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Excited State Proton Transfer in Guanine in the Gas Phase and in Water Solution: A
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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/6-3t#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 singlet 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 6-31H-G(d,p) basis set was used to compute vertical
transition energies using the B3LYP/6-31-1+G(d,p) geometries. The TD-B3LYP/6-3t#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 singletz* excited states were found to be zwitterionic in which the water molecule is

in the form of hydronium cation (H39 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((CGithd 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 jet expansion to unravel the structural and dynamical properties
of the moleculé. Although the guanine absorbs the UV-radiation
efficiently, the quantum efficiency of emission is very péér.
The most parts of the absorbed radiation are released in the

reactive site for oxidative damages. Therefore, it is not surprising form O.f nonradiative Processes, Wh'c.h are gener.ally believed
that guanine has been the subject of numerous experirhental to be |r!ternal conversion in the subpicosecond Flme dedle.
and theoretic8linvestigations. Both experimental and theoretical The emstgnce of up to fc_)ur tautomers .Of guanine has been
methods have predicted the existence of several tautomers iff€tected in the supersonic beam experimérRecently ap-
the gas phase and in aqueous médidihere is some contradic-  P€&ring re_sults from two groups are _worth mentioning in th_ls
tion in the relative stability of guanine tautomers in the ground context. Nir et ab*have performed a jet-cooled spectroscopic
state. It has been shown that the basis set has an appreciabl§tUdy on guanine and suggested the existence of three tautomers,
effect on the relative stability of the different tautomers of Namely, enol-N9H (32870), keto-N7H (33274), and keto-N9H
guanine?" Thus, at the MP2/6-31G(d,p) level the keto-N7H form  (33914) of the molecule. Mons et@have performed a similar
of guanine is predicted to be the most stable in the gas phasestudy on guanine and have shown the existence of four
but at the MP2/6-311G(d,p)//MP2/6-31G(d,p) level the keto- tautomers, namely, enol-N7H (32864), keto-N7H (33269), keto-
N9H form is revealed to be the most stable tautofhetowever, N9H (33910), and enol-N9H (34755). The numbers in paren-
at the MP2/6-31++G(df,pd)//MP2/6-31G(d,p) level, the enol-  theses for both of the above-mentioned studies are the spectral
N9H form of guanine is found to be the most stable tautomer origin (0—0 transition) for the lowest singletz* excited state.
in the gas phas#. Therefore, these results are not consistent with respect to the
Recently, several high levels of spectroscopic investigations spectral origin of enol tautomers. To resolve this ambiguity,
were performed on guanine and its derivatives in the supersonicone has to optimize the ground and lowest singtet excited
state geometries of all four tautomers of guanine. Further, the
* Corresponding author. E-mail: jerzy@ccmsi.us. excited state geometries of complex molecule like guanine
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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
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cannot be determined experimentally. Ony a few theoretical
calculations based on single reference methods are avédilable.
These investigations have suggested the nonplanar excited state
geometries of guanine tautomers.

Theoretically, the ground state barrier height corresponding
to the kete-enol tautomerization of the guanine is predicted to
be very high?®” The presence of a water molecule in the proton-
transfer reaction path is found to reduce the barrier height of
proton transfer very significant&f:” 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 iSFigure 1. Atomic numbering schemes in guanine (keto-NOH). The
E;eg:féidbgrgﬁggli E[mgupga[;):rS\ISQIﬂgigtlzsg(\j/vﬂ?:r'?g.glr?}o ketoTN7H, enol-l_\|9H, and enol-N7H tautomers of guanine can be

’ f . = . obtained by moving H9 hydrogen to N7 site, H1 hydrogen to the O6

method using the B3LYP functional in combination with the  gjte and H1 hydrogen to the O6 site of the keto-N7H tautomer,
CIS method’ to resolve the ambiguity of the spectral origin of  respectively.
guanine tautomers. Further, excited state proton transfer and ) ] )
the effect of hydration on the proton-transfer barrier height in TABLE 1: Relative Energy (AE, kcal/mol) and Adiabatic

= - \C n
the gas phase and in the bulk water solution are also investigatedgﬁgfe'?g;fg%%éOStgteT gnélﬂgﬂi'n%m-rahtfgrrng]é Ii‘no‘t'\(]%sgas

Phase and in Aqueous Solutioh

2. Computational Details

AE adiabatic transition energy

The ground state geometry of four tautomers of guanine (keto- 4 tomer gas  water  gas water  experimental
][\IQH, keto-N7H, enol-l_\|_9H, and enol-N7H), the_|r monohydrated K —NOH 0.0 0.0 34866 36746 33910
orms, and the transition states corresponding to the proton 74  _044 053 35820 36555 33269
transfer from the keto to the enol form were optimized at the g_NgH 127 7.00 36509 36000 34755
B3LYP level using the 6-31t+G(d,p) basis set. The geom- E—N7H 4.21 8.44 34177 34550 32864

o . " : .
etries in the lowest singletz* electronic excited states were 2 Ground state energies are at the B3LYP/6-83(d,p) level,

optimized at the CIS level using the 6-311G(d,p) basis set. TO 4ianatic transition energies are at the TD-B3LYP/6-8+5(d,p)//

compare with the excited state geometrical parameters, thec|s/e-311G(d,p) level (for detailed explanation see text), effect of water

ground state geometries were also optimized at the HF/6-311G-solution was modeled using PCM model, and for the experimental

(d,p) level. The nature of potential energy surface was ascer-adiabatic transition energies, see ref 5b.

tained using the harmonic vibrational frequency analysis. The . " .

vertical singlet electronic transition energies of different ta}u- (TAAEB)LEnfi'O%?:mgt%tf gt?:r?gtohgs(%r\(/)?otlh'lgakgfg_l&%HE r;er{gles

tomers were computed using the TD-DFT method employing ket-N7H Tautomers of Guanine in the Gas Phase and in

the B3LYP functional and the 6-3%#H-G(d,p) basis set using  Water Solution at the TD-B3LYP/6-311++G(d,p)//B3LYP/

the DFT optimized ground state geometries. To compute 6-311+G(d,p) Level

adiabatic transition energies, the vertical transition energy  gas phase water solution cASPT2/CASSCE  observedl

calculation were also performed at the TD-B3LYP/6-3HG- AE f AE F AEYAEYf AE

(d,p) level using the excited state optimized geometries. The

effect of agueous solution on the ground and excited state .« ansitions

energies were considered using the polarizable continuum 4838 0.1219 4.82 0.1441 4.76/6.08/0.113 -4

(PCM) modele11 All calculations were performed using the 5.18  0.2241 5.18 0.3626 5.09/6.99/0.231 4581

Gaussian 03 suite of prograrfisThe molecular orbitals were n* transitions

visualized using the Molekel prograt. 530 0.0017 5.64 00001  5.79/6.22 521
keto-N7H

keto-N9H

3. Results and Discussion qz* transitions
462 01121 454 0.1481

The ground state geometries of guanine tautomers namely5.37  0.0972 5.39 0.1828
keto-N9H, keto-N7H, enol-N9H, and enol-N7H are revealed Nz* transitions
to be planar, except for the amino group, which is pyramidal. 506  0.0004 535 0.0009
The atomic numbering scheme of guanine is presented in the 2AE!is the CASPT2 and\E? is the CASSCF energy. ® Observed
Figure 1. Guanine has been subject of several experimental ancexperimental range of transition energiéd:14
theoretical investigations in the ground st&téTherefore, we
will discuss here mainly excited state properties such as most stable in the water solution. A large destabilization of the
electronic transitions, the transition state in the excited state, stability of the enol-N9H tautomer was revealed in going from
and geometries. the gas phase to aqueous solution. These results are in agreement
3.1. Relative Stability and Electronic Transitions. The with different experimental and theoretical results, suggesting
ground state geometries of the four tautomers of guanine namelythe preferential stability of the keto-N7H tautomer in the gas
keto-N9H, keto-N7H, enol-N9H, and enol-N7H (see Figure 1 phase and the keto-N9H tautomer in the water solutigtfe
for the atomic numbering schemes) were optimized at the HF/  The computed vertical singlet transition energies correspond-
6-311G(d,p) and B3LYP/6-311+G(d,p) levels. The relative  ing to the lowest twarz* and lowest mr* transitions of the
total energy of tautomers in the gas phase and in water solutionketo-N9H and keto-N7H tautomers of guanine obtained at the
at the B3LYP/6-31++G(d,p) level is presented in the Table TD-B3LYP/6-31H-+G(d,p)//B3LYP/6-31%+G(d,p) level are
1. It is evident from Table 1 that the keto-N7H tautomer is the shown in the Table 2. The experimental transition enetfesl4
most stable in the gas phase and the keto-N9H tautomer is theand transitions computed at the CASPT2 Iévate also shown
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in the same table for the comparison. In the case of the keto- TABLE 3: Computed Barrier Height (kcal/mol) for
NOH tautomer, the TD-B3LYP method predicts first singtet* Guanine Corresponding to the Keto-Enol Tautomerism in

i . . the Ground and the Lowest Singletzz* Excited State
transition near 4.8 eV and second transition near 5.2 eV in the 57 0 7o G B3LYP/6-311-+G(d.p) and TD-B3LYP/

water solution (Table 2). The intensity of the second transition 6.311++G(d,p)//CIS/6-311G(d,p) Level, Respectively in the
is larger than that of the first transition. Different experimental Gas Phase and in Water Solution

investigations suggest that the first transition of guanine is in
the range 4.44.6 eV, with the second transition observed in

ground state excited state

the range 4.85.1 eV. The intensity of the first transition is Species gas water gas water
weaker than the intensity of the second transition. The CASPT2 ketol'mg:—' %—mgﬂ ggg gg-g gé-g 2(5);
i H i enol- - — . . . .
c?]mpl;ted transition ene:jgles are pred|cteq near 4..8 and g?_t ev. keto-N7H— TS—N7H 106 465 368 414
Therefore, our computed transition energies are in good agree- o, 0|.N7H— TS—N7H 359 385 368 393

ment with the experimental data and the CASPT2 results. Our keto-N9H.H20— TS—N9H-H20 159 16.7 19.8 183
calculation has suggested the existence of the lowest singlet enol-N9H.H20— TS—N9H-H20 12.8 104 128 135
nz* transition near 5.3 eV in the gas phase and near 5.6 eV in keto-N7H.H20—TS-N7H-H20 173 171 139 135
the water solution of guanine. Experimentally, Clark has ©€NOFN7HH20—TS=N7H-H20 120 102 134 112

tentatively suggested the existence of the firgt transition L . . )
near 5.2 eV in guanin¥¢ With regard to the keto-N7H tautomerization of guanine in the gas phase is characterized by

tautomer, the first two singlet verticatz* transitions are avery high energy barrier.. This.result is in agreement with pther
predicted near 4.6 and 5.4 eV in the gas phase and near 4.5 antheoretical resultd2” The inclusion of bulk aqueous solvation
5.4 eV in the water solution. Thus, the lowest singlet vertical using the pola_rlngle cont_muum_mod_el (PCM) further increases
stzr* transition of the keto-N7H tautomer in the gas phase and _the tautomerization barrier height in Fhe ground state. The
in water solution is red-shifted than the corresponding transition |nclu§|on .Of a single water molecule in the proton transfer.
of the keto-N9H tautomer. This prediction is in agreement with reaction significantly reduces the gas phaS(_e ground state barrier
the experimental result that the first absorption band of ge'?hé' Hov;/ever(,jthe buII: a;}queous splv‘_s:cpon tOf tft;e {nonort]r)]/-
7-methylguanine is about 10 nm red-shifted than the corre- rated system does nol have a signiicant eflect on the
sponding absorption band of the guanosine monophosphat {automerization ba”'ef height in the groupd state. On the qther
(GMP)16 An elaborated description of several absorption and with few exceptions, the tautomerization barrle_r height
transitions of guanine can be found in our recent publication V‘f[af' rgv?r?liidﬂt]o be mcrr]easednlg itnhe lowest S;:@é?tr?]ch'tﬁdr for
where a detailed study about vertical transitions of nucleic acid state both In the gas phase a 1 aqueous medium. Theretore,
bases obtained at the TD-DFT level with different large basis on thg basis of the c.urrent' thgoretlcal calpulat|0n It appears that
sets including several sets of diffuse functions are repdted the smglet electronic excitation of guanine may not facilitate

) . . ) _~ the excited state proton transfer corresponding to the tautomer-

The computed adiabatic transition energies of the guanine

. . : ization of the keto to the enol form.
tautomers corresponding to the lowest singlet excited state

. ) . . 3.3. Ground State, Excited State, and Transition State
in the gas phase and in water solution are also presented in theGeometries. Some selected geometrical parameters (amino
Table 1 along with the experimental data in the gas pPase.

: . o . . . roup angles and some dihedral angles) of guanine tautomers
The adiabatic transition energies were obtained by taking theg b ang gles) of g

. e din the ground, lowest singletz* excited, and transition states
energy difference between the separately optimized ground an

) ; are shown in the Table 4. Ground state geometries of guanine
excited state geometries at the B3LYP/6-33G(d,p) and TD- tautomers were revealed to be planar except for the amino group,

B3LYP/6-311+G(d,p)//CIS/6-311G(d,p) levels, respectively. nich was found to be pyramidal. This is in agreement with

There appears 1o l:_)e a gualitative agreement be‘_W?e” & umerous theoretical calculations on the guanine at different
theoretical and experimental data. The theoretical prediction that o\ e|5 of theory?b:97The deviation of amino angles from the

the enol-N9H tautomer would have the largest and the enol- 15 4rity (360 — SHNH) is a measure of the pyramidalization
N7H tautomer would have lowest adiabatic transition energy ¢ ine amino group. At both of the B3LYP/6-313G(d,p) and

is in agreement with the experimental data. The disagreementHF/6_3lle(d,p) levels of the calculation, the amino group of
is revealed with respect to the keto tautomers. The experimentalio keto-N7H tautomer is revealed to have the highest and the
results suggest that the keto-N9H tautomer has a larger adiabaticyno|-N9H tautomer has the lowest pyramidal character (Table
transition energy than the keto-N7H tautomer; the contradictory 4). The ground state geometrical parameters at the HF/6-311G-

resultis revealed by the theoretical calculation in the gas phaseq ) and B3LYP/6-31%+G(d,p) levels are generally revealed
(Table 1). It should be noted that the CIS method was used for i pe similar (Table 4). It should be noted that earlier

the excited state geometry optimization and the TD-DFT method iy estigations have suggested that the ring geometry of nucleic
was used to compute the adiabatic transition energies utilizing 5¢id pases are flexible and the predicted values of amino group
the CIS optimized excited state geometries of guanine tautomers ginedral angles are basis set and method depeRddiite
Further, the computed accuracy of the TD-DFT method is geometry of guanine in the lowest singtet* excited state is
generally in the range of 0:3.5 eV. Therefore, in view of the  highly nonplanar and the nonplanarity is mainly localized at
limitation of theoretical methods used in the present work, the the C6N1C2N3 fragment of the six-membered rinfgurther,
theoretical predication can be regarded as in good agreement, the lowest singletrr* excited state, the keto-N9H tautomer
with the corresponding experimental data. has the largest amino group pyramidalization among all four
3.2. Proton-Transfer Barrier Height. The computed proton-  tautomers, which is evident from the amount of deviation of
transfer barrier heights corresponding to the proton transfer fromamino angles from the planarity (Table 4). The geometry of
the keto to the enol tautomeric form in the gas phase and in tautomers in the lowest singletz* excited state is shown in
water solution is shown in the Table 3. The proton-transfer Figures 2 and 3 along with bond length parameters in the ground
barrier heights in the gas phase and in water solution were alsoand excited state. Geometry is twisted along the N1C2 bond;
computed by the inclusion of a water molecule in the proton- the N1, C2, and C6 atoms are significantly out-of-plane. Selected
transfer reaction path. This table indicates that the ground statering dihedral angles and amino group angles computed at the
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1.324

1.339 ‘ 1391 4 386

1.431 1 338

1.340 1313
1.335

2.048%

1.3331.306
1.327
1.375
keto-N9H.H20 TS-N9H.H20 enol-N9H . H20

Figure 2. Lowest singletzz* excited state geometries of the keto-N9H, enol-N9H, and transition stateN®8 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 wz* 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 TN9H TS-N7H
parameter SO0 S1 SO0 S1 SO0 S1 SO S1 S0 S1 SO S1
H21N2C2 117.9 115.3 116.8 117.3 116.9 119.7 116.6 119.6 1185 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 1145 118.0 121.2 117.3 1214 118.1 119.2 117.5 119.4
(114.7) (114.0) (118.2) (117.8) (117.6) (117.5)
360— ZHNH 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 -—-1653 -1779 -1756 -—-177.7 180.0 —-178.1 -—-1758 -—-1779 -—-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 09 —185 1.1 —14.4 -0.2 -0.2 —-0.4 0.0 0.1 28.0 —-01 —6.4
C5C6N1C2 0.3 36.2 0.3 32.6 0.1 -83 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 00 -0.1 3.5 0.0 —5.6
H21N2C2N1 30.4 42.3 36.6 32.3 172 —-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)

HF/6-311G(d,p) and CIS/6-311G(d,p) levels in the ground and sponding to the proton transfer from the keto-N9H form to the
excited states are shown in Table 4 for the comparison. Here itenol-N9H form and from the keto-N7H form to the enol-N7H
should be noted that the CIS method is the HF analogue for form, respectively, in the ground and lowest singtet excited
the excited stat& In going from the ground state to the excited state are also shown in Table 4. The geometries of transition
state, the dihedral angles N3C2N1C6, C4AN3C2N1, C6C5C4N3, states in the excited state are shown in Figures 2 and 3 along
and C5C6N1C2 are changed in the range-@8. Similar with the corresponding bond distances in the ground and excited
changes were also found for the keto-N7H tautomer in the state. The structures of transition states for the hydrated
excited state. However, the amount of such change is smallertautomers, where a water molecule was placed in the proton-
than that in the keto-N9H tautomer. The geometries of enol transfer reaction path, are also shown in the same figures.
tautomers in the excited state were revealed to be planar. In isTransition state geometries in the ground state are planar except
interesting to note that though the amino group is pyramidal in for the amino groups for both the isolated and hydrated forms,
the ground state, it is also revealed to be planar in the excitedexcept for a hydrogen atom attached to the water molecule that
state. is away from the molecular plane. The geometries in the lowest
Selected geometrical parameters (amino angles and dihedrakinglet wz* excited state were revealed to be appreciably
angles) of transition states, ¥8I19H, and TS-N7H corre- nonplanar in the six-membered part of the ring for both the
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keto-N7H.H20

TS-N7H.H20
Figure 3. Lowest singletzz* excited state geometries of the keto-N7H, enol-N7H, and transition stateNTH 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.

enol-N7H.H20

isolated and hydrated forms. The structural nonplanarity of the ing ground state values, they are still smaller than the®b6

TS—N9H was revealed to be different from the keto-N9H and H--N1 hydrogen bond distances (these distances are
tautomer in the lowest singlatz* excited state (Table 4, Figure  decreased in the excited state as compared to the corresponding
2). For example, the N3C2N1C6 and C4N3C2N1 dihedral ground state values) in the excited state (Figure 3). Therefore,
angles are changed from64.0 and 44.2to 28.8 and 1.9 the hydrated TSN7H (TS—N7H.H20) structure remains in
respectively, in comparing the excited state of the keto-N9H the zwitterionic form in the excited state, although the zwitte-
tautomer to the excited state of the ¥89H form (Table 4). rionic nature is decreased as compared to that in the ground
Further, the C5C4N3C2 dihedral angle is increased from 2.4 to state. An interesting structure is revealed for the hydrated TS
30.8. The geometry of the TSN9H tautomer in the excited N9H (TS—N9H-H20) form in the excited state. The-H
state can be approximately described as the N1IC2N3C4 part ofO(water) distances are significantly increased and®6 and
the ring is folded along the N1C4 direction. Further, in going H---N1 distances significantly decreased in the excited state as
from the ground state to the excited state of the-NSH compared with the corresponding ground state values (Figure
structure, the O6-H1 bond distance is decreased from 1.324 2). Further, the H-O(water) distances in the excited state are
to 1.282 A and the Nt-H1 bond distance is increased from significantly larger than the +O6 and H--N1 distances. Thus,
1.273 to 1.307 A (Figure 2). On the other hand, structural hydrated TS-N9H remains in the zwitterionic form in the
deformation of the TSN7H transition state in the excited state ~excited state, but in contrast to the geometry of the transition
is generally similar to the geometry of keto-N7H tautomer in State structure in the ground state, due to the significant shift
the excited state, but the amount of deformation is comparatively of one proton associated with water molecule toward to guanine
smaller. Also, in the TSN7H transition state, the @6H1 bond moiety in the complex, the guanine is in the cationic form and
distance is decreased by 0.033 A and the-NH1 bond distance ~ Wwater is in the hydroxyl anionic form.
is increased by about the same amount in going from the ground
state to the lowest singletr* excited state (Figure 3).

The structural deformations of the hydrated transition state  The TD-B3LYP computed transition energies were found to
structures are generally similar to the corresponding unhydratedbe generally in good agreement with the experimental data. The
forms in the excited state. The transition state geometries of ground state proton transfer reaction is characterized by a very

4., Conclusions

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-B(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

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 singletrr* excited state the proton-transfer
barrier height was found to be increased. On the basis of the

toward the water molecule, and therefore, the water is in the current theoretical calculation it appears that the singlet

form of the hydronium ion (H3®) and guanine is in the anionic
form. In the case of the hydrated form of the-TIS7H transition
state in the lowest singletz* excited state, although the

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

H---O(water) distances are increased more than the correspondtautomers including those of the transition states were found to
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(3) (a) Nir, E.; Grace, L.; Brauer, B.; de vries, M. $. Am. Chem.

be planar, except for the amino group, which was pyramidal.
Soc.1999 121, 4896. (b) Nir, E.; Kleinermanns, K.; de vries, M. $ature

The geometries of the keto tautomers in the lowest singtet 50507 00 6“0 Nir E.- Imhf, P.: Kleinermanns, K. de vries, M.JS.

state were found to be significantly nonp!anar, especially arognd Am. Chem. S000Q 122, 8091. (d) Langer, H.; Doltsinis, N. LPhys.
the C6N1C2N3 part of the ring. The amino group nonplanarity Chem. Chem. Phy004 6, 2742. (e) Nir, E.; Kleinermanns, K.; Grace,
was increased for the keto-N9H tautomer and decreased for thelé};] E’eK?éfif;mMénig- Ehydsé S/*:iirsﬂlvfo%lu }Oéhgioﬁ- I(Df% 3'0'2 Eo leu7tzer'
ketc_)-N7H tautomer in the excited state. The structural nonpla- ’(4) (@) Ulrich, é_; échultz, T Zgierski, M. Z.- Stolow, A,_hy's_ Chem.
narity was found to be largest for the keto-N9H tautomer. The chem. Phys2004 6, 2706. (b) Pecourt, J.-M. L.; Peon, J.; Kohler, B.

geometries of enol tautomers were predicted to be planar, Am. Chem. Soc200Q 122 9348, Erratal. Am. Chem. So001 123

including the amino group in the excited state. The structural
deformation in the TSN9H transition state in the excited state
was predicted to be different from that of the keto-N9H
tautomer, whereas that for the F8I7H transition state was
predicted to be similar to the structural deformation of the keto-

5166. (c) Pecourt, J.-M. L.; Peon, J.; Kohler, B Am. Chem. So2001,
123 10370. (d) Kang, H.; Lee, K. T.; Jung, B.; Ko, Y. J.; Kim, S. K.
Am. Chem. SoQ002 124, 12958. (e) Canuel, C.; Mons, M.; Piuzzi, F.;
Tardivel, B.; Dimicoli, I.; Elhaninea, MJ. Chem. Phys2005 122, 74316.
(5) (a) Nir, E.; Janzen, Ch.; Imhof, P.; Kleinermanns, K.; de Vries, M.
S.J. Chem. Phys2001, 115, 4604. (b) Mons, M.; Dimicoli, |.; Piuzzi, F.;
Tardivel, B.; Elhanine, MJ. Phys. Chem. 2002 106, 5088. (c) Piuzzi,

N7H tautomer, but to a lesser extent. Geometries of the hydratedr : mons, M.; Dimicol, I.; Tardivel, B.; Zhao, QChem. Phys. Let2001,

transition states in the ground and lowest singlet excited
states were found to be zwitterionic in which the water molecule
is in the form of a hydronium cation (H3Q 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 (QH
and the guanine is in the cationic form.
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