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Tracking the origin of photostability in purine nucleobases: the
photophysics of 2-oxopurine

Lara Martinez-Fernéndez,? Serra Arslancan,? Dmytro Ivashchenko®®, Carlos E. Crespo-Hernandez,*
and Inés Corral*2¢

This work scrutinizes the relaxation mechanism of 2-oxopurine. Contrary to its ancestor, purine, which is a UVC
chromophore, 2-oxopurine shows a red-shifted absorption spectrum centered in the UVA region. In 2-oxopurine,
relaxation along the nn* spectroscopic state directs the population from the Franck Condon (FC) region towards a
minimum, which acts as a crossroad for the further decay of the system either to triplet states or, alternatively, to the
ground state through a Cs-puckered S1/So funnel. A comparison of the optical properties and excited state potential energy
surfaces of purine, 2-oxopurine, 2-aminopurine, 6-oxopurine and adenine, allows establishing how the position and nature
of substituent tune the photophysics of purine. For this series, we conclude that both Cz and Cs substitution redshift the
absorption spectrum of purine, with 2-oxo substitution exhibiting the largest shift. An important exception is the canonical
nucleobase adenine, which presents a blue shifted absorption spectrum. The topography of purine’s nn* potential energy
surface experiences major changes when functionalized at the Cs position. In particular, the disappearance of the
minimum along the nt* potential energy surface efficiently funnels the excited state population from the FC region to the

ground state and increases the photostability of 6-aminopurine (adenine) and 6-oxopurine (hypoxanthine) nucleobases.

Introduction

Nucleic acids belong to the family of macromolecules that are
essential to life, and as such their characterization has become
a priority, as demonstrated by the number of works devoted
to this topic in recent years.1¢ Very particularly, and motivated
by the connection between DNA photoinduced lesions and
cellular damage,’© many efforts have been devoted to
understanding the interaction of DNA with UV light.11-13
Moreover, understanding the chemical evolution processes
undergone by putative prebiotic nucleic acids in early Earth
conditions that may have dictated their current composition
has also recently awakened strong interest.’* 15 DNA
chromophores, purine and pyrimidine nucleobases, absorb in
the UVB-UVC region and under normal exposure conditions
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they are able to dissipate the absorbed energy preserving the
macromolecule’s integrity.16-18 The non-radiative decay routes
responsible for the remarkable photostability of nucleobases
and thus of DNA are now well established. Briefly, the
existence of energetically accessible S1/So decay funnels from
the Franck-Condon (FC) region of the initially populated mm*
excited state, allows excited population relaxing efficiently and
in ultrafast timescales to the ground state (GS).1% 20 However,
the specific structural/electronic factors that control the
photostability of the canonical purine and pyrimidine
nucleobases in comparison to other derivatives are still poorly
understood. For instance, the purine chromophore (Scheme 1)
has been shown to populate long-lived excited reactive states
based on CASPT2/CASSCF calculations and time-resolved
spectroscopy, disclosing accessible singlet/triplet crossings and
measuring triplet quantum vyields of 0.9, respectively.2!
Substitution of purine with an amino group at either the C6 or
the C2 positions, forming adenine or 2-aminopurine,
respectively, leads to a significant distortion of the potential
energy landscape, such that adenine evidences increased
photostability  while  2-aminopurine  exhibits intense
fluorescence and non-negligible triplet quantum vyield in
solution.22-36
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Scheme 1 Scheme including atom labelling of (a) purine chromophore and its amino-
and oxo- monosubstituted derivatives (b) 2-aminopurine, (c) adenine, (d) 2-oxopurine

and (e) 6-oxopurine.

The incorporation of oxo substituents in the purine
chromophore has also been shown to have a strong influence
in the topography of its excited state potential energy surface
(PES) and in its photophysics. In fact, when this functional
group is incorporated at the C6 position (as in 6-
oxopurine/hypoxanthine), the PES of purine reshapes leading
to a barrierless connection between the FC region of the nrt*
state and a Si/So funnel that efficiently conducts the
population to the GS.37-41 As such, this system is considered to
be photostable.37-41

The aim of this work is to decipher the molecular deactivation
mechanism of 2-oxopurine based on the mapping of its excited
state singlet and triplet PESs with complementary theoretical
approaches to establish for the first time the connection
between the substituent’s nature and position, and the
intrinsic photophysics of purine nucleobases.

Computational Details

The GS equilibrium geometry of 2-oxopurine was optimized at
the CASSCF/6-31G(d,p) level of theory.#244 The (14,11) active
space employed consists of the complete © system plus the
lone pair of the carbonyl group, see Figure S1. Using this
geometry as a reference, the first absorption band of the
spectrum of 2-oxopurine was modelled considering the MS-
CASPT2/SA5-CASSCF(14,11)/6-31G(d,p) protocol*s and two
different IPEA shifts 0.0 and 0.25 au,*® (Table 1 and S1). The
absorption spectrum up to 180 nm (6.9 eV), in Figure S2, was
computed at the MS-CASPT2/SA14-CASSCF(14,11)/6-31G(d,p)
level of theory. To unravel the photophysics of this system,
starting from the FC region we have mapped the topography
of the excited PES relevant to the deactivation of this system
calculating the minimum energy paths (MEPs) from the
spectroscopic state, S;. To this purpose, we have resorted to
the CASSCF method with the same active space described
above and considering two roots. The minimum found along
MEP was reoptimized at the SA2-CASSCF(14,11)/6-31G(d,p)
level of theory. This was the same level of theory employed for
the location of the funnel for the deactivation to the GS and
the singlet-triplet crossing. Final energies for the stationary
points and interstate funnels along the deactivation potential

2| J. Name., 2012, 00, 1-3

energy profile were computed with the CASPT2 ,methodsand
considering 3 roots. DOI: 10.1039/C9CP0O0879A
For calculating the density difference between the ground and
excited states of the other purine derivatives, (Figure S3) we
employed perturbatively modified CASSCF wave functions
considering the following active spaces and number of roots:
2-aminopurine (12,11)/SA(3), adenine (12,10)/SA(5),
hypoxanthine (12,10)/SA(3) and purine (16,19)/SA(3). The 6-
31G(d) basis set was considered for these calculations.

The absorption spectrum and the topography of the PES were
also investigated using two additional computational
protocols, namely DFT, considering the M062X functional,*’
and the algebraic diagrammatic construction scheme of the
polarization propagator in its second order, ADC(2),®
combined with the triple-{ quality basis sets of Dunning and
Alrichs, cc-pVTZ* and def-TZVP,30 respectively (Figure 1, Figure
S2 and Table S1). In the framework of DFT, we have also
estimated the effect of water and other solvent continua
(using the Polarizable Continuum Model)®% 52 in the absorption
spectrum and the geometries of the S; minimum and conical
intersections. (Figure 2 and S4). For this, we have considered
the linear response (LR) version of PCM, for which excited
state analytical gradients are available.>®> Additionally for
water, State Specific (SS-PCM) single point calculations were
also performed (Figure S4).5% 55 For the location of conical
intersections with ADC(2), we have employed the algorithm
implemented by Levine et al. avoiding the use of non-adiabatic
coupling.5¢ Spin-Orbit couplings were estimated using the
single particle Breit-Pauli operator with an effective charge
approximation as implemented in the PySOC code®? which was
interfaced with Gaussian09. All the multiconfigurational
calculations were performed with MOLCAS software (version
8),°8 whilst ADC(2) and DFT calculations were carried out with
Turbomole>® and Gaussian09.6°

Results

Absorption spectra

The absorption spectrum of 2-oxopurine calculated at the
CASPT2 level of theory shows two bands peaking at 321 nm
and 239 nm, the first 8 times more intense than the second
(Table 1 and Figure 1), followed by a very intense absorption
beyond 200 nm, (Figure S2). Despite underestimating the
intensity of the second band, our calculations predict the
transitions energies in excellent agreement with the
experiment of Czochralska et al. recorded in aqueous buffered
solution (315 nm and 238, with ¢B4.9 -103 and 2.9 -103).61, 62
These 2 transitions showing nn* character are followed by
almost dark nm* absorptions, S, and S4, transferring density
from the carbonyl group to the m heterocyle cloud of the
nucleobase. The computed CASPT2 energies for the nt* states
are in line with the values provided by the second order,
MRMP2,63 ADC(2) and CC2, particularly for the lowest and
brightest state, the energy difference being smaller than 0.2
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eV for all the methods (Table S1). Although the active space
selected for the reference CASSCF calculations (Figure S1) does
not include the N3 lone pair participating in the nmt* transitions
according to the monoconfigurational methods, the energy
gap between the mono and multireference approaches
calculated for these transitions was found to be only slightly
larger (ca. 0.4-0.5 eV). When comparing CASPT2 with DFT, we
observe that although still underestimated, the DFT energies
for the nn* states are closer (average deviation 0.25 eV) to
CASPT2 but the mrm* excited states are shifted to higher
energies. The incorporation of bulk water solute interactions
was found to affect more significantly the nw* transitions,
which are shifted by 0.3 eV to the blue, whilst the first nm*
state (S1) destabilizes by ca. 0.1 eV and the Sz remains almost
unaffected (Figure 1 and Sl). These shifts are in line with the
CASSCF gas phase calculated dipole shown in Table S1. The
greater dipole moment of the GS compared to the rest of
electronically excited state is expected to more strongly
stabilize the Sp in polar environments, producing, thus, a shift
to the blue for all the electronic states considered except for
the Ss, which presents a comparable dipole moment to the Se.
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Figure 1 Gas phase simulated absorption spectra for 2-oxopurine computed at the (a)
CASPT2 (black), ADC(2) (red), CC2 (blue) levels of theory and (b) at the TD-MO62X level
of theory in gas phase (solid green) and water (dashed green). A total number of 4
idered in the simulations.

Osc
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excited states have been ¢

COMMUNICATION

spectroscopic state (Table S2). TD-DFT (TR:DET2PENML.
however, finds a nm* triplet lying only 022/{824P0 &Y/ 60884
S1.

Table 2. M5-CASPT2 energies (in nm and eV) for the lowest lying triplet excited states
of 2-oxopurine.

Main Energies Energies
Configurations (nm) (eV)
MS-CASPT2
T TG 466 2.66
T2 T, 263 471
T3 T T 259 4.79

In order to estimate the potential role of the triplets in the
deactivation mechanism of 2-oxopurine, we have computed
the energy of the lowest-lying triplets at relevant regions of
the PES. At the FC region, CASPT2 finds the three lowest
triplets, T1, T» and Ts, all of them showing mn* character,
separated by ca. 1 eV from the lowest lying bright state (Table
2).

Table 1. MS-CASPT2 main configurations, weights, energies (in nm and eV) and
oscillator strength for the lower lying singlet excited states of 2-oxopurine.

Main ) Energies Energies
Configurations Weights [nll.f\] [e\f] f
MS-CASPT2
51 T 0.75 321 3.86 0.0903
52 nom @ 0.78 249 4.97 0.0004
S5 E:ﬁ gj‘; 239 5.20 0.0109
Sa NoT; T 0.81 202 6.13 0.0001

The calculations of the triplet energies at CC2, and ADC(2)
levels follow very much the CASPT2 scenario with the lowest-
lying triplet states lying 1 eV either above or below the

This journal is © The Royal Society of Chemistry 20xx

Potential Energy Surfaces

A schematic potential energy profile along the coordinates
relevant to the deactivation of 2-oxopurine is shown in Figure
2. Note that the small differences in the relative energies
compared to Table 1 are due to the number of states
considered for the calculation of the absorption spectrum and
the deactivation profiles. The MEP along the most stable and
brightest state, Si, starting from the FC region leads directly
and in a barrierless manner to a minimum in this potential,
Simin (Figure S5), which lies 3.40 eV above the GS minimum,
Somin, at MS-CASPT2/CASSCF level of theory (Figure 2). This
corresponds to a stabilization of ~0.4 eV with respect to the
vertical excitation value calculated at the same level of theory.
Although 0.5 eV higher in energy, the gas phase energy of this
minimum is in line with the fluorescence emission registered in
water for the corresponding nucleoside, 2’-deoxyisoinosine.t4
Consistently with the character of the transition, reaching this
minimum significantly redistributes the electron density along
the pyrimidine ring. In particular, we observe the stretching of
the C-O and N3-C4 bonds, whilst the C,-N3 bond experiences
reinforcement (see Figure 3 and recall Scheme 1 for atom
numbering). The Cs-Cg and N;-Cg bond distances also undergo
a weakening, although to a smaller extent. Accessing the S1/So
funnel, responsible for mediating the decay to the GS, requires
the further stretching of the C;-O and Ns3-Ca bonds,
simultaneous with the puckering of Cg atom and the tilting of
the H atom lying at the same C center. This S1/Se funnel was
located 4.03 eV above the Sy equilibrium geometry, i.e., 0.6
and 0.2 eV above the Simin and the vertical energy of the S at
the FC region, respectively.

The ADC(2) method delivers a qualitatively similar PES for the
S1. The ADC(2) optimized geometry for Simin is very similar to
that predicted by CASPT2, although more stable; that is 2.71
eV relative to the Spmin. Interestingly, the main difference
between the two computed geometries is a moderate out-of-
plane distortion of the Cs-H moiety, very much reminiscent of
the MS-CASPT2 S31/So conical intersection structure and
geometry predicted by ADC(2) method for this crossing, which
additionally shows the subtle out-of-plane deviation of other
atoms of the pyrimidine ring, such as Ni. This similarity would
also justify the planar topography of the ADC(2) PES
connecting the Simin and the S1/So funnel, only separated in

J. Name., 2013, 00, 1-3 | 3
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this case by 0.1 eV. It is, however, well-known the propensity
of the ADC(2) approach to fail to accurately describe the
topography of the PES around S1/So funnels.®5 DFT predicts the
least stable Simin Of all the methods considered, lying 0.3 eV
below the S; FC energy and 3.90 eV above the Somin, consistent
with a structure of the minimum closer to the FC geometry,
although showing the same ring deformations as described for
the CASSCF minimum. Similarly to ADC(2), DFT computes the
S1/So funnel at 0.06 eV above the Simin. The DFT S1/Sp crossing
geometry resembles very much ADC(2)’s, but with a much
greater distortion of the pyrimidine ring, especially of the N;
atom. The potential energy profile delivered by the TD-
DFT/PCM is almost identical to the one obtained in the gas
phase, independently of the solvent polarity and the solvation
model considered, i.e. LR or SS (Figure S4).

3.84a
3.878
4.21/4.33@

Sig
4.03@

3.408 A9z
2.718 ' .96/4.288
3.90/4.04
2.798

2.43/2.578

2.270
2.350

Soz 2.75/2.93@

N

S, S (S4/So)E  (S,/So)E

'0Omin@ 1mini 1min@ (Sl/TZ/Tl)f)‘

Figure 2 Singlet and triplet potential energy profiles relevant to the decay mechanism
of 2-oxopurine. Energies in eV, relative to the ground state equilibrium geometry,
calculated at the MS-CASPT2 (bold), ADC(2) (italics) and M062X/PCM-M062X (plane)
levels of theory.

We now shift the focus to discuss the potential transfer of
population to the triplet states while the population is visiting
the Simin. To this purpose, we have computed the energies of
the triplets at the Simin, with all the methods considered in this
study. Furthermore, we have estimated the coupling of the S;
with the closest triplets both at CASPT2 and TD-DFT levels of
theory. Interestingly, both CASPT2/CASSCF and ADC(2)
approximations predict energetically close triplets at Simin (See
Figure 2). In particular, CASPT2 predicts T, only 0.3 eV above
Simin, and the Ty lying 0.6 eV below, in agreement with RI-
CC2/aug-cc-pVDZ calculations.®® In the case of ADC(2), both
the T1 (nom1*) and T, (mim1*) lie close to the Simin, the energy
gaps being 0.03 and 0.15 eV, respectively. In fact, we were
able to optimize a S1/T1/T> crossing in the vicinity of the Simin,
(Ecaspt2= 3.49 eV, Eapc2)= 2.77 eV) both structures differing in
the C,-0, and the pair of C,-N3 and C4-Cs bond distances, which
respectively stretch and reinforce when moving from the
minimum to the Si/T:1/T» crossing. DFT, however, predicts

4 | J. Name., 2012, 00, 1-3

larger energy gaps, independently of the environment.ln fact,
T2 (noma* in the gas phase and mimy* iPWateF0é8HtIRGARPRY K
separated by 0.7 eV from the minimum and the gap for the T,
is even larger (see Figure 2). Consistently with the character
and the energy gaps found with MS-CASPT2 and DFT, we
calculate, at the Simin, SOCs with the T, state that amount to 62
and 4 cm, respectively.

(Sy/To/Ty)E d(H-Ce-Ny-C,) =259

Figure 3 Most relevant CASSCF optimized geometries along the Potential Energy
Surface of 2-oxopurine. Distances in A.

Discussion

Now we discuss how the topography of purine’s PES is affected
by the position and nature of the substituent. As highlighted
above, this has important implications for understanding
which is the origin of the photostability of nucleobases, (Figure
4 and Scheme 2). To fill this gap in knowledge, we compare the
features of the PES computed for 2-oxopurine with those of
the purine chromophore, adenine, 2-aminopurine, and 6-
oxopurine, reported in other works. In particular, we focus on
the shape of the PES corresponding to the first bright
electronic state, which qualitatively leads to the same
reorganization of the electronic density in all these
nucleobases (see Figure S3).

The first important difference between 2-oxopurine and
purine is already observed in the absorption spectrum.2!
Importantly, introducing a carbonyl group at position 2 of the
purine chromophore stabilizes the nn* excited state by ca. 0.9
eV, whilst destabilizes almost to the same extent the lowest
nnt* transition, as already concluded in previous studies.?! This

This journal is © The Royal Society of Chemistry 20xx
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leads to an inversion of the state ordering, while the
spectroscopic wrt* excited state is the S, in the case of purine,
this state becomes the S; in 2-oxopurine. Similarly to 2-
oxopurine, the S, nn* PES of purine is characterized by the
presence of a minimum, moderately coupled with triplet states
(SOC 14 cm), which after crossing the Inw* state, reaches a
Si(nm*)/So degeneracy region (see Figure 4). This conical
intersection, although showing out-of-plane distortion of the
pyrimidine ring, differs from the one optimized for 2-
oxopurine in the atom deviating from the plane, whilst
S1(nmt*)/So-Cl is characterized by a C, puckering in purine, Cg
puckering was observed in the oxo nucleobase. Also
importantly, despite the energy of this crossing lies below the
entrance channel in purine, the barrier separating the Symin and
the Si(nm*)/So-Cl, which is not present in the oxo substituted
nucleobase, diverts the population towards more energetically
accessible channels. In fact, the population reaching the S, in
purine initially decays to a planar S; nt* minimum where it
gets trapped (Figure 4).

a) b)

S; (mm*)

s, (nn*) 4.85
474

Sl TS

S1 min
3.80
(51/50)

3.65*

\ 3.60 T
3.10
L \J

$,0.0 5, 0.0

Sy (n*)
5.38

(51/50)
4.09

5,00 5,00

Figure 4 Main features of the potential energy surfaces relevant to the deactivation
routes from the optical electronic states in purine (a), hypoxanthine (b), 2-aminopurine
(c) and adenine (d) adapted from Refs [21], [37] and [22], respectively. * MRMP2
energy for the conical intersection was taken as the mean value of S; and S states.

It is important to note, that nw* transitions in purine involve
the lone pair of N3 of the purine chromophore, whilst in the
case of 2-oxopurine, the lone pair is localized at least partially
in the carbonyl group. Similarly to 2-oxopurine, purine Simin
acts as a doorway for the transfer of population to the triplet
manifold, due to the non-negligible SOC (18 cm™) calculated at

This journal is © The Royal Society of Chemistry 20xx
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this region of the PES and the important energetig sepatation
between the minimum position and the B(nP*)SY FaRARITRE
eV), puckered at the Cg position (Figure 4). This translates into
a triplet quantum yield of 0.88 and an almost negligible
fluorescence quantum vyield in purine nucleobase.?! It is
remarkable that even though these two systems contain only
atoms from the 15t and 2" period, the SOCs registered for 2-
oxopurine are unusually large (62 cm™1).

We discuss next how the nature of the substituent and its
position affects the photophysics of purine. To fulfill this goal,
we compare the optical properties and photophysics of 2-
aminopurine, 6-oxopurine and 6-aminopurine (adenine) with
our results. In the case of 2-aminopurine, we take as reference
the work of Serrano-Andrés,?? which employed the closest
theoretical protocol to the one considered in the present study
(MS-CASPT2/CASSCF gas phase calculations without symmetry
constraints), whilst we select the work of Villabona-Monsalve3?
for the case of 6-oxopurine (see Figure 4).

The substitution of the purine heterocycle in position 2, no
matter if it is with an amino or with an oxo substituent, seem
to have the same effect over the lowest lying excited states,
see discussion below. Similarly to 2-oxopurine, the
incorporation of an amino substituent at position 2, leads to
the stabilization of the lowest =mn* excitation and the
destabilization of the lowest nm* transition compared to
purine, although these shifts are much less pronounced in the
amino compound (0.3-0.4 eV).22 As in purine and 2-oxopurine,
the PES for the spectroscopic state of 2-aminopurine
delineates a minimum of planar geometry, which converges
into a Sy(nm*)/So decay funnel with the GS.22 Similarly to
purine, this crossing presents a C; puckered structure (with an
out-of-plane deviation from the NH;) and an energy barrier
was found to separate the minimum and Si/So crossing,
revealing that amino substitution in position 2 has a more
moderate effect both in the optical properties and the shape
of the excited state PES than the oxo-substituent. The trapping
of the population in the S;(nmt*) minimum favors emission in
this system. In fact, 2-aminopurine is highly fluorescent
(be=0.68) in aqueous buffer solution.?® However, the high
triplet vyield recorded for 2-aminopurine in acetonitrile
(¢pr=0.4)28 also suggests the existence of strongly coupled
triplets in the vicinity of the Simin, comparable to unsubstituted
purine and 2-oxopurine.

The influence of the substituent position in the photophysics
of these systems is analyzed by comparison of the absorption
spectra and excited state PESs of 2-oxopurine and
hypoxanthine. Likewise the other two substituted purines
examined, hypoxanthine presents a stabilized nn*
spectroscopic state (0.25 eV), whilst the nnt* excited state is
severely destabilized (1.1 eV).37 Interestingly, substitution at
position 6 of the purine ring with an oxo functional group has
the greatest effect over the rest of substitution scenarios
considered, especially in what concerns the shape of the
excited state PES. Very interestingly, in contrast to the other 3
systems examined, the PES for the spectroscopic nn* state
presents no minimum, but the FC is directly connected with

J. Name., 2013, 00, 1-3 | 5
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the Si(nmt*)/So funnel, characterized by the C»-N3 out-of-plane
deviation.

Photostable

« Dramatic changes in the PES

Red shifted absorption
spectra

*  Blue shifted
absorption spectrum

* Moderate changes in
the PES: ICand ISC

+C=0 '
N 51/50

+NH,

*~ UVA chromophore
* Hightriplet quantum
yields

+  Small changes in the PES:
Strong Fluorescence + 1SC
51/Sq

Scheme 2 Summary of the main effects observed on the absorption spectrum and
photophysics of purine base upon introducing NH, or C=0 groups at C, or Cg positions.

Amino functionalization at C6 position of purine was found to
have the same net effect on the topography of the PES as C¢
oxo substitution. However, unlike the other purine derivatives
analyzed, a shift of the absorption spectrum to higher energies
was predicted for adenine taking purine as a reference.??

Conclusions

In conclusion, we studied the optical properties and potential
energy surfaces of 2-oxopurine with state of the art
computational methods. Our results show that the absorption
spectrum of 2-oxopurine is centered in the UVA region (326
nm, 3.8 eV) and reveal the existence of a planar minimum
separated by some tenths of eV from the funnel redirecting
the population to the GS. Interestingly, our calculations detect
the presence of strongly coupled triplets at the position of the
Simin, Whose population is predicted to compete with internal
conversion along the singlet manifold. Comparing the optical
properties and photophysics of 2-oxopurine presented in this
work with those of purine, adenine, 2-aminopurine, and
hypoxanthine, we conclude that:

* both amino and oxo substitution at position 2 of the purine
chromophore shifts to lower energies the absorption spectrum
of purine, with oxo substitution having a larger effect than the
amino group in the stabilization of the absorption energy.

*Ce substitution, however, leads to opposite effects on the
absorption spectrum depending on the nature of the
substituent. Whilst the amino group produces a shift to higher
energies of the spectroscopic state, substitution with an oxo
group lowers the energy of the brightest nn* excited state.
*the effect that substitution plays on the topography of the
spectroscopic PES follows, however, a different trend.
Substitution at C, position (oxo or amino) broadly maintains
the features of the spectroscopic nn* PES of purine, i.e.,

6 | J. Name., 2012, 00, 1-3

deactivation from the FC leads to a minimum strong)y,coupled
to a neighbor triplet state. Importanthy!  Whilse/the Pagiing
substituent conserves the transition state separating the
minimum and the GS funnel found in purine, the incorporation
of the oxo substituent at the same position eliminates the
barrier. Functionalization at Cg position, independent of
whether oxo or amino substituents are employed, has a major
impact in the shape of the PESs, which show no minimum, and
this translates into photostable systems.
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