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Institut Pierre et Simon Laplace, 61 Avenue du Geńeŕal de Gaulle, 94010 Cret́eil, France
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ABSTRACT: We report on the vibronic structure of the ground state X̃2A″ of the
thymine cation, which has been measured using a threshold photoelectron
photoion coincidence technique and vacuum ultraviolet synchrotron radiation. The
threshold photoelectron spectrum, recorded over ∼0.7 eV above the ionization
potential (i.e., covering the whole ground state of the cation) shows rich vibrational
structure that has been assigned with the help of calculated anharmonic modes of
the ground electronic cation state at the PBE0/aug-cc-pVDZ level of theory. The
adiabatic ionization energy has been experimentally determined as AIE = 8.913 ±
0.005 eV, in very good agreement with previous high resolution results. The
corresponding theoretical value of AIE = 8.917 eV has been calculated in this work
with the explicitly correlated method/basis set (R)CCSD(T)-F12/cc-pVTZ-F12,
which validates the theoretical approach and benchmarks its accuracy for future studies of medium-sized biological molecules.

I. INTRODUCTION

Thymine (T) is a deoxyribonucleic acid (DNA) base of primary

biological importance. The study of the mechanisms underlying

the interaction of such compounds with ionizing light is crucial
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to understand the damages produced by ionizing radiation on
larger biomolecules, such as DNA and ribonucleic acid (RNA),
and therefore, the hazardous genetic mutations potentially
mediated by ions leading, for instance, to enhanced risk for
cancer.1−4 This requires a comprehensive understanding of
their electronic structure and the accurate determination of
their thermochemical data, such as their ionization energy (IE).
In this context, the vacuum ultraviolet (VUV) photo-

ionization of thymine was studied by several groups. For
instance, Lauer et al.,5 Dougherty et al.,6 Padva et al.,7 and
Urano et al.8 measured the photoelectron spectra of thymine.
The observed bands (rather large) were attributed to T+ ionic
electronic states. They were labeled according to the
designation of orbitals from which they arise by the help of
semiempirical computations. In 2005, Schwell and co-workers9

performed a photoionization mass spectrometry study of
thymine using BESSY I and BESSY II synchrotron radiation
as excitation source in the 6−22 eV photon energy region.
They found an experimental adiabatic ionization energy (AIE)
of AIE = 8.82 ± 0.03 eV. One year later, the group at Daresbury
Laboratory storage ring10 presented an angularly resolved
photoelectron spectrum of thymine. This spectrum was
assigned using their computed binding energies (BEs) and
spectral band intensities in the 8.82 to 17.35 eV energy range.
These computations were done using outer-valence Green’s
function and algebraic-diagrammatic construction methods.10

In addition, their angle-dependent photoelectron measure-
ments helped to distinguish between σ and π orbitals in the
assignment. For instance, these authors showed that the
outermost molecular orbitals (MOs) of thymine have the
following character and BE: 6a″(π6), BE = 8.85 eV; 5a″(π5), BE
= 10.46 eV; 18a′ (σLP‑O), BE = 10.46 eV; 17a′(σLP‑O), BE =
11.36 eV; 4a″(π4), BE = 12.52 eV. In general, these authors
achieved a satisfactory agreement with their own and previous
experimental spectra for the low-lying bands, whereas some of
the inner-valence photoelectron bands, especially above 14 eV,
are hard to assign because of the possible overlap between
them.10 More challenging, Choi et al.11 measured a mass-
analyzed threshold ionization (MATI) spectrum of thymine
with a very high resolution (∼0.1 meV) in 2005. This spectrum
corresponds to the photoionization of jet-cooled T close to the
ionization threshold region, between its IE and IE + 1800 cm−1

(IE + 0.22 eV). It presents a rich structure that was attributed
to the population of the lowest vibrational levels of the T+

cation in its electronic ground state. This spectrum is
dominated by the 0−0 transition, allowing one to accurately
measure AIE(T) (= 8.9178 ± 0.0010 eV). The first normal-
mode analysis of T+ for the observed vibrational structure was
also presented in the work of Choi et al.,11 with the observed
bands corresponding to the population of the low-frequency
modes ν+27, ν

+
30, ν

+
33, and ν+39 of T

+.
Later on, Bravaya et al.12 presented a complete theoretical

vibrational analysis of the T+ (D0) ground state between 8.7
and 9.7 eV. They used the high resolution MATI spectrum of
Choi et al.11 to satisfactorily test the quality of their
calculations. They computed AIE(T) of 8.89 eV, which differs
by only ∼0.02 eV from the AIE of Choi et al.11 Also, the
positions and relative intensities of the experimental vibrational
bands were nicely reproduced by their (blue-shifted) theoretical
spectrum. Moreover, these authors calculated the vertical
ionization energies for the six lowest ionized electronic states
of thymine using different theoretical methods. The ordering in
energy of the electronic states and of their nature agree with the

results of Trofimov et al.10 and with those deduced from the
experimental photoelectron spectrum (PES) band positions
after differentiating their photoionization efficiency (PIE)
spectrum (dPIE/dE curve).12 Nevertheless, the relative spectral
intensities of the experimental PES bands from Trofimov et
al.10 are not well-reproduced by the dPIE/dE curve.
More generally, previous theoretical and experimental works

established that thymine, unlike other DNA bases (e.g.,
cytosine or guanine), has no low closely lying tautomers.13

The most stable tautomer of thymine in the gas phase possesses
a diketo structure,14,15 while the most stable enolic tautomer
lies ∼45 kJ/mol (∼0.47 eV) higher than that of the diketo
tautomer.13 Eleven other tautomers were also identified, with
energies up to 130 kJ/mol above the most stable one.
Therefore, the temperature needed to vaporize thymine, close
to 500 K,16 will produce a molecular jet with a unique tautomer
associated with the diketo structure. The gas-phase PES
spectrum is therefore not complicated by the contribution of
several tautomers prior to ionization. However, the rotation of
the methyl group of thymine (Figure 1) gives rise to two

possible conformers, cis and trans. The trans form is a
transition state. There is an interconversion barrier of ∼0.06
eV,17 so that only the cis-rotamer is expected to be present in a
jet-cooled molecular beam.
To investigate the ionization process of thymine and explore

the possible vibrational features of thymine cation, here we
report a single photon ionization study of gas phase thymine by
means of VUV synchrotron radiation coupled to a velocity map
imaging electron/ion coincidence spectrometer. We recorded
the slow photoelectron spectrum (SPES)18−20 of thymine in
the 8.7−9.7 eV range. Our work shows that the photoionization
of T occurs mainly via a direct process near the ionization
thresholds. The experimental spectra present rich vibrational
structures from IE up to IE + 1 eV. These features correspond
to the intact parent T+ cation, since no fragmentation is
expected below 10.7 eV as established by Schwell and co-
workers.9 We also performed ab initio computations for the
determinations of the equilibrium geometry, the adiabatic
ionization energy, and the harmonic and anharmonic
frequencies of the T+ cation ground state. With the help of
these theoretical results, the experimental bands were attributed
to the population of the vibrational levels of thymine+ cation in
its electronic ground state (X̃). This work extends, hence the
previous investigations on this DNA basis, with the rich
interplay offered by high level computations associated with the

Figure 1. Numbering of the atoms constituting the thymine (neutral)
molecule as used in the following tables.
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SPES technique, combining quite high resolution and a broad
binding energy range.

II. METHODOLOGIES
a. Theoretical Details. The geometry optimizations and

derivation of harmonic and anharmonic frequencies of T and of
T+ in their electronic ground states are performed using the
standard options as implemented in the GAUSSIAN0921 and
MOLPRO22 suites of programs. All calculations were carried
out in the C1 point group.
These computations were done first using the pure

functional of Perdew, Burke, and Ernzerhof with adiabatic
connection functional model (PBE0)23 and complete active-
space self-consistent field (CASSCF)24,25 method with aug-cc-
pVDZ basis set.26,27 In the PBE0 calculation, the spin
contamination of T+ is negligible as the eigenvalue of the S2

operator is close to 0.75. The anharmonic frequencies at the
PBE0/aug-cc-pVDZ level were obtained from the derivatives
(second, third, and fourth) of the ground state potentials and
second-order perturbation theory treatment of nuclear motions
as implemented in GAUSSIAN09.21 The CASSCF active space
is constructed from the molecular orbitals HOMO−4 to
LUMO+4, including the π and π* orbitals of C2O7, C4O8,
and C5C6 bonds. The 9 core orbitals and the first 19 valence
orbitals (up to HOMO−5) were kept as closed orbitals during
the CASSCF calculations. This leads to 27720 configuration
state functions (CSFs) to be treated.
In order to derive more accurate energetics with reduced

computational cost, we performed computations at the
(R)CCSD(T)-F12(b)/cc-pVTZ-F12 (+CV+SR+ZPVE) level
as described in refs 28 and 29. Briefly, single-point calculations,
at the geometries of T and T+ optimized at PBE0/aug-cc-pVDZ
level, are done using the (R)CCSD(T)-F12 (approximation b)
explicitly correlated method30−32 in connection with the cc-
pVTZ-F12 explicitly correlated basis sets33 and the correspond-
ing auxiliary basis sets and density-fitting functions.34−37 Then,
we include the core−valence (CV, as the difference between
CCSD(T)/cc-pwCVTZ38,39 energies with and without consid-
ering core electrons) and scalar-relativistic (SR, as the
difference between CCSD(T)/cc-pVTZ-DK40−42 and CCSD-
(T)/cc-pVTZ energies) corrections. Finally, we took into
account the zero-point vibrational energy correction (ZPVE)
obtained at the PBE0 level.
b. Experimental Details. We performed electron/ion

imaging coincidence spectroscopy on the VUV DESIRS
beamline43 at the third generation, French synchrotron facility
SOLEIL located in St Aubin, France.
Thymine was placed into an in-vacuum stainless steel CF

oven and heated to 200 °C. This temperature was chosen, since
it is the minimum value to provide a satisfactory signal-to-noise
ratio and, at the same time, ensuring the formation of a single
thymine tautomer. Then, the resulting vapor was mixed with 1
bar of He and expanded through a 50 μm nozzle, which was
situated at more than 2 cm from the skimmer to avoid clogging
by deposition. Under these expansion conditions, no evidence
of cluster formation was seen, either in the mass spectra or in
the kinetic energy release distribution of the parent thymine
ion. The skimmed molecular beam enters the ionization
chamber where it crosses the synchrotron beam at a right angle.
The electrons and ions produced were detected and mass and
energy analyzed by the DELICIOUS III double imaging
coincidence spectrometer.44 The experimental setup and
procedure to measure SPES spectra were already well-described

in refs 18−20. In this study, the electrostatic conditions inside
the ion source were such to ensure full transmission of
photoelectrons with kinetic energies up to 3.5 eV. For the
energy scans, the monochromator slit was set at 200 μm, giving
a photon bandwidth of 12 meV at 10 eV. A pressure of 0.27
mbar of Ar was fed into the gas filter45 to suppress high
harmonics emitted by the undulator. Absorption lines of Ar in
this filter are used to calibrate the energy scale to an absolute
accuracy of better than 1 meV.
For each photon energy, the coincidence scheme yielded

mass-filtered photoelectron images for all the species present in
the mass spectrum. We monitored the ionization yield as well
as the photoelectron spectra obtained with the pBasex
algorithm46 as a function of the wavelength, all of which were
obtained simultaneously. The data were normalized by the
photon flux measured using a dedicated photodiode (AXUV,
IRD) placed downstream of the photon/sample interaction
region.

III. RESULTS AND DISCUSSION

a. Equilibrium Geometries and Vibrational Spectros-
copy of T+(X̃2A″). Similar to the neutral molecule, the ground
state is of cis structure (Figure 1), whereas the trans cationic
form corresponds to a transition state. The ground state of T+

cation is of the X̃2A″ space symmetry. It is obtained by removal
of one electron from the outermost a″ molecular orbital (π
type) of thymine as given in ref 12. We give in Table 1 the main
equilibrium geometrical parameters of neutral thymine and of
its cation computed at the PBE0/aug-cc-pVDZ and CASSCF/
aug-cc-pVDZ levels. To assess the accuracy of our results, we

Table 1. Main Geometrical Parameters (Angstroms and
Degrees) of the Thymine Cation Ground State, Obtained at
the PBE0/aug-cc-pVDZ and CASSCF/aug-cc-pVDZ Levels
of theory

method PBE0a B3LYPb CASSCFa

basis set aug-cc-pVDZ 6-31G(d,p) aug-cc-pVDZ

N1−C2 1.435 1.447 1.438
C2−N3 1.367 1.373 1.361
N3−C4 1.393 1.401 1.398
C4−C5 1.488 1.494 1.479
C5−C6 1.408 1.409 1.427
C6−N1 1.321 1.326 1.293
C2−O7 1.198 1.201 1.201
C4−O8 1.206 1.211 1.201
C5−C9 1.465 1.473 1.490
N1−H10 1.020 1.021 1.005
N13−H11 1.018 1.018 1.001
C6−H12 1.092 1.087 1.079
C9−H13 1.104 1.100 1.088
C9−H14 1.104 1.100 1.088
C9−H15 1.094 1.090 1.084
N1−C2−N3 113.5 113.0 114.1
C2−N3−C4 127.0 127.3 126.5
N3−C4−C5 115.5 115.3 115.8
C4−C5−C6 118.1 118.2 117.3
C5−C6−N1 120.6 120.6 121.2
N3−C2−O7 127.2 127.6 127.5
N3−C4−O8 122.3 122.4 122.2
C4−C5−C9 118.7 118.6 120.2

aThis work. bref 49.
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list in Table S1 of the Supporting Information the molecular
parameters of neutral T ground state and their comparison to
previous experimental and theoretical data. This table shows
that the present PBE0/aug-cc-pVDZ data are in close
agreement with those deduced from X-ray studies47 and
those computed using the costly CC2/TVZP method.48

Accordingly, the PBE0s achieved accuracy is large enough for
the present study. Particularly, for T+(X̃2A″), Table 1 shows
that both our PBE0/aug-cc-pVDZ and CASSCF/aug-cc-pVDZ
structural parameters are in agreement with those deduced
using B3LYP/6-31G(d,p) by Wetmore et al.49

Inspection of the geometrical parameters of both neutral and
cationic species reveals that the main changes between T(X̃1A′)
and T+(X̃2A″) occur for the bond lengths N1−C2 and C5−C6

together with slight changes for C5−C6−N1, N1−C2−O7, and
N3−C4−O8 in-plane angles. These geometrical changes should
result in relatively long vibrational progressions for the
population of some vibrational modes of the cation. Since
vibrational analysis exists only for some T+(X̃2A″) vibration
modes,11,12 we computed the harmonic and anharmonic
frequencies of the T+(X̃2A″) state. The corresponding results
are given in Table 2. These frequencies are listed in a
descending order under a′ symmetry (in-plane vibrations) and
then a″ symmetry (out-of-plane vibrations). We present in
Table S2 of Supporting Information the frequencies of neutral
T(X̃1A′) together with their comparison with previous
theoretical and experimental works. Generally, our anharmonic
frequencies differ by less than 20−30 cm−1 from the most

Table 2. Harmonic and Anharmonic Frequencies (in Inverse Centimeters) of Ground State (X̃2A′′) of Thymine+, Obtained at
the PBE0/aug-cc-pVDZ Level of Theorya

method ωB97X-Db PBE0c CASSCFc

basis set 6-31+G(d,p) aug-cc-pVDZ aug-cc-pVDZ

no. symmetry harmonic harmonic anharmonic anharmonicd exptle assignment

1 a′ 3611 3574 3398 3449 ν NH
2 a′ 3590 3551 3382 3414 ν NH
3 a′ 3230 3222 3074 3049 ν CH
4 a′ 3189 3191 3051 2980 ν CH
5 a′ 3038 3020 2885 2884 ν CH
6 a′ 1910 1857 1824 1737 ν(C2O7), β NH
7 a′ 1813 1776 1723 1710 ν(C4O8), β NH
8 a′ 1629 1615 1570 1608 1541 ν(C6N1), β CH
9 a′ 1549 1540 1503 1508 β NH, δ ring
10 a′ 1488 1453 1408 1447 β CH, δ ring
11 a′ 1453 1433 1385 1400 β NH, δ ring
12 a′ 1408 1407 1364 1392 β NH, δ ring
13 a′ 1381 1350 1313 1362 β CH, δ ring
14 a′ 1337 1315 1278 1293 1289 β CH, δ ring
15 a′ 1300 1294 1260 1248 1244 β NH, δ ring
16 a′ 1252 1236 1208 1219 β CH, δ ring
17 a′ 1216 1208 1181 1155 δ ring, β NH
18 a′ 1004 989 970 978 β NH, β CH
19 a′ 919 917 898 901 β CH, δ ring
20 a′ 777 778 761 742 730 δ ring, β CH
21 a′ 710 716 701 676 688 δ ring, β CH
22 a′ 587 582 577 556 δ ring, β CH
23 a′ 537 533 525 518 523 δ ring, β CH
24 a′ 447 444 440 431 δ ring, β CH
25 a′ 396 391 387 374 389 δ(N3C2O7), δ(N3C4O8)
26 a′ 299 290 292 276 δ(C4C5C9)
27 a″ 3095 3069 2899 2946 ω CH
28 a″ 1434 1388 1336 1425 γ CH
29 a″ 1012 1002 975 1033 γ CH
30 a″ 954 939 910 972 γ CH
31 a″ 780 799 782 775 γ NH, γ CH
32 a″ 716 756 737 697 γ NH, τ ring
33 a″ 687 707 685 647 γ NH, τ ring
34 a″ 668 687 668 598 γ NH, τ ring
35 a″ 379 391 383 375 γ CH, τ ring
36 a″ 282 290 282 266 τ ring, γ CH
37 a″ 136 145 140 118 τ ring
38 a″ 102 107 104 94 τ (−CH3 group)
39 a″ 58 77 82 75 38 τ (−CH3 group)

aAnharmonic frequencies are arranged according to the harmonic frequencies. The vibrational mode assignments are based on the PBE0
calculations. In-plane vibration: ν stretching, β bending, and δ deformation. Out-of-plane vibration: γ wagging, ω anti-symmetry stretching, and τ
torsion. bRef 12. cThis work. dCASSCF/aug-cc-pVDZ harmonic frequencies scaled by 0.91. See ref 50. eRef 11.
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accurate determinations found in the literature. Such an
accuracy is good enough for the assignment of the present
vibrationally resolved experimental spectrum. In addition, we
present in Table 2, the identification of these frequencies in
terms of normal modes.
b. Presentation of the 2D and 1D SPES Spectra of T.

The photoionization matrix of thymine in the photon energy
range of 8.7−9.6 eV is presented in Figure 2a. This three-

dimensional matrix represents the number of electron/ion
coincidences (as a color code, ascending from black to blue) as
a function of the photoelectron’s kinetic energy and the photon
energy. This spectrum presents several diagonal bright lines,
which correspond to the vibrational cationic levels populated by
direct ionization. The matrix reveals no obvious autoionization
processes that would be resonant with the photon energy and
thus would appear as localized spots in Figure 2a, aligned over
discrete vertical lines, instead of diagonal lines. Then, as
previously described (cf. refs 18−20), one can integrate the
electron signal along the diagonal lines up to a certain kinetic
energy to obtain the SPES, which yields a more favorable
compromise between signal-to-noise and resolution than the
commonly used TPES, where only threshold electrons with
close-to-zero kinetic energy are considered. The resulting
spectrum is given in Figure 2b. It exhibits a signal onset around
8.9 eV followed by rich well-resolved structures. This work

extends the experimental spectrum of Choi et al.11 limited to
∼0.2 eV above the AIE, to cover the whole T+ (X̃2A″) band.

c. Adiabatic Ionization Energy (AIE) of Thymine. The
first intense vibrational band of the SPES spectrum at hυ =
8.913 ± 0.005 eV corresponds to the AIE of thymine [i.e.,
thymine (X̃1A′) + hυ → thymine+ (X̃2A″) + e− photoionization
transition], where both the neutral and the ion are in their
vibrationless level. It is unlikely that this peak is due to hot
bands because of the cooling of thymine within the molecular
jet and its high intensity. Our value is in excellent agreement
with the very accurate VUV-MATI AIE (= 8.9178 ± 0.0010
eV) of Choi et al.,11 considering the given error bars in both
methods. The (R)CCSD(T)-F12(b) (+CV+SR+ZPVE) calcu-
lated AIE (of 8.917 eV) shows also an outstanding agreement
with these two experimental AIEs, especially with the VUV-
MATI AIE. The high performance of this theoretical procedure
was already noticed in ref 28.
Figure 2b shows graphically that other experimental

methods, namely VUV-SPI in connection to mass spectrometry
(sometimes called “PIMS” for photoionization mass spectrom-
etry or “PIE” for photoionization efficiency measurements),
and the theoretical PBE0 DFT methodologies fail to reach such
accuracy for the AIE of such compounds. For instance, the
discrepancy with the VUV-SPI IE value found by Jochims et al.
(8.82 ± 0.03 eV)9 is of the order of 0.1 eV too low. This is
most reasonably explained by the initial thermal energy content
of the thymine neutrals produced by the source used in ref 9. In
addition, the pointing error is increased in VUV-SPI measure-
ments since, contrary to methods where the electron energy is
analyzed, they represent the integral of all the states lying below
the photon energy. The VUV-SPI IE value of Bravaya et al.
(8.95 ± 0.05 eV),12 stated to correspond to the AIE by these
authors, is too high by about 0.04 eV. This points to a low
sensitivity for ion detection with their spectrometer in the
threshold region where the ion formation quantum yield is low.
Our current work highlights the interest of combining the SPES
and the explicitly correlated theoretical methods for the
determination of very accurate adiabatic ionization energies of
medium-sized biologically relevant molecular species.

d. Tentative Assignment of the SPES Spectrum. Both
the neutral and the cation belong to the Cs point group,
vibrational excitation of a′ and even overtones of a″ vibrational
modes are symmetry allowed upon single photon ionization.
We propose in Figure 3 and Table 3 a tentative assignment of
the vibrational photoelectron bands. These assignments are
based on the anharmonic vibrational frequency predictions
(Table 2), on the decomposition of the corresponding normal
modes on the internal coordinates, and on the analysis of
Bravaya et al.12 The present experimental resolution does not
allow resolving the low frequency modes (i.e., ν+27, ν

+
30, ν

+
33,

and ν+39) observed by Choi et al.11

We fully assign these vibrational features to the pure
vibrational progressions or combination modes involving the
vibrational modes 7, 8, 10, 14, 15, 19, 20, 21, 23, 25, and 26. We
measure hence ν+7 = 1750, ν+8 = 1548, ν+10 = 1452, ν+14 =
1282, ν+15 = 1226, ν+19 = 903, ν+20 = 726, ν+21 = 661, ν+23 =
484, ν+25 = 395, and ν+26 = 258 (all values are in inverse
centimeters). All these modes, for which Krylov and co-
workers12 predicted nonzero Franck−Condon transition
intensities, are active upon single photoionization of neutral
thymine. Nevertheless, our attribution presents some deviations
from the one proposed by these authors. Indeed, we did
reassign the peak at 9.093 eV to the X̃100

1 (computed at 1447

Figure 2. (a) 2D photoionization matrix of thymine providing the
electron signal as a function of its kinetic energy and the photon
energy. The photon energy step is 2.5 meV. (b) Slow photoelectron
spectrum (SPES) deduced from the 2D spectrum after considering all
electrons having kinetic energies between 0 and 70 meV. The total
energy resolution is close to 30 meV. The vertical combs are for the
present and previous determinations of AIE of thymine: this work at
the PBE0/aug-cc-pVDZ (+ZPVE) (in green), at the (R)CCSD(T)-
F12(b) (+CV+SR+ZPVE) (in red), and SPES (in black). VUV-
MATI11 (in blue), VUV-SPI (9)9 (in light blue), and VUV-SPI (12)12

(in pink).
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cm−1, Table 2) transition instead of the X̃120
1 since the

computed anharmonic frequency for mode 12 (of 1364−1392
cm−1) is too low compared to the experimental one. This band
may correspond also to the X̃320

2 or X̃200
2 transitions that are

expected to lie there. For the band at 9.072 eV, we propose
either the X̃140

1 transition or the X̃210
2 transition. For energies

>9.2 eV, the SPES spectrum consists of unresolved bands
because of the contribution of several transitions. Nevertheless,
we propose the following attribution to the bands: X̃140

180
1 at

9.260 eV, X̃80
2 at 9.295 eV, and X̃190

180
2 at 9.398 eV. Note that

we are quite confident in the assignments of the fundamentals
since they correspond to isolated peaks in the experimental
spectra, whereas the deduction may be tentative for the
combination and overtones bands because of the congestion of
the spectrum at these energies.

IV. CONCLUSIONS
We investigated the vibrational structure of the ground state of
the thymine+ cation using combined theoretical and exper-
imental SPES approaches. The experimental spectrum presents
rich vibrational structures that extend the earlier work of Choi
et al.11 using a VUV-MATI technique toward a full coverage of
the cation ground state. Taking advantage of the optimized
resolution/statistics offered by the SPES technique, we were
able to determine the fundamentals and some overtones and
combination modes involving the cationic vibrational modes 7,
8, 10, 14, 15, 19, 20, 21, 23, 25, and 26. We further
demonstrated that the SPES techniques allow for accurate
measurement of the AIE of better than 5 meV for such
biological compounds. Generally, we found an excellent
agreement between the present experimental and theoretical
determinations and previous works.
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