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ABSTRACT: Different derivatives of Guanine (G) and
Cytosine (C), which sterically enforce the Watson—Crick
(WC) conformer, have been studied in CHCl; by means of
broad-band transient absorption spectroscopy. Our experi-
ments rule out the involvement of an Excited State Proton
Transfer (ESPT), which dominates the excited state decay
of GC in the gas phase. Instead, the ultrafast dynamics via
internal conversion occurs in a polar environment mainly by
relaxation in the monomer moieties. Time-dependent den-
sity functional theory (TD-DFT) calculations in solution
indeed indicate that population transfer from the bright
excited states toward the charge transfer state is not effective
in CHCI; and a noticeable energy barrier is associated with
the ESPT reaction. ESPT is therefore not expected to be a
main deactivation route for GC pairs within DNA.

ne of the most popular mechanisms for the fast and effective

O excited state deactivation of DNA (limiting potentially dan-
gerous mutagenic events)3’4 involves interbase proton transfer.' >
For cytosine(C)—guanine(G) Watson—Crick (WC) pairs in
the gas phase, an intermonomer Excited State Proton Transfer
(ESPT) reaction represents the main nonradiative decay path.® '
An easily accessible conical intersection (CI) connects the '7z7r*
spectroscopic states, mainly delocalized on guanine (Gsrzr*) and
on cytosine (Crtsr*), with an excited state with G — C Charge
Transfer character (GCcr). GCcr is hugely stabilized by a G* —
C™ PT reaction, involving the azine proton, ultimately leading to
a diradical (GCyg;) state (G-H-)(CH-), and to an effective CI
with the ground electronic state (Sy) (see Figure 1). The involve-
ment of ESPT in the deactivation of GC pairs in solution>*®
and in DNA'">'72! js instead matter of a very lively debate.
The excited state decay of GC derivatives WC pairs in CHCI; is
here studied by broad-band transient absorption spectroscopy,
providing the complete spectral evolution of dark and bright exci-
ted states in the 270—700 nm range, and quantum mechanical cal-
culations, ruling out the involvement of ESPT. Instead, the ultra-
fast dynamics occurs mainly by relaxation in the monomer moieties.
As shown by a thorough analysis of their stationary infrared
spectra (see the Supporting Information (SI)), silylated tertiary
butyl derivatives of G and C (see Figure 1 and Scheme 1 in the SI)
sterically enforce the WC conformer in CHCI;. Using an initial
concentration ¢, = 1 X 107> mol/L like in the femtosecond
experiments gives a cytidine solution that consists of 93% mono-
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Figure 1. GC-Watson—Crick dimer (up), which undergoes a G — C
CT reaction (central), followed by ESPT of a diradical species (bottom)
very close to a CI with Sy. For theoretical calculations, methylated
derivatives (R = CHj3) were used, while in the experiments, nucleosides
with tert-butyldimethylsilyl-groups at sugar positions 2, 3, and S for
guanosine (G3b) or at 3 and S for deoxyguanosine(G2b) were exam-
ined. If necessary for discrimination, we use G3b and G2b for G.
Analogous nomenclature for cytidine.

meric units, while in the guanosine solution, 56% of the mole-
cules are present as monomers. After mixing these solutions, over
80% of the guanosine and cytidine molecules are incorporated in
GC-dimers, only 2% of guanosine forms homoaggregates, and
CC-dimers can be neglected. Our estimates are in good agreement
with those previously obtained by the Temps group.'>'*

The TA spectra of the isolated monomers (see Figure 2)
provide a picture similar to that of the corresponding nucleotides
in aqueous solution,” the small differences found for G being
explained by the contribution of GG dimers (see SI for details).
The careful analysis of the concentration dependence made by
Schwalb et al."? indicates that excitation at 283 nm (near to our
pump wavelength) leads to a somewhat faster decay of the fluo-
rescence signal of GG aggregates than that of the monomers,
mainly due to the smaller amplitude of a long-living (time con-
stant >250 ps) component.13

In Figure 3, the TA spectrum of the GC dimer is compared
with the simulation of the G + C mixture, computed simply as the
sum of the spectra of the isolated monomers, shown in Figure 2.
The two sets of spectra are very similar, both on the fast (<2 ps)
and on the slower (2—100 ps) time scales: in the WC GC dimer,
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Figure 2. Transient absorption spectra of C3b and G3b in CHCl; upon
excitation at 284 nm at early times (top) and later times (bottom),
showing excited state absorption(ESA) and stimulated emission (SE).
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Figure 3. Spectral evolution of CG (C3bG3b) dimers in chloroform
(left) and of the simulated spectra (right) calculated as the direct sum
of the monomer C3b and G3b spectra in Figure 2 after excitation at
284 nm.

there is no signature of additional processes, which would quali-
tatively affect the excited state decay. Band integral analysis** (see
Figure 4), focused on the two main features of the spectra (i.e.,
the Excited State Absorption at 300—350 nm and 400—680 nm),
indeed indicates that the kinetics of the GC and the G+C systems
are extremely close, the decay of the former systems being sligh-
tly faster at delay time >2 ps.

More in detail (see also SI), at 300—680 nm the main differe-
nce between monomer (G + C) and dimer (GC) spectra is at
times later than a few picoseconds. In the range 0.2—1 ps, there is
no significant difference between the G + C and GC curves. In
the range 1—50 ps, the GC curve decays faster than the G + C
curve in the range 300—350 nm and somewhat slower between
400 and 680 nm, see Figure 4. Typical decay times are 6.9/5.4 ps
(300—350 nm) and 1.4/2.5 ps (400—680 nm) for G + C/GC,
respectively. At 550 nm, the GC and the G + C decays can almost
be superposed up to 8 ps and show a significant deviation only at
later times, see Figure SS in SI. A small long-term component
with ESA decay up to 100 ps and probably longer can be iden-
tified in Figures 3 and 4.

In our broad-band TA measurements, there is therefore no
experimental indication that additional ultrafast excited state
decay routes (as ESPT in the gas phase) exist for the GC dimer

——BI(400,680) G+C sim =14 ps
—— BI(400,680) GC =25ps
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—— BI(300,350) GC =54 ps
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Figure 4. Temporal evolution of the band integrals of the GC
(G3bC3b) dimer spectra in CHCl; (red) and of the simulated spectra
calculated as the sum of the monomer spectra (black) for the spectral
range 300—350 and 400—680 nm. Excitation at 284 nm.

in CHCI;. On the ~1 ps time-scale, the excited state decay of the
GC dimer is very similar to that of G + C, while the formation of
the dimer affects mainly the >10 ps time-scale, slower than that
characteristic of the bright excited state decay of G and C. In this
respect, our results are consistent with the fluorescence upcon-
version experiments by Temps and co-workers,'> monitoring the
kinetics of emission at 350 nm following excitation at different
wavelengths, which indicate that the main difference between
GC and G + C concerns the presence of very persistent time-
components in the G monomer, whose lifetime spans the range
200—1400 ps, which is absent in GC. A long-living state (likely
with n* character), which could be involved'” in the dynamics
of G monomer, is expected to be destabilized by hydrogen
bonding with C, giving account of the quenching of this very
long living component in the GC dimer. Intermolecular hydro-
gen bonds could also modulate the PES of Gazr® and Car™,
affecting the height of energy barrier eventually present in the
path toward the CI with Sy, explaining the small differences
found in the ultrafast components for GC and G + C.

In a hydrogen bonding solvent like water, the excited
state decay of guanosine monophosphate indeed does not exhibit
ANY time-constant longer than 2 ps (since the n* transitions
are destabilized with respect to the 7z7r* transition) and it
is ultrafast (according to FU experiments, 7; ~ 0.2 ps,
7, ~ 1 ps™).

Accordingly, in a polar solvent, GCcr is not predicted to be an
important excited state decay route, although a partial population
transfer from the spectroscopic states to GCcr cannot be ruled
out completely.

These indications are fully consistent with the predictions of
Time Dependent (TD) DFT calculations in CHCI;, including
solvent effect by means of the Polarizable Continuum Model
(PCM) model, in its accurate State-Specific implementation.
The picture of the GC dimer decay provided by TD-CAMB3LYP
(and by TD-PBEO; see SI) in the gas phase is extremely similar to
what CASPT2/CASSCF and CC2 calculations show (see Table
1S and Figure 7S in the SI), especially with regard to the ESPT
reaction. GCcr is hugely stabilized by a barrierless PT reaction
leading to a biradical state and, ultimately, to radiationless ground
state decay. While GCct, Gairr¥, and Cotr™ are very close in
energy in the gas phase, facilitating population transfer from the
spectroscopic states to GCcr, in CHCl;, the more polar GCcr is
instead significantly more stable than Grzzr* and Carr*: at the FC
point, GCcr is more stable by ~0.8 eV (SS-PCM/TD-
CAMB3LYP/6-31G(d) calculations) than Gurzr*, which corre-
sponds to S,.

Although a fully quantum dynamical study, rigorously includ-
ing the coupling between the solute and the solvent degrees of
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Figure 5. Energy of the GCcr excited state for different values of the
N3—H bond distance, as computed in CHCl; by SS-PCM/TD-CAM-
B3LYP/6-31G(d) calculations on geometries optimized at the LR-
PCM/TD-CAM-B3LYP/6-31G(d) level, by using the UAO radii for
building the PCM cavity.

freedom, would be very useful, in order to get a good estimate of
solvent effect on ESPT, it is sufficient to explore two limiting
situations, namely, the nonequilibrium (neq) and the equilibri-
um one (eq). In the former case, the ESPT process is assumed to
be an ultrafast reaction, and the solvent does not have the time to
reach the equilibrium with the GC¢r electron density. As a con-
sequence, the slow degrees of freedom are always equilibrated
with the Sy electron density. In the eq limit, on the contrary, solv-
ent is considered to adiabatically follow the motion of the N3—H
proton, being always fully equilibrated with the GCcr (or GCgy)
electron density.

As shown in Figure 5, CHCI; dramatically affects the features
of the ESPT reaction (see also Figures 7S—9S in the SI). Unlike
the gas phase, both at the neq and the eq level GCcr-min and
GCgyi-min have comparable energy. Furthermore, the ESPT
path is not barrierless anymore: the predicted energy barrier
is ~0.25 eV (neq limit) and ~0.35 eV (eq limit). Finally, GCg;,-min
is not as close to the CI with S as in the gas phase; the energy gap
is always >1 eV. Actually, equilibration of solvent degrees of
freedom is predicted to be a critical factor to reach the CI with Sy
(at the neq level, the gap with S, is indeed larger than 2.5 V).
Since this latter process should occur in CHCI; on the picose-
cond time-scale, it is not likely that the GC4;,-min/S, decay is
faster than the fluorescence decay of the bright excited state
localized on the G and C monomers, whose lifetimes in CHCI;
(for A pump = 262 nm) are ~500 fs."?

Even a moderately polar solvent, thus, dramatically affects the
importance of the PT reaction for the deactivation process, since
population transfer to the CT state is more difficult, and, espe-
cially, PT implies the quenching of the strong dipole moment of
the CT state. These general chemical-physical effects could be
operative in many other systems/processes, and they should be
carefully considered when analyzing the possible involvement of
ESPT, on the basis of experiments performed in the gas phase or
in apolar environments.

Our finding that no ESPT process is involved in the ultrafast
part of the excited state decay of GC pairs embedded in a polar
environment is fully consistent with the experimental results
on GC polynucleotides, which do not decay to the ground state
faster than their components. Furthermore, the isotope effect ob-
served for the excited state decay of the d(GC)o*d(GC)y double
strand (suggesting the involvement of a PT reaction) concerns a
slow time constant (~20 ps), whereas no isotope effect is found
for the faster time constants.'®"”

Our results, thus, support the hypothesis that in GC rich
polynucleotides the excited state decay is likely ruled by the
formation of intrastrand exciplexes.'® The formation of a CT exci-
ted state, eventually followed by ESPT, should in these cases
involve rather an intrastrand GC excimer, eventually responsible
for the ultrafast fluorescence decay,"'? and not an interstrand
exciplex.
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