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A Three-State Model for the Photophysics of Adenine
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Introduction

Photostability is the primary photophysical property attrib-
uted to DNA and RNA after interaction with UV light, a
quality probably acquired after a long period of natural evo-
lution.[1] Early measurements on nucleobase monomers in
aqueous phase provided low fluorescence quantum yields[2–7]

and indirect evidence of extremely efficient nonradiative
decay to nonemitting states.[5–8] Recently, however, ultrafast
internal conversion events in nucleic acids were directly de-
tected by subpicosecond techniques as a common feature of
nucleotides, nucleosides, and nucleobase monomers, under
isolated conditions, in condensed phases, or integrated in

polynucleotide chains.[1 9–12] To understand the relaxation
pathways of electronically excited nucleic acid molecules is
probably one of the most important challenges in current
photobiology, in particular to determine mechanisms of
DNA and RNA damage and repair, to understand energy-
and charge-transfer processes in polynucleotides, and to
monitor intrinsic fluorescence in regular nucleobases or de-
rivatives as a probe of DNA molecular dynamics.[1,8] Al-
though many other deactivation mechanisms may be availa-
ble in single- and double-stranded nucleic acids, it is of pri-
mary interest to determine the intrinsic decay pathways as-
sociated with the base monomers. Nowadays, such a task
cannot be undertaken without the contribution of highly ac-
curate multiconfigurational ab initio quantum-chemical
methods able to identify decay funnels, as proved by the
join efforts of different groups over the last few years to
merge complementary theoretical and experimental find-
ings.[1,13–23]

The quantum-chemical vision of a photoinduced process
is based on the topology of the ground- and excited-state
potential energy surfaces (PES), the minimum-energy reac-
tion paths connecting different regions of the PES where
the energy evolves after absorption of energy, and the loca-
tion and accessibility of the minima and conical intersec-
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tions, whereby the former are responsible for slow emission
processes, and the latter for rapid nonradiative decays.[24–28]

The information required to understand or predict the pho-
tophysics of the molecules includes accurate determination
of reaction paths, energy barriers to surmount in order to
escape from minima and access conical intersections, and
the properties of the related excited states and transitions,
such as dipole moments and transition probabilities. Time-
resolved measurements on DNA/RNA nucleobases (ade-
nine, guanine, cytosine, thymine, and uracil) seem to indi-
cate a common set of mechanisms related to their internal
conversion processes.[1] In particular, the most recent analy-
sis of the data in molecular beams excited at 267 nm
(4.64 eV) strongly supports double-exponential energy
decays, one with a short relaxation lifetime near 100–160 fs
and a second, long-lived relaxation around 1.1–5.1 ps,[10] also
present, with small variations, in condensed phases, and for
nucleosides and nucleotides.[1,11] The strong dependence of
the conclusions on the experimental conditions and the se-
lected exponential fitting makes it difficult to obtain a clear
view of the problem, which requires studies at higher resolu-
tion that also elucidate the role of tautomers. Adenine is the
most studied molecule from an experimental standpoint, al-
though the contribution of at least two close-energy tauto-
mers complicates the interpretation of the data.[1,10,11,15, 29–32]

Here we report on determining the main internal conver-
sion channels in adenine. As two tautomers of the molecule,
9H- and 7H-adenine (Figure 1), are so close in energy that
they are both considered to contribute to the photophysics,
not only in solution but at temperatures needed to vaporize
the compound,[1,7,31–35] we included them both in the study,
although 7-substituted compounds have secondary biological
importance. Calculations involved the PES of the low-lying
excited molecular states of the systems at the CASPT2
level, described the main relaxation pathways, and located
the most accessible conical intersections. Adenine is one of
the most scrutinized nucleobase monomers, and plenty of in-
formation about its dynamics of deactivation is also avail-
able for its nucleoside, nucleotide, and several derivatives.[1]

Two recent and valuable theoretical studies[21,22] located
some of the crucial conical intersections for 9H-adenine.
The present minimum-energy paths, which proved to be es-
sential, profiles, energy barriers, and conical intersections
will be used to rationalize the photophysics of both tauto-
mers on the basis of their relaxation pathways from the ini-

tially excited singlet state, and the results will help us to in-
terpret the available experimental data of adenine and dif-
ferent derivatives measured in different environments. Once
more,[7,17, 20–22] the predominant role of a pp*-type state in
the ultrafast deactivation of nucleic acid nucleobases is out-
lined.

Computational Details

Optimizations of minima, transition states, PES crossings, and minimum-
energy reaction paths (MEPs), as implemented in the MOLCAS pack-
age, were performed initially at the CASSCF level of theory for both the
9H and 7H tautomers of adenine. MEPs were built as steepest descen-
dent paths in which each step requires minimization of the PES on a hy-
perspherical cross section of the PES centered on the initial geometry
and characterized by a predefined radius (see Supporting Information).
At the computed points, CASPT2 calculations on several singlet states
were carried out in order to include the necessary dynamic correlation ef-
fects. The protocol is usually named CASPT2//CASSCF, and has proved
its accuracy repeatedly.[17, 18, 23, 27, 36–40] At the obtained CASSCF crossings,
CASPT2 scans at close geometries were performed to find lowest energy
CASPT2 crossings pointing to conical intersections at the highest level of
calculation. The one-electron atomic basis set 6-31G ACHTUNGTRENNUNG(d,p) was used
throughout for energy optimizations and energy differences, in order to
obtain a balanced description of the PES. The minor influence of diffuse
functions to describe low-lying valence excited states of adenine was
shown previously.[41] The accuracy of the present strategy regarding the
use of larger basis sets can be compared to our previous study on adenine
in which large ANO-type basis sets were employed.[37, 42] Unless otherwise
specified (see also Supporting Information), the final results use an
active space of 11 orbitals and 12 electrons. No symmetry restrictions
were imposed during the calculations, which employed in all cases the
MOLCAS-6 set of programs.[43] From the calculated CASSCF transition
dipole moments (TDM) and the CASPT2 band origin energies, the radia-
tive lifetimes were estimated by using the Strickler–Berg relation-
ship.[27, 44, 45] Additional technical details can be found in the Supporting
Information, in particular the CASSCF reaction paths and the Cartesian
coordinates of the described geometries.

Results and Discussion

Potential energy hypersurfaces of 9H-adenine and 7H-ade-
nine : The description of adenine photophysics starts with
the structure and properties of the low-lying singlet excited
states at the ground-state geometry of the molecule, the so-
called Franck–Condon (FC) region. Tables 1 and 2 compile
the computed absorption and emission energies, oscillator
strengths, dipole moments, and radiative lifetimes for the
low-lying singlet states of 9H-adenine and 7H-adenine. In
both tautomers, the singlet states follow the vertical order
np*, pp* Lb, and pp* La at the CASPT2 level. PlattNs no-
menclature[46] allows us to distinguish between the two low-
lying pp* states: 1

ACHTUNGTRENNUNG(pp* La) can be described mainly by the
HOMO (H)!LUMO (L) transition, and 1

ACHTUNGTRENNUNG(pp* Lb) by a
linear combination of configurations H!L+1 and H�1!
L. On the other hand, the lowest 1

ACHTUNGTRENNUNG(np*) state involves tran-
sitions from the nitrogen atoms at the pyrimidine ring to-
wards the p structure. Considering the values of the oscilla-
tor strengths of the the 1

ACHTUNGTRENNUNG(pp* La) transitions (0.1747 and
0.0723 for 9H- and 7H-adenine, respectively), it is deter-

Figure 1. Structure and atom labeling for 9H-adenine (left) and 7H-ade-
nine (right).
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mined to carry most of the intensity in both tautomers, and
the corresponding state can be denoted as the spectroscopic
state. The results are basically coincident with previous
CASPT2 studies using more accurate ANO basis sets,
except for the absence of low-lying np* states in the latter
due to limitations in the multiconfigurational description.[42]

There is also a slight discrepancy with recent calculations on
the vertical spectrum of 9H-adenine at the CASPT2//MP2/6-
31GACHTUNGTRENNUNG(d,p) level[22] with respect to the position of the lowest
ACHTUNGTRENNUNG

1
ACHTUNGTRENNUNG(np*) state, placed here at 4.96 eV and reported earlier at

5.50 eV, as the third singlet excited state, while the remain-
ing properties such as oscillator strengths and dipole mo-
ments agree in both studies. To check the effect of the ge-
ometry we used the MP2/6-31GACHTUNGTRENNUNG(d,p) ground-state structure,
and the state ordering remained almost as in Table 1: 4.99,
4.97, and 5.28 eV for the 1

ACHTUNGTRENNUNG(np*), 1
ACHTUNGTRENNUNG(pp* Lb), and 1

ACHTUNGTRENNUNG(pp* La)
states, respectively. The source of the discrepancy is un-
known, probably a problem in the selection of the active
space in the previous study.[22] Our results also agree in find-
ing a low-lying 1

ACHTUNGTRENNUNG(np*) state with recently reported DFT/
MRCI calculations.[21] For a more detailed discussion on the
properties of the full UV/Vis absorption spectra of adenine,
the reader is referred to the previous CASPT2 analysis.[42]

A proper description of the photochemical processes
taking place in molecules must necessarily follow the main
path of the energy, in this case starting from the FC absorp-
tion and evolving along an MEP related to the spectroscopic
state 1

ACHTUNGTRENNUNG(pp* La). Such analysis, based on minimal potential
energy profiles, provides a basic mapping of the reaction

pathways which will have to be
complemented in future with
more extended calculations on
larger regions of the PES and
by including the dynamic as-
pects of the problem, in order
to fully predict the evolution
and timescale of the photo-
chemical process. Figure 2 dis-
plays the energies of the low-
lying singlet excited states of

9H-adenine computed at the CASPT2 level from the FC
ground-state geometry along the CASSCF MEP on the
1
ACHTUNGTRENNUNG(pp* La) hypersurface. The obtained path, after crossing

the 1
ACHTUNGTRENNUNG(np*) and 1

ACHTUNGTRENNUNG(pp* Lb) states, leads directly to a conical in-
tersection with the ground state, (gs/pp* La)CI. The path has
a steepest descendent nature and consequently the 1

ACHTUNGTRENNUNG(pp*
La) state has no minimum. As discussed below, this feature
is the cornerstone of adenine photochemistry. Considering
that on light irradiation the 1

ACHTUNGTRENNUNG(pp* La) state has the major
population, the energy will be deactivated to the ground
state through the conical intersection (gs/pp* La)CI in an ef-
ficient, ultrafast, nonradiative internal conversion process
that quenches most of the fluorescence. The 1

ACHTUNGTRENNUNG(np*) and
1
ACHTUNGTRENNUNG(pp* Lb) states will be partially populated just by direct ab-

sorption or through the conical intersections found along
the 1

ACHTUNGTRENNUNG(pp* La) MEP, that is, (pp* La/np*)CI and (pp* La/pp*
Lb)CI. Starting at these conical intersections, two MEPs have
been computed on the 1

ACHTUNGTRENNUNG(np*) and 1
ACHTUNGTRENNUNG(pp* Lb) state hypersur-

faces, respectively, leading to their own energy minima,
1
ACHTUNGTRENNUNG(np*)min and 1

ACHTUNGTRENNUNG(pp* Lb)min. These structures are essentially
coincident with the CASSCF optimized geometries for the
1
ACHTUNGTRENNUNG(np*) and 1

ACHTUNGTRENNUNG(pp* Lb) states, and both belong to the S1 hyper-
surface at all levels of theory, that is, they are the lowest ex-
cited state at their respective geometries. These MEPs, com-
puted at the CASPT2 level, are displayed for 9H-adenine in

Table 1. Computed spectroscopic properties for the low-lying singlet excited states of 9H-adenine at the
CASPT2//CASSCFACHTUNGTRENNUNG(16,13)/6-31G ACHTUNGTRENNUNG(d,p) level.

Vertical absorption [eV] Band origin (Te [eV])[a]

State CASSCF CASPT2 m(D) CASSCF CASPT2 trad (ns)[b]

1(gs) 2.67
1
ACHTUNGTRENNUNG(np*) 5.95 4.96 (0.0037) 1.99 4.88 4.52 334

1
ACHTUNGTRENNUNG(pp* Lb) 5.56 5.16 (0.0042) 2.46 4.92 4.83 251

1
ACHTUNGTRENNUNG(pp* La)

[c] 7.03 5.35 (0.1747) 4.17

[a] Experimental jet-cooled adenine, assigned to 9H-adenine: T0=4.40 eV (np*) and 4.48 eV (pp*).[31–34]

[b] Fluorescence in water (probably from the 1
ACHTUNGTRENNUNG(pp* Lb) state of 7H-adenine): T0=4.43 eV, fF=2.6 O 10�4, tF=

8.8 ps, trad=tF/fF=34 ns.[6, 59] [c] Geometry optimization leads directly to (gs/pp* La)CI.

Table 2. Computed spectroscopic properties for the low-lying singlet ex-
cited states of 7H-adenine at the CASPT2//CASSCF ACHTUNGTRENNUNG(16,13)/6-31G ACHTUNGTRENNUNG(d,p)
level.

Vertical absorption [eV] Band origin
(Te [eV])[a]

State CASSCF CASPT2 m(D) CASSCF CASPT2 trad

(ns)[b]

1(gs) 6.35
1
ACHTUNGTRENNUNG(np*) 5.59 4.74 (0.0087) 4.14 4.70 4.14 177

1
ACHTUNGTRENNUNG(pp* Lb) 5.48 5.06 (0.0223) 5.38 4.99 4.60 54

1
ACHTUNGTRENNUNG(pp* La)

[c] 7.10 5.41 (0.0723) 8.38

[a] Experimental jet-cooled adenine: proposed as 7H-adenine, T0=

4.44 eV (pp*).[33] [b] Fluorescence in water (probably from the 1
ACHTUNGTRENNUNG(pp* Lb)

state of 7H-adenine): T0=4.43 eV, fF=2.6O 10�4, tF=8.8 ps, trad=tF/fF=

34 ns.[6,59] [c] Geometry optimization leads directly to (gs/pp* La)CI, al-
though a planar local minimum exists at high energy.

Figure 2. Low-lying singlet excited states of 9H-adenine computed at the
CASPT2//CASSCF level from the FC ground-state geometry along the
MEP on the 1

ACHTUNGTRENNUNG(pp* La) state.
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Figures 3 and 4, and represent the relaxation paths on the
1
ACHTUNGTRENNUNG(pp* Lb) and 1

ACHTUNGTRENNUNG(np*) states after crossing with the deactiva-
tion path of the initially excited spectroscopic 1

ACHTUNGTRENNUNG(pp* La)
state.

The same strategy was employed for 7H-adenine. Figure 5
shows the CASPT2 MEP of its 1

ACHTUNGTRENNUNG(pp* La) excited state start-
ing at the FC region. Surprisingly, the computed path leads
to a totally different region than that found for 9H-adenine,
reaching a structure which is a local minimum on the 1

ACHTUNGTRENNUNG(pp*
La) hypersurface that we have coined 1(pp* La NH2)min,
which has a planar geometry with the NH2 hydrogen atoms
twisted by about 608 and the amino nitrogen lone-pair elec-
trons facing H7. The character of the state remains, however,
the same, that is, pp* excitation is restricted to the rings
without charge transfer from the NH2 moiety. As can be
noted in Figure 5, the PES around the region of the 1(pp*
La NH2)min minimum is quite flat for the three computed sin-
glet excited states, which become almost degenerate and
cross at energies similar to those computed for 9H-adenine.
From those crossings, one can expect that part of the energy

can reach the minima of the 1
ACHTUNGTRENNUNG(np*) and 1

ACHTUNGTRENNUNG(pp* Lb) states
along their respective paths. The 1

ACHTUNGTRENNUNG(pp* La) excited state at
this local minimum, 1(pp* La NH2)min, located adiabatically
at 5.13 eV with respect to the ground-state minimum, be-
comes the lowest singlet excited state (S1), will continue to
decrease in energy, and, after surmounting the correspond-
ing barrier, will lead to the same conical intersection as that
found for the 9H tautomer, that is, (gs/pp* La)CI, in a bar-
rierless way. The corresponding CASPT2 path for 7H-ade-
nine is included in the Supporting Information.

The topologies of the hypersurfaces of both tautomers of
adenine are very similar, although a basic difference emerg-
es. While the photophysics related to the reaction paths in-
volving the 1

ACHTUNGTRENNUNG(np*) and 1
ACHTUNGTRENNUNG(pp* Lb) states will be similar in

both systems and the minor changes observed will be domi-
nated by small differences in geometries and relative ener-
gies for the computed minima, CIs, and reaction paths, in
particular by the relatively low energy of the 1

ACHTUNGTRENNUNG(np*) state in
7H-adenine, a different behavior is predicted for the main
decay pathway along the spectroscopic 1

ACHTUNGTRENNUNG(pp* La) state.
While in 9H-adenine most of the energy will rapidly decay
to the ground state from the initially populated H!L 1

ACHTUNGTRENNUNG(pp*
La) state along a barrierless path and through a low-energy
CI, (gs/pp* La)CI, in 7H-adenine the presence of a flat
region in the PES and a local minimum with a twisted NH2

moiety may prevent the ultrafast relaxation process. That
region is also favorable for the transfer of population from
the 1

ACHTUNGTRENNUNG(pp* La) to the other two states, 1
ACHTUNGTRENNUNG(np*) and 1

ACHTUNGTRENNUNG(pp* Lb),
through the respective CIs. Compared to 9H-adenine, where
no evidence for the NH2-twisted minimum has been found,
a large part of the population in the 7H tautomer will prob-
ably be distributed to the 1

ACHTUNGTRENNUNG(np*) and 1
ACHTUNGTRENNUNG(pp* Lb) states, and

this will disfavor direct ultrafast decay towards the ground
state. As a result, an intrinsically distinct photophysical be-
havior can certainly be expected in the two compounds. The
apparent absence of ultrafast decay and the larger fluores-
cence of 7-substituted adenines are in contrast to 9-substitut-
ed adenines, at least in aqueous media (see below). Apart
from that, the present results emphasize the extreme impor-

Figure 3. Low-lying singlet excited states of 9H-adenine computed at the
CASPT2//CASSCF level from the geometry of the 1

ACHTUNGTRENNUNG(pp* La)/1
ACHTUNGTRENNUNG(pp* Lb)

crossing and along the MEP on the 1
ACHTUNGTRENNUNG(pp* Lb) state.

Figure 4. Low-lying singlet excited states of 9H-adenine computed at the
CASPT2//CASSCF level from the geometry of the 1

ACHTUNGTRENNUNG(pp* La)/1
ACHTUNGTRENNUNG(np*)

crossing and along the MEP on the 1
ACHTUNGTRENNUNG(np*) state.

Figure 5. Low-lying singlet excited states of 7H-adenine computed at the
CASPT2//CASSCF level from the FC ground-state geometry to the ge-
ometry of the local minimum 1(pp* La NH2)min along the MEP on the
ACHTUNGTRENNUNG

1
ACHTUNGTRENNUNG(pp* La) state.
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tance of computing MEPs, the only accurate procedure,
from the static viewpoint, to predict the photophysics of a
molecule by properly connecting different regions of the
PESs. To summarize, we conclude that the singlet photophy-
sics of adenine and related compounds must be considered
as a three-state problem involving two pp*- and one np*-
type singlet excited states.

Figures 6–10 display the geometries of the main stationary
points of the hypersurfaces in both tautomers, while
Tables 3 and 4 include the relative energies. The ground-

state minimum in both tautomers has an almost planar
structure except for pyramidalization of the amino group.
At the CASSCF level, 9H-adenine has dihedral angles
d(N1C6N10H12)=�9.68 and d(N1C6N10H11)=�169.08, which
increase in 7H-adenine to �10.7 and �144.18, respectively.
In particular, H11 goes out of plane, which causes an asym-
metric pyramidalization that appears to be a common fea-
ture of all structures of the 7H tautomer because of the
proximity of H7 to the five-membered ring. This feature is
the source of most of the differences found between 9- and
7-substituted adenines. Regarding the 1

ACHTUNGTRENNUNG(pp* Lb) states
minima, 1

ACHTUNGTRENNUNG(pp* Lb)min, the only relevant change observed be-
tween the two tautomers is an increase in the pyramidaliza-

tion of the amino group, with angles that change to �17.5
and �164.98, respectively, for 9H-adenine, and to 9.4 and
�113.38, respectively, for 7H-adenine. The adiabatic energy
Te is slightly smaller (0.2 eV) for the latter. The surface is,
however, very flat in that region, with out-of-plane frequen-
cies for NH2 of less than 400 cm�1.[35] When the geometry is
forced to be planar, the energy difference with respect to
the 1

ACHTUNGTRENNUNG(pp* Lb)min structure is computed to be 1 kcal mol�1

(0.04 eV) higher. Finally, the minima of the 1
ACHTUNGTRENNUNG(np*) states,

1
ACHTUNGTRENNUNG(np*)min, show larger differences with respect to the previ-

ous structures. For 9H-adenine the six-membered ring devi-
ates from planarity. The values of the most relevant dihedral
angles are dACHTUNGTRENNUNG(N3C2N1C6)=�52.7, d(N1C6N10H12)=�15.4, and
d(N1C6N10H11)=�157.08. On the contrary, for 7H-adenine
the ring basically recovers planarity and, because of the
presence of the hydrogen atom on N7, the amino group
aligns with the short axis of the molecule and adopts dihe-
dral angles d(N1C6N10H12)=�123.18 and d(N1C6N10H11)=
106.58. This difference between the tautomers has major
consequences for the adiabatic position of the 1

ACHTUNGTRENNUNG(np*)
minima, computed at 4.52 eV in 9H-adenine and at 4.14 eV
in 7H-adenine, and also in the description of the photophy-
sics (see below). Figures 11 and 12 describe pictorially the
basics of the low-energy photoinduced processes in 9H- and
7H-adenine, respectively.

As mentioned above, the reaction path (MEP) on the
1
ACHTUNGTRENNUNG(pp* La) spectroscopic state leads to the conical intersec-

tion with the ground state, (gs/pp* La)CI. As shown in

Figure 6. Structures and main bond lengths [P] for the optimized ground
states minima in 9H-adenine (left) and 7H-adenine (right).

Figure 7. Structures, main bond lengths [P], and dihedral angles [8] for
the optimized (gs/pp* La)CI in 9H-adenine (left) and 7H-adenine (right).

Figure 8. From top to bottom: structures and main bond lengths [P] for
the optimized pp* Lb states minima and (pp* Lb/np*)CI in 9H-adenine
(left) and 7H-adenine (right).
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Figure 7, both tautomers exhibit similar out-of-plane defor-
mations at the crossing, with dihedral angles of d-
ACHTUNGTRENNUNG(C6N1C2H2)=�92.78 and dACHTUNGTRENNUNG(C6N1C2H2)=�94.78 for 9H- and
7H-adenine, respectively. The puckering of the N1C2H2N3

group in the six-membered ring is the common feature
found in the lowest energy S1/S0 conical intersection con-
necting the lowest pp* and the ground state, (gs/pp*)CI, in
other nucleobases such as cytosine[17,18] and uracil.[20] The
presence of a 1

ACHTUNGTRENNUNG(pp* La) barrierless path from the FC region
towards (gs/pp* La)CI provides an efficient mechanism for
nonradiative relaxation to the ground state in which the CI
structure behaves like a funnel for a decay with ultrashort
lifetime. Considering that it involves the spectroscopic state,
this is the primary deactivation pathway of excited adenine,
in particular for the 9H tautomer. As explained above, 7H-
adenine has a local minimum (cf. Figure 10) along the deac-
tivation path from the FC excited 1

ACHTUNGTRENNUNG(pp* La) state, and conse-
quently the ultrafast decay will be perturbed and other path-
ways may become equally relevant. To check other possible
internal conversion funnels, the accessibility of the low-lying
and other CIs and the barriers found in the PES along the
reaction paths must be computed (cf. Table 3 and 4).

Secondary pathways will depopulate the other two low-
lying singlet excited states, 1

ACHTUNGTRENNUNG(np*) and 1
ACHTUNGTRENNUNG(pp* Lb), activated

through crossing along the 1
ACHTUNGTRENNUNG(pp* La) MEP or by direct ab-

sorption. Regarding the crossings, we found for 9H-adenine
the (pp* La/np*)CI and (pp* La/pp* Lb)CI structures, which
have intermediate geometries with slight pyramidalization
of the six-membered ring and the amino group (see Sup-
porting Information), and from which the system evolves to-
wards the minima of their respective states. With respect to
population by direct absorption, in the resonant multiphoton
ionization (REMPI)[31–33] and laser-induced fluorescence
(LIF)[31] jet-cooled spectra, the sharp lines detected at 4.40
and 4.48 eV were assigned to the band origins of the 1

ACHTUNGTRENNUNG(np*)
and 1

ACHTUNGTRENNUNG(pp* Lb) transitions, respectively, a state ordering con-
firmed for both tautomers by the present results (see
Tables 1 and 2). Starting from the lowest minima in the S1

hypersurface, 1
ACHTUNGTRENNUNG(np*)min, two different paths were explored.

First, the 1
ACHTUNGTRENNUNG(np*) state connects through a transition state

1
ACHTUNGTRENNUNG(np*)TS with the CI (gs/np*)CI, and this makes repopulation

Figure 9. From top to bottom: structures and main bond lengths [P] for
the optimized 1

ACHTUNGTRENNUNG(np*) state minima 1
ACHTUNGTRENNUNG(np*)min, the 1

ACHTUNGTRENNUNG(np*) to (gs/np*)CI tran-
sition state 1

ACHTUNGTRENNUNG(np*)TS, and (gs/np*)CI in 9H-adenine (left) and 7H-adenine
(right).

Table 3. Computed structures and energy differences for the low-lying singlet excited states of 9H-adenine at the CASPT2//CASSCF ACHTUNGTRENNUNG(12,11)/6-31G ACHTUNGTRENNUNG(d,p)
level.[a]

Structure Description Energy differences [kcal mol�1] Energy differences [eV]
DE1

[b] DE2
[c] DE3

[d] DE1
[b] DE2

[c] DE3
[d]

(gs/pp* La)CI CI 1gs/pp* 1La – 0.0[e] 1.6 – 0.00[e] 0.07
ACHTUNGTRENNUNG(gs/np*)CI CI 1gs/1np* 1.6 [1

ACHTUNGTRENNUNG(np*)] 11.7 7.1 0.07 [1
ACHTUNGTRENNUNG(np*)] 0.51 0.31

1
ACHTUNGTRENNUNG(np*)TS TS 1

ACHTUNGTRENNUNG(np*)min–(gs/1np*)CI 1.9 [1
ACHTUNGTRENNUNG(np*)] 12.0 – 0.08 [1

ACHTUNGTRENNUNG(np*)] 0.52 –
1
ACHTUNGTRENNUNG(np*)TS2 TS 1

ACHTUNGTRENNUNG(np*)min–(gs/pp* 1 La)CI 10.7 [1
ACHTUNGTRENNUNG(np*)] 20.1 – 0.46 [1

ACHTUNGTRENNUNG(np*)] 0.87 –
(pp* Lb/np*)CI CI pp* 1Lb/np* 3.2 [1

ACHTUNGTRENNUNG(pp* Lb)] 21.7 2.5 0.14 [1
ACHTUNGTRENNUNG(pp* Lb)] 0.94 0.11

(pp* Lb/pp* La)CI CI pp* 1Lb/pp* 1La 5.3 [1
ACHTUNGTRENNUNG(pp* Lb)] 23.8 3.0 0.23 [1

ACHTUNGTRENNUNG(pp* Lb)] 1.03 0.13
(np*/pp* La)CI CI np*/pp* 1La 19.8 [1

ACHTUNGTRENNUNG(np*)] 29.9 0.5 0.86 [1
ACHTUNGTRENNUNG(np*)] 1.30 0.02

1
ACHTUNGTRENNUNG(np*)TS SP1

[f] TS 1
ACHTUNGTRENNUNG(np*)min–(gs/pp* 1La)CI �0.7 [1

ACHTUNGTRENNUNG(np*)] 9.4 – �0.03 [1
ACHTUNGTRENNUNG(np*)] 0.41 –

1
ACHTUNGTRENNUNG(np*)TS SP2

[f] TS 1
ACHTUNGTRENNUNG(np*)min–(gs/1np*)CI 3.0 [1

ACHTUNGTRENNUNG(np*)] 13.2 – 0.13 [1
ACHTUNGTRENNUNG(np*)] 0.57 –

[a] Transition states (TS): CASPT2//CASSCF level. Conical intersections (CI): CASPT2 scans. [b] Between the structure and the minimum of the men-
tioned state. [c] Between the structure and the reference (gs/pp* La)CI energy. [d] At the CI (CASPT2 level). The average energy was used as reference.
[e] At this level the conical intersection is located adiabatically with respect to the ground state at 4.09 eV. [f] CASSCF geometries from ref. [22].
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of the ground state possible. In 9H- and 7H-adenine, the
barriers to accessing 1

ACHTUNGTRENNUNG(np*)TS from 1
ACHTUNGTRENNUNG(np*)min are computed

to be 1.9 and 2.4 kcal mol�1 (0.08 and 0.10 eV), respectively,

while the CIs are found slightly above (1.6 kcal mol�1,
0.07 eV) and below (�1.3 kcal mol�1, 0.06 eV) the respective
minimum. The evolution of the reaction path 1

ACHTUNGTRENNUNG(np*)min–
1
ACHTUNGTRENNUNG(np*)TS–(gs/np*)CI (see Figure 9) mainly involves torsion of

the C6N1 bond, which makes the amino group almost per-
pendicular to the purine ring. In 9H-adenine the dihedral
angle d(C2N1C6N10) changes in the previous sequence
�152.8, 78.7, and 66.18, respectively, while in 7H-adenine
the values are �162.5, 75.6, and 72.18, respectively. For the
7H tautomer, while the amino group hydrogen atoms
remain parallel to the short axis of the rings in the minimum
and transition-state structures, they recover a long-axis posi-
tion in the conical intersection.

Other evolution paths were explored from 1
ACHTUNGTRENNUNG(np*)min (cf.

Tables 3 and 4). New transition-state structures 1
ACHTUNGTRENNUNG(np*)TS2

that adiabatically connect the lowest minimum and the (pp*
La) path were computed at 10.7 and 10.6 kcal mol�1 (0.46
and 0.45 eV) above 1

ACHTUNGTRENNUNG(np*)min in 9H- and 7H-adenine, respec-
tively. In 9H-adenine the computed 1

ACHTUNGTRENNUNG(np*)TS2 geometry
shows nonplanarity of the six-membered ring, with dihedral
angles of dACHTUNGTRENNUNG(C6N1C2H2)=�136.78 and dACHTUNGTRENNUNG(N3C2N1C6)=69.48.
On the contrary, for 7H-adenine, the structure of the rings is

Table 4. Computed structures and energy differences for the low-lying singlet excited states of 7H-adenine at the CASPT2//CASSCF ACHTUNGTRENNUNG(12,11)/6-31G ACHTUNGTRENNUNG(d,p)
level.[a]

Structure Description Energy differences [kcal mol�1] Energy differences [eV]
DE1

[b] DE2
[c] DE3

[d] DE4
[e] DE1

[b] DE2
[c] DE3

[d] DE4
[e]

(gs/pp* La)CI CI 1gs/pp* 1La – 0.0[f] 0.6 7.1 – 0.00[f] 0.03 0.31
ACHTUNGTRENNUNG(gs/np*)CI CI 1gs/np* �1.3 [1

ACHTUNGTRENNUNG(np*)] 2.6 6.4 –8.7 �0.06 [1
ACHTUNGTRENNUNG(np*)] 0.11 0.28 �0.38

1
ACHTUNGTRENNUNG(np*)TS TS 1

ACHTUNGTRENNUNG(np*)min–(gs/np*)CI 2.4 [1
ACHTUNGTRENNUNG(np*)] 6.3 – 1.4 0.10 [1

ACHTUNGTRENNUNG(np*)] 0.27 – 0.06
1
ACHTUNGTRENNUNG(np*)TS2 TS 1

ACHTUNGTRENNUNG(np*)min–(gs/pp* 1La)CI 10.6 [1
ACHTUNGTRENNUNG(np*)] 14.5 – 0.9 0.46 [1

ACHTUNGTRENNUNG(np*)] 0.63 – 0.04
(pp* Lb/np*)CI CI pp* 1 Lb/np* 7.6 [1pp* Lb)] 22.4 0.6 6.7 0.33 [1

ACHTUNGTRENNUNG(pp* Lb)] 0.97 0.03 0.29
ACHTUNGTRENNUNG(pp* NH2)min

1
ACHTUNGTRENNUNG(pp*)min twisted NH2 118.3 [1(gs)] 25.2 – – 5.13 [1(gs)] 1.09 – –

[a] Transition states (TS): CASPT2//CASSCF level. Conical intersections (CI): CASPT2 scans. [b] Between the structure and the minimum of the men-
tioned state. [c] Between the structure and the reference (gs/pp* La)CI energy. [d] At the CI (CASPT2 level). The averaged energy was used as reference.
[e] From the equivalent structure of 9H-adenine. [f] At this level the conical intersection is located adiabatically with respect to the ground state at
4.00 eV.

Figure 10. Structure and main bond lengths [P] and dihedral angle [8] for
the optimized 1

ACHTUNGTRENNUNG(pp* La) state high-energy local minimum with twisted
amino group 1(pp* La NH2)min in 7H-adenine.

Figure 11. Scheme proposed on the basis of CASPT2 calculations for the
main decay pathways of 9H-adenine, measured in molecular beams with
intrinsic lifetimes t1<100 fs and t2�1 ps.[10] Energies in kcal mol�1 refer-
red to the lowest conical intersection (for values in eV, see Table 3).

Figure 12. Scheme proposed on the basis of CASPT2 calculations for the
main decay pathways of 7H-adenine. Energies in kcal mol�1 referred to
the lowest conical intersection (for values in eV, see Table 4).
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almost planar, while the amino group hydrogen atoms are
oriented along the short axis. Two other transition-state
structures were taken from recent CASSCF optimizations in
9H-adenine, named SP1 and SP2[22] (hereafter 1

ACHTUNGTRENNUNG(np*)TS SP1

and 1
ACHTUNGTRENNUNG(np*)TSSP2), and used in our CASPT2 calculations, in

order to make a straightforward comparison. The 1
ACHTUNGTRENNUNG(np*)TSSP1

conformation is similar to 1
ACHTUNGTRENNUNG(np*)TS2, although a different

bond alternation is observed in the rings and the C6N10 bond
is 0.04 P shorter. All required geometries can be found in
the Supporting Information. As previously,[22] the 1

ACHTUNGTRENNUNG(np*)TS SP1

structure is not a transition state at the highest CASPT2
level, and lies lower in energy than 1

ACHTUNGTRENNUNG(np*)min by
0.7 kcal mol�1 (0.03 eV). Other energy differences are in-
cluded in Tables 3 and 4. Considering the accuracy of the
approach, our results therefore describe two connections
through which deactivation of the energy from the lowest
gas-phase minimum at the S1 hypersurface 1

ACHTUNGTRENNUNG(np*)min will be
favorable: the transition state 1

ACHTUNGTRENNUNG(np*)TS towards the conical
intersection with the ground state (gs/np*)CI, and the transi-
tion state 1

ACHTUNGTRENNUNG(np*)TSSP1 connecting adiabatically the S1
1
ACHTUNGTRENNUNG(np*)min and 1

ACHTUNGTRENNUNG(pp* La) hypersurfaces and leading to the
lowest conical intersection (gs/pp* La)CI.

The hypersurface around 1
ACHTUNGTRENNUNG(pp* Lb)min was also explored.

No direct connection with the ground state (i.e., an S1/S0

conical intersection) was found. The search leads instead to
breaking of the six-membered ring. A low-energy S2/S1 coni-
cal intersection was, however, located connecting the 1

ACHTUNGTRENNUNG(pp*
Lb) and 1

ACHTUNGTRENNUNG(np*) states, (pp* Lb/np*)CI. The CI is found 3.2
and 7.6 kcal mol�1 (0.14 and 0.33 eV) above 1

ACHTUNGTRENNUNG(pp* Lb)min in
9H- and 7H-adenine, respectively. Their structures are clear-
ly somewhat in between the minima of both states, that is,
the molecule is not far from planarity, like the 1

ACHTUNGTRENNUNG(pp* Lb)
states minima, but shows slight pyramidalization of the six-
membered ring, similar to the optimized 1

ACHTUNGTRENNUNG(np*) states. The
largest deviations from planarity come from the dihedral
angles d ACHTUNGTRENNUNG(C6N1C2H2)=�157.08 in 9H-adenine and d-
ACHTUNGTRENNUNG(C4C5N7H7)=�131.78 in 7H-adenine (see Figure 8). This CI
has been recently described for the 9H tautomer[22] and
claimed many times in the past[47] as the key structure to ex-
plain the ultrafast deactivation of adenine. This interpreta-
tion is probably erroneous, because the predominant role of
the 1

ACHTUNGTRENNUNG(pp* La) state has been ignored. It is true that the com-
puted small barriers and the structures similar to those of
the 1

ACHTUNGTRENNUNG(pp* Lb) states make (pp* Lb/np*)CI easily accessible
after optical population and allow partial deactivation of the
1
ACHTUNGTRENNUNG(pp* Lb) states. However, most of the energy has already

relaxed to the ground state through (gs/pp* La)CI, the main
deactivation path.

Other structures and reaction paths were also explored,
for instance, the suggested NH dissociation along a repulsive
1
ACHTUNGTRENNUNG(ps*) state correlating with the ground state of the hydro-

gen-abstracted radical.[13,48, 49,50] The energy of the dissocia-
tion channel, computed here adiabatically 4.40 eV above the
ground state in the 9H tautomer, is also a lower limit for the
conical intersection of 1

ACHTUNGTRENNUNG(ps*) with the adenine ground state.
The corresponding decay mechanism cannot be competitive
with the previously described ultrafast barrierless 1

ACHTUNGTRENNUNG(pp* La)

path through (gs/pp* La)CI, which lies at 4.09 eV. This mech-
anism will be discussed later. On the other hand, the role of
amino-group twisting was suggested earlier.[47] In 9H-ade-
nine we only found evidence of low-energy twisting of the
NH2 group along the 1

ACHTUNGTRENNUNG(np*)min–
1
ACHTUNGTRENNUNG(np*)TS–(gs/np*)CI pathway.

In 7H-adenine, however, the twisting coordinate enters
easily into the photophysical scheme because of the interac-
tion with H7, and different twisted conformations can be
reached. In particular, the local 1(pp* La NH2)min minimum,
with the NH2 group twisted almost 608 and adiabatically
5.13 eV from the ground-state minimum, is found along the
1
ACHTUNGTRENNUNG(pp* La) path. The suggested contribution in free adenine

of a twisted intramolecular charge transfer (TICT) mecha-
nism as source of ultrafast internal conversion[51, 52] can be
disregarded. Indeed, no evidence has been so far found in
adenine derivatives such as N,N-dimethyladenine.[10] On the
contrary, twisting of the NH2 group seems to interfere with
ultrafast decay in 7-substituted adenines. A full comment on
the photophysics of the system is addressed in the next sec-
tion.

Photophysics of adenine : The photophysics of adenine is
very rich, whether under isolated conditions, in solvated en-
vironments, or integrated in polynucleotide chains. We start
our discussion with the data measured in molecular beams.
Figures 11 and 12 help in rationalizing the experimental ob-
servations by summarizing the present three-state model
proposed for adenine. After controversial debate,[1] and also
by comparison with the methyl derivatives, several of the
sharp vibronic transitions observed in the IR/UV,[34]

REMPI,[31–33] LIF,[31] and dispersed fluorescence (DF)[53]

spectra of jet-cooled adenine, in particular the features ob-
served at 35 503 cm�1 (4.40 eV) and at 36 105 cm�1 (4.48 eV),
were assigned to the origin of 1

ACHTUNGTRENNUNG(np*)- and 1
ACHTUNGTRENNUNG(pp*)-type tran-

sitions in the 9H tautomer, respectively. This conclusion is
supported by the present calculations, which identify the
latter as the 1

ACHTUNGTRENNUNG(pp* Lb) state of 9H-adenine, and place the
origin of the lowest 1

ACHTUNGTRENNUNG(np*) transition below the 1
ACHTUNGTRENNUNG(pp* Lb)

band origin. The two minima differ noticeably in geometry,
but they belong to the S1 hypersurface. The vibronic peaks
are observed in a narrow energy range and with origins
more closely spaced than expected. This observation can be
explained by the presence of our computed conical intersec-
tion 1(pp* Lb/np*)CI lying (see Table 3) just a few kcal mol�1

above 1
ACHTUNGTRENNUNG(pp* Lb)min. The peaks related to the 1

ACHTUNGTRENNUNG(pp* Lb) state
are anyway much more intense than those involving the
1
ACHTUNGTRENNUNG(np*) state. In the nearby region, vibronic coupling be-

tween the states will increase, involving out-of-plane modes
for the N1C2N3 group and enhancing the intensity of the
otherwise weak 1

ACHTUNGTRENNUNG(np*) peaks. The 1
ACHTUNGTRENNUNG(pp* Lb) state is, how-

ever, expected to be much more populated than the 1
ACHTUNGTRENNUNG(np*)

state.
The striking fact that none of the vibronic lines of the

REMPI spectrum could be assigned to a second 1
ACHTUNGTRENNUNG(pp*)-type

excited state, which, as observed in Table 1, lies slightly
above the 1

ACHTUNGTRENNUNG(pp* Lb) state in the FC region, has been repeat-
edly stressed.[1] The results reported here clearly show (Fig-
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ures 2 and 11) that for 9H-adenine the 1
ACHTUNGTRENNUNG(pp* La) state has a

repulsive character, with no minimum in the PES, a fact that
explains the absence of corresponding vibronic resonances.
On the other hand, the presence in the spectrum of weak
peaks between the two assigned origins, in particular at
35 824 cm�1 (4.44 eV), associated with the minor 7H tauto-
mer has been also proposed.[33] Certainly, our calculations
place the origin of the 7H-adenine 1

ACHTUNGTRENNUNG(pp* Lb) state 0.2 eV
below that of the 9H tautomer. Although the contribution
of the 7H form to the overall spectrum is expected to be
small (especially after jet cooling[32]), the presence of related
bands can be explained because the corresponding intensity
for the 1

ACHTUNGTRENNUNG(pp* Lb) transition is five times larger in 7H- than
in 9H-adenine (see Tables 1 and 2). It is unlikely that those
bands belong to the 7H-adenine 1

ACHTUNGTRENNUNG(np*) transition, because
the equivalent peaks of the 9H tautomer are weaker and, in
particular, because our CASPT2 results place the 7H-ade-
nine 1

ACHTUNGTRENNUNG(np*) origin nearly 3000 cm�1 (0.4 eV) below the 9H-
adenine band origin. A full characterization of the peaks
must wait until high-resolution experiments are available in
which the rotational structure of the bands is analyzed and
the direction of the electronic transition dipole moment
compared with the results of ab initio calculations.

The most interesting features in the photophysics of the
DNA/RNA nucleobases are the ultrashort radiationless
decay times obtained both for jet-cooled and solvated spe-
cies. Early experiments on base monomers in aqueous solu-
tion (see a recent careful review[1]) proved that S1 lifetimes
were short, well below the experimental time resolution at
that time, typically 1 ps. The measured short decay times are
consistent with the broad and diffuse bands observed about
1100 cm�1 (3.1 kcal mol�1, 0.13 eV) above the 1

ACHTUNGTRENNUNG(pp* Lb)
origin in the molecular beam experiments, precisely the
energy needed to reach the conical intersection 1(pp* Lb/
np*)CI from 1

ACHTUNGTRENNUNG(pp* Lb)min in 9H-adenine (3.2 kcal mol�1,
0.14 eV). Excited-state dynamics studies on isolated nucleo-
bases were recently performed by measuring fluorescence
lifetimes or by time-resolved pump-probe REMPI detection
with different time resolutions. Kang et al.[15,54] reported the
first pump–probe mass spectroscopy study with femtosecond
pulses on the nucleobases at an excitation energy of 267 nm
(4.64 eV), describing a single exponential decay with state
lifetimes close to 1 ps for adenine, 9-methyladenine, 7-meth-
yladenine, and their deuterated counterparts. More recently,
two detailed characterizations of the excited-states relaxa-
tion dynamics of adenine in the gas phase have been report-
ed. Ullrich et al.[55,56] used time-resolved photoelectron spec-
troscopy (TRPES) in several DNA and RNA bases to deter-
mine electronic decay channels after excitation at certain
wavelengths corresponding to different population condi-
tions in the initially excited states, in particular at 250 nm
(4.95 eV), 267 nm (4.64 eV), and 277 nm (4.48 eV). Canuel
et al. ,[10] on the other hand, employed mass-selected femto-
second pump–probe transient resonant ionization (TRI)
spectroscopy to investigate the decay mechanisms of the nu-
cleobases and several methyl derivatives after excitation at
267 nm (4.64 eV). Probably because of the different time

resolutions employed (160 and 80 fs, respectively), the con-
clusions obtained from the two experiments slightly differ.

In the TRPES study on gas-phase adenine,[55, 56] excitations
at 250 and 267 nm led to at least two deactivation channels
with ultrashort (<50 fs) and intermediate (750 fs) lifetimes.
In their analysis, the authors assumed the initial excitation
of a bright 1

ACHTUNGTRENNUNG(pp*) state, rapidly (<50 fs) depopulated by in-
ternal conversion towards the lower lying 1

ACHTUNGTRENNUNG(np*) state,
which, in turn, decays to the ground state in 750 fs. Excita-
tion at 267 nm, on the other hand, resulted in an additional
decay with a lifetime shorter (<50 fs) than the experimental
resolution, suggested to correlate with a NH-dissociative
1
ACHTUNGTRENNUNG(ps*) state. At 277 nm, supposedly close to the 1

ACHTUNGTRENNUNG(pp* Lb)
band origin, a single and large excited-state lifetime of
>2 ps was extracted and related to the lowest triplet 3

ACHTUNGTRENNUNG(pp*)
state. The two channels obtained at 250 and 267 nm (50 and
750 fs) and the single channel found at 277 nm (>2 ps) were
reported with similar lifetimes for the other nucleobases. In-
stead of the single (Kang et al.[15,54]) or triple (Ullrich
et al.[55, 56]) exponential fittings used earlier, Canuel et al.[9]

selected, in their TRI study at 267 nm, a double exponential
fitting leading to ultrafast (100 fs) and intermediate (1.1 ps)
components. The measurements were extended to 9-methyl-
adenine and N,N-dimethyladenine, and the corresponding
decay times were 110 fs and 1.3 ps for the former, and
200 fs and 3.1 ps for the latter. These two lifetimes can be
directly related to those previously reported for adenine
near 50 fs and 750 fs,[55,56] while, in less resolved studies,[15,54]

only a long-lived channel close to 1 ps seems to be detected.
All these data have been interpreted by Canuel et al.[9] in
terms of the same two-state model: once the spectroscopic
state is populated, the 100 fs step would correspond to inter-
nal relaxation of the 1

ACHTUNGTRENNUNG(pp*) state towards its minimum, fol-
lowed by a slower step of 1.1 ps assigned for a switch to the
1
ACHTUNGTRENNUNG(np*) state and further relaxation to the ground state

through a (gs/np*)CI conical intersection.
Focusing on our computed results, we propose the follow-

ing photophysical scheme (Figures 11 and 12) based on a
three-state model. Isolated, jet-cooled adenine seems to be
basically composed of the 9H tautomer.[32,34] The key feature
of its photophysics is the repulsive nature of the bright 1

ACHTUNGTRENNUNG(pp*
La) state which relaxes from the FC region to a low-lying
funnel involving the ground state, (gs/pp* La)CI, in a barrier-
less manner. Along the minimal-energy path, another two
PES corresponding to the 1

ACHTUNGTRENNUNG(np*) and 1
ACHTUNGTRENNUNG(pp* Lb) states are

crossed. Considering that 1
ACHTUNGTRENNUNG(pp* La) is implied in the most

strongly allowed transition dominating the low-lying absorp-
tion spectrum, most of the energy acquired by illuminating
the molecule will rapidly decay along its hypersurface to the
ground state, quenching the fluorescence. At excitation en-
ergies such as 250 or 267 nm, the 1

ACHTUNGTRENNUNG(pp* La) state, which lies
higher than the other two in the FC region, will be directly
and largely populated. The presence of an ultrashort lifetime
between 50 and 100 fs can therefore be explained by fast in-
ternal conversion to the ground state. We think that the ul-
trafast decay which is always recorded at energies higher
than 267 nm should be better attributed to the 1

ACHTUNGTRENNUNG(pp* La)
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state, which carries most of the population, instead of to the
1
ACHTUNGTRENNUNG(pp* Lb) state. The additional 50 fs channel reported by

Ullrich et al.[55,56] after excitation at 267 nm can, however, be
assigned to energy relaxation from the less populated 1

ACHTUNGTRENNUNG(pp*
Lb) state towards its minimum. This alternative seems more
plausible than the suggested assignment to the 1

ACHTUNGTRENNUNG(ps*) disso-
ciative state, which correlates in the FC region with a higher
lying and weak Rydberg transition[21] and at long distances
with the hydrogen-abstracted radical, which, as explained,
places the corresponding conical intersection (gs/ps*)CI at
least 7.2 kcal mol�1 (0.31 eV, lower bound) above the lowest
channel described here. The energy barriers to access the
1
ACHTUNGTRENNUNG(ps*) state from the FC region and along the dissociation

distance have been estimated at about 5.4–5.5 eV.[21] The en-
ergies used in recent experiments which support the H9-
atom loss dynamics, from 280 to 239.5 nm (4.43–
5.18 eV),[57,58] are clearly unable to surmount the barriers to
the 1

ACHTUNGTRENNUNG(ps*) state in gas-phase adenine, except by direct ab-
sorption, adiabatically, at geometries with large NH bond
lengths. The required energies, the presence of very similar
decay mechanisms and times to those of adenine in deriva-
tives like 9-methyladenine or N,N-dimethyladenine,[10] and
the absence of kinetic isotope effects[1,54,59] indicate that the
different NH dissociation channels cannot be responsible for
the ultrafast decays in isolated nucleobases at low energies,
which should be better related to the 1

ACHTUNGTRENNUNG(pp*) channels. The
presence of photolyzed hydrogen atoms after excitation of
adenine and 9-methyladenine at low energies, however,
opens new doors to be explored. HQnig et al.[58] using three-
photon REMPI spectroscopy at 243.1 nm (5.10 eV) deduced
an NH dissociation energy of 4.46 eV for 9H-adenine. On
the other hand, Zierhut et al.[57] used excitation energies as
low as 266 nm (4.66 eV) and estimated a dissociation energy
of 4.07 eV. As in the previous DFT/MRCI study,[21] the pres-
ent results, which place the dissociation limit at 4.40 eV,
better support the experimentally derived energy of 4.46 eV,
obtained by exciting the molecule at 5.10 eV. New calcula-
tions and experiments are required, especially to check the
possibility of tunneling and isotope effects in the H-loss
processes. At present, it can be concluded that the 1

ACHTUNGTRENNUNG(ps*)
path is probably not related to the already measured ultra-
fast relaxation processes in adenine and its nucleosides and
nucleotides, although it can be certainly related to other fast
decay processes at higher energies[50] and in base pairs.[60]

It would be particularly informative to carry out experi-
ments on 7-methyladenine in molecular beams at the level
recorded by Canuel et al.[10] in their TRI measurements.
They reported an ultrafast decay (110 fs) in 9-methylade-
nine, which has been also found in solution. However, as
will be discussed below, it is unclear whether the 7-substitut-
ed species also undergo fast decay or, as predicted by our
calculations on 7H-adenine, relaxation along the 1

ACHTUNGTRENNUNG(pp* La)
state may be inactivated by the presence of a local minimum
in the region where the path crosses with the 1

ACHTUNGTRENNUNG(np*) and
1
ACHTUNGTRENNUNG(pp* Lb) states. Such measurements are strongly encour-

aged.

In any case, it is clear that in 9H-adenine, predominant
under molecular-beam conditions, the 50–100 fs decays are
related to relaxation within the 1

ACHTUNGTRENNUNG(pp*) states. When the exci-
tation energy is decreased to 277 nm, near the origin of the
1
ACHTUNGTRENNUNG(pp* Lb) state, the ultrafast deactivation disappears. The

second, longer lived decay (750 fs to 1.1 ps) observed in the
250 and 267 nm experiments can be better attributed to the
decay process related to both the 1

ACHTUNGTRENNUNG(pp* Lb) and 1
ACHTUNGTRENNUNG(np*)

states. At high excitation energies, the 1
ACHTUNGTRENNUNG(pp* Lb) and 1

ACHTUNGTRENNUNG(np*)
states will be basically populated through crossing with the
1
ACHTUNGTRENNUNG(pp* La) PES and, to a minor extent, by direct absorption,

in particular the transition to 1
ACHTUNGTRENNUNG(pp* Lb), which carries more

intensity. The decay proceeds from 1
ACHTUNGTRENNUNG(pp* Lb)min via a state

switch to the 1
ACHTUNGTRENNUNG(np*) state and reaches its minimum (the

lowest on the S1 PES), from which several relaxation path-
ways are possible: first, following the N1C6 bond torsion co-
ordinate (NH2 perpendicular to the ring) and via the
1
ACHTUNGTRENNUNG(np*)TS transition state through the conical intersection

(pp* Lb/np*)CI, and, second, involving torsion of C2N3 (pyra-
midalization of the ring) through the transition state
1
ACHTUNGTRENNUNG(np*)TS SP1 connecting 1

ACHTUNGTRENNUNG(np*)min with the 1
ACHTUNGTRENNUNG(pp* La) hypersur-

face. The preferred pathway will be reached after a subtle
balance between the available excess vibrational energy and
the barrier heights. Considering the reported[10] large in-
crease of the longer lifetime from adenine (1.1 ps) to N,N-
dimethyladenine (3.1 ps), while 9-methyladenine remains
similar (1.3 ps), the most plausible hypothesis points to the
main role of the 1

ACHTUNGTRENNUNG(np*)TS structure and the (gs/np*)CI funnel,
where the amino group has to reach a perpendicular confor-
mation, and that model was used to construct Figures 11 and
12. The same conclusion is indicated by the measurements
at 277 nm, at the origin of 1

ACHTUNGTRENNUNG(pp* Lb), in which the ultrafast
decays disappear and large decay lifetimes are reported with
9 ps[32] and >2 ps.[55,56] The lack of excess vibrational energy
by direct population of the 1

ACHTUNGTRENNUNG(pp* Lb)min structure leads to a
slow decay, after switching to the 1

ACHTUNGTRENNUNG(np*) state first, and to-
wards the (gs/np*)CI conical intersection later. The decrease
of the ion signal observed in the REMPI spectrum[32] at
longer times can be explained by the decrease of the intensi-
ty associated with switching of the 1

ACHTUNGTRENNUNG(pp* Lb) to the 1
ACHTUNGTRENNUNG(np*)

state. The present model does not require introduction of an
intersystem crossing mechanism to explain the observed
decay processes.[55,56] Regarding the differences between the
two computed adenine tautomers, the stabilization of the
1
ACHTUNGTRENNUNG(pp* Lb) state in 7H-adenine and the increase of the 1

ACHTUNGTRENNUNG(pp*
Lb)min–(pp* Lb/np*)CI barrier from 3.2 (9H-adenine) to
7.6 kcal mol�1 (7H-adenine) (0.14 and 0.33 eV), leads to the
prediction of longer lifetimes for the second decay in 7H-ad-
enine, as measured by Kang et al.[54] from 9- to 7-methylade-
nine.

The behavior of adenine and its derivatives in solution or
integrated in polynucleotide chains is somewhat, although
not much, different from that under isolated conditions. Ad-
enine has been measured to produce weak fluorescence in
aqueous environments with band origin near 280 nm
(4.43 eV), band maxima from 306 to 321 nm (4.05 to
3.86 eV), and quantum yields fF of 2.6 O 10�4 to 3.3 O10�4.[2–7]
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Compared with our computed isolated-molecule values, the
observed fluorescence in solution can be attributed to the
1
ACHTUNGTRENNUNG(pp* Lb) state, which is not the initially populated state.

The computed radiative lifetimes for 9H- and 7H-adenine,
derived by means of the Strickler–Berg relationship, of 251
and 54 ns, respectively, can be compared with experimental-
ly estimated data, between 3.9 and 34 ns.[6,7,59] The results
suggest, as was classically supposed,[7] that the 1

ACHTUNGTRENNUNG(pp* Lb)
state of the 7H tautomer, the population of which increases
in polar solvents because of its larger dipole moment, is the
real source of fluorescence. Regarding the measured life-
times in solution, adenine has biexponential decays in the
femtosecond transient absorption spectra with intrinsic fluo-
rescence lifetimes of 180 fs and 8.8 ps.[59] The data agree
with the fluorescence up-conversion results, 230 fs and
8.0 ps.[61] Under jet-cooled conditions 9- and 7-methylade-
nine were reported first with a similar single decay near
1 ps,[15,54] while 9-methyladenine was later more accurately
measured with two decays, at 110 fs and 1.3 ps.[10] It seems
that the slow component disappears for solvated 9-substitut-
ed compounds, while the ultrafast relaxation is lost in 7-sub-
stituted adenines. In the light of our results, the disappear-
ance of the fast component in 7H-adenine can be related to
the presence of the 1(pp* La NH2)min region, where the fast
decay may be deactivated and part of the population trans-
ferred to the 1

ACHTUNGTRENNUNG(pp* Lb) and 1
ACHTUNGTRENNUNG(np*) states. In the meanwhile,

the fast decay measured in aqueous adenine is attributed to
the nonemitting deactivation process along the 1

ACHTUNGTRENNUNG(pp* La)–
(gs/pp* La)CI pathway, and corresponds basically to the
major (9H) and not the minor (7H) tautomer.

Summary and Conclusions

Ab initio multiconfigurational second-order perturbation
theory (CASPT2 approach) was employed to compute po-
tential energy hypersurfaces for the low-lying singlet excited
states of the most stable tautomers of adenine: 9H-adenine
and 7H-adenine. Equilibrium geometries (min), minimum-
energy reaction paths (MEP), transition states (TS), and
conical intersections (CI) were computed in order to eluci-
date the photophysics of the molecule. The present calcula-
tions, together with other recent theoretical studies on 9H-
adenine,[21,22] bring to light a three-state model able to ra-
tionalize the experimental findings, involving two 1

ACHTUNGTRENNUNG(pp*),
1
ACHTUNGTRENNUNG(pp* La), and 1

ACHTUNGTRENNUNG(pp* La) states and one 1
ACHTUNGTRENNUNG(np*) state, the

last-named related to the nitrogen atoms of the six-mem-
bered ring, and two S0/S1 conical intersections, labeled (gs/
pp* La)CI and (gs/np*)CI. Figures 11 and 12 help to under-
stand the scheme proposed here. Adenine photophysics in
molecular beams can be understood by simply including the
predominant tautomer under these conditions, 9H-adenine,
within the model. At excitation energies of at least 267 nm
(4.64 eV) or higher, the initially populated state is identified
as the spectroscopic 1

ACHTUNGTRENNUNG(pp* La) singlet state, which carries
most of the population. Along the minimum-energy path, a
barrierless funnel with the ground state is found at low ener-

gies corresponding to the conical intersection (gs/pp* La)CI

responsible for the ultrafast decay measured in jet-cooled
and solvated adenine near 100–200 fs, also found in adeno-
sine, and adenosine monophosphate. This relaxation mecha-
nism, triggered by out-of-plane vibrational modes corre-
sponding to puckering of the six-membered ring (rotation of
the C2N3 bond), and not the earlier claimed vibronic cou-
pling between 1

ACHTUNGTRENNUNG(pp* Lb) and 1
ACHTUNGTRENNUNG(np*) states, is the key feature

responsible for most of the emission quenching observed in
adenine, as well as in other nucleobases. The presence of the
spectroscopic 1

ACHTUNGTRENNUNG(pp* La) transition (with the largest oscillator
strengths at low energies) was traditionally ignored. The ad-
ditional ultrafast channel found only after 267 nm excitation
should be better related to the intrinsic relaxation of the
1
ACHTUNGTRENNUNG(pp* Lb) state. A secondary decay channel, reported to

have longer lifetimes, is observed also in jet-cooled adenine
at 1.1 ps. The mechanism proposed for energy relaxation in-
volves population of the 1

ACHTUNGTRENNUNG(pp* Lb) and 1
ACHTUNGTRENNUNG(np*) states, either

by crossing with the 1
ACHTUNGTRENNUNG(pp* La) path through the conical in-

tersections (pp* La/pp* Lb)CI and (pp* La/np*)CI or by
direct excitation, as proved by the assignments, confirmed
here, of the absorption peaks of the REMPI and LIF spec-
tra in jets. Once populated, essentially the 1

ACHTUNGTRENNUNG(pp* Lb) state,
there is a state switch to the 1

ACHTUNGTRENNUNG(np*) state through the conical
intersection (pp* Lb/np*)CI reaching 1

ACHTUNGTRENNUNG(np*)min, and from
there the system evolves through the 1

ACHTUNGTRENNUNG(np*)TS transition
state to the (gs/np*)CI funnel, ultimately responsible for in-
ternal conversion to the ground state. The role of this mech-
anism in the second, longer-lived decay can be confirmed by
considering that, at both the saddle point and the crossing,
the amino group becomes almost perpendicular to the rings,
a structure that explains the increase of the lifetime up to
3.1 ps in N,N-dimethyladenine, with two methyl groups
moved out of plane, while it remains similar in 9-methylade-
nine (1.3 ps). The same relaxation mechanism is responsible
for the unique increased lifetime (>2 ps) measured at an ex-
citation energy of 277 nm (4.48 eV), band origin for the
(pp* Lb) transition. The reduced excess of vibrational
energy leads to a much slower decay process.

Measurements on adenine and several derivatives in con-
densed phases can be only rationalized when the more polar
and stabilized 7H tautomer is taken into account. As shown
by the present calculations, there are three basic differences
between the two tautomers. First, the reaction path for deac-
tivation of the initially populated 1

ACHTUNGTRENNUNG(pp* La) state in 7H-ade-
nine reaches a flat plateau where the barrierless ultrafast
decay typical of 9-subtituted adenines slows down, and
transfer of energy to the 1

ACHTUNGTRENNUNG(pp* Lb) and 1
ACHTUNGTRENNUNG(np*) states be-

comes favorable. This feature adequately explains the ab-
sence of ultrafast decay reported up to now for 7-substituted
adenines, both isolated and in aqueous media, and stresses
the key importance of computing MEPs that accurately con-
nect the different PES regions. Second, the 1

ACHTUNGTRENNUNG(pp* Lb) and
1
ACHTUNGTRENNUNG(np*) states minima are located lower in 7H-adenine by

0.23 and 0.38 eV, respectively, and, third, the barrier to
switching between the two states, that is, the energy differ-
ence between 1

ACHTUNGTRENNUNG(pp* Lb)min and (pp* Lb/np*)CI, is
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4.4 kcal mol�1 (0.19 eV) higher in 7H-adenine. The suggested
predominance of 7H-adenine in the fluorescence of aqueous
adenine is understood by considering the larger energy
needed to escape from 1

ACHTUNGTRENNUNG(pp* Lb)min, also confirmed as the
fluorescent state by comparison of the computed (54 ns) and
experimental (34 ns) radiative lifetimes, which are one order
of magnitude larger for the other states. Although to accu-
rately study the decay mechanisms in solvation more sophis-
ticated theoretical models are required, qualitatively the
presence of two deactivation channels in room-temperature
aqueous adenine can be attributed to the 1

ACHTUNGTRENNUNG(pp* La) (subpi-
cosecond decay) and the 1

ACHTUNGTRENNUNG(pp* Lb)–1
ACHTUNGTRENNUNG(np*) (picosecond

decay) paths, the former due to the 9H-tautomer, and the
latter only accessible to the 7-substituted species because of
the lower energy of the 1

ACHTUNGTRENNUNG(np*) state in this case. In low-tem-
perature experiments, where the vibrational energy has de-
creased, the latter mechanism leads to decays increased up
to nanoseconds. The presence of other deactivation channels
related to the suggested repulsive 1

ACHTUNGTRENNUNG(ps*) path is not con-
firmed at low energies for the isolated systems. On the con-
trary, the predominant role of a pp*-type state on the ultra-
fast deactivation of adenine is strongly supported.

As a consequence of the present analysis, and apart from
specific conclusions about photoinduced mechanisms in ade-
nine, we can confirm that determining the detailed photo-
physics of DNA/RNA nucleobases is a complex task requir-
ing both accurate experimental and theoretical parameters,
which must be interpreted together. Unfortunately, the ulti-
mate photophysical mechanisms depend on subtle differen-
ces in the topology of the PES and the experimental condi-
tions. Simple models based on energy gaps, either vertical or
adiabatic, such as the so-called “proximity effect”[62,63,64] are
not helpful in most cases. For instance, considering the de-
crease in the energy gaps in solution, the proximity effect,
that is, weak vibronic coupling in regions of avoided crossing
between 1

ACHTUNGTRENNUNG(pp* Lb) and 1
ACHTUNGTRENNUNG(np*) states inducing coupling with

higher lying vibrational levels of the ground state, predicts
slower nonradiative decays in water, which is at odds with
the experimental observations.[1] In particular for adenine,
the coupling of the 1

ACHTUNGTRENNUNG(pp* Lb) and 1
ACHTUNGTRENNUNG(np*) states, used as

model by many authors,[47,65,66] is not the main reason for
quenching of the fluorescence, but the presence of low-lying
and easily accessible conical intersections (gs/pp* La)CI,
which deactivate the strongly populated state. Many calcula-
tions have been performed to support the proximity-effect
hypothesis in which the out-of-plane vibrations are men-
tioned as acting as coupling coordinates to quench emission.
None of those studies, all of which lack quantitivity because
of the use of methods without inclusion of dynamic correla-
tion, explained how the ground state was finally reached,
and, most importantly, the main deactivation path along the
strongly allowed 1

ACHTUNGTRENNUNG(pp* La) state was missing. Only recently,
CASPT2//CASSCF[22] and DFT/MRCI[21] calculations on
9H-adenine included conical intersections and the presence
of a low-lying (gs/pp* La)CI deactivation funnel within the
model. Together with the present calculations, in which
other deactivation paths are proposed in both 9H- and 7H-

adenine, the theoretical description now constitutes a solid
foundation for interpreting the observed data, within the
perspective of a static view. Based on the present and simi-
lar quantum chemical studies, work in the future should be
focused in two directions: a more accurate theoretical deter-
mination of the molecular properties in solution, still an un-
solved task today, and extensive calculations including the
dynamical aspects of the problem.
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