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Oxidation of the nucleobases is of great concern for the stability of DNA strands and is considered as a
source of mutagenesis and cancer. However, precise spectroscopy data, in particular in their electronic
excited states are scarce if not missing. We here report an original way to produce isomer-selected
radical cations of DNA bases, exemplified in the case of cytosine, through the photodissociation of cold
cytosine-silver (C-Ag*) complex. IR-UV dip spectroscopy of C-Ag" features fingerprint bands for
the two keto-amino cytosine tautomers. UV photodissociation (UVPD) of the isomer-selected C-Ag*
complexes produces the cytosine radical cation (C**) without isomerization. IR-UV cryogenic ion

Received 26th August 2022, spectroscopy of C** allows for the unambiguous structural assignment of the two keto-amino isomers

Accepted 8th October 2022 of C**. UVPD spectroscopy of the isomer-selected C** species is recorded at a unique spectral
resolution. These benchmark spectroscopic data of the electronic excited states of C** are used to

assess the quantum chemistry calculations performed at the TD-DFT, CASSCF/CASPT2 and CASSCF/
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1 Introduction

Understanding the detailed mechanisms responsible for DNA
damage derived from endogenous and exogenous sources is of
great importance because they can lead to genomic instability
and carcinogenesis if the DNA reparation mechanisms fail.
Among the exogenous sources of DNA damage, ionizing radia-
tion plays a relevant role since the electron hole produced upon
ionization migrates along the double helix followed by proton
transfer (PT) reactions." The intermolecular PT reactions
between complementary bases Adenine-Thymine (A-T) or
Guanine-Cytosine (G-C) are facilitated upon ionization of one
of the bases by lowering the energy barrier for the reaction.’
This PT reaction leads to tautomerization of the bases, which
disrupts the Watson-Crick (WC) hydrogen bonding pattern
established for the A-T and G-C pairs, and the subsequent

“ Université Paris-Saclay, CNRS, Institut des Sciences Moléculaires d’Orsay,
F-91405 Orsay, France. E-mail: gilles.gregoire@universite-paris-saclay.fr
b INFIQC (CONICET-UNC), Ciudad Universitaria, Pabellon Argentina,
5000 Cérdoba, Argentina. E-mail: gpino@unc.edu.ar
¢ Departamento de Fisicoquimica, Fac. de Ciencias Quimicas, Universidad Nacional
de Cordoba, Ciudad Universitaria, Pabellon Argentina, X5000HUA Cérdoba,
Argentina
4 Centro Laser de Ciencias Moleculares, Universidad Nacional de Cérdoba,
Ciudad Universitaria, Pabellon Argentina, X5000HUA Cérdoba, Argentina
¢ Université Gustave Eiffel, COSYS/IMSE, 5 Bd Descartes 77454, Champs sur Marne,
France. E-mail: majdi.hochlaf@univ-eiffel.fr
t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2¢cp03953b

25182 | Phys. Chem. Chem. Phys., 2022, 24, 25182-25190

strand scission and mutagenesis. Ionizing radiation may lead
to the formation of the radical cations of the DNA bases in their
electronic excited states. Therefore, to have a complete knowl-
edge of the effect of ionizing radiation on DNA, it is important
to understand the underlying molecular mechanisms when
light interacts with DNA bases, its building-blocks, as well as
their spectroscopic and molecular properties.

Gas phase studies offer the possibility to access information
of the intrinsic physical and chemical properties of DNA bases.
From an experimental point of view, the main problem arises
from the large number of isomers/tautomers of each DNA
base that can be populated even at low temperature as achieved
in molecular beams. Microwave spectroscopy is particularly
suitable to assign the tautomers of DNA bases through the
analysis of the corresponding rotational spectrum. Previous
works showed that complexity increases in the following order:
thymine,® then adenine,” followed by cytosine® and finally
guanine.® While a single isomer of thymine is observed, a
mixture of at least 3 and 4 tautomers of cytosine and guanine
have been identified, respectively. In principle, double resonance
IR-UV and UV-UV laser spectroscopies allow recording isomer-
selected spectra.” However, such technique could not be used for
molecular species that have ultrashort excited state lifetime, as in
the case of the canonical tautomer of guanine.®™°

In the specific case of cytosine (C), there is at least 6 low
lying energy tautomers as shown in Scheme 1. The keto-amino
(C4) tautomer, the two enol-amino isomers (C,, and C,p,) and
the keto-imine tautomer (Cs,) have been identified by IR and
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Scheme 1 Six low lying energy minima of cytosine.

UV spectroscopies of the neutral molecule in the gas phase'"*?

and in low-temperature rare gas matrix."* Besides, Lapinski
et al. showed that a second keto-imine isomer (Cs,) can be
formed following the photo isomerization of the Cj, form.™
However, the second keto-amino (C,) isomer, predicted at
much higher energy, has never been experimentally observed
in isolated conditions. It should be stressed out that in water
solution, the keto tautomers (C; and C,) are the most stable
structures due to their larger dipole moments than the other
enol and imine tautomers.">"® Finally, while protonated keto
and enol cytosine have been experimentally assigned by cold
ion spectroscopy,'” only the keto tautomer C, was observed for
alkali metal cations containing cytosine complexes."®
Although neutral cytosine can be found in several tauto-
meric forms in the gas phase, only the C; tautomer and its
radical cation C,;*" are canonical structures in the nucleic acids.
The other tautomers are non-canonical and could be involved
in mutation processes. While neutral cytosine has been exten-
sively characterized by different isomer-selective spectrosco-
pies, the works on its radical cation (C*") are rather scarce.
Therefore, detailed studies with isomer-selectivity are needed to
reach a better understanding of their intrinsic properties. Most
of the experimental results have been obtained at synchrotron
facilities. Not only the ground cationic state but also the
corresponding excited states of the DNA bases can be reached
upon excitation of the neutral base with VUV (vacuum ultra-
violet) photons. Extensive experimental®' and theoretical
works®*?* dealing with the determination of fundamental
properties such as the vertical and adiabatic ionization energies
(Ey and E,q, respectively) of the DNA bases have been performed
in the past. Despite the large number of studies on this topic,
the E,q of all tautomers/isomers of the DNA bases are not
completely established yet because of the lack of isomer
selectivity in the VUV photoionization process. Besides, the
relative population of the different tautomers/isomers in
the gas phase may vary upon the vaporization method used
(thermal heating, laser desorption, helium droplet. ..).>***
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Spectroscopy information of the cytosine radical cation (C*")
is rather scarce. To the best of our knowledge, there are a few
experimental works dealing with the excited states of C*'.
In two of them,?®*” a mixture of keto, enol and imine tautomers
of C*" was produced with a tunable synchrotron source by
single VUV photon ionization of a molecular beam of C
vaporized at high temperature. However, the lack of isomer
selectivity renders the assignment elusive. The experimental
results were interpreted with the help of high-level ab initio
calculations. For the analysis of these experimental spectra, a
further complication is that the radical cations possess low
lying excited electronic states. This results on their mutual
interactions by vibronic couplings and the subsequent mixing
of their electronic wave functions, which are thus of multi-
configutational nature. This means that from a theoretical
point of view, the approach to tackle the problem implies
dealing with excited states of open shell species, which is a
great challenge for such relatively large molecular system.

In 2017, Lesslie et al.>® probed a mixture of different isomers
of C**, which were produced by collision induced dissociation
(CID) of ternary copper complexes containing C in an ion trap
at room temperature. This mixture of C** isomers at room
temperature was analyzed by infrared multiphoton dissociation
(IRMPD) spectroscopy with a free electron laser and by low
resolution UV photofragmentation spectroscopy (UV-PD)
and complemented with theoretical calculations. At least four
isomers of C*" (C,.*", Cpp*", C;*" and C,*") were proposed and
several electronic bands were reported in the UV-PD spectrum.
Here again, the lack of isomer selectivity in the reported
spectroscopy and the low spectral resolution renders the com-
parison with calculations even more difficult. Reader are
referred to a recent review by Turecek on the generation and
action spectroscopy of DNA cation radicals.>

Former studies obviously showed that different tautomers of
cytosine can be produced depending on the experimental
conditions (gas phase, matrix, solution, metal complexes).
Here, we report an original way to produce isomer-selected
and cold radical cations of C*" that can be extended to other
DNA bases. The method is based on our recent studies on the
UV-PD spectroscopy of cold Cytosine-Ag" (C-Ag") complexes.*
The excitation of cold C-Ag" complexes in the spectral range
3.9-4.60 eV leads to the photochemical production of the
radical cation C*', through a weakly bound charge transfer
state (CT). Scheme 2 illustrates the energy diagram of C,-Ag"
leading to the dissociation into C,*" cation. The onset of the
n—n* transition of C;-Ag" is observed at 4.32 €V, the binding
energy (Ep) of the complex was calculated at 2.86 eV at the
B3LYP/6-31+G* level.*® The dissociation limit resulting in the
formation of C;*" can be roughly estimated, taken into account
the binding energy of the complex plus the difference of
ionization energies between cytosine C; (IE¢ = 8.73 eV)** and
silver atom (IE,, = 7.57 eV).*> A dissociation energy of about
4 eV is thus needed to produce C,*".

As compared to the aforementioned methods to produce the
radical cations, the main improvement of the photodisso-
ciation scheme is to take advantage of the isomer selectivity
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Scheme 2 Energy diagram of C;—Ag* with the dissociation limits to
neutral and cationic state of C;.

offered by the laser spectroscopy of the C-Ag" complex. Besides,
by applying cryogenic ion spectroscopy of isomer-selected
species, well-resolved vibrational spectra can be recorded and
directly compared to quantum chemistry calculations.*®
Indeed, we performed IR and UV cryogenic ion spectroscopy
on the C-Ag" complex and on the photochemical product C**.
Ground state vibrational (3 pm region) and vibronic spectra
(from 2 to 3.5 eV) are recorded with an unprecedented high
spectral resolution. The isomer selectivity allows for unambig-
uous structural assignments through comparison with DFT
based calculations and post Hartree-Fock computations. The
accurate treatment of the nature of the electronic excited states
of the radical cation species remains challenging.

2 Experimental and
computational methods
2.1 Experimental

The experimental setup in Orsay has already been described in
detail.* It is based on an electrospray ion source, a cryogenic
cooled 3D quadrupole ion trap (QIT, Jordan TOF Inc) and a
home-made linear time-of-flight mass spectrometer. A water/
methanol solution (1:1) of cytosine (200 uM) and AgNO;
(100 uM) is electrosprayed in front of a heated capillary, the
produced ions are then transferred into an octopole through a
skimmer and stored for 100 ms. A bunch of ions is extracted
from the octopole by a pulsed electrode and accelerated at
200 V. C-Ag' ions are mass-selected by a pulsed mass gate
located in front of the QIT biased at 200 V and mounted on a
cold head of a compressed helium cryostat (CH-204S, Sumi-
tomo) that maintains the temperature around 15 K. The mass-
selected complexes (m/z 218 and m/z 220, comprising the
two main silver isotopes) are stored and thermalized through
collisions with helium buffer gas injected by a pulsed valve
(Parker, general valve) a few ms before the entering of the ions.
Parent ions and photofragments, produced as described below,
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are mass-analyzed in a linear TOF-MS and detected by micro-
channel plates (Z-Gap, Jordan TOF Inc.).

Vis/UV lasers and an IR-OPO laser were used for the photo-
dissociation spectroscopy. UV photodissociation of C-Ag" com-
plexes is performed by shining the output of a ps OPA laser
(EKSPLA PG 411, 8-10 cm™ " bandwidth) and detecting the
cytosine radical cation fragment (C**) which is the most intense
photofragment of this complex (see Fig. SI1, ESI{). To record
the spectroscopy of C**, a first photodissociation laser is shined
at the early beginning of the trapping sequence (3 ms) when
C-Ag" complexes are already cooled and the relative pressure of
the helium in the QIT is still high enough to efficiently cool the
nascent C*" photofragment. An auxiliary RF (1-2 V during 2 ms
after the photodissociation laser) whose frequency is tuned in
resonance with the mass of the C-Ag" complex is sent to the
entrance endcap of the QIT to eject the remaining complex to
ensure the mass-selection of the C*". A second UV laser is then
shined about 40 ms later to record the photodissociation
spectroscopy of the cooled radical cation.

To record the IR signature of isomer-selected species, two
kinds of IR-UV double resonance spectroscopy have been
performed depending on the vibronic pattern of the UV spec-
trum. For species that show sharp vibronic transitions, IR-UV
dip spectroscopy is used, i.e. a tunable OPO IR laser (Laserspec)
excites the ions a few ps before the UV photodissociation laser
whose frequency is set on the band origin of the UV spectrum.
When the ions are selectively excited by the IR laser, the UV
photofragmentation yield is reduced by the depletion of its
ground vibrational state. When the UV spectroscopy exhibits a
broad absorption band, IR-UV gain spectroscopy is chosen,*®
i.e. the tunable IR laser is still shined a few us before the UV
laser whose frequency is, in this case, set off-resonance in the
red of the onset of the absorption band (red shifted by a few
nm). In that case, the resonant absorption of the IR photon
heats the molecules which can now absorb the UV photon and
triggers the photofragmentation. It is noteworthy that this
latter method is very sensitive since it allows detecting the IR
absorption on a background free UV signal.

2.2 Computational

The main aim of the present computations is to identify the
isomers/tautomers of the C*' radical cation produced after
photodissociation of C-Ag" complex. Therefore, two types of
computations were carried out dealing with the ground state
(Do) of these species and of their four lowest electronic excited
states (D;-D,). These computations consist of the geometry
optimizations of these electronic states followed by frequency
computations, where all internal coordinates were relaxed
(Cy point group). Specifically, the ground state equilibrium
geometries and frequencies of C-Ag" complexes and C*" radical
cation were calculated at the restricted and unrestricted DFT
CAM-B3LYP/aug-cc-pVDZ level, respectively, as implemented in
Gaussian16.’” Stuttgart effective core potential is used for
the silver atom.*® The harmonic frequencies were corrected
with a global scaling factor of 0.953.>° Excited state optimiza-
tions and frequency calculations of the different isomers of C**

This journal is © the Owner Societies 2022
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were performed at the TD-DFT level with the same functional
and basis set as for the ground state of the six lowest energy
isomers (two keto-amino, two enol-amino and two keto-imine
tautomers) as specified in Scheme 1.

Alternatively, we used a multi-configurational approach
as implemented in MOLPRO,*® which consists on geometry
optimizations of the specific electronic cationic states at the
state-averaged complete active space - self consistent field
(SA-CASSCF) level*"** and frequency computations, followed
by a single point computations of the D,-D,, (n = 1-4) excitation
energy using the explicitly correlated internally contracted multi
reference configuration interaction (MRCI-F12) approach.*>™*

At CASSCEF, the active space was constructed after consider-
ing as active 9 molecular orbitals (MOs) ranging from HOMO—4
to LUMO+3 whereas the core orbitals and the valence orbitals
up to HOMO—5 were considered as closed. At MRCI-F12, we
took into account all configurations having a weight >0.05 in
the CI expansion of the CASSCF wavefunctions. This results on
more than 3.2 x 10° (1.2 x 10%) uncontracted (contracted)
configuration state functions (CSFs) to be treated. In these
computations, all valence electrons were correlated in the
valence molecular orbitals space. The atoms were described
by the aug-cc-pVDZ basis set of Dunning and co-workers.***”
The CASSCF/MRCI-F12/aug-cc-pVDZ scheme should lead to
excitation energies as accurate (i.e. to within 0.1 eV) as those
that may be obtained using the standard CASSCF/MRCI/aug-cc-
pVQZ level but with a strongly reduced computational cost
(both CPU and Disks occupancy).*> Also, CASPT2 calculations
have been performed with a standard IPEA shift of 0.25 a.u.,
and a level shift of 0.3 a.u. on the same active space as for the
CASSCF method*®*° by means of the OpenMolcas suite of
program.>°

3 Results and discussion

3.1 Reassignment of the C-Ag" conformations through IR-UV
double resonance spectroscopy.

UV photodissociation of C-Ag" (m/z 218 and m/z 220) was
shown to generate C* (m/z 111) as the main fragmentation
channel.*>*! Such specific photofragment emphasizes the role
of excited state charge transfer following excitation of C-Ag"
over internal conversion to the complex ground state. Conver-
sely, silver cation (m/z 107 and m/z 109) and HNCO loses
(m/z 175 and m/z 177) are minor fragmentation channels
accounting for less than 10% of the total fragmentation yield
(Fig. SIla, ESIf). The HNCO loss is the signature of the
dissociation in the ground state of the complex since it is the
only fragmentation channel observed upon IRMPD or CID.>">
The UV photodissociation spectrum of cold C-Ag" complex has
already been reported®**! and is composed of a set of two
absorption bands, the most intense one (band B) peaked at
4.32 eV along with a weak signal (band A) starting at about
3.95 eV (see insert in Fig. 1). These bands were previously
assigned to the m-n* and n-o* excitation transitions of the
lowest energy isomer C;-Ag" of the complex, respectively, by
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Fig. 1 Observed and calculated IR spectra of the C-Ag* complex with
the UV wavelength set on (a) the band A at 3.95 eV and (b) the band B at
4.32 eV. The UVPD spectrum of C-Ag* is reported in insert with the 2 UV
transitions labeled A and B used for producing the cytosine radical cation.

comparison with adiabatic excitation energies calculated at the
SCS-CC2/def2-SVPD level.*! The new experimental and theore-
tical results reported here lead to a reassignment of the band A
at 3.95 eV.

The IR-UV gain spectra with the UV laser set to the red of
each band are shown in Fig. 1. These two IR spectra are clearly
distinct, revealing that two isomers contribute to the UV
spectrum of C-Ag®. In particular, a transition at 3408 cm™*
(Fig. 1b) is only detected when the UV is set on the first weak
band A of the UV spectrum (3.95 €eV).

The experimental IR-UV gain spectra are compared in Fig. 1
to the calculated vibrational spectra of the two lowest energy
minima of C-Ag" (keto-amino tautomer). C;-Ag" is the global
minimum, while C,~Ag" is calculated 0.18 eV above (see
Table 1). The calculated vibrational spectrum of the C;-Ag"
isomer shows a very good agreement with the IR spectrum for
which the UV is probing the intense band A at 4.32 eV.
As already reported,” SCS-CC2 excited state calculation

Phys. Chem. Chem. Phys., 2022, 24, 25182-25190 | 25185
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Table 1 Computed electronic energies corrected by the zero-point
energy (ZPE) of the isomers of cytosine silver (C-Ag*) complex and the
radical cation of cytosine (C**) as calculated at the restricted and unrest-
ricted CAM-B3LYP/aug-cc-pVDZ level, respectively. All energies are in eV.
For each species, the most stable form is used as reference

Cy Cy Cap Cza Csa Csp
C-Ag* 0 018 052 026 1.04 1.3
c 011 003 0 0.02 013  0.18
C** (from ref. 27)  0.112  0.010 0.000 0.016 0.142 0.186

@ RCCSD(T)-F12/cc-pVTZ-F12(+ACV + ASR + AZPVE).

predicts the adiabatic excitation energy of the n-n* transition of
the C;-Ag’ complex at 4.39 eV. However, the distinct IR
spectrum recorded when the UV laser is set on the band A at
3.95 eV reveals that a second isomer contributes to the UVPD
spectrum in this spectral region instead of the n-n* transition
of the C;-Ag" complex as previously assigned.***' The pre-
dicted vibrational spectrum of the C,-Ag" isomer satisfyingly
reproduces the experimental IR spectrum, in particular the
agreement with the slight splitting of the NH and symmetric
NH, stretches observed at 3408 cm™ " and 3441 cm™ ', respec-
tively. Besides, the adiabatic excitation energy of the m—m*
transition of the C,~Ag" isomer, corrected by the difference in
the zero-point energies between the ground and excited states,
is calculated at 3.86 eV (SCS-CC2/def2-SVPD), which equals the
experimental band origin within 10 meV. Finally, the predicted
IR spectra of the 4 others isomers of the C-Ag' complex
containing the cytosine enol (C,, and C,,) and keto-imine
(Csa and Cjp) are reported in Fig. SI2 (ESIT). These isomers
can readily be excluded from the discussion because of the poor
match with the present experimental spectra, in particular
because of the presence of the extra OH vibrational stretch
calculated at 3617 cm ™' and 3604 cm ™" for the enol tautomers
and the missing asymmetric NH, stretch for the keto-imine
tautomers.

3.2 UV spectroscopy of C** produced from the
photodissociation of the C-Ag" complexes

Cytosine radical cation is produced from the UV photodissocia-
tion of two isomers of the cytosine-silver complex, C;-Ag" and
C4-Ag'. However, as reported in Table 1, the lowest energy
isomers of C** are the enol C,,*" and C,,*" forms, so one can
wonder whether these two keto tautomers will be preserved in
the cationic form after photodissociation or intramolecular
isomerization occurs upon photodissociation of the C-Ag"
complexes.

The electronic spectroscopies of C** produced upon excita-
tion of the two complexes, C,~Ag" (band A) and C,-Ag" (band B)
are shown in Fig. 2a and b, respectively, from 2 eV up to 3.3 eV.
As it can be readily seen, the spectroscopy of C*" strongly
depends on the C-Ag" isomer excited to produce it. In Fig. 2a,
the spectrum of C*" issued from the photodissociation of the sole
C4-Ag' consists of a set of broadened vibronic transitions with a
band origin at 2.2 eV. In that case, m/z 83 signal (loss of CO)
corresponds to the unique photofragment (Fig. SI1b, ESIT).
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Fig. 2 Photodissociation spectroscopy of C** issued from the photo-
dissociation of C-Ag* at (a) band A at 3.95 eV and (b) band B at 4.32 eV.

The absorption band extends further to the blue and almost
vanishes at about 3 eV (Fig. SI3, ESIt). Although the amount of
C*", issued from the excitation of the low-intensity transition of
the C,~Ag" complex remains weak, the high fragmentation
yield (i.e. 40% of the radical cation signal) leads to a good
signal-to-noise ratio in this spectral region.

Exciting the band B of C-Ag" complex leads to a 10-fold
increase of the C*" signal, which is mostly due to the contribu-
tion of the intense n-n* transition of the lowest energy isomer
C,-Ag". Interestingly, the electronic spectroscopy of C** drasti-
cally changes (Fig. 2b). First, sharp vibronic transitions are now
detected in the 3 eV region, with a first transition at 2.97 eV and
a vibronic progression up to 3.2 eV. Second, the fragmentation
yield of C** falls off in the visible region from 2.2 €V to 3 eV.
This weak intensity band reminiscent of the signal reported in
Fig. 2a underlines the overlapping of the blue tail band of
the C,-Ag" complex with the onset of the excitation band of the
C,-Ag" complex at 4.32 eV. Finally, three main photofragments
are now detected at m/z 68, m/z 69 and m/z 83, corresponding
to HNCO, NCO and CO loss, respectively (Fig. SIic, ESIT).
These fragments were also produced under low-energy CID
conditions®*** and through photofragmentation of neutral

This journal is © the Owner Societies 2022
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cytosine up to 3 eV above the adiabatic ionization energy.>
A similar result was reported in a low resolution room tem-
perature UV-photofragmentation spectrum of the C**,*® m/z 83
being the only photofragment at low excitation energy while m/z
69 being observed in the near UV region.

The sharp (10 cm ™" limited by the laser bandwidth) vibronic
transitions observed in the 3 eV region clearly reveal the
efficient cooling of C*" issued from the photodissociation of
C-Ag'. This well-resolved spectrum also suggests that the
broadening of the vibronic bands observed in the other spectral
region around 2.2 eV is not due to temperature effect. The two
different electronic spectroscopies observed for C** depending
on which of the two isomers of C-Ag" is excited suggest that at
least two C*" isomers contribute to the experimental spectra.
Then, IR-UV dip spectroscopy has been performed to record
the IR signature of UV selected species.

3.3 IR-UV hole-burning spectroscopy of C**

The IR-UV dip spectra of C*" probed at 2.2 eV and 2.97 €V are
reported in Fig. 3a and b, respectively, along with the predicted
vibrational spectra of the lowest energy isomers of C**. The two
experimental IR spectra share similarities yet being different.
They comprise a transition around 3500-3550 cm™* along with

Wavenumber (cm™)
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Fig. 3 IR-UV dip spectra of C** recorded when probing the UV transition
at (a) 2.2 eV and (b) at 2.97 eV. Below, the calculated vibrational spectra of
the six isomers of C**.
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two others in the 3350-3400 cm ™" spectral region. As it can be
seen from the comparison with the predicted spectra of the
enol-amino tautomers (C,p*" and C,,""), the two lowest energy
isomers of C*" (Table 1), have two calculated vibrational
frequencies in the 3500-3600 cm ™' region assigned to the OH
stretch and NH, asymmetric stretch, respectively, and one
frequency at about 3375 cm™ ' (NH, symmetric stretch) at odds
with the experimental spectra. So these two enol tautomers are
excluded from the assignment. Accordingly, the two imine
tautomers can be excluded because of the missing transitions
in the spectral region above 3450 cm ™. In fine, solely the two
keto-amino forms (C,** and C4*") of the radical cation provide
a satisfactory agreement with experiments, with a single fre-
quency above 3500 cm~ ' (NH, asymmetric stretch) and two
close lying frequency modes at about 3400 cm ' (NH, sym-
metric stretch) and 3350 cm ™" (NH stretch). The NH, asym-
metric stretch of the C;*" isomer is predicted at 3548 cm ™,
significantly blue-shifted as compared to the one of C,*"
calculated at 3519 cm™'. The frequency difference between
the NH, symmetric stretch and NH stretch is larger for C,*"
than for the C,*" isomer. This suggests that the IR spectra of
Fig. 3a and b can be assigned to the C,** and C,*" isomers,
respectively. Finally, another IR-UV dip spectroscopy has been
performed. The IR-UV dip signal with the IR wavelength set at
3350 cm ™" (NH stretch, Fig. 3b) while scanning the UV in the
2.95-3.22 eV region is reported in Fig. 4. All vibronic transitions
are depleted (Fig. 4), so it can be firmly concluded that C,*" is
the only isomer which contributes to the vibronic spectrum
recorded in the 3 eV region.

These spectroscopic results unambiguously demonstrate the
lack of isomerization of C** formed through photodissociation
of C-Ag" complexes. Excitation of C,;-Ag" produces exclusively
the C,*" isomer and the excitation of the C,~Ag" complex forms
solely the C,*" isomer. As reported in Table 1, these two keto-
amino tautomers are not the lowest energy isomers of C** but
are calculated slightly above (at 0.03-0.1 eV) the lowest energy

0.3
0.2 '\

0.1

i

| d Nl
0.0 Hhwy ity
-0.1 4

-0.24

T T
3.05 3.10 3.15 3.20

Excitation energy (eV)

2.95 3.00

Fig. 4 IR-UV dip signal of C** with the IR wavelength set at 3350 cm™*
compared to the vibronic spectrum recorded in the 2.95-3.22 eV.
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isomer C,;,*". While the energies of the different isomers of C**
are close, barriers to isomerization from the keto-amino to the
enol-amino tautomers are relatively large, around 1.3-1.5 eV, as
calculated by Wolken et al.’* In our experiment, the cytosine
radical cation is produced with the energy released during the
dissociation of the complex. For instance, the maximum inter-
nal energy imparted in the nascent C;*" radical cation is about
0.3 eV, according to Scheme 2. Whatever the excitation energy
of the C-Ag" complex used in our experiment, the low internal
energy released in C*" will preclude any isomerization process.

3.4 Excited state calculations of the keto-amino C,** and C,**
isomers

Geometry optimizations and harmonic vibrational frequencies
calculations for the excited states of the two experimentally
observed C,*" and C,** isomers were carried out at the TD-DFT
level of theory using the UCAM-B3LYP/aug-cc-pVDZ method,
and the results are shown in Table 2. The optimization
and adiabatic excitation energy (E,q) calculations were only
achieved for those states whose vertical excitation energies
were calculated above the first experimental band (2.20 eV)
and whose oscillator strengths (f) are large enough. Indeed, the
first three vertical excitation energies for the C,*" isomer lie
below 1.5 €V, so only the Dy-D, cationic transition that has a
sizable oscillator strength could be experimentally observed.
Its adiabatic excitation energy is calculated at 3.22 eV (0.25 eV
above the experimental band origin at 2.97 eV). For the C,*"
isomer, the Dy-D; and D,-D, transitions that have vertical
excitation energies in between 2.75 eV and 3.33 eV could be
eventually observed because of their large oscillator strengths.
The adiabatic Dy-D; transition energy is calculated at 2.33 eV, so
less than 0.15 eV above the onset of the experimental transition.
Finally, the Dy-D, transition energy is calculated at 3.12 eV. There
is no experimental evidence of such transition in the experimental
spectrum of the C,*", which would appear in the blue tail of the
intense Dy-Dj; transition (see Fig. SI3, ESIT).

Table 2 Vertical excitation energies (E,), adiabatic excitation energies
corrected by the zero-point energy difference (E.q + AZPE) and oscillator
strengths (f) of the four lowest excited states of C;** and C,** isomers
calculated at the UCAM-B3LYP/aug-cc-pVDZ level. All energies are in eV.
For each species, the energies are given with respect to that of the
respective Dg energy

Keto amino isomers Electronic state E, E,a + AZPE f
0 D; (4, A" 0.83 “ 0.00

L D, (B, A") 1.06 ¢ 1.6 x 1072
HN” N D; (C, A') 1.44 “ 1.0 x 10°*
. ' D, (D, A") 3.40 3.22 6.5 x 1072

- NH;

C4

0 D; (4, A') 135 ° 2.0 x 107*
)J\ D, (B, A") 1.89 ¢ 1.0 x 10°*
N~ “NH D; (C, A”) 2.75 231 5.7 x 1072
| D, (D, A") 3.33 3.12 1.9 x 1072

NH2

“ Not optimized because E, is lower than the first transition experi-
mentally observed (2.20 eV).
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Franck-Condon (FC) simulations for the Dy-D, transition of
the C,*" isomer and for the Dy-D; transition of the C,** isomer
reported in Fig. 5a and b, respectively, are in very good agree-
ment with the experimental spectra. For both isomers, geo-
metry optimizations of the ground and excited states kept the
planar Cg symmetry of cytosine. This leads to rather simple
calculated FC spectra in which only in-plane modes or out-of-
plane modes with even number of quanta are active. The main
difference between both experimental spectra is the broad-
ening of the spectrum of C,*" in the 2.20 eV region (Fig. 5b)
as compared to the calculated one convoluted by a Gaussian of
10 cm ™" as for the Dy-D, transition of C,** (Fig. 5a). The lack of
predicted low frequency modes (below 300 cm ™) close to the
band origin of the D,-Dj transition of the C,*" isomer empha-
sizes a homogeneous broadening of the experimental spectrum
that cannot be due to vibrational congestion. In Fig. 5b, the
calculated FC spectrum convoluted with a Gaussian function of
70 cm™ ' provides a fair agreement with the experimental
spectrum. The D, state of C,*" lies significantly higher than
the D; state by more than 2 eV, so electronic couplings are not
thought to be effective in such a case. However, for C,*", the
energy gaps between D; and D, or D, at the optimized geometry
of the D; and D, states, respectively, are within 0.5 eV. In the
former case, efficient internal conversion from the Dj state to
the D, state would be prone to occur, leading to the broadened
excitation spectrum as experimentally observed. Besides, the
excitation transition to the D, state may also be buried in the
blue tail of the strong absorption band of the Dy-D; transition.

The comparison between the experimental excitation ener-
gies of C;*" and C,*" and the ones calculated at the TD-DFT
level is surprisingly good with absolute errors within 0.25 eV.
This is may be due to error compensation that one needs to be
aware of. Alternatively, costly CASPT2 and MRCI-F12 on top of
CASSCF calculations have been also performed, either for the
optimized structures obtained at the UCAM-B3LYP level or after

(@) (b) |

0 500 1000 1500 2000 0 500 1000 1500 2000
Excess Energy above BO (cm™) Excess Energy above BO (cm™)
Fig. 5 Comparison between the experimental and FC simulations of (a)
the Dg—-D4 transition of C;** and (b) the Dg—Dsz transition of C,**.
Calculated frequencies (UCAM-B3LYP/aug-cc-pVDZ) scaled by 0.95. BO
is for “Band Origin".
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Table 3 Comparison between experimental and calculated adiabatic
excitation energies (in eV) of the Dy states of C;** and the Dz of C4**
from the structures optimized at the UCAM-B3LYP and CASSCEF levels in
conjunction with aug-cc-pVDZ basis set

TD-DFT optimization CASSCF optimization

Electronic

transition Exp DFT CASPT2* MRCI-F12° CASPT2 MRCI-F12
Cl’+ Do-D, 2.97 3.22 3.24 3.60 3.14 3.42
C,*"Dy-D; 2.2 2.31 2.88 3.30 2.64 2.89

“ CASPT2 and MRCI-F12 energies correction of the CASSCF energies
calculated with the same active space as for the CASSCF optimization.

geometry optimizations of the corresponding states at the
CASSCEF level with the same basis set (¢f. Table 3). Interestingly,
such high level calculations do not significantly improve the
agreement with the experiment. Only for the C;*" isomers, the
PT2 correction at the CASSCF optimized geometry leads to E,q =
3.14 eV, which is slightly closer to the experimental excitation
energy than those calculated with the other methods. For all
other calculated excitation energies, the TD-DFT energies
match better, in particular for the Dy-D; transition of the
C,*" isomer. These findings are somehow contradictory with
the expected better description of the excited states of the
radical cation at the CASSCF level compared to the DFT level.
It is clear that our experimental results provide benchmark
results at an unprecedented spectral resolution that challenges
theoretical predictions.

4. Conclusion

The IR and UV photodissociation spectroscopies of isomer-
selected cytosine radical cations have been recorded in a
cryogenic ion trap. Cytosine radical cations are produced from
the photodissociation of cytosine silver complexes (C-Ag") that
are formed in an electrospray source and transferred in a
cryogenic ion trap. In the silver complex, the cytosine is found
in its two keto-amine tautomers (C; and C,) that have distinct
UV absorption bands, thus allowing conformer selection. UV
photodissociation of isomer-selected C;-Ag" and C,-Ag" leads
to the formation of the corresponding cytosine radical cation
without isomerization, assigned through the comparison of
their IR spectra with the corresponding DFT calculations. UV
photodissociation of the two keto-amine cytosine radical
cations reveals a more complex vibronic spectroscopy that still
represents a challenge for theoretical predictions even at the
CASPT2 and MRCI-F12 levels. Cryogenic ion spectroscopy of
radical cations of DNA bases formed through photodissociation
of isomer-selected DNA-silver complexes provides a unique
method to get precise insights into the structure and electronic
properties of DNA radical cations. These benchmark experi-
mental data should be used for the assessment of high-level
theoretical calculations of open shell species.
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