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Theoretical investigations were performed to study the phenomena of ground and electronic excited state
proton transfer in the isolated and monohydrated forms of guanine. Ground and transition state geometries
were optimized at both the B3LYP/6-311++G(d,p) and HF/6-311G(d,p) levels. The geometries of tautomers
including those of transition states corresponding to the proton transfer from the keto to the enol form of
guanine were also optimized in the lowest singletππ* excited state using the configuration interaction singles
(CIS) method and the 6-311G(d,p) basis set. The time-dependent density function theory method augmented
with the B3LYP functional (TD-B3LYP) and the 6-311++G(d,p) basis set was used to compute vertical
transition energies using the B3LYP/6-311++G(d,p) geometries. The TD-B3LYP/6-311++G(d,p) calculations
were also performed using the CIS/6-311G(d,p) geometries to predict the adiabatic transition energies of
different tautomers and the excited state proton transfer barrier heights of guanine tautomerization. The effect
of the bulk aqueous environment was considered using the polarizable continuum model (PCM). The harmonic
vibrational frequency calculations were performed to ascertain the nature of potential energy surfaces. The
excited state geometries including that of transition states were found to be largely nonplanar. The nonplanar
fragment was mostly localized in the six-membered ring. Geometries of the hydrated transition states in the
ground and lowest singletππ* excited states were found to be zwitterionic in which the water molecule is
in the form of hydronium cation (H3O+) and guanine is in the anionic form, except for the N9H form in the
excited state where water molecule is in the hydroxyl anionic form (OH-) and the guanine is in the cationic
form. It was found that proton transfer is characterized by a high barrier height both in the gas phase and in
the bulk water solution. The explicit inclusion of a water molecule in the proton transfer reaction path reduces
the barrier height drastically. The excited state barrier height was generally found to be increased as compared
to that in the ground state. On the basis of the current theoretical calculation it appears that the singlet electronic
excitation of guanine may not facilitate the excited state proton transfer corresponding to the tautomerization
of the keto to the enol form.

1. Introduction

Guanine is one of the most important building blocks of
nucleic acid in living systems. It has the maximum number of
minor tautomers in different environments and is the most
reactive site for oxidative damages. Therefore, it is not surprising
that guanine has been the subject of numerous experimental1

and theoretical2 investigations. Both experimental and theoretical
methods have predicted the existence of several tautomers in
the gas phase and in aqueous media.1,2 There is some contradic-
tion in the relative stability of guanine tautomers in the ground
state. It has been shown that the basis set has an appreciable
effect on the relative stability of the different tautomers of
guanine.2h Thus, at the MP2/6-31G(d,p) level the keto-N7H form
of guanine is predicted to be the most stable in the gas phase,
but at the MP2/6-311G(d,p)//MP2/6-31G(d,p) level the keto-
N9H form is revealed to be the most stable tautomer.2h However,
at the MP2/6-311++G(df,pd)//MP2/6-31G(d,p) level, the enol-
N9H form of guanine is found to be the most stable tautomer
in the gas phase.2h

Recently, several high levels of spectroscopic investigations
were performed on guanine and its derivatives in the supersonic

jet expansion to unravel the structural and dynamical properties
of the molecule.3 Although the guanine absorbs the UV-radiation
efficiently, the quantum efficiency of emission is very poor.1d

The most parts of the absorbed radiation are released in the
form of nonradiative processes, which are generally believed
to be internal conversion in the subpicosecond time scale.1a,4

The existence of up to four tautomers of guanine has been
detected in the supersonic beam experiments.5 Recently ap-
pearing results from two groups are worth mentioning in this
context. Nir et al.5a have performed a jet-cooled spectroscopic
study on guanine and suggested the existence of three tautomers,
namely, enol-N9H (32870), keto-N7H (33274), and keto-N9H
(33914) of the molecule. Mons et al.5b have performed a similar
study on guanine and have shown the existence of four
tautomers, namely, enol-N7H (32864), keto-N7H (33269), keto-
N9H (33910), and enol-N9H (34755). The numbers in paren-
theses for both of the above-mentioned studies are the spectral
origin (0-0 transition) for the lowest singletππ* excited state.
Therefore, these results are not consistent with respect to the
spectral origin of enol tautomers. To resolve this ambiguity,
one has to optimize the ground and lowest singletππ* excited
state geometries of all four tautomers of guanine. Further, the
excited state geometries of complex molecule like guanine* Corresponding author. E-mail: jerzy@ccmsi.us.
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cannot be determined experimentally. Ony a few theoretical
calculations based on single reference methods are available.6

These investigations have suggested the nonplanar excited state
geometries of guanine tautomers.

Theoretically, the ground state barrier height corresponding
to the keto-enol tautomerization of the guanine is predicted to
be very high.2b,7The presence of a water molecule in the proton-
transfer reaction path is found to reduce the barrier height of
proton transfer very significantly.2b,7 The barrier height of the
proton transfer in the excited state of guanine has not yet been
investigated. This type of study is very significant, because in
some model systems the proton transfer in the excited state is
predicted to proceed through a significantly low barrier or to
be even barrierless.8 In this paper, we have used the TD-DFT
method9 using the B3LYP functional in combination with the
CIS method10 to resolve the ambiguity of the spectral origin of
guanine tautomers. Further, excited state proton transfer and
the effect of hydration on the proton-transfer barrier height in
the gas phase and in the bulk water solution are also investigated.

2. Computational Details

The ground state geometry of four tautomers of guanine (keto-
N9H, keto-N7H, enol-N9H, and enol-N7H), their monohydrated
forms, and the transition states corresponding to the proton
transfer from the keto to the enol form were optimized at the
B3LYP level using the 6-311++G(d,p) basis set. The geom-
etries in the lowest singletππ* electronic excited states were
optimized at the CIS level using the 6-311G(d,p) basis set. To
compare with the excited state geometrical parameters, the
ground state geometries were also optimized at the HF/6-311G-
(d,p) level. The nature of potential energy surface was ascer-
tained using the harmonic vibrational frequency analysis. The
vertical singlet electronic transition energies of different tau-
tomers were computed using the TD-DFT method employing
the B3LYP functional and the 6-311++G(d,p) basis set using
the DFT optimized ground state geometries. To compute
adiabatic transition energies, the vertical transition energy
calculation were also performed at the TD-B3LYP/6-311++G-
(d,p) level using the excited state optimized geometries. The
effect of aqueous solution on the ground and excited state
energies were considered using the polarizable continuum
(PCM) model.6c,11 All calculations were performed using the
Gaussian 03 suite of programs.12 The molecular orbitals were
visualized using the Molekel program.13

3. Results and Discussion

The ground state geometries of guanine tautomers namely
keto-N9H, keto-N7H, enol-N9H, and enol-N7H are revealed
to be planar, except for the amino group, which is pyramidal.2

The atomic numbering scheme of guanine is presented in the
Figure 1. Guanine has been subject of several experimental and
theoretical investigations in the ground state.1e,2 Therefore, we
will discuss here mainly excited state properties such as
electronic transitions, the transition state in the excited state,
and geometries.

3.1. Relative Stability and Electronic Transitions. The
ground state geometries of the four tautomers of guanine namely
keto-N9H, keto-N7H, enol-N9H, and enol-N7H (see Figure 1
for the atomic numbering schemes) were optimized at the HF/
6-311G(d,p) and B3LYP/6-311++G(d,p) levels. The relative
total energy of tautomers in the gas phase and in water solution
at the B3LYP/6-311++G(d,p) level is presented in the Table
1. It is evident from Table 1 that the keto-N7H tautomer is the
most stable in the gas phase and the keto-N9H tautomer is the

most stable in the water solution. A large destabilization of the
stability of the enol-N9H tautomer was revealed in going from
the gas phase to aqueous solution. These results are in agreement
with different experimental and theoretical results, suggesting
the preferential stability of the keto-N7H tautomer in the gas
phase and the keto-N9H tautomer in the water solution.1i,j,2,6c

The computed vertical singlet transition energies correspond-
ing to the lowest twoππ* and lowest nπ* transitions of the
keto-N9H and keto-N7H tautomers of guanine obtained at the
TD-B3LYP/6-311++G(d,p)//B3LYP/6-311++G(d,p) level are
shown in the Table 2. The experimental transition energies1d,2a,i,14

and transitions computed at the CASPT2 level15 are also shown

Figure 1. Atomic numbering schemes in guanine (keto-N9H). The
keto-N7H, enol-N9H, and enol-N7H tautomers of guanine can be
obtained by moving H9 hydrogen to N7 site, H1 hydrogen to the O6
site, and H1 hydrogen to the O6 site of the keto-N7H tautomer,
respectively.

TABLE 1: Relative Energy (∆E, kcal/mol) and Adiabatic
Transition Energy (0-0 Transition, cm-1) for the Lowest
Singlet ππ* Excited State of Guanine Tautomers in the Gas
Phase and in Aqueous Solutiona

∆E adiabatic transition energy

tautomer gas water gas water experimental

K-N9H 0.0 0.0 34866 36746 33910
K-N7H -0.44 0.53 35820 36555 33269
E-N9H 1.27 7.00 36509 36000 34755
E-N7H 4.21 8.44 34177 34550 32864

a Ground state energies are at the B3LYP/6-311++G(d,p) level,
adiabatic transition energies are at the TD-B3LYP/6-311++G(d,p)//
CIS/6-311G(d,p) level (for detailed explanation see text), effect of water
solution was modeled using PCM model, and for the experimental
adiabatic transition energies, see ref 5b.

TABLE 2: Computed and Observed Transition Energies
(∆E) and Oscillator Strengths (f) of the keto-N9H and
ket-N7H Tautomers of Guanine in the Gas Phase and in
Water Solution at the TD-B3LYP/6-311++G(d,p)//B3LYP/
6-311++G(d,p) Level

gas phase water solution

∆E f ∆E f
CASPT2/CASSCFa

∆E1/∆E2/f
observedb

∆E

keto-N9H
ππ* transitions
4.88 0.1219 4.82 0.1441 4.76/6.08/0.113 4.4-4.6
5.18 0.2241 5.18 0.3626 5.09/6.99/0.231 4.8-5.1
nπ* transitions
5.30 0.0017 5.64 0.0001 5.79/6.22 5.21

keto-N7H
ππ* transitions
4.62 0.1121 4.54 0.1481
5.37 0.0972 5.39 0.1828
nπ* transitions
5.06 0.0004 5.35 0.0009

a ∆E1 is the CASPT2 and∆E2 is the CASSCF energy.15 b Observed
experimental range of transition energies.1d,2a,i,14
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in the same table for the comparison. In the case of the keto-
N9H tautomer, the TD-B3LYP method predicts first singletππ*
transition near 4.8 eV and second transition near 5.2 eV in the
water solution (Table 2). The intensity of the second transition
is larger than that of the first transition. Different experimental
investigations suggest that the first transition of guanine is in
the range 4.4-4.6 eV, with the second transition observed in
the range 4.8-5.1 eV. The intensity of the first transition is
weaker than the intensity of the second transition. The CASPT2
computed transition energies are predicted near 4.8 and 5.1 eV.15

Therefore, our computed transition energies are in good agree-
ment with the experimental data and the CASPT2 results. Our
calculation has suggested the existence of the lowest singlet
nπ* transition near 5.3 eV in the gas phase and near 5.6 eV in
the water solution of guanine. Experimentally, Clark has
tentatively suggested the existence of the first nπ* transition
near 5.2 eV in guanine.14c With regard to the keto-N7H
tautomer, the first two singlet verticalππ* transitions are
predicted near 4.6 and 5.4 eV in the gas phase and near 4.5 and
5.4 eV in the water solution. Thus, the lowest singlet vertical
ππ* transition of the keto-N7H tautomer in the gas phase and
in water solution is red-shifted than the corresponding transition
of the keto-N9H tautomer. This prediction is in agreement with
the experimental result that the first absorption band of
7-methylguanine is about 10 nm red-shifted than the corre-
sponding absorption band of the guanosine monophosphate
(GMP).16 An elaborated description of several absorption
transitions of guanine can be found in our recent publication
where a detailed study about vertical transitions of nucleic acid
bases obtained at the TD-DFT level with different large basis
sets including several sets of diffuse functions are reported.2i

The computed adiabatic transition energies of the guanine
tautomers corresponding to the lowest singletππ* excited state
in the gas phase and in water solution are also presented in the
Table 1 along with the experimental data in the gas phase.5b

The adiabatic transition energies were obtained by taking the
energy difference between the separately optimized ground and
excited state geometries at the B3LYP/6-311++G(d,p) and TD-
B3LYP/6-311++G(d,p)//CIS/6-311G(d,p) levels, respectively.
There appears to be a qualitative agreement between the
theoretical and experimental data. The theoretical prediction that
the enol-N9H tautomer would have the largest and the enol-
N7H tautomer would have lowest adiabatic transition energy
is in agreement with the experimental data. The disagreement
is revealed with respect to the keto tautomers. The experimental
results suggest that the keto-N9H tautomer has a larger adiabatic
transition energy than the keto-N7H tautomer; the contradictory
result is revealed by the theoretical calculation in the gas phase
(Table 1). It should be noted that the CIS method was used for
the excited state geometry optimization and the TD-DFT method
was used to compute the adiabatic transition energies utilizing
the CIS optimized excited state geometries of guanine tautomers.
Further, the computed accuracy of the TD-DFT method is
generally in the range of 0.3-0.5 eV. Therefore, in view of the
limitation of theoretical methods used in the present work, the
theoretical predication can be regarded as in good agreement
with the corresponding experimental data.

3.2. Proton-Transfer Barrier Height. The computed proton-
transfer barrier heights corresponding to the proton transfer from
the keto to the enol tautomeric form in the gas phase and in
water solution is shown in the Table 3. The proton-transfer
barrier heights in the gas phase and in water solution were also
computed by the inclusion of a water molecule in the proton-
transfer reaction path. This table indicates that the ground state

tautomerization of guanine in the gas phase is characterized by
a very high energy barrier. This result is in agreement with other
theoretical results.2b,7 The inclusion of bulk aqueous solvation
using the polarizable continuum model (PCM) further increases
the tautomerization barrier height in the ground state. The
inclusion of a single water molecule in the proton transfer
reaction significantly reduces the gas phase ground state barrier
height. However, the bulk aqueous solvation of the monohy-
drated system does not have a significant effect on the
tautomerization barrier height in the ground state. On the other
hand with few exceptions, the tautomerization barrier height
was revealed to be increased in the lowest singletππ* excited
state both in the gas phase and in aqueous medium. Therefore,
on the basis of the current theoretical calculation it appears that
the singlet electronic excitation of guanine may not facilitate
the excited state proton transfer corresponding to the tautomer-
ization of the keto to the enol form.

3.3. Ground State, Excited State, and Transition State
Geometries. Some selected geometrical parameters (amino
group angles and some dihedral angles) of guanine tautomers
in the ground, lowest singletππ* excited, and transition states
are shown in the Table 4. Ground state geometries of guanine
tautomers were revealed to be planar except for the amino group,
which was found to be pyramidal. This is in agreement with
numerous theoretical calculations on the guanine at different
levels of theory.2b,g,h,7The deviation of amino angles from the
planarity (360° - ΣHNH) is a measure of the pyramidalization
of the amino group. At both of the B3LYP/6-311++G(d,p) and
HF/6-311G(d,p) levels of the calculation, the amino group of
the keto-N7H tautomer is revealed to have the highest and the
enol-N9H tautomer has the lowest pyramidal character (Table
4). The ground state geometrical parameters at the HF/6-311G-
(d,p) and B3LYP/6-311++G(d,p) levels are generally revealed
to be similar (Table 4). It should be noted that earlier
investigations have suggested that the ring geometry of nucleic
acid bases are flexible and the predicted values of amino group
dihedral angles are basis set and method dependent.2b The
geometry of guanine in the lowest singletππ* excited state is
highly nonplanar and the nonplanarity is mainly localized at
the C6N1C2N3 fragment of the six-membered ring.6 Further,
in the lowest singletππ* excited state, the keto-N9H tautomer
has the largest amino group pyramidalization among all four
tautomers, which is evident from the amount of deviation of
amino angles from the planarity (Table 4). The geometry of
tautomers in the lowest singletππ* excited state is shown in
Figures 2 and 3 along with bond length parameters in the ground
and excited state. Geometry is twisted along the N1C2 bond;
the N1, C2, and C6 atoms are significantly out-of-plane. Selected
ring dihedral angles and amino group angles computed at the

TABLE 3: Computed Barrier Height (kcal/mol) for
Guanine Corresponding to the Keto-Enol Tautomerism in
the Ground and the Lowest Singletππ* Excited State
Obtained at the B3LYP/6-311++G(d,p) and TD-B3LYP/
6-311++G(d,p)//CIS/6-311G(d,p) Level, Respectively in the
Gas Phase and in Water Solution

ground state excited state

species gas water gas water

keto-N9Hf TS-N9H 37.5 45.2 42.9 45.7
enol-N9Hf TS-N9H 36.3 38.2 36.9 40.8
keto-N7Hf TS-N7H 40.6 46.5 36.8 41.4
enol-N7Hf TS-N7H 35.9 38.5 36.8 39.3
keto-N9H.H2Of TS-N9H‚H2O 15.9 16.7 19.8 18.3
enol-N9H.H2Of TS-N9H‚H2O 12.8 10.4 12.8 13.5
keto-N7H.H2Of TS-N7H‚H2O 17.3 17.1 13.9 13.5
enol-N7H.H2Of TS-N7H‚H2O 12.0 10.2 13.4 11.2
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HF/6-311G(d,p) and CIS/6-311G(d,p) levels in the ground and
excited states are shown in Table 4 for the comparison. Here it
should be noted that the CIS method is the HF analogue for
the excited state.10 In going from the ground state to the excited
state, the dihedral angles N3C2N1C6, C4N3C2N1, C6C5C4N3,
and C5C6N1C2 are changed in the range 18-65°. Similar
changes were also found for the keto-N7H tautomer in the
excited state. However, the amount of such change is smaller
than that in the keto-N9H tautomer. The geometries of enol
tautomers in the excited state were revealed to be planar. In is
interesting to note that though the amino group is pyramidal in
the ground state, it is also revealed to be planar in the excited
state.

Selected geometrical parameters (amino angles and dihedral
angles) of transition states, TS-N9H, and TS-N7H corre-

sponding to the proton transfer from the keto-N9H form to the
enol-N9H form and from the keto-N7H form to the enol-N7H
form, respectively, in the ground and lowest singletππ* excited
state are also shown in Table 4. The geometries of transition
states in the excited state are shown in Figures 2 and 3 along
with the corresponding bond distances in the ground and excited
state. The structures of transition states for the hydrated
tautomers, where a water molecule was placed in the proton-
transfer reaction path, are also shown in the same figures.
Transition state geometries in the ground state are planar except
for the amino groups for both the isolated and hydrated forms,
except for a hydrogen atom attached to the water molecule that
is away from the molecular plane. The geometries in the lowest
singlet ππ* excited state were revealed to be appreciably
nonplanar in the six-membered part of the ring for both the

Figure 2. Lowest singletππ* excited state geometries of the keto-N9H, enol-N9H, and transition state TS-N9H corresponding to the proton
transfer from the keto to the enol tautomer in the isolated and monohydrated guanine in the gas phase. The top and bottom indices correspond to
the ground and excited state obtained at the HF/6-311G(d,p) and CIS/6-311G(d,p) levels, respectively.

TABLE 4: Some Selected Geometrical Parameters of Guanine Tautomers and Transition States in the Ground and Lowest
Singlet ππ* Excited State at the HF/6-311G(d,p) and CIS/6-311G(d,p) Level. Parameters in Parentheses are Obtained at the
B3LYP/6-31++G(d,p) Level

keto-N9H keto-N7H enol-N9H enol-N7H TS-N9H TS-N7H

parameter S0 S1 S0 S1 S0 S1 S0 S1 S0 S1 S0 S1

H21N2C2 117.9 115.3 116.8 117.3 116.9 119.7 116.6 119.6 118.5 118.9 118.0 118.9
(118.2) (117.7) (117.3) (117.3) (118.5) (118.5)

H22N2C2 113.8 112.7 112.5 114.1 116.7 119.1 115.8 119.0 116.6 118.1 115.7 117.8
(113.8) (112.7) (117.1) (116.4) (116.4) (115.8)

H21N2H22 115.0 111.4 113.8 114.5 118.0 121.2 117.3 121.4 118.1 119.2 117.5 119.4
(114.7) (114.0) (118.2) (117.8) (117.6) (117.5)

360- ΣHNH 13.3 20.6 16.9 14.1 8.4 0.0 10.3 0.0 6.8 3.8 8.8 3.9
(13.3) (15.6) (7.4) (8.5) (7.5) (8.2)

N3C2N1C6 -0.6 -64.0 -0.5 -45.1 -0.7 1.9 -0.9 0.0 -0.6 28.8 -0.7 -21.9
C4N3C2N1 0.8 44.2 0.9 22.9 0.8 5.1 0.9 0.0 0.6 1.9 0.7 10.0
C4N3C2N2 -177.2 -161.4 -177.0 -165.3 -177.9 -175.6 -177.7 180.0 -178.1 -175.8 -177.9 -172.1
C5C4N3C2 -1.0 -2.4 -1.2 7.3 -0.3 -5.6 -0.2 0.0 -0.3 -30.8 -0.3 4.7
C6C5C4N3 0.9 -18.5 1.1 -14.4 -0.2 -0.2 -0.4 0.0 0.1 28.0 -0.1 -6.4
C5C6N1C2 0.3 36.2 0.3 32.6 0.1 -8.3 0.1 0.0 0.3 -29.9 0.3 18.5
N1C6C5C4 -0.4 -0.6 -0.6 -7.0 0.2 7.5 0.5 0.0 -0.1 3.5 0.0 -5.6
H21N2C2N1 30.4 42.3 36.6 32.3 17.2 -0.2 19.9 0.0 16.9 -11.1 19.9 13.0

(31.2) (35.7) (16.4) (18.3) (18.0) (19.6)
H22N2C2N1 169.4 171.8 170.9 170.2 164.8-178.8 164.1 180.0 167.4 -169.3 166.7 170.6

(170.2) (171.5) (165.8) (165.6) (167.2) (167.4)
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isolated and hydrated forms. The structural nonplanarity of the
TS-N9H was revealed to be different from the keto-N9H
tautomer in the lowest singletππ* excited state (Table 4, Figure
2). For example, the N3C2N1C6 and C4N3C2N1 dihedral
angles are changed from-64.0 and 44.2° to 28.8 and 1.9°,
respectively, in comparing the excited state of the keto-N9H
tautomer to the excited state of the TS-N9H form (Table 4).
Further, the C5C4N3C2 dihedral angle is increased from 2.4 to
30.8°. The geometry of the TS-N9H tautomer in the excited
state can be approximately described as the N1C2N3C4 part of
the ring is folded along the N1C4 direction. Further, in going
from the ground state to the excited state of the TS-N9H
structure, the O6‚‚‚H1 bond distance is decreased from 1.324
to 1.282 Å and the N1‚‚‚H1 bond distance is increased from
1.273 to 1.307 Å (Figure 2). On the other hand, structural
deformation of the TS-N7H transition state in the excited state
is generally similar to the geometry of keto-N7H tautomer in
the excited state, but the amount of deformation is comparatively
smaller. Also, in the TS-N7H transition state, the O6‚‚‚H1 bond
distance is decreased by 0.033 Å and the N1‚‚‚H1 bond distance
is increased by about the same amount in going from the ground
state to the lowest singletππ* excited state (Figure 3).

The structural deformations of the hydrated transition state
structures are generally similar to the corresponding unhydrated
forms in the excited state. The transition state geometries of
hydrated forms of both N9H and N7H forms of guanine in the
ground state are in the zwitterionic form. This is evident from
the shorter hydrogen bond distances of H‚‚‚O(water) bonds with
that of H‚‚‚O6 and H‚‚‚N1 bonds in the ground state for both
of the N9H and N7H forms (Figures 2 and 3). Thus, in the
ground state, the H1 proton of guanine is significantly shifted
toward the water molecule, and therefore, the water is in the
form of the hydronium ion (H3O+) and guanine is in the anionic
form. In the case of the hydrated form of the TS-N7H transition
state in the lowest singletππ* excited state, although the
H‚‚‚O(water) distances are increased more than the correspond-

ing ground state values, they are still smaller than the H‚‚‚O6
and H‚‚‚N1 hydrogen bond distances (these distances are
decreased in the excited state as compared to the corresponding
ground state values) in the excited state (Figure 3). Therefore,
the hydrated TS-N7H (TS-N7H.H2O) structure remains in
the zwitterionic form in the excited state, although the zwitte-
rionic nature is decreased as compared to that in the ground
state. An interesting structure is revealed for the hydrated TS-
N9H (TS-N9H‚H2O) form in the excited state. The H‚‚‚
O(water) distances are significantly increased and H‚‚‚O6 and
H‚‚‚N1 distances significantly decreased in the excited state as
compared with the corresponding ground state values (Figure
2). Further, the H‚‚‚O(water) distances in the excited state are
significantly larger than the H‚‚‚O6 and H‚‚‚N1 distances. Thus,
hydrated TS-N9H remains in the zwitterionic form in the
excited state, but in contrast to the geometry of the transition
state structure in the ground state, due to the significant shift
of one proton associated with water molecule toward to guanine
moiety in the complex, the guanine is in the cationic form and
water is in the hydroxyl anionic form.

4. Conclusions

The TD-B3LYP computed transition energies were found to
be generally in good agreement with the experimental data. The
ground state proton transfer reaction is characterized by a very
high barrier. The inclusion of the bulk aqueous solvation using
the continuum model does not decrease the barrier height.
However, the inclusion of a water molecule in the proton transfer
reaction path significantly decreases the barrier height. Gener-
ally, in the lowest singletππ* excited state the proton-transfer
barrier height was found to be increased. On the basis of the
current theoretical calculation it appears that the singlet
electronic excitation of guanine may not facilitate the excited
state proton transfer corresponding to the tautomerization of the
keto to the enol form. The ground state geometries of guanine
tautomers including those of the transition states were found to

Figure 3. Lowest singletππ* excited state geometries of the keto-N7H, enol-N7H, and transition state TS-N7H corresponding to the proton
transfer from the keto to the enol tautomer in the isolated and monohydrated guanine in the gas phase. The top and bottom indices correspond to
the ground and excited state obtained at the HF/6-311G(d,p) and CIS/6-311G(d,p) levels, respectively.
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be planar, except for the amino group, which was pyramidal.
The geometries of the keto tautomers in the lowest singletππ*
state were found to be significantly nonplanar, especially around
the C6N1C2N3 part of the ring. The amino group nonplanarity
was increased for the keto-N9H tautomer and decreased for the
keto-N7H tautomer in the excited state. The structural nonpla-
narity was found to be largest for the keto-N9H tautomer. The
geometries of enol tautomers were predicted to be planar,
including the amino group in the excited state. The structural
deformation in the TS-N9H transition state in the excited state
was predicted to be different from that of the keto-N9H
tautomer, whereas that for the TS-N7H transition state was
predicted to be similar to the structural deformation of the keto-
N7H tautomer, but to a lesser extent. Geometries of the hydrated
transition states in the ground and lowest singletππ* excited
states were found to be zwitterionic in which the water molecule
is in the form of a hydronium cation (H3O+) and guanine is in
the anionic form, except for the N9H form in the excited state
where the water molecule is in the hydroxyl anionic form (OH-)
and the guanine is in the cationic form.
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