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ABSTRACT: Biological entities, such as DNA bases or
proteins, possess numerous tautomers and isomers that lie
close in energy, making the experimental characterization
of a unique tautomer challenging. We apply VUV
synchrotron-based experiments combined with state-of-
the-art ab initio methodology to determine the adiabatic
ionization energies (AIEs) of specific gas-phase cytosine
tautomers produced in a molecular beam. The structures
and energetics of neutral and cationic cytosine tautomers
were determined using explicitly correlated methods. The
experimental spectra correspond to well-resolved bands
that are attributable to the specific contributions of five
neutral tautomers of cytosine prior to ionization. Their
AlEs are experimentally determined for the first time with
an accuracy of 0.003 eV. This study also serves as an
important showcase for other biological entities presenting
a dense pattern of isomeric and tautomeric forms in their
spectra that can be investigated to understand the charge
redistribution in these species upon ionization.

Ionization of large biomolecules, such as DNA or proteins,
may cause structural damage and hence make their structural
identification difficult. This is closely connected with
biomolecules with hazardous genetic mutations with, for
instance, enhanced risk for cancer.'”® The underlying
mechanisms when energetic particles (e.g, photons, electrons)
interact with biological species are not well understood. In
particular, complete knowledge of the effects of ionizing
radiation on biomolecules requires a deep understanding of the
makeup and pattern of the molecular building blocks (i.e.,
nucleobases and amino acids) and of their spectroscopic and
thermochemical properties. Despite a large number of
experimental and theoretical studies,* fundamental properties
such as adiabatic ionization energies (AIEs) of specific DNA
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bases are still not well established or not known. The
experimental complexities of this problem arise from the
large number of tautomers and isomers that lie close in energy
and possess relatively low potential barriers for interconver-
sion.” This results in mixtures of unknown composition of
several tautomers and isomers prior to experimental inter-
rogation. In this case, the assignment of species-specific spectra
is difficult and not straightforward and hence does not allow the
unequivocal determination of their spectroscopic character-
ization.

Cytosine, of interest in this contribution, falls into this
category. Previous theoretical studies’™® showed that cytosine
possesses several tautomers that lie close in energy (cf. Scheme
1). The most stable form is C2b, followed by C1, C2a, C3a, and
C3b. However, all are located within energy differences of less
than 0.15 eV. The four other tautomers (C4, CS, Cé6a, and
C6b) are predicted to be less stable and higher in energy (at
0.362, 0.537, 0.725, and 0.858 eV). Therefore, prior to any
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experimental interrogation, there will most likely be a mixture
of cytosine tautomers. Strictly speaking, upon ionization all
forms are expected to contribute to the ionization spectra with
overlapping bands, which would complicate the analysis of
cytosine photoionization spectra. Knowledge of the AIEs of
cytosine tautomers would provide important fundamental data
useful for the analysis. However, such basic data are not well
established despite the large number of experimental studies
that have examined the photoionization of cytosine (see ref 5).
For instance, the measured values for photoionization of
cytosine range from 9.0 to 8.45 eV.”~" It should be noted that
the up-to-date AIE determinations correspond to average values
(AIE = 8.60 + 0.05 eV’ and 8.66 + 0.01 eV'?"), ie., without
specificity to any tautomer. Previous studies assumed that the
prevalent contribution to the photoionization of cytosine arises
from the three lowest-energy isomers. Such an assumption is
questionable and biases the spectral assignment and the
deduction of the corresponding ionization energies for specific
cytosine tautomers. Moreover, the photoionization signal
associated with this DNA base might be too low (low density
of cytosine in the gas phase upon vaporization, thermal
decomposition, and formation of clusters instead of mono-
mers). This highlights the difficulties and challenges associated
with the analysis of the photoionization spectra of such
monomeric species.

In this combined theoretical and experimental work, we
investigated the VUV single photon ionization of cytosine. The
experiments were performed at the DESIRS beamline" of the
French synchrotron SOLEIL coupled to the DELICIOUS3
double-imaging electron/ion coincidence spectrometer (i2PE-
PICO) of the double-skimmer molecular beam setup
SAPHIRS'®'"” combining a velocity map imaging (VMI)
electron analyzer with a Wiley—McLaren ion time of flight
(TOF) mass spectrometer to detect and image the photoions.
Cytosine tautomers were vaporized using an in-vacuum
temperature-controlled oven. The resulting vapor was
expanded through a micrometric nozzle/skimmer assembly
comprising a 70 ym nozzle using Ar as the carrier gas to form a
molecular beam, which was skimmed twice before arriving at
the ionization chamber. Two Ar backing pressures were used,
0.5 and 3 bar, leading to different translational temperatures.
These were measured by ion imaging, as explained in the
Supporting Information (SI), and found to be markedly
different (390 and 150 K, respectively). Representative ion
imaging spectra are shown in Figure 1. The molecular beam
conditions (oven temperature, carrier gas pressure, etc.) were
optimized to get enough cytosine monomers into the gas phase
prior to ionization (cf. Figure 2). Moreover, we were able to get
a “cold” cytosine molecular beam possessing several low-energy
isomers.

The single photon ionization of cytosine isomers was
performed by electron/ion imaging coincidence spectroscopy.
After photoionization, the spectra of close to zero kinetic
energy photoelectrons (threshold photoelectron photoion in
coincidence (TPEPICO) spectra) associated with cytosine
cations were recorded as a function of the wavelength close to
the corresponding adiabatic ionization thresholds. We also
collected the ion images and TOFs of these species in order to
deconvolve the direct and dissociative ionization processes by
their 3D momenta. Hence, we were able to certify that the
cytosine did not come from decomposition of cytosine clusters
(mainly dimers).
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Figure 1. Velocity distributions along the molecular beam (MB)
direction extracted from the ion images of the parent cytosine® for two
different Ar backing pressures, 0.5 bar (dashed red) and 3 bar (solid
black). The Boltzmann translational temperatures were determined
from the widths of the distributions. The inset shows the mass-selected
ion image for m/z = 111 for the case of Ar at 3 bar.

Figure 2 displays the TPEPICO spectra of cytosine recorded
in the 7.5-9.7 eV photon energy range using different
molecular beam conditions. This range covers the thresholds
of the low-lying isomers of this nucleobase. As established by
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Figure 2. TPEPICO spectra of the cytosine parent (m/z = 111 amu)
recorded using (A) an Ar backing pressure of 0.5 bar, (B) Ar at 3 bar
and low resolution, and (C) Ar at 3 bar and high resolution. The error
bars are shown in gray. In (B), the vertical combs correspond to the
computed adiabatic ionization energies (AIEs) of cytosine tautomers
as given in Tables 1 and 2. The black (blue) ones are for the
population of the cationic ground (first excited) states. In (C), the
vertical combs are for the AIEs derived from the fitting of the spectrum
(cf. Table 1 and Figure S2).
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Table 1. Adiabatic Ionization Energies (in eV) of Cytosine Isomers As Deduced from the TPEPICO Spectrum and As
Computed at the CCSD(T)-F12/cc-pVTZ-F12(+CV+SR+ZPVE) Level of Theory Using the Equilibrium Structures Optimized
at the PBEO/aug-cc-pVDZ Level

Cl - C1* C2a —» C2a* C2b — C2b* C3a — C3a" C3b —» C3b* C4 — C4" CS - C5* C6a —» C6a® C6b — Céb"
Theory
this work 8.741 8.661 8.671 8.727 8.700 8.341 8.223 8.188 8.193
ref 6 8.71 8.62 8.64 8.58 8.64 8.31
ref 87 8.64 8.51 8.53 8.67 8.64
Experiment
this work 8738 + 0.003  8.652 £+ 0.003  8.669 + 0.003  8.717 + 0.003 8.695 (not no peak no peak no peak no peak
resolved)
VUV-SPI® 8.68 + 0.05
EI" 9.0 £ 0.1
PES® 8.4S
VUV-SPI” 8.60 + 0.05
SPES 8.66 + 0.01

“CCSD(T), ZPE-corrected [B3LYP/6-31+G(d,p) frequencies]. bEOM—IP—CCSD/cc—pVTZ//IP—CISD/6—31+G(d), ZPE-corrected [wB97X-D/6-
31+G(d,p) frequencies]. “From ref 10. “From ref 9. “From ref 11.From ref 14.

Touboul et al,'"* single photoionization of cytosine occurs
mainly by a direct process, so the TPEPICO spectra
correspond to the populations of the cationic levels rather
than to autoionization lines.

Although the TPEPICO spectra in Figure 2 have similar
shapes, there exist noticeable differences due to the different
neutral internal energies of cytosine prior to ionization, ie., a
variation of the tautomer population, rotational broadening,
and Franck—Condon factors. Indeed, this figure shows that
cooling the cytosine molecular beam (by increasing the Ar
backing pressure from 0.5 to 3 bar) results in well-resolved
photoelectron spectra for the first time for this DNA base, in
contrast to the previous large, structureless photoelectronic
bands available in the literature for cytosine. The peaks in
Figure 2 correspond to the populations of the ground states of
the cationic cytosine isomers from their corresponding neutrals.
Therefore, the peaks in the cold cytosine spectrum can be
associated with the respective AIEs.

In order to deduce the AIEs, we performed a multipeak fit of
the high-resolution spectrum (Figure S2). The peak positions
are given in Table 1. The resolved peaks were fully assigned
after considering the following adiabatic transitions: C1 — C17,
C2a — C2a*, C2b — C2b*, C3a — C3a*, and C3b — C3b".
The adiabatic peak for C3b — C3b* could not be
experimentally resolved, but we nevertheless took it into
account for the multipeak fit following the theoretical
prediction and found that would be compatible with a location
between the C2b and C3a peaks. However, the contribution of
the less-stable neutral tautomers (C4, CS, C6a, and C6b) is not
evidenced since no peaks were recorded at their expected AIEs
(in the 8—8.35 eV range). We confirmed the contributions of

bands corresponding to the populations of the vibronic bands
of cytosine tautomer cations.

State-of-the art computations were carried out as described in
the SI to test and further validate the spectral assignments.
They correspond to the determination of the equilibrium
structures, energetics, and frequencies of both the neutral and
ionic species. We list in Table 1 the computed AIEs together
with their comparison to the present experimental ones. The
agreement between the measured and computed AIEs of the
cytosine tautomers is quite good, allowing the individual
identification of at least four cytosine conformers. Indeed, the
differences between the observed and computed AIEs are less
than 10 meV (absolute, without prior scaling). The current
value of the uncertainty is significantly smaller than the error
limit of +0.035 eV after comparing pulsed field ionization—
photoelectron (PFI-PE) experimental results with standard
CCSD(T) predictions of the AIEs of hydrocarbon radicals.'® In
addition, our calculations show that only slight geometrical
changes occur upon ionization of the observed cytosine isomers
(cf. Figure S4). This suggests that the Franck—Condon factors
for the 0 « O transitions are highly favorable.

We also computed the Dy — D; and D, — D, excitation
energies at the MRCI-F12/aug-cc-pVDZ level (see the SI). Our
data are listed in Table 2. Combining the AIEs of Table 1 and

Table 2. MRCI-F12/aug-cc-pVDZ Vertical Ionization
Energies (in eV) of the Two Lowest Doublet States (D, and
D,) of C1%, C2a*, C2b*, C3a*, and C3b*, Computed at the
Equilibrium Geometries of the Corresponding Ions and
Given with Respect to the Energies of the Cations’ Ground
States (D,) at Equilibrium

he five 1 ¢ . h C1* C2a* C2b* C3a* C3b*
the five Jowest-energy faiomers of ytosine fo fhe spectra Dy=D, 0736 1244 L4s6 130 1s73
recorded by the group at the Advanced Light Source.” It sho D, - D, 1.583 2358 2294 1.937 2.148

be noted that the assignment of the band at 8.695 eV to the
AIE transition for C3b may not be obvious because of the low
intensity and relatively large error bars of this band (see Table
1).

The present work and that of Bravaya et al.” raise questions
about the assumptions of Trofimov et al,,'® who assigned their
cytosine photoelectron spectrum by assuming that the only
contribution to the spectrum arises from the C2b tautomer. For
hv > 8.75 eV, the spectra are composed of several overlapped
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the excitation energies of Table 2 shows that the computed
ionization energies for the D, transition from their correspond-
ing neutral states are higher than 9.9 eV for all of the isomers
except for Cl. Therefore, the second band at the right-hand
side of the upper traces of Figure 1 is assigned to the
population of the D, state of the C1 tautomer solely.

To date, only the AIE of thymine has been determined
accurately by Choi et al.” after analysis of their mass-analyzed
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threshold ionization spectrum for thymine obtained with a very
high resolution (~0.1 meV). It should be noted that thymine is
less challenging than cytosine since only a unique tautomer of
thymine contributes to the experimental spectra. At present we
have identified without ambiguity the specific contributions of
the five lowest-lying isomers of cytosine to the photoionization
spectra. This was possible after monitoring of the physical
conditions of the neutral molecular beam together with the
outstanding performance of the imaging detectors. Moreover,
the first-principles ab initio computed energetics are in
excellent agreement with those deduced experimentally (within
the error bars of the experiments).

We show in the SI that the charge distribution upon
ionization depends on the considered tautomer. Accordingly,
the charge dynamics after ejection of an electron from the
outermost molecular orbitals of cytosine tautomers should be
quite different and tautomer-dependent. Such effects can be
probed using the recently developed ultrafast XUV pump—
probe excitation light source-based experiments.”"** Therefore,
our work adds a new dimension that leads to a much better
definition of the electronic structures of the cations and grants
access to their state-selected photochemistry and to an
understanding of the effects of the interaction of the ionizing
matter on DNA double-strand formation and RNA folding.
More generally, this work not only highlights the importance of
a combined experimental and theoretical approach to provide
accurate spectral characterization of a complex biomolecule
such as cytosine but also establishes the capabilities of this
approach for future studies of other biological entities and their
oligomers and clusters.
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