The anisotropy parameters associated with features A and B are
approximately -0.5 and +(0-0.5), respectively. Feature C is only present at 4.97 eV, where
it overlaps with feature B. At this photon energy, B and C fall in the near zero eKE region
(near the maximum eBE), where the POP reconstruction method is less accurate due to
center-point noise obscuring the photoelectron signal,67,92 and the anisotropy value for fea-
ture C (and B at this photon energy) is therefore less reliable.

The eBE-invariant feature A at eBE=3.96 eV corresponds to vertical detachment from
the I– ·A9 complex, and feature C, which appears 0.94 eV higher in energy relative to feature
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Figure 6.5: One-color spectra of I– ·A clusters using photon energies 4.97 eV (purple), 4.88
eV (blue), 4.78 eV (green), 4.69 eV (yellow), 4.52 eV (red), and 4.28 eV (black).

A, corresponds to detachment to the other iodine spin-orbit state (2P1/2) from the I– ·A9
complex. Feature B with the photon-invariant eKE is only present at some excitation
energies, all overlapping with the UV gas phase absorption of the A9 tautomer.175 Neither
the analog to feature B nor the shoulder in the main cluster detachment peak (feature
A’) were observed in one-photon PE spectra of iodide-uracil (I– ·U) and iodide-thymine
(I– ·T).97,131

Time-resolved photoelectron spectroscopy
Time-resolved PE imaging experiments were performed at four different pump energies in
the range 3.85-3.97 eV corresponding to -110 meV, -60 meV, -20 meV, and +10 meV relative
to the VDE of I– ·A9 (3.96 eV), and thereby at significantly lower energies than the energy
region explored in the one-photon experiments. At excitation energies higher than 3.97 eV,
the signal-to-noise ratio decreased substantially. Contour plots extracted from the time-
resolved experiments showing eBE vs pump-probe time delay are shown in Figure 6.6a-d.
These plots show two main features; feature I is narrow and appears within a few hundreds
of fs at 0-0.2 eV, and feature II grows in after a few ps as a broader peak spanning 0.2-0.8
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Figure 6.6: Contour plots of I– ·A clusters from the time-resolved PE imaging experiments
at pump energies a) 3.85 eV, b) 3.90 eV, c) 3.94 eV, and d) 3.97 eV. In all cases 1.58 eV was
used as probe energy. Feature I, II, III, and IV correspond to the dipole bound anion, valence
bound anion, three probe photon detachment of the ground state complex, and pump and
probe photon detachment of the ground state respectively.

eV. Feature II is artificially broadened by a third component (feature III ) at 0.79 eV, present
at both negative and positive times, resulting from direct detachment of the ground state
complex by three probe photons. Similarly, direct detachment of the ground state complex
by the pump and the probe pulse results in feature IV, a narrow peak at time-zero that
contaminates feature I slightly at 3.85 eV. Based on previous investigations,23 features I
and II can be identified as probe-detachment from, respectively, DB and VB anions of the
(I ·A)– complexes.67,97,125,131,166 Even by visual inspection, it is apparent that feature I is
both longer-lived and considerably more prominent relative to feature II at 3.94 eV.

In order to quantify the intensity changes of features I and II, the spectra were analyzed
by channel integrated fitting and global fitting. The channel integrated and normalized
intensities are plotted as a function of time delay in Figures 6.7a-d. These transients were
fitted to a sum of exponentials convoluted with a Gaussian instrument response function
(IRF), Equation 6.3.

I(t) = 1
σCC
√

2π
exp

(
−t2

2/σ2
CC

)
∗

I0 t < t0,

I0 +∑
iAi exp

(
−t
τi

)
t≥ t0

(6.3)

The fits are shown in Figures 6.7a-d and the associated lifetimes are summarized in Table
6.2.

Feature I can be fit to a constant mono-exponential rise of 250 fs (within error bars) at
all excitation energies except 3.85 eV. At 3.85 eV feature IV overlaps on the eKE scale with
feature I and dominates the spectrum at time-zero, which obscures the lane integrated fits
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Figure 6.7: Temporal evolution of the normalized intensities (a-d) and β2-values (e-h) of
feature I (DB state, blue) and feature II (VB state, red) of I– ·A at excitation energies (a,e)
3.85 eV, (b,f) 3.90 eV, (c,g) 3.94 eV, and (d,h) 3.97 eV.

of the DB rise time. Feature IV is present at all four excitation energies, but it only has sig-
nificant amplitude at 3.85 eV. The decay of feature I fits a single exponential at 3.85 eV and
3.90 eV, but requires two exponentials at 3.94 eV and 3.97 eV. The initial decay ranges from
2-11 ps and is fastest at highest excitation energies. The slower decay is approximately 1 ns
at 3.94 eV and a few hundreds of ps at 3.97 eV. Feature II can be fit to a mono-exponential
rise of 4-10 ps, and a constant mono-exponential decay of ∼70 ps. At all four excitation
energies, the rise time of feature II matches the faster (or only) decay of feature I.

Table 6.2 also includes the ratios of the components related to each exponential. For
feature I, the ratio of the fast decay versus the rise (AτD1/Aτrise) is fairly constant, while
the branching of the two decays (AτD1/AτD2) shows that the slow decay (τD2) becomes
more prominent at 3.94 eV. The intensity ratio of features I and II varies with excitation
energy and time delay. When estimated at the time delay where the normalized transients
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Table 6.2: Lane integrated fits and ratios of the features I and II of I– ·A, where * indicates
fitting that is obscured by two-color, two-photon component.

Dipole bound anion
Excitation Energy (eV) Rise Decay 1 Decay 2 AτD1/Aτrise AτD1/AτD2

3.85 100-250 fs* 6-7.50 ps - 1.7 -
3.90 230±38 fs 11.0±0.8 ps - 1.5 -
3.94 297±35 fs 4.8±0.3 ps 1.07±0.18 ns 1.05 2.5
3.97 245±61 fs 2.7±0.4 ps 152±59 ps 1.1 3.8

Valence bound anion
Excitation Energy (eV) Rise Decay 1 AτD1/Aτrise DB/VB

3.85 6±0.7 ps 64±6 ps 1.01 ≈1
3.90 10.1±1ps 62.1±6.6 ps 1.01 ≈1
3.94 5.8±0.6 ps 99.7±5.8 ps 1.2 >3
3.97 4.3±1 ps 71.3±10.2 ps 1.5 ≈1

in Figure 6.7 cross, the integrated intensity ratio (DB/VB in Table 6.2) is approximately
1 at 3.85 eV, 3.90 eV, and 3.97 eV, and approximately 3 at 3.94 eV. However, since the
long decay component is much more prominent at 3.94 eV, the value of DB/VB=3 is an
underestimation of the DB contribution to the total electron flux at 3.94 eV. Regardless, the
DB feature is much more prominent at 3.94 eV than any of the other used excitation energies.

The anisotropy parameters for time-resolved PE imaging data were again obtained by
fitting the PADs to Equation 6.2.182 The temporal evolutions of β2 at all excitation energies
are shown in Figure 6.7e-h. At excitation energies other than 3.94 eV, β2 for feature I in-
creases from 0 to 0.5-0.6 at time-zero and decays to zero as the signal decays. At 3.94 eV,
the value of β2 for feature I reaches 1 at zero time delay. It then decays to approximately
0.6 at about 7 ps time delay and remains relatively constant to about 50 ps, where it levels
out as the signal intensity of feature I decays. At all four excitation energies, values of β2
for feature II range from 0 to -0.3 at the time delays where feature II shows signal intensity.

When possible, a global fitting procedure was applied. In global fitting, the entire spec-
trum is fit simultaneously in energy and time with shared parameters according Equation
6.4,183,184

S(eKE,t) =
∑
i

ki(eKE)
[

exp
(
−t
τi

)
∗g(t)

]
(6.4)

ki (eKE) is the decay-associated spectrum (DAS), shown in Figure 6.8, associated with the
ith spectral feature decaying exponentially with a lifetime of τi, and the Gaussian IRF is
accounted for by g(t). Global fitting is powerful for fitting spectral response of population
transfer since the fitting does not depend on how the integration regimes are selected. How-
ever, the algorithm can only fit data for which each state has a static spectrum; if the eKE
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shifts over time or if there are large amplitude motions, the algorithm is not applicable. The
global fitting procedure was unsuccessful for the data recorded at 3.94 eV, possibly due to
the slight peak shifting of feature I, and the substantial intensity difference between features
I and II resulting in poor treatment of feature II.

Figure 6.8, shows the DAS for the photon energies where the global fitting procedure was
successful. The maximum residuals were approximately 40% of the maximum photoelectron
signal at 3.85 eV (in the 3-photon noise region), 12% at 3.90 eV, and 20% at 3.97 eV. When

Figure 6.8: Decay Associated Spectra (DAS) from the global fitting algorithm at 3.85 eV,
3.90 eV, and 3.97 eV (right to left).

applied, the global fitting analysis requires three (or four at 3.97 eV) components resembling
a rise and a mono- or bi-exponential decay in the spectral region of feature I, and a rise
and mono-exponential decay in the spectral region of feature II as shown in the DAS. In
the DAS, the negative components illustrate a rise in that specific spectral region, and the
positive components correspond to decays. Population flow from feature I to feature II
therefore shows up as a concomitant (same colored curve in the DAS) negative component
for the feature I area of the spectrum and positive component for the feature II area of
the spectrum; this is most evident in the green curves in Figs. 6.8a and b. At 3.85-3.90
eV, a clear DB to VB population transfer is observed. It is also seen at 3.97 eV but less
significantly. The fitted lifetimes, shown in Table 6.3, agree well with the fits obtained from
lane integrated fitting. At 3.85 eV feature IV obscures feature I at time-zero. This was
accounted for by adding an extra component of 10 fs capturing the two-photon process while
only minimally disturbing the fit of feature I. This extra component of 10 fs is left out in
the DAS for clarity, as it has no relevance for the anion dynamics.
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Table 6.3: Lifetimes obtained from global fitting.

Excitation Energy (eV) DAS1 DAS2 DAS3 DAS4
3.85 290 fs 6 ps (70 ps) -
3.90 280 fs 10 ps 70 ps -
3.94 - - - -
3.97 310 fs 4.4 ps 70 ps 150 ps

6.5 Discussion

One-color spectra of I– ·adenine anionic clusters
The one-color spectra of I– ·A clusters, Figure 6.5a-f, show a different number of peaks de-
pending on the photon energy. In all cases the dominant feature (A) appears at eBE=3.96
eV. This value is the vertical detachment energy (VDE) of I– ·A9 and is in reasonable agree-
ment with the CCSD calculated value of 4.01 eV - a slight overestimation of the calculated
VDE relative to the experimental value is consistent with our previous results on iodide com-
plexes.75,97,125,131,166 The anisotropy parameter, -0.5, is consistent with photo-detachment
from an iodide-small molecule complex where the charge density primarily is localized on
iodide,185 as expected for the ground state I– ·A complex. The two most likely origins of
the shoulder A’ at 4.11 eV are Franck-Condon (FC) active modes in the I– ·A9 complex or,
in light of previous investigations of adenine,49,50,171,186 detachment from an I– ·A complex
comprising a different adenine tautomer. Considering the structural similarities (Figure 6.2)
between the anionic complex and the corresponding neutral, it appears unlikely that the
shoulder originates from FC activity. The main (but small) structural differences include
distances and angles involving iodide and adenine, all modes that are considerably lower
in energy (0.01-0.02 eV) than the observed 0.15 eV spacing and unlikely to be resolved by
our femtosecond laser pulses (0.040 eV bandwidth). Furthermore, similar features were not
observed in iodide-uracil (I– ·U) or iodide-thymine (I– ·T) complexes where the geometrical
differences were similar, or even slightly larger.131 It thus appears that the shoulder observed
for adenine is not due to FC activity, and we therefore consider the presence of other tau-
tomers.

The most abundant tautomers are A9, A7, and A3 (Figure 6.1)60 all of which are rep-
resented by an amine form, and differ according to the location of the heterocyclic N−H
bond. While A7 and A3 are less thermodynamically favored than A9 (by 0.31 eV and 0.33
eV respectively), they could be formed in the ion source due to the need for heating the
sample to obtain sufficient adenine concentration in the vapor phase, potentially causing
some degree of tautomerization. The eBE of the shoulder A’ matches the CCSD calculated
VDE of I– ·A3 of 4.15 eV. In contrast, we estimate a VDE of I– ·A7 of 4.50 eV where no
distinct detachment feature is observed. The occurrence of I– ·A3 will be considered further
when discussing the time-resolved PE imaging results.
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One-color spectra: shape resonances
At photon energies from 4.69-4.97 eV, feature B grows in and distinguishes itself by exhibit-
ing a varying eBE, but a constant eKE of about 0.25 eV. This trend implies that feature
B does not originate from vertical detachment, but rather from a different type of process.
Moreover, the value of β2 for feature B is observed to be between 0 and 0.5 at all photon
energies, higher than the negative value expected from an electron originating from an iodide
complex.185 Interestingly, feature B grows in as the photon energy enters the UV absorp-
tion band of A9, and is most prominent at the maximum UV absorption.175,187 Previous
investigations from our laboratory on clusters with uracil and thymine also included photon
energies in the absorption band of the respective nucleobases, but similar peaks were not
observed in those cases.67,97,125,131,166

We hypothesize that feature B corresponds to (π,π∗) absorption of A9 followed by rapid
electron transfer from iodide into the empty π orbital according to Equation 6.5.

I− · · ·A9GS
hν−→ I− · · ·A9(π,π∗)

e−transfer−−−−−−→ I · · ·A9−V B → I · · ·A9 + e−(eKE ≈ 0.25 eV ) (6.5)

This mechanism essentially corresponds to formation of a valence bound (VB) A9 anion with
a geometry resembling the FC geometry (corresponding to the shaded region in Figure 6.4a).
The VB A9 anion is both experimentally20,56,57 and theoretically54 predicted to be unbound,
and the electron should therefore auto-detach efficiently and appear in the spectra as a shape
resonance. The constant eKE of the detached electron suggests that as the photon energy is
varied across the band, the additional vibrational energy in the π∗ state is conserved upon
autodetachment rather than channeled into electron kinetic energy.

This interpretation rests on the assumption that electron transfer from iodide to electron-
ically excited A9 competes efficiently with internal conversion (IC) in A9, which has been
measured to occur on a time scale of approximately 1 ps at similar excitation energies in the
gas phase.188 Considering the proximity between iodide and adenine in the complex (Figure
6.2a), it is plausible that electron transfer is rapid and capable of competing with IC. In the
case of uracil and thymine, evidence of the corresponding process was not observed,131 most
likely because the VB anions in those cases are bound; while UV absorption possibly occurs
as well, it should not give rise to a similar signal in the photoelectron spectra. This indirect
observation adds to the existing hypothesis that the VB anion is unbound (although it does
not conclusively prove it), and the following discussion on the time-resolved PE imaging
results will therefore follow this premise.

Time-resolved experiments
Upon excitation of I– ·A complexes near the VDE, the electron can either detach from the
system with low eKE, leaving a neutral complex behind, or transfer to adenine in a (largely)
vertical process. The latter results in a negative ion with the character of either a dipole-
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or a valence anion.67,97,125,131,166 At all excitation energies studied here, a sharp peak at
low eBE, feature I, and a broad peak at higher eBE, feature II, are observed. These peaks
exhibit the spectral characteristics of DB and VB anions respectively,21,67,97,125,131,166 and
will from here on be referred to accordingly. The key observations that will be discussed
in this section include: a constant DB anion rise time of 250 fs (feature I ), consistent with
previous observations in I– ·U and I– ·T, and an apparent DB to VB anion transition that at
first glance appears similar to the transition observed in nitromethane,67 but different from
that observed for I– ·U and I– ·T.67,166 We also see features that distinguish the adenine data
from the systems previously examined in our group. These differences include the observation
of a VB feature with a VDE larger than that expected for the canonical A9 VB anion, the
DB anion intensity and the DB/VB anion intensity ratio showing non-monotonic trends,
and the DB anion decay dynamics being mono-exponential at some excitation energies and
bi-exponential at others.

Initial dynamics of the dipole- and valence-bound anions

The DB anion represented by feature I exhibits a constant rise time of about 250 fs at
all excitation energies, similar to the rise time seen in our previous experiments on I– ·U
and I– ·T.125,166 For the DB states in I– ·U and I– ·T, we found that the potential energy
surfaces are repulsive in the FC region along the iodine-base coordinate, causing the iodine
atom to move away from the nucleobase. As discussed at length in previous work, these
dynamics affect the diffuse orbital in which the DB electron resides, resulting in an increased
photo-detachment cross section manifesting itself as a non-zero rise time for feature I.166
The geometrical differences between the anionic ground state and the neutral I ·A complexes
(Figure 6.2) also mainly involve the parameters related to the binary binding motifs, and
the potential energy landscape of the DB anion in the FC region for the I ·adenine complex
is expected to be similar to those of I ·U and I ·T. The observation of a non-zero rise time
for feature I is therefore ascribed to iodine-adenine motion and an accompanying increase
in the photo-detachment cross-section from the DB anion.

At all excitation energies, the DB anion shows a fast decay component ranging from 2-11
ps, which is mirrored by a simultaneous rise of the VB state, feature II. Equivalently, the
green curve in the DAS (Figure 6.8a-c), corresponding to the dynamics associated with a 4-
10 ps lifetime, shows positive amplitude in the DB spectral region and negative amplitude in
the VB region and thus implies population flow from the DB into the VB state. We therefore
ascribe the fast decay component of the DB feature to the DB to VB anion transition. These
dynamics are particularly prominent at 3.85 eV and 3.90 eV, and slightly less significant at
3.97 eV due to smaller amplitude of the VB anion signal intensity relative to the DB anion,
which is discussed further in section 6.5. To this end, the DB to VB anion transition
appears similar to previous observations for nitromethane;67 such a transition was expected
for nitromethane where the VB anion is well-known to be the anionic ground state.120,127,189
In contrast, as discussed in section 6.4, the VB anion of at least the canonical A9 tautomer
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of adenine is expected to be higher in energy than the DB anion and unstable with respect
to the neutral.

Origin of a bound valence anion of adenine

The observed detachment energy of the VB feature spans the energy range of approximately
0.25-0.8 eV, suggesting that the observed VB anion should not be ascribed the A9 VB anion,
which is estimated to have a near zero vertical detachment energy, see by way of compar-
ison the reported VDE of +0.03 eV (B3LYP/6-311+G(d,p))60 and the calculated VDE at
s= 1 (though this is not a true minimum) of +0.135 eV (CAM-B3LYP/6-311G(2d,p)) in this
work. We must therefore consider alternative explanations for the observation of a bound
covalent anion. Of the most abundant tautomers, both A7 and A3 have VB anion VDEs
approximately matching the experimental results (+0.501 eV and +0.686 eV respectively),
but only A3 is predicted to have an adiabatically bound VB anion (Table 6.1). We explored
the potential energy surfaces associated with the DB to VB anion transition for all three
tautomers, Figure 6.4. As can be seen, this transition is energetically unfavorable for both
A9 and A7 and associated with barriers >0.45 eV. The lack of a VB anion minimum for A9
suggests that A9 auto-detaches long before any A9 VB anion formation occurs, adding to
the evidence that the observed VB anion signal should not be ascribed to A9. While A7
does show a (shallow) VB minimum, this minimum is substantially higher in energy than
that of the DB anion. Also, no evidence of a DB state with eBE≈0.27 eV (corresponding
to the A7 DB anion, Table 6.1) is observed, thereby suggesting that even if A7 formation
occurs in the source, it only contributes negligibly to the spectroscopic results. This renders
A3 as the most plausible tautomer responsible for the observation of a bound VB anion,
consistent with our assignment of the shoulder (A’) observed in the one-color spectra to
I– ·A3 detachment.

Formation of the A3 VB anion could in principle result from either a) an A9 anion reac-
tion happening upon interaction with the laser, essentially corresponding to a concomitant
tautomerization and anion transition, A9DB → A3V B and/or b) an A3 anion transition,
A3DB → A3V B. The potential energy surfaces associated with both processes are shown in
Figure 6.4b and d. As is evident, the simultaneous tautomerization and anion transition
mechanism (Figure 6.4d) involves a barrier of approximately 1.95 eV (45 kcal/mol), and
the product is 0.28 eV (6.4 kcal/mol) higher in energy than the reactant. Furthermore, the
neutral surface is only 20 meV higher in energy than the anion along the first part of the
reaction pathway, and the A9 anion will therefore likely autodetach rather than climb the
conversion barrier. However, if the reactant is A3 DB, corresponding to A3DB→A3V B, the
reaction is almost barrierless and overall exothermic. Concurrent with the observations in
the one-color spectra, b) appears to be the simplest explanation and primary mechanism
for A3 VB anion formation. The energetically favorable A3 anion transition indicates that
the A3 VB anion is capable of depleting the A3 DB anion, similar to what was observed for
the anion dynamics of nitromethane.67 This suggests that the fast decay component of the
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DB anion, which is mirrored by the VB anion formation, is primarily due to A3 DB anion
decay. The remaining DB anion signal - more prominent at some energies than others - is
therefore due to another mechanism, most likely A9 detachment by the probe pulse. This
mechanism and the non-systematic trends observed for the DB feature are further discussed
in the following section.

Dipole bound anion intensity trends and decay dynamics

The DB feature shows non-monotonic trends as a function of excitation energy with the
results at 3.94 eV being a clear outlier. At this pump photon energy, the DB/VB ratio is at
least three times the value at the other excitation energies, the slow component of the DB
anion decay is more prominent, the overall DB anion lifetime is an order of magnitude longer,
and the DB anion anisotropy value is visibly more positive (Figure 6.7 and Table 6.2). We
hypothesize that these non-systematic trends may be due to varying contributions from the
A9 and A3 tautomers, as a result of different cluster VDEs and dipole moments localizing
the DB levels at different energies. Figure 6.9 shows the cluster energies of I– ·A9 and I– ·A3
relative to the excitation energies; approximate energy ranges for electron capture in the
electric field of the dipole of each complex are indicated as well. This diagram is based on
the recognition that for molecules of same size, the binding energy of the DB anion generally
increases steadily with the dipole moment,170 being low for systems with dipole moments
smaller than 2.8 D and increasing more steeply when the dipole moment exceeds 3.7 D.167
From our recent investigation on I– ·U and I– ·T166 and similar studies by Mabbs et al. on
I– · pyrrole185 it is evident that the cluster dipole moment (in contrast to the base dipole
moment) determines the initial DB anion formation. The calculated cluster dipole moment
of neutral I ·A9 is approximately 4 D in the Franck-Condon region and decreases to 3.1 D in
the relaxed geometry versus 2.5 D for the bare A9 base, while I ·A3 exhibits a vertical dipole
moment of 5.6 D which is reduced slightly to 5.1 D upon relaxation (Table 6.1), thus also
enhanced relative to the bare A3 base dipole moment of 4.7 D. As indicated in Figure 6.9,
the larger vertical cluster dipole moment of I ·A3 results in more tightly bound DB states
with respect to the detachment continuum compared to I ·A9.

Returning to the experimental observations, perhaps the most striking results are the
intense DB feature at 3.94 eV (and somewhat at 3.97 eV) and the bi- vs. mono-exponential
DB signal decay at 3.94-3.97 eV vs 3.85-3.90 eV respectively. Comparing these observations
to Figure 6.9, the logical deduction is that I– ·A9 is only prominent at the two highest
excitation energies (and particularly at 3.94 eV), whereas I– ·A3 participates at all energies.
The I– ·A3 presence is implied by the fast DB signal decay component mirrored by the VB
state rise observed at all photon energies. This indirectly suggests that the second, slower
DB decay component - only observed at the two highest photon energies and not mirrored
by any other spectral component - should be ascribed the decay of the DB state associated
with (I ·A9)–). The enhanced DB signal intensity at 3.94-3.97 eV compared to 3.85-3.90
eV reflects the concurrent contribution of both tautomeric complexes at the high photon
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Figure 6.9: Diagram of the relative energy levels and ranges for electron capture of the
dipole bound states (DBS, blue shaded areas) of I– ·A9 and I– ·A3 complexes respectively.
The shaded areas are larger for I– ·A3 compared to I– ·A9 due the larger dipole moment of
I ·A3. The photon energies used in the time-resolved experiments are indicated by the grey
arrows. The energy level is scaled relative to the lowest energy structure (I– ·A9), but the
photon energies are in each case illustrated with respect to the initial state (I– ·A9 or I– ·A3).

energies, and the particularly strong signal at 3.94 eV is consistent with this energy being
approximately resonant with the DB state of (I ·A9)–. Finally, the observation of the (I ·A9)–
tautomer in a very narrow energy region is consistent with the smaller cluster dipole moment
of I ·A9. At 3.94-3.97 eV the DB state of (I ·A9)– is accessible, while photon energies ≥3.90
eV are too far below the DB resonance of (I ·A9)–. Conversely, the DB levels of the (I ·A3)–
complex span a larger energy region and can be accessed by all the photon energies used.

Mono- and bi-exponential decay dynamics

By virtue of the apparent bi-exponential DB signal decay assigned to the separate decays
of A9 and A3 DB anions, essentially both dipole- and the A3 VB anions all display mono-
exponential decay dynamics. This differs from I– ·U and I– ·T, where bi-exponential decays
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were observed for all anionic states when examined at near VDE-excitation energies. For
I– ·U and I– ·T, the bi-exponential decay was ascribed to autodetachment prior and subse-
quent to iodine loss. In this section, we consider the decay dynamics of the excited I– ·adenine
complexes, and why they might differ from those observed in I– ·U and I– ·T.

In the DB state of the complex at the vertical excitation geometry, there is an attractive
dipole-induced dipole interaction between adenine and the iodine atom counterbalanced by
a repulsive interaction between the iodine atom and dipole-bound electron. The molecular
dipole moment of A9 is considerably smaller than those of uracil and thymine (by approx-
imately 2 D), resulting in a weaker attraction between iodine and A9 compared to uracil
and thymine.125,166 Consequently, iodine may leave the (I ·A9)– complex immediately after
charge transfer due to the initial repulsive I ·A9 interaction as mentioned in section 6.5,
while iodine adheres longer to uracil and thymine due to the stronger I ·base attractive in-
teractions. However, regardless of whether iodine leaves the A9 anion or not, the observed
mono-exponential decay of the DB state suggests that the interaction between iodine and A9
does not lead to an observable effect on the decay mechanism, which most likely is statistical
autodetachment. The lifetime of the (I ·A9)– DB anion drops dramatically by an order of
magnitude (1 ns at 3.94 eV to 150 ps at 3.97 eV) upon a slight increase of the photon energy,
demonstrating how small vibrational excitation increases the autodetachment efficiency for
the loosely bound (I ·A9)– DB state.

In contrast, the (I ·A3)– DB anions are formed well below the detachment energy and
can therefore not easily auto-detach. Instead the (I ·A3)– DB anions can transition into
the energetically accessible VB state, which is the only efficient decay channel consistent
with the observed mono-exponential decay. This mechanism is further in accord with the
decay dynamics displayed by the DB anion of nitromethane exhibiting a qualitatively simi-
lar DB vs VB energy landscape.67 The formation barrier is small, and efficient conversion is
observed at all photon energies with the expected increased rate at higher excitation energies.

The A3 VB anion lifetime is independent of photon energy within error bars, with a
constant mono-exponential lifetime of about 60-70 ps. Based on the energetics in Fig. 6.9,
it is not obvious that there is enough available energy for autodetachment to occur, since
the calculated AEA of the neutral I ·A3 complex (AEA=3.99 eV) exceeds the used photon
energies. While some of the I– ·A ions may be generated in the ion source with enough
vibrational excitation to enable autodetachment from the A3 VB state, one must consider
whether alternate decay mechanisms are feasible. One possibility is H atom loss, leaving a
deprotonated adenine anion at the N3 position. To assess this mechanism, the energy of this
final state relative to the deprotonated anion at the N1 position is needed; this has not been
determined, to our knowledge. Planned experiments at higher probe energies will be able
to detect the production of deprotonated nucleobase anions, for which the electron binding
energies are in the range of 3.5 eV.120,190
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6.6 Conclusion
In order to gain new insights into the interaction of low energy electrons with adenine, photo-
excited binary iodide-adenine anion complexes have been studied using one-color and time-
resolved photoelectron imaging and quantum mechanical calculations taking the three most
abundant adenine tautomers into account. The experimental data showed evidence of two
adenine gas-phase tautomers contributing to the one-photon photoelectron spectra and the
electron attachment dynamics subsequent to photoexcitation. With the aid from theoretical
results these tautomers were interpreted to be the canonical A9 and the A3 tautomers. We
do not observe any evidence of the A7 tautomer in either one-color or time-resolved PE
imaging results. The main findings can be summarized as follows:

1. Photoexcitation of I– ·A9 forms dipole bound anions near the VDE of the I– ·A9
complex of 3.96 eV. The energy range in which I– ·A9 anions are formed is narrow
compared to I– ·A3, I– ·U, and I– ·T due to the smaller dipole moment of I– ·A9. The
dipole bound anion of I– ·A9 decays mono-exponentially in an autodetachment process
that is significantly sped up upon slight vibrational excitation.

2. The dipole to valence bound anion transition in I– ·A9 is energetically unfeasible and
no transition was observed in the time-resolved experiments for this tautomer. Cal-
culations find the valence bound anion of A9 to be metastable and higher in energy
than the A9 neutral, consistent with the existing literature. Indication of a metastable
A9 valence anion, formed upon A9 absorption and subsequent electron transfer from
iodide to the empty π∗ orbital, was observed as a shape resonance with a constant
electron kinetic energy in the one-color spectra.

3. I– ·A3 exhibits both dipole and valence bound anions well below the electron detach-
ment energy of the complex (4.11 eV), and a clear dipole-to-valence transition was
observed in the time-resolved experiments. The dipole to valence bound anion transi-
tion barrier was theoretically found to be 30 meV, and the anion conversion is overall
exothermic consistent with efficient transition as observed in the time-resolved experi-
ments, through matching decay and rise components of the spectral feature for I– ·A3
dipole and valence anions respectively. Iodine likely leaves the complex upon the anion
transition, and the A3 VB anion was found to decay mono-exponentially.

This contribution complements our previous investigations on uracil, thymine, and nitro-
methane, and show that dipole bound states can in fact act as doorway states for valence
bound anion formation when the valence state is energetically accessible. The results also
suggest that unless biological adenine, A9, tautomerizes into A3, adenine is less susceptible
to both dipole- and especially valence bound anion formation in the gas phase compared to
the nucleobases uracil and thymine.
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Chapter 7

Dynamics of the iodide-imidazole
binary cluster following UV
photoexcitation

7.1 Abstract
The dynamics of electron attachment to imidazole are investigated using time-resolved pho-
toelectron imaging of the iodide-imidazole binary cluster. The vertical detachment energy of
iodide-imidazole is 3.90 eV, determined by single-photon, single-color, photoelectron detach-
ment. Upon UV-induced charge transfer from iodide, formation of the dipole-bound anion
of imidazole is observed, and the early time-dynamics and ultimate decay of the dipole-
bound anion are found to be highly dependent upon excitation energy. The dipole-bound
anion at 3.81 eV, the lowest excitation energy studied, displays a slower increase in vertical
detachment energy with pump-probe time delay than was observed at 3.85 and 3.90 eV ex-
citation energies or in other iodide-small molecule systems. The dipole-bound anion has a
clear mono-exponential rise-time at 3.85 eV and 3.90 eV, and can be fit with either a mono-
exponential or bi-exponential rise at 3.81 eV. At all three excitation energies studied, the
dipole-bound anion decays with a bi-exponential or mono-exponential decay to a long-lived
state, depending on excitation energy. These experiments further highlight the complexity
and excitation energy sensitivity of iodide-small molecule interactions, important to future
experiments where iodide is used as an electron source for larger molecular systems.

7.2 Introduction
Imidazole is a five-membered aromatic ring containing nitrogen atoms at the one and three
positions, the atomic numbering is shown in Figure 7.1. One of the fundamental structures
in biology, an imidazole subunit is found in porphyrins and the DNA and RNA bases ade-
nine and guanine. Important in synthetic chemistry, imidazole participates in a variety of
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classic organic chemistry reactions.191 Imidazole is also the side-chain to the amino acid his-
tidine, which is important to 3D protein structure.192 Therefore, it is of considerable interest
to understand how imidazole might bind an excess electron, and how that binding might
play a role in organic chemistry and excess electron attachment to larger biological systems.
Much of the recent literature has focused on the de-hydrogenated imidazolide anion192 or
UV photoexcitation of the neutral imidazole anion,193–195 but very little experimental work
has investigated the binding of an excess electron to imidazole.24,191 In this chapter we use
time-resolved photoelectron spectroscopy to probe the dynamics of electron attachment to
imidazole using iodide-imidazole anionic clusters and observe the decay dynamics of the
transient imidazole anion.

Imidazole has a dipole moment of 3.8 Debye.65 In the gas-phase, molecules with dipole
moments greater than 2 Debye can bind electrons in dipole-bound (DB) orbitals where the
electron is bound in the dipolar field of the molecule.44 This DB orbital is extremely diffuse
and found largely outside of the molecular structure.41 The photoelectron spectrum of the
imidazole anion has not been measured to date, however, Rydberg electron transfer (RET)
experiments show evidence for an imidazole dipole-bound anion with an approximate elec-
tron affinity of 22 meV.24

Imidazole is not expected to stably bind an electron in a valence-bound (VB) orbital
without loss of a hydrogen atom at the N1−H position.192 The most stable neutral tautomer
of imidazole (I1) is shown in Figure 7.1 where a hydrogen atom is bound to one of the ring
nitrogens. This tautomer is calculated to be the most stable by approximately 15-22 kcal
mol−1 depending on calculation method.66 When an excess electron is bound in a valence
orbital of imidazole, aromaticity is broken and I2, shown in Figure 7.1, becomes the most
thermodynamically stable tautomer. In the valence-bound anion, I2 is more stable than I1
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Figure 7.1: The most stable neutral tautomer (I1 N1H) and the most stable anionic tautomer
(I2 C2H) of imidazole.

by 7-20 kcal mol−1 and the change in Gibbs free energy from the neutral I1 tautomer to the
I2 anionic tautomer is positive by approximately 12-18 kcal mol−1.66 Electron transmission
spectroscopy estimates the vertical attachment energies of an electron into the π∗ states of
the canonical I1 imidazole tautomer are 2.12 and 3.12 eV.191 In contrast, the imidazole anion
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after hydrogen loss at the N1−H position, imidazolide, is known to bind an electron in a
stable valence bound orbital.192 Photoelectron spectroscopy determined an electron affinity
of 2.613 eV and bond dissociation energy for the neutral imidazole N1−H bond of 95.1 ±
kcal mol−1, or 4.11 eV.192

Time-resolved photoelectron spectroscopy has been used previously to investigate the
electron attachment dynamics of acetonitrile, nitromethane,67 uracil,97,125,131 thymine,131,166
and adenine,139 and has been previously discussed in chapters 3, 4, 5, and 6. In this method,
the molecule of interest is first clustered with a negative atom, in our experiments iodide.
An UV photon induces charge transfer from the iodide to the small molecule, creating a
transient negative ion. This transient negative ion is photodetached after a known time
delay and the resulting photoelectrons are collected, as shown in Equation 7.1.

I− · · ·M hν1−−→ [I · · ·M ]− ∆t,hν2−−−−→ I · · ·M + e−(eKE = hν2− eBE) (7.1)

Our previous results indicated that we are capable of observing both dipole- and valence-
bound anions in our experiment as well as the transition from a DB to VB electron binding
motif.67 Acetonitrile showed only formation of a DB anion, as the VB anion of acetoni-
trile is energetically unaccessible, and the DB anion decayed bi-exponentially.67 Evidence of
a DB to VB anion transition was observed in experiments on iodide-nitromethane, uracil,
thymine, and the A3 non-canonical tautomer of adenine.67,125,139,166 The DB anions in uracil,
thymine and adenine appeared with rise-times slower than the cross-correlation of the pump
and probe pulses. This was attributed to an increase in photo-detachment cross-section as
the cluster relaxes from the initial Franck-Condon geometry, where iodine moves away from
the small molecule and the DB anion orbital becomes more localized.

In the current experiments with iodide-imidazole, we only observe the formation a DB
anion. Evidence of neither the I2 tautomer of imidazole, nor the imidazolide anion, nor any
valence bound anion of imidazole is observed. Similar to the DB anion dynamics of uracil,
thymine and adenine, the DB anion of imidazole has a rise-time that is longer than the
cross-correlation of the pump and probe pulses, suggesting that this rise-time is ubiquitous
in iodide-small molecule experiments where the geometry change between the Franck-Condon
geometry and the relaxed excited state geometry is sufficiently large to change the localiza-
tion of the dipole-bound electron. In imidazole, abrupt changes of the decay behavior and
lifetimes of the DB anion suggest that vibrational modes of the iodine-imidazole cluster may
be highly correlated to the ultimate decay of the DB anion. In summary, our experiments
on iodide-imidazole allow us to observe formation of the DB anion of imidazole, gain further
insight into the source of the DB anion rise-time observed in our previous experiments, and
further understand the iodide-molecular interactions that occur at early times in experiments
where iodide is used as a time-resolved source of electrons.
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7.3 Experimental Methods
The experimental apparatus has been described in detail in chapter 2. Iodide-imidazole clus-
ters are formed by co-expansion at 50 psig of neon, methyl iodide, and sublimated imidazole
in an Even-Lavie valve operating at 500 Hz. Imidazole is held in the solid sample cartridge
of the Even-Lavie valve, which is cooled via a copper cooling jacket connected to water
lines running at approximately 20-25◦ C to prevent local melting and subsequent spraying
of liquid imidazole into the vacuum chamber. The resulting expansion is ionized with a
ring-filament ionizer via secondary electron attachment. The mass-distribution of resulting
ions are analyzed with a Wiley-McLaren time-of-flight mass spectrometer86 calibrated with
the well known mass progression of I–(Ar)n. The ions are focused, steered, and mass-selected
such that only iodide-imidazole is in the laser interaction region.

We have a KM Labs Ti:Sapphire Griffin oscillator and Dragon amplifier that generates
pulses centered at 790 nm at 1 kHz. An optical chopper reduces the repetition rate of the
laser to match that of the gas-phase side of the experiment. A portion of the laser is picked
off and steered into a Light Conversion TOPAS-C optical parametric amplifier, and the
second-harmonic of the sum-frequency-signal output of the OPA is used as the pump-pulse
at excitation energies of 3.81-3.90 eV with approximately 5-10 µJ/pulse. The remainder
of the amplifier output is used as the probe pulse of the time-resolved experiment with
pulse energies of approximately 80 µJ/pulse. The cross-correlation of the pump and probe
pulses is less than 150 fs. The resulting photoelectrons are accelerated torward a position-
sensitive detector with velocity map imaging.87 The electron kinetic energy distributions are
reconstructed using the BASEX reconstruction method.90

7.4 Theoretical Methods and Results
All electronic structure calculations were performed using the Gaussian 09 software pack-
age.106 The optimized geometries of the iodide-imidazole anion and neutral structures were
calculated using second-order Møller-Plesset pertubation theory (MP2) with the standard
aug-cc-pVDZ basis set for the H, C, and N atoms while the aug-cc-pVDZ-pp pseudopotential
was used for the iodine atom.107 Frequency calculations were performed at the same level
of theory to insure the optimized geometries were not transition states. The iodine atom is
located in line with the N1-H bond, slightly off angle of the dipole moment of the neutral
imidazole molecule in both the anion and neutral geometries, as shown in Figure 7.2. The
anion and neutral cluster geometries were similar, however the I· · ·H−N1 distance is greater
in the neutral than the anion geometry, while the N1−H bond distance is shorter in the
neutral than the anion cluster. The relevant geometry changes are listed in Table 7.1. The
vertical detachment energy (VDE), the difference in energy between the anion and the neu-
tral at the optimized geometry of the anion, and the adiabatic electron affinity (AEA), the
difference in energy between the anion and the neutral at the optimized geometries of both,
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Figure 7.2: Optimized geometries of (a) iodide-imidazole anion ground state and (b) iodine-
imidazole neutral complex with atomic numbering and relevant molecular geometries labeled.
The dipole moment of neutral un-clustered imidazole is indicated in green.

Table 7.1: Iodide-imidazole anion and iodine-imidazole neutral cluster geometries.

I– · Im I · Im
I· · ·H-N1 2.429 Å 2.800 Å
N1-H 1.042 Å 1.016 Å
C5-N1 1.373 Å 1.381 Å
C2-N1 1.364 Å 1.372 Å
N3-C2 1.346 Å 1.336 Å
N3-C1 1.384 Å 1.383 Å
N1-H-I∠ 177.2◦ 179.2◦
C5-N1-H∠ 125.8◦ 126.2◦

were calculated using coupled-cluster singles and doubles (CCSD) at the optimized MP2 ge-
ometries with the same basis sets as the MP2 calculations. The calculated VDE and AEA,
the CCSD level dipole moments of the neutral cluster at the optimized anion geometry and
optimized neutral geometry, and the calculated dipole moment for bare imidazole are listed
in Table 7.2. The dipole moment of the neutral cluster in the anion geometry is approx-
imately 0.32 D higher than the dipole moment of the neutral cluster in the neutral geometry.
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Table 7.2: Calculated vertical detachment energy (VDE), experimental VDE, calculated
adiabatic electron affinity (AEA), and calculated dipole moments (µ) for the iodide-imidazole
cluster.

VDE Calc. (I1) 3.92 eV
VDE Expt. 3.90 eV
VDE (I2)-C2 carbon end 3.34 eV
VDE (I2)-C4 and C5 carbon end 3.56 eV
AEA (I1) 3.81 eV
µ Anion Cluster Geometry 4.86 D
µ Neutral Cluster Geometry 4.54 D
µ Imidazole65 3.89 D

A potential energy coordinate scan was calculated along the N1-H· · · I distance for both
the neutral as well as the anion clusters in order to quantify the interaction between io-
dide/iodine and imidazole and better understand the I· · · Im–

DB dynamics that may occur
upon UV-initiated charge transfer in our experiments. Starting from the optimized anion
and neutral geometries, single point energy calculations were performed at CCSD level of
theory for different N1−H· · · I distances from 2 to 3.8 Å, as shown in Figure 7.3. These cal-
culations show that upon vertical excitation the iodine-imidazole interaction in the neutral
cluster is repulsive. The potential energy curve for the I · · · Im–

DB should roughly resemble
that of the neutral as the DB electron resides largely outside of the molecular core, although
the steepness of the repulsion between iodine and imidazole versus iodine and ImDB

– maybe
be slightly larger in the dipole-bound anion, given the size of the dipole-bound orbital.41 The
purple region in Figure 7.3 indicates the range of I·Im geometries that are accessible from
the zero-point energy of the I– · Im vibrational mode along the N1−H · · · I coordinate that
has a calculated frequency at MP2 level of theory of 107 cm−1, although this vibrational
frequency should be considered cautiously as the iodide(iodine)-imidazole frequencies are
highly anharmonic. The classical turning points cover a 36 meV spread in accessible energies
in the neutral surface, which should translate to a wider spread of accessible energies for the
DB anion as well.

7.5 Experimental Results
Single-photon, one-color photoelectron spectra of iodide-imidazole complexes were taken at
three different detachment energies, 4.08 eV, 4.87 eV, and 4.96 eV. These spectra are shown
in Figure 7.4. One main peak is present at all three energies, centered at 3.90 eV electron
binding energy (eBE=hν-eKE). A second peak is present with 4.96 eV photon energy ap-
proximately 0.95 eV higher in electron binding energy from the 3.90 eV peak. A very small
peak, observed most clearly in the 4.87 eV photon energy spectrum, is found at approxi-
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Figure 7.3: Potential energy curve scan of the iodide-imidazole ground state anion and iodine-
imidazole neutral complexes along the I· · · Imidazole coordinate at CCSD level of theory.

mately 4.36 eV. No peaks are observed near 3.3 or 3.6 eV, the calculated possible VDEs of
I–ImI2.

All time-resolved photoelectron data will be referred relative to the VDE of I– · Im, where
Erelative=Excitation Energy-VDE(I– · Im), and therefore 3.81 eV, 3.85 eV and 3.90 eV are
referred to as -90 meV, -50 meV, and 0 meV, respectively. Figure 7.5 shows a time-resolved
photoelectron spectrum of I– · Im with 3.85 eV (-50 meV) pump photon energy, and 1.58 eV
probe photon energy. The y-axis is electron binding energy, the probe photon energy minus
the electron kinetic energy, while the x-axis is the delay time between the pump and probe
photons. Only one feature is observed in the time-resolved spectrum, centered at approx-
imately 45 meV electron binding energy. In comparison to previous experiments,67,125,166
we can identify this feature as photodetachment from the DB anion of imidazole. Near-zero
kinetic energy electrons are observed in our photoelectron images, which appear at electron
binding energies between 1.56-1.58 eV. These electrons are due to direct pump photon de-
tachment of I– · Im as well as vibrational autodetachment from the transient negative ion.131
Minimal intensity changes are observed in this region due to very small intensity changes
on top of a large background.The photoelectron spectra at -90 meV and 0 meV look similar
to Figure 7.5 in that one main feature is observed, although the time dynamics of the DB
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Figure 7.4: One color photoelectron spectra of iodide-imidazole using 4.08 eV (red), 4.87 eV
(green), and 4.96 eV (blue) photon energies with a marked VDE of 3.90 eV.

anion feature changes with excitation energy.

Some shifting in the peak of the DB anion electron binding distribution, the VDE, was
observed at all three excitation energies. This shifting could be quantified by fitting the
observed peak to a Gaussian and tracking this peak versus delay time. However the trends
were difficult to discern without smoothing the data with a moving average smoothing algo-
rithm. The result of this smoothing algorithm for 3.81 eV (-90 meV) and 3.85 eV (-50 meV)
is shown in Figure 7.6. The solid line indicates the smoothed points, where the shaded grey
area indicates the error between the data points and the smoothed points. For both 3.81
eV (-90 meV) and 3.85 eV (-50 meV) the error was 5 meV. The shifting data from 3.90 eV
(0 meV) was considerably more noisy, with an error from the smoothed points of 30 meV.
This error was larger than any observed shifting and is therefore not considered in the data
interpretation.The shifting observed at -50 meV was very similar to that observed in iodide-
thymine166 and iodide-uracil,125, rising to a peak at approximately 800 fs before decaying
to a long-time value of approximately 45 ± 5 meV by approximately 10 ps. However, the
shifting dynamics for -90 meV were slightly different where the rise of the VDE was much
slower, flattening out by approximately 6-7 ps with a long-time value of approximately 50
± 5 meV, although within error bars of the long-time value value at -50 meV.

Normalized integrated intensities of the DB anion are shown in Figure 7.7. At early
times, all three excitation energies show very similar behavior. The DB anion of imidazole
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Figure 7.5: Time-resolved photoelectron spectrum of iodide-imidazole with 3.85 eV pump
photon energy and 1.58 eV probe photon energy.

rises after the cross-correlation of the pump and probe pulses, as shown in Figure 7.7a.
Qualitatively, at intermediate and long-times, the behavior of -90 meV, -50 meV, and 0 meV
deviate. The DB anion decays fastest at 0 meV excitation and slowest at -90 meV, however
upon fitting the dynamics to analytic expressions the picture becomes complicated. The
data can be fit to Equation 7.2.

I(t) = 1
σCC
√

2π
exp

(
−t2

2/σ2
CC

)
∗

I0 t < t0,

I0 +∑
iAi exp

(
−t
τi

)
t≥ t0

(7.2)

At 0 meV, two exponentials are required fit the data well, a mono-exponential rise and
mono-exponential decay to a long-lived state. However at -50 meV, three exponentials are
required, a mono-exponential rise, and a bi-exponential decay to a long-lived state. At -90
meV, a bi-exponential rise and a bi-exponential decay (fit 1) fits the data equally as well as
a mono-exponential rise and a bi-exponential decay (fit 2). The lifetimes and coefficients of
the fits are shown in Table 7.3.
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Figure 7.6: VDE shifting of the imidazole dipole-bound anion at 3.81 eV (-90 meV) (a) and
(b) and 3.85 eV (-50 meV) (c) and (d), where the solid line is a moving average of the data
and the grey area is the error on the trendline.

Table 7.3: Multi-exponential fitting lifetimes and fitting coefficients for dipole-bound anion
of imidazole at three different pump excitation energies, -90 meV, -50 meV and 0 meV.

3.81 eV (-90 meV) Fit 1 3.81 eV (-90 meV) Fit 2 3.85 eV (-50 meV) 3.90 eV (0 meV)
τrise1 (fs) 160 ± 40 250 ± 15 340 ± 50 180 ± 30
τrise2 (ps) 2 ± 1.8 · · · · · · · · ·
τ1 (ps) 60 ± 16 80 ± 20 1.4 ± 0.3 7.2 ± 0.8
τ2 (ps) 1100 ± 170 1100 ± 250 57 ± 6 · · ·
Arise1 -0.65 -1.02 -0.95 -0.86
Arise2 -0.1 · · · · · · · · ·
A1 0.31 0.31 0.55 0.68
A2 0.64 0.62 0.43 · · ·
Long-lived state · · · · · · 0.32 0.28

7.6 Discussion

One-color photoelectron spectra
The one color spectra are consistent with the excess electron initially bound on iodide.
Comparison to the calculated vertical detachment energy of 3.92 eV for iodide-imidazole,
and previous experiments allows us to identify the peak at 3.90 eV as detachment of iodide-
imidazole to the approximate “2P3/2” state of iodine, and the peak at 4.95 eV as detachment
to the approximate “2P1/2” state of iodine, where the presence of the imidazole molecule
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Figure 7.7: Normalized Integrated Intensities of iodide-imidazole dipole-bound feature at (a)
short times, (b) intermediate times, and (c) long times, showing three pump energies with
3.81 eV (-90 meV) in red, 3.85 eV (-50 meV) in green and 3.90 eV (0 meV) in blue. An
alternate fit for the -90 meV data is shown with the dotted black line.

breaks the exact quantum numbers and degeneracies of the iodine atom.140 Consistent with
our previous comparison of CCSD level single-point energy calculations for iodide-small
molecule binary clusters with experimental VDE values, we find that the experimental VDE
of I– · Im is approximately 20 meV below the calculated value.67,97,131,139

The small peak at 4.36 eV electron binding energy is very close to predicted transitions
from Franck-Condon factor analysis at 4.87 eV excitation energy between the vibrational
modes of I– ·Im and I ·Im. Predicted at approximately 4.286 eV and 4.293 eV these transitions
correspond to vibrational combination bands of the iodine-imidazole in plane stretching
(56 cm−1) and the imidazole ring N1−H stretch (3612 cm−1). This is consistent with the
geometry changes between the anion ground state and the neutral where iodine moves away
from imidazole and the N1−H bond length decreases.

Time-resolved photoelectron spectra
The time-resolved behavior of iodide-imidazole is unsurprising considering the dynamics ob-
served in other similar experiments. In the time-resolved photoelectron spectra, an imidazole
dipole-bound (DB) anion is observed, but no valence-bound (VB) anion. The DB anion rises
with a rise-time much longer than the cross-correlation of the pump and probe pulses, with
a rise time ranging from 340 to 160 fs depending on pump excitation energy, and possibly
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a bi-exponential rise at -90 meV. Similar 200-300 fs rise-time behavior has been observed
with other iodide-small molecule clusters.125,139,166 The VDE shifting at -50 meV is also
similar to shifting observed in iodide-uracil and iodide-thymine.125,166 However, the possible
bi-exponential rise and slow VDE shifting at -90 meV has only been observed with imida-
zole. The changing decay dynamics between mono-exponential and bi-exponential decay
with a long-lived species is also a phenomenon thus far unique to imidazole. The DB anion
in previously studied systems had a mono-exponential rise time, similar VDE shifting at
all excitation energies, and decayed either mono-exponentially to the valence-bound anion
state in nitromethane and the A3 tautomer of adenine,67,139 or bi-exponentially through a
combination of autodetachment and decay to the valence-bound anion, depending on the
molecular system.75,125,166 We will now discuss these phenomena in detail.

VDE shifting and DB Anion Rise-Time

A DB anion rise-time slower than the cross-correlation has been observed previously in
iodide-uracil,97,125,131 iodide-thymine,131,166 and iodide-adenine139 but was not present in
iodide-nitromethane.67 In iodide-uracil and iodide-thymine the rise-time accompanied an
increase in the VDE of the DB anion. The rise-time was attributed to an increase in the
electron photodetachment cross-section of the DB anion correlated with an increased dis-
tance between iodine and the small molecule. The change in VDE was also accredited to a
changing iodine-molecular distance.

Calculations indicate the iodine-imidazole interaction in the neutral is repulsive at the
FC geometry, as shown in Figure 7.3. The calculated repulsion of the I · · · Im neutral clus-
ter at the FC geometry is similar to the repulsive surface calculated for the iodine-uracil
distance in I · · ·U–

DB.63 However, the VDE shifting and rise-time behavior is different at -90
meV and -50 meV. The peak in the VDE for -90 meV occurs at approximately 6 ps, while
the peak in the VDE at -50 meV was at approximately 800 fs. The longer VDE rise-time
at -90 meV is the reason for fitting the DB anion data with a bi-exponential rise as well
as a mono-exponential rise; there was a correlation between the VDE shifting and DB an-
ion rise-time observed for iodine-uracil125, iodine-thymine166, and in iodide-imidazole at -50
meV. The approximately equal quality of the mono-exponential and bi-exponential rise fits
at -90 meV is consistent with the VDE shifting and DB anion rise-time(s) at that excita-
tion energy being due to the same mechanism as at -50 meV - a change in the I · Im–

DB
geometry. In this mechanism, the iodine-imidazole interaction is more repulsive in the DB
anion than in the neutral due to the increased repulsive interaction between the iodine and
the DB orbital,166 causing an increase in the VDE as iodine moves away from imidazole.
This bi-exponential rise will be the fit discussed for the remainder of the discussion, although
it should be noted that the decay lifetimes for both fits are very similar and within error bars.

The rise-time is due to a change in cross-section as iodine moves away from the imidazole
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DB anion; the photodetachment cross-section of a DB anion increases as the DB orbital
becomes more localized.141,144 The localization of the DB orbital can be quantified using an
approximate model discussed in section 1.7 and 5.6 where the mean radius of the DB anion
is given by Equation 7.3.

r =
√
µ/Eb (7.3)

Geometry changes in I · Im–
DB that are accompanied by a decrease in dipole moment and/or

an increase in electron binding, increase the localization of the DB electron orbital. The
VDE of the DB electron is a good measure of the electron binding to the DB orbital. The
change in the mean electron radius with iodine movement for the I · · ·U, I · · ·T, I · · ·A, and
I · · ·CH3NO2 cluster systems can be approximated using the calculated dipole moments at
the Franck-Condon geometry and at the optimized neutral geometry of each cluster, as well
as the VDE at initial times (when the molecule is in the Franck-Condon geometry) and
at the peak in the VDE. These calculation parameters are shown in Table 7.4. Geometry

Table 7.4: Calculation parameters and results of equation 7.3 for approximation of mean
radius of dipole-bound orbital at various cluster geometries.

I– · Im I– ·U I– ·T I– ·A9 I– ·A3 I–CH3NO2
FC Geometry µ (D) 4.86 6.48 6.23 4.02 5.6 4.62
Neutral Geometry µ (D) 4.54 5.85 5.65 3.1 5.1 4.51
FC Geometry Eb (meV) 40 75 70 40 40 30
Neutral Geometry Eb (meV) 150 110 95 40 40 30
∆ radius (Å) 2.6 3.5 3.0 2.1 0.93 0.24

changes between the FC geometry and the optimal neutral geometry, that change the dipole
moment and dipole-bound anion electron binding energy explain the presence or absence of
a DB anion rise-time in the different molecular systems. In I–CH3NO2 the geometry changes
lead to only a 0.24 Å change in the mean electron radius compared to the 1-3 Å changes in
the nucleobase and imidazole systems. The model in Equation 7.3 is a crude approximation
and does not take into account excluded volumes or quantum effects, however the model is in
qualitative agreement with observing a rise-time in uracil, thymine, adenine, and imidazole,
but not in nitromethane.

If the VDE shifting and rise-times are due to the same mechanism at -90 meV and -50
meV, this doesn’t explain the different dynamics between the two excitation energies. One
possibility is that the observed behavior is due to different vibrational populations of the
I · · · ImDB

– at -90 meV versus -50 meV. As in I– ·A, iodine and imidazole are more loosely
associated than in uracil and thymine.139 Imidazole stabilizes iodide less than uracil and
thymine,131 and has a smaller molecular dipole moment.65 Therefore the I · Im cluster may
be more sensitive to different vibrational populations of the iodine-imidazole vibrational
modes than in the iodide-uracil and iodide-thymine clusters. There are three different calcu-
lated iodine-imidazole cluster vibrations: in plane stretching (56 cm−1), in plane imidazole
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wagging (16 cm−1), and out of plane imidazole nodding (46 cm−1), where the first two
are totally symmetric vibrational modes and the last is an asymmetric mode. A simplistic
Franck-Condon factor analysis, using the neutral I ·Im vibrational frequencies and FCF anal-
ysis, indicates that the I · · · Im vibrational modes are preferentially excited upon excitation
to the neutral cluster with the excitation energies used in the time-resolved experiments,
and the same modes are likely excited for I · · · Im–

DB. At 3.81 eV (-90 meV), there is enough
photon energy to vertically access the DB anion of imidazole with the 40 meV bandwidth of
the excitation pulse, while excitation at 3.85 eV (-50 meV) will easily vertically access the
DB anion. Therefore one possible reason for the faster VDE shifting at -50 meV compared
to -90 meV is that at -50 meV the DB anion is formed with comparatively higher vibra-
tional excitation in the iodine-imidazole cluster vibrations than at -90 meV. This difference
in vibrational population results in a faster geometry relaxation from the FC region to the
optimal DB anion cluster geometry and thus faster VDE shifting at -50 meV than at -90 meV.

Decay Dynamics

We turn now to the decay dynamics of the DB anion of imidazole. Different vibrational pop-
ulations of the produced I · · · ImDB

– anion state is also a possible explanation for the rapid
changes in decay dynamics with excitation energy, as in adenine.139 Excitation with the 40
meV bandwidth pump pulse produces a vibrational wavepacket over a wide distribution of
vibrational energy. Figure 7.8 shows an example of kinetics where there are approximately
two types of [I · · · Im]–, vibrationally colder populations and vibrational warmer populations.
Although this is an exaggeration, as there is a distribution of vibrational populations, the
example is illustrative. The rise-time is captured by τrise1 = 1/k2 and τrise2 = 1/k1. At 3.81
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Figure 7.8: Kinetic picture for dynamics of imidazole.

eV (-90 meV) excitation energy, the vibrational population of the DB anion is low on average,
resulting in a measurable difference between τrise1 and τrise2 followed by decay. Therefore
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the observed decay lifetimes are τ1 = 1/(k4 +k6) and τ2 = 1/(k3 +k5) due to iodine loss and
vibrational autodetachment, and any long-lived state is outside the window of observation
with the delay stage at -90 meV. Exciting with 3.85 eV (-50 meV), the vibrational population
of the DB anion is 40 meV higher than at 3.81 eV (-90 meV), and there is no longer a clear
difference between two rise-time lifetimes but rather τrise1 reflects a combination of both
rise-times, resulting in a longer rise lifetime than observed in both 3.81 eV and 3.90 eV. This
intermediate vibrational population then leads to bi-exponential decay producing the long-
lived Im– species where τ1 and τ2 are due to the same rate constants as at 3.81 eV. Excitation
at 3.90 eV (0 eV) creates a temporary negative ion that is both vertically as well as adiabati-
cally unbound with respect to the neutral. This produces a state that is highly vibrationally
excited with a rise-time τrise1 = 1/k2 and mono-exponential decay to a long-lived state con-
sisting of autodetachment and iodine loss with approximate decay constants τ1 = 1/(k4 +k6).

While this kinetic picture is complicated, multiple intermediate states are required for the
observed transition between bi-exponential and mono-exponential decay kinetics producing
a long-lived state depending on excitation energy. It is striking that such significantly chang-
ing dynamics are observed over such a narrow range of excitation energies. This suggests
that the vibrational modes couple efficiently with the neutral surface such that vibrational
excitation has a significant impact on the decay behavior of the DB anions through autode-
tachment. However, the lack of intensity changes in the near-zero kinetic energy electrons,
where the electrons resulting from autodetachment would appear, is troubling. This brings
into question whether other decay pathways could be operative. However, given the rela-
tively low energy in the I · · · Im– system, few other options for decay of an imidazole DB anion
remain. Geminate recombination reforming iodide, dissociation of the imidazole N1−H to
form imidazolide, or tautomerization to form the I2 tautomer are unlikely. Geminate re-
combination would require the [I · · · Im]– cluster returning to the Franck-Condon geometry,
a process that is significantly energetically uphill from the optimal neutral/DB geometry,
while the energies required for breaking the N1−H bond or tautomerization of the imida-
zole anion are too high to be accessed in this experiment unless iodine lowers the N1−H
bond-dissociation energy or tautomerization barrier.66,192 Therefore, we conclude that the
imidazole DB anion must be decaying through vibrational autodetachment and significant
intensity changes are not observed in the near zero kinetic energy electrons due to the small
changes on a large baseline.

7.7 Conclusion
In conclusion, iodide-imidazole clusters exhibit many common dynamics to systems that
have been investigated previously, iodide-uracil, -thymine and -adenine. However we find
a starker change in decay behavior with excitation energy that was not observed in other
systems. The rise-time and VDE shifting observed in the DB anion of imidazole, similar to
that observed previously, is due to iodine movement relative to imidazole which changes the
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photodetachment cross-section of the DB anion. We determine that such a rise-time is a
common feature in iodide-small molecule binary clusters where the change in geometry upon
UV excitation induces a change in dipole moment and/or electron binding that alters the
localization of the dipole-bound orbital. The changing multi-exponential decay is attributed
to differing degrees of vibrational excitation depending on excitation energy that significantly
impacts the observed dynamics of the imidazole DB anion.

Electron attachment to imidazole with electron kinetic energies near zero shows no evi-
dence of fragmentation, tautomerization, or VB anions, however a long-lived dipole-bound
imidazole anion is formed. The long lifetime of this anion state opens the posibility for
further reaction and suggests that imidazole might act as a site of electron attachment in
biological systems, although the ultimate role of dipole-bound anions in condensed matter
systems is still under investigation.
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[49] M. Haraǹczyk, M. Gutowski, X. Li, and K. H. Bowen, Proc. Natl. Acad. Sci. U.S.A.

104, 4804 (2007).
[50] X. Li, K. H. Bowen, M. Harańczyk, R. A. Bachorz, K. Mazurkiewicz, J. Rak, and M.

Gutowski, J. Chem. Phys. 127, 174309 (2007).
[51] R. A. Bachorz, W. Klopper, and M. Gutowski, J. Chem. Phys. 126, 085101 (2007).
[52] D. Svozil, T. Frigato, Z. Havlas, and P. Jungwirth, Phys. Chem. Chem. Phys. 7, 840

(2005).
[53] R. A. Bachorz, W. Klopper, M. Gutowski, X. Li, and K. H. Bowen, J. Chem. Phys.

129, 054309 (2008).
[54] D. Roca-Sanjuán, M. Merchán, L. Serrano-Andrés, and M. Rubio, J. Chem. Phys.

129, 095104 (2008).
[55] R. A. Bachorz, J. Rak, and M. Gutowski, Phys. Chem. Chem. Phys. 7, 2116 (2005).
[56] K. Aflatooni, G. A. Gallup, and P. D. Burrow, J. Phys. Chem. A 102, 6205 (1998).
[57] V. Périquet, A. Moreau, S. Carles, J. P. Schermann, and C. Desfrançois, J. Electron.

Spectrosc. Relat. Phenom. 106, 141 (2000).
[58] S. Ptasińska, S. Denifl, P. Scheier, E. Illenberger, and T. D. Märk, Angew. Chem. Int.

Ed. 44, 6941 (2005).
[59] K. Mazurkiewicz, R. A. Bachorz, M. Gutowski, and J. Rak, J. Phys. Chem. B 110,

24696 (2006).

http://dx.doi.org/10.1142/s0217979296000520
http://dx.doi.org/10.1142/s0217979296000520
http://dx.doi.org/10.1146/annurev.physchem.52.1.255
http://www.tandfonline.com/doi/abs/10.1080/00268977100100561
http://dx.doi.org/http://dx.doi.org/10.1016/0005-2787(74)90339-6
http://dx.doi.org/http://dx.doi.org/10.1016/0005-2787(74)90339-6
http://dx.doi.org/doi:http://dx.doi.org/10.1063/1.479175
http://dx.doi.org/doi:http://dx.doi.org/10.1063/1.447515
http://dx.doi.org/doi:http://dx.doi.org/10.1063/1.447515
http://dx.doi.org/10.1021/jp953184q
http://dx.doi.org/10.1073/pnas.0509982104
http://dx.doi.org/10.1073/pnas.0509982104
http://dx.doi.org/doi:http://dx.doi.org/10.1063/1.2795719
http://link.aip.org/link/JCPSA6/v126/i8/p085101/s1&amp;Agg=doi
http://dx.doi.org/10.1039/B415007D
http://dx.doi.org/10.1039/B415007D
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&amp;id=18698902&amp;retmode=ref&amp;cmd=prlinks
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&amp;id=18698902&amp;retmode=ref&amp;cmd=prlinks
http://dx.doi.org/doi:http://dx.doi.org/10.1063/1.2958286
http://dx.doi.org/doi:http://dx.doi.org/10.1063/1.2958286
http://xlink.rsc.org/?DOI=b503745j
http://dx.doi.org/10.1016/s0368-2048(99)00072-9
http://dx.doi.org/10.1016/s0368-2048(99)00072-9
http://dx.doi.org/10.1002/anie.200502040
http://dx.doi.org/10.1002/anie.200502040
http://pubs.acs.org/doi/abs/10.1021/jp065666f
http://pubs.acs.org/doi/abs/10.1021/jp065666f


BIBLIOGRAPHY 124

[60] E. D. Raczyńska, M. Makowski, K. Zientara-Rytter, K. Kolczyńska, T. M. Step-
niewski, and M. Hallmann, J. Phys. Chem. A 117, 1548 (2013).

[61] T. Sommerfeld, J. Phys. Chem. A 108, 9150 (2004).
[62] T. Takayanagi, T. Asakura, and H. Motegi, J. Phys. Chem. A 113, 4795 (2009).
[63] Y. Yokoi, K. Kano, Y. Minoshima, and T. Takayanagi, Comp. Theor. Chem. 1046,

99 (2014).
[64] M. Hanus, M. Kabelac, J. Rejnek, F. Ryjacek, and P. Hobza, J. Phys. Chem. B 108,

2087 (2004).
[65] D. R. Lide, CRC handbook of chemistry and physics (CRC Press, Boca Raton, FL,

1995).
[66] E. D. Raczyńska, Journal of Computational and Theoretical Chemistry 993, 73

(2012).
[67] M. A. Yandell, S. B. King, and D. M. Neumark, J. Chem. Phys. 140, 184317 (2014).
[68] M. T. Zanni, “Photodissociation and charge transfer dynamics of negative ions stud-

ied with femtosecond photoelectron spectroscopy”, Ph.D. Dissertation (University of
California, Berkeley, 1999).

[69] B. J. Greenblatt, “Femtosecond photoelectron spectroscopy: a new tool for the study
of anion dynamics”, Ph.D. Dissertation (University of California, Berkeley, 1999).

[70] A. V. Davis, “Time-resolved photoelectron spectroscopy and imaging studies of anion
dynamics”, Ph.D Dissertation (University of California, Berkeley, 2002).

[71] A. E. Bragg, “Excited-state dynamics of molecular and cluster anions studied with
time-resolved photoelectron spectroscopy and imaging”, Ph.D. Dissertation (Univer-
sity of California, Berkeley, 2004).

[72] A. E. Kammrath, “Time-resolved photoelectron imaging of anionic cluster dynamics”,
Ph.D. Dissertation (University of California, Berkeley, 2007).

[73] G. B. Griffin, “Time resolved photoelectron imaging of electronic relaxation dynamics
in anionic clusters”, Ph.D. Dissertation (University of California, Berkeley, 2009).

[74] R. M. Young, “Dynamics of excess electrons in atomic and molecular clusters”, Ph.D.
Dissertation (University of California, Berkeley, 2011).

[75] M. A. Yandell, “Charge accomodation dynamics of cluster and molecular anions pro-
duced by photo-initiated intracluster charge transfer”, Ph.D. Dissertation (University
of California, Berkeley, 2014).

[76] G. Scholes, D. Bassi, and U. Buck, Atomic and molecular beam methods, Vol. 1 (Oxford
University Press, New York, 1988).

[77] H. Haberland, Clusters of atoms and molecules I: Theory, experiment and clusters of
atoms, Springer Series of Chemical Physics 52 (Springer, Berlin, 1994).

http://dx.doi.org/10.1021/jp3081029
http://pubs.acs.org/doi/abs/10.1021/jp049082u
http://pubs.acs.org/doi/abs/10.1021/jp808885x
http://dx.doi.org/10.1021/jp036090m
http://dx.doi.org/10.1021/jp036090m
http://dx.doi.org/doi:http://dx.doi.org/10.1063/1.4875021


BIBLIOGRAPHY 125

[78] S. Y. T. van de Meerakker, H. L. Bethlem, and G. Meijer, Nat. Phys. 4, 595 (2008).
[79] U Even, J Jortner, D Noy, N Lavie, and C Cossart-Magos, J. Chem. Phys. 112, 8068

(2000).
[80] G Markovich, S Pollack, R Giniger, and O. Cheshnovsky, J. Chem. Phys. 101, 9344

(1994).
[81] C. E. Klots, Z. Phys. D. 5, 83 (1987).
[82] C. E. Klots, Nature 327, 222 (1987).
[83] R. M. Young, M. A. Yandell, S. B. King, and D. M. Neumark, J. Chem. Phys. 136,

094304 (2012).
[84] H. G. M. DeWit, C. G. Offringa, C. G. De Kruif, and J. C. Van Miltenburg, Ther-

mochim. Acta. 63, 43 (1983).
[85] F. R. Hilgeman, F. Y. N. Mouroux, D. Mok, and M. K. Holan, J. Chem. Eng. Data

34, 220 (1989).
[86] W. Wiley and I. McLaren, Rev. Sci. Instrum. 26, 1150 (1955).
[87] A. T. J. B. Eppink and D. H. Parker, Rev. Sci. Instrum. 68, 3477 (1997).
[88] L. A. Posey, M. J. Deluca, and M. A. Johnson, Chem. Phys. Lett. 131, 170 (1986).
[89] R. N. Bracewell, The fourier transform and its applications (McGraw-Hill, New York,

1978).
[90] V Dribinski, A Ossadtchi, V. Mandelshtam, and H Reisler, Rev. Sci. Instrum. 73,

2634 (2002).
[91] G. Garcia, L. Nahon, and I. Powis, Rev. Sci. Instrum. 75, 4989 (2004).
[92] G. M. Roberts, J. L. Nixon, J. Lecointre, E. Wrede, and J. R. R. Verlet, Rev. Sci.

Instrum. 80, 053104 (2009).
[93] B. Dick, Phys. Chem. Chem. Phys. 16, 570 (2014).
[94] D. Spence, P. N. Kean, and W. Sibbett, Opt. Lett. 16, 42 (1991).
[95] Dragon ultrafast laser amplifier system, 3.02, Kapteyn-Murnane Laboratories Inc.

(1855 S. 57th Court, Boulder, CO 80301, 2007).
[96] J. Gu, Y. Xie, and H. F. Schaefer, J. Am. Chem. Soc. 128, 1250 (2006).
[97] M. A. Yandell, S. B. King, and D. M. Neumark, J. Am. Chem. Soc. 135, 2128 (2013).
[98] G. A. Gallup and I. I. Fabrikant, Physical Review A 83, 012706 (2011).
[99] R. D. Brown, P. D. Godfrey, D. McNaughton, and A. P. Pierlot, J. Am. Chem. Soc.

110, 2329 (1988).
[100] N. A. Oyler and L. Adamowicz, J. Phys. Chem. 97, 11122 (1993).
[101] J. Schiedt, R. Weinkauf, D. Neumark, and E. Schlag, Chem. Phys. 239, 511 (1998).

http://dx.doi.org/10.1038/nphys1031
http://dx.doi.org/http://dx.doi.org/10.1063/1.3689439
http://dx.doi.org/http://dx.doi.org/10.1063/1.3689439
http://scitation.aip.org/content/aip/journal/rsi/68/9/10.1063/1.1148310
http://dx.doi.org/doi:http://dx.doi.org/10.1063/1.3126527
http://dx.doi.org/doi:http://dx.doi.org/10.1063/1.3126527
http://dx.doi.org/10.1039/C3CP53673D
http://pubs.acs.org/doi/abs/10.1021/ja055615g
http://dx.doi.org/10.1021/ja312414y
http://link.aps.org/doi/10.1103/PhysRevA.83.012706
http://pubs.acs.org/doi/abs/10.1021/ja00215a069
http://pubs.acs.org/doi/abs/10.1021/ja00215a069
http://pubs.acs.org/doi/pdf/10.1021/j100144a037
http://www.sciencedirect.com/science/article/pii/S0301010498003619


BIBLIOGRAPHY 126

[102] P. Dedíková, L. Demovič, M. Pitoňák, P. Neogrády, and M. Urban, Chem. Phys. Lett.
481, 107 (2009).

[103] T. Suzuki and B. J. Whitaker, Int. Rev. Phys. Chem. 20, 313 (2001).
[104] A. Davis, R. Wester, A. E. Bragg, and D. M. Neumark, J. Chem. Phys. 118, 999

(2003).
[105] A. E. Bragg, J. R. R. Verlet, A. Kammrath, O. Cheshnovsky, and D. M. Neumark,

J. Am. Chem. Soc. 127, 15283 (2005).
[106] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheese-

man, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Cari-
cato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg,
M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima,
Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta, F.
Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, R.
Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar,
J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V.
Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J.
Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. G.
Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels,
Ö. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, and D. J. Fox, Gaussian~09
Revision D.01, Gaussian Inc. Wallingford CT 2009.

[107] K. A. Peterson, B. C. Shepler, D. Figgen, and H. Stoll, J. Phys. Chem. A 110, 13877
(2006).

[108] L. T. M. Profeta, J. D. Larkin, and H. F. Schaefer III, Mol. Phys. 101, 3277 (2003).
[109] A. Martínez, O. Dolgounitcheva, V. G. Zakrzewski, and J. V. Ortiz, J. Phys. Chem.

A 112, 10399 (2008).
[110] A. Kammrath, J. R. R. Verlet, E Arthur, G. B. Griffin, and D. M. Neumark, J. Phys.

Chem. A 109, 11475 (2005).
[111] O. T. Ehrler, G. B. Griffin, R. M. Young, and D. M. Neumark, J. Phys. Chem. B 113,

4031 (2009).
[112] R. M. Young, M. A. Yandell, and D. M. Neumark, J. Chem. Phys. 134, 124311 (2011).
[113] R. M. Young, R. J. Azar, M. A. Yandell, S. B. King, M. Head-Gordon, and D. M.

Neumark, Mol. Phys. 110, 1787 (2012).
[114] M. S. Bowen, M. Becucci, and R. E. Continetti, J. Chem. Phys. 125, 133309 (2006).
[115] L. B. Clark, G. G. Peschel, and I. Tinoco, J. Chem. Phys. 69, 3615 (1965).
[116] M. Barbatti, A. J. A. Aquino, and H. Lischka, Phys. Chem. Chem. Phys. 12, 4959

(2010).
[117] B. B. Brady, L. A. Peteanu, and D. H. Levy, Chem. Phys. Lett. 147, 538 (1988).

http://dx.doi.org/10.1016/j.cplett.2009.09.034
http://dx.doi.org/10.1016/j.cplett.2009.09.034
http://www.tandfonline.com/doi/abs/10.1080/01442350110045046
http://link.aip.org/link/?JCPSA6/118/999/1
http://link.aip.org/link/?JCPSA6/118/999/1
http://pubs.acs.org/doi/abs/10.1021/jp065887l
http://pubs.acs.org/doi/abs/10.1021/jp065887l
http://www.tandfonline.com/doi/abs/10.1080/00268970310001624993
http://dx.doi.org/10.1021/jp804946w
http://dx.doi.org/10.1021/jp804946w
http://jcp.aip.org/resource/1/jcpsa6/v134/i12/p124311_s1
http://www.tandfonline.com/doi/abs/10.1080/00268976.2012.679637
http://link.aip.org/link/JCPSA6/v125/i13/p133309/s1&amp;Agg=doi
http://xlink.rsc.org/?DOI=b924956g
http://xlink.rsc.org/?DOI=b924956g
http://www.sciencedirect.com/science/article/pii/0009261488802641


BIBLIOGRAPHY 127

[118] M. A. Yandell, R. M. Young, S. B. King, and D. M. Neumark, J. Phys. Chem. A 116,
2750 (2012).

[119] O. Kornilov, O. Bünermann, D. J. Haxton, S. R. Leone, D. M. Neumark, and O.
Gessner, J. Phys. Chem. A 115, 7891 (2011).

[120] B. F. Parsons, S. M. Sheehan, T. A. Yen, D. M. Neumark, N. Wehres, and R. Weinkauf,
Phys. Chem. Chem. Phys. 9, 3291 (2007).

[121] E. Alizadeh and L. Sanche, Chem. Rev. 112, Alizadeh, Elahe Sanche, Leon, 5578
(2012).

[122] A Scheer, K. Aflatooni, G Gallup, and P Burrow, Phys. Rev. Lett. 92, 068102 (2004).
[123] C. Winstead and V. McKoy, J. Chem. Phys. 125, 174304 (2006).
[124] I. González-Ramírez, J. Segarra-Martí, L. Serrano-Andrés, M. Merchán, M. Rubio,

and D. Roca-Sanjuán, J. Chem. Theory Comput. 8, 2769 (2012).
[125] S. B. King, M. A. Yandell, A. B. Stephansen, and D. Neumark, J. Chem. Phys. 141,

224310 (2014).
[126] H. Motegi and T. Takayanagi, Comp. Theor. Chem. 907, 85 (2009).
[127] R. N. Compton, H. S. Carman, C Desfrançois, H. Abdoul-Carime, J.-P. Schermann,

J. H. Hendricks, S. A. Lyapustina, and K. H. Bowen, J. Chem. Phys. 105, 3472 (1996).
[128] M. D. Sevilla, B. Besler, and A.-O. Colson, J. Phys. Chem. 99, 1060 (1995).
[129] F Edard and M Tronc, J. Phys. B: At. Mol. Opt. 20, L265 (1987).
[130] R. Hashemi and E. Illenberger, J. Phys. Chem. 95, 6402 (1991).
[131] S. B. King, M. A. Yandell, and D. M. Neumark, Faraday Disc. 163, 59 (2013).
[132] J. L. Knee, L. R. Khundkar, and A. H. Zewail, J. Chem. Phys. 87, 115 (1987).
[133] C. C. Mak, Q. K. Timerghazin, and G. H. Peslherbe, J. Phys. Chem. A 117, 7595

(2013).
[134] Q. K. Timerghazin and G. H. Peslherbe, Chem. Phys. Lett. 354, 31 (2002).
[135] T. Takayanagi and K. Takahashi, Chem. Phys. Lett. 431, 28 (2006).
[136] M. Kołaski, H. M. Lee, C. Pak, and K. S. Kim, J. Am. Chem. Soc. 130, 103 (2007).
[137] W.-S. Sheu and M.-F. Chiou, J. Phys. Chem. A 117, 13946 (2013).
[138] C. C. Mak and G. H. Peslherbe, J. Phys. Chem. A 118, 4494 (2014).
[139] A. B. Stephansen, S. B. King, Y. Yokoi, Y. Minoshima, W.-L. Li, A. Kunin, T.

Takayanagi, and D. M. Neumark, In Review (2015).
[140] F. Mbaiwa, M. Van Duzor, J. Wei, and R. Mabbs, J. Phys. Chem. A 114, 1539 (2010).
[141] H.-Y. Chen and W.-S. Sheu, Chem. Phys. Lett. 335, 475 (2001).
[142] Q. K. Timerghazin and G. H. Peslherbe, J. Am. Chem. Soc. 125, 9904 (2003).

http://dx.doi.org/10.1021/jp208016w
http://dx.doi.org/10.1021/jp208016w
http://meetings.aps.org/Meeting/DAMOP11/Event/147725
http://xlink.rsc.org/?DOI=b703045b
http://dx.doi.org/10.1021/cr300063r
http://dx.doi.org/10.1021/cr300063r
http://link.aps.org/doi/10.1103/PhysRevLett.92.068102
http://link.aip.org/link/JCPSA6/v125/i17/p174304/s1&amp;Agg=doi
http://dx.doi.org/10.1021/ct300153f
http://dx.doi.org/10.1016/j.theochem.2009.04.026
http://dx.doi.org/doi:http://dx.doi.org/10.1063/1.472993
http://dx.doi.org/10.1021/j100003a032
http://stacks.iop.org/0022-3700/20/i=8/a=005
http://dx.doi.org/10.1021/j100170a002
http://dx.doi.org/10.1039/c3fd20158a
http://dx.doi.org/doi:http://dx.doi.org/10.1063/1.453608
http://dx.doi.org/10.1021/jp403586u
http://dx.doi.org/10.1021/jp403586u
http://dx.doi.org/http://dx.doi.org/10.1016/S0009-2614(02)00029-5
http://dx.doi.org/http://dx.doi.org/10.1016/j.cplett.2006.09.051
http://dx.doi.org/10.1021/ja072427c
http://dx.doi.org/10.1021/jp406108r
http://dx.doi.org/10.1021/jp503216m
http://dx.doi.org/Doi 10.1021/Jp9085798
http://dx.doi.org/http://dx.doi.org/10.1016/S0009-2614(00)01462-7


BIBLIOGRAPHY 128

[143] F. D. Vila and K. D. Jordan, J. Phys. Chem. A 106, 1391 (2002).
[144] L. Lehr, M. T. Zanni, C. Frischkorn, R. Weinkauf, and D. M. Neumark, Science 284,

635 (1999).
[145] C. G. Bailey, C. E. H. Dessent, M. A. Johnson, and K. H. Bowen, J. Chem. Phys.

104, 6976 (1996).
[146] F. Carelli, M. Satta, T Grassi, and F. A. Gianturco, Astrophys. J. 774, 97 (2013).
[147] F. Carelli, F. A. Gianturco, R. Wester, and M. Satta, J. Chem. Phys. 141, 054302

(2014).
[148] J. Simons, J. Am. Chem. Soc. 103, 3971 (1981).
[149] S. T. Stokes, K. H. Bowen, T. Sommerfeld, S. Ard, N. Mirsaleh-Kohan, J. D. Steill,

and R. N. Compton, J. Chem. Phys. 129, 064308 (2008).
[150] T. Uzer and W. H. Miller, Phys. Rep. 199, 73 (1991).
[151] D. B. Moss and C. S. Parmenter, J. Chem. Phys. 98, 6897 (1993).
[152] M. Huels, I. Hahndorf, E. Illenberger, and L. Sanche, J. Chem. Phys. 108, 1309 (1998).
[153] S. Denifl, S. Ptasińska, M. Probst, J. Hrušák, P. Scheier, and T. D. Märk, J. Phys.

Chem. A 108, 6562 (2004).
[154] F. Martin, P. D. Burrow, Z. L. Cai, P. Cloutier, D. Hunting, and L. Sanche, Phys.

Rev. Lett. 93, 208102 (2004).
[155] L. Sanche, Eur. Phys. Jour. D 35, 367 (2005).
[156] L. Sanche, Nature 461, 358 (2009).
[157] X. Pan, P. Cloutier, D. Hunting, and L. Sanche, Phys. Rev. Lett. 90 (2003).
[158] X. F. Li, M. D. Sevilla, and L. Sanche, J. Am. Chem. Soc. 125, 13668 (2003).
[159] J. Berdys, I. Anusiewicz, P. Skurski, and J. Simons, J. Am. Chem. Soc. 126, 6441

(2004).
[160] X. Pan and L. Sanche, Chem. Phys. Lett. 421, 404 (2006).
[161] S. Gohlke, H. Abdoul-Carime, and E. Illenberger, Chem. Phys. Lett. 380, 595 (2003).
[162] H. Abdoul-Carime, S. Gohlke, and E. Illenberger, Phys. Rev. Lett. 92, 168103 (2004).
[163] S. Ptasińska, S. Denifl, V. Grill, T. D. Märk, P. Scheier, S. Gohlke, M. A. Huels, and

E. Illenberger, Angew. Chem. Int. Ed. 44, 1647 (2005).
[164] J. Berdys, P. Skurski, and J. Simons, J. Phys. Chem. B 108, 5800 (2004).
[165] A. Kumar and M. D. Sevilla, J. Am. Chem. Soc. 130, 2130 (2008).
[166] S. B. King, A. B. Stephansen, Y. Yokoi, M. A. Yandell, A. Kunin, T. Takayanagi, and

D. M. Neumark, J. Chem. Phys. 143, 024312 (2015).
[167] G. L. Gutsev and L. Adamowicz, Chem. Phys. Lett. 235, 377 (1995).

http://dx.doi.org/doi:http://dx.doi.org/10.1063/1.471415
http://dx.doi.org/doi:http://dx.doi.org/10.1063/1.471415
http://dx.doi.org/doi:http://dx.doi.org/10.1063/1.4891300
http://dx.doi.org/doi:http://dx.doi.org/10.1063/1.4891300
http://dx.doi.org/10.1021/ja00404a002
http://dx.doi.org/doi:http://dx.doi.org/10.1063/1.2965534
http://dx.doi.org/http://dx.doi.org/10.1016/0370-1573(91)90140-H
http://dx.doi.org/10.1021/jp049394x
http://dx.doi.org/10.1021/jp049394x
<Go to ISI>://WOS:000223138200052
<Go to ISI>://WOS:000223138200052
http://dx.doi.org/10.1140/epjd/e2005-00206-6
http://dx.doi.org/10.1038/461358a
<Go to ISI>://WOS:000183115200055
<Go to ISI>://WOS:000186424800023
http://dx.doi.org/10.1021/ja049876m
http://dx.doi.org/10.1021/ja049876m
<Go to ISI>://WOS:000236789800019
http://dx.doi.org/10.1016/j.cplett.2003.09.013
<Go to ISI>://WOS:000220993100062
http://dx.doi.org/10.1002/anie.200461739
http://dx.doi.org/10.1021/jp049728i
http://dx.doi.org/10.1021/ja077331x
http://dx.doi.org/10.1016/0009-2614(95)00119-o


BIBLIOGRAPHY 129

[168] A. F. Jalbout and L. Adamowicz, Adv. Quantum Chem. 52, 231 (2007).
[169] T. Sommerfeld, J. Chem. Phys. 126, 124301 (2007).
[170] G. L. Gutsev and L. Adamowicz, J. Phys. Chem. 99, 13412 (1995).
[171] R. D. Brown, P. D. Godfrey, D. McNaughton, and A. P. Pierlot, Chem. Phys. Lett.

156, 61 (1989).
[172] S. Eustis, D. Wang, S. Lyapustina, and K. H. Bowen, J. Chem. Phys. 127, 224309

(2007).
[173] K. Mazurkiewicz, M. Harańczyk, M. Gutowski, J. Rak, D. Radisic, S. N. Eustis, D.

Wang, and K. H. Bowen, J. Am. Chem. Soc. 129, 1216 (2007).
[174] M. L. Nugent and L. Adamowicz, Mol. Phys. 103, 1467 (2005).
[175] M. P. Fulscher, L. SerranoAndres, and B. O. Roos, J. Am. Chem. Soc. 119, 6168

(1997).
[176] G. H. Roehrig, N. A. Oyler, and L. Adamowicz, J. Phys. Chem. 99, 14285 (1995).
[177] S. Ullrich, T. Schultz, M. Z. Zgierski, and A. Stolow, Phys. Chem. Chem. Phys. 6,

2796 (2004).
[178] C. E. Crespo-Hernandez, B. Cohen, P. M. Hare, and B. Kohler, Chem. Rev. 104, 1977

(2004).
[179] F. Buchner, H. H. Ritze, J. Lahl, and A. Lubcke, Phys. Chem. Chem. Phys. 15, 11402

(2013).
[180] L. M. Salter and G. M. Chaban, J. Phys. Chem. A 106, 4251 (2002).
[181] H Hotop, M.-W. Ruf, M. Allan, and I. I. Fabrikant, Adv. At. Mol. Opt. Phys. 49, 85

(2003).
[182] K. L. Reid, Annu. Rev. Phys. Chem. 54, 397 (2003).
[183] C. R. S. Mooney, D. A. Horke, A. S. Chatterley, A. Simperler, H. H. Fielding, and

J. R. R. Verlet, Chem. Sci. 4, 921 (2013).
[184] M. H. Elkins, H. L. Williams, and D. M. Neumark, J. Chem. Phys. 142, 234501

(2015).
[185] R. Mabbs, E. Surber, and A. Sanov, J. Chem. Phys. 122, 054308 (2005).
[186] C. Plutzer and K. Kleinermanns, Phys. Chem. Chem. Phys. 4, 4877 (2002).
[187] S. K. Mishra, M. K. Shukla, and P. C. Mishra, Spectrochim. Acta Mol. Biomol.

Spectros. 56, 1355 (2000).
[188] C. Z. Bisgaard, H. Satzger, S. Ullrich, and A. Stolow, ChemPhysChem 10, 101 (2009).
[189] C. E. H. Dessent, J. Kim, and M. A. Johnson, Faraday Disc. 115, 395 (2000).
[190] D. L. Huang, H. T. Liu, C. G. Ning, G. Z. Zhu, and L. S. Wang, Chem. Sci. 6, 3129

(2015).

http://dx.doi.org/10.1016/s0065-3276(06)52010-6
<Go to ISI>://WOS:000245317800018
http://dx.doi.org/10.1021/j100036a015
http://dx.doi.org/10.1016/0009-2614(89)87081-2
http://dx.doi.org/10.1016/0009-2614(89)87081-2
<Go to ISI>://WOS:000251678900021
<Go to ISI>://WOS:000251678900021
http://dx.doi.org/10.1021/ja066229h
http://dx.doi.org/10.1080/0026897050052379
http://dx.doi.org/10.1021/ja964426i
http://dx.doi.org/10.1021/ja964426i
http://dx.doi.org/10.1021/j100039a015
http://dx.doi.org/10.1039/b316324e
http://dx.doi.org/10.1039/b316324e
http://dx.doi.org/10.1021/cr0206770
http://dx.doi.org/10.1021/cr0206770
http://dx.doi.org/10.1039/c3cp51057c
http://dx.doi.org/10.1039/c3cp51057c
http://dx.doi.org/10.1021/jp014620d
http://dx.doi.org/10.1146/annurev.physchem.54.011002.103814
http://dx.doi.org/10.1039/c2sc21737f
<Go to ISI>://WOS:000226880100021
http://dx.doi.org/10.1039/b204595h
http://dx.doi.org/10.1016/s1386-1425(99)00262-0
http://dx.doi.org/10.1016/s1386-1425(99)00262-0
http://dx.doi.org/10.1002/cphc.200800516
http://dx.doi.org/10.1039/a909550k
http://dx.doi.org/10.1039/c5sc00704f
http://dx.doi.org/10.1039/c5sc00704f


BIBLIOGRAPHY 130

[191] A. Modelli and P. D. Burrow, J. Phys. Chem. A 108, 5721 (2004).
[192] A. J. Gianola, T. Ichino, R. L. Hoenigman, S. Kato, V. M. Bierbaum, and W. C.

Lineberger, J. Phys. Chem. A 109, 11504 (2005).
[193] M. N. R. Ashfold, B. Cronin, A. L. Devine, R. N. Dixon, and M. G. D. Nix, Science

312, 1637 (2006).
[194] A. L. Devine, B. Cronin, M. G. D. Nix, and M. N. R. Ashfold, J. Chem. Phys. 125,

184302 (2006).
[195] G. A. King, T. A. A. Oliver, M. G. D. Nix, and M. N. R. Ashfold, J. Chem. Phys.

132, 064305 (2010).



131

Appendix A

Data Acquisition Software

In our time-resolved photoelectron imaging spectrometer the photoelectrons are accelerated
toward a pair of chevron stacked micro-channel plates (MCP) that amplify a single electron
impinging on the MCPs by 106. These electrons hit a phosphor screen that turns the electron
signal into light that can be detected by a charge-coupled device (CCD) camera. The CCD
camera is connected to our data acquisition computer. This computer runs an executable
LabVIEW program using LabVIEW runtime engine. The data acquisition (DAQ) software
has multiple components that are schematically depicted in Figure A.1.

Zip n’ Send n’ Quit

Zip Files

Sends to Backups

QUIT Acquisition

Load Start Settings

Video Mode

Grab Frame,

Don’t Save

Form Dialog

Load Material

Load Delays

Press “Start”

Find New Row

Save Scan to File

Index Scan #

Prepare for Next 

Row

Move Stage to New 

Row

Grab Frames from

Camera

Check Chopper

and Signal Limit

Figure A.1: The programming steps of the Data Acquisition Software program.

Much of the data acquisition software has been detailed in the Dissertation of Ryan
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Young,74 however I changed the way that files are saved, organized and backed up. There-
fore, I will only discuss in detail the specific components that have changed and otherwise
discuss the acquisition software in general.

Upon initial loading of the program, the DAQ program loads a default setting file, and
then immediately launches a window that instructs the user to “Please select Material”. This
bins the experiments by what molecule is being studied in order to improve file organization.
After the material has been selected a second window is launched that instructs the user to
“Please select form for: Material”. Previously used forms for the material in question are
then suggested to the user with four options: “Open”, “Create”, “Edit” and “Cancel”. The
form contains the delay stage positions that will be used for a time-resolved photoelectron
spectroscopy experiment. Detailed material and form designations are recommended as the
folder names that contain the data, energy and beta value files are named in the following
manner “Material_Form_Year-Month-Day”. After the form containing the delays for the
experiment have been loaded the photoelectron signal can be tuned up using “Video Mode”
where images are grabbed from the CCD camera but are not saved to a file.

When the user is ready to take spectra, “Video Mode” is de-selected and the user presses
“Start”. This begins a series of tasks. First the next row is found and the stage is moved
to the position dictated by the new row. The specified number of frames are collected from
the CCD camera. The program checks that the chopper is not throwing any errors and that
the total integrated signal for the number of collected frames is above the user set limit. If
the chopper and signal level checks pass then the image from that scan and that delay/row
is saved to a file. If it is the first time through the delay stages then each file has to be first
made before the first scan can be saved to the file.

The new file format is in ASCII form because this significantly reduces the size of the
files and allows for several years worth of data to be saved on a 2 TB external hard drive
next to the acquisition computer in addition to the duplicate files saved on the “Aether”
server in the computer room and the data CDs in the office. There are separate ASCII files
for each stage position in the form file. The file starts with the text “FPES Data” followed
by the material, a carriage return, and then Year-Month-Date_Form followed by the image
for each scan with tab as the delimiter of the ASCII data, and the text “Scan #”. Therefore
each separate scan through the delays are separated from each other in the case of a data
malfunction halfway through a scan of the delay positions.

After the scan at that delay has been saved to a file, the program increases the count
number for that delay, and the program prepares to move to the next row in the delay stage
form. The program continues in this manner through all of the delay stages until it hits the
last delay position. After the delay stage positions there are six entries in the table, two
for ion noise and laser noise, two for single color data acquisition at the pump and probe
photon energies, and two for taking iodide calibration spectra at the pump and probe photon
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energies. The program skips these entries on the table and automatically returns back to
the top of the delay stages and keeps running through the list until either the chopper or
signal limit conditions aren’t met, the user stops the program to fix something, or because
sufficient data has been collected. Each additional scan at every delay is appended to the
previous file with the new image follow by the new scan number.

After the desired scans for pump-probe data have been collected the user presses “Stop",
selects one of the noise entries and presses Start. Frames will keep being collected on a
noise entry until the program is stopped by the user; the program will not cycle through the
noise entries. After all of the data has been collected, both for the stage positions and the
noise, it is recommended that *.energy and *.beta files are generated by the reconstruction
software (discussed in Appendix B) prior to completing the quitting process. When all of
the appropriate data has been reconstructed the user presses the button labeled “Zip n’Send
n’Quit” which creates a zipped folder that contains the *.dat, *.energy, and *.beta files as
well as a copy of the settings file that contains a list of the stage positions, and a file that
lists any notes made by the user in the Notes section of the program. The zipped folder is
placed in the folder that contains the data, a copy is placed on the backup drive, and a copy
is uploaded to an old cloud drive that we don’t have access to anymore (don’t worry about
this part). The program then quits. For some reason the task of placing the copy onto the
backup drive isn’t working properly after a power outage. I believe that something has to
be reinitialized with the computer and that it isn’t an issue with the DAQ program. If the
copy to the backup drive doesn’t work then the user should copy to the backup drive and
the “Aether” server manually for data security.
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Appendix B

VMI Image Reconstruction Software

As detailed in Chapter 2, reconstruction of the velocity map images is required to remove
effects of the projection of the three-dimensional cloud of electrons onto a two-dimensional
surface. A schematic of the reconstruction software suite that is used by our project is
shown in Figure B.1. There are two different modes of the reconstruction program, which is
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Figure B.1: Diagram detailing the steps of the image reconstruction program.

a LabVIEW executable program. Tasks 1 through 4 make up the first mode which is used
interactively to look at the data reconstruction and determine how well the data acquisition
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is going, determine the center of the images, and decide which reconstruction methods will
be used to work up the data in its entirety. Task 5 is the data workup portion of the
program and runs all of the selected files through a series of steps in order to generate the
photoelectron energy (velocity) and photoangular distributions. I will now go through each
task in detail.

B.1 Task 1
The first step is to select and read in a specific file with the appendix *.dat. This is done
under the tab with the “Raw Image” heading. There are two versions of the reconstruction
software, one pre-2012 uses the old method of saving data, the newer post-2012 version reads
the ASCII file format discussed in Appendix A. The user can select which scans to include in
the integrated image that is used in the reconstruction, by typing the numbers to be used in
the box titled “Only Scans...”. The two dimensional array that is the output of the file read
function then enters an imaging handling function that allows for the determination of the
center of the image. A center cross and circle is displayed on the image, where the x, y and
radius of center and circle can be changed with the numbers of the same labels. If the “Sym-
metrize” box is selected, the image will be four-way symmetrized in order to average out
any detector inhomogeneity, while “Quadrant Selection” allows for only a specific quadrant
to be included in the image. “Raw Data Scaling” divides the pixel intensity by a set amount
so that different signals levels can be resolved in the image. After every change to x, y,
radius, or the data scaling, the Raw Image Display function updates the Raw Image on the
left of the screen. By changing the “Raw Data Display” option between centering and false
color the user can change between observing the centering circle with the unsymmetrized
and total image, to the false color image that has been symmetrized or quandrant selected.

The centered, and possibly symmetrized or quadrant selected, image is then passed to a
function that performs the BASEX conversion and outputs the BASEX Images and the C
matrix. The C matrix is comprised of the coefficients that relate the basis set functions to
the 2D image projection. The reconstructed images display in the second tab of the program
titled “BASEX”. The BASEX center-slice image, the fit image, or the C matrix image can
all be displayed. The C matrix from the BASEX reconstruction is then passed to Task 2 for
extraction of the photoelectron intensity and photo angular distribution information.

B.2 Task 2
The matrix is passed to a function that calculates the photoelectron intensity versus pixel
radius and therefore the photoelectron intensity versus electron kinetic energy from the
Jacobian transformation where radius, velocity, and electron kinetic energy have the following
relationship ~r∝ ~v∝ (eKE)1/2. The resulting photoelectron intensity, β2, and β4 arrays from
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the BASEX transformation can then be displayed versus electron kinetic energy. If only
one quadrant is being included in the reconstruction then the PE intensity versus eKE will
be displayed for both the quadrant selected as well as the complete image for comparison
purposes.

B.3 Task 3
The processed raw image is also passed to the polar onion peeling portion of the reconstruc-
tion program. This portion of the program was developed and written for LabVIEW by
Professor Jan Verlet’s group at the University of Durham.92 Minimal changes were made to
the POP program. Any changes that were made were for integration with the other com-
ponents of the data reconstruction suite of programs or for export of the photoelectron, β2,
and β4 1 D arrays, and the deconvoluted polar, and cartesian 2D arrays. POP is performed
with “polar” pixels meaning that instead of each pixel in the array corresponding to a x and
y coordinate on a image they correspond to a radius and angle on the image. As the circular
image is symmetrized to a quadrant for processing, the polar array is a triangle where radius
is along the “x” axis and θ is along the “y” axis. A diagram showing a mock-up of this polar
array is shown in Figure B.2. Transformation of the cartesian image into a polar image is
the first task that the POP LabVIEW program performs. All of the image reconstruction is
performed on the polar image. The program then reconstructs the deconvoluted cartesian
image from the deconvoluted polar image. The photoelectron, β2, and β4 spectra, the de-
convoluted polar and cartesian images are then returned from from the POP program. After
the reconstruction the deconvoluted polar image is passed to Task 4 for calculation of the
F (θ) distribution.

B.4 Task 4
A common problem in the acquisition of the data is the presence of photoelectron signal due
to various “noise” processes, for example due to scattered laser light striking the walls of the
vacuum chamber producing photoelectrons, or single-photon, time-invariant processes that
overlap with our data. These noise processes often have a degree of anisotropy that con-
volutes the accurate reporting of β values. In the photoelectron spectra we can easily take
“noise” only scans and background subtract the noise spectra from data spectra. However,
β value arrays cannot be background subtracted in that way. One way to attempt to back-
ground subtract the β values is to extract the intensity versus angle distribution for the data
scans, and the same intensity versus angle distribution for noise scans, and then subtract
the noise distribution. We’ve termed this intensity versus angle distribution F (θ). Since one
of the outputs of the POP program is a deconvoluted polar image, extracting F (θ) is fairly
trivial. The radius for which one would like a β value is identified, and then LabVIEW grabs
that row of the array, folds it over four times so that F (θ) goes from 0 to 2π and then plots
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the F (θ) distribution. This is shown graphically in Figure B.2. There is then an option to
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Figure B.2: Diagram of the Polar Onion Peeling deconvoluted polar image being transformed
into a F (θ) distribution for extraction, noise subtraction, and analysis of β values.

export the distribution so that they can be background subtracted in Matlab or Origin and
fit manually to I(θ) = (σ/4π)[1+β2P2(cosθ)+β4P4(cosθ)] where P2(cosθ) and P4(cosθ) are
the second and fourth Legendre polynomials discussed in Section 1.4.

Unfortunately so far this hasn’t worked as well in practice. In most of the experimental
systems discussed in this dissertation the primary noise culprit has been laser noise. This
noise can fluctuate somewhat over the course of the day so the absolute intensity for the
same number of data and noise scans isn’t quite right. This problem is fine when background
subtracting the photoelectron spectra, the baseline is either a little positive or a little neg-
ative. However with the F (θ) distributions this can lead to a flipping of the shape of the
intensity curve from a sine wave to a cosine wave just by adjustment of the intensity of the
noise. Since in most of the experiments discussed in this dissertation the angular distribution
of the photoelectron signal of interest was a cosine wave, meaning it had β2 ∼ 2, while the
noise was a sine wave, meaning it had β2 ∼ −1. This could easily introduce artifacts into
our β values. However, the capability for this kind of β value noise subtraction exists for
future experiments where this feature may prove useful.
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B.5 Task 5
The final task of the program is process all of the pump-probe time delay files using the
same set of parameters and create *.energy, *.beta2, and *.beta4 files for processing with
a data analysis software suite such as Matlab or OriginLab. First, the desired exports and
reconstruction types are chosen from the options presented. Then the button “Complete
Job“ is selected and the program cycles through each file reconstructing the image and
producing the desired files. File conversion is also available to convert the raw images into
file formats that can be read by a pBASEX program or MEVELER.
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Appendix C

Abbreviations

2D Two-dimensional

3D Three-dimensional

A Adenine

AEA Adiabatic electron affinity

BASEX Basis set expansion method

BBO Barium borate

CCSD Coupled-cluster singles and doubles

CCD Charge coupled device

DAS Decay associated spectra

DB Dipole-bound

DEA Dissociative electron attachment

DFT Density functional theory

DNA Deoxyribonucleic acid

eBE Electron binding energy

EL Even-Lavie

eKE Electron kinetic energy

FWHM Full-width half-maximum

I Iodide
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Im Imidazole

IRF Instrumental response function

LC-DFT Long-range corrected density functional theory

MCP Micro-channel plate

MEVELER Maximum energy velocity Legendre reconstruction

MEVIR Maximum entropy velocity image reconstruction

MP2 Møller-Plesset second-order perturbation theory

OPA Optical parametric amplifier

PAD Photoelectron angular distribution

pBASEX Polar basis set expansion method

PE Photoelectron

POP Polar onion peeling

RET Rydberg electron transfer

RNA Ribonucleic acid

T Thymine

TD-DFT Time-dependent density functional theory

TNI Transient negative ion

TOF Time-of-flight

TRPES Time-resolved photoelectron spectroscopy

TRPEI Time-resolved photoelectron imaging

U Uracil

UV Ultraviolet

VB Valence-bound

VAE Vertical attachment energy

VDE Vertical detachment energy

VMI Velocity map imaging

WM Wiley-McLaren
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