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In recent years the excited states of nucleic acid bases have been
characterized by several time-resolved fluorescence studies that
agree in assigning subpicosecond lifetimes to S1, implying very
efficient internal conversion processes.1-3 Unfortunately, while most
of the available experimental results have been obtained in
condensed phases,1 none of the few computational papers including
solvent effects4 takes into account at the same time bulk and specific
cybotactic contributions. Both effects are instead included in the
present study of the absorption and fluorescence spectra of uracil
in the gas phase and in solution, which reports to the best of our
knowledge the first fluorescence spectra computed in aqueous
solution at an accurate quantum mechanical level. We show that
(i) the S1/S2 ordering strongly depends on the nature of the
embedding medium, thus suggesting a possible explanation for the
available experimental results5-12 and (ii) by only taking into
account both bulk effects and the cybotactic region it is possible
to reproduce solvent effects on the energy and the intensities of
the electronic spectra, especially forπ/π* transitions.

The spectrum computed in the gas phase at the TD-PBE0 level13

(see Table 1 and Supporting Information) is in remarkable agree-
ment with experiments6 and CASPT2 calculations,14 concerning
both positions and intensities of absorptions. As a matter of fact,
all the computed vertical excitation energies (VEE) are within 0.1
eV from their experimental counterparts,6 except for a blue-shifting
of the S0 f S2 transition by∼0.2 eV. This latter is better reproduced
by CASPT2 calculations,14 probably because of an overstabilization
of π-bonding orbitals by DFT calculations. As for the relative
intensities, our picture is very similar to the experimental one, with
a weaker band at∼6 eV between two strong bands of similar
intensities at∼5.2 eV and∼6.6 eV. In agreement with previous
results, the S0 f S1 transition has an HOMO-1f LUMO (n/π*)
character (see Figure S1), mainly involving C4-O8 carbonyl group
(see Figure 1 for atom labeling), whereas the S0 f S2 transition
has a HOMO-LUMOπ/π* character (hereafterπ/π*A).

The optimized structures of the S1 and S2 states in the gas phase
(see Supporting Information) show that the most relevant geometry
changes involve the bond lengths, without significant distortion of
the ring from planarity. The computed fluorescence peaks should
occur at 3.57 and 4.22 eV for the S1 and S2 states, respectively.
The experimental 0-0 transition energy in supersonic jet is 4.37
eV,7 in nice agreement with the prediction of our computations for
the S0 f S1 transition (4.23 eV, see Table 1). In the gas phase, the
fluorescence emission should thus occur from a dark n/π* state, in
agreement with experimental results for the very similar thymine
molecule.15 Our calculations predict the presence of a very weak
maximum at∼3.57 eV, which is consistent with the experimental
estimate obtained for thymine (3.0-3.3 eV).15 To take solvent effect
into the proper account, we use a cluster including four explicit
water molecules (according to both experimental15,16 and compu-

tational17 indications; see Supporting Information), which are further
embedded in the dielectric continuum mimicking bulk solvent (see
Figure 1). UV spectra in solution have been calculated by using
the TD-PCM method.18,19

While solvent effects on the S0 equilibrium geometry are modest
(see Supporting Information), solvent shifts of the absorption
maxima are significant (see Table 1 and Supporting Information).
At the highest level of the theory (see Supporting Information) the
very weak n/π* transition is blue-shifted by∼0.5 eV, while the
strongπ/π* transition is red-shifted by∼0.2 eV and is predicted
to be slightly more intense. As a consequence, in aqueous solution
the lowest energy transition is predicted to have aπ/π* character,
reversing the state ordering predicted in the gas phase. The S3 and
S4 transitions (both withπ/π* character) get much closer with
respect to the gas phase, their energy gap being smaller than 0.1
eV. The experimental absorption spectra predict the existence of
two broad bands, the first centered around 4.8 eV (ε ) 8100) and
the second at∼6.1 eV (ε ) 8800),9,10 which could result from the
merging of the very close S3 and S4 transitions. Theπ/π*A
transition energy is underestimated by∼0.25 eV by our approach.
PCM computations on the cluster of Figure 1 provide a good
estimate of solvent effects both on the energy and on the intensity
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Table 1. Lowest Energy (in eV) Transition (Energy Relative to the
Corresponding S0 Minimum) of Uracila

n/π* π/π* A

Absorption
gas phase 4.80(0.00) 5.26(0.14)
ethanolb-PCM 5.15(0.0) 5.20(0.19)
uracil + 4 H2Oc 4.97(0.00) 5.26(0.14)
water-PCM 5.09(0.00) 5.17(0.19)
water-PCM+ 4 H2O 5.28(0.00) 5.16(0.20)

Emission
gas phase 4.23(0.00)3.57 5.01(0.04)4.22
ethanolb-PCM 4.62(0.00)4.10 5.13(0.11)4.51
water-PCM 4.64(0.00)4.10 4.93(0.20)4.61
water-PCM+ 4 H2O 4.78(0.00)4.24 4.86(0.20)4.58

a TD-PBEO/6-311+G(2d,2p)/PBE0/6-31G(d) calculations. Oscillator
strengths are in parentheses. Fluorescence energies are reported in italics.
b PCM single-point calculations on gas-phase optimized geometries.c Gas-
phase calculations.

Figure 1. Model used for the calculation in aqueous solution: Uracil+
four water molecules inserted in a cavity within the continuum.
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of that transition, whose intensity increases with the polarity of
the embedding medium. Our results (see Table 1 and Supporting
Information) show that a more reliable computation of solvent shifts
in absorption spectra requires the contemporary consideration of
bulk solvent effect and specific interactions with water molecules
belonging to the first solvation shell. As a matter of fact,
coordination of four water molecules, though leading to a remark-
able blue shift (∼0.2 eV) of the n/π* transition, is able to provide
only 50% of the total solvent shift. Bulk solvent effects are even
more important forπ/π* transitions, whose energies and, especially,
intensities are not significantly affected by the coordination of water
molecules in gas-phase calculations. On the other hand, the
coordination of solvent molecules significantly affects the energy
of carbonyl oxygen lone pair orbitals, while their influence on the
diffuseπ andπ* orbitals is much more limited. As a consequence,
only when solvent molecules are explicitly included,π/π*A
becomes the lowest energy transition. Solvent effects on the
equilibrium geometry of the n/π* state are not very large (see
Supporting Information), influencing mostly the geometry of the
N3-C4-O8 amide group. The elongation of the C2-O7 bond and
the contemporary shortening of the N1-C2 bond are more evident.
The geometry of theπ/π*A state is instead more affected by the
inclusion of solvent effects by the PCM. The weight of the C5,C6

atomic orbitals in the molecularπ orbitals involved in the transition
increases with respect to the gas-phase results. As a consequence,
the effect on the C5-C6 bond length of theπ/π*A transition is
larger.

The most significant results obtained by the excited-state
geometry optimizations in aqueous solution concern the dependence
of the hydrogen bond distances on the electronic state. For the
optimized n/π* solvation shell, the Hw4-O8 hydrogen bond distance
is significantly longer (by∼0.2 Å) than in the ground electronic
state. This electronic transition decreases the electron population
of the O8 lone pairs, leading to a weakening of the hydrogen bond
involving the C4-O8 carbonyl group. For theπ/π*A state, the most
relevant change involves instead 1-H2O, remarkably increasing the
Hw1-O7 hydrogen bond length in order to optimize the Ow1-H1

hydrogen bond strength. Not only do the hydrogen bond distances
decrease by∼0.1 Å, but also the hydrogen bond adopts a linear
optimal arrangement.

The predicted Stokes shift in ethanol solution for theπ/π*A
transition is in nice agreement with the experimental results (0.6
eV) obtained in methanol/ethanol mixed solvent.5 The agreement
found in aqueous solution is slightly worse, though still satisfactory,
the experimental Stokes shift (∼0.8 eV)10-12 being larger than the
computed one (∼0.6 eV). Interestingly, the n/π* state, which is
less stable than theπ/π*A state at the equilibrium geometry of the
ground state (i.e., in the absorption spectrum), is predicted to be
the lowest energy emitting state. The most significant geometry
change involves indeed the carbonyl group and suffers from
geometrical ring constraints less thanπ/π*A. On the other hand,
the predicted energy difference between the two minima is∼0.1
eV and, thus,π/π*A should be the lowest energy minimum, since
we have seen that our computations underestimate its energy by
∼0.2 eV. However, independently of the energy ordering, our
computations predict that the energy difference between n/π* and
π/π*A states in polar solvents is very small ((∼0.1 eV), both in
absorption and in emission. The results of this study can shed some
light on the intriguing behavior of uracil: (i) the fluorescence
quantum yield is not vanishing only in hydrogen bonding solvents5

and (ii) the fluorescence spectrum is the mirror image of the
absorption spectrum10,12and the anisotropy is very high,10 suggesting
that absorption and emission occur from the same state. In any

case, the fluorescence quantum yield is very low, while the
absorption has strongly allowed character (the absorption peak is
very intense), and emission from a low-lying forbidden state has
been proposed.12

In the gas phase and in nonpolar solvents, the lowest energy
state is the dark n/π* state and radiationless decay to the ground
state occurs from that state. Only in hydrogen bonding polar solvents
does theπ/π*A state becomes the lowest energy state, although
its energy is always extremely close to that of the n/π* state. The
ultrafast internal conversion in uracil (lifetimes of∼200 fs, the
lowest among the nucleobases)1 can thus be explained on the ground
of the “so-called” proximity effect.20 Solvent could obviously
influence other relevant aspects of the uracil excited-state dynamics,
as the accessibility of S2/S1 and S1/S0 conical intersections21 or the
potential energy surface associated to their coupling modes (e.g.,
the out-of-plane ring deformations of the ring).4b,21

According to our results, it would be possible that the arrange-
ment of solvent molecules around uracil plays a relevant role in
coupling S1 and S2 states. The solvation shell of S1 and S2 states is
very different, suggesting that their ordering could change following
the motion of just a single solvent molecule. Only a dynamical
treatment including a larger number of explicit solvent molecules
could provide a definite answer to this question, which is difficult
to tackle by experiments because of the very different intensity of
the two overlapping transitions. However, it is noteworthy that the
time scale for solvent equilibration (i.e., 50-200 fs depending on
the librational/translational motion of the solvent molecules)22 is
consistent with the order of magnitude of uracil fluorescence
lifetime in solution.
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