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ABSTRACT

The vibrational and electronic spectroscopy of the radical cations of two nucleobases (NB) (uracil
and thymine) have been studied by cryogenic ion photodissociation spectroscopy. The radical
cations have been generated from the photodissociation of NB-Ag" complexes. A charge transfer
process from the NB to Ag" governs the deactivation mechanism leading to the formation of the
radical cation without further tautomerization. Single and double resonance spectroscopy allows
for structural assignments of both the silver complexes and the radical cations by comparison with
DFT based calculations. Interestingly, a tautomer-dependent fragmentation is observed in the
thymine enol form that involves the loss of NCO, a fragment which was never reported before for
this NB. This selective photodissociation of silver complexes containing aromatic chromophore
greatly expands the current technique to produce isomer-selected radical cations in the gas phase

providing benchmark experimental data to assess calculations of open shell species.
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Introduction

The coupling of mass-spectrometry to UV photofragmentation spectroscopy’ has allowed
producing and recording the spectroscopy and photodynamics of protonated biomolecules while
cryogenic vibrational ion spectroscopy has paved the way to the conformational assignment of
mid-sized biomolecules.> More recently, IR spectroscopy coupled to high-resolution ion mobility
has been settled to analyse the isomeric complexity of highly flexible systems as glycans,’ but has
not yet been applied to radical cations.* Indeed, obtaining detailed information on the electronic
structure and energetics of transient species such as radical cations is of general interest to
understand the driving force in reaction mechanisms that involve charge transfer processes. The
short lifetime and low stability of these reactive species render experimental studies technically
challenging.

While neutral nucleobases (NB) have been extensively characterized by different isomer-
selective spectroscopies,””’ the works on their radical cations are limited despite their relevance in
several biological processes.® They can trigger proton transfer reactions and tautomerization,’
which disrupts the Watson-Crick (WC) hydrogen bonding pattern established for the A-T and G-
C pairs, and the subsequent strand scission and mutagenesis.'° In addition, they could be produced
in the Interstellar Medium (ISM) by high energy radiation.!!"!? Therefore, detailed studies with
isomer-selectivity are required in order to reach a better understanding of their intrinsic properties.

Most of the experimental results on the ground and electronically excited states of the NB radical
cations have been obtained by excitation of the neutral molecules, and for neutral U and T, the
canonical dioxo tautomer is the dominant conformer in the gas phase'® and in solution.!* Cationic
vibronic structures of jet-cooled U!® and T'® have been accurately determined using tabletop VUV

mass-analyzed threshold ionization spectroscopy. The threshold photoelectron spectroscopy



(TPES) of T up to 2 eV above the adiabatic ionization energy was recorded at synchrotron VUV
beamlines by Bravaya,!” Hochlaf!'®!” and Mayer.?° Broad PES bands are assigned to the excitation
of the ground and first excited states of the radical cation and compared to calculated vertical
excitation energies.

There are just a few reports dealing with the gas phase electronic spectroscopy of some of the

1.2! generated T*

radical cations excited from their corresponding Dy states. For instance, Dang et a
by dissociation of a Cu-terpyridine-thymine complex in the gas phase and recorded its vis-UV
photodissocation spectroscopy. They suggested the formation of a tautomer mixture containing
the canonical dioxo isomer along with noncanonical tautomers involving H transfer from the
methyl moiety to the adjacent carbonyl group. Although these later structures are the lowest energy
isomers by about 0.2 eV as compared to the canonical form,?? an energy barrier of roughly 1 eV
has to be overcome to form these noncanonical tautomers. Finally, the electronic spectroscopic
studies were performed at room temperature and without isomer selectivity, which makes the
assignment elusive. Readers are referred to recent reviews on the generation and action
spectroscopy of DNA and related radical cations.?**

We have recently developed an original way to produce isomer-selected radical cations of
cytosine (C*") in a cold ion trap from the photodissociation of the cytosine-Ag” (C-Ag") complex,
that allowed recording high-resolution electronic and vibrational spectroscopy of two different
tautomers of C**.2° These results were compared with calculations performed at different levels of
theory and establishing benchmark experimental results to improve or develop new theoretical
methods for studying the ground and excited states of open-shell species.

The new experimental method is based on the presence of a weakly bound charge transfer state

in the NB-Ag" complex, that lies in the vicinity of the locally excited n—n* state and leads to the



photochemical production of the radical cation. The onset of the m—n* transition of C-Ag" is
observed at 4.32 eV.?%? Taking into account the binding energy (2.86 eV) of the complex and the
difference of ionization energies between cytosine C; (IEc = 8.73 eV) and silver atom (IEa,=7.57
eV), the dissociation limit resulting in the formation of C** was estimated at 4 V. The low excess
energy (~0.32 eV) deposited in C™" precludes the isomerization/tautomerization, which allows for
isomeric selectivity of the radical cation produced.

The goal of this work is to show the universality of this method for studying NB radical cations
and very likely any aromatic radical cation, extending the former studies on C'* to the other two
pyrimidine bases, thymine (T) and uracil (U) producing their radical cations (T™" and U"") from the
photodissociation of T-Ag" and U-Ag" complexes, respectively and to perform IR and UV

cryogenic spectroscopy on them.

Methodology

Experimental Section

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
homemade linear time-of-flight mass spectrometer. A water/methanol solution (1: 1) of a
nucleobase (NB) (200 uM) and AgNO3 (100 uM) is electrospray in front of a heated capillary.
The as 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.
NB-Ag" complex ions are mass-selected by a Linear Quadropole mass filter located in front of the
QIT biased at 200 V and mounted on a cold head of a compressed helium cryostat (CH-204S,

Sumitomo) that maintains the temperature around 15 K. The mass-selected complexes 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, as
described below, 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 NB-Ag" complexes is performed by shining the output of a ps OPA laser
(EKSPLA PG 411, 8-10 cm™! bandwidth) and detecting the nucleobase radical cation fragment
(NB™). The wavelength of the OPA laser can be tuned from 840 nm to 420 nm in the visible with
a hole between 740 nm and 680 nm. SHG is then generated to produce the UV light from 420 nm
to 210 nm with a hole from 370 nm to 340 nm. To record the spectroscopy of NB™, the
photodissociation laser arrives first at the early beginning of the trapping sequence (3 ms) when
NB-Ag" complexes are already cooled, and the relative pressure of the helium in the QIT is still
high enough to cool the nascent NB** photofragment efficiently. An auxiliary RF (1-2 V during 2
ms after the photodissociation laser) whose frequency is tuned in resonance with the mass of the
NB-Ag" complex is sent to the entrance endcap of the QIT to eject the remaining complex to
ensure the mass-selection of the NB™.?° The, a second UV laser arrives about 60 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 has been performed depending on the vibronic pattern of the UV spectrum. 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 100 ns 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 photo-fragmentation yield is reduced by the depletion of its ground vibrational



state. When the UV spectroscopy exhibits a broad absorption band, IR—UV st gain spectroscopy is
chosen, i.e. the tunable IR laser still arrives at the interaction region a few 100 ns 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 photo fragmentation. It is
noteworthy that this latter method is very sensitive since it allows detecting the IR absorption on
a background free UV signal. The IR-UV dip spectroscopy and the IR-UV gain spectroscopy will

be called IR-UV,, and IR-UV g spectroscopy, respectively.

Theoretical

The ground state equilibrium geometries and frequencies of NB-Ag" complexes and NB™ 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 0.947. Excited state
optimizations and frequency calculations of the NB-Ag" complexes have been calculated at the
spin-component scaled SCS-CC2 level with correlation-consistent polarized valence double- aug-
cc-pVDZ basis set augmented with diffuse functions as implemented in TURBOMOLE program
package (v7.1),> making use of the resolution-of-the-identity (RI) approximation for the
evaluation of the electron-repulsion integrals. In the case of NB'" isomers, excited state
optimizations and frequency calculations were performed at the TD-DFT level with the same
functional and basis set for the ground state. Finally, electronic spectra were simulated using the

PGOPHER software* for Franck Condon analysis.



Results and Discussion

Spectroscopy of Uracil-Ag™ Complex

The U-Ag" complex was prepared in an ESI source, guided to and isolated in a cold Quadruple
Ion Trap (QIT), where it was cooled down to 15 K and subsequently interrogated by different
lasers, as explained in the experimental methodology section. Upon UV excitation of the U-Ag"
complex, three fragmentation channels were observed: U™ (m/z 112), [UAg-HNCO]" (m/z
176/178) and Ag" (m/z 107/109), the first one being the most intense fragment, as shown in Figure

SI.
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Figure 1. (a) UV photodissociation spectrum of U-Ag+ complex in 32000-35500 cm-1, recorded
on the Us+ mass channel. The inset shows a higher resolution spectrum of the first band. (b) IR-
UV on spectrum (blue line) with the UV laser at 33063 cm-1 (*). (c) IR-UVoff spectrum (black
line) with the UV laser at 32700 cm-1 (*). (d) Calculated vibrational spectra of the silver
complexes containing U(KK).



The photodissociation spectrum of the U-Ag" complex recorded on the U™ (m/z 112) fragment
is depicted in Figure 1a. It exhibits two distinct absorption bands. The first band starting at 32770
cm! is weak and has well-resolved transitions, displaying a vibrational progression of 60 cm™,
assigned to in-plane wagging mode of Ag (Figure S2) that extends for 750 cm™'. The second band
in the 34000 — 36000 cm™! region is broader and six times more intense than the first band.

The IR-UVosr spectrum recorded using the UV laser off-resonance at 32700 cm™! is dominated
by a gain signal as depicted in Figure 1.c. This spectrum exhibits three vibrational transitions in
the NH stretching mode region: two intense transitions at 3400 cm™ and 3441 cm™ and a small
shoulder around ~3425 cm™. The IR-UV,, spectrum (Figure 1b) with the UV laser on-resonance
at 33063 cm™!' shows gain signals for the two intense transitions, while the shoulder at ~3425 cm™!
appears as a dip signal, indicating that the last one corresponds to a different isomer, which in turns
is the isomer that resonantly absorbs at the UV photon energy (33063 cm™). Neither the IR-U V.
nor the IR-UV,, spectra show any transition in the OH stretching mode region, which allows
excluding the keto-enol (KE) tautomers. To conclude, two keto-keto (KK) tautomers are
responsible for the observed transitions. Therefore, the structures of the two possible isomers of
the U(KK)-Ag" complex, which differ only by the orientation of Ag" around the oxygen, were
optimized at the CAM-B3LYP/aug-cc-pVDZ (CHON) and SDD (Ag) level of theory and their
corresponding IR spectra were also calculated at the same level, as shown in Figure 1d.

According to the calculated IR spectra, the strong transitions at 3400 cm™ and the weak transition
at 3425 cm™! are assigned to the N3)H stretching vibration modes of the U(KK)-Ag'-a and the

U(KK)-Ag"-b isomers, respectively, while the transition observed at 3441 cm™ is assigned to the



NmH stretching mode of both isomers (Figure 1.d). See Scheme 1 in supporting information for
the atom labelling.

The isomers contribution to the first electronic transition (32770-33500 cm™) was analyzed by
UV-UV HB spectroscopy probing the vibronic transition at 33063 cm’!. As shown in Figure S3,
all the vibronic transitions are depleted confirming the contribution of a single isomer. Thus, this
band is assigned to the U(KK)-Ag"-b isomer while the second intense and broad band is assigned
to the U(KK)-Ag"-a isomer and probably a contribution of the U(KK)-Ag"-b isomer as well.

The vertical (Ey) and adiabatic (Eaq) excitation energies of the two U(KK)-Ag" isomers,
corrected by the zero-point energy (AZPE) difference between the ground and excited states are
reported in Table S1. The excited state optimization and E.qt+AZPE calculations were performed
only for the two first A’ transitions (n-c* and n—n* in Cs symmetry) that have sizeable oscillator
strengths (f). As shown in Table S1, the Eaq + AZPE for the first no-c" transition of both isomers
is calculated in the 33000 cm region in agreement with the band origin (BO) of the first
experimental band, while the corresponding values for the m—n* transition of both isomers are
calculated at higher energies (~35500 cm™) and with a larger oscillator strength which is in line
with the second experimental band.

According to the IR-UVn spectroscopy and UV-UV HB spectroscopy on the first band (32770-
33500 cm™) only the no-c" transition of the U(KK)-Ag"-b isomer is assigned in this excitation
region. In contrast, the broad absorption band starting at about 34000 cm™ could be assigned to
n—m* transition of both conformers whose calculated adiabatic excitation energies (35541 cm™!
and 35736 cm™! for U(KK)-Ag"-a and U(KK)-Ag*-b, respectively) are in fair agreement with the

experimental value. It should be stressed here that although two conformers of U-Ag" are present,
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solely the dioxo uracil tautomer U(KK) forms the complexes whose structures only differ by the

orientation of the silver cation around the carbonyl group.

Spectroscopy of U™

r T T T T 1
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Excitation energy (cm™)
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Figure 2. (a) Photodissociation spectrum of U™ issued from the photodissociation of the U-Ag"
complex at 34125 cm™ and recorded on the HNCO loss mass channel. The inset (light-grey line)
shows the FC simulation of the Dop—D4 transition for U(KK)"™. (b) IR-UVn spectrum (blue line)
with the UV laser at 25377 cm™ (blue star). (c) IR-Visosr spectrum (black line) with the UV laser
at 15700 cm™! (black star). (d) Calculated vibrational spectra of the U(KK)"™* isomer.

To record the spectroscopy of U™, a first laser was used to photodissociate the U(KK)-Ag"

complex at 33063 cm™! (excitation of the U(KK)-Ag*-b isomer) or at 34125 cm™! (broad absorption
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band). The photofragment U™ was isolated and cooled down in the QIT as explained in the
experimental methodology section. Then, the pulse of a second laser enters into the trap to perform
the photofragmentation spectroscopy of U*". The HNCO loss channel (m/z 69) was observed upon
vis-UV excitation of U™ from 15000 cm™! to 27000 cm™!, as already reported for this species.>*

The photofragmentation spectrum of U™ shown in Figure 2a is identical whether the radical
cation is produced from the dissociation of either the U(KK)-Ag"-a or U(KK)-Ag"-b conformers.
It displays two absorption bands: a broad band with an onset around 16000 cm™ and a set of sharp
vibronic transitions with the BO at 25377 cm’™.

The IR-UV,n dip and IR-Visefr gain spectra of U™ were recorded with the UV laser set on the
BO at 25377 cm™ and to the red of the broad absorption band at 15700 cm™, and are shown in
Figures 2c and 2b, respectively. The two experimental IR spectra are identical, with two vibrational
transitions at 3322 cm™ and 3364 cm’!, assigned the No)H and N)H stretching modes,
respectively. This IR spectrum is readily assigned to the U(KK)™ tautomer by comparison with its
predicted vibrational spectrum (Figure 2d). It can be concluded that the structure of the uracil

radical cation is retained following the photodissociation of the U-Ag" complex.

Spectroscopy of Thymine-Ag* Complex

Upon UV excitation of the T-Ag" complex, two fragmentation channels were observed: the most
intense m/z 126 (T"™") along with weak signals at m/z 107/109 (Ag") as shown in Figure S4. The
photodissociation spectrum of the T-Ag" complex recorded on the T™ (m/z 126) fragment is shown
in Figure 3.a. Two distinct absorption bands are observed: the first weak band starts at 32280 cm’
! with a well resolved vibronic progression of 50 cm™, assigned to the in-plane wagging mode of

Ag (Figure S5) that extends for 500 cm™'. The second band in the 33250 — 35250 cm! region is
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broader and more intense than the first band. In overall, the excitation spectrum of T-Ag" shares
many similarities with the ones recorded for U-Ag" and C-Ag*.2> So, one might expect to observe
only the KK isomers of T-Ag" complex as for the two other pyrimidine nucleobases. However, as
it will be discussed below, the KE tautomer also contributes to the experimental spectrum.

The IR-UV,fr and IR-UV,, spectra recorded with the UV laser set at different wavelengths are
shown in Figures 3b and 3c, respectively. The IR-UV, (black line) spectrum comprises three
vibrational transitions in the NH stretching mode region (3395 cm™!, 3430 cm™ and 3442 cm™) and
two other vibrational transitions in the OH stretching mode region (3585 cm™ and 3594 cm™).
These numerous vibrational transitions suggest the presence of multiple KK and KE isomers. The
IR-UVon spectrum (blue line) with the UV laser set at 32504 cm™ shows only two vibrational bands
depleted at 3430 cm™ and 3594 cm™!, corresponding to a single NH and a single OH stretching
modes, respectively and thus, assigned to a KE tautomer. The IR-UV hole burning spectrum
(Figure S6) recorded by setting the burn IR laser at 3594 cm™! while scanning the UV laser in the
sharp vibronic band region around 32500 cm™ confirms that a single KE tautomer contributes to
the excitation spectrum of T-Ag" in this spectral range. All the IR-UV spectra, whatever the UV
probe wavelength, are dominated by gain signals suggesting that at least another KE and one KK
isomer contribute to the broad absorption band above 33000 cm’!.

The calculated structure of two T(KK)-Ag" and two T(KE)-Ag" isomers are shown in Figure 3d.
The calculated IR spectra for the two KE rotamers are very similar. Their calculated NH and OH
stretch frequencies match the experimental transitions. For T(KEr)-Ag® conformer, the OH
stretching frequency is slightly blue shifted as compared with T(KE)-Ag" conformer, suggesting
that the former conformer could be assigned to the IR dip signal observed while probing the sharp

UV transitions at 32500 cm™. Nevertheless, the two NH and OH stretching modes are very close,
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both experimentally and theoretically, so a definitive assignment is still difficult, but in any case

thymine is in the KE form.

*,
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Figure 3. (a) UV photodissociation spectrum of T-Ag" complex in 31500-34750 cm™!, recorded
on the T"" mass channel. The inset shows a higher resolution spectrum of the first band. (b) IR-
UVon spectrum (blue line) with the UV laser at 32504 cm™ (*). (¢) IR-UVosr spectrum (black line)
with the UV laser at 32200 cm™ (*). (d) Calculated vibrational spectra of four isomers of the T-
Ag" complex.

The other two gain transitions observed in both, the IR-UV, and IR-UV,¢r spectra (Figures 3b
and 3c) at 3395 cm™! and 3442 cm™!, corresponding to the NH stretching modes, are satisfactorily
reproduced in the calculated spectrum of T(KK)-Ag'-a conformer, while the frequency splitting

calculated for T(KK)-Ag'-b conformer is smaller. So these two transitions could be reasonably
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assigned to the former KK-a conformer. However, the presence of the KK-b conformer cannot be
ruled out since the calculated NH stretch frequencies (3433 cm™ and 3445 cm™) for this isomer
are in agreement with some of the experimental transitions.

The vertical excitation energies Ey were calculated for the first four electronically excited states
of all isomers and are reported in Table S2. The electronic states with n-6* and n—n" character (A’
transitions) have the highest oscillator strengths and thus, these states were further optimized and
the Eag+tAZPE were calculated to compare with the experimental values. The E.q+AZPE calculated
for the n-c™ transition of any of the KE isomers is in good agreement with the BO of the first band
(32280 cm™"), while the corresponding values for the t—n" transition is calculated in the region of
the second broad band. The spectral region of the second band is also in agreement with the
E.atAZPE calculated for the n-c* of both KK isomers. These results, are in line with the
assignment done based on the IR spectroscopy. Finally, the m—n" transition of the KK-a isomer
could also contribute to the higher energy side of the second broad band.

The variety of isomers identified for the T-Ag" complex that can be excited simultaneously in
the second absorption band renders the selective photochemical preparation of T™ impossible.

Therefore, we will first present the spectroscopy of T™ produced from the selective dissociation

of the T(KE)-Ag" tautomer.

Spectroscopy of T* issued from the photodissociation of the T-Ag* complex at 32500 cm™!
The photofragmentation spectrum of T™ resulting from the photodissociation of any of the

T(KEr)-Ag"/T(KE)-Ag" complexes at 32500 cm™ exhibits two set of bands: a first broad

absorption band in the visible region (14000-22000 cm™) and a second absorption band in the near

UV region, with a few vibronic transitions starting at 24857 cm™' (BO) and extending up to 27000
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cm’!, Figure 4a. In the visible range, only one fragmentation channel was detected at m/z 83
corresponding to the loss of HNCO. However, in the near UV, in addition to m/z 83, two other

fragmentation channels are observed at m/z 84 (NCO loss) and m/z 55 (HNCO + CO loss).

*
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Figure 4. (a) Photodissociation spectroscopy of T issued from the photodissociation of T-Ag" at
32500 cm™' monitoring the fragmentation channel m/z 83 (black line in the visible region) and the
fragmentation channel m/z 84 (blue line in the near UV region). The inset (light-grey line) shows
the FC simulation of the Do—>Dj transition for T(KE)"". (b) IR-UV,n spectrum (blue line) with the
UV at 24857 cm™! (blue star). (c) IR-UV spectrum (black line) with the UV laser at 14700 cm™!
(black star). (d) Calculated vibrational spectra of T(KE)" isomers.

The IR-UVn dip spectrum probing the BO of the second absorption band is shown in Figure 4b
Two vibrational bands at 3335 cm™ and 3527 cm™! are observed in the NH and OH stretching

region, respectively, suggesting that this is the T(KE)™ tautomer. The IR-Visof gain spectrum
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(Figure 4c) probing the visible band exhibits the same two IR transitions, revealing that the entire
electronic spectrum can be assigned to the same isomer. The comparison with the calculated IR
spectra for both T(KE)™ and T(KEr)* rotamers (Figure 4d) allows assigning the spectral features
to the T(KE)™ conformer, due to the better agreement in the OH stretching mode region. Once
more, the preparation of the radical cation from the photofragmentation of the corresponding

complex with Ag" preserves the tautomeric identity of the base.

Spectroscopy of T* issued from the photodissociation of the T-Ag* complex at 34500 cm™!

When T* is produced from the photodissociation of the T-Ag" complex at 34500 cm’!, several
isomers of T-Ag" containing either T(KE) or T(KK) tautomers are electronically excited. The
photofragmentation spectrum of T*", recorded on the fragmentation channel m/z 83 (HNCO loss)
shows two set of bands as depicted in Figure 5a. A broad absorption band starting below 15000
cm™! and a second band in the UV spectral region constituted by a set of well-resolved vibronic
transitions with a BO at 25773 cm™! and another very weak transition at 24857 cm™. The weak
transition at 24857 cm! is assigned to the BO of the near UV band of the T(KE)*" isomer. Other
fragments were also observed and they are discussed in the SI.

The IR-Visofr gain spectrum recorded with the probe laser set at 14700 cm™! (Figure 5c) shows
two vibrational transitions at 3335 cm™ and 3371 cm™, in the NH stretch region, and a third
vibrational transition at 3527 cm™! in the OH region. The IR-UVo, dip spectrum recorded probing
the BO at 25773 cm™! (Figure 5b) shows only two vibrational transitions at 3335 cm™ and 3371

cm’! assigned to the N()H and N3)H stretching modes of the KK tautomer.
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Figure 5. (a) Photodissociation spectroscopy of T"" issued from the photodissociation of T-Ag" at
34500 cm™!, monitoring the fragmentation channels m/z 83. The inset (light-grey line) shows the
FC simulation of the Do—D4 transition for T(KK)". (b) IR-UV,n spectrum (blue lines) with the
UV at 25773 cm™! (blue star). (c) IR-UV,fr spectrum (black lines) with the UV at 14700 cm™ (black
star). (d) Calculated vibrational spectra of the T(KE)** and T(KK)"™ isomers.

By comparison with the calculated spectra (Figure 5d) and the IR spectrum of the T(KE) "™ isomer
reported in the previous section, the band at 3527 cm™! is assigned to the OH stretch of this isomer,
while the band at 3335 cm™ is assigned to the N)H stretch of both isomers.

Therefore, the UV band with the BO at 25773 cm™! is assigned to the T(KK)" tautomer, while

the broad band in the visible region is assigned to both, T(KK)" and T(KE)" tautomers. These

18



results confirm that at least two isomers of T-Ag" containing T(KK) and T(KE) absorb at 34500
cm™l.

The calculated vertical and adiabatic transition energies of the A’ transitions of U(KK)",
T(KK)"™ and T(KE)" are reported in Table 1. The calculated Eag+AZPE of the Do — D4 transitions
for all the isomers are in fair agreement with the experimental BO of the sharp vibronic transitions
observed at 25377 cm™ for UKK)"™, 24857 cm™ for T(KE)™ and 25773 cm™ for T(KK)". To
confirm the assignment of the three vibronic spectra recorded in the 25000 cm! spectral region,
the Franck-Condon simulations of the Dy — Dj transition of U(KK)", T(KE)™ and T(KK)"* were
performed and compared with the experimental vibronic spectra as reported in Figure 2a, Figure
4a and Figure 5a, respectively. For all species, a very good agreement with the experimental
spectra is found. This clearly indicates that excited state geometry optimization at the TD-DFT
level is quite reliable even for such high transition energy (Do — D4) as it was already reported for
C(KK)"™ 23

However, the large error predicted for the first nm* state (Do — D») in all species may be
explained by the predicted low energy gap with the first and/or second dark nn* electronic states
that lie close in energy to the first mn* state in each radical cation. A conical intersection (CI) of
D> with Dy and D; states of U(KK)™* and T(KK)"", respectively, has been reported in a theoretical
work performed at the XMS-CAPT2 level.**> The same mechanism could be at play for T(KE)"".
For instance, the optimization of the D; state of the T(KE)™ isomer, whose vertical excitation
energy is calculated at 16900 cm™!, did not converge due to the close vicinity with the Ds state.
The close proximity between the first mr* state and the dark nn*, is likely to be responsible for the
observed broadening in the first electronic transition in the visible region for the three radical

cations.
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Table 1: Vertical excitation energies (Ey), adiabatic excitation energies corrected by the zero-point
energy difference (Eaat AZPE), and oscillator strengths (f) of the four lowest excited states of
U(KK)"™, T(KK)" and T(KE)".[) The excited state energies for each species are relative to the
ground state. All energies are reported in cm™'.

Isomers State E, Eaq + AZPE f

D (no-1t") (A™) 9700 - 0
‘qu” w  Di(m-m") (A) 15202 11066 2x102

o (4, UKK) Ds (no-n") (A™) 20275 - 0
)¢ Ds(n-1") (A) 33155 27430 3x10

® Di (n-1*) (A”) 12897 - 0
TKE)" D (n-m*) (A”) 16905 * 4x1072

N fA‘ D; (n-1*) (A™) 16938 - 0
», Dy (n—1*) (A”) 29962 26132 7x1072

? D (n-*) (A”) 12700 - 0
Y9 - D, (n—7%) (A”) 17166 12482 1x1072

.A(*, T(KK) Ds (n-n*) (A”) 21251 - 0
», D (n—1%) (A”) 32603 26924 6x107

[a] CAM-B3LYP/aug-cc-pVDZ level
* not converged due to state crossing.

Conclusions

To conclude, this work reports the cryogenic vibrational and electronic spectroscopy of uracil
and thymine radical cations generated from the photodissociation of their corresponding NB-Ag*
complexes. The charge transfer process occurring in the excited state of the NB-Ag" complex is
very efficient since it leads to the formation of NB radical cations as the main photofragment.
Besides, NB radical cations are produced without further tautomerization, which thus allows the
selective generation of the given tautomer of NB**. Single and double resonance photodissociation
spectroscopies have been recorded at an unprecedented spectral resolution through cryogenic ion
spectroscopy. The structures of the radical cations have been determined through comparison with

vibrational and vibronic calculations performed at the DFT level. These benchmark experimental
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data should be used to assess the quantum chemistry calculations of open-shell species. For
thymine, the formation of the rare enol tautomer has allowed to record its vibrational and electronic
spectroscopy. A specific photofragment (NCO loss) has been detected and used to record
selectively the vibronic spectroscopy of T(KE)* in the near UV spectral range.

The methodology presented here for producing radical cations with isomeric selection to study
their cryogenic spectroscopy, could be relevant in several areas in which extensive and detailed

spectroscopy characterization of radical cations is required.
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