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Abstract: Molecules with large enough dipole moments can
bind an electron by the dipole field, which has little effect on the
molecular core. A molecular anion can be excited to a dipole-
bound state, which can autodetach by vibronic coupling.
Autodetachment spectroscopy of a complex anion cooled in
a cryogenic ion trap is reported. Vibrational spectroscopy of
the dehydrogenated uracil radical is obtained by a dipole-
bound state with partial rotational resolution. Fundamental
frequencies for 21 vibrational modes of the uracil radical are
reported. The electron affinity of the uracil radical is measured
accurately to be 3.4810 + 0.0006 eV and the binding energy of
the dipole-bound state is measured to be 146 +5 cm™. The
rotational temperature of the trapped uracil anion is evaluated
to be 35 K.

H igh-resolution vibrational spectroscopy of transient spe-
cies is important for determining their molecular structures
and understanding their chemical reactivity. However, the
low abundance and high reactivity of molecular radicals pose
major challenges to conventional absorption spectroscopic
methods.?! Matrix isolation infrared spectroscopy can probe
the vibrational structure of transient species trapped in low-
temperature matrices, but the measured vibrational frequen-
cies have matrix shifts.™* Velocity modulation spectroscopy is
a powerful tool to probing vibrational spectroscopy of
molecular ions in hot plasmas,” but only the most abundant
ions in the plasma environment can be studied.!”! Cavity-ring-
down spectroscopy is one of the most sensitive optical
spectroscopic methods,”®! but the sensitivity is still too low
for single-molecule detection.”’! Infrared photodissociation
action spectroscopy takes full advantage of the ultrahigh
sensitivity of ion detection and has been used to determine
the structures of many molecular ions."*'* This method was
initially focused on molecular ions, and has been extended to
the study of neutral clusters using IR/UV two-color photo-
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ionization, >l but the study of transient molecular radical
species is still relatively rare.l'”!

Autodetachment spectroscopy of molecular anions has
high sensitivity for the detection of electrons, and its
resolution was not limited by the electron energy ana-
lyzers.'®1 Negative ions with sufficient binding energies
can support electronically excited states, which was first
observed in C,.) By tuning the laser wavelength near the
photodetachment threshold, resonant absorptions may be
observed. If the total energy of the excited anion is above the
electron detachment continuum, an electron may spontane-
ously escape from the anion (autodetachment).”!! In this case,
ultrahigh optical resolution can be achieved by monitoring
the total electron yield as a function of the photon energy."!
Negative ions with electronically excited states are not
common, because of the low electron binding energies
encountered for most anions. On the other hand, if the
binding energy of an anion is lower than its vibrational energy,
such as the case in NH™, autodetachment can be realized
through vibrational excitation within the ground electronic
state.”>?] This technique is limited to anions with sufficiently
low electron binding energies. The observation of dipole-
bound excited state in anions”*?’! extends autodetachment
spectroscopy to more molecular anions, if the corresponding
neutral radicals possess a large enough dipole moment
(>2.5 D). Ultrahigh resolution spectroscopy of dipole-
bound states (DBS) has been demonstrated.”"*! However,
there have been only a limited number of autodetachment
spectra of DBS reported over the past three decades. The
difficulty of assigning the congested spectra at room temper-
ature hinders its more extensive application, in particular to
more complex molecular species.?!

We have developed an cryogenically controlled ion trap,
coupled to a magnetic-bottle photoelectron analyzer,*
which can completely eliminate vibrational hot bands in
photoelectron spectra of molecular anions. Recently, we have
built an improved version of the cryogenic ion trap® coupled
with high-resolution photoelectron imaging.?”*! Our initial
experiments on cold phenoxide anions have shown that not
only vibrational hot bands were completely suppressed, but
a rotational profile was also observed.” More significantly,
we observed DBS resonances, which allowed a number of
vibrational modes with very weak Frank—-Condon factors to
be “lightened” up by vibrational autodetachment.® The
vibrational frequencies of the DBS were found to be the same
as those of the neutral radical, suggesting that vibrational
structures of dipolar radicals can be probed by DBS. Here we
report the first high-resolution vibrational spectroscopy study
of the dehydrogenated uracil radical, with partial rotational
resolution, by autodetachment from DBS of cold deproton-
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ated uracil anions. Rich vibrational information is obtained
for this important radical species. More interestingly, the
resolved rotational profiles allow us to characterize the
rotational temperature of the trapped anions for the first time.

The dehydrogenated uracil radical ([U-H]') is important
in the chemistry of radiation damage in living cells.***?! The
parent uracil molecule can form a “ground-state” dipole-
bound anion, which has been studied by both Rydberg
electron transfer and photoelectron spectroscopy.l**! We
expect the dehydrogenated [U-H]' radical to possess a large
dipole moment to support a DBS. Scheme 1 shows the two
[U-HJ radical isomers with dehydrogenation from the two

NI-H

N3-H

Scheme 1. Structures of the two stable deprotonated uracil radical
isomers: [N1-H]" (left) and [N3-H] (right).

different N sites (named as [N1-H]* and [N3-H]* for conven-
ience in the following discussion). The electron affinities
(EAs) of the [N1-H]" and [N3-H]' radicals have been
calculated to be 3.4 and 3.8 eV, respectively.** Thus far,
neither the EAs nor the vibrational structures of the [U-HJ
radicals are known experimentally.

In the current study, the deprotonated uracil anions [U-
H]~ were produced by electrospray of a mixed uracil/sodium
hydroxide water/methanol (1:9 ratio) solution (pH about
8)."1 Anions from the
electrospray source were
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mental details are given in the Supporting Informaiton.
Figure 1 shows the total electron yield from [U-H]™ as
a function of the detachment laser wavelength with a scanning
range of 1850 cm™' near and above the photodetachment
threshold. The sharp peaks are due to autodetachment from
the vibrational levels of the DBS of [U-H] ", as schematically
shown in Figure S1. The very weak peak at hv =27930 cm™!
(label as “*” in the tenfold enlarged inset) is the transition
from the anion ground state to the lowest vibrational state of
the DBS (0«0 transition), as a result of resonant two-photon
detachment.® The EA of the [U-H]' radical is determined as
2807645 cm ' (3.4810 4+ 0.0006 e V), which is the onset of the
direct nonresonant one-photon photodetachment from [U-
H] ", as indicated by the arrow. Clearly, the autodetachment is
much more intense relative to the nonresonant detachment
process. The binding energy of the DBS of [U-H] is
measured as 146+ 5 cm™!, which is the difference between
the EA of the neutral [U-H]' radical and the excitation energy
to the DBS vibrational ground state. The scale of the bottom
axis in Figure 1 is the photon energy (hv), and the origin of the
top scale refers to the 0«0 transition to the DBS. Hence all
the vibrational excitations of the DBS can be directly read off
the top axis. A total of 46 vibrational autodetachment
resonances were observed; their energies and assignments
are given in Table S1. The observed transitions consisted of
vibrational fundamentals, overtones, and combination bands
of the DBS. The assignments are based on the photoelectron
spectra recorded for each vibrational resonance and the
vibrational autodetachment propensity rule (Av=-1)
between the vibrational level of the DBS and the neutral
final state (Figure S1).°'** The high resolution photoelectron
spectra are extremely helpful for the vibrational assignments,
as shown recently for the case of the phenoxide anion.” This
is an important advantage of the current technique, compared
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transported into a temper-
ature-controlled ion trap,
where they were accumu-
lated and cooled for 0.1's
before being ejected into
the extraction zone of
a time-of-flight mass spec- 7
trometer.® A dye laser

with a tunable wavelength T
in the UV range (A4

about 0.0015nm, Sirah <
Cobra-Stretch with a fre-
quency doubling unit) was
used for photodetach-
ment. The laser wave-
length was monitored by
a wavelength meter (AA
about 0.001 nm, Bristol
model 821), and the pho-
toelectron imaging spec-
trometer was calibrated
using the known spectra
of Au~.PY More experi-
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Figure 1. Autodetachment spectrum of deprotonated uracil anions ([N1-H]") by measuring the total electron
yield as a function of laser wavelengths across the detachment threshold. In the x10 insert, the weak peak (label
as *) at hv=27930 cm™' represents the dipole-bound ground state; the electron signals came from resonant
two-photon detachment. The arrow indicates the detachment threshold of the [N1-H]™ anion, measured as
280765 cm™'. See the text for details.
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with previous autodetachment spectroscopy studies,"*

where the energy spectra of the autodetached electrons
were not recorded. More importantly, the cold anions in the
current work eliminated vibrational hot bands and signifi-
cantly reduced rotational broadening, which greatly simpli-
fied the observed autodetachment spectrum in Figure 1. All
the observed fundamental vibrational modes for the DBS (or
the neutral [U-H]' radical) are given in Table 1. We are able to

Table 1: Experimental and theoretical vibrational frequencies (in cm™') of
dehydrogenated uracil radical ([N1-HJ"). Harmonic frequencies are
calculated with B3LYP/6-311+ + G** method.

Mode Symmetry Theoretical v Experimental v Peak
" A 3581

v, 3222

v, 3145

v, 1713 1705 42
Vs 1694 1672 41
Ve 1469 1451 33
v, 1437

Vg 1411

Vs 1342 1316 31
- 1301 1285 30
v, 1186 1154 26
Vi 1082 1057 22
iy 982 9708 20
Vig 920 910 18
Vs 757 753 13
i 583 577 8
Vi 545 540 7
Vg 501 492 6
Vi 392 389 5
V2o A’ 980

- 803 804 15
Vyy 734 727 12
Vs 684 666 10
Yoy 633 615 9
Vo 357 360 4
Vs 152 1500

vy 113 1136

[a] The calculated frequencies of v,; and v, are similar. The assignment
of the 970 cm™' resonance to v,; is based on the observed c-type
rotational profile. [b] v, can be obtained from either the overtone at
300 cm ™' (peak 3) or the vy +v,; combination band at 263 cm™

(peak 2). [c] v,; was obtained from its overtone at 226 cm™' (peak 1).

obtain fundamental vibrational frequencies for 21 vibrational
modes of the U-H radical out of a total of 27 possible modes.

The dipole-bound electron is weakly attracted by the
positive end of the dipole, and it has little effect on the neutral
core.’™ Therefore, the measured vibrational frequencies of
the DBS can be taken as the vibrational frequencies of the
neutral [U-H]' radical. In Table 1, the measured vibrational
frequencies are compared with the calculated frequencies of
the [N1-HJ' isomer of the [U-HJ radical (Scheme 1). The
calculations were done with the B3LYP/6-311+4 G**
method using Gaussian 09 (see the Supporting Informa-
tion).”*"1 The agreement between the observed and com-
puted frequencies (unscaled) is excellent, suggesting that only
the [N1-H] isomer was probed in the experiment. The
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measured detachment threshold of 3.4810 £ 0.0006 eV is also
in good agreement with the calculated EA of the [N1-HJ
radical (3.4eV)."! The EA of the [N3-H] isomer was
predicted to be about 3.8 eV,*”! which would be beyond the
photon energy range (3.45-3.69 eV) covered in the current
study (Figure 1). In addition, the [N3-H]  anion was calcu-
lated to be about 0.5 eV higher in energy than the [N1-H]~
isomer™** and hence was not expected to be populated in
our low-temperature ion trap. We should also point out that
only the lowest energy isomer was observed in a previous
study of deprotonated thymine and cytosine anions.””

The [N1-H] radical has a planar structure with C;
symmetry. Among its 27 normal modes of vibration (Table 1
and Figure S2), 19 are in-plane vibrations with A’ symmetry,
and 8 are out-of-plane with A” symmetry. In conventional
photoelectron spectroscopy, the accessible vibrational excita-
tions are limited to the Franck—Condon-active and totally
symmetric modes. Usually very few such modes are observ-
able in high-resolution photoelectron spectroscopy. Most
vibrational modes are either not Franck—-Condon-active or
too weak to be clearly resolved. Surprisingly, 21 vibrational
modes of the [N1-H]™ DBS were observed (Figure S1 and
Table 1). Even more surprising, all the out-of-plane modes
except one (v, in Table 1) were observed. This was most
likely due to strong vibronic couplings and/or it might indicate
the neutral radical is not truly planar or very floppy.

Rotational profiles were observed for most of the
autodetachment peaks in Figure 1 and different rotational
profiles were observed for the in-plane and out-of-plane
vibrational peaks. Transitions to the in-plane vibrational
modes with A’ symmetry exhibit c-type rotational contours,
while transitions to the out-of-plane vibrational modes with
A" symmetry exhibit b-type rotational contours, as shown in
Figure 2 for the v¢ (c-type) and v,, (b-type) modes. The c-
type bands are dominated by a narrow Q branch with
relatively small intensities from the P and R branches,
whereas the b-type bands appear broad with the Q branch
overlapped with the P branch at similar intensities. The two
different rotational profiles for the v, and v,, bands were
simulated using the PGOPHER program!®! and compared
with the experimental data in Figure 2. The simulation used
calculated rotational parameters (see the Supporting Infor-
mation) and yielded J,,,,=50 and T,,, =35 K. The spectral
width used was 0.4 cm™! for v, and 1.2cm™ for v,,. The
0.4 cm ™! spectral width for mode v, is comparable to the fine
step size (0.005nm) of the dye laser used to obtain the
spectrum in Figure 2. The broader spectral width for mode v,
indicating a much faster autodetachment rate, and the
1.2 em™" spectral width is mainly due to lifetime broadening
(approximately 4.4 ps).’”! Autodetachment rates for rovibra-
tional excitation levels of DBS are determined primarily by
vibrational motion of the neutral core, and vibration-induced
dipole moment changes were believed to be the dominant
effect governing the autodetachment rate.®” The calculated
IR intensity of mode v,, is also much greater than that of
mode v,4, suggesting mode v,, involves a much greater dipole
moment change.

The rotational temperature that we obtained from the
PGOPHER simulation is very important because it is
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Figure 2. Comparison of observed and simulated spectra of v4

(577 cm™, c-type) and v, (615 cm™', b-type) in the frequency region of
564 to 628 cm™' with a resolution of 0.4 cm™'. The circles are the
experimental data and the solid line is the simulation (J.,.,=50, and
T.oe=35 K). The simulated spectral width is 0.4 cm™' for v,¢ and
1.2cm™ for vy,

generally not known for cryogenically cooled ionic species. In
the current experiment, the ion trap is attached to a cryogenic
cold head operated at 4.4 K. The trapped [N1-H]  anions
were cooled by collisions with the He/H, buffer gases for
about 0.1 second. Although it is believed the [N1-H]™ anions
were in thermal equilibrium with the buffer gas, the exact
temperature of the trapped anions was not known. The 35 K
rotational temperature obtained for the [N1-H]™ anions
suggested that either the anions were not completely equili-
brated rotationally or it could be heated possibly because of
collisions with the background gas during the ion extraction
process, which involved an acceleration of the anions by
a 15 V extraction potential.

In summary, we report for the first time high-resolution
vibrational spectroscopy of the dehydrogenated uracil radical.
Fundamental vibrational frequencies of 21 normal modes out
of a total of 27 were accurately measured by autodetachment
from DBS of cold deprotonated [N1-H]|™ anions. The EA of
the [N1-H]' radical was determined to be 3.4810 4 0.0006 e V.
The well-resolved rotational profiles provide extra informa-
tion of the trapped anion temperature. The current study
provides a new approach to obtain high-resolution vibrational
spectroscopy of transient dipolar radicals by autodetachment
of DBS of cold anions. The current approach has a few unique
advantages. First, resonant excitations to dipole-bound states
usually occur in the visible or UV regime. Thus, vibrational
spectroscopy for dipolar radicals can be done using visible or
UV light, even for very low vibrational frequency modes,
which cannot be accessed by infrared spectroscopy because of
the lack of suitable infrared light sources. Second, the
vibrationally cold anions greatly simplify the spectral con-
gestions and even allow rotational profiles to be obtained for
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complex species. Third, no van der Waals complexes are
needed; as long as the neutral radical has a sufficiently large
dipole moment to support dipole-bound states, its vibrational
spectroscopy can be probed using the current technique.
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