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In recent years the excited states of nucleic acid bases have beerfable 1.

characterized by several time-resolved fluorescence studies thatcorresponding SO Minimum) of Uracil®

Lowest Energy (in eV) Transition (Energy Relative to the

agree in assigning subpicosecond lifetimes {pi@plying very niz* sl A
efficient internal conversion processed Unfortunately, while most Absorption

of the available experimental results have been obtained in  gas phase 4.80(0.00) 5.26(0.14)
condensed phasésone of the few computational papers including ﬁggﬂf'fﬁ'\gc 2'91;‘:’((8'8())) g'ggégﬁ))
solvent effectstakes into account at the same time bulk and specific water-PCM- 5.09(0.00) 5.17(0.19)
cybotactic contributions. Both effects are instead included in the  water-PCM+ 4 H,O 5.28(0.00) 5.16(0.20)
present study of the absorption and fluorescence spectra of uracil Emission

in the gas phase and in solution, which reports to the best of our  9as pg?se 4.23(0.a&1p7 5.01(0.044.22
knowledge the first fluorescence spectre_l computed in aqueous SJQ%?-P_ICDI\(A:M ‘2%24(%%%‘18 Z:gggg:%&i:gi
solution at an accurate quantum mechanical level. We show that  water-PCM+ 4 H,0 4.78(0.004.24 4.86(0.204.58

() the -S/SZ ord_ering strongly d(_epends on the nature_ of the aTD-PBEO/6-31%#G(2d,2p)/PBE0/6-31G(d) calculations. Oscillator
emt_)eddlng med.lum, thus suggesting a"pOSSIble expla!‘latlc_)n for thestrengths are in parenthes’es. Fluorescence energies are re.ported in italics.
available experimental resuit$? and (i) by only taking into b PCM single-point calculations on gas-phase optimized geometi@ss-
account both bulk effects and the cybotactic region it is possible phase calculations.

to reproduce solvent effects on the energy and the intensities of
the electronic spectra, especially fokr* transitions.

The spectrum computed in the gas phase at the TD-PBEG3evel
(see Table 1 and Supporting Information) is in remarkable agree-
ment with experimenfsand CASPT2 calculatiorni$, 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 counterpaftexcept for a blue-shifting
of the § — S; transition by~0.2 eV. This latter is better reproduced
by CASPT2 calculation®! probably because of an overstabilization
of z-bonding orbitals by DFT calculations. As for the relative oo ‘ _
intensities, our picture is very similar to the experimental one, with fFigU’e 1. Model used for the calculation in aqueous solution: Uraecil
a weaker band at-6 eV between two strong bands of similar our water molecules inserted in a cavity within the continuum.
intensities at~5.2 eV and~6.6 eV. In agreement with previous
results, the §— S; transition has an HOMO-3> LUMO (n/x*)
character (see Figure S1), mainly involving—<®g carbonyl group
(see Figure 1 for atom labeling), whereas the-S S, transition the TD-PCM method81°
has a HOMO-LUMOz/z* character (hereaftet/7*A). While solvent effects on they®quilibrium geometry are modest

The optimized structures of thg 8nd S states in the gas phase  (see Supporting Information), solvent shifts of the absorption
(see Supporting Information) show that the most relevant geometry maxima are significant (see Table 1 and Supporting Information).
changes involve the bond lengths, without significant distortion of At the highest level of the theory (see Supporting Information) the
the ring from planarity. The computed fluorescence peaks should very weak nf* transition is blue-shifted by~0.5 eV, while the
occur at 3.57 and 4.22 eV for thg 8nd S states, respectively.  stronga/z* transition is red-shifted by~0.2 eV and is predicted
The experimental ©0 transition energy in supersonic jet is 4.37 to be slightly more intense. As a consequence, in aqueous solution
eV,’in nice agreement with the prediction of our computations for the lowest energy transition is predicted to have/a* character,
the § — S, transition (4.23 eV, see Table 1). In the gas phase, the reversing the state ordering predicted in the gas phase. JaedS
fluorescence emission should thus occur from a dark state, in S, transitions (both withz/z* character) get much closer with
agreement with experimental results for the very similar thymine respect to the gas phase, their energy gap being smaller than 0.1
molecule!® Our calculations predict the presence of a very weak eV. The experimental absorption spectra predict the existence of
maximum at~3.57 eV, which is consistent with the experimental two broad bands, the first centered around 4.8 €¥ 8100) and
estimate obtained for thymine (3:3.3 eV)!®To take solvent effect  the second at6.1 eV = 8800)?1°which could result from the
into the proper account, we use a cluster including four explicit merging of the very close sSand § transitions. Thea/z*A
water molecules (according to both experimefttfland compu- transition energy is underestimated ©9.25 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

tational” 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
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of that transition, whose intensity increases with the polarity of case, the fluorescence quantum yield is very low, while the
the embedding medium. Our results (see Table 1 and Supportingabsorption has strongly allowed character (the absorption peak is
Information) show that a more reliable computation of solvent shifts very intense), and emission from a low-lying forbidden state has
in absorption spectra requires the contemporary consideration ofbeen proposetf.
bulk solvent effect and specific interactions with water molecules  In the gas phase and in nonpolar solvents, the lowest energy
belonging to the first solvation shell. As a matter of fact, state is the dark w* state and radiationless decay to the ground
coordination of four water molecules, though leading to a remark- state occurs from that state. Only in hydrogen bonding polar solvents
able blue shift 0.2 eV) of the n#&* transition, is able to provide does ther/n*A state becomes the lowest energy state, although
only 50% of the total solvent shift. Bulk solvent effects are even its energy is always extremely close to that of the*rgtate. The
more important forr/z* transitions, whose energies and, especially, ultrafast internal conversion in uracil (lifetimes 6f200 fs, the
intensities are not significantly affected by the coordination of water lowest among the nucleobasesan thus be explained on the ground
molecules in gas-phase calculations. On the other hand, theof the “so-called” proximity effect® Solvent could obviously
coordination of solvent molecules significantly affects the energy influence other relevant aspects of the uracil excited-state dynamics,
of carbonyl oxygen lone pair orbitals, while their influence on the as the accessibility of 5, and S/S; conical intersectior or the
diffusesr andsr* orbitals is much more limited. As a consequence, potential energy surface associated to their coupling modes (e.g.,
only when solvent molecules are explicitly includeg/z*A the out-of-plane ring deformations of the rirf§f*
becomes the lowest energy transition. Solvent effects on the According to our results, it would be possible that the arrange-
equilibrium geometry of the n* state are not very large (see ment of solvent molecules around uracil plays a relevant role in
Supporting Information), influencing mostly the geometry of the coupling § and $ states. The solvation shell of &nd $ states is
Ns—C,;—0Og amide group. The elongation of the-60; bond and very different, suggesting that their ordering could change following
the contemporary shortening of the-NC, bond are more evident. ~ the motion of just a single solvent molecule. Only a dynamical
The geometry of ther/z*A state is instead more affected by the treatment including a larger number of explicit solvent molecules
inclusion of solvent effects by the PCM. The weight of the@G could provide a definite answer to this question, which is difficult
atomic orbitals in the molecular orbitals involved in the transition ~ to tackle by experiments because of the very different intensity of
increases with respect to the gas-phase results. As a consequencée two overlapping transitions. However, it is noteworthy that the
the effect on the &-Cg bond length of ther/7*A transition is time scale for solvent equilibration (i.e., 5@00 fs depending on
larger. the librational/translational motion of the solvent moleclies

The most significant results obtained by the excited-state consistent with the order of magnitude of uracil fluorescence
geometry optimizations in aqueous solution concern the dependencdifetime in solution.
of t_hg hydrogen bo.nd distances on the electronic stat_e. For the Acknowledgment. We thank Dr. T. Gustavsson for very useful
.OptI.mIZ.ETd nf* solvation shell, the Im|4—08.hydrogen bond dlstange discussions and MURST for financial support.
is significantly longer (by~0.2 A) than in the ground electronic
state. This electronic transition decreases the electron population Supporting Information Available: Equilibrium geometries and
of the Q lone pairs, leading to a weakening of the hydrogen bond relative tables. Computational and methodological details. Results
involving the G—Og carbonyl group. For the/*A state, the most concerning additional excited states. This material is available free of
relevant change involves instead 16 remarkably increasing the ~ charge via the Interet at http://pubs.acs.org.
Hw1—0O; hydrogen bond length in order to optimize the OwH;
hydrogen bond strength. Not only do the hydrogen bond distances

decrease by-0.1 A, but also the hydrogen bond adopts a linear (1) %gzpf(-)lzelrgggdez, C. E; Cohen, B.; Hare, P. M.; KohleClizm. Re.
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