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We performed CASSCF and MRCI calculations for determination of the effective pathways of
ultrafast radiationless transitions from the optically allowed mn* 'L, state to the ground state Sy

of 9H-adenine. The nn*, nto*, and two nn* states were taken into account as states involved in the
radiationless process. Optimized geometry and conical intersections were searched in the full
dimensional space for the vibrational degrees of freedom by using the suite of quantum chemistry
codes MOLPRO. The MRCI transition energies to excited states are in good agreement with the
experimental values. The mechanisms of three competing pathways, two indirect pathways via the nc*
and nr* states, 'L, — nmo* — Sy and 'L, »nn* — So, and a direct pathway "L,— So, were examined
on the basis of the structures and energies of conical intersections involved in ultrafast radiationless
transitions from 'L, to So. Any conical intersection between the no* and nn* states was not found.
This suggests that the two indirect pathways are independent of each other. The nn* 'L,—no* conical
intersection lies higher than the nn* 'L, state at the Franck—-Condon geometry by 0.19 eV according to
the present MRCI calculation, which is consistent with the experimental observation that a new
channel is open at the excess energy of ~0.2 eV above the band origin of the nn* 'L, state. It is
concluded that relaxation from the nn* 'L,~mo* conical intersection to Sy occurs mainly through the
no*-S, conical intersection. The nn* 'L,—nm* conical intersection lies higher by 0.1 eV (MRCI value)
than the nn* 'L, state at the Franck—-Condon geometry. The fast decay component in time-resolved
spectra of 9H-adenine is attributed to rapid radiationless transitions to the nn* state via this conical
intersection followed by the transition to Sy via the nn*-S, (or nr* "L,—So) conical intersection.

The nn* 'L,—S, conical intersection of large out-of-plane distortion has the lowest energy among the
conical intersections found in this study. We identified the transition state between the wr* 'L, at the
Franck—Condon geometry and the nn* 'L,—S, conical intersection. The MRCI energy of the transition
state on the 'L, potential surface is higher by 0.21 eV than the vertical excitation energy. The
possibility of strong coupling between the two close-lying states 'L, and nr* indicates that, besides
this direct pathway, radiationless transitions to Sy via the nn* 'L,~Sy conical intersection can also
occur after rapid relaxations between 'L, and nn*. The analysis of the h-vector for each conical
intersection has shown that the active coupling for the nc* pathway is dominated by the out-of-plane
normal mode vy, while the active coupling for the nn* pathway is distributed among many normal
modes. Control of the branching ratio of the two indirect pathways can be achieved by selective
excitation of single vibronic levels involving active coupling modes such as the mode v4g.

1. Introduction

Deoxyribo nucleic acid (DNA) bases are remarkably stable
with respect to photochemical degradation. Although the
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DNA and RNA bases show a strong absorption in the range
of 200-300 nm, these nucleobases are characterized by very
small fluorescence quantum yields and remarkable stability
against UV irradiation.'! This photostability is due to the
existence of ultrafast radiationless transition pathways.” After
UV excitation, the bases decay within a subpicosecond
time scale to vibrationally hot levels of the electronic ground
state S,.

There have been numerous experimental and theoretical
investigations on the mechanism of rapid decay of the photo-
excited purine base adenine.” The direct evidence of ultrafast
decay of isolated 9H-adenine has been shown by using
mass-selected, femtosecond pump-probe spectroscopic
methods such as resonantly enhanced multiphoton ionization
(REMPI) spectroscopy.’ Optically created electronic energy
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transfers to vibrational and/or rotational energies in Sy
through rapid internal conversion. This generally requires
crossing of potential energy surfaces. In particular, conical
intersections® are known to greatly facilitate the internal
conversion process.”

Sobolewski and Domcke, and their group proposed that
internal conversion of 9H-adenine takes place from the
optically allowed nn* 'L, state to the excited singlet state of
nc* character, which has a repulsive potential surface with
respect to the NH bond stretching via a conical intersection,
and then internal conversion proceeds from the repulsive nc*
to Sy via another conical intersection.” This decay mechanism
was supported by the results of nanosecond experiments on
the observation of population of the to* state by detection of
H atom fragments, which results from the dissociation of
9H-adenine along the repulsive NH bond potential.® To
investigate the dynamics of H-loss via the nc* state, Wells,
Roberts and Stavros irradiated adenine with nanosecond or
femtosecond UV (266 nm) pulses and detected H" produced
through multiphoton ionization of generated H fragments.’
They have suggested the existence of two channels for
the generation of H-fragments, namely, a femtosecond
H-production from the dissociative mo* state as well as a
nanosecond H-production from the hot ground state after
internal conversion.

The role of the optically forbidden nr* state lying below nn*
'L, has now come to attention in addition to the no* state.
Kan, Jung and Kim have concluded from the results of
femtosecond pump—probe transient ionization time-of-flight
mass spectroscopy that the nr* state, rather than the mo*
state, plays the role of a doorway state for internal conversion
via a conical intersection to So.>¢ Ullrich ef al. have observed
strong coupling between the nr* 'L, and nn* states of isolated
9H-adenine in a molecular beam by using time-resolved
photoelectron spectroscopy.>¢ In time-resolved ionization
signals for adenine in the gas phase, biexponential decays
have been observed; the two components consist of a fast
component with a lifetime of 40-100 fs and slow component
with a lifetime of 0.75—1 ps.'® The fast and slow components
are assigned as the decays of the mn* 'L, and nn* states,
respectively.

A number of theoretical works have been devoted to
investigate the roles of nn* and no* states. Perun, Sobolewski
and Domcke have investigated the mechanisms responsible for
the rapid deactivation of the nn* and nn* states by using the
complete-active-space-self-consistent-field (CASSCF) and
second-order perturbation theory based on the CASSCF
reference (CASSCF/CASPT2).!! They have also presented
semi-quantitative results on the mechanisms of the radiation-
less deactivation of the excited states mr*, nn* and mo*.'!
Chen and Li have obtained the geometrical structures and
potential energy surfaces associated with nn* and nn* states
(including the optically forbidden nn* 'L, state) by performing
CASSCF/CASPT?2 calculations with the 6-311G* basis set and
active spaces up to (14,11)."> Chin er al.'* have carried out
CASSCF calculations to analyze the results of resonant
two-photon ionization and resonance fluorescence spectra of
9H-adenine in terms of the Sy, nn*, and nr* states. They have
also calculated internal conversion rate constants from single-

vibronic levels. Blancafort has searched minimum energy
pathways via the nn* 'Ly, and nn* states from 'L, to Sy and
calculated the energy barriers to conical intersections at the
CASSCF/CASPT2 level.'"* He has reported the existence of
the indirect path via the 'Ly, state coupled to the nr* state.

Recently, rather different hypotheses have been raised to
explain the origin of the biexponential decay with fast and
slow components in time-resolved spectra in the gas phase.'
On the basis of calculations of reaction paths at CASPT?2 level,
Serrano-Andrés and co-workers'® proposed for 9H-adenine
that the fast component corresponds to a fast deactivation of a
fraction of the population passing through the conical inter-
section connecting the 'L, and S, states. They claimed that this
pathway is barrierless. Fabiano and Thiel have performed
dynamics calculations based on the surface-hopping method
to describe the nonadiabatic dynamics after vertical excitation
to the 'L, state within a semiempirical OM2/MR-CI level of
theory.'® No equilibrium geometry could be found for the 'L,
state, because energy minimizations starting from the equili-
brium geometry of the ground state (the Franck—Condon
geometry) led directly to the 'L,~S, conical intersection.
According to their results, the minimal-energy path also
crosses the nm* state on the downhill toward the 'L,—S, conical
intersection. Therefore, contrary to the direct mechanism
proposed by Serrano-Andrés et al., most trajectories follwed
the rapid deexcitation pathway (fast component of 15 fs)
through the 'L,—nn* conical intersection, and proceeded to
the nm*-S, conical intersection (slow component of 560 fs).
The fast decay component is attributed to the direct decay
through the 'L,—nm* conical intersection. Only a small number
of trajectories transfer to Sy via the 'L,—S, conical intersection.
Barbatti and Lischka'” have performed classical dynamics
simulations on the potential surfaces obtained by a MR-CIS
level of calculation. They also could not find clear evidence of
direct deactivation from 'L, to Sq.

On the other hand, on the basis of time-resolved photoelectron
spectroscopy of 9H-adenine, Satzger and co-workers!%*3
claim that for the 267 nm excitation the fast and slow
components correspond to the population transfer to the
nc* state and the subsequent decay into the S, state through
the NH stretching conical intersection, respectively. At lower
wavelengths the importance of this path would decrease, given
the availability of other channels. However, the results of
dynamics simulation by Barbatti and Lischka'” indicated that
there were no conical intersections associated with NH bond
breaking. Thus, the radiationless transition mechanisms of
photo-excited 9H-adenine are not clarified, although signifi-
cant theoretical attempts have been carried out.

In our previous study,'® we focused only on the role of the
no* state in the ultrafast deactivation processes through
conical intersections within a two-dimensional model. In this
paper, we discuss also the role of the nrt* state on the basis
of the results of CASSCF and MRCI calculations for the
structures and energies related to ultrafast radiationless
transitions through conical intersections. We set the active
space so that all the relevant states, namely, the nn*, no*, and
two mr* states are included and made a full dimensional
geometry search for the vibrational degrees of freedom of
9H-adenine.
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From the search of conical intersections, we show in this
paper that three competing pathways are involved in
ultrafast radiationless transitions from 'L, to So; two indirect
pathways via the no* and nn* states, 'L, —» no* — S, and
'L, »nn* — S, and a direct pathway 'L, — So. In the next
section, our theoretical and computational treatments are
briefly described. The tuning and coupling modes, denoted
by the g- and h-vectors, respectively, characterize the conical
intersections of polyatomic molecules. The g- and h-vectors
defined for a conical intersection between two electronic states
are outlined.'® Conical intersections involving three electronic
states were not considered, though the optimization of conical
intersections is expected to be improved.?® In section 3, first,
the results of quantum chemical calculations for the optimized
structures and optical transition energies are presented. Then,
the results of searching of conical intersections obtained
by using MOLPRO?' are described. Three fundamental
radiationless pathways from the optically excited mr* 'L, state
to Sy are theoretically confirmed: the direct pathway and two
indirect pathways via doorway nc* and nrn* states. To prove
that the conical intersections obtained are true ones, we have
evaluated the geometric (Berry) phase effects®> on the
adiabatic electronic wavefunctions. Finally, a control scheme
of radiationless transition pathways from the 'L, state is
proposed on the basis of the analysis of the A-vectors (coupling
modes) of conical intersections.

2. Theoretical and computational treatments
2.1 Brief description of conical intersection

Let us consider a case in which two electronic states (a and b)
intersect at a position R,.%® We denote the conical intersection
between the ¢ and b states by the a—b conical intersection
hereafter. Adiabatic electronic wavefunctions ¥,(r,R) and
¥,(r,R), in which r and R represent electronic and nuclear
coordinates respectively, are expanded in terms of diabatic
electronic wave functions ,(r,R) and y4(r,R) as

wo(r R) ) _((cos® s (p, R
¥y(r,R) ) sin @R cos O Vy(r,R) )

where O(R) is expressed in terms of the matrix elements,
H,(R), Hgp(R) and H,z(R) (= (o (r,R)|H(r,R) ) 4(r,R)),) of
the electronic Hamiltonian at R, H(r,R):

, __ 2Hy(R)
tan O(R) HonR) - Hyp(R)" (2)
The electronic Hamiltonian is given by H(r,R) = T, + U(r,R),
where T, is the kinetic energy of electrons and U(r,R) repre-
sents the electrostatic interactions among electrons and nuclei.

The adiabatic potential energy surfaces near the intersection
point can be obtained by solving

H,,(R) — E(R) H,p(R) o 3
Hp,(R) Hps(R) — E(R) 7

as

1
Ea or b(R) -

3 {HW(R) + Hpg(R)

4)

+ \/[Hm(R) — Hys(R)]” + 4\Ha/f(R)|2} .

The a—b conical intersection is determined by the condition
that the energy difference between the two adiabatic electronic
states is equal to zero, that is,

[Hu(R) — Hyg(R)* + 4|H,4(R)* = 0. (5)

The difference between the two diagonal matrix elements can
be expanded to the first order of internal coordinates {Q}
around a position R = R* that locates close to the intersection
position R = R, as

HM(R) - H/f/f(R)
~ Ho(RY) = Hyg(R) + 3 3 [HoR) ~ Hip( R O

= Hyu(RY) — Hﬁ/f(R*) +g-0.
(6)

Here, the g-vector represents the difference in the gradient of
the diabatic potential energy between the two electronic states
at position R = R*:
g = [(Yo(r.R) VH(r,R) Yo (r,R))
— (Ypr,R)IVHrR) Y s(r,R)) g = R+ @)
The internal coordinates {Q} involved in the g-vector, {Q,},
are referred to as tuning or accepting modes in the following

discussion. The off-diagonal matrix element is expanded in the
similar way described above as

o
(®)

0
Hop(R) ~ Hop(R") + Za—Q’_Hyﬁ(R)

=HyuR')+h- 0.
Here, the h-vector is defined as

h = (o (r,R)IVHER) Y s(r.R) r = R~ €

The internal coordinates involved in the h-vector, {Q.}, are
called coupling or promoting modes.

When we find the conical intersection R* = R, eqn (6) and
(8) with eqn (7) and (9) are evaluated at R = R, as

H,,(R) — Hgp(R) ~ g-0 (10)
and
Hp(R) ~ hQ. (11

We now define 4 as the energy difference between the
two electronic states, @ and b, near R.. Then, from eqn (4)
we obtain

[H.(R) — Hyp(R) + 4 H,4(R)* = . (12)
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Defining d, = g-Q and d. = h-Q, and using eqn (10) and (11),
we rewrite eqn (12) as

&+ Qd)y =d (13)
and
2d.
tan0 = 70: (14)

Eqn (13) and (14) express a circle for {Q} with radius d and
argument (angle) 0 if these tuning coordinates {Q,} and
coupling coordinates {Q.} are perpendicular to each other.
From a symmetry consideration this condition is satisfied
when 9H-adenine is planar at the a—b conical intersection.
That is, for a conical intersection at a planar geometrical
structure, the g-vector and A-vector are perpendicular to each
other because the g-vector belongs to A’ of the point group Cs,
while the A-vector belongs to A’’. Therefore, g- and h-vectors
can be used as orthogonal bases for rotation as shown in
eqn (13) and (14). The Berry phase effects are another proof of
conical intersection: the adiabatic electronic wavefunctions
associated with the conical intersection change its sign
(geometric Berry phase) when they are rotated along a circle
around the conical intersection.

Generally speaking, for a conical intersection possessing no
symmetry, the g- and A-vectors are not perpendicular to each
other. For example, the nn* 'L, and S, have the same
symmetry of the Cs point group and their potential energy
curves are usually avoided to run across each other. However,
it is known that a conical intersection is found in the
coordinate space of nonsymmetric structures (see section 3.6)
and two orthgonalized vectors should be constructed for the
evaluation of Berry phase effects. When two electronic states
are degenerate at a conical intersection, any linear combina-
tion of the electronic wavefunctions satisfies the electronic
Schrédinger equation. Yarkony!'®¢ proposed that a set of
orthogonal tuning and coupling vectors can be provided by
diagonalization of the following two-dimensional matrix at a
conical intersection R,:

(fvnte R <a|VH(r,R>\ﬁ>) (15)
(BIVH(R)lz) (IVHER)IB) )y

where the electronic wave functions |o) and |f) are given by
[, (r,R)) and |y 4(r,R)), respectively.

2.2 Computational details

2.2.1 Electronic structure calculations. In this study, we
employed the CASSCF? level of theory with the 6-31++G**
basis set to calculate the energies of electronic states and to
optimize the geometrical structures of the conical intersections
between two states. The CASSCEF active space for 9H-adenine
includes six m, one o, and one lone pair orbitals and eight
electrons. Three m and one lone pair orbitals are occupied in
the ground-state configuration. The active orbitals at the
equilibrium structure of S, are illustrated in Fig. 1. The
state-average technique was employed; the electron density
averaged over five electronic states, Sy, nn* "Ly, nn* 'L, no™,
and nr* is used in the orbital optimization. An internally
contracted multi-reference configuration interaction (MRCI)

e

32 71 k 33 n

Fig. 1 Eight molecular orbitals defining the CASSCF active space at
the equilibrium structure of Sy. The contour plot of the density of the
o* orbital has been drawn at intervals of 0.035 ¢ A~ instead of the
standard value of 0.05 ¢ A~? using MOLDEN program.?®

method®* was used to improve the accuracy of the energies
obtained by CASSCF.

2.2.2 Linearly interpolated internal coordinate (LIIC) reaction
paths. Having optimized the positions of the local minima of
the excited states and the conical intersections, we constructed
linearly interpolated internal coordinate (LIIC)**?® reaction
paths. The LIIC path in the multidimensional internal-
coordinate space, which is equivalent to the linear synchro-
nous transit path, is defined as the straight line which connects
a given initial local minimum to a given conical intersection
(or vice verse). Energy calculations have been performed at
100 points along each LIIC path to obtain the reaction-path
potential-energy profiles and to evaluate the activation
potential energy.

3. Results and discussion

3.1 Optimized geometrical structures in the ground and
excited states and excitation energies

The geometrical structures in the ground and low-lying excited
states were optimized by using the state average CASSCF
calculation. The vertical and adiabatic excitation energies
have been refined by a single-point MRCI** calculation. No
symmetry constraint was imposed. The optimized structure of
the ground state is nonplanar. However, we found for the
ground state that the pyramidization of the amino group of
adenine only slightly reduces the total energy. It is recognized,
actually, that this pyramidization has a very minor effect on
the energies of ground and excited states (of the order of
0.125-0.015 kcal mol™").?’

Optimized bond lengths and bond angles are shown in
Fig. 2, which agree reasonably well with experimental® and
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Fig. 2 Optimized C; geometry of 9H-adenine in the ground state S,
Bond lengths are given in angstroms and angles are in degrees. The
values in parentheses are experimental ones.?®*

Table 1 Computed excitation energies in eV for 9H-adenine at C,
symmetry. The values in parentheses are calculated by using MRCI
and the values in the column “Exp.” are experimental ones

Vertical excitation/eV Adiabatic excitation/eV

Theoretical
Exp. —————————— Exp
This work  Other

Theoretical 11b,15b

State This work Other

Ly  6.19(4.75) 4902 4.6'1% 532(4.72) 4.83"° 448
an* 7.03 (4.89) 5.01'? 5.29 (4.59) 4.52'5 4.40
'L, 710 (5.13) 5.17Y7 5127 572 (5.02)
no*  8.20 (5.92) 5.76 (5.10)

theoretical®® results. The dihedral angle HI2NI10C6NI1
(out-of-plane angle) is 20.1°, in good agreement with the
previously calculated values (14.8-21.7°)?7 with different basis
sets at MP2 level. The computed dipole moment of the ground
state is 2.5 D. This is in good agreement with the experimental
results of crystalline 9-methyladenine®® (2.4 D) and 9-butyl-
adenine in solution®'(3.0 + 0.2 D) as well as with the results of
previous calculations.!!?

The vertical and adiabatic excitation energies are summarized
in Table 1. It is well-known that the optically allowed mr* 'L,
state lies higher in energy than the optically forbidden mr* 'Ly,
state. The vertical excitation energy to the mr* 'L, state,
5.13 eV, which is calculated at the MRCI level of theory,
is acceptable compared to the experimental data
4.9-5.2 eV'>1732 and pervious theoretical calculations.??

The adiabatic excitation energy for the 'Ly, state calculated
at the MRCI level, 4.72 eV, is within the range of previously
calculated values 4.674 eV'? and 4.83 eV."” The calculated
adiabatic excitation energy for the nm* state, which is
adiabatically the lowest excited state, is 4.59 eV. This value
is close to previously reported theoretical values 4.476 eV!''?
and 4.52 eV,"? and it is in good agreement with the experi-
mental value 4.4 eV.>? The potential minimum of the nr* 'L,
state, 5.02 eV (247 nm), is only slightly lower than the vertical
excitation energy of 5.13 eV. We found a potential minimum
in the mo* state, of which the energy is much lower than the

Table 2 Energies and point groups of 9H-adenine at the conical
intersections involved in the radiationless transitions from the 'L,
state to the ground state Sy. The origin of the energy is the potential
minimum of Sy. The values are obtained by a CASSCF level of
calculation and the values in parentheses are obtained by MRCI.
The symbol in the square bracket denotes the point group of the
9H-adenine at the conical intersection

Energy/eV

Indirect pathway
A—->B->C Conical intersection

(B < Q)

Conical intersection
(A — B)

5.80 (5.32) [Cs] 4.69 (4.13) [Cs]
5.82 (5.23) [Cs] 4.11 (3.74) [C]
Energy at the conical intersection/eV

3.83 (3.50) [C)]

L, » no* > S,
L, » nu* > S
Direct pathway

L. > So

energy at the Franck—Condon geometry (by 0.82 eV in the
MRCI calculation). For N9-H14 bond stretching, the
potential energy increases from the minimum to a low barrier
and becomes repulsive, as shown in previous papers.''*'® The
barrier height is less than 0.2 eV.

3.2 Radiationless transition pathways

Conical intersections related to the radiationless transitions
from the nn* 'L, state to the ground state S, were located by
using MOLPRO. The results are summarized in Table 2.

Let us now consider a radiationless transition pathway
involving two intermediate electronic states (diabatic nc*
and nr* states). Here, we note that the coupling between the
two electronic states can safely be omitted since the corres-
ponding h-vector is zero or negligibly small. This is because all
the molecular orbitals are different and their overlap integrals
are very small. For 9H-adenine of Cs point group, the A-vector
is zero from symmetry. In fact, we could not find any conical
intersections between the no* and nm* states. Hence, in the
following discussion, two pathways will be treated inde-
pendently: (1) to* pathway: a radiationless transition process
via the mo* state, and (2) nm* pathway: a radiationless
transition process via the nn* state. We note in Table 2 that
there is no significant difference in energy between the mn*
'L,—nm* and nrn* 'L,—mo* conical intersections. This suggests
that both the pathways may make an important contribution
to the ultrafast radiationless transition of 9H-adenine.

Each pathway is conveniently divided into two stages: the
activation stage and the transfer stage. The first stage
(activation stage) involves the range from the Franck—Condon
region to the first conical intersection, and the subsequent
stage (transfer stage) involves the range from the first conical
intersection to the second one.

3.3 The no* pathway

3.3.1 The activation stage. Let us consider the activation
stage of the mo* pathway, namely, the stage from the optically
allowed mn* 'L, state to the nn* 'L,~mo* conical intersection.
Fig. 3a shows the geometrical structure at this conical inter-
section. The bond length Rynoy between N9 and HI14 is
0.993 A, which is consistent with the CASSCF value
Rnog = 0.988 A in our previous two-dimensional model.'®
In both our studies, the geometrical structure at the nn*
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Fig. 3 (a) Cs structure at the n* 'L,—mo* conical intersection (b) the
corresponding g-vector and (c) h-vector.

'L,—mo* conical intersection lies close to the Franck—Condon
structure, i.e., the equilibrium structure of Sy as shown in Fig. 2
(though the structure of this conical intersection is planar).

It is found from Tables 1 and 2 that this nn* 'L,—mo*
conical intersection lies higher than the mrn* 'L, state at the
Franck—Condon geometry, by 0.19 eV according to the
present MRCI calculation and it is higher by 0.30 eV than
the potential minimum of the mrn* 'L, state. The transition
from the 'L, state to the higher to* is presumably dominated
by this conical intersection, although the 'L, state has a barrier
of 0.25 eV between the Franck—Condon region and the nn*
'L,—mo* conical intersection (see Fig. 10(a)). This result is
consistent with the experimental observation that an additional
channel, besides the n* pathway, is open at the excess energy
of ~0.2 eV above the band origin of the nr* 'L, state.>

Fig. 3b shows the g-vector of the mn* 'L,~mc* conical
intersection. The main components of the g-vector are
in-plane stretching and distortion of the five and six-membered
rings rather than the stretching of N9-H14. In our previous
two-dimensional model for the nn* 'L,~mto* conical inter-
section,'® the N9-H14 bond was taken as the reaction
coordinate. The g-vector indicates the direction of structure
distortion toward the conical intersection. For instance, the
g-vector in Fig. 3b points to shortening of the N1-C6 bond
length; the N1-C6 bond length (1.29 A) at the nn* 'L,—mo*
conical intersection is shorter by 0.05 A than the length in Sy
(See Fig. 2).

Fig. 3c shows the h-vector of the mn* 'L,~mo* conical
intersection. This Figure indicates that the h-vector consists
of ring puckering modes of the six-membered ring. We have

decomposed the A-vector to see the contributions of individual
normal modes. The A-vector can be expanded in terms of unit
vectors of normal modes as h = ZCju;. Here, u; is the unit
vector of i-th normal mode. The coefficient C; is obtained as
C; = hu;. The analysis of the h-vector of the nn* 'L,—mo*
conical intersection shows that A oc —0.76 u;y + 0.42 urg+- - -
Normal modes vg and v, are out-of-plane bending modes
and calculated frequencies in the ground state are 614 and
1117 em™", respectively. These normal modes mainly consist
of out-of-plane vibrations of the C2-H13, N9-H14, C8-H15
and C2-N3 groups. This supports the choice of the coupling
mode in our previous two-dimensional model,'® where the
out-of-plane mode of the hydrogen atom (H14) was taken as
the coupling mode.

3.3.2 The transfer stage. We now consider the transfer
stage of the mo* pathway which ranges from the nrn* 'L,~no*
conical intersection to the mo*-S, conical intersection. The
second conical intersection has a geometrical structure of Cg
symmetry as shown in Fig. 4a. It should be pointed out that
Rnoy = 1.574 A is much longer than Rnoy = 0.993 A at the
nn* 'L,—no* conical intersection. This elongation is correlated
with the observation of H-atom fragments from adenine
excited at 239.5 nm.®” The present value of Ryoyy = 1.574 A
is slightly shorter than the CASSCF value Ryoy = 1.722 A for
the two-dimensional model.'®

The g-vector at the no*—S, conical intersection is shown in
Fig. 4b, of which the components are almost localized on the
N9-H14 bond stretching with a minor contribution from
the C8-N7 bond. This is consistent with the elongation of
the N9-H14 bond at the to*-S, conical intersection. For the
stage involving the mo*-S, conical intersection, the g-vector
obtained in the full dimensional model validates the choice of
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Fig. 4 (a) Cs structure at the n6*-S, conical intersection, (b) the
corresponding g-vector and (c) h-vector.
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the N9-H14 bond stretching as the reaction coordinate in the
two-dimensional model.'®

Fig. 4c shows the h-vector at the mo*-S, conical inter-
section. The h-vector can be expressed in terms of the unit
vectors of normal modes as A oc —0.64 u;3 — 0.54 uy, —
0.4 uyo- - -. Here, modes v, and v;3 (the calculated frequencies
in So are 719, and 767 cm™') are also out-of-plane bending
vibrations consisting of mainly atoms of the two rings.

The present calculation for the tc* pathway indicates that a
multidimensional picture is needed for accurate description of
reaction and coupling coordinates, contrary to the picture of
the single coupling mode in the simple two-dimensional model.

The MRCI energy is 4.13 eV for the n*-S, conical inter-
section, while it is 5.32 eV for the 'L,—to* conical intersection.
The potential energy curve along the LIIC from the nn*
'L,—mo* conical intersection to the mo*-S, conical intersec-
tion is downhill. Therefore, the activation stage from the
Franck—Condon geometry to the 'L,~no* conical intersection
is the rate-determining step in the no* pathway. Presumably,
the main pathway from no* to Sy is the one via this to*-S,
conical intersection: the trajectory passing by the planar
geometry of the nn* 'L,—mo* conical intersection can easily
reach the mto*—S, conical intersection of planar geometry; the
other conical intersections with Sy have nonplanar geometries.
The no* pathway is isolated from the other relaxation path-
ways to Sy.

3.4 The nr* pathway

3.4.1 The activation stage. Let us consider the activation
stage of the nm* pathway from the nn* 'L, state to the mr*
'L,—nm* conical intersection listed in Table 2. Fig. 5a shows
the planar structure of this conical intersection which lies close
to the Franck—Condon geometry. The energy of this conical

g 6.
1.430f 111.0

1.067/¢2 ) 127.3 1.463

Fig.5 (a) C, structure at the mn* 'L,—nm* conical intersection, (b) the
corresponding g-vector and (c) h-vector.

intersection is higher than the vertical excitation energy to the
an* 'L, state, only by 0.1 eV (MRCI value).

According to the results of dynamics simulation by Barbatti
and Lischka,'” the nn* 'L, state relaxes to the lower electronic
states, nn* and nn* 'L,, immediately after excitation
(with a time constant of 22 fs). An ultrafast equilibration is
achieved by the strong nonadiabatic couplings among the
three states in the region where these states are located closely
together. This is also supported by our MRCI result that the
energy difference between the n* 'L, and nn* states is smaller
than 0.3 eV in the vicinity of the Franck—Condon region and
approaches zero at the nn* 'L,—nm* conical intersection found
here. Ultrafast relaxation from nr* 'L, to nn* would also
occur around this conical intersection.

Fig. 5b shows the g-vector whose components are localized
among C2, C4, C5 and N3 on the 6-membered ring. The
h-vector shown in Fig. 5¢ can be decomposed into normal
modes as k oc 0.44us — 0.43u>y + 0.41u19 — 0.40u;5 + 0.34u5 —
0.31uy, --. Here, vs and vs (the calculated normal mode
frequencies in the ground state are 326 and 891 cm™') are
out-of-plane bending modes. Note that the active coupling
modes in this activation stage are distributed among several
normal modes while the active coupling in the activation stage
of the no* pathway is dominated by the out-of-plane normal
mode vy.

3.4.2 The transfer stage. The conical intersection between
the nt* and S states is located at energy of 3.74 eV (MRCI) as
shown in Table 2. Fig. 6a shows that the geometrical structure
of 9H-adenine at the nn*-S, conical intersection belongs to
C, symmetry: the main deformation is of out-of-plane defor-
mation of the 6-membered ring together with that of NH,
group, while the 5-membered ring keeps planar. The out-of-
plane deformation is characterized by the following dihedral
angles: (N3C2N1C6) = —48.9°, §(C4N3C2NI1) = —-7.80°,
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Fig. 6 (a) Nonplanar geometrical structure at the nm*-S, conical
intersection, (b) the corresponding g-vector and (c) k-vector.
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O(N9C4N3C2) = 180.0°, S(C8NIC4N3) = —171.7°,
O(NI0C6CS5N7) = —63.8°, S(NIOC6NIC2) = —67.5°,
O(HI3C2NIC6) = 145.4° and 6(H14N9C4N3) = 10.5°.
Fig. 6b and c show the g-vector and h-vector, respectively. The
two vectors are not orthogonal to each other; many normal
modes of in-plane and out-of-plane vibrations are mixed with
each other. The potential energy curve along the LIIC in the
transfer stage of the nn* pathway is also downhill (5.23 eV of the
nr* 'L,—nm* conical intersection to 3.74 eV of the nn*-S, conical
intersection). Most of trajectories that hop from the nn* 'L, to
the diabatic nn* state around the nn* 'L,—nm* conical intersec-
tion would reach the nn*-S, conical intersection.

3.5 The direct pathway

The direct pathway is defined as the diabatic relaxation route
from the nr* 'L, state via a conical intersection with Sy. We
found a nr* 'L,—S, conical intersection in this pathway, of
which the energy is 3.83 eV at the CASSCEF level of theory and
3.50 eV at the MRCI (Table 2). The nrn* 'L,~S, conical
intersection locates at the lowest energy among all the conical
intersections in 9H-adenine. The calculated geometrical
structure at the mr* 'L,—S, conical intersection is shown in
Fig. 7a. The feature of the structure belonging to C; symmetry
is in the out-of-plane deformation (puckered conformation) of
the six-membered ring of 9H-adenine, which is characterized
by the following dihedral angles: §(C4N3C2H13) = 84.5°,
O(C6NI1C2H13) = —=77.0°, o(C5C4N3C2) = 17.2°,
J(C5CO6N1C2) = —22.3°, §(NT7C5C6N10) = 7.3°.

Barbatti and Lischka'” have presented a systematic investi-
gation of the seam of the conical intersections and classified
geometrical structures of the six-membered ring of 9H-adenine
at the conical intersections by means of Cremer—Pople
parameters:** the geometrical structure of the lowest lying
conical intersection is assigned as envelope °E, ie., an
envelope puckering at the C2 atom. The structure in Fig. 7a
corresponds to the envelope °E conformation found by them.
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Fig. 7 (a) Nonplanar geometrical structure at the 'L,—S, conical
intersection, (b) the corresponding g-vector and (c) A-vector.
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Fig. 8 Top and side view of the optimized transition state geometry
in the 'L, state along the direct pathway. Bond lengths are in
angstroms. The arrows indicate the mode for the imaginary frequency
at the transition state.

The fact that the displacements of N1, C2 and N3 atoms make
dominant contribution to the g-vector in Fig. 7b supports the
envelope structure at the conical intersection.

As described in the Introduction, there have been hot
discussions about whether or not the direct pathway is the
dominant ultrafast relaxation process to So. We identified a
transition state between the Franck—Condon geometry and the
nn* 'L,—S, conical intersection on the 'L, potential surface by
using the quadratic steepest decent method. Here, the search
was started at the geometry with the maximum energy along
the LIIC connecting the Franck—Condon geometry and the

* 17,-S, conical intersection. CASSCF calculations were
performed: the energy of the obtained transition state is 8.23 eV
and it is 1.13 eV higher than the vertical excitation energy.

The geometry of the transition state (shown in Fig. 8) is a
midway configuration between the Franck—Condon geometry
and the 'L,—S, conical intersection. The imaginary frequency
mode obtained at the transition state, shown in the side view
of Fig. 8, represents the motion between the two geometries.
The geometry change is mainly in the dihedral angle
HI13C2N3C4; it is 180.3° (almost planar) at the Franck—
Condon geometry, 140.3° at the transition state geometry,
and 83.4° at the 'L,—S, conical intersection.

In order to more accurately estimate the barrier height of
the transition state, we also performed single-point MRCI
calculations for two linked LIICs; the LIIC connecting the
Franck—Condon geometry and the transition state obtained at
the CASSCF level of theory and the one connecting the
transition state and the mn* 'L,—S, conical intersection. The
structure at the potential maximum obtained by this approach
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was identical to the transition state obtained by CASSCF. The
MRCI energy of the transition state is 5.34 ¢V and it is 0.21 eV
higher than the vertical excitation energy. The existence
of a low barrier supports a previous result by Barbatti and
Lischka'” that the barrier height for the diabatic pathway
obtained by the LIIC method was as low as 0.04 eV at the
CASPT?2 level of theory.

No other transition states were found between the
Franck—Condon geometry and the nn* 'L,—S, conical inter-
section on the diabatic nn* 'L, surface. The trajectory of the
direct pathway needs to reach the gate of this transition state
and to go over it. Although the transition state may disappear
at more accurate levels of theory, the intermediate “gate” in
the direct pathway would be characterized by this transition
state. This “‘gate” process competes with initial rapid
equilibration among the three states 'L,, 'Ly, and nr*. It is
likely that a considerable number of trajectories circumvent
the transition state and deviate from the direct 'L,—diabatic
pathway: the 'L,—nm* conical intersection is located on the
route to the transition state and the nr* and 'L, states are
strongly coupled with each other in the region between the
Franck—Condon geometry and the transition state geometry.
Following this rapid scrambling, two routes through the nr*
'L.—S, and nn*-S, conical intersections are eventually open
because the energy difference between the two conical
intersections is as small as 0.24 eV (MRCI). This scenario
should be compared with the results of dynamics simulation
by Barbatti and Lischka'” that most of the trajectories transfer
to Sy via the lowest conical intersection, namely, the mm*
'L,—S, conical intersection, after rapid equilibration among
the three states 'L,, 'Ly, and nn*. Their MR-CIS calculation
showed that the nn* 'L,—S, conical intersection lies lower by
0.68 eV than the nm*-S, conical intersection: the former
conical intersection was more accessible than the latter.

3.6 Geometric phase effects

So far, we have discussed the conical intersections of 9H-adenine
from the energetic point of view. There is a way to unambigu-
ously identify the conical intersections, that is, evaluation of the
geometric (Berry) phase effects of adiabatic wavefunctions. This
is based on the fact that the sign of the electronic wave function
should be changed around a closed loop rotation near the
vicinity of the conical intersection. We briefly explained the
geometric phase effects in section 2.1. In this subsection, we
confirm the existence of the conical intersections of 9H-adenine
from the view point of geometric phase effects.

The adiabatic wavefunctions ¥, can be expanded in terms
of various electronic configurations {y,(0)} as a function of
the position, denoted by angle 0, on a closed loop around the
conical intersection under consideration:

LIJ(L = Zla(y(e)w«(e)7 (16)

where y,,(0) are expansion coefficients. For a true conical
intersection, the relation y,,(0 + 2n) = —y.,(0) should be
satisfied. For 9H-adenine, W, are expressed in terms of 1764
configurations in the present CASSCF calculations. Here we
show the coefficients of main four electronic configurations of
interest, 22220000, 22211000, 21221000, and 22210100, where

0,1, and 2 represent the occupation numbers of the eight active
orbitals shown in Fig. 1. These are the main configurations of
So, mr* 'L, n* and mo* states, respectively.

Fig. 9 shows the geometric phase effects of the conical
intersections associated with the nn* pathway and those with
the direct pathway as examples. The higher and lower two
adiabatic wavefunctions involved in the nn* 'L,—nn* conical
intersection are denoted by W; and YW,, respectively. The
coefficients of the four configurations in ¥, and W5 are plotted
in Fig. 9a against a closed loop rotation around the nn*
'L,—nm* conical intersection. It is clearly demonstrated in the
left panel of Fig. 9a that the coefficient of the 21221000
configuration (nm*-character diabatic wavefunction) changes
from 0.67 to —0.67 by the closed loop rotation. In the similar
way, in the right panel of Fig. 9a, the coefficient of the
22211000 configuration (nm* 'L,-character diabatic wave-
function) changes from —0.64 to 0.64. The coefficients in the
lowest two adiabatic wavefunctions {¥, and ¥;} were not
shown here since there are no geometric phase effects on them.
Thus, the presence of the geometric phase effects supports
that the conical intersection originates from a true potential
crossing between the nn* 'L, and nn* adiabatic states.

For the nm*-S, conical intersection, we note that the
original g- and h-vectors are not orthogonal to each other
because of its nonplanar geometrical structure (See Fig. 6a).
Therefore, they cannot be used as orthogonal bases for
rotation. To overcome this problem, the orthogonalization
method described in section 2.1 was adopted.'”” The
geometric phase effects of the nn*—S, conical intersection are
confirmed by a closed loop rotation in terms of the newly
orthogonalized vectors, as shown in Fig. 9b. In the left panel
of Fig. 9b, the coefficient of the 22220000 configuration
(So-character diabatic wavefunction) changes from 0.93 to
—0.93 by the closed loop rotation. In the right panel of Fig. 9b,
the coefficient of the 21221000 configuration (nm*-character
diabatic wavefunction) changes from —0.63 to 0.63. The results
clearly indicates that this conical intersection originates from a
potential crossing between the nn* and Sy states.

The same treatment has been done to confirm the conical
intersection for the direct pathway 'L, — S, where again the g
and h vectors are not orthogonal to each other and need to be
orthogonalized first. In the left panel of Fig. 9¢, the coefficient of
the 22220000 configuration (Sy-character diabatic wavefunction)
changes from —0.69 to 0.69 by a closed loop rotation in terms of
the newly orthogonalized vectors. In the right panel of Fig. 9c,
the coefficient of 22211000 configuration ('L,-character diabatic
wavefunction) changes from 0.65 to —0.65. The results clearly
indicate that this conical intersection originates from a potential
crossing between the 'L, and S, states. We have also confirmed
the geometric phase effects on the conical intersections associated
with the to* state.

3.7 Control of radiationless transition pathway

It is possible to discuss which pathway is more favorable
between the mo* and nm* pathways by comparing their
activation energy AE. Ullrich, Schultz, Zgiersky and Stolow,*
and Samoylova ef al.'% have carried out time-resolved experi-
ments of 9H-adenine in a molecular beam and measured the
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Fig. 9 Geometric phase effects on (a) the nn* 'L,—nn* conical intersection, (b) the nm*~S, conical intersection, and (c) the mn* 'L,~S,. The
adiabatic wavefunctions {¥,} are expanded in terms of four electronic configurations {i,} denoted by 22220000, 22211000, 21221000, and
22210100, which are the main electron configurations of the Sy, tn* 'L,, nm* and nc* states, respectively. The coefficients {y,,} are plotted as a

function of the closed loop angle § around the conical intersection.

excitation energy dependence of the branching ratio between
the mo* and nn* pathways. They suggested that the mc*
pathway contributes to ultrafast relaxation from nn* 'L, at
higher excess energies from the absorption band origin
(>0.2 eV), which agrees with our MRCI result that the nn*
'L,—mo* conical intersection lies higher by 0.19 eV than the
nn* 'L, state at the Franck—-Condon geometry. However, our
present MRCI level of calculation indicates that the activation
energies of the three pathways are close to each other; the
conical intersections in the activation stages of the mo* and
nm* pathways are only slightly higher (by 0.1-0.2 eV) than the
nn* 'L, state at the Franck—Condon geometry. Therefore, it is
difficult to precisely determine from the obtained activation
energies which of the mo* and nmn* pathways is more
dominant. Nevertheless, we can consider a scenario for con-
trolling favorable radiationless transition pathways in the
activation stages on the basis of the analysis of h-vectors that
different pathways have different coupling modes.

In section 3.3 and 3.4, we have expanded the A-vector for
each conical intersection in terms of normal modes. The
h-vector in the activation stage of the no* pathway shown in
Fig. 3c are significantly different from those in the activation
stage of the nm* pathway shown in Fig. Sc: the active coupling
for the no* pathway is dominated by the out-of-plane normal
mode vy, while the active coupling for the nn* pathway is
distributed among many normal modes. Thus, the coupling
modes in the two pathways are only weakly mixed with each
other. This suggests that the branching ratio of the two
pathways can be controlled by selective excitation of single
vibronic levels involving active coupling modes such as the
mode vjo. A realistic way to achieve this is to use IR-UV
double resonance techniques. More elaborate scenarios can be
proposed on the basis of quantum control theory, a powerful
tool for designing optimal pulses to control the branching ratios
of dynamical pathways. Here, quantum control should be
carried out on the whole radiationless processes involving both

5326 | Phys. Chem. Chem. Phys., 2010, 12, 5317-5328

This journal is © the Owner Societies 2010


http://dx.doi.org/10.1039/b926102h

Published on 31 March 2010. Downloaded by National Chiao Tung University on 25/04/2014 07:34:46.

View Article Online

the activation and transfer stages as in a previous paper on the
control of the mo* pathway in the two-dimensional model.*

4. Summary and conclusions

CASSCF and MRCI levels of calculations with the
6-31++G** basis set were carried out to determine effective
pathways of ultrafast radiationless transitions from the optically
allowed nr* 'L, state of 9H-adenine. The nn*, no* and nn*
states were considered as states involved in the radiationless
process. We searched conical intersections in the full dimen-
sional space by using the CASSCF level of calculation
installed in MOLPRO. The related energies were refined by
a single-point MRCI** calculation. The MRCI transition
energies to excited states are in good agreement with the
experimental values, as shown in Table 1. By identifying the
structures and energies of conical intersections involved in
ultrafast radiationless transitions from 'L, to Sy, we examined
the mechanisms of three competing pathways; two indirect
pathways via the no* and nm* states, 'L, > no* > S,
(no* pathway) and 'L, —»nn* — S, (nn* pathway), and the
direct pathway 'L, — S,. Schematic illustrations for the three
pathways are presented in Fig. 10. Geometric phase effects of
the adiabatic electronic wavefunctions have been evaluated to
confirm that the potential crossing is a true conical inter-
section. We have confirmed that the nn* and nc™* pathways are
independent of each other because the non-adiabatic coupling
between the to* and nr* states is negligibly small.

The radiationless process of 'L, — mo* in the no* pathway
is dominated by the mn* 'L,—no* conical intersection which
lies higher than the mn* 'L, state at the Franck—-Condon
geometry, by 0.19 eV, according to the present MRCI
calculation. The existence of this conical intersection is
consistent with the experimental observation that a new
channel is open at the excess energy of ~0.2 eV above the
band origin of the nn* 'L, state.>® The potential energy curve
along the LIIC from the nn* 'L,~mo* conical intersection to
the mto*-S, conical intersection (transfer stage) is downhill. It
should be also noted that the 'L,~to* and mo*-S, conical
intersections are connected to each other on the plane. We
therefore conclude that relaxation from the transfer stage to Sy
occurs mainly through the no*-Sg conical intersection.

We also located the conical intersection involved in the n*
pathway. The nn* 'L,—nn* conical intersection is of planar
conformation and located close to the Franck—Condon

geometry. This conical intersection lies higher only by 0.1 eV
(MRCI) than the nrn* 'L, state at the Franck—Condon
geometry and would contributes to rapid radiationless transi-
tions from the initially prepared mn* 'L, state (which corres-
pond to the fast decay component in time-resolved spectra of
9H-adenine). The subsequent process is the relaxation to S via
the nn*-S, conical intersection of C; symmetry which lies
lower by 1.49 eV than the nn* 'L,—nn* conical intersection.

The nn* 'L,—S, conical intersection in the direct pathway
has the lowest energy among the conical intersections found in
this study. We identified the transition state between the
Franck—Condon geometry and the nn* 'L,—S, conical inter-
section on the 'L, potential surface. The MRCI energy of the
transition state is higher by 0.21 eV than the vertical excitation
energy. No other transition states were found between the
Franck—Condon geometry and the nn* 'L,—S, conical inter-
section. The 'L,—nn* conical intersection is located on the
route to the transition state. Moreover, the nn* and 'L, states
can be strongly coupled with each other because of the small
energy gap in the region between the Franck—Condon geo-
metry and the transition state geometry. It is therefore likely
that a considerable number of trajectories deviate from the
direct 'L,-diabatic pathway. Following this rapid scrambling,
two routes through the nr* "L.—S, and nn*-S, conical inter-
sections are eventually open: the energy difference between the
two conical intersections is as small as 0.24 eV (MRCI).
Presumably, these two routes correspond to the slow decay
component because the nm* "L,—So and nm*-S, conical inter-
sections are subject to large out-of-plane distortion while the
structures in the activation stages are almost planar.

The g- and h-vectors defined at the conical intersections are
projected onto normal modes to check the validity of the
two-dimensional model for the mc* pathway, where the
N9-H14 bond was taken as the g-vector (tuning mode) and
the out-of-plane mode of H14 was taken as the h-vector
(coupling mode).'® Our full dimensional search has shown
for the mn* 'L,—mo* conical intersection that the main
components of the g-vector are in-plane stretching and
distortion of the five and six-membered rings rather than
the stretching of N9-H14 while the h-vector mainly consist
of out-of-plane modes including H14. The g- and A-vectors for
the mto*-S, conical intersection, which are orthogonal to each
other, consist of many normal modes of in-plane and out-of-
plane vibrations. The simple two-dimensional model cannot
give an essential description of the to™* pathway.

Energy (eV)

=S S ]

(¢)Direct pathway
So

3.0 : 5
Reaction coordinate

Reaction coordinate

Reaction coordinate

Fig. 10 Potential energy surfaces at the MRCI level of calculation for the three pathways: (a) the to* pathway; (b) the nn* pathway and (c) the
direct pathway. The circles indicate the positions of the conical intersections. The vertical arrow in each panel represents the optical excitation from
the potential minimum of the S, state to the 'L, nn*. The origin of the energy is the potential minimum of S,.
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The main coupling modes are extracted from the A-vector

for each conical intersection. The active coupling for the
activation stage of the mo™* pathway is dominated by the
out-of-plane normal mode vy, while the active coupling for
the nm* pathway is distributed among many normal modes.
We proposed a scenario to enhance a specific pathway; single
vibronic levels involving different active coupling modes can
be selectively prepared by IR-UV double resonance.
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