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ABSTRACT: Time-resolved photoelectron imaging has
been utilized to probe the energetics and dynamics of the
transient negative ion of the nucleobase uracil. This species
was created through charge transfer from an iodide anion
within a binary iodide-uracil complex using a UV pump
pulse; the ensuing dynamics were followed by photo-
detachment with a near-IR probe pulse. The photoelectron
spectra show two time-dependent features, one from
probe-induced photodetachment of the transient anion
state and another from very low energy electron signal
attributed to autodetachment. The transient anion was
observed to decay biexponentially with time constants of
hundreds of femtoseconds and tens of picoseconds,
depending on the excitation energy. These dynamics are
interpreted in terms of autodetachment from the initially
excited state and a second, longer-lived species relaxed by
iodine loss. Hydrogen loss from the N1 position may also
occur in parallel.

he observation that low-energy electrons can lead to DNA

and RNA strand cleavage via temporary negative ion
states' has motivated numerous studies of nucleic acid
constituents. Gas-phase studies of DNA and RNA building
blocks, including individual nucleobases, nucleosides, and
nucleotides, have sought to provide insight into the
mechanisms of this radiation damage.” Transient anion states
of nucleobases have been posited to play a major role in DNA
mutagenesis, perhaps via a charge-transfer process from an
initially charged nucleobase moiety to a sugar-phosphate
bond.>* In this work, we explore the dynamics of transient
anion states of uracil via time-resolved photoelectron (TRPE)
imaging® of an iodide-uracil binary complex.

The interaction of excess electrons with uracil and other
nucleobases has been studied in the gas phase using low-energy
electron scattering,é’7 negative ion photoelectron spectroscopy
(PES),*'* and Rydberg electron transfer (RET).'" Total
electron scattering cross section measurements showed
structure below 2 eV associated with unoccupied 7* orbitals
of uracil,® while dissociative electron attachment (DEA) studies
showed that hydrogen atom loss from the N1 position in the
transient negative ion U*~ occurs at collision energies as low as
0.7 eV 6712714

The nature of the uracil anion has been directly probed in
PES and RET studies. PES experiments have measured the
binding energy of the dipole-bound species as ~90 meV®® and
estimate that valence anions of uracil bind excess electrons by
tens to hundreds of meV.”™'' These species are clearly
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distinguishable in photoelectron (PE) spectra, as dipole-
bound states consist of narrow features with low electron
binding energies, reflecting the similarity between the anion
and neutral geometries, while valence-bound anions have
characteristically broader features."> Only dipole-bound anions
of uracil have been observed using conventional ion generation
methods,® ' but the uracil anion can transform from a dipole-
bound state to a valence-bound state upon complexation with
one Xe atom or water molecule.”"

Though DEA and single-photon PES experiments probe
aspects of the uracil anion, neither provides a complete picture
of its energetics and dynamics. Here we describe a novel
approach to investigating the time-resolved dynamics of
electron attachment to uracil based on photoinitiation of
intracluster charge transfer in a binary halide-nucleobase
complex, I"-U, to form a transient negative ion (TNI) of
uracil, I--U*™:

— h"’pump —
I''U— L. U* -2

(1)
Upon the application of a femtosecond UV pump pulse at or
above the threshold for direct detachment of the iodide-uracil
complex, the excess electron is ejected with low kinetic energy
and can interact with the uracil moiety to form a TNI, in
analogy to DEA studies. A second time-delayed femtosecond
pulse at 790 nm (1.57 eV) detaches the electron. The resulting
electron kinetic energy (eKE) distribution is measured using
photoelectron imaging, thereby probing the lifetime and decay
dynamics of the TNL

Iodide-uracil clusters were prepared by flowing argon gas
over a methyl iodide reservoir into an Even-Lavie valve'®
containing uracil heated to 205 °C and operating at a pulse
repetition rate of 500 Hz. Further details of the femtosecond
TRPE spectrometer have been described elsewhere.'” ™"

Figure 1 shows one-photon PE spectra of the iodide-uracil
binary complex recorded at excitation energies of 4.21-5.31 eV
and plotted as a function of electron binding energy (defined as
eBE = hv — eKE). Two main features are apparent in the
spectra for all five excitation energies: an energy-invariant peak
A centered at 4.11 eV, representing the vertical detachment
energy (defined as VDE = hv — eKE,,,,,) of I"-U, and a feature
C appearing at approximately eBE = hv, corresponding to
electron signal at nearly zero kinetic energy. The spectrum at
hv = 531 eV also shows an additional direct detachment
feature B arising from the *P,/, spin-orbit state of complexed
iodine that is inaccessible at lower excitation energies. The VDE
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Figure 1. One-photon PE spectra of the iodide-uracil binary complex
at several excitation energies.

obtained from feature A indicates a solvent shift of 1.05 eV with
respect to bare iodide. This shift is noticeably larger than those
seen for binary complexes of iodide with tetrahydrofuran (0.25
eV),* water (0.45 eV),> and aniline (0.53 eV).*

Figure 2 displays TRPE spectra plotted against eKE for the
binary cluster excited at 4.69 eV and probed at 1.57 eV.
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Figure 2. TRPE spectrum of the I"-U complex excited at 4.69 eV and
probed at 1.57 eV. The inset shows the optimized iodide-uracil cluster
geometry.

Features A and C at 0.6 eV and near zero kinetic energy,
respectively, are apparent at every pump-probe delay (At),
while a third, broad, low intensity feature D appears between
1.0-1.6 eV at At = 0 and survives for several picoseconds.
Similar spectra were observed for excitation energies of 4.32-
5.02 eV, but because of a low signal-to-noise ratio outside the
central portion of this energy range, only the results obtained
for pump energies of 4.69-4.90 eV will be discussed here.

The integrated intensities of features C and D (Figure 3)
reveal complementary yet differing dynamics. At At = 0, the
transient feature D appears and feature C is depleted. The
transient feature then exhibits biexponential decay; Table 1
shows time constants derived by fitting its dynamics to a
biexponential function convoluted with a Gaussian function®
with a full width at half-maximum of 150 fs. We found short
decay time constants (7;) of 300-600 fs and long decay time
constants (7,) of 10-50 ps. Both time constants were observed
to decrease with increasing excitation energy. The depletion
and initial recovery of feature C mirror the early time dynamics
of feature D, however feature C overshoots its initial intensity
within 1-2 ps and continues to rise for ~20 ps before decaying
over 50-100 ps.
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Figure 3. Population dynamics of features C and D for the I"-U
complex upon excitation at 4.69 eV. The top panel demonstrates the
concomitant decay and rise in the respective features.

Table 1. Time Constants for Decay of the Transient Species®

excitation energy (eV) 7, (fs) 7, (ps)
4.90 300 + SO 12+ 6
4.79 390 + 80 37 + 20
4.69 620 + S0 52 + 20

“Values are reported as variance-weighted means and their associated
errors.

Geometry optimizations of the binary cluster were carried
out using Gaussian 09** at the MP2/aug-cc-pVDZ level with an
aug-cc-pVDZ-pp pseudopotential®® for iodide. The Figure 2
inset shows the optimized structure, which has C; symmetry:
the iodide anion resides between the hydrogen bound to N1
and the neighboring vinyl hydrogen near the positive pole of
the ~5 D permanent dipole moment of uracil®*® Relative to
the previously calculated equilibrium geometry of neutral
uracil,”’” the N1—H and C5—C6 bonds of the iodide-complexed
species are slightly elongated and the hydrogen atoms bound to
N1 and C6 angle inward by several degrees. Subsequent energy
optimizations at the CCSD level found a VDE of 4.13 eV,
consistent with experimental results and previous density
functional theory calculations.*®

Comparison between measured TRPE spectra for the I"-U
cluster and those for iodide-containing solvent clusters'”**~>
suggests that feature D arises from probe-induced photodetach-
ment from the I.--U*™ state created by the pump pulse, whereas
feature C at low eKE represents vibrational autodetachment
from this species:

Pprobe

I..U¥ =5 1..U+ e

— h"pump
—_—

U (feature D)

kl —
— U+ e~ (feature C)
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However, as discussed below, eq 2 represents only a partial
picture of the I.--U*™ decay dynamics.

The cluster excited state I---U*” is formed by transfer of the
excess electron from iodide to the uracil molecule to create an
excited wuracil anion perturbed by an iodine atom. The
broadness of the corresponding transient feature D in the
photoelectron spectrum is characteristic of a valence-bound
state. Moreover, the VDE of feature D lies between 0 and 0.6
eV, close to the calculated VDE of 0.6 €V for the valence-bound
state of the uracil anion formed by adding an electron to the
low-lying, unoccupied 77* orbital of uracil.*” It thus appears that
the TNI formed by charge transfer from the iodide anion is this
valence-bound species rather than a dipole-bound state. The
presence of the iodine atom may suppress the initial formation
of a dipole-bound state as it resides within the region of
maximum electron density for the dipole-bound state of the
bare anion.'*

Our experiment can be considered in terms of intracluster
electron scattering: the electron produced by photodetachment
from the iodine moiety will either be ejected into free space,
resulting in the direct detachment features A and B, or undergo
indirect scattering from the uracil molecule to form the TNI,
from which the time-dependent features C and D derive. The
effective electron collision energy is then given by E. = v/, —
VDE, where the VDE of the I"-U cluster is 4.11 eV as
determined from feature A in Figure 1. Thus, E. varies from 0.1
to 1.2 eV over the range of excitation energies considered and
includes the energy range where electron scattering experi-
ments and theoretical studies show attachment to the uracil 7*
orbital.>>*

Direct absorption of the UV photon by the uracil moiety
itself is possible, as the excitation energies utilized here fall on
the low-energy side of its 7 — 7* absorption band.**** This
process would lead to a complex comprised of iodide and an
electronically excited uracil molecule, U*. Photodetachment of
such a species by the IR probe photon would not be feasible.
However, if charge transfer from iodide into the singly occupied
7 orbital of U* could occur within this complex, the same
I---U*~ final state discussed above would result. This process
would most likely lead to an observable delay in the buildup of
feature D, which is inconsistent with the nearly instantaneous
rise observed for this signal. Moreover, the 10-fold enhance-
ment of the absorption cross section for uracil between 4.5 and
5.3 eV would be reflected by a substantial increase in the
autodetachment yield relative to the direct detachment yield in
the one-photon PE spectra, but no such trend was observed. It
thus appears that the results presented here do not arise
through this mechanism.

We next consider the possible decay pathways for the TNIL
The complementary early time dynamics of the transient and
autodetachment features imply that the I---U*" state created by
the pump pulse decays at least in part via autodetachment, as
shown in eq 2. While the canonical tautomer of neutral uracil is
planar,”” the 7* valence-bound anion state has a nonplanar,
puckered structure,'®*”*® so electron attachment into the 7*
orbital would result in significant vibrational excitation in the
anion state, which would then be metastable with respect to
autodetachment. We observed the general trend that the decay
rate of the TNI increases with excitation energy, which
translates into increased vibrational energy in the TNI This
behavior is expected for a statistical process such as vibrational
autodetachment,'® which has also been identified as the
primary decay mechanism for other iodide-containing cluster

2130

systems.'”** 7! However, the results for I"-U differ from these

previous experiments because (i) the transient feature D
exhibits biexponential rather than monoexponential decay and
(ii) the autodetachment feature C does not simply mirror the
time dependence of feature D. We therefore must consider
other decay mechanisms for the TNI that could occur in
addition to autodetachment.

The observation of biexponential decay for the transient
feature implies that the TNI decays not only by autodetach-
ment but also to another state with a longer lifetime. The TRPE
spectra do not display an accompanying shift in VDE for the
transient feature D, indicating that the second state has a VDE
similar to that of the initial state. A plausible mechanism
involves loss of atomic iodine followed by autodetachment in
addition to the dynamics in eq 2:

Pprobe

— 1+ U+ e

h”pump

k
MU —=1-U% 31+ U*

(©)

In this case, 7; = 1/(k; + k,) and 7, = 1/k;. The binding energy
of the neutral iodine atom to the TNI in the initially prepared
I--U*~ state is expected to be on the order of 50 meV,**® so
iodine loss should be feasible due to the vibrational excitation
of the initial TNI. The resulting anionic uracil fragment, U*~,
would be a valence-bound state with a VDE similar to that of
the initial TNI Thus, probe-induced detachment would
contribute to feature D, however the U*~ state should
autodetach more slowly than the initial state because of its
reduced vibrational energy.

Another channel to consider is hydrogen atom loss from the
uracil N1 position to form (U - H)~.%71271%37 Electron
transmission spectroscopy and DEA studies have estimated the

k3 —
-I1+U+e

threshold energy for this channel to be at most 0.8 eV.*'* In
our experiment, the analogous process could occur via

— h"’pump _ _

I''U—>1-U¥ > -(U-H +H (4)

The previously defined effective electron collision energy, E.
exceeds the threshold for DEA at excitation energies of 4.9 eV
or lower. These values are close to the calculated threshold of
4.6 eV for H atom loss from I7-U.*® Thus, the H atom loss
channel likely opens in the range of excitation energies used
herein and H loss may occur in parallel with autodetachment
and iodine loss. However, direct observation of this process is
not possible because the binding energy of the I--(U - H)~
species is expected to exceed 3 eV,**™*' a value well above the
IR probe energy.

Comparison between the transient and autodetachment
signals in Figure 3 reveals that the “overshoot” and decay of the
autodetachment feature C occur during the longer-time decay
of feature D. Assuming that our assignment of this longer-time
decay to autodetachment from vibrationally excited U*~ (eq 3)
is correct, the time dependence of feature C may indicate that
the probe laser enhances the autodetachment signal from this
species in addition to detaching it directly. Such a process could
occur if the probe laser were resonant with an electronic
transition in the U*” fragment; a similar mechanism has been
invoked to explain probe-enhanced autoionization in time-
resolved experiments on He droplets.*” Further consideration is
needed to confirm this interpretation of the dynamics of feature
C.

The experiments described herein represent the first direct
measurements of the lifetime of the transient negative ion of
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uracil. The insight into the temporary uracil anion state gained
in this time-resolved photoelectron spectroscopy study
demonstrates the strong link between TRPES and DEA
experiments and establishes TRPES as a powerful method for
probing the energetics and dynamics of electron attachment to
nucleobases. Thus, we have shown that time-resolved radiation
chemistry can be used to examine transient negative ions of
nucleic acid building blocks in the gas phase from their
formation to their decay via fragmentation or relaxation.
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