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Ultrafast dynamics of the UV-induced electronic
relaxation in DNA guanine—thymine dinucleotides:
from the Franck—Condon states to the minima of
the potential energy surfaces

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2025, 27, 14936

a

Vasilis Petropoulos, {22 Lara Martinez-Fernandez,*° Lorenzo Uboldi,
Margherita Maiuri, 22 Giulio Cerullo, 2 ** Evangelos Balanikas ¢ and
Dimitra Markovitsi (%) *©

We study the DNA dinucleotide 5'-dGpdT-3’ (abbreviated as GT) as a model system for the relaxation of
the electronic excited states in stacked nucleobases. Quantum chemistry calculations determine the
Franck—Condon states and follow their evolution along the potential energy surfaces of the two most
stable conformers. Three minima, corresponding to an excited charge transfer (!CT) state, a lnn* state
located on the guanine moiety and a nn* state on the thymine moiety, are identified. Their spectral
features are detected in the transient absorption spectra (TAS) recorded for buffered aqueous solutions
between 330 and 650 nm with a time-resolution of 30 fs upon excitation at 266 nm. The striking
difference between the TAS obtained for GT and an equimolar mixture of the corresponding
mononucleosides indicates that the nucleobases are stacked in the majority of the dinucleotide molecules.
The CT state, in which a charge of 0.8 a.u. is transferred from the guanine to the thymine, is stabilized
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DOI: 10.1039/d5cp007889g within 120 fs. The comparison of the GT behaviour with that of 5'-dTpdG-3/, characterized by an opposite

polarity and studied previously by the same methodology, reveals that, when the guanine is positioned at
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1. Introduction

From the very first studies on the DNA photophysics and photo-
chemistry, dinucleotides have been considered as convenient
model systems for disentangling the excited state interaction
among nucleobases.”” Thus, the excimer/exciplex bands
observed in their fluorescence spectra by Wilson and Callis,**
half a century ago, were attributed to “charge resonance” excited
states. Subsequent theoretical studies have characterized these
excited states, referred currently as charge transfer (CT) states;
they evidenced their formation during the electronic relaxation in
such systems,”*° and computed the amount of the atomic charge
that is transferred from one nucleobase to the other. Moreover,
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the 5’ end, the lifetime of the G* — T~ XCT state is longer and the corresponding quantum yield higher.

ultrafast transient absorption (TA) experiments demonstrated
that the population of 'CT states constitutes an important path-
way for the electronic relaxation;'™ and their lifetimes (tc7),
determined for various pairs of nucleobases, were found to vary
from a few ps to a few hundreds of ps.

While the dynamics of the backward charge transfer process,
leading from the 'CT to the ground state, is well char-
acterized,"*° little is known about the forward process leading
from the Franck-Condon state to the corresponding minimum
(min-CT) of the potential energy surface (PES). This type of study
requires not only an exceptionally high time resolution but also
broad spectral coverage, so as to identify properly the related
spectral signatures. Their rationalization through computations
may help disentangle them from other relaxation paths. We
applied recently such a methodology to the study of three
dinucleoside monophosphates, 5-dTpdG-3’, 5-dApdG-3’ and
5'-dGpdA-3’, for simplicity called hereafter “dinucleotides” and
abbreviated as TG, AG and GA, respectively; in all these systems,
we observed that, following excitation at 266 nm, the 'CT states
are fully formed within 100-130 fs.'®"”

Another issue that emerged from our recent studies is the
role of the DNA polarity (also called directionality),">"” that is
the order according to which the nucleobases are linked

This journal is © the Owner Societies 2025
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Fig. 1 Comparison of the steady-state absorption (a), thermal (b) and CD
spectra (c) of GT (red) and TG (blue) and an equimolar mixture of dG and
dT (black). In (a) the absorbance is normalized at 266 nm, corresponding to
the peak intensity of the exciting laser pulse (yellow). The thermal spectra are
the difference between the steady-state absorption spectra recorded for
each dinucleotide at 95 °C (A95 °C) and 23 °C (A23 °C), divided by A23 °C.

together via the phosphodiester backbone from the 5’ end to the 3’
end."® The latter is known to control the conformations adopted by
nucleic acids,"”>" and to play a key role in biological functions
depending on structural features.”>>* Its influence on redox
reactions,”®>° hole transport®™® and charge recombination® in
DNA as well as on the photoionization of guanine quad-
ruplexes®® was highlighted. Although several years ago computa-
tional studies predicted its effect on the Franck-Condon states of
stacked nucleobases,**** our understanding of the way the DNA
polarity affects the excited state relaxation remains poor. So far,
only one pair of nucleosides with opposite polarity, AG/GA, was
studied by time-resolved spectroscopy.'*">"”

Within the above-described context, here we focus on the
5'-dGpdT-3’ dinucleotide, called GT in the following, using the
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previously applied experimental and computational method-
ology."®'” We record its TA spectra (TAS) from 330 to 650 nm
with a time resolution of 30 fs upon 266 nm excitation. In
parallel, using quantum chemistry calculations, we determine
the most stable ground state conformations with stacked
nucleobases, we compute the excited states underlying the
steady-state absorption spectrum of GT and follow their evolution
along the corresponding PES. Moreover, we calculate the TAS of
both the Franck-Condon states and the optimized excited
minima. We interpret our experimental data in the light of the
qualitative information provided by our computations and the
experimental data obtained for the monomeric chromophores,
2/-deoxyguanosine (dG) and thymidine (dT). Finally, we parallel
our conclusions with those derived from a quantitative analysis
using global fits with exponential functions, which, however, fails
to grasp the complexity of the processes.

Our work has two main objectives. First, to shed further light
on the UV-induced processes taking place in GT, whose relaxa-
tion pathways were studied previously’*** with lower time
resolution and without theoretical support regarding the relaxa-
tion pathways. Second, to enrich our understanding of the
effect of the strand directionality, comparing the behaviour,
on the one hand, of the GT with that of TG, and, on the other
hand, that of the GT/TG pair with the GA/AG pair, all of them
studied following the same methodology."®"”

2. Experimental results
2.1 Steady-state spectra

Fig. 1 shows the steady-state properties of GT, TG, and an equimo-
lar mixture of the mononucleosides. To avoid aggregation, the
monomeric chromophores were dissolved in pure water instead
of the phosphate buffer (120 mM) used for the dinucleotides.

The absorption spectra (Fig. 1a) exhibit only small differences:
the intensity of the peak located at ~257 nm is lower for GT
compared to TG. Greater differences are encountered in the
“thermal spectra”, which reflect the percentage changes in the
absorbance observed upon heating to high temperature, where
base stacking is destroyed (see for example Fig. 4 in ref. 35).
Those of GT and TG, determined as the difference between the
steady-state absorption spectra recorded for each dinucleotide at
95 °C (A95 °C) and 23 °C (A23 °C) and divided by A23 °C, are
shown in Fig. 1b. Both of them reveal hyperchromic and hypo-
chromic effects, which are typical of base stacking. The pattern
observed for GT is richer, with three positive and two negative
peaks, compared to that of TG, characterized by only one negative
and two positive peaks, albeit with larger amplitudes. Finally, the
circular dichroism (CD) spectrum of GT differs from those of TG
and the monomer mixture (Fig. 1c). It is characterized by maxima
at 247 and 285 nm and minima at 212 and 265 nm.

2.2 Time resolved data

The contour 2D maps and the TAS recorded for GT and an
equimolar mixture of dG and dT upon impulsive photoexcita-
tion at 266 nm are presented, respectively, in Fig. 2 and 3. We
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Fig. 2 Contour 2D maps recorded for GT (a) and an equimolar mixture of dG and dT (b) with excitation at 266 nm.
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Fig. 3 TAS recorded for GT (a) and (c) and an equimolar mixture of dG
and dT (b) and (d). (a) and (b) From 30 fs to 100 fs with 10 fs steps; (c) and
(d) at 0.2 ps (dark red), 0.3 ps (red), 0.4 ps (yellow), 0.5 ps (light green),
0.6 ps (dark green), 1.0 ps (cyan), 2.0 ps (blue) and 3.0 ps (dark blue).

note that the molar absorption coefficient at 266 nm is similar
for the two nucleosides;*® therefore, they have the same prob-
ability to be excited by our laser pulses. We also stress that in
these experiments the dinucleotide concentration (4 x 1073
mol L") was much higher than the concentration of absorbed
photons per pulse (8 x 10°° mol L"), rendering their two-
photon ionization improbable.

Between 30 and 100 fs, the GT TAS (Fig. 3a) do not exhibit
significant changes below 380 nm. At longer wavelengths, a
small band at ~445 nm and a more intense one located around
570 nm are growing rapidly. A completely different picture is
observed in the case of the monomers (Fig. 3b): no evolution in
the red part of the TAS, while in the blue part, the differential
absorbance (DA), initially negative, starts acquiring positive
values only after 90 fs. The negative DA signal at early times
is due to the stimulated emission of the thymidine chromo-
phore, already reported in the literature.'*?”

On longer times, the small band at 445 nm disappears from
the GT TAS (Fig. 3c), while the long-wavelength band shifts from
570 nm to 530 nm at 3 ps. At that time a second band, peaking at
379 nm and exhibiting a small shoulder at shorter wavelengths, is
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Fig. 4 Comparison of the TA signals recorded for GT (red), TG (blue) and
an equimolar mixture of dG and dT (black) at 570 nm for early times (a) and
530 nm for longer times (b). The instrumental response function is shown
in yellow (a). Green lines in (b) correspond to fits with mono-exponential
functions.

also present in the TAS. In the case of the monomers (Fig. 3d), the
peak at 550 nm present at 0.2 ps decays rapidly; the main feature
at 3 ps is a weak photoinduced absorption peak at 355 nm.

The TG TAS,'® although not identical to those of GT, present
important similarities. In particular, a band is growing rapidly at
long wavelengths and shifts to shorter ones, before decaying
completely. The dynamics of these processes are compared in
Fig. 4. At early times, the rise of the TA signal at 570 nm is
completed within 120 fs for GT vs. 90 fs for TG (Fig. 4a). We also
observe that the rise of the signal corresponding to an equimolar
mixture of mononucleotides is much faster, following the tem-
poral profile of the instrumental response. In later times, the
decay of the band at 530 nm is slower for GT than for TG (Fig. 4b).
The time constants derived from fits with mono-exponential
functions, starting at 1.5 ps, when the contribution from the
bright states of nucleobases has practically disappeared,®® are,
respectively, 7.48 &+ 0.06 ps and 5.44 % 0.03 ps.

2.3 Global fits

A usual way of analysing TA data on DNA is to perform fits with
multi-exponential functions and assign the derived time con-
stants to specific excited states. In a previous study, the TA

This journal is © the Owner Societies 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cp00788g

Open Access Article. Published on 13 June 2025. Downloaded on 2/12/2026 5:11:25 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

1.2
1.0 4
0.8 -
0.6 -
0.4 -

0.2 -
00 <L

350 400 450 500 550 600 650

wavelength (nm)

Fig. 5 EAS obtained through a global fit of the GT TAS with five
exponential functions. Associated time constants: 1, = 60 fs (dark red),
1, = 320 fs (red), 13 = 0.7 ps (green), 74 = 7.0 ps (blue) and 5 = >1 ns (black).
The negative signal in the 60-fs EAS arises from the coherent artifact.

DAx1000

signal recorded for GT with a time resolution of ~150 fs at 380 nm
upon 257 nm excitation, yielded three time constants: 7; = 3 &+ 2 ps,
7, =9 + 7 ps and 13 = >1 ns, attributed, respectively, to the
monomeric 'nrn* states, the 'CT state and the thymine triplet state."

We performed a global analysis of the TAS of GT, which
required five exponential components in order to obtain an
acceptable fit. The derived time constants are: t; = 60 fs, 7, =
320 fs, 13 = 0.7 ps, 74, = 7.0 ps and 75 = >1 ns; the corresponding
evolution associated spectra (EAS) are reported in Fig. 5. In
agreement with the previous study,” we found a long
(rs > 1 ns) component and t, could be associated with the
'CT state. But no further information can be extracted. We note
that five time constants (120 fs, 250 fs, 800 fs, 2.1 ps and 2 ns)
are needed to fit the data obtained for the dG and dT equimolar
mixture under the same conditions."®
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3. Theoretical results
3.1 Ground state structure

We optimized the ground state geometry of GT considering the
main four possible stacking modes: anti-anti, anti-syn, syn-anti
and syn-syn. The notations anti and syn refer to the position of
each nucleobase, in the order 5’ to 3’, with respect to the angle
of the glycosidic bond associated with the deoxyribose
moiety. Their energies AE were computed taking as a reference
that of the anti-anti one, encountered in B-form double
strands. They are found to be, respectively, 0.00, 0.01, 0.09
and 0.25 eV. Although the lowest energy is found for the anti-
anti conformer, the difference with the anti-syn one is only
0.01 eV. Therefore, both of them are expected to be present at
room temperature, where the energy of thermal fluctuations is
0.025 eV.

The structures of the two most stable conformers, whose
excited state properties will be examined in detail hereafter, are
shown in Fig. 6a. The difference in their geometry is reflected in
their CD spectra (Fig. 6b). A straightforward comparison
between theoretical and CD experimental spectra is delicate
per se, and a fortiori when more than one conformer are
present. However, we observe that the pattern of the spectrum
in Fig. 1c resembles more that computed for the anti-anti
conformer: starting from the long wavelengths, there is an
alternation of a maximum, a minimum, a maximum and finally
a minimum. Such similarity is in line with the finding that the
anti-anti conformer is the most stable one, and, consequently,
it is expected to be more abundant in the solution.

3.2 Franck-Condon states and their relaxation

The properties of the 5 lowest in energy Franck-Condon excited
states of anti-anti GT and anti-syn GT are shown in Table 1.

anti-anti GT
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Fig. 6 Ground state structure of the two most stable GT conformers (a) and associated CD spectra (b); anti-anti (red); anti-syn (blue). (c) Atom labelling

for guanine and thymine.
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Table 1 Properties of the Franck—Condon states determined for the two
most stable conformers of GT at the PCM/M052X/6-31G(d) level of theory.
VAE: vertical absorption energy; f: oscillator strength; ¢: charge transfer
character

State Character VAE (eV) f o (a.u.)
anti-anti GT

S: nn*T 5.16 0.001 0.0
Sz nn*G(La) 5.33 0.144 0.0
S3 m*T + G™ —» T~ CT 5.40 0.251 0.1
Ss G- T CT 5.60 0.048 0.8
Ss nn*G 5.65 0.002 0.0
anti-syn GT

S nn*T 5.18 0.000 0.0
S, n*G(La) + G* - T~ CT 5.28 0.057 0.2
S; nn*G(La) + G* —» T~ CT 5.40 0.165 0.4
Sa *T +G" > T~ CT 5.49 0.215 0.2
Ss nn*G 5.64 0.002 0.0

Those of anti-anti GT had already been already reported in
ref. 32, but for comparison reasons, we present them again.

For both systems, S; and S; are dark, 'nn*T and 'nm*G,
respectively, while S,, S; and S, carry significant oscillator strength
and can be excited by the laser pulses. Yet, the nature of these
“excitable” states is not the same for each conformer. For anti-
anti GT, we have, in the order, a 'nn*G(La), a 'nr*T with a small
CT character (0.1 a.u.)and a 'G" — T~ 'CT (0.8 a.u.). In the case of
anti-syn GT, the coupling between 'CT and 'nr* states is more
important, giving rise to mixed states: S, (0.2 a.u.) and S; (0.4 a.u.)
involving the 'mn*G(La) state, and S, (0.2 a.u.) involving the
"nn*T state.

Fig. 7 shows the individual spectra of the electronic transi-
tions composing the steady-state absorption spectra of the two
conformers together with the exciting laser pulse. A Gaussian
width of 0.4 eV (FWHM) was applied to each transition, which
was shifted by —0.65 eV. The latter value was chosen so that the
energy computed by the same methodology for the 'nn*(La) state
of dG in water coincides with the position of this transition in the
experimental spectra.® Fig. 7 is not intended to convey quanti-
tative information regarding the percentage contribution of each
Franck-Condon state to the overall excited state population. It
simply illustrates in a qualitative way which states are likely to be
populated and establishes the connection, via a colour code, with
the minima reached following evolution of each one of them.

The properties of the minima in the PES corresponding to each
one of the above considered Franck-Condon states are shown in
Table 2, where are also noted the main structural changes accom-
panying the relaxation paths. Overall, 3 different types of minima
were identified: min-'nr*G(La) and min-'CT stemming from both
conformers, and 'nn*T originating mainly from the anti-syn GT, in
the sense that it results from an “excitable” Franck-Condon state.
In the case of anti-anti GT, S; arrives to a degeneracy between
'nn*T and S, states while S arrives to a degeneracy region between
"'nm*G and S, states without reaching any minimum.

3.3 Computed TAS

The spectral changes expected upon relaxation of the Franck-
Condon states toward the corresponding min-'CT are shown in
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(Table 2): min-1CT (red); min-lnn*G(La) (green); ground state (cyan);
min-nm*T (black); in yellow: spectrum of the exciting laser pulse.

Fig. 8. We focus on S, for anti-anti GT and S, for anti-syn GT,
which are the most likely to be populated by the exciting laser
pulse. The TAS of both min-'CT present a band in the UV and a
second one in the 500-600 nm range. Moreover, their for-
mation results in an intensity increase. But an important
difference between the two conformers is that population of

Table 2 Properties of the minima located on the PES of the first excited
state determined for the two most stable conformers of GT at the PCM/
MO052X/6-31G(d) level of theory.>? ADE: adiabatic (with respect to the S at
the Franck—Condon region) energies; VEE: vertical (with respect to the So
at the corresponding minima) emission energies; f: oscillator strength; J:
charge transfer character; initial state optimized and main reaction
coordinate

Minima ADE (eV) VEE (eV) f Initial state Reaction coordinate®
anti-anti GT

Inn*G(La) 4.51 2.08 0.019 S, C1-C2-NH2

cr 4.27 3.23 0.023 S, Interbase distance
'ng*T 4.76 3.70 0.001 S, Out of plane 04
anti-syn GT

'nn*G(La) 4.71 2.40 0.024 S; C1-C2-NH2

cr 4.44 3.40 0.011 S,, S5 Interbase distance
nm*T 4.76 3.79 0.001 Sy, Sy Out of plane 04

“ The atom labelling is shown in Fig. 6c.
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the min-'CT in anti-anti GT induces a blue shift of the absorption
band (Fig. 8a), while in the case of anti-syn GT, no significant change
in the position of these two bands is noticed (Fig. 8b).
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Fig. 9 (a) TAS recorded for dT at 2.5 ps (pink) and 40 ps (cyan); the TMP
TAS recorded at 200 ns by ns TA spectroscopy following 266 nm excita-
tion is shown in black.*® Inset: TA signals of dT at 350 nm (blue) and
600 nm (red). (b) Comparison between the TAS of GT at 40 ps (red) and
that of dT at 2.5 ps (pink).
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The TAS of min-'nn*, expected to stem from anti-syn GT, is
shown in Fig. 9a.

4. Discussion
4.1 Ground state

The striking difference observed below 100 fs between the TAS of
GT and those of an equimolar mixture of dG and dT (Fig. 2 and
3a, b) show that (i) the nucleobases in the dinucleotide are largely
coupled already in the ground state, and (ii) the relaxation
pathways leading from the Franck-Condon states to the excited
state minima are different compared to those of the monomeric
chromophores. The ground state interaction is also attested by
the different CD spectra recorded for GT and the monomer
mixture (Fig. 1c). Moreover, the hypochromic and hyperchromic
effects in the GT thermal spectrum (Fig. 1b), known to result
from coupling between 'nr* and 'CT transitions, which require
orbital overlap, are indicative of base stacking.**"

According to our quantum chemistry study, two conformers
with stacked nucleobases, anti-anti and anti-syn, are likely to
be present in the solution. The fact that the pattern of the
experimental CD spectrum (Fig. 1c) resembles that computed
for the former conformer (Fig. 6b) suggests that it represents
the dominant conformation. Yet, the structure of the thermal
spectrum (Fig. 1b), richer compared to that obtained for TG, for
which a single conformer is expected in room temperature
solutions,'® indicates the absence of a unique conformation.

4.2 Assignment of the spectral evolution

One important reason for the difficulty to draw additional
conclusions from the global fits presented in Fig. 5 is the
complex excited state scenario, with the presence in the
solution of two conformers and the population by the pump
pulses of at least three Franck-Condon states for each one of
them (Fig. 7), and, possibly, of a small fraction of unstacked
chromophores. Another constraint comes from the fact that we
start probing at very short times, when evolution along PES,
which are low-dimensional spaces, still takes place. Therefore,
exponential dynamics, valid when the interactions of the chro-
mophore with its environment are uniform in the three-
dimensional space, do not correctly describe the involved
processes.”> In low-dimensional spaces dynamical patterns
may be given, for example, by stretched exponentials or
power-law functions.**™** Theoretical models addressing this
question for bichromophoric molecules characterized by many
degrees of freedom have not yet been developed.

Given these obstacles, we propose below a rather semi-
quantitative assignment based on the results of our computa-
tions providing mainly “characteristic times” instead of time
constants.

4.3 The 'nrn* state

As mentioned in Section 2.3, our global fit on GT revealed the
presence of a transient species too long to be correctly deter-
mined by probing only over the first 40 ps. Duchi et al. had
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equally found a long-lived transient for GT and assigned it to
the triplet state of the thymidine chromophore.*® Therefore, we
first discuss the behaviour of monomeric thymidine and then
we compare it with that of the dinucleotide.

The triplet state of the thymidine chromophore was detected
60 years ago.’®"” Its spectral and dynamical features were
determined later with better precision by ns TA spectroscopy
for oxygen-free solutions.*®*® Recent studies assigned it to the
*nn* state, which is formed from the 'nn*.’**' This picture is
confirmed by our measurements on dT. The dT TAS at 40 ps
closely resembles that of the triplet state (Fig. 9a) determined for
thymidine monophosphate (TMP) at 200 ns;*® the slightly stron-
ger intensity (by DA ~ 5 x 10~°) at long wavelengths is due to a
weak contribution of hydrated electrons® stemming from two-
photon ionization of the buffer. This transient is formed within
~10 ps (inset in Fig. 9a), in line with a previous study.>® There-
fore, the TAS at 2.5 ps, exhibiting a relatively higher intensity
around 600 nm, corresponds to the 'nn* (Fig. 9a). We have not
detected the formation of the second long-lived transient
observed by Pilles et al. and assigned to an unknown species
X.>® A recent paper by Suzuki and co-workers® evidenced that
this transient corresponds to a ground state intermediate,
detected at 300 nm, which falls outside the spectral area probed
in our experiments.

The GT TAS at 40 ps clearly differs from that of dT at 40 ps,
but matches better the one at 2.5 ps (Fig. 9b) associated with the
Inn* state. This is consistent with our calculations on GT, which
identified a min-"nn*T. It should mainly originate from the S,
state of the anti-syn conformer (Fig. 7b). Although the S, state of
the anti-anti conformer also evolves toward the same minimum,
its oscillator strength is so weak (0.001) that it is negligibly
populated by the exciting laser pulse. In addition, the TAS
computed for min-"nn* is characterized by two absorption bands
(Fig. 8c) as observed for the long-lived transient of GT and the
'nn* state of dT (Fig. 9b). Therefore, we conclude that this
transient corresponds to the 'nm*T and not to the *rn*T state.

Finally, it is worth-noting that a long-lived transient with
similar spectral features was also detected for TG.'® And also in
that case, a min-'nn*T was identified theoretically.

4.4 The 'CT state

The EAS associated with the time constant of 7.0 ps (Fig. 5)
certainly contains the fingerprint of the 'CT state, already
identified by time-resolved infrared spectroscopy.'®'* Yet, it is
highly probable that this time constant also embodies the long
component of the guanosine 'nn* state absorbing in the UV,
whose lifetimes reported in the literature fall in the range 1.9-
2.7 ps.>®° An indication for such a superposition appears in
the fits of individual decays with mono-exponential functions
between 1.5 and 45 ps. Although the obtained R* values are
higher than 0.99, the resulting time constants decrease when
moving from the visible toward the UV. For example, it is 7.48 &+
0.06 ps at 530 nm (Fig. 4b) and only 6.04 &+ 0.01 ps at 380 nm.
Following this reasoning, we judge that the value of 7.48 ps,
determined by tail fitting starting at 1.5 ps, is reliable since it is
determined for wavelengths longer than 500 nm, a range in
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Fig. 10 (a) TAS of the CT states (solid lines) at 5 ps of GT (red) and TG
(blue) determined after subtraction of the corresponding TAS of the nr* at
40 ps; dashed lines are derived from the *CT TAS at 5 ps extrapolated to
“zero time" taking into account their lifetime (for more explanations see
text). (b) Comparison of the spectral profiles of the !CT TAS with the sum of
the spectra of the guanosine radical cation®® and the thymidine radical
anion;®! intensities are normalized to the maximum at the long wavelength
band.

which the contribution of the bright monomer states has
become negligible. This value is slightly lower than those
reported in previous studies, ~10 ps'® and 14 + 5 ps.**

In order to better characterize the spectrum of the 'CT state,
we subtracted the GT TAS at 40 ps, already assigned to the 'nn*T
state, from the TAS at 5 ps, when the monomer contribution has
already decayed. The resulting difference is compared to that
corresponding to TG: in Fig. 10a the two spectra are shown with
their DA, while in Fig. 10b, focusing on the visible spectral
domain, their intensity is normalized at the maximum of the
band, peaking at 526 nm for GT and 514 nm for TG. Both bands
largely overlap with that corresponding to the sum of the spectra
of guanosine radical cation and the thymidine radical anion,
determined, respectively, by flash photolysis®® and pulse
radiolysis.®* This similarity further supports the assighment of
this transient species to a G* — T~ 'CT state.

Our computations showed that a min-'CT can be reached in
both GT conformers, but no trace of a second *CT state could be
found in our experimental data. This is understandable
because the spectral features of the two min-'CT are quite
similar (Fig. 8).

Having discussed the properties of min-C7 based on the ps
TA data, we turn to shorter times, searching the dynamics of its
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formation from the Franck-Condon states. Again, we focus on
the long wavelengths, where a band is growing in the GT TAS,
while no change is observed in the case of the equimolar
mixture of dG and dT (Fig. 2a and b). Our computations predict
that, for both conformers, the intensity of all the bands present
in the TAS of min-'CT is higher than that of the corresponding
Franck-Condon state (Fig. 8). This growth is completed within
120 fs, as attested by the rise of the TA signal at 570 nm
(Fig. 4a). During this time interval, the peak intensity increases
by 75% but no clear trend is observed regarding its position;
the 30 fs TAS is rather flat and, subsequently, the position of the
maximum varies between 569 and 578 nm.

In comparison, the rise of the TG at 570 nm is somewhat
faster, being completed within 100 fs, the increase of the peak
intensity is smaller (47%) and the maximum of the band is
progressively blue-shifted by 25 nm.'® A somewhat slower
formation (130 fs) of the 'CT state was also found for AG
compared with GA (110 fs)."” It is worth-noting that for both
pairs, the slower process is observed for the dinucleotide for
which two conformers exist in solution (GT and AG).

Based on the TAS in Fig. 10a, representing the TA of the 'CT
states at 5 ps, and the corresponding lifetimes determined for
GT (7.48 ps) and TG (5.44 ps), we determined their “zero-time”
spectra, also shown in Fig. 10a as dashed lines. To this end, we
used the equation (DA), = (DA)sps/exp(—5/t¢r). It appears that
the zero-time TAS of GT is significantly more intense than that
of TG; the difference amounts to 25% for the peak in the visible
and is indicative of the relative quantum yield of the formation
of the 'CT state (@) within each system. This can be explained
by the stability of the corresponding min-'CT: its energy both in
anti-anti GT and anti-syn GT is lower than that of min-'nn*G(La)
by 0.24 eV and 0.27 eV, respectively (ADE in Table 2), thus
precluding further transformation towards a lower-lying mini-
mum. The opposite situation is encountered for TG, where the
min-"nn*G(La) is more stable by 0.14 eV compared to min-'CT."®

From the (DA), values, it is possible to get a rough evaluation
of ®.r using the molar absorption coefficient of an equimolar
mixture of the dT radical anion and the dG radical cation (990
mol "' L em ™) and considering the concentration of absorbed
photons (8 x 10~ ° mol L™%). In this way, we obtain 0.78 for GT
and 0.62 for TG. These are rather high values which should be
considered as upper limits for @.;, because the molar absorp-
tion coefficient is expected to be higher for the CT states, in
which the charge transferred between the two nucleobases is
only 0.8 a.u."” However, despite the numerous approximations
in this evaluation, it is clear that the values of the GT/TG pair
are much higher than those determined previously for the GA/
AG pair (0.32/0.18), following exactly the same procedure
(Table 3). It is worth noting that Kufner et al. reported a similar
trend: the @, values, estimated from their transient infrared
signals, are 0.66 £ 0.35 for GT, 0.42 % 0.20 for GA and 0.32 +
0.15 for AG."*

4.5 The 'nn* states

The fact that stimulated emission is absent from the GT TAS at
early times (Fig. 3a) means that the percentage of unstacked
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Table 3 @1 values estimated for two pairs of dinucleotides with opposite
polarity. Imax.0 is the maximum intensity of the long-wavelength band of
the CT state at zero time. In parentheses, estimations reported in ref. 14

GT TG GA AG
Imaxo (x10%) 0.62 0.49 0.31%° 0.21%°
Doy 0.78 0.62 0.321% 0.18%°

(0.66)" (0.42)" (0.32)"

thymine moieties behaving as ‘“free” chromophores is very
small. The 'nr*T state is involved in Franck-Condon states of
dinucleotides with stacked nucleobases: S; and S, of anti-anti
GT and in S, of anti-syn GT (Table 1). However, all of them
contain even a small part of CT and none evolves toward a
min-'nn*T (Table 1).

The situation is different for 'nn*G(La), which corresponds
to the S, state of the anti-anti conformer evolving toward
min-'nn*G(La). The same minimum is reached from the S;
state of anti-syn GT, characterized by an important (0.4 a.u.) CT
character.

We assign to 'mn*G(La) the small band growing between
430-450 nm, also present in the dG TAS.'® From 30 to 100 fs its
intensity increases by 42% in a quasi-linear way (Fig. 11a). This
rise is somewhat faster (100 fs vs. 120 fs) compared to that
observed for the long wavelength band (Fig. 4a). A possible
explanation could be that a more important structural modifi-
cation takes place during the stabilization of min-'CT compared
to min-'nn*G(La). The former requires mutual motion of the
two nucleobases, while the latter involves just the modification
of an intra-base angle (Table 2). The PES leading from the
'nn*(La) Franck-Condon state of the guanosine chromophore
to the corresponding minimum is quite complex.®> TA measure-
ments showed that the red part of the TAS decays more rapidly
than the UV part.>>*”~>° Thus, we reported in our previous study
on TG, that above 500 nm the dG decay between 0.2 and 2 ps can
be described with a mono-exponential function with a time
constant of 0.6 ps, and we argued that this decay induces a blue
shift of the long wavelength band following a similar dynamical
pattern. The same blue shift is also observed in the case of GT
(Fig. 3c). The position of the band maximum can be approxi-
mated with a mono-exponential function with a time constant of
0.5 & 0.1 ps (Fig. 11b), which is close to that found for dG.

0.9 - e L 570
o a ® 000 oo b
£ 560
< J O [ ]
-~ 0.8 x
® o Y 550 &
§ 0.7 ¢ ¢ £
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X o] 0% o
a o * .ff 530
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T T T T i - y 520
40 60 80 100 12000 05 10 15 20
time (fs) time (ps)

Fig. 11 Variation of the peak intensity at the 430-450 nm spectral
domain (a) and position of the maximum of the long wavelength band
(b) observed in the GT TAS. Green lines are fits with linear (a) and mono-
exponential (b) functions.
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Fig. 12 Simplified drawing of the Franck—Condon excited states and the
corresponding minima computed in the PES of GT. In italics: characteristic
times determined experimentally.

5. Conclusions

The combined computational and experimental study pre-
sented in this work enriched our knowledge on the excited
state relaxation in GT and brought further insight on the effect
of the DNA polarity on the involved processes.

Differing from the previous T4 study dedicated to GT," our
computation of, not only the Franck-Condon states, but also of
their relaxation paths, allowed us to identify three minima on
the potential energy surfaces of the two most stable confor-
mers. Moreover, the comparison of the GT TAS with those of dT
revealed that the long-lived transient species is not the *nn*
triplet of the thymidine chromophore, as hypothesised pre-
viously, but the 'nm*T state. Thanks to the very high (30 fs) time
resolution of our setup, we could follow the stabilization of the
1CT state, occurring within 120 fs. Thus, we could resolve the
dynamics of this process, which was assumed by Duchi et al. to
be shorter than 350 fs.'? The striking difference between the GT
TAS at 30 fs and those of an equimolar mixture of dG and dT
showed that nucleobases are electronically coupled already in
the ground state. Yet, this does not preclude the existence of a
minimum located on a single nucleobase, min-'nn*G(La). Our
conclusions are summarized in a schematic way in Fig. 12.

Regarding the effect of the DNA polarity, the lifetime of the
'CT state was found to be longer for GT (7.48 + 0.06 ps)
compared with that of TG (5.44 £+ 0.03 ps), studied previously
by the same method. The same trend was reported for the GA/
AG pair (170 ps vs. 112 ps). It thus appears that the position of
the guanine moiety at the 5’ end slows down the 'CT decay; and
it could also contribute to the increase of ®.r, as judged from
the zero-time intensity of the corresponding TAS: 26% higher
for GT with respect to TG, and 47% for GA with respect to AG.
However, the determination of absolute @, values remains a
challenge. The computation of precise molar absorption coeffi-
cients for the 'CT TAS, using higher-level quantum chemistry
methods and taking into account vibrational broadening and
solvent effects, could contribute to obtaining a more realistic
picture.
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6. Methods

6.1 Experiments

GT purified by reverse phase HPLC, was purchased by Euro-
gentec; its purity was tested by MALDI-TOF spectra. The dinu-
cleotide was dissolved in phosphate buffer (0.12 mol L™, pH
7.0) using Milli-Q water. The purity of the mono-nucleosides
and the buffer ingredients (Sigma Alrdrich) was higher than
99.99%. All measurements were performed at room tempera-
ture. The molar absorption coefficients reported in Fig. 1a are
those provided by Eurogentec.

Steady-state absorption and CD spectra were recorded by
means of a PerkinElmer Lambda 1050 spectrophotometer and
a JASCO J-815 CD spectrometer, respectively.

TA experiments were conducted using an amplified Ti:Sap-
phire laser (800 nm, 100 fs pulse duration, 1 kHz repetition
rate).®® Initially, a portion of the laser beam was frequency-
doubled to drive a non-collinear optical parametric amplifier
(NOPA), generating broadband visible pulses. These pulses
were then compressed by chirped dielectric mirrors. Subse-
quently, the compressed pulses were frequency-doubled in a
20-pm-thick B-barium borate crystal to create broadband UV
pump pulses, tunable across the 250-300 nm range. The UV
pump pulses were characterized by two-dimensional spectral
interferometry and compressed to 24 fs (FWHM) with the aid of
a prism pair before being tuned to 266 nm for the experiment.
To generate broadband probe pulses, a portion of the primary
laser beam was focused onto a 2-mm-thick CaF, plate, produ-
cing a white-light continuum that spanned from 330 nm to
650 nm. The pump and probe pulses were then non-collinearly
focused onto the sample, with spot sizes of 180 pm and 95 um,
respectively. Their relative polarizations were adjusted to the
magic angle (54.7°). The pump fluence was maintained at
100 pJ cm™ >, ensuring that the DA signals remained below 107>,
This approach effectively minimized contributions from coherent
processes and solvated electrons resulting from two-photon ioniza-
tion of the solvent. During the experiment, a 6 mL solution was
continuously flowing through a 1-mm-thick quartz cell using a
peristaltic pump.

The instrumental response function (IRF) of the setup was
determined from the rise of the stimulated emission (SE) signal
of the 'nn* state of dT, measured under identical experimental
conditions as those used for GT."® It was defined as the time
needed for the SE intensity to increase from 10% to 90% and
found to be 27 fs (Fig. 13). This method captures both the cross-
correlation of the pump and probe pulses and any additional
broadening due to residual dispersion and group velocity
mismatch. The observation of coherent oscillations with peri-
ods as short as 42 fs (e.g., the 750 cm™ ' mode of dT; Fig. 13)
further confirms the ability to resolve ultrafast sub-50 fs
dynamics.

The IRF is accounted for in the global analysis of the TA data
via convolution with a kinetic model. In the fitting of the SE
dynamics of dT, the IRF was treated as a free parameter and
was estimated to be a Gaussian function with a FWHM of 28 fs,
consistent with the independent 27 fs estimation based on the
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Fig. 13 TA dynamics of dT at 335 nm (blue) together with the IRF
extracted from fitting procedures (FWHM = 28 fs; violet); the violet dashed
line corresponds to the normalized cumulative integral of the IRF.

10-90% rise time. This IRF profile was then used as a fixed
parameter in all fits for the GT dataset. This approach ensures
that all extracted kinetic parameters are corrected for the finite
temporal resolution of the setup.

6.2 Computations

Quantum mechanical (QM) calculations were based on the
density functional theory (DFT), and its time dependent (TD-
DFT) version, using the M052X functional,®®* the 6-31G(d) basis
set. One Na' ion was considered per dinucleotide. The solvent
effect was taken into account using an implicit polarizable
continuum model (PCM).®® This method is known to provide
accurate results when optimizing charged species and computing
spectral properties and PES in various DNA systems.>®”%®

The vertical absorption energies, intensities (oscillator and
rotatory strengths) of the different excited states and the
corresponding PES were characterized by the above-described
methodologies, but resorting to TD-DFT. The CT character was
computed by a simple Mulliken population analysis in terms of
dq, i.e., the difference between the charges in the excited state
and in the ground state. All these calculations were done with
the Gaussian16 program.®’

A multifunctional analyser (multiwfn program)’® provided
the transition dipole moments between the excited states for
the computation of the TAS.
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