
Theoretical Study toward Understanding Ultrafast Internal Conversion of Excited
9H-Adenine

Hui Chen and Shuhua Li*
Department of Chemistry, Institute of Theoretical and Computational Chemistry, Lab of Mesoscopic Chemistry,
Nanjing UniVersity, Nanjing, 210093, P. R. China

ReceiVed: July 7, 2005

The CASPT2/CASSCF method with the 6-311G* basis set and an active space up to (14, 11) was used to
explore the ultrafast internal conversion mechanism for excited 9H-adenine. Three minima, two transition
states, and seven conical intersections were obtained to build up the two deactivation pathways for the internal
conversion mechanism. Special efforts were made to explore the excited-state potential energy surfaces near
the Franck-Condon region and determine the various barriers in the processes of deactivation. The barrier
required from the1ππ* ( 1La) state to deactivate nonradiatively is found to be lower than that required from
the 1ππ* ( 1Lb) state. On 250 nm excitation, the1ππ* ( 1La) state is populated, and the transition from1ππ*
(1La) to the lowest1nπ* state involves very low barriers, which may account for the observed short (<50 fs)
lifetime of the1ππ* excited state. The deactivation of the lowest1nπ* state is required to overcome a barrier
of 3.15 kcal/mol, which should be responsible for the 750 fs lifetime of the nπ* excited state. On 267 nm
excitation, the vibrationally active1ππ* ( 1Lb) state is populated. Excitation at 277 nm prepares the1ππ* ( 1Lb)
state without much excessive vibrational energy, which may be responsible for the observed>2 ps lifetime.

As the most important building blocks of the genetic material
of life, the nucleobases in DNA/RNA have demonstrated a high
degree of photostability, which can protect life from the DNA/
RNA photochemical damage from the UV irradiation of
sunlight.1,2 The DNA/RNA nucleosides, nucleotides in solvent,
and isolated purine and pyrimidine bases in the gas phase all
exhibit short excited-state lifetimes (picoseconds) at room
temperature.1-9 It seems that the ultrafast nonradiative deactiva-
tion of excited nucleobases back to the ground state to avoid
photochemical reactions is the intrinsic property of these
molecules. An ultrafast internal conversion is proposed for the
ultrafast nonradiative deactivation.3,4 As shown in the theoretical
study of cytosine, the conical intersection (CI) is found to
account for the ultrafast internal conversion.10,11

Recently, a theoretical work12 performed at the CASSCF/6-
31G** level with a relatively small active space (6, 6) led to
two S1/S0 CIs, which were proposed to be responsible for the
ultrafast internal conversion of excited 9H-adenine. The calcu-
lated results show that these two CIs arise from1ππ*(L a)-S0

and 1nπ*-S0 diabatic state crossings, respectively. Theππ*/
S0 CI was also confirmed by other authors with a different
computational method.13 Although this work has shed some light
on the mechanism of the ultrafast internal conversion in excited
9H-adenine, there are still many unknown aspects to be
explored. For example, we have little knowledge on excited-
state potential energy surfaces near the Franck-Condon region.
On the other hand, although various barriers in two deactivation
paths have been estimated in the previous study,12 a more
accurate determination of these barriers is crucial to quantita-

tively understand the ultrafast excited-state dynamics in 9H-
adenine, which is the primary goal of this study.

Here, we will report our CASPT2 results with a larger active
space and basis set. The employed basis set is 6-311G* of
polarized triple-ú quality throughout this work. Unless stated
otherwise, the active space is up to 14 electrons distributed in
11 orbitals, which consists of 2 lone pairs of nitrogen atoms in
the pyrimidine ring and 9π orbitals. The geometry optimizations
for stationary points and CIs were performed with theGaussian
03program.14 The CASPT2 energy calculations were performed
with MOLPRO software.15

The computed spectroscopic properties are compiled in Table
1. The calculated vertical excitation energies are in agreement
with the experimental values. The vertical excitation energy of
the lowest1nπ* excited state is predicted to be 4.995 eV, which
agrees well with the a previous TD-DFT result.16 However,
previous CASPT2 calculations suggested that the lowest1nπ*
excited state is about 0.712 and 1 eV17 higher than the lowest* shuhua@nju.edu.cn.

TABLE 1: Calculated Lowest Singlet-State Vertical
Excitation Energies for 9H-Adeninea

vertical excitation energy (eV)

this work other theoretical values expt

state CASPT2b CASPT2c TD-DFTd

1ππ* ( 1Lb) 4.754 (0.002) 4.852 (0.006) 5.08 (0.167) 4.59e,f, 4.63g

1ππ* ( 1La) 4.879 (0.329) 4.902 (0.142) 5.35 (0.065) 4.92h

1nπ* 4.995 (0.007) 5.503 (0.004) 4.97 (0.000)
1nπ* 5.626 (0.005) 5.685 (0.006)

a Oscillator strengths are in parentheses.b The ground-state geometry
is optimized by B3LYP/6-311G* method.c Ref 12.d Ref 16.e Ref 18.
f Ref 19.g Ref 20.h Ref 21, in gas phase.
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1ππ* excited state. This is probably because, in the previous
CASPT2 calculations, only one lone pair of a nitrogen atom in
the pyrimidine ring is included in the active space. Our results
here indicated that the inclusion of the two lone pairs of the
nitrogen atoms in the pyrimidine ring is very important for
obtaining the accurate vertical excitation energy of the lowest
1nπ* excited state. Correspondingly, the use of a small active
space without including the two lone pairs could lead to large
uncertainty in the estimate of the barrier associated with the
1ππ*/ 1nπ* transition near the Franck-Condon region, which
is the first step in the nonradiative deactivation of 9H-adenine.

On the lowest1ππ* and 1nπ* excited-state surfaces, two
minima (ππ*-Lb)min and (nπ*)min in the Franck-Condon region
were located through the CASSCF method, which have similar
structures as determined previously.12 As shown in Figure 1,
the structure of (nπ*)min is slightly pyramidalized at the C2 atom.
The structure of (ππ*-Lb)min is nearly planar, except for the
slight pyramidalization of the N10 atom in the amino group.
The CASPT2 energy-level sequence of these two states at the
geometry of one minimum is opposite that at the geometry of
another minimum. This indicates the existence of a1nπ*/ 1ππ*
CI between these two minima, which is responsible for the
transition from1ππ* (1Lb) to 1nπ*. From Figure 1, one can see
that the geometry of this CI, labeled (nπ*/ππ*-Lb)CI1, is planar,
being different from the structure obtained previously, where
the C2 atom is pyramidalized.12 On the basis of the linearly
interpolated internal coordinates (LI-IC) between (ππ*-Lb)min

and (nπ*/ππ*-Lb)CI1 (see Figure SI2 in Supporting Informa-
tion), the barrier for crossing this1ππ*/ 1nπ* transition is found
to be 2.51 kcal/mol at the CASPT2 level. (The barrier height
estimated in this way should be understood as an upper bound
to a real barrier over a saddle point on a particular pathway.)

The LI-IC path between the ground-state equilibrium
geometry (S0)min and (ππ*-Lb)min indicates that after excitation
to 1ππ* (1Lb) the system could spontaneously relax to (ππ*-
Lb)min without any barrier (see Figure SI1 in Supporting
Information). Along this LI-IC path, we found from CASPT2
calculations that there exists a CI labeled (nπ*/ππ*-La)CI1

between 1ππ* (1La) and 1nπ*, which corresponds to the
transition from1ππ* (1La) to 1nπ*. We notice that this CI could
not be located at the CASSCF level. The relaxation of the system
from the Franck-Condon region to (nπ*/ππ*-La)CI1 on the
1ππ* (1La) surface does not need extra energy input, implying
that the transition from1ππ* (1La) to 1nπ* should happen easily.

At the CASSCF(14, 11) level, the optimized structure of the
CI, (S0/ππ*)CI, between the ground state and S1, is shown in
Figure 1. This structure is qualitatively similar to that determined
previously.12 Along the LI-IC path between (nπ*)min and (S0/

ππ*)CI, one can see that there exists a transition state (TS) from
(nπ*)min to (S0/ππ*)CI (see Figure SI4 in Supporting Informa-
tion). We successfully located this TS, labeled (nπ*) ts, as shown
in Figure 1. The subsequent CASPT2 calculations lead to a
barrier of 3.15 kcal/mol (with ZPE correction). This result differs
significantly from the previous result, where the barrier disap-
peared at the CASPT2 level.12 Interestingly, we noticed that
the electronic character of the S1 state changes from nπ* to
ππ* when the system leaves from the transition state, (nπ*) ts,
to reach the CI, (S0/ππ*)CI. To elucidate how this change
happens, we calculated the energies of the1ππ* (1Lb) and1ππ*
(1La) states along the LI-IC path between (nπ*)min and (S0/
ππ*)CI (see Figure SI4 in Supporting Information). The results
show that the1ππ* ( 1La) state should involve in the nπ*/ππ*
transition from (nπ*) ts to (S0/ππ*)CI. We successfully located
a CI between the1ππ* (1La) state and the lowest1nπ* state,
labeled (nπ*/ππ*-La)CI2. As seen from Figure 1, the structure
of (nπ*/ππ*-La)CI2 is similar to those of (nπ*) ts and (S0/ππ*)CI

in that the C2 atom in all three of these species is bending out
of the plane. The bending dihedral angleδ(C4N3N1C2) is 127.2°
in (nπ*/ππ*-La)CI2, whereas it is 127.1° in (nπ*) ts and 113.0°
in (S0/ππ*)CI. The calculated energy of (nπ*/ππ*-La)CI2 is
about 1.3 kcal/mol higher than that of (nπ*) ts, but it is 1.9 kcal/
mol lower than the vertical excitation energy of the1ππ* (1La)
state at the CASPT2 level. Clearly, the identification of this
nπ*/ππ*-La CI answers the questions why and how the S1

state changes from nπ* character toππ* character.
We successfully located a transition state on the1ππ* (1La)

surface, labeled (ππ*-La)ts, through which the system could
evolve from the Franck-Condon region to (nπ*/ππ*-La)CI2.
As shown in Figure 1, the structure of (ππ*-La)ts is similar to
that of (nπ*/ππ*-La)CI2 except that the dihedral angleδ-
(C4N3N1C2) is significantly larger in (ππ*-La)ts. This indicates
that the geometry relaxation mainly consists of the out-of-plane
bending of the C2 atom during the process from (ππ*-La)ts to
(nπ*/ππ*-La)CI2. The calculated energy of (ππ*-La)ts is 4.25
kcal/mol higher than the vertical excitation energy of the1ππ*
(1La) state at the CASPT2 level. So, our results suggest that a
low barrier must be overcome for the system to reach (nπ*/
ππ*-La)CI2 on the 1ππ* (1La) surface, whereas a barrierless
process was suggested for this step from the previous study.12

The deactivation path from the Franck-Condon region of
several low-lying singlet excited states to (S0/ππ*)CI can be
summarized in Figure 2 (path a). First, the1nπ* state decreases
in energy to cross with the1ππ* (1La) and 1ππ* (1Lb) states
sequentially toward the minimum (nπ*)min on the1nπ* surface.
Then, the system must go through the transition state (nπ*) ts

with a barrier of 3.15 kcal/mol to reach (S0/ππ*)CI. Along the

Figure 1. The structures of the CASSCF optimized minima, transition states, and conical intersections.
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1ππ* (1La) surface, the system could go through the transition
state (ππ*-La)ts to reach (nπ*/ππ*-La)CI2 and then decay to
the ground state through (S0/ππ*)CI. As shown in Figure 2, there
is another path, labeled (b), through which the excited 9H-
adenine can also deactivate to the ground state. We will give a
brief discussion on the results for this path below.

First, a CI between the lowest1nπ* state and the ground state,
labeled (S0/nπ*)CI, was successfully determined at the CASSCF-
(14,11) level. This CI was determined previously using a smaller
active space12 and was proposed to account for the nonradiative
deactivation from the lowest1nπ* state to the ground state. The
structure of this CI (shown in Figure 1) is characterized by
bending of the amino group and pyramidalization at the C6 and
N1 atoms.

Our CASSCF optimization also led to a CI, labeled (nπ*/
ππ*-Lb)CI2, which provides another path for the transition from
the1ππ* (1Lb) state to the lowest1nπ* state (this CI is different
from (nπ*/ππ*-Lb)CI1 in Figure 2a). This CI was not found in
the previous study.12 At this CI, the amino group of 9H-adenine
is bending out of the plane so that there is slight pyramidalization
at the C6 atom. The CASPT2 calculations along the LI-IC path
between (S0)min and (nπ*/ππ*-Lb)CI2 indicate that the barrier
to cross (nπ*/ππ*-Lb)CI2 is 1.88 kcal/mol (see Figure SI5 in
Supporting Information). Along this LI-IC path, we also found
a CI between1ππ* (1La) and1nπ*, labeled (nπ*/ππ*-La)CI3,
which provides a path for theππ*-La/nπ* transition. This CI
is absent at the CASSCF level, similar to (nπ*/ππ*-La)CI1. The
transition from1ππ* ( 1La) to 1nπ* through (nπ*/ππ*-La)CI3 is
calculated to be barrierless.

To conclude, along path (b) the1nπ* state will cross to1ππ*
(1La) through (nπ*/ππ*-La)CI3 and to1ππ* (1Lb) through (nπ*/
ππ*-Lb)CI2. After these crossings, the energy of the1nπ* state
decreases all the way to the CI, (S0/nπ*)CI (see Figure SI6 in
Supporting Information). Thus, the results of both paths indicate

that the1nπ* state is involved in ultrafast deactivation from
the 1ππ* (1Lb) or 1ππ* (1La) state.

On the basis of the results described above, we proposed the
following explanation for the experimentally found significant
excitation-energy dependence of the excited-state lifetime in
the gas phase.9 First, on 250 nm excitation, the1ππ* ( 1La) state
is likely to be populated. From paths (a) and (b) in Figure 2, it
can be seen that the transition from1ππ* (1La) to 1nπ* involves
very low barriers (even no barriers). This result may account
for the short (<50 fs) lifetime of the1ππ* excited state. The
deactivation of1nπ* in path (a) to reach (S0/ππ*)CI with a barrier
of 3.15 kcal/mol might be responsible for the 750 fs lifetime of
the1nπ* excited state. Second, on 267 nm excitation, the lower
1ππ* (1Lb) state with higher vibrational levels may be populated.
Vibrationally active1ππ* (1Lb) molecules can readily overcome
the barriers needed for the transition to1nπ*. Thus, the short
(<50 fs) lifetime of the1ππ* excited state on 267 nm excitation
could also be explained. At last, for the near-band origin of
277 nm excitation, 9H-adenine can only be excited to its1ππ*
(1Lb) state without much excessive vibrational energy. Because
of the existence of the low barriers for1ππ* ( 1Lb) to reach two
CIs, (S0/ππ*)CI and (S0/nπ*)CI in paths (a) and (b), respectively,
the deactivation of the1ππ* (1Lb) state would take a relatively
long time, which is in agreement with the observed>2 ps
lifetime. The observed strong coupling between the1nπ* and
1ππ* excited states9 is also supported by the five CIs between
the two 1ππ* excited states and the lowest1nπ* excited state
found in the current work.
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