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Abstract: The excited-state properties of uracil, thymine, and nine other derivatives of uracil have been
studied by steady-state and time-resolved spectroscopy. The excited-state lifetimes were measured using
femtosecond fluorescence upconversion in the UV. The absorption and emission spectra of five
representative compounds have been computed at the TD-DFT level, using the PBE0 exchange-correlation
functional for ground- and excited-state geometry optimization and the Polarizable Continuum Model (PCM)
to simulate the aqueous solution. The calculated spectra are in good agreement with the experimental
ones. Experiments show that the excited-state lifetimes of all the compounds examined are dominated by
an ultrafast (<100 fs) component. Only 5-substituted compounds show more complex behavior than uracil,
exhibiting longer excited-state lifetimes and biexponential fluorescence decays. The S0/S1 conical
intersection, located at CASSCF (8/8) level, is indeed characterized by pyramidalization and out of plane
motion of the substituents on the C5 atom. A thorough analysis of the excited-state Potential Energy
Surfaces, performed at the PCM/TD-DFT(PBE0) level in aqueous solution, shows that the energy barrier
separating the local S1 minimum from the conical intersection increases going from uracil through thymine
to 5-fluorouracil, in agreement with the ordering of the experimental excited-state lifetime.

1. Introduction

Nucleic acids are known to undergo ultrafast internal conver-
sion after photoexcitation in the UV-visible region.1 This
mechanism is supposed to have an enormous biological
relevance by providing a natural limiting effect to photochemical
damage due to UV absorption. However, despite numerous
studies, the primary photoinduced processes in nucleic acids
remain poorly understood.

As a first step toward a full understanding of the photoexcited
processes occurring in the double helix, a large number of
experimental and theoretical studies have thus been devoted to
characterize the photophysical behavior of their building blocks
(nucleobases, nucleosides, and nucleotides). All the bases absorb
strongly in the UV region, and thus, a significant amount of
energy is deposited in the absorbing excited state. However,
such as in the case of nucleic acids, the nucleobases appear to
be remarkably stable toward photodegradation, suggesting that

any possible photochemical processes are efficiently prevented
by a fast nonradiative decay to the ground state.

Indeed, femtosecond time-resolved fluorescence and transient
absorption studies agree in assigning subpicosecond lifetimes
to the bright excited state of nucleobases in room-temperature
aqueous solution, implying very efficient internal conversion
processes.2 In particular, fluorescence upconversion experiments3-7

on the monomeric DNA constituents have revealed that the
fluorescence decays are extremely fast (<1 ps) and cannot be
described by single exponentials, hinting at complex nonradia-
tive deactivation processes occurring in the excited state(s).

In parallel to recent experimental work on the nucleobases,
theoretical efforts have indeed begun to constitute an important
source of valuable information, complementing the experimental
studies in the characterization of the nature and the properties
of the lowest electronically excited states and on the mechanism
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of their ultrafast decay.8-35 Unfortunately, while most of the
available experimental results have been obtained in the
condensed phase2 (we refer here to room-temperature aqueous
solution), the number of computational papers properly taking
into account solvent effects is still limited.19,20,23-26,32This makes
the comparison between experiment and theory more difficult
since the solvent is known to have a non-negligible effect on
the excited-state properties of nucleobases. For example, in
solution, the excited-state lifetimes do not exhibit the pro-
nounced wavelength dependence that is found in gas-phase
experiments.2,36,37 In this respect, it is worth noting that, even
if extremely short excited-state lifetimes are observed also in
the gas phase,38,39there are several experimental results indicat-
ing that the excited-state lifetimes of uracil, thymine and adenine
are shorter in room-temperature aqueous solution2 than in the
gas phase. Trapping for tens to hundreds of nanoseconds in a
dark state has been reported to occur in the gas phase.40,41

Interestingly, in condensed phase at low temperatures, the
luminescence lifetimes and quantum yields increase by several
orders of magnitude.42

In general, despite the enormous recent advances of time-
resolved spectroscopic studies and theoretical efforts, the

underlying mechanism responsible for the excited-state decay
of the different nucleobases is far from being fully assessed.
What are the physicochemical factors (intramolecular as well
as environmental) influencing the excited-state lifetime? Very
likely, a general relaxation mechanism cannot be found that
explains the ultrafast nonradiative deactivation of all monomers.

A very fruitful approach to shed light on the ground-state
recovery mechanism has been to compare the excited-state
behavior of different derivatives of the nucleobases. Already
protonation/deprotonation may have a strong effect on the
excited-state lifetime. Guanosine in acid solution (pH) 2-3)
becomes protonated on the 7-position, which increases the
lifetime from the subpicosecond range to about 200 ps.3,43,44It
is also well-known that substitution of the side groups may have
a substantial influence on the excited-state properties, affecting
the lifetime drastically. The most well-known example is
2-aminopurine, an adenine analogue with the amino group
shifted from the 6- to the 2-position. For this reason, the excited-
state lifetime increases by more than a factor of thousand from
the picosecond to the nanosecond range.45 Less drastic but still
important effects have been observed for cytidine, where
methylation on the 5-position increases the excited-state lifetime
by a factor of 10.46,47More generally, substitution (methylation)
is a means to block specific reaction paths, such as proton/
hydrogen transfer. An example is the study of adenine,48 where
the ambiguity induced by the presence of both 7H and 9H
tautomers of adenine in aqueous solution was overcome by
selected methylation.

We have used a similar strategy in this study, where the static
and dynamical behaviors of the excited states of uracil and 10
of its derivatives have been characterized by means of femto-
second fluorescence upconversion and quantum chemical cal-
culations.

Uracil and the closely related thymine (5-methyluracil) are
the simplest nucleobases present in RNA and in DNA,
respectively. They may therefore serve as “reference com-
pounds” for a combined experimental and theoretical study.
Furthermore, getting a closer insight on the excited-state features
of the six-member pyrimidines could also help understanding
the behavior of the purine bases (adenine and guanine).
However, the number of accurate studies on uracil derivatives
is still limited. Recently, a measure of the uracil excited-state
lifetime using femtosecond transient absorption spectroscopy
was reported.49 The excited-state lifetime was found to be less
than 200 fs, in principle, limited by the time resolution of the
apparatus. From a computational point of view, even if the
excited states of uracil have been studied at different levels of
theory,24-26,28-32 to the best of our knowledge, there are only
two studies devoted to the analysis of the excited-state deactiva-
tion mechanism,31,35 and they do not take into account solvent
effects.
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The 11 uracil derivatives treated in the present study (Chart
1) have been selected in order to cover substitution at different
positions and of different chemical nature (electronegativity,
weights, etc.), while multiple substitutions allowed us to verify
the presence of additive and/or cooperative effects. Due to the
fact that the theoretical characterization of excited states in
solution recently has experienced very interesting advances,
allowing accurate excited-state quantum chemical optimizations
both in the gas phase8-31 and in solution (ref 32, and this will
also be the subject of a forthcoming methodological article),
the experimental results will be interpreted with the help of such
calculations.

We have exploited these new possibilities in this joint
experimental and computational study, that is aimed (i) to check
how different substitutions in key position affect the excited-
state behavior of uracil in aqueous solution; (ii) to accurately
measure the effect of the ring substituent on the excited-state
lifetime; (iii) to give an interpretation of the above results in
terms of simple physicochemical effect; (iv) to understand what
are the key mechanistic steps of the highly efficient nonradiative
deactivation leading back to the ground state.

All the computational analysis hereby presented has been
performed, including the effect of the aqueous solution environ-
ment. Besides its intrinsic interest, this study will thus hopefully
constitute a critical test of the possibility of the recently
developed quantum chemical methods to give a reliable picture
of the excited-state process in the condensed phase.

2. Experimental Section

All compounds [uracil (U), 1-methyluracil (1MU), 3-methyluracil
(3MU), thymine (5-methyluracil, T), 6-methyluracil (6MU), 1,3-
dimethyluracil (1,3DMU), 1-methylthymine (1MT), 5-trifluoromethyl-
uracil (trifluorothymine, TFT), 5-fluorouracil (5FU), 5-fluoro-1,3-
dimethyluracil (5F1,3DMU), and 5-chlorouracil (5ClU); Chart 1] were
purchased from Sigma Aldrich and used without further purification.
They were dissolved in ultrapure water produced by a Millipore (Milli-Q
Synthesis) purification system. Dihydrate quinine sulfate was obtained
from Prolabo.

Absorption spectra were recorded with a Perkin Lamda 900
spectrophotometer using 1 mm, 2 mm, and 1 cm quartz cells (QZS).
Fluorescence spectra were recorded with a SPEX Fluorolog-2 spec-
trofluorometer. The light source was a 450 W arc xenon lamp. Emission
spectra were recorded with a band-pass of 4.71 nm at the excitation
side and 2.25 nm at the emission side. The calibration of the emission
monochromator was verified using an Hg low-pressure standard lamp,
whereas that of the excitation monochromator was confirmed by
observing the scattered excitation light from water. The emission
correction factor was performed by means of deuterium and tungsten
lamps of standard irradiance and checked via the standard fluorescence
spectrum of quinine sulfate.50

For the fluorescence measurements, 1 cm× 1 cm and 0.2 cm× 1
cm quartz cells (QZS) were used for dilute and concentrated solutions,
respectively. For dilute solutions (<5 × 10-5 mol/dm-3), the water
signal was not negligible compared to the fluorescence intensity.
Therefore, its contribution was subtracted from the fluorescence spectra.
In this way, the weak continuum was removed but the main Raman
line could not be completely eliminated. To obtain the emission
spectrum of a given solution over the whole near-UV and visible area,
each spectrum was recorded twice: (i) without any filter at the emission
side and using (ii) a Schott GG360 filter. The two spectra were
normalized at an appropriate wavelength and then joined. Such a
procedure allowed us to eliminate the second order of the scattered
excitation light from water and Raman scattering (as well as the
corresponding second-order features) so as to construct reliable
fluorescence emission spectra over a large spectral domain.

Due to the relatively high concentration needed in order to get
measurable fluorescence, reabsorption poses a problem. We overcame
this by fitting the main part of the spectrum (where reabsorption can
be neglected) with a log-normal function and then extrapolating toward
shorter wavelengths. This treatment may also introduce a slight
distortion in the blue wing, but we judge that this is of no consequence
in the present work. Fluorescence quantum yields (φx) were determined
using quinine sulfate dihydrate in 0.1 M HClO4 (φs ) 0.59).50 (For
details of the quantum yield measurements, see Supporting Information.)

The femtosecond fluorescence upconversion setup has been described
earlier.4 The excitation source is the third harmonic of a mode-locked
Ti-sapphire laser. The 267 nm pulses are generated in a home-made
frequency-tripler using two 0.5 mm type I BBO crystals. Typically,
the average excitation power at 267 nm was 40 mW. The fluorescence
from the sample is collected by parabolic mirrors and mixed with the
residual fundamental in a 0.5 mm type I BBO crystal in order to
generate the sum frequency. The sum frequency light is spectrally
filtered in a small monochromator and detected by a photomultiplier
in single-photon counting mode. The spectral resolution of the
monochromator at the detection wavelength (223-288 nm) was set to
8 nm. Parallel (Ipar(t)) and perpendicular (Iperp(t)) excitation/detection
configurations were realized by controlling the polarization of the
exciting beam with a zero-order half-wave plate.

Fluorescence decays were recorded at 330 nm. Temporal scans were
made in a 4 pstime window with 33.3 fs steps in both parallel and
perpendicular configurations.

The instrumental response function is well described be a Gaussian
function G(t), as confirmed separately by recording the fundamental
Raman line of water at 295 nm. The full-width at half-maximum (fwhm)
value of the Gaussian apparatus function is about 350 fs at 310 nm
and decreases to below 300 fs at 450 nm, as expected from the GVD
mismatch between the fluorescence and the fundamental in the sum
frequency crystal. We judge that the time resolution of our setup is
better than 100 fs after deconvolution, depending on the signal-to-noise
ratio.

All measurements were performed at room temperature (20( 1 °C)
under aerated conditions. Solutions (≈2.5× 10-3 mol/dm-3) were kept
flowing through a 0.4 mm quartz cell, which itself was kept in
continuous motion perpendicular to the excitation beam. The power
density cannot be measured precisely within the excitation volume,
but we estimate it to be 0.2( 0.1 GW/cm2 for a 40 mW output from
the tripler unit.

Analysis. As shown in detail in the following section, both the
absorption and the fluorescence spectra differ strongly in position and
shape. As a consequence, to compare more easily and precisely the
spectral properties of the different compounds examined, both absorp-
tion and fluorescence spectra were put on a frequency scale. Fluores-
cence spectra were scaled by aλ2 factor and normalized. Subsequently,

(50) Velapoldi, R. A.; Mielenz, K. D.A fluorescence standard reference
material: quinine sulfate dihydrate; U. S. Government Printing Office:
Washington, D.C., 1980.

Chart 1 Schematic Structure of the Substituted Uracils Studied in
the Present Work, Where R1, R2, R3, and R4 Denote the Different
Substituents Corresponding to the Table
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spectra were fitted with a simplified log-normal function51 to evaluate
the extinction coefficient and the peak frequency. (For the actual form
of the log-normal fitting function, see the Supporting Information.)
Stokes shifts were calculated as the difference between the peak
frequencies of the absorption and fluorescence spectra.

Fluorescence quantum yields were calculated using the relation

where X refers to the studied compound and S to the reference
compound quinine sulfate. (See Supporting Information for details.)

Total fluorescence kineticsF(t) shown below were constructed from
the parallel and perpendicular signals (Ipar(t) and Iperp(t)) according to
the equation

Our recordings with parallel and perpendicular excitation/detection
configuration allowed us to determine the fluorescence anisotropyr(t).
To this end, we performed a merged nonlinear fitting/deconvolution
process using the impulse response model functions

convoluted by the Gaussian instrument response function,I(t) ∝ i(t) X
G(t). The model functions thus obtained were fitted to the parallel (Ipar)
and perpendicular (Iperp) experimental signals. Mono- or biexponential
functions were used forf(t), while r(t) was taken as monoexponential.

3. Computational Details

All of the calculations have been performed on the diketo form of
uracil and its derivatives, which is the most stable form in the electronic
ground state.24,52 It is by far the dominating tautomer both in gas
phase53-56 and solution57 even though the presence of the keto-enol
tautomer has been reported, especially for 5-halogenated species.58,59

Moreover, the diketo is the only tautomer possible for all of the 1,3-
dimethyl derivatives.

All of the calculations have been performed by using a development
version of the Gaussian 03 package.60 The absorption and emission
spectra have been calculated by Time Dependent-Density Functional
Theory (TD-DFT) using the PBE0 hybrid functional, which, despite
the absence of adjustable parameters, has been shown to provide
excitation spectra in very good agreement with experimental results
and with an accuracy comparable to that of other hybrid functionals.32,61-64

Three different basis sets were used, and geometry optimization was
performed at the PBE0/6-31G(d) level65 for S0 and at the TD-PBE0/
6-31G(d) level forS1. Analytical excited-state geometry optimizations
have been performed at the PCM/TD-PBE0/6-31G(d) level in aqueous
solution.66 We verified that the Kohn-Sham orbitals mainly involved
in the excitations are always very similar to the Hartree-Fock ones
computed with the same basis set and are thus suitable for qualitative
physical interpretation. We checked that all the computed frequency
in the minima of theS0 andS1 surfaces are positive; for theS0 surface,
analytical second derivatives were used, while forS1, we performed
numerical differentiation of analytic gradients.

Conical intersections (CI) between the ground and theπ/π* excited
state have been located at the CASSCF(8/8)/6-31G(d) level, by using
the method of Bearpark at al.,67 including 6 π molecular orbital and
the two nO valence orbitals. The geometry of the CI is very similar to
that obtained for uracil at the CASSCF(12/9) level,31 including all the
8 π orbitals and 1 nO valence orbital. This latter structure has been
shown to be reliable by single-point CASSCF calculation with larger
expansion,31 suggesting that our approach should be fully adequate to
the purposes of the present paper, namely, the comparison of the
excited-state PES of different uracil derivatives. We therefore need just
a good estimate of the CI structure to be used for the subsequent PCM/
TD-PBE0 analysis of a wide region of the PES between theS1 minimum
and the CI.

Two-dimensional PESs have been computed at the PCM/TD-PBE0/
6-31G(d) level in aqueous solution. The two coordinates are (i) the
out of plane motion of the C5 substituent (φ, improper dihedral), (ii) a
“collective” coordinatex, defined as a linear interpolation between the
remaining internal coordinates of the minimum onS1 and the CI. Such
a reduction of the problem is justified by our computational results
(see section 4.3.b. below).

Solvation Model. Bulk solvent effect on the UV spectra has been
calculated by using the PCM/TD-DFT implementation described in
refs 62 and 63. However, it is well-known that the proper description
of solvent shifts in aqueous solutions requires the explicit inclusion of
water molecules belonging to the first solvation shell in the cluster,
which is further embedded in the dielectric continuum mimicking bulk
solvent. Taking into account experimental suggestions,41 we thus include
four explicit water molecules.32 The most stable arrangement (shown
below) is in agreement with the indication of NMR experiments68 that
no water molecule is strongly bonded to C5 and C6 carbon atoms, and
that O7 and O8 are coordinated by two and one water molecule,
respectively. The results of a recent Car-Parrinello dynamics69 suggest
that the first coordination shell of uracil (up to 2.5 Å) is formed by 6
water molecules, 4 in the molecular plane (as in Figure 1) and 2 more
or less perpendicular to it. Although a full description of the first
solvation shell in solution requires, of course, a proper dynamic
treatment, a number of studies have confirmed that the PCM is able to
accurately account for the effect of water molecules that are more distant
and/or not directionally bound to the carbonyl oxygen lone pairs.70,71

4. Results

4.1. Steady-State Spectroscopy: Absorption. 4.1.a. Ex-
perimental Absorption Spectra.Steady-state absorption spec-
tra of the uracils in room-temperature aqueous solution were
analyzed as described above, and resulting spectral parameters
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as well as molar extinction coefficients are reported in Table 1.
The absorption spectra of five chosen uracils (U), 6-methyluracil
(6MU), 1,3-dimethyluracil (1,3DMU), thymine (T), and 5-fluo-
rouracil (5FU), in aqueous solution are shown in Figure 2.
(Absorption spectra of all uracils are given in the Supporting
Information.)

The measured absorption maxima for uracil, thymine, 5-fluo-
rouracil, and 5-chlorouracil compare well with the results present
in the literature.72-78 The values we found for the molar
extinction coefficients are, in most cases, slightly higher than
those previously reported for uracil72-75 and thymine.72,73This
may be due to the hygroscopic character of the powders. One
value given for thymine (9.6× 103 M-1cm-1)75 is surprisingly
high.

The comparison of the results obtained for the 11 studied
compounds allows us to highlight some interesting features
regarding their absorption spectra:

First, for what concerns methyl-substituted compounds, they
are increasingly red-shifted in the order (on a wavelength scale)

Methyl substitution in positions 1 and 5 leads to a noticeable
red shift of the absorption maxima. As a matter of fact, both
thymine and 1-methyluracil peaks are ca. 1000 cm-1 red-shifted
with respect to that of uracil. The effect of the methyl substituent
in positions 1 and 5 seems to be additive, as shown by the
maximum of 1-methylthymine, that is ca. 2000 cm-1 red-shifted
with respect to uracil. On the other hand, methyl substituent in
positions 3 and 6 does not lead to significant red shift of the
absorption maxima. Actually, the 6-methyluracil peak is slightly
blue-shifted with respect to the uracil one.

Moreover, absorption spectra of 5-substituted compounds are
increasingly red-shifted in the order (on a wavelength scale)

This is in line with the findings of Lohmann who studied uracil
and its 5-halogenated derivatives.77

It may be worthwhile to note that the red shift introduced by
the methyl substituents in the 1 and 3 positions seems to be
additive with the spectral shift caused by the 5-fluoro substituent
resulting in a ca. 2000 cm-1 red shift of 5F1,3DMU with respect
to uracil.

4.1.b. Computed Absorption Spectra.To rationalize the
results reported in the previous subsection and to check the
reliability of our theoretical procedure, we computed the
absorption spectra in aqueous solution of a representative subset
of the examined compounds, namely, uracil, thymine, 5-fluo-
rouracil, 6-methyluracil, and 1,3-dimethyluracil. As anticipated
above, we took into account both bulk solvent effect by means
of PCM method and cybotactic effects by studying the super
molecule sketched in Figure 1, which includes four water
molecules of the first solvation shell.

To better appreciate the importance of including solvent
effect, the gas-phase results are also reported. In agreement with
previous computational results, a strong absorption peak is
predicted around 40 000 cm-1, arising from the HOMO-LUMO
π/π* transition.

The computed absorption maxima on the PCM level (Table
2) are in good agreement with the experimental ones, but for a
small blue shift (ca. 2500 cm-1), likely due to the overstabili-
zation of theπ bonding orbital by TD-DFT methods. On the
other hand, it is encouraging that TD-DFT calculations
correctly reproduce substituent effect on the transition energy.
Taking uracil as reference compound, the transition is predicted
to be blue-shifted in 6-methyluracil and red-shifted in 1,3-
dimethyluracil, thymine, and 5-fluorouracil. The computed
transition energies of 1,3-dimethyluracil and thymine are always
similar, the energy difference being ca. 300 cm-1 and the relative
energy ordering changing according to the basis set used.
Actually, experiments show that the peaks are within 200 cm-1.

The only noticeable quantitative discrepancy between our
calculations and the experimental results is found for 5-fluo-
rouracil, whose transition energy is similar to that of thymine
and 1,3-dimethyluracil according to experiments, whereas it is
ca. 500 cm-1 red-shifted according to our calculations. Apart
from the computational difficulties in treating the subtle balance

(72) Voet, D.; Gratzer, W. B.; Cox, R. A.; Doty, P.Biopolymers1963, 1, 193-
208.

(73) Beaven, G. H.; Holiday, E. R.; Johnson, E. A. InThe nucleic acids.
Chemistry and biology; Chargaff, E., Davidson, J. N., Eds.; Academic
Press: New York, 1955; Vol. 1.

(74) Clark, L. B.; Tinoco, I., Jr.J. Am. Chem. Soc.1965, 87, 11-15.
(75) Kleinwachter, V.; Drobnik, J.; Augenstein, L.Photochem. Photobiol.1966,

5, 579-586.
(76) Daniels, M.; Hauswirth, W.Science1971, 171, 675-677.
(77) Lohmann, W.Z. Naturforsch. C1974, 29, 493-495.
(78) Aaron, J. J.; Gaye, M. D.Talanta1988, 35, 513-518.

Figure 1. Schematic drawing of the minimum energy geometry of the
ground (A) and first excited state (B) of the adduct formed by thymine and
four water molecules.

6MU < U/3MU < T < 1,3DMU < 1MU < 1MT

TFT < U < T < 5FU < 5ClU

Singlet Excited-State Behavior of Uracil and Thymine A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 128, NO. 2, 2006 611



of hyperconjugative and electron-withdrawing effects associated
with the fluoro substituent, it could be hypothesized that the
first solvation shell should explicitly include a water molecule
directly bound to the fluorine atom since C-F bonds are known
to be frequently involved in nonconventional hydrogen
bonding.84-86

The analysis of the shape of the molecular orbitals involved
in the electronic transition (Figure 3) allows us to rationalize
the energy trends of theπ/π* transition. The methyl groups in

C5 and N1 and the fluoro substituent in C5 position give an
antibonding contribution to the HOMO, thus increasing the
HOMO energy. Their contributions are slightly antibonding also
for the LUMO, but the weight of C5 and N1 (and their
substituents) atomic orbitals is much larger in the HOMO with
respect to the LUMO. When substituents able to give rise to a
hyperconjugative effect are present in C5 or in N1, the HOMO-
LUMO energy gap decreases and theS0-S1 transition is red-
shifted with respect to uracil.

Obviously, the interaction between the frontier orbitals
depends also on the electronegativity of the C5 substituent. The
strongly electron-withdrawing trifluoromethyl group has a
bonding interaction with the molecular orbitals of the pyrimidine
ring, which is more relevant for the HOMO. Our calculations,
in agreement with the experimental results, predict that theπ/π*
transition is ca. 500 cm-1 blue-shifted with respect to uracil
(Table 2).

Similar considerations can also explain the different behavior
of C6 substituents. In this case, the antibonding character of
the C6-methyl interaction in the LUMO is larger than that of
the HOMO, accounting for the weak blue shift. Finally, the
contribution of N3 to the frontier orbitals of uracil derivatives
is very small, explaining why substituents in that position do
not lead to significant shift of theS0-S1 electronic transition.

The inclusion of four water molecules of the first solvation
shell does not significantly affect the relative transition energy
of the five compounds examined, but slightly reduces the
quantitative discrepancy between computed and experimental
energy maxima. Actually, theπ/π* transitions are expected to
be less affected by explicit hydrogen bonds than the n/π*
transitions, involving carbonyl lone pairs, that are instead
significantly blue-shifted. On the other hand, a lot of caution
has to be used when comparing the results relative to the systems
including the first solvation shell. It could indeed be possible

(79) Vigny, P.; Duquesne, M.Photochem. Photobiol.1974, 20, 15-25.
(80) Callis, P. R.Chem. Phys. Lett.1979, 61, 563-567.
(81) Callis, P. R.Annu. ReV. Phys. Chem.1983, 34, 329-357.
(82) Suwaiyan, A.; Morsy, M. A.; Odah, K. A.Chem. Phys. Lett.1995, 237,

349-355.
(83) Hauswirth, W.; Daniels, M.Chem. Phys. Lett.1971, 10, 140-142.
(84) Parsch, J.; Engels, J. W.J. Am. Chem. Soc.2002, 124, 5664-5672.
(85) van der Veken, B. J.; Herrebout, W. A.; Szostak, R.; Shchepkin, D. N.;

Havlas, Z.; Hobza, P.J. Am. Chem. Soc.2001, 123, 12290-12293.
(86) Zierkiewicz, W.; Michalska, D.; Havlas, Z.; Hobza, P.ChemPhysChem

2002, 3, 511.

Table 1. Characteristic Parameters of the First Absorption and Fluorescence Bands of Uracil and Its Derivatives: The Peak Molar Extinction
Coefficient, εmax, the Peak Frequency, νmax, the Peak Wavelength, λmax, the Fluorescence Quantum Yield, ΦF, and the Stokes Shift, ∆ν
(peak absorption minus peak fluorescence). Literature Data Are Shown in Italic

Absorption Fluorescence

compound
εmax

(103 M-1 cm-1)
νmax

(cm-1)
λmax

(nm)
νmax

(cm-1)
λmax

(nm)
ΦF

(×104)
∆ν

(cm-1)

U 9.1 38642 259 31301 312 0.35 7342
8.2a,c 259.5a 308e 0.45e

8.1b 259b,c 1.16k

258.4d

258e,f

1MU 9.9 37400 267 31079 315 0.48 6320
3MU 7.4 38629 259 31578 311 0.38 7052
6MU 9.3 38861 257 31051 313 0.62 7809
T 8.4 37780 265 29934 329 1.02 7846

7.9a 265e,f ∼330g,h,i 1.02e

9.6c 264.5a 1.75k

264c

1,3DMU 9.6 37572 266 31513 312 0.47 6058
8.9c 266c

1MT 9.2 36720 272 29836 332 1.37 6884
5FU 6.1 37600 266 29447 335 2.21 8153

265.3d

5ClU 7.9 36560 273 28557 345 0.91 8004
274.1d 340j

271j

TFT 8.5 38918 257 31544 311 0.64 7375
5F1,3DMU 7.9 36572 273 28753 342 2.01 7820

a From ref 72 (based on data from ref 73).b Reference 74.c Reference 75.d Reference 77.e Reference 76.f Reference 78.g Reference 79.h Reference
80. i Reference 81.j Reference 82.k Reference 83.

Figure 2. Steady-state absorption spectra of five uracils in room-
temperature aqueous solutions: uracil (U), 6-methyluracil (6MU), 1,3-
dimethyluracil (1,3DMU), thymine (T), and 5-fluorouracil (5FU).
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that the number of solvent molecules that should be explicitly
considered is not the same for all the compounds examined,
and that might affect the relative transition energy. It is, for
example, significant that, when only two water molecules are
included in the calculations, the transition energy of 1,3-
dimethyluracil is blue-shifted by ca. 200 cm-1, giving an
estimate of the energy variation associated with different models
of the cybotactic region. Shortly, while the inclusion of explicit
water molecules increases the general reliability of our calcula-
tions, it may also introduce another (though small) possible
source of error. For consistency, we choose to compare always
the results with the same number of molecules.

Before analyzing the fluorescence spectra, it is important to
highlight that for all the compounds examinedπ/π* transition
corresponds to the lowest energy one. TheS0-S2 transition,
corresponding to a dark n/π* state, is quite close in energy,
and for uracil, only when both bulk solvent effects and the
cybotactic region are included in the calculation, theπ/π*
transition becomes the lowest in energy.32 Interestingly, for all
the compounds examined, the n/π* transition would be the
lowest in energy in the gas phase, confirming that any reliable
computational analysis of the excited state behavior in con-
densed phase requires that solvent effects are properly taken
into account.

In summary, in this section, we have shown that the
absorption spectra of uracil derivatives critically depend on the
nature and the position of the ring substituents, and that the
energy trend can be convincingly explained by analyzing the
shape of the molecular orbitals involved in the electronic
transition. Furthermore, TD-PBE0 calculations satisfactorily
reproduce substituent effect, while solvent effect can be ef-
fectively described using a hybrid model that includes explicitly
the first solvation shell, while bulk effects are treated by the
PCM method.

Finally, contrary to what was found in the gas phase,31 our
calculations predict that in aqueous solution the lowest energy
transition corresponds to theπ/π* transition. In the subsequent
steps of our study, we will focus our attention mainly on this
electronic state.

4.2. Steady-State Spectroscopy: Fluorescence. 4.2.a. Ex-
perimental Fluorescence Spectra.Steady-state fluorescence
spectra of the uracils in room-temperature aqueous solution
obtained for excitation at 255 nm were analyzed as described
above, and resulting spectral parameters are reported in Table
1. Also given in Table 1 is the Stokes shift, that is, the difference
in wavenumber between the absorption and the fluorescence
maxima. The fluorescence spectra of five chosen uracils (U),
6-methyluracil (6MU), 1,3-dimethyluracil (1,3DMU), thymine

Table 2. Absorption Energy (in cm-1) of the Two Lowest Energy Electronic Transitions in Five Uracil Derivatives. PBE0/6-31G(d) Geometry
Optimizations in Aqueous Solution. A Dimensionless Oscillator Strength Is Given in Parentheses

Gas Phase Water solution PCM Water solution PCM + 4H2O

6-311 + G(2d,2p) 6-31G(d) 6−31 + G(d,p) 6−311 + G(2d,2p) 6-31G(d) 6−31 + G(d,p) 6−311 + G(2d,2p)

uracil
π/π* 42423 43182 42215 41657 42937 42031 41489

(0.142) (0.179) (0.211) (0.198) (0.189) (0.212) (0.199)
n/π* 38745 41116 41828 41586 42329 42760 42509

thymine
π/π* 40836 42063 40783 40217 41869 40677 40122

(0.147) (0.183) (0.210) (0.200) (0.193) (0.210) (0.199)
n/π* 39290 41384 41846 41609 42610 42807 42564

5-fluorouracil
π/π* 40302 41211 40324 39737 40807 39987 39415

(0.133) (0.173) (0.197) (0.183) (0.186) (0.203) (0.190)
n/π* 39094 41541 42073 41853 42609 42935 42705

6-methyluracil
π/π* 42167 43014 42217 41726 42480 41823 41353

(0.168) (0.207) (0.244) (0.231) (0.150) (0.244) (0.238)
n/π* 38294 41152 42067 41859 42615 43201 42966

1,3-dimethyluracil
π/π* 41019 42003 41117 40568 41692b 40974b 40449b

(0.156) (0.193) (0.221) (0.208) (0.205) (0.226) (0.217)
n/π* 39263 41327 41924 41659 43412 43776 43384

a Trifluorothymine, PCM/TD-PBE0/6-311+G(2d,2p)//PBE0/6-31G(d) calculations in aqueous solution:π/π* ) 42149(0.189).b Calculations with two
explicit water molecules: 41951(0.195)/41121 (0.219)/40586(0.208).

Figure 3. Molecular orbitals involved in the HOMO-LUMO (π/π* ) and HOMO-1/LUMO (n/π*) electronic transitions.
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(T), and 5-fluorouracil (5FU), in aqueous solution are shown
in Figure 4. (Fluorescence spectra of all uracils are given in the
Supporting Information.)

Fluorescence peak maxima have been reported for room-
temperature aqueous solutions of uracil,76 thymine,79-81 and
5-chlorouracil.82 Our values, 312, 329, and 345 nm, compare
relatively well to literature values (Table 1).

In agreement with the results of previous studies, all the
compounds examined exhibit a very large Stokes shift (∼1 eV,
∼8 × 103 cm-1), suggesting significant changes of the excited-
state geometry. Actually, since the emission maxima do not
follow the same trend as the absorption maxima, the Stokes
shifts vary a lot, ranging from about 6000 cm-1 for 1,3-
dimethyluracil to more than 8100 cm-1 for 5-fluorouracil.

For what concerns methyl-substituted uracil derivatives, the
emission peaks are increasingly red-shifted in the order (on a
wavelength scale)

Two subsets can be recognized in the above compounds.
Although they were separated by more than 1000 cm-1 in
absorption, the peaks of the compounds bearing a 5-methyl
substituent (1MT and thymine) are very close and more than
1000 cm-1 red-shifted with respect to the remaining five. Those
latter exhibit emission peaks very close (within 500 cm-1), while
the absorption maxima were dispersed in a range of ca. 1500
cm-1.

The emission peaks of 5-substituted derivatives of uracil are
increasingly red-shifted in the order (on a wavelength scale)

This is the same trend as for the absorption peaks. However,
also in this class of compounds, the Stokes shift is not uniform,
being larger for 5-halo-substituted compounds and much smaller
(ca. 800 cm-1) for uracil and trifluorothymine. From a phe-
nomenological point of view, the strong correlation of absorption
and fluorescence spectra suggests that the 5-substituent affects
ground-state and relaxed excited-state electronic structures in a
similar (but not identical) manner.

4.2.b. Fluorescence Quantum Yields and Radiative Life-
times.Fluorescence quantum yields for the 11 uracil derivatives
are given in Table 1. One may note that there is a difference of
nearly 1 order of magnitude between uracil and 5-fluorouracil.

Fluorescence quantum yields for uracil and thymine have been
reported in ref 76 for excitation at the absorption maximum
and in ref 83 for excitation at the 0-0 transition. Interestingly,
the yield increases notably in the latter case. Our values compare
well with the values given in ref 76.

No general correlation between the fluorescence quantum
yields and any other observable can be established. It seems
though that, for the 5-substituted uracil derivatives, the quantum
yields are inversely proportional to the molar extinction coef-
ficient, which is surprising and may indicate a significant change
in electronic structure between the absorbing and the emitting
states and/or a change of the nonradiative rate with substitution.
For the methylated uracil derivatives, the quantum yields are
inversely proportional to fluorescence peak values, which
likewise may indicate a change of the nonradiative rate with
the position of substitution.

Radiative lifetimes were calculated from steady-state absorp-
tion and fluorescence spectra using the Strickler-Berg relation.87

Combining these values with the measured fluorescence quan-
tum yields, approximate fluorescence lifetimes could be calcu-
lated using the relation

Resulting values are reported in Table 4. One may note that
all the radiative lifetimes are relatively short, ranging between
7 and 10 ns, which corresponds to allowed transitions. The
radiative lifetimes follow closely the inverse of the molar
extinction coefficients, which results from the Strickler-Berg
treatment. The estimated fluorescence lifetimes are of course
much faster, due to the very small quantum yields. The spread
is larger than that for the radiative lifetimes, ranging from 0.25
to 2.2 ps, which basically follow the trend of the fluorescence
quantum yields.

4.2.c. Computed Fluorescence Spectra.In the next step of
our theoretical analysis, we have optimized the geometry in
aqueous solution at the PCM/TD-PBE0/6-31G(d) level corre-
sponding to the minima of the first excited state (Table 3). We
found stable local energy minima in the proximity of the
Franck-Condon (FC) point for all the compounds, except for
6-methyluracil. For this compound, excited-state geometry
optimization leads directly toward a region of the PES where
theS0 andS1 state are close to be isoenergetic (i.e., close to the
S0/S1 conical intersection; see below). TD-DFT geometry
optimizations predict significant distortion from planarity of the
pyrimidine ring that assumes a “boat-like” conformation, with
N3 and C6 out of the plane defined by N1, C2, C4, and C5 that
are indeed close to being coplanar (Figure 5).

While N3 is significantly pyramidalized in all of the
compounds, in thymine and 5-fluorouracil, the geometry around
C6 is still close to being planar (H-C6-N1-C5 improper
dihedral angles being 172 and 176°, respectively). The geometry
of the carbonyl moieties is also very close to planarity. Not
surprisingly, the largest variations of the bond lengths involve
the lengthening of C5-C6, C4-O8, and N3-C4 bond distances
and the shortening of C4-C5 bond distance, in line with the
bonding/antibonding character of HOMO and LUMO with
respect to those bonds (Figure 3).

(87) Strickler, S. J.; Berg, R. A.J. Chem. Phys.1962, 37, 814-822.

Figure 4. Steady-state fluorescence spectra of five uracils in room-
temperature aqueous solutions: uracil (U), 6-methyluracil (6MU), 1,3-
dimethyluracil (1,3DMU), thymine (T), and 5-fluorouracil (5FU).

3MU < U/1,3DMU < 6MU< 1MU < T < 1MT

TFT < U < T < 5FU < 5ClU

τF ) τrad× ΦF (5)
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The significant geometry distortion upon electron excitation
is in line with the diffuseness of the jet-cooled absorption
spectra,88 and the computed geometry shifts are similar to that
obtained at the DFT/MRCI level24 in the gas phase.

When only bulk solvent effects are included, the computed
fluorescence energies are much lower than the experimental
maxima, suggesting that some important effect has not been
taken properly into account by our calculations. Since our
previous study on uracil excited state shows that the coordination
geometry of the first solvation shell remarkably depends on the
electronic state of the solute,32 we have optimized the excited-
state geometry including four explicit water molecules (Figure
1b). The coordination geometry of the water molecules in the
excited state is actually quite different from that predicted for
the ground state. The computed fluorescence energy is then
much closer to the experimental one, and the relative energy
ordering is similar to that predicted by experiments (with the
exception of 1,3-dimethyluracil), supporting the reliability of
the excited-state geometry minima we determined.

On the other hand, despite the improvement observed after
the inclusion of the explicit water molecules, the energy
difference among the emission peaks of the five compounds
examined is not very close to the experimental one. Also, the
emission energy of 1,3-dimethyluracil is predicted to be the
lowest among the compounds examined, in disagreement with

the experimental results. This can be, at least partially, due to
the different specific solvation effect (the presence of methyl
substituents on the nitrogen atom could significantly alter the
first solvation shell). When only bulk effects are considered,
the disagreement with the experiments for what concerns the
relative energy difference with respect to uracil is significantly
reduced.

However, before comparing experimental and computational
results, it is important to remember that a lot of caution has to
be used when analyzing the fluorescence peak values for the
compounds with ultrashort fluorescence lifetimes. Steady-state
spectra may be dominated by fluorescence from nonrelaxed
excited-state conformations and thus blue-shifted and broadened.
Experiments show indeed that, on the average, compounds
having longer characteristic fluorescence times tend to exhibit
larger Stokes shifts. When such fast reactions are studied as in
the present case, the dynamical behavior of solvent molecules,
that is, the time necessary to adopt the optimal coordination
geometry for the excited state, should also play a relevant role.
Our calculations show indeed that the energetic cost of imposing
to S1 the solvent coordination optimized forS0 is ca. 1000 cm-1,
and this value could change for different derivatives having
different first solvation shells.

4.3 Time-Resolved Fluorescence. 4.3.a. Experimental
Fluorescence Decays.Fluorescence decays were recorded for
∼2.5× 10-3 mol/dm-3 aqueous solutions at 330 nm after 267
nm excitation. Total fluorescence intensities were constructed
from parallel and perpendicular excitation as described above.
The resulting decay curves for uracil, 6-methyluracil, 1,3-
dimethyluracil, 5-methyluracil (thymine), and 5-fluorouracil are
shown in Figure 6. (Fluorescence decays of all uracils are given
in the Supporting Information.)

Also displayed in this figure is the 330 fs (fwhm) Gaussian
apparatus function. As can be seen, the fluorescence decays of
the first three compounds are extremely fast, barely longer than
the apparatus function. The fluorescence decays of two 5-sub-
stituted compounds, on the other hand, are much longer.

A thorough comparative analysis of the fluorescence decays
of the 11 derivatives reveals that uracil, 1-methyluracil, 3-meth-
yluracil, 6-methyluracil, and 1,3-dimethyluracil possess very
rapid decays. A monoexponential model was used for the
parameter estimation, and the fluorescence lifetimes were found
to be about 100 fs (Table 4). This may be limited by the
apparatus function of the upconversion system. The initial
fluorescence anisotropies (r0) were found to be close to 0.4
(which is the upper limit for parallel absorption and emission
transition dipoles). The fluorescence is too short-lived to really

(88) Brady, B. B.; Peteanu, L. A.; Levy, D. H.Chem. Phys. Lett.1988, 147,
538-543.

Table 3. Fluorescence Energy (in cm-1) of the Lowest Energy Electronic Transition in Five Uracil Derivatives. PBE0/6-31G(d) Geometry
Optimizations in Aqueous Solution. Dimensionless Oscillator Strengths Are Given in Parentheses

PCM PCM+4H2O

6-31G(d) 6-31+G (d,p) 6-311+G (2d,2p) 6-31G(d) 6-31+G (d,p) 6-311+G (2d,2p)

U 28830 28034 27745 31357 30574 30255
(0.20) (0.23) (0.22) (0.23) (0.26) (0.25)

T 29238 28309 27969 31566 30584 30206
(0.21) (0.24) (0.23) (0.25) (0.27) (0.26)

5FU 29518 28812 28482 31105 30452 30097
(0.20) (0.23) (0.22) (0.23) (0.25) (0.24)

6MU a a a a a a
13DMU 27978 27270 27013 29122 28540 28230

(0.20) (0.22) (0.22) (0.22) (0.23) (0.22)

a Goes directly toward the CI.

Figure 5. Geometry of uracil (a) in the minimum ofπ/π* electronic state
(b) in theS1/S0 conical intersection.
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characterize the decay of the fluorescence anisotropy, but
interestingly, this seems to decay faster than the 10-20 ps
expected from rotational diffusion.5

It can be seen that the only position that affects significantly
the excited-state lifetime is C5. A biexponential model was used
for the parameter estimation, and the fluorescence lifetimes were
found to contain one ultrafast component varying between 100
and 700 fs and one much slower component (Table 4). With
increasing lifetime the order is

Notably, the fluorescence of thymine and 1-methylthymine,
which are methylated on the 5 position, decays about 4 times
slower than the fluorescence of uracil and the 1-, 3-, and
6-methylated derivatives. In particular, 5-fluorination makes the
excited-state lifetime substantially longer, for both uracil and
1,3DMU. Interestingly, the lifetime of 5F1,3DMU is shorter
than that for 5FU. A slight decrease of the initial anisotropy
was also observed for the thymines (5-methylated uracils).

No general correlation between the fluorescence lifetimes and
any other observable can be established, but for the compounds
displaying biexponential decays, there is a strong correspondence
between the slow component, ranging from 0.3 and 1.8 ps and
the lifetimes calculated by eq 5, the latter ones being slightly
longer (about 0.2 ps).

4.3.b. ComputedS0-S1 Conical Intersection.To understand
how the nature of the substituents affect the fluorescence
lifetime, we have located theS1/S0 conical intersection (CI) at
the CASSCF 8/8 level for three representative compounds,
namely, uracil, thymine, and 5-fluorouracil. Confirming previous
computational results on uracil,31 one of the key motions to reach
the S1/S0 conical intersection is the pyramidalization at C5
(Figure 7), while an out of plane motion of the H5 hydrogen
atom (or of the C5 substituent) leads the C5 substituent toward
a “pseudo perpendicular” arrangement with respect the molec-
ular plane (Figure 5).

With the aim of exploring more thoroughly the excited-state
PES in the region connecting the FC to the CI, we then

computed some bidimensional (2D) maps of theS1 surface at
the PCM/TD-PBE0/6-31G(d) level. To build each map, we
consider the structures of the minimum of theS1 state (Min-S1)
and of the conical intersection (CI) and explore the part of the
S1 surface which connects them.

Restricting the 3N-6 dimensional space to a 2D one is clearly
arbitrary, and a purposely tailored study of the vibrational modes
connecting the FC region to the CI should be necessary in order
to unambiguously assess the dynamical motion on theS1 PES.
As a first step in this direction, on the basis of our computational
results, we choose to focus on the out of plane motion of the
C5 substituent (φ improper dihedral). The second “collective”
coordinatex (giving account also for the C5 pyramidalization)
is instead defined imposing that all the other internal coordinates
move in a synchronous way, as specified in the section of
computational methods. Inspection of Figure 7 (additional
figures are shown in the Supporting Information) supports the
reliability of the conical intersection structure located at the
CASSCF level. In the region of the configurations space close
to the CI point, theS0 and theS1 PESs are extremely close
(energy differencee0.2 eV (e1.6 × 103 cm-1)) both in the
gas phase and in aqueous solution. Also, when the effect of
dynamical correlation is included by TD-DFT and solvent
effect by the PCM method, it is thus confirmed that the conical
intersection is reached by out of plane motion of the C5
substituent. For uracil, theS1 PES in the region connecting Min-
S1 and CI (Figure 8) is flat, and the height of the energy barrier
separating Min-S1 and CI is small (∼0.1 eV,∼8 × 102 cm-1),
in line with the very small fluorescence lifetime (see below).

The results obtained for thymine and 5-fluorouracil are
similar, but the height of the barrier between Min-S1 and CI is
larger than in uracil. Its value can be estimated to∼0.2 eV (∼1.6
× 103 cm-1) for thymine and in the range 0.5-1 eV ((4-8) ×
103 cm-1) for 5-fluorouracil. These results show that, for
thymine and, even more, for 5-fluorouracil, the out of plane
motion is more difficult than for uracil. The above values should
be considered as only qualitative estimates. They have not been
obtained by a real minimum energy path leading from Min-S1

and CI. Furthermore, from the computational point of view, even
if our TD-DFT results are in good agreement with experiments,
more accurate electronic structure calculations should probably
be necessary to describe the behavior of the excited state in the
proximity of the conical intersection. Notwithstanding those
limitations, it is important to highlight that the relative ordering
of the barrier height is in line with the excited-state lifetimes,
supporting our explanation of the fluorescence lifetime experi-
ments.

5. Discussion

The experimental and computational results hereby presented
provide a similar and consistent picture of the photophysical
behavior of uracil-like molecules in aqueous solution.

First, according to both experiments and calculations, the
relevant transition for discussing the absorption and fluorescence
spectra of uracil derivatives in aqueous solution should be the
π/π* transition. This is corroborated by the facts that the
anisotropy is close to 0.4, the computations show that this state
always corresponds to theS1 state, and that the dependence of
the excited-state lifetime on the C5 position can be easily
explained on the weight of this atom in the HOMO. On the

Figure 6. Fluorescence decays at 330 nm after excitation at 267 nm of
five uracils in room-temperature aqueous solutions (∼2.5× 10-3 mol/dm-3):

(in increasing order) uracil, 6-methyluracil, 1,3-dimethyluracil, 5-meth-
yluracil (thymine), and 5-fluorouracil. Also shown is the 330 fs (fwhm)
Gaussian apparatus function. The insert shows the same curves on a semilog
scale.

U < TFT < 5ClU < T ∼1MT < 5F1,3DMU< 5FU

A R T I C L E S Gustavsson et al.

616 J. AM. CHEM. SOC. 9 VOL. 128, NO. 2, 2006



other hand, the involvement of the n/π* excited state would
probably be related to a pyramidalization of the carbonyl carbon
atom, and thus it would be less sensitive to the nature of the
C5 substituent. As a consequence, the involvement of the n/π*
state that has been sometimes invoked in the literature to explain
the low fluorescence quantum yield89 should be ruled out.

Obviously, the above considerations hold only in aqueous
solution: the involvement of the n/π* state is extremely likely
in the gas phase or in apolar solvents. Indeed, our calculations
show that in vacuo the lowest energy transition always corre-
sponds to the n/π* excitation HOMO-1/LUMO (Figure 3). This
indication is in line with the experimental results on thymine,
showing that, followingS2/S1 decay, the system is trapped in a
dark state.39-41

Experiments and calculations agree in predicting that excita-
tion on theπ/π* state leads to significant geometry distortion,
consistent with a Stokes shift of∼1 eV (∼8 × 103 cm-1).
Excited-state geometry optimization in aqueous solution shows
indeed the existence of an energy minimum for theπ/π* state
that, besides the variations in the C4C5 and C5C6 bond lengths,
is characterized by a nonplanar, boat-like structure.

It is interesting to note that CASSCF calculations31 in the
gas phase fail to locate a true minimum on theπ/π* surface.
Indeed, a planar minimum, found only withinCs symmetry,

reveals itself as a saddle point when relaxing the planarity
constraint, and out of plane motion leads to a conical intersection
with the more stable n/π* state. Our preliminary TD-DFT
calculations in the gas phase provide similar indications,
showing that distortion from the planarity leads to significant
mixing between the two lowest energy electronic states, and
that the n/π* state is always more stable than theπ/π* state.(89) Turpin, P. Y.; Peticolas, W. L.J. Phys. Chem.1985, 89, 5156-5160.

Table 4. Measured Characteristic Times (fs) of the Fluorescence Decays of Uracil and Its Derivatives.a Also Given are the Radiative
Lifetimes as Calculated by the Strickler-Berg Relation and the Corresponding Fluorescence Lifetimes as Calculated by Equation 5

compound R τ1 (fs) τ2 (fs) 〈τ〉 (fs) τrad,SB (ns) τf,1,SB (ps)

U 1 96( 3 7.01 0.25
1MU 1 93( 4 7.25 0.35
3MU 1 92( 4 9.06 0.35
6MU 1 97( 3 7.35 0.45
T 0.56( 0.02 195( 17 633( 18 388( 13 7.72 0.78
1,3DMU 1 118( 3 7.54 0.35
1MT 0.62( 0.01 192( 12 721( 16 392( 10 7.45 1.02
5FU 0.39( 0.04 694( 56 1736( 53 1325( 49 10.12 2.24
5ClU 0.68( 0.01 155( 10 539( 15 279( 9 9.23 0.84
TFT 0.88( 0.11 142( 2 328( 9 165( 3 8.11 0.52
5F1,3DMU 0.43( 0.01 246( 20 1075( 17 717( 13 8.74 1.75

a Also given are the uncertainties from the fit (one standard deviation), not to be confused with the experimental uncertainty of 100 fs.

Figure 7. S0 and S1 potential energy surfaces (in eV) in the region
connecting the minimum of theπ/π* state and theS0/S1 conical intersection
for uracil.

Figure 8. S1 potential energy surfaces (in eV) connecting the minimum of
the π/π* state and theS0/S1 conical intersection: (a) uracil; (b) thymine;
(c) 5-fluorouracil. PCM/TD-PBE0/6-31G(d) calculations in aqueous solution.
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This result strongly suggests that the existence of a minimum
on the π/π* surface is due to solvent effect, significantly
stabilizing theπ/π* over the n/π* state.

For what concerns the excited state decay, our results indicate
that also in aqueous solution the key step consists of the
pyramidalization of the C5 carbon atom and in the out of the
plane motion of the C5 substituent. Not only the calculations
show that a representative set of the compounds examined
undergoes the above geometrical rearrangements in the conical
intersection, but the comparison of the experimental excited-
state lifetime shows that the only critical position is C5.

Pyramidalization at carbon atoms is frequently involved in
CI, in molecules withπ aromatic systems, involving an excited
state deriving from aπ/π* electronic excitation, since a
distortion of theπ electron system obviously affects the ground
state more than the excited state.90-95 According to those
considerations, it can be explained why pyramidalization
involves the C5 carbon atom more than the C6. The C5 carbon
atom contributes more than C6 to theπ HOMO of uracil-like
molecules, and this orbital is bonding between C5 and C4 and
antibonding between C6 and N1. In uracil derivatives, pyrami-
dalization at the C5 and out of plane motion of C5 substituents
is expected to destabilize the ground state more than at C6.
Consequently, it should be expected that the ability of substit-
uents to stabilize C5C6 and C4C5π bonding modulates the
energy barrier toward the conical intersection, influencing the
excited-state lifetime. Electron donor and/or hyperconjugative
substituent on C5 increases the energy required to reach the CI
from Min-S1, explaining why the excited-state lifetimes for
5-fluorouracil, 5-chlorouracil, and thymine are significantly
longer than that of uracil. On the other hand, both inductive
and hyperconjugative effects due to the strongly electronegative
trifluoromethyl substituent are less significant than for methyl,
explaining why the excited-state lifetime of trifluorothymine is
shorter than that of thymine.

The PES associated with the path leading from Min-S1 to CI
is consistent with a very fast excited-state decay. It is indeed
significant that the Min-S1 is already more stable than the
Franck-Condon point by∼1 eV (∼8 × 103 cm-1). Once Min-
S1 is reached, the kinetic energy of the wave packet should be
enough to easily overcome the small energy barrier toward the
CI since it also has the right inertia toward the out of plane
motion.

The above considerations, though providing a consistent
explanation for the observed excited-state lifetime trend, can
be considered at the moment only qualitative. First, the excited-
state lifetime is probably modulated not only by the electronic
effects discussed above but also by dynamical factors related
to the different weight of the substituents. This latter kind of
effects could explain, for example, why the excited-state lifetime
of trifluorothymine is longer than that of uracil, although the
electronic barrier for C5 pyramidalization of those two com-

pounds should be similar. Furthermore, a detailed fully dynami-
cal study, probably involving more than two coordinates, with
a careful analysis of the excited state surface would be necessary
to unambiguously assess the behavior of a wave packet onS1.

Recent studies have indeed shown that effects, such as the
exact curvature of the PES (for example, the presence of wide
plateau)96,97or the existence of large conical intersection seam,98

remarkably influence the excited-state dynamics of several
systems. The interaction between different electronic states,
coupled by vibronic interaction (for example, by the out of plane
motion of the carbonyl group) or by the solvent molecules
motion (vide infra), could also play some role. Finally, recent
calculations have suggested the involvement of triplet-singlet
intersystem crossing in the cytosine excited-state decay.17 All
of these effects could be, in principle, involved in the uracil
derivatives’ excited-state dynamics, giving account (for example,
ref 96) of the biexponential behavior found in some of the
compounds under study.4-7

On the other hand, notwithstanding the above limitations, the
picture of the uracil derivatives behavior we provided can be
considered a good starting point for future work and can be
fruitfully compared with results relative to the other nucleobases.
Even if several important features are not completely understood,
the very fast excited-state decays of uracil (see also ref 31),
thymine, cytosine,8,9 adenine,12 and guanine-cytosine pair14

share some common features. In all these compounds, a very
low barrier (∼0.1 eV, ∼8 × 102 cm-1) should separate the
minimum of the bright state from an easily accessibleS1/S0

conical intersection. Out of plane deformation of a carbon atom
in a six-membered ring (with a “perpendicular arrangement”
of one of the substituents) should be the crucial mechanistic
step toward the conical intersection region. Within this general
mechanism, due to the different shape of the orbitals involved
in the S0-S1 transition, the nature of the atom undergoing to
pyramidalization changes: C5 in thymine and uracil, C6 in
cytosine,8,9 and C2 or C6 in adenine.12

In all of the above compounds a low-lying n/π* dark state
can be involved in the excited-state dynamics, leading to long-
lived excited states.39-41 However, its role should be more
relevant in the gas phase or in apolar solvent, due to the
destabilization of the n/π* state and the stabilization of theπ/π*
state in polar solution. This has been suggested in the case of
adenine,12 and the present results show that this is true for uracil
and thymine. Indeed, it is worth noting that there are several
experimental results indicating that excited-state lifetimes of
uracil, thymine, and adenine are shorter in water solution than
in the gas phase.2

Those latter considerations highlight the importance of a
reliable treatment of solvent effect. We have shown that only
taking into account both bulk effects and explicit solvent
molecules it is possible to reproduce solvent effects on the
energy and the intensities of the absorption and fluorescence
spectra. Obviously, when studying extremely fast reactions in
aqueous solution, the dynamical role of solvent molecules could
be relevant. As a matter of fact, the evolution of uracil’s excited
state strongly depends on the behavior ofπ and π* orbitals,
whose relative energy could be significantly influenced by the

(90) Bernardi, F.; Olivucci, M.; Robb, M. A.Chem. Soc. ReV. 1996, 321.
(91) Klessinger, M.; Michl, J.Excited states and photochemistry of organic

molecules; VCH: New York, 1999.
(92) Domcke, W., Yarkony, D. R., Ko¨ppel, H., Eds.Conical intersections:

electronic structure, dynamics and spectroscopy; World Scientific: New
Jersey, 2004; Vol. 15.

(93) Ben-Nun, M.; Quenneville, J.; Martı´nez, T. J.J. Phys. Chem. A2000, 104,
5161-5175.

(94) Leitner, D. M.; Levine, B.; Quenneville, J.; Martı´nez, T. J.; Wolynes, P.
G. J. Phys. Chem. A2003, 107, 10706-10716.

(95) Quenneville, J.; Martı´nez, T. J.J. Phys. Chem. A2003, 107, 829-837.

(96) Olivucci, M.; Lami, A.; Santoro, F.Angew. Chem., Int. Ed.2005, 117,
5248-5251.

(97) Improta, R.; Santoro, F.J. Chem. Theory Comput.2005, 1, 215-229.
(98) Hunt, P. A.; Robb, M. A.J. Am. Chem. Soc.2005, 127, 5720-5726.
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formation of short-lived adducts with perpendicularly bound
solvent molecules. Moreover, the solvation shells of the ground,
n/π*, and π/π* states are very different, suggesting that their
relative energy or their coupling could change following the
motion of just a single solvent molecule.32 Only a dynamical
treatment, including a larger number of explicit solvent mol-
ecules, could provide a definite answer to the above questions.

On the other hand, it is important to highlight that, to the
best of our knowledge, this is the first time that solvent is
included in a meaningful way in the study of fluorescence
spectra, as shown by the good agreement with the experimental
results for what concerns both absorption and emission spectra.
This is a very encouraging result for what concerns the
possibility of a complementary experimental and computational
approach. It is not easy, indeed, to directly use the results of
gas-phase calculations to explain the behavior in the condensed
phase (mostly in aqueous solution).

6. Conclusions

In this paper, a complete picture of the excited-state behavior
of uracils is given, by analyzing in detail, both experimentally
and by means of quantum chemical calculations, the absorption
and emission spectra of 11 derivatives of uracil and by
determining their excited-state lifetimes.

The absorption spectra are mainly determined by the nature
of the substituent of the N1 nitrogen and C5 carbon atoms.
Electron donor and/or hyperconjugative substituents in those
positions lead to a red shift of absorption peak (corresponding
to the HOMO-LUMO π/π* transition) with respect to that of
uracil, while their effect is opposite in position 6. PCM/TD-
DFT calculations in aqueous solution provide similar indications
and allow for a rationalization of this behavior based on the
shape of the HOMO-LUMO orbitals.

All of the compounds examined exhibit large Stokes shifts
(∼1 eV, ∼8 × 103 cm-1), suggesting a remarkable geometry
rearrangement on the excited state. TD-DFT geometry opti-
mizations in aqueous solution confirm the above picture,
showing that, besides the changes in the interatomic bond
distances, on the minimum on theS1 surface, the pyrimidine
ring significantly deviates from the planarity, adopting a boat-
like structure. The good agreement between the computed and
the experimental fluorescence maxima not only supports the
reliability of our computational approach, but it confirms that
the emission occurs from theπ/π* bright state.

Experiments show that the excited-state lifetime of all the
compounds examined, except 5-fluorouracil, is dominated by a
component shorter than 250 fs. Calculations help to rationalize
the above finding, showing that a small energy barrier separates
the minimum on theS1 surface from theS0/S1 conical intersec-
tion, characterized by pyramidalization and out of plane motion
of the substituents on the C5 atom. The energetic cost for that
rearrangement is modulated by the chemical nature (due to
inductive or hyperconjugative effect) of the C5 substituent. Our
calculations show indeed that reaching the CI is more difficult
for thymine, and even more so for 5-fluorouracil, than for uracil,
giving account of the ordering of the excited-state lifetime.

Finally, from the methodological point of view, the very
recent availability of analytical TD-DFT gradient, including
solvent effects by means of PCM, allows for the first time the
accurate computation of fluorescence spectra, increasing the
possibility of complementing computational and experimental
results in the condensed phase. Due to the complexity of the
excited-state processes of the nucleobases in protic solution,
the indications provided by integrated experimental/computa-
tional approaches can be extremely useful for reaching a full
understanding of their photophysical behavior.
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