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Abstract

We are presenting the electronic photo fragmenttspef the protonated pyrimidine
DNA bases homo-dimers. Only the thymine dimer exbila well structured vibrational
progression, while protonated monomer shows brabdational bands. This shows that
proton bonding can block some non radiative praepsesent in the monomer.
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1. Introduction
Since a few years the effect of the proton on ttmted states properties of aromatic
molecules as well as clusters has been investig&8ethe general trends begin to appear.

(i) For many protonated systems in which the prasoguite far from the aromatic ring
(as in aromatic amines and amino acids), the etiethe proton is more important on the
excited state lifetime than on the excited statergy of the system (e.g. the excited state
lifetime of tryptophan is shortened from the nghe fs regim&* upon protonation, while the
excitation energy only changes by 0.1 eV). The tskacited state lifetime in protonated
tryptophan has been quite nicely explained by #u#ted state dynamics of the proton due to
the presence of a dissociatime* leading to proton transfer or H lo3s.

(i) For other aromatic molecules such as PAHs\@gilic aromatic hydrocarbons),
indole, benzaldehyde, in which the proton is adttedne atom of the aromatic ring, the
effect of the proton is particularly important dretexcited state energy, inducing a strong
red-shift in the electronic absorption as compat@dhe neutral moleculés® This was
explained by the presence of a charge transfeteskstate (CT), in which an electron from
the “neutral” moiety of the molecules is promotedhe protonated part of the syst&hThe
simplest example is the protonated benzene dimextiach the first electronic transition lies
in the visible and corresponds to the excitatioaroklectron from the HOMO on the neutral
benzene toward the LUMO on the protonated benzevietyd*

(i) We have recently investigated the protonaBdA/RNA bases and found that the
electronic transitions are not much shifted as ameg to the transitions of their neutral
homologues and that the excited state lifetimess&@ngly dependant on the tautomeric
structure® For example in protonated uracil, the electrorpecsrum of the Enol-Ketot
(EK") tautomer exhibits very sharp vibrational struetuwhile the bands are considerably
lifetime broadened in the Enol-Enol (BBautomer. Thus, some non-radiative processes are
involved in the excited state dynamics of the pnated bases. As there are heteroatoms such
as oxygen and nitrogen in DNA/RNA bases, relaxatimachanisms could include the
proton/hydrogen loss or hindered loss, mediated fig* dissociative state as in protonated
aromatic amines (including amino acid®)'®> One way to explore the importance of such a
process is to block the H dynamics in a compleinabe case of protonated tryptophan for
which the excited lifetime is considerably longdtem the H loss mechanism is blocked by a
water moleculé. Thus if a longer lifetime is observed in the hodimers of DNA bases, it
can be the sign of the importance of the H atomadyns and this is one of the goal of the
paper.

The characterization of the most stable protonatedformer/tautomer is usually
obtained through combination of infrared spectrpgcand ab-initio calculation$:>> We
have shown that electronic spectroscopy can be wded as a fingerprint to differentiate
isomers and assign the most stable structuregiagbumption that the thermal equilibrium is
obtained in an ion trap, and that the oscillatoergjth, the Franck Condon factors and the
fragmentation yield are knowt22°

In addition to the canonical Watson-Crick pairs, MNvase pairs can form non-
canonical paird for which special hydrogen bonds are found, suck a
Cytosine:--F--Cytosine (gH")?® formed in DNA at acidic pH values. In thist€ base pair,
two Cytosine residues of two parallel strands slaasengle proton on the nitrogen atoms in
the 3-position. The study of isolated protonatedebaairs will allow determining their
absorption spectra that may be used to identifyntdrecanonical structures.



We present new experimental results on the prodohhbmo-dimers of pyrimidine
DNA/RNA bases (cytosine, thymine and uracil) in gdmase. It should be mentioned that
these spectra have never been recorded beforegddleof this work is to address the
following questions:

i.  Are the dimer electronic absorptions drasticallffedent from the monomer
absorptions as in the case of protonated benzemer diompared to protonated
benzene®? i.e. can the electronic spectroscopy be used titorcthe formation
of protonated dimers?

ii. Is there a strong change in the excited statenitetbetween the protonated
monomers and dimers (monitored through spectetirife broadening)?

ili. Can the electronic spectra of the homo-dimers bsigasd to specific
tautomers?

2. Methods

2.a. Experimental

The setup has been described previoliSiThe electronic spectra of the homo-dimers
of the protonated DNA/RNA bases were obtained véaept ion photo-fragmentation
spectroscopy in a cryogenically-cooled quadrupole trap (Paul Trap from Jordan TOF
Products, Inc.). The setup is similar to the oneetigped in several groups based on the
original design by Wang and Wafitf®® The protonated ions are produced in an electrgspra
ionization source built at Aarhus UniversityAt the exit of the capillary, ions are trapped in
an octopole trap for 90 ms. They are extracteddplyang a negative pulse of c.a. 50 V and
are further accelerated to 190 V by a second puleldge just after the exit electrode. This
time sequence of pulsed voltages produces ion pagkieh duration between 500 ns and 1
ps. The ions are driven by a couple of electrastainses toward the Paul trap biased at
190 V so that the ions enter the trap gently angdragmentation induced by collisions. A
mass gate placed at the entrance of the trap allelesting the parent ion. The Paul trap is
mounted on the cold head of a cryostat (Coolpakikoe) connected to a water-cooled He
compressor. Helium as buffer gas is injected intthp using a pulsed valve (General Valve)
triggered 1 ms before the ions enter the trap asiqusly reported by Kamrath et*IThe
ions are trapped and thermalized at a temperatmgelen 20 and 50 K through collisions
with the cold buffer gas. The ions are kept in ttap for several tens of ms before the
photodissociation laser is triggered. This delapjesessary to ensure thermalization of ions
and efficient pumping of the He buffer gas from ttiap to avoid collision induced
dissociation of the ions during the extraction ta¥gathe 1.5 m long time-of-flight mass
spectrometer. After laser excitation, the ions stwed in the trap for a delay that can be
varied between 20 and 90 ms before extraction €0TMOF mass spectrometer. Full mass
spectrum is recorded on a micro channel plates (Md&ector with a digitizing storage
oscilloscope interfaced to a PC. The photofragntemtiayield detected on each fragment is
normalized to the parent ion signal and the lasewegp. We can also detect the neutral
fragments produced by photodissociation of the mqai@ns in the TOF, which allows to
perform UV-UV hole burning experimefit.

The photo-dissociation laser is an OPO laser frodBELA, which has a 10 Hz
repetition rate, 10 ns pulse width, a resolutiorl@fcm® and a scanning step of 0.02 nm.
The laser is shaped to a 1 fmspot to fit the entrance hole of the trap andidiser power is
around 20 mW in the UV spectral region.



2.b. Calculations

Ab initio calculations have been performed with the TURBOMEQtogram package,
making use of the resolution-of-the-identity (Rppaoximation for the evaluation of the
electron-repulsion integrafs.The equilibrium geometry of the protonated spediesheir
ground states ¢ have been determined at the MP2 (Mgller-Plessstorsl order
perturbation theory) level. Vertical excitation egies of the lowest excited singlet states
have been determined at the RI-ADC(2)(second oktiggbraic Diagrammatic Construction)
level®®> Due to numerous conical intersections betweenrifié and ot states’*>’ the
excited state optimization is not straightforwandl dailed in many systems as shown already
for protonated adenin®. Calculations were performed with the correlatiomsistent
polarized valence double-zeta (cc-pVDZ) basis set.

3. Experimental Results

All the dimers show a very broad absorption bantha UV starting around 33500 -
35000 crtt and extending over about 9000 tifupper right parts of Figures 1, 2 and 3). For
all of them, the protonated monomer is the onlytpfiagment observed, which corresponds
to breaking the weakest bond. Compared to the pabéd monomers, the relative
fragmentation yield is large and can reach 50%.

a) Protonated cytosine dimer
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Figure 1. photo-fragmentation spectrum of the protonatetsipie dimer (cytosing)l™ compared to protonated cytosine
monomer cytosineH Upper right: protonated cytosine dimer photo-fnagntation spectrum; lower right: protonated
cytosine monomer photo-fragmentation spectrum. rédeband system is assigned to thet&utomer and the blue band
system to the Etautomer. Left: enlarged view of the band originpper left: (cytosingH*, middle left: E monomer (blue
system), lower left: Kmonomer (red system). All the bands are intrinlsidaroad

For the protonated cytosine monomer, two band systeave been observed, the red
one (32900 ci) being assigned to th@™ ~ Tuttransition of the Keto (K tautomer and
the blue band (37305 ¢thto the transition of the Enol {[Etautomer:? The spectrum of the
protonated dimer of cytosine (Figure 1) consistsvell defined vibronic bands starting with
a 0-0 transition at 34850¢m between the origins of the two bands systemsratopated
cytosine monomers. The vibrational progression imsilar to the one observed in the
protonated cytosine spectra, which indicates tainitramolecular vibrations are not heavily



perturbed in the proton bond dimer. The bands evad) which can be due to a short excited
state lifetime or spectral congestion.

b) Protonated thymine dimer

The protonated thymine dimer exhibits a spectrutereking over more than 9000 ¢m
(Figure 2 upper right) with sharp vibrational ts@ions clearly observed at the origin of the
transition (33625 cih, 4.17 eV) (upper left part of Figure 2). The omigif this progression is
red-shifted by -3775 cth from the origin of the transition of the protorgtéhymine
monomer (Enol-Enol (EB tautomer at 37400 ch 4.63 eV)*? The Enol-Keto (EK)
tautomer of the protonated thymine monomer has besn observed in our previous
experiment but the origin of its electronic tramsit has been calculated to be around
28600 cn.*? Thus, the electronic absorption of the protonatémer lies between the
transitions of the two tautomers of protonated timgn In protonated thymine, the 0-0
transition is quite broad, which has been assigned very short excited state lifetirfe,
whereas in the protonated dimer, the vibrationaicstire near the origin is well resolved with
vibrational bandwidths of 10 cmwhich is the spectral resolution of the lasere Thntrast is
quite astonishing, if one compares the spectrunthefprotonated monomer in which the
bands are quite broad (100 &rto the spectrum of the protonated homo-dimer firictv the
bands are at least ten times narrower (left sideguire 2) near the origin. There is no reason
to have a simpler vibrational structure in the cterphan in the monomer, so the proposition
that the width of the bands in protonated thymmelue to lifetime broadening seems to be
strengthened. In other words, the complexation sé¢ermhibit the non-radiative decay.
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Figure 2: Comparison between the photo-fragmentation spedtmaionated thymine dimer (thymigld) and protonated
thymine monomer thyminéHUpper right: protonated thymine dimer photo-fragmation spectrum; lower left: protonated
thymine photo-fragmentation spectrum (only thé EBEucture has been observed); left: enlarged viéthe band origins:
Upper trace: for the protonated thymine dimer, Wilerational bandwidths are laser limited, lower teaat the same scale,
the bands of the protonated monomer are considgiafdader.

The vibrational progression is not easy to assige t the lack of resolution of the
laser and the small vibrational frequency spacargynd 30 cr). From calculation of the



ground state frequencies of the protonated thyrdinger, these vibrational modes can be
assigned to intermolecular out-of-plane vibratiotie in-plane intermolecular frequencies
being in the order of 120 ¢hn These modes being active in the spectrum, thiteeixstate
should have a slightly non planar structure.

c) Protonated uracil dimer

In protonated uracil as in protonated cytosine (omers), two electronic band systems
have been observédwhich have been assigned to transitions of twitotaers, the EEand
KE*, through calculatiort§ and UV-UV hole burning experimen$The red isomer assigned
to the KE tautomer shows sharp vibrational bands whereagh&blue one (EEtautomer)
the bands are much broader, which has been asdigiéetime broadening.

For the protonated uracil dimer (Figure 3), in cast with the thymine case, the band
contour in the vicinity of the 0-0 transition isryebroad, as for the EEprotonated monomer.
The bandwidth can be due to spectral congestido bfetime broadening but it is not clear
why there should be more spectral congestion s gligstem than in the protonated thymine
dimer.
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Figure 3: Comparison between the photo-fragmentation speofrgrotonated uracil dimer and protonated uracil
monomer. Upper right: protonated uracil dimer phdtagmentation spectrum. Lower right: protonatechail photo-
fragmentation spectrum. The red part is assignethéoKE tautomer and the blue part to the EButomer. Left enlarged
view of the origin region: upper panel: protonatachcil dimer, middle panel: EEmonomer, lower panel: KEnonomer.
The bands of the protonated dimer are broader tiw@nbands of the KHiracil tautomer (red band system).

4. Calculations and discussion

The most strongly bond dimers are those in whiehrtumber of hydrogen bonds is
maximized. The ground states mbonded conformers have been calculated to beast le
eV higher in energy than that ofbonded conformers. For the protonated cytosinesdim



only one isomemllows three hydrogen bonds but for thymine anctilra few isomeric
structures can be obta&id. InTable 1 are summarized the ground state energieyetttical
excited states energy($; and the charge transi(CT) state), the difference between tt;
vertical values and the experimental measuremedittla@ adiabatic ; transition energies

calculated in Cs symmetry.

Table 1: Calculatons of the ground « excited states for the protonamdimidine dimer.

All the energies are in eV.

So-S So-S So- - t
Dimer Name | S,° O ] %) ex;()c) cT? O,p(e)
exp | cal S, cal a
. ‘ Ci
Cytosine q b° K If((f) 0 432 | 491 | 496 | -0.59 | 5.73 | 4.44
. Trans®
Uracil . 0 432 | 483 | 493 | -0.51 | <5.8 | 4.35
KE"...EK
Trans (h)
EK.KE | T
Trans Q)
EE*. KK 0.07 5.29 | 5.33 0.97 | 6.12 PT
. (8)
Cis
EE*. KK 0.084 5.44 5.47 | -1.12
Cis
EK'KE 0.124 494 | 4.99 | -0.62
Cis
KE' _EK 0.15 490 | 5.20 | -0.58
Thymine KTEEa”;K 0 | 417 | 468 | 48 |-051| 585 | 4.23




Trans
EE"...KK

Cis
EE*...KK

Cis
EK'...KE

Cis
KE'...EK

Trans
EK"..KE

0.031

0.04

0.084

0.108

0.19

5.17

5.19

4.84

4.73

5.41

5.19

5.39

4.99

5.25

5.49

-1.00

-1.02

-0.67

-0.56

-1.24

5.77

pT

(a) the ground state energies are calculated at\iR2/cc-pVDZ level
(b) the excited states are calculated at the ADCE2pPVDZ level
(c) difference between the experimental band orfgip) and the Salculated vertical energy (cal)

(d) CT means charge transfer state

(e) opt @’ means adiabatig Bansition energies calculated in Cs symmetry

(f) the structure is the same as calculated inrerfee$*49

(g) trans and cis isomers refers to the relativeeotation of the nitrogen atoms, where the glydesibnd takes place in

nucleosides, of one moiety with respect to the atiaety.

(h) PT means that the initial trans EK.KE structure converges in the ground state totthies EE ...KK isomer, i.e. there

is a proton transfer

(i) PT means that the initial EE.KK structure converges in the excited state tdawest excited state of the EKEK

isomer, i.e. there is a proton transfer.

a) Ground state structure

One expects that the homo-dimer is built in briggitogether the most stable

tautomeric structures of both the neutral and tletopated monomers. For example, in the

case of the protonated uracil monomer, the mobtestdructure is the EBEsomer, which lies
0.08 eV below the KEisomer?*®*!while for neutral uracil, the Keto-Keto (KK) foria the
most stable one, lying 0.5 eV lower in energy tha Enol-Keto (EK) tautomer. When the

two species are separated, the protonatedplis neutral KK system has an energy 0.6 eV

lower than the protonated KBplus neutral EK system (Figure 4). But the’KEEK dimer is

calculated to be the most stable structure (Figdir@nd has a calculated electronic transition
that corresponds to the experimental observati@ablél' 1). The same observation is also

valid for the protonated thymine dimer. The strangfability of the KE....EK structure can
be seen as a nice example of the H bond reson#iect’¢*® This shows also that the most
stable structure of the dimer cannot be simply deddrom the monomer stability as shown

also in neutral systenf§*



Protonated uracil dimer KE* EK

35

ev

/ Intermolecular distance

trans KE*...EK trans EE*...KK

Figure 4: schematic of the dissociation potential curve tloe protonated uracil dimer. At long distance thE"E.KK
structure is by far the most stable one but atetheilibrium geometry the KE..EK is the most stable.

For uracil, in the ground state of the trans’KEEK structure, calculations at the MP2
level localize the proton on one side (NH distaric8Z A). The transition state for which the
H atom is at equal distance between the two NittogéH=1.36 A in G, symmetry) is
higher in energy by 2150 émwhich is slightly more than the zero point eneafthe NH
vibration. Thus the proton is probably tunnelingnfr one position to the other, i.e. the
protonated dimer in the ground state has a Zuwygel $tructure.

The KE....EK and EE...KK structures can also interconvert by proton $fanfrom
one oxygen on the protonated KEoiety that becomes the KK tautomer, to one oxygen
atom of the neutral EK part that becomes proton&tgdisomer. The barrier for this PT in
the ground state is calculated between 708 @gminimum energy path at the DFT level) and
4000 cm® (non relaxed O-H distance scan at the MP2 lev@igure 5). The barrier is
probably not high enough to localize the protoroae isomer or the other. Thus, the notion
of specific isomer has no real meaning, as alretishussed by other authdfs.

The case of protonated thymine and cytosine disleosild be quite similar, only small
variations of the barrier heights are expected.

b) Assignment of the electronic transitions

As for the protonated monomers, the assignmentefdomers can be obtained from
the ground state energy and the excited statecakttansition:? Due to the low temperature
of the trap, only the lowest energy isomers (léss1t0.1 eV above the most stable one) are
considered for excited state calculations. In mangmatic molecules, the excited state
vertical energies are consistently calculated ~e¥5igher in energy than the experimental
ones, this effect being due to the variation of theergy upon the excited state



optimization”®*°*24"This is what we also found in this work for theviest energy isomers
of the homo-dimers (Table 1). In the protonatectiidimer, the EE...KK isomer, which is
only 0.07 eV higher in energy than the KE.EK isomer in the ground state, cannot be
responsible for the absorption at 4.32 eV sindeag a vertical excitation energy at 5.3 eV,
which would correspond to an adiabatic.SS, transition at 4.8 + 0.2 eV, rather far from the
observed experimental band origin. This isomer rhaypresent but hidden in the broad
continuous absorption at higher energy.

In most of the monomers of DNA bases (neutral artqrated), the excited state
optimizations are not possible due to the out-afipldeformation of the ring, which leads to
many conical intersections where the calculatiaits.f&* For the protonated dimers, the
ground state structures are planar and for the stabte structures of Table 1, excited state
optimizations have been performed with a Cs gegneeinstraint. The Cs adiabatic energies
(last column in Table 1) are very close to the expental values indicating that the excited
states are indeed planar or just slightly out-afael distorted.

c) Electronic transition for the different tautomers of the homo-dimers

Protonated uracil dimer

J

trans KE*...EK

trans KK...EE*

Figure 5: scheme of the potential energy function along@#e.O coordinate in the protonated uracil dimer.eThlue
horizontal lines indicate v=0 level, which is ne&etbarrier in the ground state, indicating that bdautomers cannot be
discriminated. In the excited state one tautomer dguite significantly lower energy than the otlexcitation at the origin
of the $ S transition localizes the proton in only one tautsio form.

For the protonated monomers, bothdhd K tautomers of cytosine or KEand EE
tautomers of uracil have been experimentally otekror calculated for thyminé. The
protonated K or KE™ forms, when observed, have an excited state bagith oed shifted by
0.5 to 1 eV as compared to the BBrms. The Cs excited state optimization of thst firre*

(A’ in Cs geometry) of the EE...KK isomer leads to the KE..EK isomeric structure

without barrier on the PT reaction path (Table The potential curves along the O-H...O
coordinate are schematically presented in Figuréhg. difference in the vertical transition
energies between both species is around 1 eV, thaseventual barrier vanishes in the



excited state. Excitation of the system startimgrfithe EE...KK structure will reach a high
energy part of the potential where the densitytafes is high and the FC factors will be
weak. Thus this absorption will be buried in th@tauum observed at high energy and only
the isomer with the lowest electronic transition b& detected clearly.

It should be noted that although in the groundestiaé vibrational wavefunction is not
localized specifically on one of the tautomers, txeitation at the origin of the;S S
transition localizes the proton in only one tautomérm since the excitation energies and
Franck Condon factors are quite different for bsthmers. Therefore, although the proton is
delocalized in the ground state and the notiorpetsic isomer is meaningless in this state, it
is justified in the excited state and from a th&oat point of view, it is the only way to get
electronic properties.

d) Nature of the excited state

For most of the dimers (in particular the most laines), the first excited state is a
transition localized on the protonated entity amdre&sponding to aut* excitation. The
second excited state corresponds to an electroansition on the neutral species. In a
previous study on the electronic absorption of gmated benzene dimer, the first electronic
transition was due to a charge transfer transitiom the HOMO on the neutral part to the
LUMO on the protonated iolt. This was giving rise to an absorption stronglyftebi to the
low energy region i.e. in the visible. A first eleamic transition with a strong CT character
leading to a red shifted absorption was also oleskefer protonated polycyclic aromatic
molecules? In the protonated pyrimidine base dimers, the @hditions (m* and To*
states) are at the best, the third electronic itians 1 eV higher than the locally exciteut*
transitions. In the protonated benzene dimer, taege is clearly localized on the protonated
species (100%) whereas in the protonated pyrimidiase homo-dimers the charge is
delocalized at 20% on the neutral part of the systm the ground state.
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Figure 6: Experimental energies of the electronic transisidor the different tautomeric structures of thetpnated
monomers (in black) and electronic transitionsha protonated homo-dimers (in red). For protonatteginine the value of
the EK transition (dotted line) is not observed but cééted.

The 0-0 transition energies of the protonated hdmeers are in between the transition
energies of the Hor EE’) and K (or EK") tautomers of the protonated monomers as seen in
Figure 6, which could be due to the delocalizatbithe proton between the two moieties of
the dimers (Figs. 4 and 5).

e) Linebroadening and excited state lifetime

The variation of the vibrational bandwidths haseadly been observed in the
protonated DNA/RNA basé$.As an example in the protonated uracil monomes, KE'
structure presents narrow vibrational bands (12" &WHM) whereas the EEstructure
exhibits very broad bands (100 ¢lRWHM).

In the protonated thymine dimer, a vibrationadgression in a low frequency mode
(33 cm) is clearly observed, whereas in the protonatedamer, the bands have a FWHM
of (91+20) cm’. The broadening in the protonated monomer canueetal a short excited
state lifetime or to spectral congestion with lawguency mode separated by less than the
experimental resolution i.e. 10 €mThis second possibility is very unlikely sinceckuow
frequency modes are only expected for very floppjerules and should be also present in
the dimer. Thus it is reasonable to assume thabrb&dening in the protonated monomer is
due to the excited state lifetime, which implieattthe excited state lifetime of the protonated
thymine dimer is longer than that of the monomedre Teason for a shorter lifetime in the
protonated monomer than in the dimer is not clear.

One possibility to explain the lifetime difference that we are not comparing the
same conformers in the monomer and in the dimethénprotonated dimer, the protonated
part is of the EK form whereas the conformer observed for the patth monomer is the
EE" form. Unfortunately, the EKprotonated monomer has not been observed indpeatrd



direct comparison cannot be done. This would intplgt the EK monomer has a long
lifetime as in the protonated uracil monomer.

Another possibility could be that in the mononter short lifetime is controlled by the
H loss mechanism mediated byra* NH/OH dissociative state as in many protonated
aromatic molecules (tryptophan, aromatic amine€S:*®) or neutral systems (phenol,
indole...)* In these systems the complexation with a molepueenting the direct H loss
increases considerably the excited lifetiff& However, the signature of this mechanism in
the protonated monomer would be the H loss chanmblch has not been observed
experimentally. One explanation could be the caogptif therio* state with the ground state,
leading to internal conversidn.

For the other two dimers, the vibronic bands acady either the lifetime is short or the
spectral congestion is more severe than in thepabéd thymine dimer. Laser spectroscopy
with higher resolution or pump-probe fs experimeate needed to solve this issue. A
comparison with neutral systems would be intergsbnot such data for pyrimidine bases
seems to be still missing>*

If we assume that the bandwidths in the protonatedil dimer spectrum are due to
short lifetimes, one could wonder why the lifetimegisthymine and uracil dimers are so
different? We searched for some explanation imttare of the orbitals, and in the energy of
thentt* as compared to thart* but we found no obvious explanation. Maybe thiéedence
of lifetime is not as large as it seems: the lifeifor the protonated thymine dimer is at least
1 ps (this is the lower limit to observe resolvg@cra) and for the protonated uracil dimer
the lifetime is of the order of 200 fs. This deseaf lifetime by a factor of ~5 from the
protonated thymine dimer to the protonated uraicried would be enough to wipe out the
vibrational structure due to very low frequencyvéry small change in the potential energy
surface (position of the conical intersection, dowp elements) would be sufficient to
explain the observed experimental behavior.

Conclusions

We have presented the electronic photo-fragmemtasipectra of the protonated
pyrimidines DNA/RNA homo-dimers. The absorptionthE first exited state is relatively
structured indicating that the lifetime of the egdi states is longer than a few hundreds of
femtoseconds, and even longer for the protonatgditie dimer. The case of the protonated
thymine dimer is surprising since sharp vibratiobainds are observed. The electronic
absorptions of the dimers lie between the absargptiof the different tautomers of the
protonated monomer {EEE" and K/KE') and calculations show that the transition
corresponds to a localized excitation on the pratiesh part. The electronic shift of the bands
of the dimers with respect to that of the mononretarger than 0.2 eV which means that the
electronic absorption might be used for monitorthg formation of dimers in condensed
medium.

The calculations show that several tautomers ofedsnmexist in the ground state,
probably due to the hydrogen bond resonance effect.
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