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We explore the application of this technique to probe electron attachment and photodissociation
dynamics in iodide–nucleobase clusters. The pump pulse initiates intracluster charge transfer, creat-
ing transient nucleobase anions that model DNA damage pathways induced by low-energy electron
attachment. Image is reproduced from Ref. [57] with permission from the PCCP Owner Societies
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Abstract Femtosecond time-resolved photoelectron spectroscopy (TRPES) is a
powerful technique to probe the ultrafast excited state dynamics ofmolecules. TRPES
applied to gas-phase molecular anions and clusters is capable of probing not only
excited state formation and relaxation but also electron accommodation dynamics
upon injection of an excess electron into a solvent or molecule. We review the basics
of TRPES as it applies to molecular anions and several applications including the
study of electron solvation dynamics in clusters and excited state relaxation in sev-
eral biomolecules. We then explore in detail the dynamics of electron attachment
and photodissociation in iodide–nucleobase clusters studied by TRPES as a model
system for examining radiative damage of DNA induced by low-energy electrons. By
initiating charge transfer from iodide to the nucleobase and following the dynamics of
the resulting transient negative ions with femtosecond time resolution, TRPES pro-
vides a novel window into the chemistry triggered by the attachment of low-energy
electrons to nucleobases.

Keywords Femtochemistry · Photodissociation · Photoexcitation · Nucleobases ·
Anion photoelectron spectroscopy

11.1 Introduction

Anions are ubiquitous in nature and are important in many biological processes and
chemical phenomena. Anionic clusters, which are gas-phase size-selected aggregates
of atoms ormoleculeswith one ormore excess electrons, can readily bemass-selected
and hence are particularly useful model systems to study the evolution of electronic
and vibrational structure as a function of size for many systems, including carbon
clusters [1, 2], metal and semiconductor clusters [3–6], and solute–solvent clusters
[7–9]. One can also investigate electron accommodation or solvation dynamics in
an isolated environment [10, 11], thus gaining new insights into the energetics and
mechanism of electron solvation in water and other solvents [12]. Anionic clusters
can also model charge transfer processes such as charge-transfer-to-solvent (CTTS)
transitions with the use of an anionic dopant that, upon photoexcitation, injects the
excess electron into the solvent [12, 13]. Modeling electron transfer and attachment
dynamics is especially relevant for the study of a number of biological processes
such as single- and double-strand DNA damage induced by low-energy electron
attachment [14], or dynamics in electron transport chains found in photosynthesis
and cellular respiration processes [15].
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Femtosecond (fs) time-resolved photoelectron spectroscopy (TRPES) is a pow-
erful technique to probe the excited states and ultrafast relaxation or dissociation
dynamics in molecules and clusters [16–18]. In anions, this pump–probe technique
creates an excited state upon pump excitation of a ground state anion; the probe
pulse photodetaches the excess electron and the resulting time-evolving photoelec-
tron energy and angular distribution follow the relaxation or decay dynamics. Neg-
ative ions are particularly well-suited to study with TRPES as the excess electron
binding energy is typically within the range of energies that can be easily generated
by traditional Ti:Sapphire ultrafast lasers.

The basic principles and several applications of TRPES have been thoroughly
reviewed [11, 15–28], so we focus here on only the key concepts as they relate to
the study of anions. Single-photon anion photoelectron spectroscopy (PES) [29–35],
shown schematically in Fig. 11.1a, employs a laser beam of photon energy hν to
photodetach the excess electron of a prepared, stable anion. Only if the photon
energy exceeds the electron binding energy (eBE) of the electron to the anion can the
excess electron be detached. The kinetic energy (eKE) distribution of the outgoing
photodetached electrons is measured, and the principle of energy conservation, as
shown in Eq. 11.1, may then be used to determine accurate eBEs:

eBE = hν − eKE (11.1)

For a one-electron transition, photodetachment canoccur to anyneutral vibrational
(and electronic) states within the photon energy range, provided there is sufficient
Franck–Condon overlap between the anion and neutral vibrational wavefunctions.
Identification of the transition between the anion and neutral vibrational ground states

Fig. 11.1 Example scheme for a anion PES and b TRPES. Anion* indicates the photoexcited state.
The blue lines indicate the resultant kinetic energies of the photodetached electrons. Reproduced
from Ref. [57] with permission from the PCCP Owner Societies



310 A. Kunin and D. M. Neumark

yields the electron affinity (EA). The vertical detachment energy (VDE) corresponds
to the difference in energy between the anion and the neutral at the equilibrium
geometry of the anion. In spectra that do not show any vibrational structure, the
VDE is identifiable as the peak or maximum intensity (maximum Franck–Condon
overlap) of the photoelectron spectrum, and thewidth of the spectrum is an indication
of the geometry change that occurs upon photodetachment.

Figure 11.1b shows a schematic diagram for fs anion TRPES. A fs pump pulse
is used to generate an electronically excited anion, which can decay by multiple
mechanisms including dissociation, internal conversion, or autodetachment. A time-
delayed fs probe pulse photodetaches this transient negative ion (TNI) to monitor
its temporal evolution, enabling characterization of these various pathways. A suf-
ficiently energetic probe pulse can interrogate not only TNIs but also any anionic
dissociation products that may form due to fragmentation, as well as radiationless
transitions to other excited states or the anion ground state. The ability to follow
ground state dynamics is a notable advantage of anion TRPES as compared to neutral
TRPES, in which ionization from the ground state is often not energetically feasible.
Thus, anion TRPES can offer a complete picture of the relaxation and dissociation
dynamics subsequent to electronic excitation.

Anion TRPES has been previously applied to study size-dependent electron sol-
vation dynamics or CTTS dynamics with an iodide dopant atom in a cluster of
solvent molecules or atoms [12, 36]. Size-dependent relaxation dynamics have also
been probed for carbon clusters [37, 38] and transition metal clusters [39–45] with
anion TRPES. TRPES has also been applied to probe fundamental dynamics of long-
range interactions involved in excess electron binding, such as non-valence-bound
anionic states [46–48] andmultiply charged anions (MCAs) [49–52]. In recent years,
electronic resonances and electron accommodation dynamics in many biologically
relevant species have been of great interest [53–57].

In this chapter, Sect. 11.2 provides a brief description of selected past studies
to illustrate the nature of the information that is uniquely gained by the versatile
application of TRPES to anionic clusters. Section 11.3 delves into the specific work
that has been done in theNeumark group on the dynamics of TNI formation and decay
in iodide–nucleobase (I−·N) clusters as a model system for the reductive damage
of DNA. Section 11.4 covers the experimental and computational methodologies
specific to the study of I−·N complexes, and Sect. 11.5 examines the results of these
TRPES studies of iodide–uracil (I−·U) and iodide–thymine (I−·T) clusters, as well
as the simpler, model system of photoexcited iodide–nitromethane (I−·CH3NO2)
clusters that provide an illustrative framework for understanding the more complex
dynamics of the larger nucleobase species.We conclude with a summary and outlook
for future applications of anion TRPES of iodide-containing clusters to advance our
understanding of reductive damage pathways in DNA.
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11.2 A Brief Overview of Past Anion TRPES Studies

SeveralTRPESstudies by theNeumark andZewail groups havebeendirected at prob-
ing relaxation dynamics in size-selected anionic clusters A−

n and iodide-associated
I−·An clusters, including carbon clusters [37, 38, 58, 59], oxygen and solvated oxygen
species [60–63], mercury [45, 64–67], and I2− and I2−·An [68–82], among others
[83, 84]. Others have worked to theoretically simulate the TRPE spectra of I2−
and I2−·Y complexes to aid and improve the dynamical analysis of these studies
[85–88], and the I2− studies have also been extended by Sanov [89, 90] to probe the
photodissociation dynamics of I2Br− and IBr− anions. TRPES has also been used
by the Eberhardt and Ganteför groups to explore dynamics of metal thermalization
in transition metal A−

n clusters [39–44, 91, 92] and desorption in metals with anionic
adsorbates [93–98]. These transition metal cluster studies are able to probe the metal
band structure and relaxation processes on a molecular level. Much of this work has
been previously reviewed [11].

TRPEShas been employed by Johnson [99], Neumark [100–104], andZewail [36]
to study size-selected (H2O)−n and (D2O)−n water clusters to probe the time-resolved
dynamics of solvated electrons. These studies probed the excited state lifetimes of
electronically excited water clusters as a model for the relaxation of the bulk solvated
electron. The relaxation mechanism is expected to be initial relaxation along the
excited state surface, internal conversion (IC), and finally ground state relaxation,
but the timescales for each step are a matter of debate [12]. Transient absorption
studies of hydrated electrons have measured a rapid, initial ~50 fs lifetime that has
been ascribed either to relaxation along the excited state surface (“adiabatic” model)
[105, 106] or IC (“nonadiabatic” model) [107] as the fastest observable step. TRPES
of (H2O)−n clusters by Neumark and co-workers [101, 103, 108] measured abrupt
appearance and decay of an excited state feature with concomitant dynamics for
ground state depletion and recovery, which is indicative of decay by IC. A dramatic
decrease in excited state lifetime was observed with increasing cluster size, with sub-
100 fs IC of the excited state in the largest clusters studied (n= 70–200) [103]. Thus,
this rapid timescale for IC strongly supports the nonadiabatic model for hydrated
electron relaxation. This nonadiabatic mechanism is also more recently supported
by TRPES studies of hydrated electrons in liquid microjets by Neumark [109, 110]
and Suzuki [111].

TRPES of I−·(H2O)n and I−·(D2O)n clusters [112–114] allows one to study the
injection of an excess electron into a solvent network as in a CTTS transition since a
UV pump pulse can be used to promote charge transfer from the iodide to the solvent
moiety (Sn), as in Eq. 11.2:

I−·Sn hνpump−−−→ I · · ·S∗−
n (11.2)

TRPES of I−·(H2O)n most notably exhibited a strong shift to higher VDEs of
the excited state feature after 1–2 ps, and greater magnitude shifting was observed
in larger clusters. When compared to the VDEs measured for different isomers of
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(H2O)−n clusters, this shift suggests that the water cluster relaxation proceeds in a
few ps via isomerization from an initially surface bound excess electron to one that
may be in a more tightly bound configuration [112–116].

Other S−
n and I−·Sn solvent clusters have also been investigated in time-resolved

experiments by Neumark and Zewail, including those of methanol and various
iodide–alcohol complexes [117–120], ammonia [121, 122], acetonitrile (CH3CN)−n
[123, 124], and tetrahydrofuran (C4H8O) [125, 126]. Many of these solvents are
suggested to share some similarities with the proposed relaxation schemes for water,
although differences in hydrogen bonding and solvent molecule packing result in
different sites or cavities that the excess electron can occupy. Additionally, the pres-
ence of different vibrational modes in these solvents compared to those of water
affects the IC and solvent motion-driven relaxation pathways. These studies have
been previously reviewed in considerable detail [11, 12].

Anion TRPES has also been employed to analyze the properties and dynamics
of several nontraditional valence anions. While conventional anions have the excess
electron occupying a valence orbital, non-valence-bound anions, in which there is a
long-range attraction between the molecular core and the excess electron, are also
important species [127]. These anions can be dipole-bound or multipole-bound if
the neutral species possesses a sufficiently large dipole or multipole moment, as
discussed in considerable detail in the later portions of this chapter. More recently,
Verlet and co-workers have reported observation of correlation-bound states (CBSs)
of the para-toluquinone trimer cluster anion (pTQ)−3 [47], and the iodide–hexaflu-
orobenzene cluster (I−·C6F6) using TRPES [48]. Such CBSs have been described
by calculations to be non-valence-bound states that arise from correlation forces
between the excess electron and the molecular valence electrons [128–133]. With
TRPES, the pump pulse is used to either excite the species to a π* excited state that
appears to internally convert to a transient CBS in <60 fs, as in the case of (pTQ)−3 ,
or the pump pulse may generate the CBS directly via UV initiated charge transfer
from iodide, as in I−·C6F6, and the probe pulse follows the evolution and decay of
this metastable state.

Repulsive long-range interactions in the form of the repulsive Coulomb bar-
rier (RCB) are fundamental in dictating the characteristics and stability of multi-
ply charged anions (MCAs), as shown by Wang [33] and others [52]. For multiply
charged anions with negative EA, the RCB can support (meta)stable gas-phase An−
MCAs because although the energy of the excess electron may lie above the A(n−1)−
+ e− energetic asymptote, the RCB imposes an energetic barrier such that this elec-
tron must be photoexcited well above the EA to be detached. TRPES has been used
by Kappes [49–51, 134, 135] and Verlet [136–138] to probe the properties and decay
dynamics of the resonant states that are bound by the RCB in a number of MCA flu-
orophores and chromophores. These time-resolved studies are able to determine the
lifetimes for excited state IC, intersystem crossing, and tunneling autodetachment.

We close this section with a brief discussion of the more recent applications of
TRPES to study a number of electron-driven processes prominent in biological sys-
tems. Electron transport chains (ETCs), for example, are key for energy extraction
in photosynthesis and cellular respiration, and quinones are often found as electron
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acceptors in ETCs [15]. TRPES has been used by Verlet to probe numerous anionic
quinone derivatives [54, 139–142] including coenzyme Q0 [143, 144] and vitamin
K3 [145] in a bottom-up approach to understanding the role of this structural motif
in ETCs. Chemical substitutions in this class of quinones were used with TRPES to
probe, for example, the effects of conjugation or various nearby electron-donating
groups on the timescales and mechanisms of excited state IC. Important biological
chromophores have also been studied with anion TRPES in the Verlet and Zewail
groups, including stilbene [146], the anionic fluorescent chromophore of green fluo-
rescent protein (GFP) [55, 147–149], and the timescales for twisting in the trans-to-cis
isomerization process of the photoactive yellow protein chromophore [53].

Mechanisms of excited state relaxation and dissociation in DNA and its con-
stituents are naturally of significant interest [150]. To this end, Verlet and co-workers
have employed anion TRPES to study the excited state dynamics of isolated depro-
tonated DNA nucleotides [27, 56, 151]. These studies used UV pump energies near
the nucleobase π-π* transitions and probed the unique relaxation pathways and
timescales for each nucleotide, deprotonated at the phosphate group, to model the
non-radiative relaxation processes of DNA. Neumark and co-workers have exam-
ined dynamics in a number of iodide–nucleobase clusters, including iodide–uracil
(I−·U) [152–155], iodide–thymine (I−·T) [153, 156], iodide–uracil–water [157],
iodide–adenine [158], and the related system iodide–nitromethane (I−·CH3NO2)
[46, 159], to elucidate the role of low-energy electron attachment to nucleobases in
the mechanism of reductive damage of DNA. In the sections that follow, we cover
in detail the ultrafast dynamics of electron attachment and photodissociation in pho-
toexcited I−·CH3NO2, I−·U, and I−·T clusters. This work is described in more detail
elsewhere [57].

11.3 Application—Electron Attachment
and Photodissociation Dynamics in I−·Nucleobase
Clusters

Low-energy electron attachment to DNA has been shown to induce damage such as
single- and double-strand breaks, and the mechanism of this damage has been a topic
of considerable interest in recent years [14]. The initial site of attachment has been
implicated to be the DNA nucleobases, and upon attachment a TNI of the base is
expected to form [160–162]. It is predicted that electron transfer from the basemoiety
to the sugar–phosphate backbone, facilitated by strong electronic coupling [160, 161,
163, 164], then leads to dissociation or fragmentation. These considerations have
motivated many experimental and theoretical studies of the interactions between
nucleic acid constituents and low-energy electrons [165].

A conventional valence-bound (VB) anion can be formed by electron attachment
to the π* orbital of the nucleobase [161, 166], but an excess electron can also be
bound by the fairly large dipolar moment of the base to form a dipole-bound (DB)
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anion [167]. A molecular dipole moment (μ) of at least ~2–2.5 D is needed to
bind the excess electron; [168] all of the canonical nucleobase species examined
here have larger dipole moments than this and are thus capable of forming DB
anions [169–171]. Electron scattering experiments have suggested that the DB state
is initially formed and may then convert or act as a “doorway” to the formation of
a VB anion [172]. The decay of these metastable states is then expected to lead to
dissociation or fragmentation of the nucleobases, the larger nucleotide, or the DNA
backbone structure [173, 174]. To better understand the role of these nucleobase DB
and VB anions in DNA damage, many laboratories have probed these anions with a
variety of experimental techniques, including dissociative electron attachment [172,
175–177] and anion PES [166, 178, 179]. Numerous theoretical studies of these
anions have been carried out as well [180–184]. Anion TRPES is uniquely able to
probe the ultrafast time-resolved dynamics and evolution of these TNIs, including
interconversion of a DB anion to form a VB anion, as well as the timescales for
autodetachment, IC, and fragmentation.

As demonstrated by Bowen and co-workers [178, 185], DB and VB anions can
be easily distinguished from one another in photoelectron spectra by both their ener-
getics and spectral shape. DB anions are weakly bound (typically <100 meV eBE),
with the excess electron residing in a large, diffuse orbital outside of the molecular
framework [167]. Due to this diffuse nature, the neutral core of a DB state undergoes
little or no geometry change upon photodetachment [127], yielding a narrow peak
in the anion photoelectron spectrum. VB nucleobase anions typically have VDEs of
hundreds of meV [166, 179, 186–189], and the geometry of VB nucleobase anions is
typically distorted relative to the neutral nucleobase in the ring puckering coordinate
[156, 158, 180, 181, 190], yielding a broad photoelectron spectrum [191]. Photo-
electron spectra from Bowen [191], shown in Fig. 11.2 for the U− DB anion and the

Fig. 11.2 Photoelectron spectra of a the U− DB anion and b the U−·H2O VB anion. The U− DB
anion exhibits a very narrow peak at very low binding energy, characteristic of DB anions, while the
U−·H2O VB anion exhibits a broad feature covering higher eBEs. Adapted from Ref. [191] with
the permission of AIP Publishing
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U−·H2O VB anion, exemplify the binding energy and spectral shape of these two
types of negative ions.

In studies of electron attachment dynamics to nucleobases and related species,
the nucleobase of interest, N, is clustered with iodide. A UV pump pulse of energy
hνpump can be absorbed by the I−·N complex to initiate charge transfer from the
iodide to the nucleobase moiety, thereby creating a TNI:

I−·N hνpump−−−→ [I · · ·N ]∗− (11.3)

This excitation can be carried out near the VDE of the I−·N complex. Excita-
tions of this nature are clearly interesting as a model for reductive DNA damage by
low-energy secondary electron attachment. These complexes also exhibit a second
regime of UV photoabsorption near 4.8 eV [192], which is calculated [155, 192] to
encompass a strong base-centeredπ-π* excitation on the nucleobase with the excess
electron still remaining with iodide, i.e.,

I−(5p6) · N (π4π∗0)
hνpump−−−→ I−(5p6) · N (π3π∗1) (11.4)

Excitation in this UV range is also of interest in the DNA damage mechanism
as the rapid, non-radiative photodeactivation pathways of π-π* UV photoexcited
nucleobases are the core of the remarkable photostability of DNA [193–195]. We
believe this π-π* excitation is followed by rapid charge transfer from the iodide
moiety to fill the hole in the π orbital of the base to create a VB anion, as discussed
in more detail in Sect. 11.5.2 and elsewhere [57].

Photoexcited I−·N clusters can decay by a number of pathways listed in Eq. 11.5,
including autodetachment, iodine loss, I− formation, or a chemical reaction to form
HI and a deprotonated nucleobase anion [N–H]−.

I−·N hνpump−−−→ [I · · ·N ]∗− → I ·N + e−

→ I + N− → I + N + e−

→ I− + N

→ H I + [N−H ]− (11.5)

The I−·N TRPES studies here have employed both the 1.58 eV Ti:Sapphire fun-
damental and higher energy UV probe pulses to photodetach the nascent TNIs and
the possible photofragments these complexes can form, including iodide (eBE =
3.059 eV) [196], as described in more detail in the following sections.
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11.4 Methodologies for I−·Nucleobase Clusters

Figure 11.3 shows the anion TRPES experimental apparatus used by the Neumark
group, which has been described in more detail previously [81, 102]. I−·N clusters
are generated by flowing 375–450 kPa of neon or argon buffer gas over a reservoir
of methyl iodide. This gas mixture passes into a pulsed Even–Lavie valve operating
at 500 Hz that contains a cartridge with a solid sample of the nucleobase of interest
heated to 205 °C. For the I−·CH3NO2 studies, the cartridge is left empty, and instead
an additional reservoir on the gas line is filled with liquid CH3NO2 and chilled
in an ice water bath. In each configuration, the gas mixture is then supersonically
expanded into vacuum through a ring filament ionizer to produce cluster anions.
The anions are perpendicularly extracted into a Wiley-McLaren time-of-flight mass
spectrometer [197] and mass-selected to isolate the I−·N species of interest. These
ions are photodetached through their interaction with fs pump and probe laser pulses
as described below. A velocity map imaging [198] spectrometer focuses the resultant
photoelectrons onto a chevron-stacked position-sensitivemicrochannel plate detector
coupled to a phosphor screenwhich is imaged using a charge-coupled device camera.
The 3D eKE distributions are reconstructed using basis-set expansion (BASEX)
methods [199].

Various pump–probe laser schemes are employed among the studies in this work.
A KMLabs Griffin oscillator and Dragon amplifier are used to generate 1 kHz, 40 fs
pulses centered near 790 nm (1.57 eV) with 1.8 mJ/pulse. The output of the KMLabs
system is split into a pump arm and a probe arm delayed by a delay stage. In the pump
arm, 1 mJ/pulse of the 1.57 eV light is used to pump a LightCon TOPAS-C optical
parametric amplifier. UV light is generated by frequency doubling the TOPAS-C
output with a β-barium borate (BBO) crystal to yield pump pulses between 235 and
350 nm of approximately 8–13μJ/pulse. Pump pulses near 266 nm (~5–12μJ/pulse)
can also be generated by frequency tripling the 1.57 eV fundamental infrared (IR) of

Fig. 11.3 Diagram of the anion TRPES apparatus employed by Neumark and co-workers. Repro-
duced from Ref. [57] with permission from the PCCP Owner Societies
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the KMLabs system. The fundamental can also be used as the probe beam (1.57 eV,
80μJ/pulse), or frequency doubled in a BBO crystal to yield 395 nm pulses (3.14 eV,
65 μJ/pulse). The residual visible non-frequency-doubled TOPAS-C output can also
be recovered and recombined nonlinearly in a BBO crystal with the fundamental
pulse to yield a UV probe pulse of 344 nm (8μJ/pulse). Cross-correlations measured
outside the vacuum chamber for the pump and probe laser pulses are <150 fs for
UV/IR-type pump/probe schemes and ~150–200 fs for UV/UV-type pump/probe
schemes.

11.5 I−·CH3NO2, I−·U, and I−·T Clusters

Figure 11.4 presents the calculated structures [200] for ground state I−·CH3NO2,
I−·U, and I−·T at the MP2/aug-cc-pVDZ(-pp) level of theory. Table 11.1 presents
the calculated dipole moments of the neutral I·N species at the equilibrium geometry
of the anion, as well as the experimentally measured VDEs of the I−·N species. To
facilitate comparison between the three different systems studied here, one-photon
and TRPE spectra for each species are shown in Figs. 11.5, 11.6, 11.7, and 11.8.
Figure 11.5a–c shows one-photon photoelectron spectra for I−·CH3NO2, I−·U, and
I−·T, respectively. Figure 11.6a–c shows near-VDE photoexcited TRPE spectra for
each of these systems along with the time-evolution of TNI production and decay
at both early and long delay times. Figure 11.7a–c shows the time-evolution of I−
production via photodissociation for I−·CH3NO2 and I−·U, and Fig. 11.8a, b shows

Fig. 11.4 Calculated structures for I−·CH3NO2 (left), I−·U (center), and I−·T (right). See Ref.
[46] for computational details of I−·CH3NO2, and Ref. [156] for computational details of I−·U and
I−·T

Table 11.1 Neutral dipole moments (μ) and VDEs for the I−·N cluster systems examined in this
work. Neutral dipole moment is calculated at the ground state anion geometry. Reported VDEs
are experimentally measured by single-photon anion PES, all ±0.05 eV error. See Ref. [156] for
computational details of I−·U and I−·T
Cluster I−·CH3NO2 I−·U I−·T
VDE (eV) 3.60 4.11 4.05

Neutral μ (D) 4.62 6.48 6.23
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Fig. 11.5 Single-photon PE spectra for a I−·CH3NO2 with 4.68 eV; b I−·U with 5.30 eV in blue,
4.92 eV in red, 4.68 eV in purple, and 4.51 eV in orange; and c I−·T with 5.30 eV in blue, 4.87 eV
in red, 4.78 eV in purple, 4.68 eV in orange, 4.59 eV in green, and 4.51 eV in black. “A” denotes
vertical detachment to the lower spin–orbit state of the iodine-containing complex (I(2P3/2)·N), “B”
denotes detachment to the upper spin–orbit state (I(2P1/2)·N), and “C” denotes autodetachment.
Adapted from Ref. [57] with permission from the PCCP Owner Societies

theTRPEspectra and time-dependent signal evolution for I−·U and I−·T photoexcited
at excitation energies near ~4.7 eV. These results are considered in more detail in the
subsections below. For consistency and ease of comparison throughout this work,
TRPES pump energies are given as hνpump – VDE, i.e., they are referenced to the
VDE of the cluster.
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Fig. 11.6 TRPE spectra (left) and integrated intensities at both early times and long delay times
(right) for the DB anion (feature A, blue) and VB anion (feature B, red) for a I−·CH3NO2 photoex-
cited at +0 meV; b I−·U photoexcited at +30 meV; and c I−·T photoexcited at +20 meV. Adapted
from Ref. [57] with permission from the PCCP Owner Societies

11.5.1 I−·CH3NO2

We first apply TRPES to the dynamics of the photoexcited I−·CH3NO2 binary com-
plex, which serves as an interesting model system for conversion between DB and
VB anions and helps inform studies of the more complex uracil and thymine sys-
tems. Nitromethane (CH3NO2, μ = 3.46 D) supports both a DB anion and a VB
anion; the VB anion lies lower in energy and is the ground state of the anion [185,
201, 202]. Both DB and VB anions of CH3NO2

− have been previously measured by
single-photon PES; the DB anion has a VDE of 8 ± 8 meV, and the VB anion has a
VDE of 0.9–1 eV [185, 203].

Photofragment action spectroscopy has been used by Dessent et al. to probe
I−·CH3NO2 binary complexes, which measured the I−·CH3NO2 cluster VDE as
3.60 ± 0.01 eV and detected evidence for the presence of the I−·CH3NO2 DB anion
[201].Our group has performed two sets of TRPES studies of near-VDEphotoexcited
I−·CH3NO2 clusters at two probe energies: 1.56 eV probe experiments to examine
the presence and time-resolved dynamics of DB andVB anions of nitromethane [46],
and 3.14 eV probe experiments to measure the time-resolved formation of I− and
other photofragments [159].
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Fig. 11.7 Iodide integrated intensities for a I−·CH3NO2, b I−·U photoexcited –80 meV below the
VDE, and c I−·U photoexcited at +610 meV (4.72 eV). Adapted from Ref. [57] with permission
from the PCCP Owner Societies
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Fig. 11.8 TRPE spectra (left) and integrated intensities at both early times and long delay times
(right) for the VB anion (red) and autodetachment (black) features for a I−·U photoexcited at
4.69 eV; b I−·T photoexcited at 4.69 eV. Reproduced from Ref. [57] with permission from the
PCCP Owner Societies

Figure 11.5a shows the single-photon photoelectron spectrum of I−·CH3NO2.
Feature A, centered at 3.60 eV, corresponds to the cluster VDE andmatches previous
experimental results for I−·CH3NO2 [201]. This feature corresponds to detachment to
the lower spin–orbit state of the complex I(2P3/2)·CH3NO2,while featureB, appearing
near 4.5 eV, corresponds to photodetachment to the upper spin–orbit state of the
complex I(2P1/2)·CH3NO2, lying approximately 0.94 eV higher in energy [204].

TRPE spectra for I−·CH3NO2 photoexcited at 3.60 eV (at the cluster VDE) and
probed at 1.56 eV are shown in Fig. 11.6a. The left panel shows a false-color contour
plot of eBE as a function of pump–probe delay. Feature A is a narrow, short-lived,
low eBE feature that is assigned to a DB state, while feature B is broader and longer
lived, assigned to a VB state. The center and right panels of Fig. 11.6a present
integrated intensities of feature A (blue) and feature B (red) at short and longer time
delays, respectively. A similar layout is used for the other rows of Fig. 11.6. The
nascent [I···CH3NO2]− DB anion appears within the cross-correlation of the pump
and probe laser pulses, <150 fs, and decays mono-exponentially in 460 ± 60 fs,
while the [I···CH3NO2]− VB anion appears in 420 ± 50 fs [46]. These congruent
lifetimes indicate that the DB anion decays primarily to form the VB anion in a
rapid and complete or nearly complete conversion. The VB state was found to decay
bi-exponentially with time constants of 2 and 1300 ps.

A second TRPES study with 3.56 eV pump energy (–40 meV) and 3.14 eV probe
energy was performed to characterize the decay dynamics of the [I···CH3NO2]−
VB anion [159]. This probe energy is high enough to detect photodissociation
products such as I− (eBE = 3.059 eV) [196] and the nitromethide anion CH2NO2

−
(VDE = 2.635 ± 0.010 eV) [159, 205]. I− is measured as the major photofragmen-
tation channel with a mono-exponential rise time of 21 ± 1 ps, which is shown in
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Fig. 11.7a. This finding suggests that the 2 ps VB anion decay lifetime corresponds
to back-electron transfer to reform I−·CH3NO2, followed by IC to the I−·CH3NO2

anion ground state and, finally, dissociation to yield I− in 21 ps.
Rice–Ramsperger–Kassel–Marcus (RRKM) calculations were performed to ana-

lyze the statistical unimolecular dissociation of I−·CH3NO2 complexes to deter-
mine if the 21 ps I− formation from 2 ps VB anion decay is a statistical process
[159, 206, 207]. These RRKM calculations yield dissociation rates of only
300–400 fs, and this rapid lifetime is unlikely to be a realistic physical timescale
for intramolecular vibrational energy redistribution (IVR) and subsequent dissocia-
tion in a cluster. This result indicates that there exists a dynamical bottleneck in the
formation of I− from I−·CH3NO2.

We have suggested that such a bottleneck arises in I−·CH3NO2 from inefficient
energy flow from high-frequency –NO2 vibrational modes in the VB anion to the
relatively low-frequency (<100 cm−1) I···CH3NO2 modes that ultimately yield I−
dissociation [159]. The [I···CH3NO2]− DB anion should geometrically resemble
neutral I·CH3NO2, while the [I···CH3NO2]− VB anion is expected to more closely
resemble the puckered CH3NO2

− geometry in which the –NO2 is out of the plane
of the molecule [46, 203]. Hence, during the DB to VB anion transition, the –NO2

vibrational modes become vibrationally excited. Previous theoretical work of gas-
phase SN2-type reactions has shown that energy transfer between high-energy and
low-energy vibrationalmodes in a binary complexmay be inefficient and lead to non-
statistical dynamics [208–212] Thus, IVR within the reformed I−·CH3NO2 complex
can act as the rate-limiting step in cluster dissociation and cause the delayed I− rise
observed here.

Autodetachment from photoexcited I−·CH3NO2 clusters was also measured as
near ~0 eV eKE photoelectron signal [46]. Autodetachment, the spontaneous ejec-
tion of an electron following photoexcitation of an anion resonance, can occur if the
resonance lies isoenergetically within a manifold of vibrational levels of the corre-
sponding neutral plus a free electron. The ejection is thus facilitated by nonadiabatic
coupling between the electronic and nuclear degrees of freedom in the system [127,
213, 214]. If the internal energy of the excited anion (or cluster) is randomized prior
to electron ejection, the detached electron typically carries ~0 eV eKE and this sta-
tistical process is referred to as thermionic emission [215, 216]. We expect, then, that
the long 1300 ps VB anion decay corresponds to autodetachment.

To summarize these photoexcited I−·CH3NO2 decay dynamics, we conclude that
the 2 ps decay of the VB anion is IC to the ground state followed by delayed I−
evaporation, and the long, 1300 ps VB anion decay is by autodetachment, as in
Eq. 11.6:

I−·CH3NO2
hνpump−−−→ [I · · ·CH3NO2]

∗−
DB → [I · · ·CH3NO2]

∗−
V B

[I · · ·CH3NO2]
∗−
V B

Internal
Conversion−−−−−→ I−·CH3NO2

Delayed
Dissociation−−−−−−→ I− + CH3NO2

Autodetachment−−−−−−−−→ I ·CH3NO2 + e− (11.6)
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These measured dynamics for near-VDE photoexcited I−·CH3NO2 complexes
provide insight into the dynamics and energetics of the TNIs and also the possible
interactions between the iodine atom and the CH3NO2 moiety. We consider these
results in the discussion of the I−·U and I−·T studies in the following sections.

11.5.2 I−·Uracil and I−·Thymine Binary Complexes

The pyrimidine bases uracil and thymine each have a sufficiently large dipolemoment
to support a DB anion (μ ~ 4.15 D) [169]. Single-photon PES measured by Bowen
[178] finds the uracil and thymine DB anions to have eBEs of approximately 90 meV
and 70meV, respectively. NoVB anions of either base have been detected in previous
PES studies, but Rydberg electron transfer experiments [187] and theoretical calcu-
lations [186, 217] predict that both the DB anion and the VB anion for both uracil and
thymine exist, at least as metastable TNIs, with VB anion VDEs of approximately
500 meV. For both nucleobases, the DB anion is the anionic ground state [191,
218], with a calculated barrier of 36–155 meV for conversion to form the VB anion,
depending on the level of theory used [156]. However, bare thymine is calculated to
have a ~10–20 meV higher conversion barrier for DB to VB anion conversion than
bare uracil at each level of theory employed.

TRPES has been used to study the time-resolved dynamics of I−·U and I−·T clus-
ters at photoexcitation energies near the VDE [154, 156] as well as in the higher
energy (~4.6–4.9 eV) excitation regime [152, 153, 155]. Here, we first briefly cover
single-photon PES results as well as laser photodissociation spectroscopy exper-
iments on I−·U and I−·T by the Dessent group and excited state calculations to
provide context for the discussion of the time-resolved work [155, 192].

Single-photon PE spectra collected at multiple photon energies for I−·U and I−·T
are overlaid and reproduced in Fig. 11.5b and 11.5c, respectively [152, 153]. Feature
A corresponds to direct detachment to the I(2P3/2)·N neutral complex, yielding aVDE
of 4.11± 0.05 eV for I−·U and 4.05 eV± 0.05 eV for I−·T. Feature B, seen only at the
highest photon energies, arises from photodetachment to the upper iodine spin–orbit
state. Feature C is present at each detachment energy at ~0 eV eKE and corresponds
to autodetachment. Interestingly, we note that the intensity of the autodetachment
signal appears to reach a maximum near 4.7–4.8 eV photon energy, and declines at
energies above and below this region.

Laser photodissociation spectroscopy has been carried out on I−·U and I−·T by
Dessent et al. [155, 192] for I−·U and I−·T clusters to measure their photoabsorp-
tion profiles as well as photofragment formation as a function of pump energy.
Figure 11.9a and 11.9b shows the photodepletion (photoabsorption, including disso-
ciation and detachment) profiles for I−·U and I−·T, respectively, from 3.6 to 5.3 eV.
Two regimes of UV photoabsorption are measured: the first excited state near the
VDE, approximately 4 eV for both clusters, and the second centered around 4.8 eV.
The photofragmentation results find I− and [N–H]−, the deprotonated nucleobase
anion, as photofragments for both clusters, with I− appearing as the overwhelmingly
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Fig. 11.9 Overlay of the single-photon PE spectra from Fig. 11.5b for I−·U and Fig. 11.5c for I−·T
with the laser photodissociation spectroscopy results fromRef. [192]. a Photodepletion (absorption)
for I−·U clusters photoexcited between 3.6 and 5.3 eV and b for I−·T clusters. c I− formation from
photoexcited I−·U clusters and d I− formation from photoexcited I−·T clusters. Photoelectron
spectra are normalized to match the photodissociation data (black dots). e EOM-CCSD/aug-cc-
pVDZ(-pp) calculated image of the I−·U DB orbital and f for the π* orbital and g for the σ* orbital
for transitions localized near 4.7 eV. Reproduced from Ref. [57] with permission from the PCCP
Owner Societies

dominant species [192]. Figure 11.9c and 11.9d presents the photofragment yields
of I− for I−·U and I−·T, respectively. Both photofragments are also found in two
distinct bands of photoexcitation: one centered near the VDE of each cluster and one
centered near 4.8 eV.

In Fig. 11.9, we also overlay these laser photodissociation results with the respec-
tive I−·U and I−·T one color photoelectron spectra from Fig. 11.5b, c. The VDE
photodetachment features appear at energies slightly above the first photoabsorption
and photofragmentation bands; this occurs because photodetachment is not possible
below the VDE, but photoabsorption and formation of the DB anion is possible and
has been measured at pump energies below the VDE, as described in more detail
below [154–156, 192]. Note that the single-photon PES autodetachment feature for
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both I−·U and I−·T appears to track closely with the higher energy photoabsorption
and I− photofragmentation bands; we discuss this and the dynamics resulting from
high-energy photoexcitation in more detail in Sect. 11.5.2.3.

To examine the nature of the photoexcitation in each of the two measured energy
regimes, excited state calculations have been performed at the TD-DFT/B3LYP level
for I−·U and I−·T [192], and at the EOM-CCSD/aug-cc-pVDZ(-pp) level for I−·U
[155]. Near the I−·UVDE, the EOM-CCSD calculation finds three optical transitions
with prominent oscillator strength corresponding to excitation from an iodide (5p)
orbital to form a DB state of the complex (Fig. 11.9e). Both sets of excited state
calculations find by far the strongest transition near 4.8 eV to be a base-centered
π-π* excitation (Fig. 11.9f). Much weaker transitions near 4.7 eV, corresponding
to excitation from an iodide (5p) orbital to a σ* state of the complex (Fig. 11.9g),
are also found; the oscillator strength is lower by a factor ranging from two to
18 depending on the cluster and the method. No evidence is found for channels
with significant oscillator strength corresponding to I(5p) → π* charge transfer,
i.e., direct optical excitation to form the VB anion, presumably reflecting near-zero
spatial overlap between these initial and final states. Thus, we expect that near-VDE
photoexcitation likely yields direct optical excitation from iodide to form the DB
anion instantaneously, while photoexcitation at higher pump energies will likely
yield dynamics with the largest contribution from base-centered π-π* excitation.
We now turn our attention to the time-resolved results of photoexcited I−·U and I−·T
clusters in each of these two pump energy regimes.

11.5.2.1 Early Time Dynamics from Near-VDE Excitation of I−·U
and I−·T

TRPES studies of I−·U and I−·T clusters were carried out at pump excitation energies
from ~±100 meV relative to the VDE [154, 156], and are shown in Fig. 11.6b and
11.6c for I−·U at +30 meV and I−·T at +20 meV, respectively. At each of these
excitation energies, both the DB anion (feature A, blue) and the VB anion (feature
B, red) of each cluster are observed. In I−·U, the DB anion rise time decreases from
approximately 250 fs to≤150 fs as the pump energy is increased, while the VB anion
rise time remains near 250 fs over this pump energy range. In I−·T, the DB anion
appears in approximately 230 fs, exhibiting no dependence on the pump excitation
energy, and the VB anion forms in approximately 300 fs.

These results indicate that while the DB state is formed first and followed in
appearance by the VB anion, because the DB signal remains while the VB signal
grows in, both I−·U and I−·T seem to exhibit at most only partial DB to VB anion
conversion. The excited state calculations in Sect. 11.5.2 show that there is direct
optical excitation to form a DB state but no optical transition to form the VB state,
indicating that the origin of the VB signal is expected to be from DB to VB anion
conversion. Given that theDB anion is the anionic ground state for uracil and thymine
[191, 218] and there is expected to be an uphill barrier of ~36–55 meV for conver-
sion [156], it is reasonable that only partial DB to VB anion conversion occurs, in
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comparison, for example, to the rapid and complete DB to VB anion conversion in
I−·CH3NO2.

11.5.2.2 Long Time Dynamics of Near-VDE Excited I−·U and I−·T
Clusters

The DB and VB anions of near-VDE photoexcited I−·U and I−·T clusters decay bi-
exponentially, with each set of lifetimes generally decreasing with increasing pump
excitation energy. For I−·U photoexcited at +30 meV (Fig. 11.6b), the DB anion
decay constants are 5.0 and 500 ps, while the VB anion decays in 5.6 and 80 ps
[154]. I−·T photoexcited at +20 meV (Fig. 11.6c) similarly exhibits DB anion decay
in 5.2 and 1100 ps, and VB anion decay in 13.1 and 530 ps [156].

TRPES of near-VDE photoexcited I−·U clusters finds two decay pathways:
autodetachment and bi-exponential reformation of I− [154, 155]. TRPES of I−·U
clusters photoexcited at 4.03 eV (−80 meV) and probed at 3.61 eV measures bi-
exponential formation of I− in 17.5 ± 1.6 ps and 150 ± 10 ps as the only major
photodissociation pathway; this I− rise signal is shown in Fig. 11.7b. These bi-
exponential I− rise dynamics can be assigned in light of the mechanism of I− ref-
ormation in I−·CH3NO2 (Eq. 11.6). For I−·U clusters, since both TNIs are present
as the DB to VB anion conversion is only partially complete, we expect that each
TNI has a fast decay process of IC to the electronic I−·U ground state followed by
evaporation of I− to ultimately yield bi-exponential I− rise. We attribute the fast I−
appearance to IC of the DB anion, and the slow I− appearance of 150 ps to IC and
delayed ejection of I− from the VB anion, as the VB anion decay may also have
a dynamical bottleneck similar to that observed in I−·CH3NO2. The overall decay
mechanisms for the DB and VB anions are summarized in Eq. 11.7.

I−·N hνpump−−−→ [I · · ·N ]∗−
DB, [I · · ·N ]∗−

V B

[I · · ·N ]∗−
DB

Internal
Conversion−−−−−→ I−·N → I− + N
Autodetachment−−−−−−−−→ I ·N + e−

[I · · ·N ]∗−
V B

Internal
Conversion−−−−−→ I−·N

Delayed
Dissociation−−−−−−→ I− + N

Autodetachment−−−−−−−−→ I ·N + e− (11.7)

The long time decays of each TNI for both species are likely by autodetachment,
or rather, more specifically, by thermionic emission considering the ~100 ps–1 ns
long decay lifetimes and measured decrease in the long time constants with
increasing pump energy. Laser photodissociation spectra found [U–H]− (neutral
electron affinity = 3.481 eV) [219] as an additional minor dissociation product from
I−·U clusters; this channel was not measured by TRPES, most likely due to its low
abundance and broad photoelectron spectral profile [155, 220].
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11.5.2.3 Dynamics of I−·U and I−·T Excited at Higher Energy

TRPE spectra of I−·U and I−·T photoexcited at 4.69 eV and probed at 1.57 eV are
shown in Fig. 11.8a and 11.8b, respectively [152, 153]. No evidence for the existence
of a DB state is measured for either cluster in this pump energy regime, but both
species exhibit VB anion signal (red integrated intensity) with a cross-correlation
limited rise (≤150 fs), as well as ~0 eV eKE signal corresponding to autodetach-
ment (black integrated intensity). The I−·U VB anion decays bi-exponentially in
620 fs and 52 ps, while the I−·T VB anion undergoes mono-exponential decay [156]
in ~610 fs. The autodetachment signal for both clusters exhibits nonzero autode-
tachment intensity at negative times (i.e., pump only), prompt depletion at t = 0 fs,
and recovery to the initial intensity, although in I−·U clusters the signal is found to
exceed its initial intensity. The I−·T VB anion prompt appearance and decay dynam-
ics mirror that of the autodetachment signal, as seen in the integrated intensities in
Fig. 11.8b [153].

Experiments on I−·U at pump and probe energies of 4.72 eV and 3.15 eV, respec-
tively, find formation of I− to be the dominant photodissociation channel; mono-
exponential appearance of I− occurs in 36 ± 3 ps (Fig. 11.7c). An analogous high-
energy probe study has not yet been performed for I−·T clusters, but the laser pho-
todissociation spectroscopy results confirm that I− is the major photofragment pro-
duced from both sets of photoexcited clusters [192]. It is apparent in Fig. 11.8 that,
for both I−·U and I−·T clusters, the VB anion appearance and fast decay dynamics
match closely with the autodetachment depletion and recovery. It is also striking
from the overlay of the single-photon PE spectra with the I− photofragment forma-
tion results in Fig. 11.9c, d that the autodetachment signal tracks closely with the I−
photofragment production. Thus, it appears that I− formation, autodetachment, and
the VB anion share one common dynamical origin that is similar in nature for both
clusters.

Given that one dynamical process is expected to give rise to all three of these
features and that the excited state calculations for both I−·U and I−·T clusters find
very strong oscillator strength for a base-centered π-π* excitation in this energy
regime, it is likely that the pump pulse creates aπ-π* excited state that is responsible
for the observed dynamics [57]. Two possible channels followingπ-π* excitation are
IC to the I−·N ground state to yield cluster dissociation to produce I−, as in Eq. 11.8,
and charge transfer from iodide to the base moiety to fill the hole in the π orbital,
essentially creating a VB anion that may then undergo autodetachment (Eq. 11.9).

I−·N hνpump−−−→ I−·N (π3π∗1)
Internal
Conversion−−−−−→ I−·N → I− + N (11.8)

→ I ·N (π4π∗1) Autodetachment−−−−−−−−→ I ·N + e− (11.9)

We have thus previously proposed that in both I−·U and I−·T, photoexcitation
from ~4.6 to 4.8 eV creates a π-π* excited state, some fraction of which may decay
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by IC to the I−·N ground state followed by dissociation to produce I− (Eq. 11.8),
and another fraction of which may have charge transfer within the cross-correlation
of the pump and probe laser pulses from the iodide moiety to produce a VB anion
that then decays by autodetachment (Eq. 11.9) [57]. These proposed pathways are
summarized for the approximate energies and ranges of the excited states of I−·U in
Fig. 11.10. This figure also shows the I−·U near-VDE photoexcitation dynamics as
described in the earlier subsections of Sect. 11.5.2.

Some portions of this π-π* photoexcitation mechanism are not fully explained
and would benefit considerably from a more extensive theoretical investigation into
the nature and energetics of the photoexcited states accessible in this pump energy
region. For example, it is challenging to explain the rapid rate of charge transfer
from iodide to the π orbital and instantaneous VB anion formation given the lack of
overlap between these two orbitals. Additionally, I−·U exhibits long-lived dynamics
that are not present in I−·T, and it is unclear why the I−·U VB anion exhibits both
fast and slow decay by autodetachment, although we have put forth such mechanistic
explanations previously [152–154, 156].

Fig. 11.10 Diagram of the proposed I−·U dynamical pathways resulting from near-VDE pho-
toexcitation (green photon, black arrows) and higher energy photoexcitation (purple photon, blue
arrows). DBS and VBS denote the DB and VB states, respectively. Reproduced from Ref. [57] with
permission from the PCCP Owner Societies
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11.6 Summary and Outlook

The application of TRPES to molecular anions and clusters has proven to be an
opportune method to explore the nature of fundamental ultrafast interactions of sol-
vents and molecules with excess electrons. This versatile technique has been applied
to a number of different solvent systems, multiply charged species, and biomolec-
ular anions to uncover relaxation mechanisms and ultrafast charge accommodation
dynamics. Specifically, TRPES of I−·N clusters has revealed the ultrafast formation
and conversion of nucleobase TNIs thought to be important in reductive damage
pathways in DNA.

There aremany promising future directions forwork of this kind, includingmicro-
hydration of I−·N clusters, specifically I−·U·H2O complexes [157]. The stepwise
addition of individual water molecules building up to a solvation shell will allow
for comparison between gas-phase dynamics of nucleobases and those recorded in
bulk solution. In this regard, TRPES experiments in our group [221] and elsewhere
[222, 223] on the dynamics of nucleic acid constituents in liquid water microjets
are of particular interest. The future implementation of a new cluster source to our
apparatus, such as one based on electrospray ionization [15], will enable TRPES
studies of larger biomolecules such as nucleosides and nucleotides, with the ultimate
goal of inducing electron attachment and monitoring not only the initial site of elec-
tron attachment and the TNI dynamics but also probing photofragment formation to
measure the identities and timescales for formation of photodissociation products in
these larger nucleic acid constituents.
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