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ABSTRACT: The photophysical and photochemical properties of S-
benzyluracil and $,6-benzyluracil, the latter produced by photocyclization
of the former through irradiation with femtosecond UV laser pulses, are
investigated both experimentally and theoretically. The absorption
spectra of the two molecules are compared, and the principal electronic
transitions involved are discussed, with particular emphasis on the
perturbation induced on the two chromophore species (uracil and
benzene) by their proximity. The photoproduct formation for different
irradiation times was verified with high-performance liquid chromatog-
raphy and nuclear magnetic resonance measurements. The steady-state
fluorescence demonstrates that the fluorescence is a distinctive physical
observable for detection and selective identification of 5- and 5,6-
benzyluracil. The principal electronic decay paths of the two molecules,
obtained through TDDFT calculations, explain the features observed in
the emission spectra and the photoreactivity of S-benzyluracil. The order of magnitude of the lifetime of the excited states is
derived with steady-state fluorescence anisotropy measurements and rationalized with the help of the computational findings.
Finally, the spectroscopic data collected are used to derive the photocyclization and fluorescence quantum yields. In obtaining a
global picture of the photophysical and photochemical properties of the two molecules, our findings demonstrates that the use of
S-benzyluracil as a model system to study the proximity relations of a DNA base with a close-lying aromatic amino acid is valid at
a local level since the main characteristics of the decay processes from the excited states of the uracil/thymine molecules remain
almost unchanged in 5-benzyluracil, the main perturbation arising from the presence of the close-lying aromatic group.

Bl INTRODUCTION studied theoretically®™® as well as experimentally,” even with its
dynamics temporally resolved.'® UV absorption by DNA can
also be exploited as a tool to induce DNA—protein cross-
link"" ™" in view of the key role this phenomenon plays in
biochemical investigations.'*For instance, the adoption of UV
light irradiation in living cells has the unique property of
inducing a zero-length cross-linking between DNA and the

The photophysics of DNA bases has been attracting
considerable attention for the inherent interest to study the
basic mechanisms that lead to the protection of the DNA
strands." In fact, these molecules can be considered as almost
perfect machineries in preventing photodamage. In contrast to

the long lifetimes of other possible analogous bases not found

in DNA and RNA,>™* they relax on the electronic ground state interacting proteins, namely the establishment of a covalent
Yy
by means of both radiative and nonradiative processes in an bond between nucleic acids and the proteins at their contact.*

ultrafast timescale. As a result, their photochemical reactivity is ) The analysis of th.e molecglar mechanis.ms underlyi.ng W’
strongly inhibited and the energy accumulated in DNA and 1nduc'ed DNA—pr(.)teln crc_)ss—hnk <UV'CL_ mn the fo}lowmg) Isa
RNA by the radiation gets immediately dissipated, suggesting formldablelzstask with a microscopic description being far from
that their actual chemical form may be the fruit of an complete.” In an effort to improve the comprehension of such

evolutionary process in the early biotic ages.
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a fundamental process, Sun et al. investigated experimentally
the cross-linking of tyrosine, phenylalanine, and tryptophan to
the pyrimidine bases relying on a simple model-building
strategy:16 they attached the pyrimidine base to the tyrosine,
phenylalanine, and tryptophan side chains, using a short and
chemically inert linker to mimic the proximity and orientation
in DNA—protein complexes. The quantum yield (QY) for UV-
CL of such simple models was more than 1 order of magnitude
lower than the QY of thymine dimer formation; moreover, no
significant two photon contribution was evidenced.'® While
such a simple model is surely distant from the complexity of an
actual DNA—protein cross-link “in vivo”, it can nevertheless
provide useful insights into the molecular mechanism under-
lying the formation of a covalent bond between DNA bases and
protein amino acids. In particular, the UV-induced photo-
cyclization of S-benzyluracil (SBU) leading to $,6-benzyluracil
(5,6BU) may well-describe possible structures related to the
cross-linking of phenylalanine to DNA."® Moreover, the SBU
photoreaction, involving a cyclization, can also be contextual-
ized in the study of the dynamics of the ring closure,"” " *which
is widely investigated in the perspective of realizing effective
molecular switches.*

The goal of this work is to characterize, combining steady-
state spectroscopy and electronic structure calculations, the
photophysical and photochemical properties of S-benzyluracil
(5BU) in the methanol (MeOH) solution. Experimentally, we
have characterized absorption and fluorescence (including its
anisotropy) of SBU and 5,6BU, the latter produced by UV
femtosecond pulses photoabsorption, measuring the fluores-
cence QY as well as the QY of 5,6BU production. To gain
further insight on the photophysical and photochemical
properties of the two molecules by identifying the electronic
states involved in the absorption and emission spectra and the
relevant microscopic conformations of reactant and product, we
have also studied them using time dependent density functional
theory (TDDFT) including solvent effects with a self-consistent
reaction field (SCRF) model. The use of TDDFT for the
description of the excited state properties of these molecules
requires some care:>">> while the intrachromophore electronic
transitions of the single moieties of SBU (benzene and uracil/
thymine) are well-described by TDDFT,” the choice of the
exchange correlation (xc) functional can strongly affect the
results for the description of the intermonomer charge-transfer
(CT) transitions;*** thus, we have explored the performances
of different functionals to ensure the reliability of our
calculations.

The paper is organized as follows: after Materials and
Methods, which includes the details of the experiments as well
as of the theoretical calculations, in Results we describe the
photophysical and photochemical properties of SBU and
5,6BU. In particular, we characterize the formation of the
photoproduct via absorption and fluorescence measurements.
The principal electronic decay paths of the two molecules are
also computationally studied to describe and explain the
photoreactivity of the SBU and the features observed in the UV
absorption and emission spectra. Conclusions are devoted to
summarize the results obtained, and a global picture of the
studied processes is provided.

B MATERIALS AND METHODS

Chemicals and Spectroscopy Measurements. SBU
powder (purchased from ALCHEMY Fine Chemicals &
Research, Italy) was dissolved in methanol 99.8% HPLC
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grade. The absorbance spectra were acquired with a UV—Vis
spectrophotometer device using a quartz cuvette with a path
length of 1 cm. The spectra were acquired in the range of 210—
380 nm at several concentrations, both for SBU and 5,6BU,
verifying the linearity of the response. The fluorescence
emission spectra were measured with a LSSS PerkinElmer
spectrofluorometer. The excitation wavelength was 265 nm,
and the fluorescence was collected in the range of 290—380 nm.
The path length of the fluorescence photons in the cuvette was
approximately 1 mm. The same device, with automatic
polarizers both in excitation and emission, was used to carry
out anisotropy measurements. The measurements were
corrected for the grating efficiency factor. 5,6BU was obtained
by UV photoirradiation of SBU by a femtosecond laser system
(Light Conversion, Lithuania). This device operates at 258 nm
(fourth harmonic of 1032 nm, fundamental wavelength of the
IR source PHAROS), 200 fs pulse duration, and a 2 kHz
repetition rate, thereby delivering 0.2 W of average power. The
sample was constantly stirred with a magnetic bar to have a
homogeneous solution while irradiating. For the spectral
measurements of the 5,6BU, samples obtained after 1 min
exposition to the laser UV laser pulses were used, since we
verified that these samples contained only 5,6BU.

HPLC and NMR Measurements. The characterization of
the final product after UV laser pulse irradiation of the SBU was
essential to verify the occurrence of the photocyclization
process and the consequent complete transformation of SBU
into 5,6BU in the appropriate conditions of irradiations. To this
end, we carried out high-performance liquid chromatography
(HPLC) and nuclear magnetic resonance (NMR) spectroscopy
of the pure and irradiated SBU. HPLC-grade solvents (Carlo
Erba Reagents) were used as received in a Shimadzu LC-8A
PLC system equipped with a Shimadzu SCL-10A VP System
control and Shimadzu SPD-10A VP UV-—Vis detector. 'H
NMR was carried out immediately after photoirradiation, and
the spectra were recorded in CD;OH with a Bruker WM 400
spectrometer. For ElectroSpray Ionization Mass Spectrometry
(ESI-MS) analysis, a Waters Micromass ZQ_ instrument,
equipped with an electrospray source, was used in the positive
mode.

SBU was dissolved in MeOH at a concentration of 0.35 yM.
One milliliters of solutions were photoirradiated at 258 nm for
0, 20, and 60 s in a 1 cm long cuvette at room temperature.
Immediately after photoirradiation, the samples were dried with
a nitrogen flow and redissolved in 50 L of H,0/CH;0H (95/
S, v:v) and then injected onto a RP-18 column (Phenomenex
LUNA, S um particle size, 10.0 mm X 250 mm i.d.) eluted with
a linear gradient from S to 95% B in 20 min (A = H,0, B =
CH,CN; detection at A = 265 nm; flow rate 1.5 mL/min). The
data reveal that photoirradiation of SBU generates a single
product at a retention time of 22.5 min, when SBU was
irradiated for 1 min. The structure analysis by '"H NMR and
ESI-MS experiments proved that this compound is the 5,6BU
in agreement with the results reported by Sun et al'In
particular, we observed the disappearance of the signal of H-6
(7.05 ppm) of uracil portion and subsequent appearance of new
H-6 proton signal in upfield (4.95 ppm).

Theoretical Calculations. All calculations were performed
applying DFT and TDDFT methods and using Gaussian09.””
To validate the results obtained, we have systematically tested
different xc functionals: the PBE functional™® in the GGA class
of functionals, the M06>° in the meta-hybrid class of
functionals, and the M062X and CAM-B3LYP which are
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known to perform well for charge-transfer excitations.””*° In all
cases, the Dunnings cc-pVDZ correlation consistent basis set®’
was used; tests performed increasing the size of the basis set
implied a significant increase of computer time for the
calculations without an improvement in the accuracy of the
results. For numerical integrations a pruned grid has been used,
with 75 radial shells and 302 angular points per shell. As
convergence criteria, we used a convergence threshold in
energy (1.00 X 107 au) and in the root mean square (RMS) of
the density matrix of (1.00 X 107%).

The solvent was represented implicitly and the solvation
effects were taken into account by means of a self-consistent
reaction-field (SCRF) model in its integral equation formalism
(IEFPCM) variant.>* In accordance with this model, the solute
lies in a cavity created in a dielectric continuum, which
represents the solvent. The continuum solvent, characterized by
its relative static dielectric permittivity &, is polarized by the
solute and hence creates an electric field inside the cavity which
is self-consistently computed and added to the molecular
electronic Hamiltonian. In our calculations, we have used ¢, =
32.613 to model the MeOH solvation effects.*

Full geometry optimizations of the reactant and product in
their singlet ground state were performed using all the xc
functionals mentioned above. For each ground state optimized
geometry, linear response TDDFT (LR-TDDFT) calculations
were performed to determine the excited state energies using
the corresponding xc-functional. To cover the experimental
energy range, the first 10 vertical excitations were computed.
The absorption spectrum was modeled with Lorentian
functions envelopes: the Lorentian peaks are centered at the
excitation energies, their intensities proportional to the
oscillator strengths, and the half widths empirically set so as
to reproduce the experimental broadening and allow a better
comparison with the experimental data.

By comparing the computed absorption spectra with the
experimental ones, we found that the best agreement is
achieved using the MO06 functional. To investigate this
somewhat surprising result (CAM-B3LYP is usually recom-
mended when CT transitions are involved, as in our case) we
computed the A parameter for orbital overlap. This quantity is
often used as a diagnostic tool to assess the performances of
different functionals.>* Results are reported in Table S3 in the
Supporting Information. They show that for the first two
transitions, on which we focus here, all the functionals give A
values in the range 0.45—0.65. According to the analysis
performed by Peach et al.,** this is a situation in which CAM-
B3LYP can overestimate excitation energies due to an
overcorrection of the long-range behavior of the xc functional.
In the following, we report and discuss the results obtained
using the M06 functional.

Full geometry optimizations of the nuclear positions were
performed also on the excited states using the M06 functional
(and, for SBU, also CAM-B3LYP, see the Supporting
Information for an explanation of this choice) for the
characterization of the electronic decay channels.

B RESULTS AND DISCUSSION

Molecular Geometries in the Ground State. In Figure 1,
the DFT/MO6 ground state structures of the SBU and 5,6BU in
MeOH are reported. In the case of 5SBU, the structure shows
appreciable differences from the more symmetric geometry
obtained in the gas phase (see Figure Sl in the Supporting
Information).
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Figure 1. Stick representation of the solvated ground state molecular
geometries of SBU (left) and 5,6BU (right). Carbon atoms are colored
in cyan, oxygen in red, nitrogen in blue, and hydrogen in gray.

This distortion is due to a solvent-induced internal rotation
around the hinge connecting the two chromophore moieties.
Analogous geometrical distortions in the ground state SBU
structure have been observed also using the other xc
functionals. The energy difference associated with the
alternative structures is less than a kzT at room temperature
(see the Supporting Information for more details).

Photophysical Properties in the Franck—Condon
Region. The UV electronic absorption spectra of SBU and
5,6BU in MeOH were experimentally recorded and computed
with LR-TDDFT to characterize the principal electronic
transitions.

The experimental and computed absorption profiles of the
molecules are reported in Figure 2 (respectively with dashed
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Figure 2. Absorption spectra of SBU (left) and S5,6BU (right).
Experimental spectra (red dashed lines) are shown together with LR-
TDDFT/MO06 convoluted spectra (continuous black lines). The
vertical excitation energies (resonances) are represented by blue bars
with a height corresponding to the oscillator strength. Above each plot,
the Lewis structures of the two compounds are reported. The atoms of
the two rings have been labeled with numbers.

red line and continuous black line). The data reflect the
dramatic electronic structure changes that occur after
cyclization. Although the calculated bands show a systematic
blue shift, the overall agreement between theory and experi-
ments is sufficient to allow an unequivocal assignment of the
transitions.
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To analyze the spectrum of the SBU (left panel) let us recall
that this molecule is chemically composed of two chromo-
phores: the benzene (model of aromatic amino acid) and the
uracil/thymine moieties. Our calculations show that the
electronic transitions involve mainly the uracil fragment. This
is particularly true for the first two transitions (ie., those
contributing to the absorption spectrum in the lower energetic
band). Their character originates from the typical uracil bright
ar* and dark nz* transitions,® while no intrachromophore
transitions are observed for the benzene moiety in this energy
range. This is because the only transition of benzene accessible
in our experimental conditions is the lowest zz* electronic
transition,”® which has an oscillator strength much lower than
the bright uracil zz* transition, and hence, its contribution to
the absorption spectrum of SBU is negligible. The computed
uracil transition energies in SBU are slightly red-shifted
compared to the ones relative to pure uracil in similar
solutions™® due to the perturbation induced by the chemical
bridging to the second chromophore (benzene). In addition to
these intrachromophore transitions, we also observe charge-
transfer (CT) excitations from the benzene to the uracil moiety,
which contribute to the lower energy band centered at 265 nm
in the experimental spectrum (around 60% of the TDDFT
absorption line at 248 nm). The corresponding transition
densities, defined as the difference between a given electronic
excited state density and the density of the ground state,” are
shown in Figure 3. These functions allow a visualization of the

Figure 3. Isosurface plots of the transition densities of the first (left)
and second (right) excitations of the SBU in the Franck—Condon
region. Gray indicates positive (electron) and orange negative (hole)
contributions.

density changes induced during a particular excitation. In
particular, the positive (or negative) part corresponds to the
electronic charge accumulation (or hole) created in the ground
state electronic density.

To quantify the charge separation induced by the electronic
excitation we have integrated the electron/hole density
obtained from the positive/negative part of the transition
density of the CT excitation. Using TDDFT/MO06, we found a
partial charge of —0.42 e on uracil and +0.40 e on benzene (the
missing 0.02 charge is distributed on the ring substituents).

Interestingly, for the uracil we observe two absorption lines
both with mixed zz* and na* character and similar oscillator
strengths instead of the two separate bright uracil z7z* and dark
nz* transition observed in gas phase calculations.>® The origin
of the mixing is mainly due to the solvent-induced quasi-
degeneracy of the #z* and dark nz* transitions. This
solvatochromic effect was already detected in studies of
solvated uracil performed both via LR-TDDFT methods™
and wave function based calculations.”®

Concerning 5,6BU (data shown in the right panel of Figure
2), an unequivocal assignment of the electronic transitions in
the range between 250 and 300 nm (that includes the laser
wavelength, 260 nm) is not possible because of the weak

absorption around 240 nm, which just results in a shallow
shoulder in the computed spectrum not resolved experimen-
tally (at room temperature). The first excited state transition is
the closest and brightest in that spectral region but, together
with this transition, higher energy excitations can be activated.

The cyclization process induces a change in the 7-conjugated
system of the uracil moiety (disappearance of the enonic
group) with consequent loss of the zz* transition observed in
isolated uracil and SBU. Characteristics of the 5,6BU are
therefore the intrachromophore aromatic zz* transition in the
benzene moiety (at 240 nm with an oscillator strength of
roughly one-third of the zz* transition in uracil) and the nz*
transition of uracil (see Figure 4, left and right parts,

v

Figure 4. Isosurface plots of the transition densities of the first (left)
and second (right) excitations of the 5,6BU in the Franck—Condon
region. The color code for the isosurface plots is the same as in Figure
3.

respectively). As for the zz* transition in the uracil moiety,
the interchromophore CT band observed in SBU disappears in
the photocyclized product. In addition, the second excitation
has an almost pure character given by the dark uracil nz*
transition (that is no longer mixed with the uracil zz*
transition, since the latter is missing in 5,6BU) and, accordingly,
its oscillator strength becomes zero.

Optical Characterization of the Photocyclization
Process. We started the optical characterization of SBU and
5,6BU by measuring their absorption spectra as a function of
the irradiation time. The obtained results are plotted in Figure
5. The change of 5BU into 5,6BU can be considered complete
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Figure 5. Absorbance of irradiated SBU. The irradiation time is shown
in the legend: dotted, O s; dashed, 20 s; dash-dotted, 40 s; and solid
line, 60 s. 0 s corresponds to SBU and 60 s corresponds to 5,6BU.
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after 60 s irradiation, since no more significant changes in the
spectra are detectable with longer irradiation times. Figure S
also shows that the 5,6BU absorbance at 220 nm is
approximately three times higher than that of SBU, in
agreement with the corresponding oscillator strengths
computed with TDDFT. It is worth mentioning that at the
laser wavelength (258 nm), both species absorb with a
comparable efficiency and that, within experimental errors, an
isosbestic point is found at 260 nm. This suggests, already at a
pure spectroscopic level, that no photoproduct other than
5,6BU is obtained by UV irradiation.

Similarly to what was done for absorption, fluorescence
emission spectra were measured as a function of irradiation
time, so that the change of SBU into 5,6BU could be again
followed as a function of the irradiation time. Compared to the
absorption, the change in the spectral features is much more
striking. Figure 6 shows that a significant shift of the peak from
310 to 360 nm occurs when SBU is photocyclized into 5,6BU
(dotted line t = 0 s versus solid line ¢ = 60 s, in Figure 6).

100
80+
60—-‘;’
40

204

flurescence yield (arb. units)

350
X (nm)

Figure 6. Fluorescence of irradiated SBU (4. = 265 nm). The
irradiation time is shown in the legend: dotted, 0 s; dashed, 10 s; dash-
dotted, 20 s; short-dashed, 30 s, thin solid line, 50 s; and thick solid
line, 60 s. As it will be shown in the following, 0 s corresponds to SBU
and 60 s corresponds to 5,6BU.

Excited States Decay Channels. To interpret these
experimental findings, we explored the decay channels of
reactant and product also computationally via minimum energy
path analysis (geometry relaxations in the electronic excited
state). In general, it is known from several quantum chemical
calculations® that the excited state ultrafast decay of DNA/RNA
bases is favored by the existence of barrierless paths that lead to
very efficient nonradiative decay processes via conical
intersections (CI) with the ground state. Moreover, recent
nonadiabatic molecular dynamics studies in gas phase® have
shown that, after excitation to the zz* state, the pyrimidine
nucleobases remain mainly trapped into a shallow energy
minimum for a time of the order of a few picoseconds before
finding their way to a CI with the ground state through a
nonradiative path. In our calculations on SBU, we found a
relaxation path on the z7* state leading to a stable intermediate
state in which a molecular distortion similar to that observed in
uracil and thymine occurs. (For the study of this relaxation
pathway, the long-range corrected CAM-B3LYP xc functional
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was used in the calculations. See the Supporting Information
for further details).

The molecular structure obtained following this relaxation
path is reported in the upper panel of Figure 7 (we refer to this

ool
7\ o

Figure 7. Molecular geometries and corresponding transition densities
of SBU relaxed in the two minima on the zz* state. The upper panel is
state 1 (see Results and Discussion in the text); the lower panel is state
2. The minimum found with TDDFT/CAM-B3LYP is reported in the
upper panel, while the one found with TDDFT/MO6 is shown in the
lower panel. The color code for the isosurface plots is the same as
Figure 3.

as state 1), showing that the structural changes are mainly
confined to the uracil moiety (with a heterocyclic ring
puckering motion). Similar results have also been reported in
gas phase calculations.®®

In Figure 7, we also show the electronic transition density for
this structure, which clearly shows the uracil zz* transition
dominance in the excited state character. Since experimentally
no emission around 330 nm (the computed fluorescence
wavelength corresponding to this geometry) is observed, we
conclude that this metastable intermediate leads to a non-
radiative decay path through CI and is nonemitting, as in the
case of thymine and uracil.

We also find that in SBU, a decay channel not observed in
single nucleobases is activated. This relaxation is driven by the
CT zn* state with a hole on the benzene and excited electron
on the uracil moiety, which gives a zwitterionic character to the
molecule in the excited state. The relaxed molecular structure
on this potential energy surface (PES), state 2, is reported in
the bottom panel of Figure 7, where the corresponding
transition density is also reported to highlight its CT character.
The attraction originating from this charge separation brings
the chromophores closer during this relaxation process and
brings them toward a stacked configuration. The C5—C6—C15
angle (see Figure 2 for the atom labels) between the two
moieties changes from a value of 113° in the Franck—Condon
region to a value of 93° in the relaxed CT zz™* configuration,
while the C6—C10 distance decreases from 3.66 to 2.81 A. We
believe that this decay path is responsible for the photoinduced
cross-link of SBU into 5,6BU. In fact, the formation of the C6—
C10 covalent bond observed in the cyclized compound might
occur thanks to the excess kinetic energy acquired during the
excited state relaxation (~2 eV) that could drive the molecular
butterfly relaxation motion beyond the (local) minimum of this
state (i.e.,, the molecular structure reported in the lower panel
of Figure 7) until the closure of the C6—C10 bond occurs (see
Figure S6 in the Supporting Information). Moreover, we have
observed that the energy gap between the ground and excited

dx.doi.org/10.1021/jp4115018 | J. Phys. Chem. B 2014, 118, 4983—-4992
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state at the relaxed structure obtained by constraining the C6—
C10 distance to ~2 A is small enough to allow a nonadiabatic
(nonradiative) surface hop to the ground state (see the
Supporting Information for more details).

Finally, the relaxed structures of the sole uracil and SBU on
the nz* PES are reported in Figure 8, together with the

Figure 8. Transition densities for the nz* state in the relaxed
geometry of uracil alone (left) and the SBU (right). The color code for
the isosurface plots is the same as in Figure 3.

isosurface plots of the transition densities. We observe that
while the transition in uracil has a pure nz* character, in SBU,
the nz* state strongly mixes with the CT zz* state (see the
Supporting Information for more details). The photoemission
energy of this configuration is about 311 nm, in good
agreement (considering the global blue shift of the TDDFT
energies) with the position of the experimental fluorescence
peak. Hence, this is the most likely candidate identified by our
calculations for the stable radiative state associated to the
fluorescence measured experimentally. The mixing of the nz*
state with the CT zz* state is also probably responsible for the
efficiency of the emission, which gains oscillator strength from
the zzr* contribution. In Figure 9, we summarize with a cartoon
the different deactivation channels of SBU suggested by our
calculations.

®)

Figure 9. Schematic description of the possible decay paths from the
electronic excited states of SBU based on our calculations: (a)
relaxation path via the intrachromophore uracil nz* state (radiative
decay channel); (b) relaxation path via the interchromophore CT 7z*
state (nonradiative and reactive decay channel); and (c) relaxation
path via the intrachromophore uracil zz* state (nonradiative and
nonreactive decay channel).

In summary, according to our calculations, the photo-
reactivity of excited SBU can be attributed to the presence of a
CT state characterized by the formation of a (partial) hole on
the benzene moiety and the transfer of a fractional charge to
the uracil. In this CT state, the two chromophores approach
each other because of Coulomb attraction. When they are close,
the energy gap between ground and excited states becomes very
small and the new covalent bond observed in the cyclized
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product 5,6BU can eventually be created once the system
relaxes back to the electronic ground state (see Figure 9b).
Other deactivation channels can be activated involving the
uracil moiety, but these intrachromophore transitions are not
directly involved in the formation of the cyclized product. In
particular, the relaxation on the uracil nz* state leads to the
radiative decay on the ground state (see Figure 9a), while the
relaxation on the uracil zz* state leads to an ultrafast
nonradiative decay path similar to those reported in the
literature for uracil and thymine39 (Figure 9¢). Note that the
relaxation channels described so far do not involve excitations
localized solely on the benzene. In fact, while these excitations
are clearly possible, they occur at energies higher than those
relevant to our experiments: our UV laser irradiates at an
energy of 4.8 eV, while the first bright transition in benzene has
been found at 6.20 eV.*’

Finally, it is important to stress that the covalent bond
formation between the carbons C6 and C10 in SBU does not
coincide with the generation of the final product 5,6BU. The
full reaction mechanism requires an additional tautomerization
reaction, causing a proton (or hydrogen) to be transferred from
the carbon atom C10 to the carbon atom CS. We believe that,
in this step, the solvent plays an important role in the formation
of the final cyclized product, possibly via a solvent-assisted
proton (or hydrogen) transfer, as hypothesized also by Sun et

al.'® However, to describe this phenomenon, simulations are
required in which (at least) part of the solvent is treated
explicitly at the DFT/TDDEFT level, and in this work we do not
address this issue.

We explored computationally also the 5,6BU electronic
decay channels to characterize the measured fluorescence. The
relaxed photoemission energies and the main relaxed structures
with the corresponding transition density isosurfaces are
reported in the Supporting Information (Table S4 and Figure
S7, respectively). Also in this case, we found a good agreement
between the position of the experimental fluorescence peak
(350 nm) and the photoemission energy from the energy
minimum on the nz* PES (330 nm). We can therefore
conclude that for both SBU and 5,6BU, the experimentally
observed fluorescence in the wavelength range 300—420 nm
corresponds to the emission from two different minima on the
same nz* surface (with possible mixing with the CT zz* state).
However, it should be mentioned that in 5,6BU, the decay in
the nz* state is probably not the only fluorescent channel: in
fact, as it can be noted from Figure 6, the fluorescence signal
remains appreciable (above the baseline) at high energies
(~300 nm) where the emissions from the structures relaxed on
the third and sixth excited states are located (for details see
Table SS in the Supporting Information).

Excited States Decay Time. To gain insight into the
electronic relaxation timescale of the SBU and 5,6BU, we also
measured the fluorescence anisotropy through the polarization
coefficient™ A = (I; = I,)/(I; + I,) as a function of the laser
irradiation time. In the definition of the polarization coeflicient,
Iy and I, are the fluorescence yield polarized parallel and
orthogonal to the polarization direction of the incident beam,
respectively. The results are reported in Figure 10 and show
that A ~ 0.5 at t = 0 [i.e,, when only SBU is in the solution] and
reduces to approximately 0.17 for long irradiation time when
SBU is completely photocyclized (ie., for 5,6BU).

It is known that the timescale of the rotational relaxation
time of organic dyes having shape and steric hindrance similar
to SBU and 5,6BU in MeOH solution lies in the subnano-
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Figure 10. Anisotropy of the fluorescence emission as a function of the
irradiation time measured at 4 = 320 nm. At t = 0 s, only 5BU is
present which photocyclizes to 5,6BU when irradiated. The
continuous line is the best fit with the function f(t) = a + b
exp(—t/7) (see main text) that leads to 7 = 20.9 + 0.6 s. The error bars
come from the uncertainty in the measurement of the fluorescence
yield propagated in the equation for the polarization coefficient.

second range (70—80 ps).42’43 Therefore, the same timescale
can be reasonably assumed for the rotational relaxation time of
SBU and 5,6BU. As a consequence, the high value of anisotropy
found for SBU implies that its fluorescence signal has to decay
in a timescale of a few picoseconds. This confirms that the
proximity of the benzene moiety to the uracil in SBU does not
perturb significantly the electronic structure of the uracil side
and the molecule preserves its ultrafast decay properties. This
experimental observation is somewhat surprising since it sets
SBU apart from other compounds obtained via chemical
substitution on the uracil carbon CS. In fact, experiments in
which the effects of other substituents (e.g, S-OH-Ura and -
NH2-Ura) were studied, consistently showed that the excited
state lifetime significantly increases upon substitution (to
nanosecond or more).** On the other hand, the lower
anisotropy in the 5,6BU is a signature of a decay time lying
in the range of nanoseconds. This can be ascribed to the
changes in the electronic structure which, as discussed above,
entail the disappearance of the uracil zz* transition in 5,6BU of
the m—n* uracil excited PES, which is responsible for the
ultrafast decay time of SBU.

Photocyclization QY. The features observed in the
fluorescence spectra reported in Figure 6 allow an indirect
measurement of the photocyclization QY (p,, in the following),
via the knowledge of the characteristic time for SBU — 5,6BU
transformation. To show this, we report the fluorescence yield
in the 355—365 nm range as a function of the irradiation time
in Figure 11. This plot shows that the collected fluorescence
signal saturates after approximately 1 min of irradiation at 0.2
W. This behavior can be explained by considering the
occurrence of the reaction hv + SBU — 6BU together with
the conservation of the number of molecules; hence we have

d Negy(t)
dtNPC( )= T
Nygy(t) + N, (t) = Nygyy(0) (1)
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Figure 11. Fluorescence yield of the irradiated solution in the range of
355—365 nm as a function of the irradiation time. The continuous line
is the best fit with the function f(t) = a + b exp(—t/7) that leads to 7 =
213 + 14s.

where t is the irradiation time and Nggy and N, are the
concentration of SBU and 5,6BU, respectively. In eq 1, 7 is the
characteristic time for the transformation of SBU into 5,6BU
and is given by

1

T= -
prabsppc

)

where f| is the repetition rate of the laser (2 kHz), p, is the
probability that a molecule absorbs one photon in a single laser
pulse, and p, is the probability that the excited molecule will
photocyclize (i.e., p,. is the photocyclization quantum yield).

The assumption of 7 > 7, 7., being the time required for
homogenizing the solution, is necessary for the validity of eq 1
and is well-fulfilled in our conditions (i.e., we can reasonably
assume that the gradient in the 5,6BU concentration between
irradiated and not irradiated volume is negligible).

Since the fluorescence signal is proportional to the
concentration and the latter can be easily derived from eq 1,
we have the following relation for the overall fluorescence
detected in the wavelength range of 355—365 nm:

FY(t) = kinerSBU(O)[Fch - (Fch - FYSBU) exp(—%)]
(©)

In eq 3, FY,. and FYspy are the fluorescence quantum yields
of 5,6BU and SBU, respectively, and k., is an instrumental
constant. The best fit of the experimental data in Figure 11 with
a function like that in eq 3 allows us to estimate the
characteristic photocyclization time as 7 = 21.3 + 1.4 s.

To check the validity of this estimate, we considered also the
dependence of the polarization coefficient A on the irradiation
time (see Figure 10) that follows a law similar to eq 3. For
instance, we have

t

Alt) =A . — (A, —A exp| ——
() pc ( pc SBU) Xp( T) (4)
where Aggy and A, are the polarization coefficients of the SBU
and 5,6BU, respectively. The best fit of the experimental results
in Figure 10 allows us to estimate the characteristic photo-
cyclization time as 7 = 20.9 + 0.6 s in very good agreement with
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the estimation through fluorescence yield. From the two
independent measurements we have the combined estimation
of this time as 7 = 21.0 + 0.6 s.

Apart from p,,, the only remaining unknown quantity in eq 2
is pay which can be estimated as follows. Far from the
saturation (linear absorption) the probability that a photon is
absorbed by a molecule is proportional to the photon number
(Nj) and to the absorption cross section 6, thus,

Nfo;\bs Epu]seaabs

S hvS

Bys = (s)
where S is the effective area illuminated by the laser. In our
conditions, this area coincides with the section of the cuvette,
since the mixing is fast enough to consider the solution
homogeneous. We have measured the absorptivity (¢) of the
5BU to be 11900 mol™ cm™, which in turn provides 6,,, (cm?*)
= 3.82 X 107 (mol™ em™) = 4.5 X 107", Since we have
E e = 170 pJ, hv = 4.8 eV (A =258 nm), and S = 1 cm?, the
probability that in our experimental condition a photon is
absorbed by a SBU molecule is p,,, = 1072 From eq 1, by
considering f = 2 kHz, we have Ppc = 24 X 1072 in excellent
agreement with Sun et al.'®

Fluorescence QY Measurement. The fluorescence QY of
SBU and 5,6BU is provided by*

I,ODyn2
Q= Qo
I, ODyny

(6)
where OD stands for the optical density (absorbance), I for the
fluorescence intensity, and n for the refraction index, the
subscripts X and R referring to the molecule whose QY has to
be measured and to the reference, respectively. Since SBU is
diluted in methanol and the reference molecule (tryptophan) in
water, we have ny & ny, and hence,

slopey

slope,,

QYX = QItry (7)

In eq 7, slope refers to the slopes in Figure 12 and X stands
for SBU or 5,6BU, respectlvely By using QY,, = 0.13 + 0.01 as
reported in literature,” we have QY = 0 11 + 0.02 and
QYsepy = 0.38 + 0.02. These values represent the first
measurements of the fluorescence quantum yields for SBU and

__ 20000+

o)

c

3

g 15000

S

o

2 10000

@

(8]

2 ;

S ;

Q 50004 4

9 n

o

2 /4

- 0 . . . :

0.0 01 02 03 04 05
absorbance

Figure 12. Fluorescence vs absorbance for SBU, §,6BU, and
tryptophan (4., = 278 nm), the latter used as standard.
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5,6BU. QY for both molecules are 4 orders of magmtude higher
than fluorescence QY for thymine and uracil.**

The relatively high fluorescence QY in SBU can be explained
with the lack of some of the nonradiative decay channels which
are active in the DNA and RNA bases. Indeed, for these
molecules and in particular for isolated uracil and thymine,
nonadiabatic dynamics studies in the gas phase® show that
after photoexcitation into the bright zz* state, the molecules
can decay via two main nonradiative pathways. Following the
first pathway, the molecule relaxes into the lower-lying ns*
state and from there into the ground state via a CL The other
relaxation pathway leads to the ground state directly from the
z* state via a CIL. The second (faster) relaxation channel has a
different relevance for the two bases being more effective for
uracil than for thymine (such a difference can also explain the
shorter lifetime of the uracil excitation which has been observed
experimentally).*” This is probably due to the need of an out-
of-plane motion of the S-substituent for its activation.>® Uracil
has an H atom in this position, while thymine has a methyl
group. The steric hindrance of the methyl, which limits the out-
of-plane motion, frustrates the role played by the second
relaxation channel for thymine compared to its importance in
uracil. This argument suggests that for SBU, the second
relaxation channel, if not completely suppressed, is even more
inhibited than for thymine. In fact, in SBU, the S-substituent is
an entire phenyl group whose steric hindrance is larger than
that of the methyl. This hypothesis is also supported by the
calculations performed by Micciarelli et al.*® on SBU, where no
CI has been found directly connecting the zz* PES to the
ground state. Thus, the suppression of this decay channel favors
the radiative decay, explaining the high fluorescence QY.
Following this argument, the even higher fluorescence QY in
5,6BU and its longer fluorescence lifetime result from the lack
of the uracil zz* transition and, hence, also of the ultrafast zz*
— nz**— ground state nonradiative decay channel.

B CONCLUSIONS

In conclusion, we reported and discussed the main photo-
physical and photochemical properties of SBU and 5,6BU by
using a combined experimental (spectroscopy) and theoretical
(electronic structure calculations) approach. We showed that
irradiation of SBU with high intensity UV femtosecond pulses
(Figure 1, left panel) in MeOH solution leads to the formation
of a cyclized compound: 5,6BU (Figure 1, right panel). This
photoreaction mimics the formation of a cross-link between a
pyrimidine nucleobase and a close-lying aromatic amino acid.

The spectroscopic data allowed us to measure the value of
2.4 X 107 for the photocyclization QY in excellent agreement
with the previous measurements of Sun et al.'® The
fluorescence QY and fluorescence anisotropy of SBU and
5,6BU have also been measured for the first time. Interestingly,
the fluorescence QYs of both molecules are found to be very
high (i.e., four orders of magnitude larger than the QY of single
nucleobases in solution). Moreover, the fluorescence aniso-
tropy measurements revealed that the fluorescence signal of the
SBU decays in the ultrafast timescale of few picoseconds, a
property which is lost when the molecule takes the cyclized
form for 5,6BU.

The observed ultrafast decay properties of SBU can be
ascribed to the fact that the main excited state properties of the
nucleobases remain almost unchanged in SBU (we detected the
presence of a decay path similar to the one responsible for
nonradiative decay to the ground state in isolated uracil/
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thymine). However, the same cannot be said for the different
decay channel branching ratios: as proved by the high
fluorescence QY; in fact, the radiative decay channel (that we
identified in the relaxation of the molecule on the uracil nz*
state) is more favored in SBU than in the DNA bases alone.
This behavior can be explained with the inhibition of the out-
of-plane motion of the S-substituent due to the presence of the
phenyl group. This hinders the nonradiative relaxation pathway
that in uracil and thymine leads to the ground state directly
from the bright zz* state via a CL

The higher decay time of 5,6BU has instead to be ascribed to
the changes in the electronic structure induced by the loss of
the electronic 7-conjugation associated with the enone chemical
group of the DNA bases. As a consequence, the bright uracil
zr* transition is no longer observed in 5,6BU, causing the
disappearance of all the ultrafast decay channels associated with
this transition.

The global picture emerging from the combination of the
theoretical and computational results leads to the conclusion
that the use of SBU as a model system to study the proximity
relations of a DNA base with a close-lying aromatic amino acid
is valid at a local level: we observe that the main characteristics
of the decay processes from the excited states of the uracil/
thymine molecules remain almost unchanged in SBU and the
main perturbation observed is caused by the presence of the
close-lying aromatic group. In particular, this moiety entails the
formation of a CT electronic transition, leading to photo-
reactivity after the absorption of one photon. Of course, since
in this model system only two chromophores are present,
alternative mechanisms involving more than two partners in a
biological environment cannot be discarded or captured. In
particular, in a more extended system, multiphoton absorption
processes may play a role.

Finally, the high fluorescence QY of both molecules, together
with strong differences in their absorption spectra and
fluorescence spectra, lifetime, and anisotropy, call for
spectroscopic time-resolved experiments that, together with
nonadiabatic excited states molecular dynamics simulations, will
allow a more detailed study of the photoreaction mechanism.
Future computational work, in which SBU and the solvent are
treated explicitly within a QM/MM representation, will also
focus on investigating the role of the solvent in the
tautomerization event which (most likely) completes the
formation of S5,6BU after the formation of the C6—C10
covalent bond discussed in this work.

B ASSOCIATED CONTENT

© Supporting Information

The quality of the DFT/TDDFT exchange-correlation func-
tionals is assessed by means of benchmark calculations. We also
report additional details about the description of the decay
channels observed for 5BU and 5,6BU using LR-TDDFT
calculations. This material is available free of charge via the
Internet at http://pubs.acs.org.
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