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Abstract We performed a theoretical investigation, at the
CC2/aug-cc-pVDZ level, of the ring-deformation mecha-
nisms of four guanine tautomers (oxo, hydroxy, N9H, and
N7H). The study showed that the optimized conical inter-
sections Sy/S, are accessible through the '7t7r* excited states
of tautomers. The optimized conical intersections Sy/Si,
which show deformation at the pyrimidine ring, have high
energies. This means that the relaxations of the '7t7t* excited
states via internal conversion are disfavored. For two tau-
tomers we found crossing points '7r7t*/!to* of the excited-
state reaction paths, revealing the possibility of a population
of the 'm0 excited state by the '7t7r* excited state.

Keywords CC2 calculation - Conical intersection -
Excitation energy - Excited state - Guanine

Introduction

Guanine is a major building block in nucleic acid macro-
molecules. Among the five nucleobases present in DNA and
RNA, cytosine and guanine show tautomerism and tauto-
meric forms in the gas phase, whereas uracil, thymine, and
adenine exist only as single tautomers [1-6]. The most
significant tautomeric conversion is the oxo-hydroxy con-
version [1]. N9H and N7H tautomers of oxo and hydroxy
guanine have been observed by Nir and Choi [2, 7].

The thermodynamic stability of tautomers of guanine has
been the subject of many theoretical papers [2, 8, 9]. A
theoretical investigation by Plekan et al. [1] at the MP2,
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CCSD, and CCSD(T) theoretical levels, revealed that the
N7H oxo guanine tautomer is the most stable form in the
ground state. The stability of this tautomer in the gas phase
is kept even at 600 K [1].

Nucleic acid bases are major chromophores in nucleic acid
macromolecules. The photostability of pyrimidine nucleo-
bases has been explained by the ultrafast deactivation of
excited states through deformation of aromatic rings at C=C
bonds, i.e., twisting [10~14]. The driven state is the '7r7r*
excited state, which leads to conical intersections So/S; [13,
14]. Recently, Yamazaki et al. [15] reported barrierless deac-
tivation paths of the '77* excited state of the biologically
relevant N9H oxo guanine tautomer. They found a conical
intersection So/S; mediating this process. The geometry of the
conical intersection is highly deformed at the amino group of
the compound [15]. Unfortunately, the mechanisms of ring
deformations of the remaining tautomers (oxo, hydroxy, N9H,
and N7H) are still unknown. Nevertheless, we suppose that
the driven state in these tautomers is '7r7r*.

The purpose of the current research was to investigate the
deactivation mechanisms of the guanine tautomers connected
with deformation of the purine ring. Clarification of this
problem requires optimization of the conical intersections
So/S; mediating excited-state relaxation processes.

Computational methods

The ground-state equilibrium geometries of all planar tau-
tomers of guanine were optimized at the coupled-cluster
CC2 level using aug-cc-pVDZ basis functions (for calcula-
tion of vertical excitation energies) and at the CASSCF
(6,6)/6-31G* level [for the linear interpolation in internal
coordinates (LIIC) approach—excited-state reaction paths].
The equilibrium geometries of the '7t7r* excited states of the
tautomers were also found at the CC2 level. The emission
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energy is defined as the energy gap between the '7i7r* state
equilibrium geometry and the ground state at the 'rrrr*
optimized structure.

The structures of the conical intersections and their gra-
dient difference (GD) and derivative coupling (DC) vectors
were found at the CASSCF(6,6)/6-31G* level. These vec-
tors of each conical intersection were used to generate 49
geometries (points) on the narrow grid by displacement
from the conical intersection geometry. The generated struc-
tures and their Sy and S; energies were used to construct
adiabatic surfaces (W, and W,) around the conical intersec-
tions. The Sy and S; energies for the construction of the
adiabatic surfaces were calculated at the CASSCF(6,6)/6-
31G* level to be consistent with the level of optimizations
of the conical intersections. All CASSCF calculations were
performed with two state-averaging states (S; and '7t7r¥).

For the generation of structures on the narrow grid around
the conical intersections, we orthogonalized the vectors
¢=2GD and h=DC using Yarkony’s procedure [16]. The struc-
tures on the narrow grid were generated using displacements of
0.3 eV. The quasi-diabatization of the ab initio energies were
performed by the procedure described in the paper of Woywod
[17]. The quasi-diabatic wavefunction U is obtained by the
equation ¥ =STy (U- adiabatic wavefunction). In fact, the
quasi-diabatic potentials V.,V and V., , are calculated by
the equation
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reEreseﬁtation. They are expressed by the GD and DC vectors.

To maintain the limited active space (6/6) for the compu-
tations is critical to obtaining the optimized structures of
conical intersections. Our experience shows that larger ac-
tive spaces for conical intersection optimizations enhance
the flexibility of the wavefunction and the changeability of
the active space. Such optimizations lead to failures of the
optimizations. The active orbitals of the N7H-oxo tautomer
of guanine and its conical intersection Sy/S; with the de-
formed purine ring are depicted in Fig. 1.

All active orbitals are 7/7t*-MO. We did not include other
orbitals, e.g., n- or 0-MO, since it is known [10, 13, 14] that
deformations of the aromatic rings lead to lowering of the
energies of the trt™ excited states. At the CASSCEF level we
are interested only in these states, especially near the conical
intersections.
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Fig. 1 Active orbitals of the ground-state equilibrium geometry of
N7H-oxo tautomer of guanine and its conical intersection Sy/S; with
the deformed purine ring

The LIIC approach was used to interpolate between a
given ground-state minimum geometry and a certain conical
intersection using the CC2//CASSCF protocol and aug-cc-
pVDZ basis set: CC2 single-point computations with the
CASSCF structures along the reaction coordinate. Each
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internal coordinate Q; of a given intermediate structure was
found by the equation:

Qi = Qi(c) +&.[Qi(ci) — Qi(¢)], 3)

where Q;(c) is the i-th coordinate of the initial structure
(ground-state equilibrium geometry ), whereas Qj(ci) is the
same coordinate of the Sy/S; conical intersection; ¢ is an
interpolation parameter. The interpolation parameter is either
0 (at the ground-state minimum geometry) or 1 (at the conical
intersection). Second-order approximate coupled cluster sin-
gles and doubles (CC2) computations (aug-cc-pVDZ basis
functions) were performed with the TURBOMOLE program
system [18, 19]. CASSCF calculations were carried out with
the GAUSSIAN 03 program package [20].

Results and discussion
Equilibrium geometries of the Sy and '77r* states

The current study focused on the oxo, hydroxy, and
NOH/N7H tautomers of guanine. The CC2-optimized equi-
librium geometries of the Sy and '77* electronic states of
guanine tautomers are presented in Fig. 2.

As can be seen, the ground-state equilibrium geometries
are planar. Only the hydrogen atoms of the amino group
deviate from the molecular plane. The '7rr* excited-state
equilibrium geometry of tautomer A is also planar.
Moreover, the hydrogen atoms of the amino group lie in
the molecular plane. It was found that the bond lengths of
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the pyrimidine ring are elongated as compared to the
ground-state structure. One exception is the N;—C, bond,
which is shorter in the excited state. The N-C bonds of the
imidazole ring are longer in the excited state than in the
ground state. Identical geometry changes in the excited state
show also tautomer D.

As compared to the ground state, the '7t7t* excited-state
equilibrium geometry of tautomer B is highly deformed at
the pyrimidine residue of the molecule. The N-C bonds in
the pyrimidine ring are longer in the excited state than in the
ground state. Both states show almost the same length of
C,—NH, bond. This excited-state equilibrium geometry is
obtained despite the planar structure that was the starting
point of the optimization. As can be seen, the '7r7r* excited-
state equilibrium geometry of tautomer C is also the same.

Vertical excitation energies and emission energies

The calculated vertical excitation energies of tautomers of
guanine, found at the CC2/aug-cc-pVDZ level, are listed in
Table 1.

The data show that the low-lying excited state of all
tautomers is the spectrosopically active 'm7r* excited state.
For tautomers A, B and D, the 'n7t* excited state has higher
energy than the '7to* excited state. Furthermore, among the
five lowest excited states of tautomer C, the In7r* excited
state is missing. The '7t7c* emission energy of tautomer A is
3.808 eV, which is a reduction of 0.627 ¢V as compared to
the vertical excitation energy. The emission energy of tau-
tomer B is very low (0.206eV) ,which shows that the '7r7r*

Fig. 2 CC2-equilibrium geometries of the electronic states Sq and '77* of guanine tautomers
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Table 1 Vertical excitation energies of guanine tautomers A—D

A B C D
State eV State eV State eV State eV

lmex 4435 lma* 4755 lmr* 4882 lma* 4.746
Ino*  5.042  lmo*  5.064 lmo* 4958 lmo*  5.113
nm* 5059 'nn* 5159 mo* 5294 lze* 5391
Ino* 5350  lmo* 5359  lme* 5306 lnn*  5.395
Iinx 5593 gt 5460 'mn* 5368 lmo*  5.486

excited-state equilibrium geometry of tautomer B is
situated near a conical intersection S¢/S;. The '77r*
emission energy of tautomer C is 0.720eV., indicating
that the minimum of the tautomer is also situated near a
conical intersection Sy/S;. Obviously, tautomers B and
C should show a large Stocks shift in the fluorescent
spectrum.

Conical intersections

For each tautomer we optimized three conical intersec-
tions at the CASSCF(6,6)/6-31G* level. For tautomer A
we found only two conical intersections connected with
deformation of the aromatic ring. As an initial structure,
we used the deformed guanine tautomers, which resem-
ble the well known conical intersections Sy/S; of py-
rimidine nucleobases [10, 11]. Our intuition orientated
us to look for conical intersections showing deformation

of the imidazole ring. All geometries of the optimized
conical intersections are depicted in Fig. 3.

As clear from the Introduction, a typical conical intersec-
tion Sy/S; of cytosine shows deformation of the pyrimidine
ring at the NH, group [10]. Despite our best attempts, we
were unable to find such a conical intersection of tautomer
A of guanine.

The conical intersections Sy/S; connected with a defor-
mation of the imidazole ring are designated with a subscript
‘1’, whereas those showing deformation of the pyrimidine
ring have the subscript 2.

In order to prove that the conical intersections Sy/S; are
real intersection points between the potential energy surfa-
ces (PESs) of the Sy and S; states, we investigated the
adiabatic PESs W, and W5, in a restricted area around each
conical intersection. For a limited number of conical inter-
sections, the potentials W; and W, were found, because of
the flexibility of the wavefunction and the inconsistency of
the active space 6/6. In these cases, where this approach
failed, we calculated the adiabatic potentials W} and W,
using the normal modes of the ground state equilibrium
geometries. The corresponding quasi-diabatic potentials
are designated by V], and V,,. All PESs are presented
in Fig. 4.

The constructed PESs showed that the conical intersec-
tions are the real mediators between the Sy and S; excited
states. Moreover, the adiabatic surfaces allow the reaction
path on the PES of S, state after the internal conversion
through the conical intersection to be traced. The adiabatic

Fig. 3 Conical intersections So/S; of tautomers of guanine found at the CASSCF(6,6)/6-31G* level
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Fig. 4 CASSCEF adiabatic and quasi-diabatic potential energy surfaces (PESs) round the conical intersections of tautomer (a) A, (b) B, (¢) C, and
(d) D of guanine

and quasi-diabatic surfaces of the conical intersection Clp,  active space near the conical intersection Clp,; (2) closely
are rather folded and wavy. There are two explanations for  situated minima and maxima of the electronic states in the
this finding: (1) flexible wavefunction and changeable  studied area of the branching space.
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Fig. 4 (continued)

Excited-state reaction paths

In order to understand whether the conical intersections
are accessible through some excited state we performed
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LIIC between the ground-state equilibrium geometries of
the tautomers and the conical intersections Sy/S;, both
optimized at the CASSCF(6,6) level. The adiabatic en-
ergies of the electronic states along the reaction
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coordinate were calculated by the CC2//CASSCF/aug-
cc-pVDZ protocol.

The excited state reaction paths of tautomer A are illus-
trated in Fig. 5a. The '7rt* excited-state reaction path leads
to the conical intersection CI; passing by a low energy
barrier of 0.77¢V (74 kl.mol™"). With regard to the ap-
proach used, the 'mo* and 'nymr* excited-state reaction
paths show an increase in energy. They have higher energies
than the '7t7r* excited-state reaction path. Figure 5b shows
that the conical intersection Cl,; is accessible by the e
excited-state reaction path. This mechanism implies a

(o)

Erel (eV)

EreI (EV)

Fig. 5 Excited-state reaction paths of the transformations (a) A—Cl,,
and (b) A—ClI,,. The CC2-energy of tautomer B (—541.209822 a.u.)
is used as a reference value in calculating E

radiationless relaxation of the spectroscopically active
7% excited state vie internal conversion through the con-
ical intersection Cla,. The latter has higher energy than the
energy of the conical intersection Cl,;. Moreover, the Lrore*
excited-state reaction path shows two shallow minima sep-
arated by a low maximum. Both mechanisms in Fig. 5
indicate that tautomer A of guanine is photostable.
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Fig. 6 Linearly interpolated reaction paths of the electronic states
between (a) Sp and S; (‘7t7¥) and (b) Sp and S, (‘7to*). Solid circles
Position of the optimized equilibrium geometries. The reaction coor-
dinates are extrapolated in two directions: €<0 and >1. The CC2-
energy of tautomer B (—541.209822 a.u.) is used as a reference value
for the calculation of E
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Fig. 7 Excited-state reaction paths for the transformations (a) B—Clg, Fig. 8 Excited-state reaction paths of the transformations (a) C—Cl,
(b) B—Clg;, and (¢) B—Clg,. The CC2-energy of tautomer B (b) C—Cl¢y, and (¢) C—Clc,. The CC2-energy of tautomer B
(—541.209822 a.u.) is used as a reference value for the calculation of E,; (—541.209822 a.u.) is used as a reference value for the calculation of E,;
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With the optimized equilibrium geometries of the Sy and
!7tm* excited states of tautomer A (CC2/aug-cc-pVDZ) we
performed LIIC in order to check for the possibility of a
population of higher-energy levels. The result is illustrated
in Fig. 6a. The population of the 'ny7r* excited state occurs
via conical intersection with high energy (¢~—0.9).

Figure 6b depicts the results from the LIIC between the
equilibrium geometries of the Sy and '7to* electronic states.
The curves show again that the population of the 'ny7r*
excited state occurs via conical intersection with high ener-
gy (2—0.9). As seen, the energy curve of the 'ny7r* excited
state crosses the excited-state reaction paths of almost all
excited states. In other words, the crossing points indicate
the possibility of a switch between excited states.

The excited-state reaction paths of the ring deformation
mechanisms of tautomer B are given in Fig. 7. As can be
seen, the internal conversion of the Lt excited state
through the conical intersection Clg leads to the stabilization
of the ground state of this tautomer. The energy curve does
not show an energy barrier and implies a fs-relaxation of the
excited state to the ground state. The '7to* excited-state
reaction paths show an increase in energy along the reaction
coordinates. For this approach, in the Franck-Condon region
of the reaction coordinates, the energy of the lower-lying
!710* excited state is close to that of the '7t7* excited state.

The LIIC approach showed that the 'mt7t* excited-state
reaction paths of the transformation B—Clg; passes through
a low energy barrier of 0.39eV (38 klJ.mol '). Otherwise,
this reaction path also shows that this guanine tautomer
should be photostable with respect to the proposed '7r7r*
deactivation channel.

Figure 7c shows that the energy of the conical intersec-
tion Clp; is almost equal to that of the L7t excited-state in
the Franck-Condon area. The excited-state reaction path of
this excited state leads to the conical intersection Clg, and
shows a very low energy barrier near the conical intersec-
tion. The mechanism implies a competitive fluorescent tran-
sition and an internal conversion through the conical
intersection.

The excited-state reaction paths of the deformation mech-
anisms of tautomer C are illustrated in Fig. 8. They are very
similar to those of tautomer B. The 'to* excited-state reaction
path shows a difference: it crosses the '7tr* excited-state
curve and in this way indicates the possible existence of a
population of the '7to* excited state of tautomer C.

Similar results were obtained for tautomer B (Fig. 9). A
crossing between the '7to* and '7t7* excited state was found
only for the transformation D—Clp;. In the remaining cases,

Fig. 9 Excited-state reaction paths of the transformations (a) D—Clp, p

(b) D—Clp;, and (¢) D—Clp,. The CC2-energy of tautomer B
(—541.209822 a.u.) is used as a reference value for the calculation of E .
The x-points in the gray field were found by graphical interpolation

Erel (eV)

Erel (eV)

Erel (eV)
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the '7to* excited state has higher energy than the '7i7e* state.
The transformation D—Clp; is hindered by the high energy of
the conical intersection Clp,. In other words, this deformation
either does not occur or occurs at a very low rate compared to
the transformation D—Clp,.

The observed energy gaps between the two electronic
states at the conical intersections are expected because of
switching from the CASSCF to the CC2 method. Perhaps
the conical intersections at the CC2 level are left- or right-
shifted along the concrete reaction coordinate. Unfortunately,
the CC2 method cannot optimize the structures of the conical
intersections.

Conclusions

This study of deformation mechanisms showed that the con-
ical intersections So/S; are accessible through the '7t7r* excit-
ed states of tautomers. The barrierless excited-state reaction
paths for the deformations of tautomers at the amino group
were determined. Obviously, these represent the ultrafast de-
activation channels of guanine tautomers. Analysis of the
linearly interpolated reaction paths showed that the tautomers
of guanine should be photostable when exposed to UV light.
The constructed adiabatic and quasi-diabatic PESs around
each conical intersection revealed the nature of the conical
intersections and showed that they are real mediators between
the two electronic states, Sy and S;, responsible for internal
conversion processes. The conical intersections of the pro-
cesses of deformations at the pyrimidine ring have very high
energies, commensurable with the excitation energies of the
!7tr* excited states of tautomers. This means that these mech-
anisms are energetically disfavored. For tautomers C and D,
crossings '7t7%/' o™ were found. These are potential “switch-
points” through which the 'mto* excited states can be popu-
lated. Further, these states could participate in the photoin-
duced dissociation-association (PIDA) mechanism [21, 22]
that explains the NH- and OH-dissociations in tautomers.
These mechanisms will form the subject of further research.
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