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The excited states of deoxyadenosine (dA) and 9-methyladenine (9Me-Ade) were studied in water and

acetonitrile by a combination of steady-state and time-resolved spectroscopy and quantum chemical

calculations. Femtosecond fluorescence upconversion experiments show that the decays of dA and

9Me-Ade after excitation at 267 nm are very similar, confirming that 9Me-Ade is a valid model for the

calculations. The fluorescence decays can be described by an ultrafast component (<100 fs) and a slower

one (~ 300-500 fs); they are slightly slower in acetonitrile than in water. Time-dependent DFT calcu-

lations on 9Me-Ade, using PBEO and M052X functionals and including both bulk and specific solvent

effects, provide absorption and emission spectra in good agreement with experiments, giving a compre-

hensive description of the decay mechanism. It is shown that, in the Franck—-Condon region, the lowest in

energy state is the optically bright L, state, with the L, state situated about 2000 cm~" higher. Both

states are populated when excited at 267 nm, but the L, state undergoes an ultrafast L, — L, decay, too

fast for our time-resolution (~ 80 fs). This is confirmed by the experimentally observed fluorescence aniso-

tropies, attaining values lower than 0.4 already at time zero. Consequently, the ensuing excited state
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relaxation mechanism can be described as the evolution along an almost barrierless path from the

Franck-Condon region of the L, potential energy surface towards a conical intersection with the ground

DOI: 10.1039/c3pp50060h

www.rsc.org/pps lying nn* state.

1. Introduction

Nucleic acids strongly absorb UV light and this process is
potentially dangerous since it can trigger a cascade of photo-
chemical events leading to the damage of the genetic code,
giving rise to carcinogenesis and apoptosis. As a consequence,
a large number of experimental and computational studies
(too many to be exhaustively reviewed in this paper) have been
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state. This internal conversion mechanism proceeds without any significant involvement of any near-

devoted to the study of the excited state dynamics of DNA,
model oligonucleotides and the monomeric nucleobases. ™

One of the major outcomes of these studies is that the
excited state deactivation of the monomers is extremely
efficient, proceeding on a sub-picosecond time-scale, while for
the helices it is much more complex, ranging from the femto-
second to the nanosecond timescale, depending on the
system.”'® For the monomers, detailed theoretical studies have
shown that the ultrafast internal conversion proceeds through
Conical Intersections (CIs)." For the helices, part of the expla-
nation can be found in the population of excitonic states''™*?
and/or charge transfer states.'*'® However, the presence of
‘monomer-like’ deactivation channels within single and double
strands is still a subject of much discussion. For example, the
excited state decay mechanism in the adenine monomer has
been proposed to be operative also within single and double
adenine strands.'” Beyond their inherent interest, nucleobases
also serve as an important source of information on the subtle
interplay of various effects (molecular structure, solvent, substi-
tuents, excitation wavelength, pH) that govern the excited state
dynamics of organic molecules in general.
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In this respect, the adenine (Ade) chromophore displays a
complicated behaviour, typical of the DNA bases, characterized
by an ultrafast excited state decay both in gas phase and solu-
tion, rendering their interpretation very difficult. The reason
for this is, as outlined below, the competition between
different highly efficient non-radiative processes. A first point
to consider is already the complexity of the lowest energy
absorption band of Ade. While vapour absorption spectra only
show one absorption band with a maximum at 252 nm
(4.92 eV),"® subsequent molecular beam experiments have
revealed that there are several close-lying excited states (five
resolved vibronic bands in the range of 4.40-4.55 eV).'?™>°

Quantum mechanical (QM) computations in the gas phase
indeed show that three different singlet excited states lie close
in energy in the Franck-Condon (FC) region, one dark with
nn* character (HOMO — 1 — LUMO, hereafter labelled as Sy
and two bright nn* excited states (L, and Ly). The L, excited
state corresponds mainly to a HOMO — LUMO excitation and
carries most of the oscillator strength. The L; excited state
results from the combination of HOMO — 2 — LUMO and
HOMO — LUMO + 1 excitations and is consequently character-
ized by a much smaller oscillator strength. In the gas phase
Snr+ should be the lowest energy excited states, whereas the
energy ordering between L, and L, (which are within 0.2 eV)
depends on the adopted computational method.>*"*° Different
possible decay pathways have been identified for these excited
states and multiple crossings characterized. In particular, two
critical CIs have been located between the lowest energy adia-
batic states and S, involving the out-of-plane motion of the
C2-H group (see Fig. 1 for atom labelling), usually labelled *E,
and the out-of-plane motion of the C6-NH, group, labelled
65,.2772° The %E CI has been associated with the L, state, while
the °S; CI concerns the S,,- state. However, for a non-planar
geometry the nn* and nn* states are strongly mixed and it is
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Fig. 1 Schematic drawing and atom labelling of the 9Me-Ade 4H,O model
used to study the excited state decay in water. Also shown are the transition
dipole moment orientations of the two bright an* states L, and L. These are
defined relative to the short molecular axis.
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therefore not easy to assign a well-defined diabatic state to the
different adiabatic states. In this scenario, it is not surprising
that the excited state decay is multi-exponential and strongly
dependent on the excitation wavelength.>*> The experi-
mentally determined lifetimes vary from case to case, but, basi-
cally, there is an ultrafast component (z; ~ 0.1 ps) and a slower
one (z, ~ 0.75-1 ps). The assignment of these decay constants
has been strongly debated.?®">**%"*? The fast component (z;) is
ascribed to direct L, — S, decay®” or to an underlying state
(Lo = Spg OF Ly — Ly),** while the slower one () is assigned
to S, recovery from the latter states (with special emphasis on
the Sy = S, decay).>®*”*? It has also been proposed that both
7, and 7, are associated with the L, — S, decay.”® Finally, for
higher excitation energies a deactivation channel involving the
breaking of the N9-H bond should be active, accessed through
a Rydberg no* state (L, — n6* — S,).%°

A number of steady-state spectroscopic studies have been
dedicated to the spectroscopy of Ade in water as well as other
environments and it is not our intention to present an exhaus-
tive review here. It should be remarked, however, that much
confusion has been caused by the fact that two adenine tauto-
mers, the major 9(H)- and the minor 7(H)-tautomers, are
present in solution. We will in the following only focus on the
canonical 9(H)-adenine tautomer, denoted “adenine” if not
otherwise stated. Experimentally, this limits the scope to
9-substituted adenines such as adenosine (Ado), deoxyadeno-
sine (dA) or 9-methyladenine (9Me-Ade). The first absorption
band of Ado in room-temperature water has its maximum at
260 nm (4.77 eV), implying that it is red-shifted by 0.15 eV
with respect to the gas phase.’®*? This band has no apparent
sub-structure'®**** but is known to be composed of two nn*
electronic transitions.*” These two transitions have notably
been resolved by magnetic circular dichroism in aqueous solu-
tion, giving the values of 272 nm (4.56 eV) and 253 nm
(4.90 eV).*® The existence of two nn* electronic transitions was
independently shown in linear dichroism measurements of
9-methyladenine in stretched polymer films.*”

The presence of possible low-lying nmn* states has been
widely discussed in the past, but no unambiguous observation
has been reported and the location of nn* states in room-temp-
erature solutions still remains unclear. It is worthwhile to
remark that, in their transient absorption experiments on
various nucleotides in aqueous solution, Kohler and coworkers
observed long-lived decay components for the pyrimidines,
assigned to nz* states, but not for the purines, and in particu-
lar not for adenosine monophosphate (AMP).*

In this respect, quantum chemistry calculations predict
that S,.« is destabilized with respect to L, and L, in water.
More precisely, the energy ordering predicted at the CASSCF
level for adenine in water, including the solvent effect by
means of a Linear Response Free Energy Procedure, strongly
depends on the geometry chosen for the S, minimum.*® For a
Cs planar minimum it is L, < L, < S, while for a C;
minimum it Ly, < Sy« < L,. A Monte Carlo MM/CASPT2 study”®
indicates that in water solution the S,.- is blue-shifted by
0.58 eV with respect to the gas phase, while L;, and L, are
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red-shifted by 0.17 and 0.34 eV, respectively, resulting in an
energy ordering Ly, ~ L, < Sy« Based on a multireference per-
turbed CI approach coupled with PCM, it was predicted that
for 9(H)-adenine in water, Ly, < L, < Sy.+, with L, and L, experi-
encing a substantial red-shift with respect to the gas phase
results and S, ;- a weak blue-shift.”" TD-DFT/PCM calculations
on different Ade derivatives (9-methyladenine, 9Me-Ade, dA,
dAMP) show that S, is significantly destabilized with respect
to the gas phase, while L, and L, exhibit weak red-shifts.”*
MM/QM calculations by Thiel and co-workers,> including
water molecules at the MM level while treating Ade by the
OM2/MRCI semiempirical method and taking into account
the thermal motion of the system, provide similar indications,
with S,,» blue-shifted by 0.1/0.3 eV with respect to the gas
phase and L, red-shifted by 0.1 eV. In the latter study, however,
significant mixing of the different diabatic states in the FC
region is found. Finally, by means of CASPT2/MM calculations,
Garavelli and co-workers found that for one adenine molecule
(treated at CASPT2//CASSCF(12,10)/ANO-1 level) embedded in a
(dA),, single strand in water (treated at the MM level) L, is the
lowest energy excited state, while S« is 0.5/0.7 eV less
stable.>® On the basis of this short review, it is clear that,
despite the quantitative differences between the methods, the
solvent significantly affects the relative stability of the lowest
energy excited state of Ade and that explicit inclusion of
solute-solvent interactions is particularly important, especially
for determining the relative stability of S~ in water.

About a decade ago, the ultrafast decay of the adenosine S;
state in water was determined independently by femtosecond
transient absorption®® and fluorescence upconversion®® experi-
ments. Subsequent time-resolved fluorescence measurements
with improved time-resolution showed that the excited state
decay is not mono-exponential but contains an ultrafast com-
ponent (<0.1 ps) and a slower one (~0.5 ps).>’>° Based on the
previous interpretation of linear dichroism data,”” Kwok et al.
assigned the two times to the L, and L states with the fast
component reflecting the L, — L;, relaxation.>® The time-zero
fluorescence anisotropy, which is a very sensitive measure of
changes in the electronic structure of the emitting state, was
found to be about 0.24.>® This is much lower than the theoreti-
cal limit of 0.4 for parallel absorption and emission transition
dipoles, confirming the presence of an electronic relaxation
preceding the emission.

In parallel, time-resolved experiments on natural adenine
(containing both 9(H)- and 7(H)-adenine) in water showed that
the excited state decay is clearly bi-exponential, with a long
component of about 8 ps and a faster one of a few hundreds
femtoseconds.””®® The long component was assigned to the
7(H) tautomer while the fast one was assigned to the canonical
9(H) tautomer. This assignment was corroborated by the com-
parison between the excited state lifetimes of 9Me-Ade and
7-methyladenine (7Me-Ade): the former is 0.22 + 0.02 ps, and
the latter is 4.23 + 0.13 ps.®" Solvent effects were also studied;
in acetonitrile, the lifetimes of 7Me-Ade and 9Me-Ade were
found to be (3.3 + 0.3 ps) and (0.35 + 0.02 ps), respectively.
Interestingly, the lifetimes in acetonitrile seem to be longer
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than those observed in water. This is contrary to what was
observed for uracil and thymine in water and acetonitrile
solutions.®*

These results have been interpreted in different ways.
Indeed the above mentioned QM/MM surface hopping simu-
lations have predicted that ground state recovery occurs with a
time constant of 410 fs, mainly through the S,,./S, CI (°S;), fol-
lowing the same L, — S, — S, mechanism predicted by the
same method in the gas phase.>® Alternatively, it has been
proposed that in aqueous solution the most important non-
radiative deactivation path involves a direct L, — S, decay, via
the *E CL*>**

It is clear that several key issues concerning the excited
state dynamics of adenine derivatives in solution are still
open, from the excited state ordering in the FC region to the
deactivation mechanism. We have therefore decided to revisit
the excited state decay of adenine derivatives, combining
femtosecond fluorescence upconversion experiments with an
improved time-resolution (350 fs full width at half maximum
(fwhm) instead of 450 fs) on dA and 9Me-Ade and quantum
mechanical TD-DFT calculations on 9Me-Ade. According to
our previous studies, solvent effects can provide very useful
information on the excited state decay mechanism of
nucleobases.®*"®” We have therefore characterized the excited
state dynamics of dA and 9Me-Ade in two different solvents,
water and acetonitrile, the former protic and the latter aprotic.
This is very important since solute-solvent hydrogen bonding
has been shown to play a crucial role in the energetic ordering
of different electronic states, particularly nn* states, of the
nucleobases. We also pay particular attention to the fluo-
rescence anisotropy and its wavelength dependence, since this
is a sensitive probe of the electronic nature of the emitting
state.

2. Material and methods
2.1. Experimental details

Deoxyadenosine (dA) was purchased from Sigma and 9-methyl-
adenine (9Me-Ade) from Aldrich. Acetonitrile was purchased
from Sigma-Aldrich and ultrapure water was obtained from a
Millipore Milli-Q apparatus. All products were used without
further purification.

Absorption spectra were recorded with a Perkin-Elmer
Lambda 900 spectrophotometer using 1 mm quartz cells
(QzS). Fluorescence spectra (5 nm bandpass) were recorded
with a SPEX Fluorolog-3 spectrofluorometer using a 1 cm x
1 cm quartz cell. The light source was a 450 Watt arc Xenon
lamp.

The femtosecond fluorescence upconversion setup has
been described earlier.®® Briefly, the excitation source is the
third harmonic at 267 nm of a mode-locked Ti-sapphire laser
(120 fs, 800 nm, 76 MHz). Typically, the average excitation
power used was about 40 mW. Fluorescence decays were
recorded at various wavelengths between 310 and 550 nm with
a sufficiently small time-step to determine the apparatus
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function. Parallel (Ip.(f)) and perpendicular (Ierp(t)) exci-
tation/detection configurations were realized by controlling
the polarization of the exciting beam with a zero-order half-
wave plate. All measurements were performed at room temp-
erature (20 + 1 °C) under aerated conditions. Solutions (x 2.5 x
10~ mol dm™?) were kept flowing through a 1.0 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 cm™> for a 40 mW output from the tripler unit
(assuming a 40 micron diameter of the focused beam).

Total fluorescence kinetics F(t) shown below were con-
structed from the parallel and perpendicular signals (In.()
and Iperp(t)) according to the equation:

F(t) = Ipar(t) + 2Iperp(2) (1)

Likewise, the fluorescence anisotropy r(¢) is given by the
expression

7(€) = (Tpar(¢) = Tperp (1)) /F(2) (2)

In order to evaluate the characteristic times involved,
instead of treating F(¢) and r(t) separately we performed a
merged nonlinear fitting/deconvolution process using the
impulse response model functions

fpar (¢) = (1 +2r(6))f (¢) (3)
fperp(t) = (1 = r(2))f (¢) (4)

convoluted by the Gaussian instrument response function, I(¢)
x i(t) ® G(¢). The model functions thus obtained were fitted to
the experimentally measured (I,a) and (Iperp) signals. The
fwhm value of a Gaussian apparatus function was found to be
about 350 fs fwhm at 330 nm which is better than in our pre-
vious studies (450 fs fwhm).>”>® A figure showing the improved
performances of the setup is shown in the ESI (Fig. S1F). We
judged that the time resolution of our setup is =80 fs after
deconvolution, but the actual value depends on the wave-
length, the relative amplitude and the signal-to-noise ratio.

2.2. Computational details

Geometry optimizations have been performed in aqueous solu-
tion at the PCM/DFT/6-31G(d) level for the ground and at
PCM/TD-DFT/6-31G(d) level for the excited state, exploiting
PBE0,° MO052X,”° and CAM-B3LYP’' functionals. The
PBEO hybrid functional,®® despite the absence of adjustable
parameters, has shown remarkable accuracy in the treatment
of excited states.”>”* Concerning the photophysics of nucleo-
bases, PCM/PBEO calculations provide Vertical Excitation and
Emission Energies very close to the experimental band
maxima (within 0.15 eV) both for pyrimidine®>®’* and for
purine.’>”>’® Our computational results in the gas phase are
also in good agreement with those obtained by using sophisti-
cated post-HF methods. M052X provides a similar description
of the lowest energy excited states of nucleobases, and it is not
plagued by the deficiencies of the standard density functional
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in the treatment of CT transitions, as shown by our studies on
oligoadenine stacked oligomers.'®””~%2

The effect of basis set extension on the absorption and
emission energies has been estimated by test computations
with more extended 6-31+G(d,p) and 6-311+G(2d,2p) basis
sets.

Bulk solvent effects have been included by the polarizable
continuum model (PCM),*? resorting both to the ‘standard’ LR
(linear-response) implementation of PCM/TD-DFT, for which
analytical gradients are available,* and to the State-Specific
(SS) implementation of PCM/TD-DFT, allowing for a more
accurate determination of the relative energy of different
excited states.®®® The effect of explicit solute-solvent inter-
action in a hydrogen bonding solvent such as water has been
studied by including four water molecules of the first solvation
shell. We have checked that our results are not qualitatively
affected by changes in the number and in the coordination
geometry of the water molecules. All the calculations have
been performed by using the Gaussian09 package.®”

3. Results

3.1. Experimental results

Normalized steady-state absorption and corrected fluorescence
spectra (dexc = 255 nm) of dA and 9Me-Ade in water and aceto-
nitrile are shown in Fig. 2. In order to facilitate comparisons
with the results of calculations they are here shown on a wave-
number scale (the fluorescence spectra being scaled by a
factor 4%). The fluorescence spectra were smoothed over a few
data points. The corresponding spectra on a wavelength scale
are given in the ESI (Fig. S27).

In order to obtain a more quantitative description of the
spectral characteristics, spectra (for absorption, the first
absorption band around 260 nm) were fitted by single lognor-
mal functions. The fitted absorption spectra together with
deviations are given in the ESI (Fig. S3f). The absorption
maximum for dA in water is 38.5 x 10> cm™" (260 nm) while
that of 9Me-Ade is slightly red-shifted to 38.3 x 10° em™
(261 nm). For both molecules the absorption maximum in

1.0 A B 1.0
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0.0 —_ 0.0

30000 35000 40000 30000 35000 40000

Wavenumber (cm™)

Fig. 2 Normalized steady-state absorption and fluorescence spectra of (A) dA
in water (blue) and acetonitrile (red), (B) 9Me-Ade in water (blue) and aceto-
nitrile (red).
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CH;CN is 38.6 x 10° ecm™" (259 nm). The widths of the absorp-
tion spectra are all around 4.6 x 10° cm™" (fwhm) except
that of 9Me-Ade in CH;CN which is slightly narrower (~4.3 x
10> em™ fwhm). The lognormal fits are fully adequate,
showing no sign of more than one transition, in line with pre-
vious reports.'®**** Even though a decomposition into two
separate bands (corresponding to L, and L) is technically
possible,""*”* there is no direct experimental support for
this.

The fluorescence maxima of the four studied systems are all
very close, peaking at ~(32.0 + 0.3) x 10°> cm™" (~308 + 3 nm).
All fluorescence spectra extend far beyond 400 nm but the
shapes differ radically between water and CH3;CN solutions.
The fluorescence spectra are significantly broader in water
(~8.0 x 10> em™" fwhm) than in CH3CN (~5.8 x 10*> em™"
fwhm). The Stokes shifts are large, ranging from ~5.8 x 10°
ecm™! for 9Me-Ade in H,O to ~6.5 x 10°> cm™" for dA in CH,CN.
However, these small variations are within the experimental
error bars. The use of a lognormal function to describe the
fluorescence spectra is adequate and the red wing is poorly
accounted for. A decomposition of the fluorescence spectra
into two separate bands (corresponding to L, and L) has been
proposed in the literature.”® We have also tried such an
approach in the present case, but without success. The fitted
fluorescence spectra together with deviations are given in the
ESI (Fig. S41).

Total fluorescence decays of 9Me-Ade in water and of dA in
acetonitrile measured at various wavelengths after excitation at
267 nm are shown in Fig. 3. Corresponding traces of 9Me-Ade
in acetonitrile and of dA in water are given in the ESI
(Fig. S5%). As can be seen in Fig. 3, the decays become slightly
longer with increasing wavelength. This is indeed the case for
all the four solute-solvent systems studied.

Interestingly, the fluorescence decays of 9Me-Ade and dA in
water measured in the visible spectral region (450-550 nm) are
still sub-picosecond (Fig. S63), only slightly longer than in the
UV. This is contrary to what was observed for dGMP for which
the fluorescence decays in the visible were much longer,
characterized by a 2 ps time constant.®® For comparison, at
500 nm and 1 ps, the fluorescence trace of dA/H,O has lost
83% of its initial intensity while that of dGMP/H,0 has only
lost about 40%.

appfunc
— 310nm
— 330nm
—— 360 nm
—— 380nm

0.1

Fluorescence intensity
Fluorescence intensity

o

S

_<_,\
—

T
0.0 0.5 1.0 15 0.0 0.5 1.0 15 2.0
Delay (ps)

Fig. 3 Total fluorescence decays at various wavelengths of (A) 9Me-Ade in
water and (B) dA in acetonitrile. The apparatus-function is shown in grey.

This journal is © The Royal Society of Chemistry and Owner Societies 2013

View Article Online

>
‘©
c
o
£
(0]
e
o 0.1+
(&)
0
o
o
=)
L
0.01 T T T T
0.0 05 1.0 15
Delay (ps)

Fig. 4 Total fluorescence decays at 330 nm of 9Me-Ade in water (red), dA in
water (black) and dA in CH3CN (blue).

Table 1 Average fluorescence decay times (in ps) of the fluorescence decays of
dA and 9Me-Ade in H,O and CHsCN after excitation at 267 nm. See text for
details

dA 9Me-Ade

H,0 CH,CN H,0 CH,CN
310 nm 0.11 + 0.02 0.18 £ 0.02 0.10 + 0.02 0.12 = 0.02
330 nm 0.12 +£ 0.03 0.24 + 0.03 0.13 £ 0.01 0.15 £ 0.03
360 nm 0.20 £ 0.03 0.31 + 0.09 0.15 + 0.02 0.21 £ 0.04
380 nm 0.27 £ 0.01 0.33 £ 0.01 0.24 + 0.01 0.30 £ 0.01

For both 9Me-Ade and dA, the fluorescence decay at a given
wavelength is slightly longer in CH;CN than in water. This is
illustrated in Fig. 4, where the fluorescence decays at 330 nm
of 9Me-Ade and dA in water as well as dA in acetonitrile are
compared. Similar results were obtained at the other
wavelengths.

In order to quantify the time-resolved signals, experimental
data were treated in a nonlinear fitting/deconvolution process
as described by eqn (3) and (4) above. Free-floating bi-exponen-
tial functions (@ exp(—t/z;) + (1 — a)exp(—t/z,)) were used for
the total intensity decay f{¢) while the anisotropy was described
by a free-floating constant r,. The fluorescence decays are
dominated by an ultrafast component, ~100 fs, and a slower
one, ranging from about 300 to 500 fs depending on the wave-
length. Due to the high correlation between the parameters, it
is more instructive to use the average decay time, <z>, defined
as ary + (1 — a)z,, reported in Table 1. Resulting characteristic
decay times from the bi-exponential fits are given in Table S1
(ESI¥). Fitted decay times of the fluorescence decays at 450 nm
for 9Me-Ade and dA in water are also given in Table S1.%

Comparing the various average lifetimes confirms the
observations made above; that is, the fluorescence decay at a
given wavelength is slightly longer in CH;CN than in water.
The largest difference is observed for dA at 330 nm, where the
average decay in water is ~120 fs while it is ~240 fs in aceto-
nitrile. The same trends can be observed at 310 and 360 nm.
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Fig. 5 Fluorescence anisotropy decays of (A) 9Me-Ade in water and (B) dA in
acetonitrile.

At 380 nm a mono-exponential model function suffices to
describe the experimental curves.

The fluorescence anisotropy, determined from the same
data used for Fig. 3, that is, 9Me-Ade in water and dA in aceto-
nitrile at various wavelengths, is shown in Fig. 5. The curves
are truncated at 0.55 ps, beyond which the signal-to-noise ratio
becomes increasingly poorer. Similar results were also
obtained for dA in water and 9Me-Ade in acetonitrile (not
shown).

As can be seen, the anisotropies below 380 nm are constant
within the studied time-window and wavelength-independent
within the uncertainty limits. An average value of r = 0.29 +
0.03 can be deduced. This is significantly less than the theo-
retical limit of 0.4 for parallel absorption and emission tran-
sition dipoles. We would like to remark that, owing to the
improved experimental setup, these values are slightly higher
than the value of 0.24 reported earlier.”® Fluorescence aniso-
tropies in the visible are substantially lower. An example is
given in Fig. 5, where the signal of 9Me-Ade in water at
450 nm, having an average value of 0.18 + 0.02, is shown.

A population transfer between Lj, and L, will result in decay
of the fluorescence anisotropy, since the emission dipoles of
the L, and Ly, states are nearly perpendicular. Interestingly, we
do not observe any rapid component in the fluorescence aniso-
tropy decays; they start out from about 0.3 already at time zero.
This can be taken as a sign that the interconversion between
Ly and L, is much faster than our time-resolution (<80 fs),
implying that L, does not contribute to the observed
fluorescence.

The results of the steady-state and time-resolved exper-
iments described above show that the properties of dA and
9Me-Ade are very similar, suggesting that 9Me-Ade can be used
with confidence in the modeling to interpret the photophysics
of the adenine chromophore.

3.2. Computational results

Absorption spectra and the Franck-Condon region. Con-
firming a previous analysis, according to PCM/PBEO calcu-
lations the lowest energy excited state in aqueous solution is
L,, with Ly, being 2000 cm™" and S~ 4000-5000 cm ™" (depend-
ing on the basis set) less stable than L,. As reported in Table 2
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Table 2 Main features of the lowest energy excited states of 9Me-Ade in water
solution, according to LR-PCM/PBEO calculations on the 9Me-Ade-4H,0 model.
PCM/PBEQ/6-31G(d) geometry optimizations. Excitation energy (Ey) in cm™.

Dipole moment (u) in Debye

6-31G(d) 6-31G(d) S$* 6-31+G(d,p) 6-311+G(2d,2p)
La
Ey (osc.str) 41100(0.25) 41600(0.17) 40200(0.30) 39 700(0.30)
4 4.25 4.37 4.02 3.80
i 56 56 52 52
Ly
Ey (osc.str) 43 300(0.12) 43 600(0.12) 42 400(0.09) 41 900(0.08)
4 4.87 4.76 5.92 5.81
i 160 158 172 7
Spr
Ey (osc.str) 45400(0.00) 45 700(0.00) 45 200(0.00) 44 900(0.00)
" 3.28 3.30 3.84 3.64
i 102 72 92 89

Notes:“ State specific calculations. ”Angle between the transition
moment and the molecular axis (see Fig. 1).

and shown in Fig. 1, L, is mainly polarized along the long mole-
cular axis, Ly, along the short one and S,,- perpendicularly to
the molecular plane. The computed Ey of the brightest L, tran-
sition at the PBE0/6-31G(d) level is 41 100 cm™" (44 ~ 240 nm),
i.e. ca. 2800 cm™" blue-shifted with respect to the experimental
absorption maximum. A significant part of this discrepancy
is recovered by increasing the basis set, which is only
~1200 ecm™' at the 6-311+G(2d,2p) level. In any -case,
vibrational effects should be considered to predict the optical
line-shape and, consequently, the absorption maximum®® (not
to mention the contribution of Ly, to the absorption spectrum).

As a consequence, since this paper is not aimed to quanti-
tatively reproduce the experimental spectra, we shall base our
analysis mainly on 6-31G(d) results, and in order to allow for
an easier comparison with the experiments, we shall also
report corrected Ey values (EY, A5 on the wavelength scale, the
emission energy will be denoted by the subscript E) red-shifted
by 2800 cm™".

In acetonitrile, the relative stability of L, and L, states is
similar to that predicted in water (see Table 3). In agreement
with the experimental spectra, Ey of 9Me-Ade is slightly blue-
shifted (~800 cm™") in acetonitrile with respect to water. Due
to the absence of solute-solvent hydrogen bonds, S,.- gets
much closer to L, becoming the second (S,) adiabatic state. At
the 6-31G(d) level it is only 700 cm™" less stable than L, and a
partial mixing between these two states is predicted: indeed
Snx+ acquires a small but not vanishing oscillator strength and
a component in the molecular plane (see Table 3). Increasing
the size of the basis set, the energy separation between L, and
Snr+ increases (1900 em™' at the 6-311+G(2d,2p) level) and
their coupling decreases.

As shown in Tables S2 and S3 of the ESI,F M052X and
CAM-B3LYP calculations provide a picture of the FC region
similar to that obtained at the PBEO level.

Excited state deactivation paths. In aqueous solution, start-
ing from the FC region, PBEO geometry optimizations of L,
predict a very steep path leading to a planar pseudo-minimum
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Table 3 Main features of the lowest energy excited states of 9Me-Ade in
acetonitrile solution, according to LR-PCM/PBEO calculations. PCM/PBE0/6-31G
(d) geometry optimizations

6-31G(d) 6-31+G(d,p) 6-31+G(d,p) SS* 6-311+G(2d,2p)
L,
Ey (0sc.str) 41900(0.22) 41 000(0.30) 41200(0.21) 40 500(0.29)
" 3.65 3.52 3.59 3.33
I 54 128 126 52
Ly
Ey (0sc.str) 43 700(0.07) 42900(0.04) 42 900(0.05) 42 500(0.04)
" 4.03 4.70 4.36 4.64
I 155 11 21 10
Snr
Ey (0sc.str) 42 600(0.02) 42 600(0.00) 43 400(0.00) 42 400(0.00)
" 2.1 2.25 2.32 2.18
I 121 70 60 84

Notes:“ State specific calculations. ”Angle between the transition
moment and the molecular axis (see Fig. 1).

(L-min*P' gradient < 0.0005 a.u.) (see Fig. 6). This minimum
is characterized by a significant lengthening of the C2N1 and
C2N3 bond lengths, in line with the bonding/antibonding
character of the frontier orbitals of 9Me-Ade with respect to
those bonds. Emission from L,-min*"'* is fairly intense (oscil-
lator strength = 0.23) at 35100 cm™ (Ag ~ 285 nm, A§ ~
310 nm), with a small decrease of the anisotropy (r = 0.38, or
r = 0.27 if also considering L;, contribution to the absorption,
see below). It should be noted that our calculations can at the
moment only provide qualitative indications of the fluo-
rescence anisotropies, since they depend on several factors:
the relative absorption intensities of L, and L;, at the excitation
wavelength, the possibility of partial population transfer and
geometry rearrangements on an ultrafast time-scale, inter alia,
the accurate estimations of which fall outside the scope of the
present study. The L,-min*"* minimum is likely responsible
for the experimental emission maximum shown in Fig. 2.
However, PBEO geometry optimizations predict that L,-min*P'?
undergoes a rupture of the purine ring planarity, with the C2
atom (see Fig. 1) moving out from the molecular plane, and a
partial pyramidalization towards a non-planar structure
L,-min“* (see Fig. 6). The Potential Energy Surface (PES) con-
necting L,-min*"'* and L,-min“® is rather flat (the energy
difference is only 0.05 eV), but emission from L,-min“* is sig-
nificantly red-shifted, with a strong decrease of the oscillator
strength (f = 0.10): Vi = 28400 cm™* (i ~ 350 nm, A§ ~
390 nm), and a noticeable decrease of the anisotropy (r = 0.33,
or r = 0.22 if considering also L;, contribution to the absorp-
tion). Emission from the region surrounding L,-min“* could
be responsible for the red-tail present, especially in water, in
the experimental fluorescence spectrum of dA and 9Me-Ade.

This structure (L,-min“?) is predicted to be a stationary
point on the L, PES. However, frequency calculations indicate
that one very small negative frequency is present, which can be
described as a collective librational mode of the 4 water mole-
cules of the first solvation shell associated with an out-of-
plane motion of the purine ring.

This journal is © The Royal Society of Chemistry and Owner Societies 2013
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Fig. 6 Schematic drawing of some representative structure of the L, decay
paths in 9Me-Ade-4H-0. (a) Ly-min*"? pseudo-minimum. The main geometry
shifts (in A) with respect to the So minimum are included (increase in black,
decrease in red). (b) Ly-min®? and (c) representative point of the 2E L,/So crossing
region.

We have also investigated the further evolution from L,-
min®?, building the PES associated with the out-of-plane
motion of the H2 atom by means of LR-PCM/TD-PBE0/6-31G
(d) geometry optimization for different values of the H2-C2-
N1-N3 improper dihedral angle (¢). After overcoming a small
energy barrier (~200 cm™') for ¢ = 170°, the energy of L,
decreases steeply and the system decays towards a crossing
region with Sy, suggesting the presence of a close-lying conical
intersection (CI) (see Fig. 7). The PBEO picture is therefore
fully consistent with the results of post-HF ab initio methods
in the gas phase, indicating, as anticipated in the introduc-
tion, the presence of a L,/S, CI (*E according to the Cremer-
Pople notation®®), involving a large out-of-plane motion of the
C2-H2 bond.*”*

Geometry optimizations of L; predict a steep decay to a
planar pseudo minimum L,-min*P* (gradient ~ 0.0005 a.u.),
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A ~310 nm
0.3

A°~390 nm

SO Y

Fig. 7 Schematic description of the main deactivation paths in 9Me-Ade-4H,0.

and an emission energy of 39300 cm™ (Az ~ 255 nm, A§ ~
275 nm). Ly,-min*P" is very close in energy to Ly, which is only
300 cm™' more stable at this point. Indeed, a transition from
Ly to L, is fully plausible, whereafter the system follows the
same L, path as depicted above. This picture is similar to that
obtained for guanosine monophosphate,”® where broad-band
transient absorption experiments and QM calculations predict
an ultrafast (>100 fs) L, — L, decay. An ultrafast decay would
also decrease the r, value, in line with observations.

Geometry optimizations of S~ predict a very steep decay to
a pseudo-minimum (S,.~min*, energy gradient ~0.001 a.u.),
which at this point corresponds to the S; adiabatic state (La is
~1600 cm™" less stable) characterized by a very large C6C1N2
bond angle (>130°). Emission from S, ~-min* is very weak and
vg = 35000 cm™" (1g ~ 285 nm, A§ ~ 310 nm). In analogy with
what was found for Ly, a transition from S« to L, is predicted
by PCM/TD-PBE0/6-31G(d) geometry optimizations.

TD-M052X calculations predict a qualitatively similar
picture. Starting from the FC region a very steep decay on the
L, surface leads to L,-min*P"? followed by a C2 pyramidaliza-
tion on a much shallower surface. However, at the M052X
level, L,-min“* is not a stationary point, since geometry optim-
ization leads directly to a crossing region with S,. The key geo-
metry rearrangement involves the H2 atom reaching a close to
perpendicular orientation with respect to the molecular plane,
indicating a passage to the “E CI with S,,.

Excited state PBEO geometry-optimizations of L, in aceto-
nitrile provide similar results to those obtained in water, with
a significant exception. Indeed, at the 6-31G(d) level, geometry
optimization indicates the decay of L, to S,,~, and the exist-
ence of a real minimum, (S,~-min*) planar, very similar to the
pseudo-minimum region just described in water. However,
when a larger 6-31+G(d,p) basis set is used, the behaviour of L,
is similar to that obtained in water, with a decay to L,-min®>
(emission at 28200 cm™'), involving a large out-of-plane
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motion of the C2-H2 bond, passing through a planar plateau
(emission at 35000 cm™'). The computed fluorescence
maxima are therefore similar to those predicted in water.
However, with respect to what was found in water the PES
leading to La-min“ is steeper and the planar plateau less rele-
vant. A L, — L, decay is predicted also in acetonitrile.

MO052X calculations provide a very similar picture to that
just described. At the 6-31G(d) level a L, —» Spz« = Spp-min*
path is found. The only difference with respect to PBEO results
is a slight pyramidalization at C2 predicted for S,,~-min*, in
analogy with the results of CASSCF geometry optimizations of
6H-adenine in the gas phase. By using a more extended basis
set, we find the same picture obtained in water, since geometry
optimization leads directly to a L,/S, crossing region via a
’E CL.

4. Discussion

As discussed in the introduction, several factors contribute to
making a full understanding of the photoexcited dynamics of
adenine difficult: the presence of several close lying excited
states in the FC region, the accessibility of several potentially
operating deactivation paths, the large diabatic couplings
existing, especially for non-planar structure, among the
different excited states, and solvent effects. This study provides
very useful insights into most of the above factors and, there-
fore, the microscopic processes modulating the excited state
decay.

Because most of the oscillator strength is carried by only
one transition, L,, steady state absorption and fluorescence
spectra cannot provide stringent evidence for the energy order-
ing of the lowest energy excited states in the FC region.
However, they give one interesting indication, ie. that the
spectra exhibit a very small dependence on the solvent, and
provide useful data for the validation of our computational
approach. In this respect it is comforting that the absorption
and emission spectra computed in water and in acetonitrile
are in good agreement with experiments.

Our calculations indicate that in water L, is the lowest
energy excited state in the FC region, L, being ~2000 cm™" less
stable. This assignment could be consistent also with the
Linear Dichroism measurements in stretched polymer films,
which have been interpreted as an indication that L;, is more
stable than L,."” Actually, according to Holmén et al.”’ the
lowest energy transition is polarized roughly along the long
molecular axis (as we find for L,) and S, roughly along the
short one (as we find for Ly,). In any case, in stretched polymer
films L, and S,;» could be significantly mixed in the FC
region, making the interpretation of the experimental results
less straightforward. Furthermore we do not find any stable
minimum on L;, and we predict an ultrafast L;, - L, decay (see
Fig. 7). Our calculations thus do not support the interpretation
that the fast r; component corresponds to the L, — Lj, internal
conversion.>® It is also interesting to note that in this picture
there is no ambivalence in applying the Strickler-Berg relation
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as previously suggested.””*>®>! The L, state is dominating

both in absorption and in emission.

Our proposal that adenine fluorescence stems essentially
from L, is corroborated by the experimental results. As antici-
pated above, the computed emission energy agree with the
experimental fluorescence maxima and our picture is consist-
ent with the experimental fluorescence anisotropy.

By assuming an ultrafast L, — L, decay, faster than the
present time-resolution (= 80 fs), the initial fluorescence aniso-
tropy r, would be 0.32 according to LR-PCM/TD-PBE0-6-31G(d)
calculations. This is very close to the experimental value,
taking into account that the motion of the wavepacket on the
L, surface also induces a decrease of the anisotropy on a very
fast time-scale (from 0.40 to 0.36 in the planar plateau and to
0.32 in the L,-min“?). In this respect, it is noteworthy that the
ro value for thymidine monophosphate (for which no elec-
tronic relaxation occurs) is 0.36.°® Analogously, red-shifted
fluorescence beyond 400 nm mainly stems from the non-
planar part of the L, path, which is characterized by a lower
fluorescence anisotropy. This could explain the observed
decrease of r(t) at longer wavelengths. On the contrary, as L, is
much more intense than Ly, an L, — L;, decay would cause a
much larger decrease of the anisotropy.

The solvent mainly affects the relative energies of L, and
Snr+ excited states. In water the possibility of a L, — S+ popu-
lation transfer is very small, due to the rather high energy gap,
whereas S~ is predicted to decay to L,. In contrast to what
occurs in the gas phase, our calculations (independently of the
adopted functional) indicate that L, is the only excited state
significantly involved in the dynamics. Our prediction is thus
in agreement with the results of transient absorption experi-
ments that do not show any significant presence of dark
states (identified as nn* states) in adenine.*® All the experimen-
tal fluorescence results can be explained by the shape of the L,
PES, with a steep decay from the FC region towards a planar—
plateau, followed by a shallower path towards C2 pyramidaliza-
tion and the L,/S, *E CL The first part of the path is respon-
sible for the fluorescence maximum, while the red-tail is likely
due to emission from L,-min“* or, more generally, the non-
planar plateau.

Increasing the excitation wavelength decreases the amount
of energy deposited in the excited state and would conse-
quently decrease the ‘speed’ of the wave-packet in its motion
towards the CI, leading to a slightly longer ‘residence time’ on
the non-planar plateau (L,-min“?). Indeed, Temps and co-
workers measured the fluorescence decays of adenosine after
excitation between 245 and 274 nm and concluded that the
excited state lifetime is independent of the excitation wave-
length.®® However, inspecting their data, there is a small
increase from 0.28 to 0.32 ps in the studied wavelength region.
In this context, it should be remarked that the dA steady-state
fluorescence spectrum does not depend on the excitation
wavelength.’®

The picture emerging from our calculations is similar to
that predicted in the gas phase by CASPT2 calculations®>°
and different from that obtained by Thiel and co-workers
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by using non-adiabatic semi-classical simulations based
on semi-empirical OM2 calculations, predicting a very fast
Ly = Snz = So decay mechanism via a °S; CL>® We cannot
exclude that, due the large diabatic coupling, which could be
further increased by inclusion of thermal motion and solvent
fluctuations, a small part of the photoexcited population is
trapped in S,.~. Quantum dynamical studies on uracil have
shown that population transfer between bright and dark states
is possible also when the latter states are less stable than the
former by several tenths of eV in the FC region.”* This part
could eventually contribute to the longest living component of
the excited state decay, on the ps time scale. On the other
hand, our results exclude that the L, — S, = Sy process plays
a significant role in the <1 ps dynamics. The latter mechanism
can be consistent with the experimental results only by assum-
ing a barrierless motion through the S, CL In this context,
OM?2 calculations have been shown to significantly under-esti-
mate the energy barrier associated with the motion through
the °S; CI and to produce an extremely short S, lifetime
(<100 fs).*> A longer lifetime would make a dark state detect-
able by transient absorption experiments and would also
increase the time during which S,.~ is coupled with L,, with
consequences for the steady-state and dynamical fluorescence
properties.

The fluorescence decays recorded in acetonitrile are similar
to those found in water, and, accordingly, our calculations
provide a similar mechanistic picture for the two solvents. The
major difference is that a more significant participation of S~
in the excited state dynamics is possible in acetonitrile, due to
the smaller energy gap with L,. This could explain the
‘slowing-down’ of the decay in this solvent because a part of
the population gets trapped in S,,» before decaying to S,
‘directly’ or by back transfer to L, (as suggested for uracil
derivatives).% On the other hand, at this stage of our research,
it cannot be excluded that the small differences between water
and acetonitrile are simply due to some dynamical solvent
effect on the L, — S, decay path.

5. Concluding remarks

In this study we have reported a joint experimental and com-
putational study of the excited state dynamics of dA and
9Me-Ade in water and in acetonitrile. Steady-state and time-
resolved fluorescence experiments and quantum mechanical
calculations provide a convergent picture of the adenine
photophysics in solution. In the Franck-Condon region, the
lowest in energy state is the optically bright L, state, with the
L, state situated about 2000 cm™" higher. Both states are popu-
lated when exciting at 267 nm, but the L;, state undergoes an
ultrafast L, — L, decay, too fast for our time-resolution (~ 80
fs). This is confirmed by the experimentally observed fluo-
rescence anisotropies, attaining low values already at time
zero. The excited state relaxation mechanism appears to be
ruled by the spectroscopic state L, in which an almost barrier-
less path leads from the Franck-Condon region to a conical
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intersection with the ground state. We have found that dA and
9Me-Ade exhibit a very similar behaviour, indicating that
9Me-Ade is a valid model for studying dA and AMP excited states.

The excited-state decays in water and acetonitrile are also
similar, despite the fact that solute-solvent hydrogen bonds
strongly decrease the relative stability of S,.~. We have a
different picture from that obtained for thymine and 5-fluor-
ouracil (5FU), for which the excited-state decays are signifi-
cantly faster in acetonitrile than in water.®>®* For adenine, we
find the opposite behaviour, i.e. the decays in acetonitrile are
somewhat slower than those in water. Interestingly, the same
microscopic effect is operative for these compounds: hydrogen
bonds destabilize a “dark” nn* state in water, thus rendering a
population transfer from the “bright” an* state to nan* state less
important. However, for thymine and 5-fluorouracil the direct
decay of the “bright” nn* state to S, is significantly slower than
that of the L, state of adenine. Furthermore, in pyrimidines
the coupling between the “dark” and “bright” states is likely
less effective, i.e. the population transferred to the “dark” state
is clearly non-radiative. Time-resolved fluorescence experi-
ments of pyrimidines indicated a faster decay of the “bright”
nn* state in acetonitrile, where the nn* — nn* channel is oper-
ative, than in water. Indeed, transient absorption experiments
(which can monitor the presence of “dark” states) on pyrimi-
dines in acetonitrile show the presence of a long-lived “dark”
state (identified as an nn* state) and a slowing-down of the
global excited state decay (in analogy with what we found for
adenine). These considerations confirm that it is not easy to
derive general rules for predicting solvent effects on different
spectral observables. The excited state decay depends on the
interplay between different kinds of effects, both intrinsic and
environmental. Depending on the relative stability of two
excited states, a hydrogen bonding solvent can either increase
or decrease their energy difference with regard to the gas
phase. Furthermore, different experimental techniques are
sensitive to diverse molecular properties, and thus they can
monitor the different excited states with varying sensibility.
More important, even for a single excited state, different
regions of the PES can produce very different signals depend-
ing on the spectroscopic technique.
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