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The CASPT2//CASSCF method with the 6-31G* basis set and an active space up to (16,12) was used to
calculate the excitation energies for six tautomers of guanine. Our calculations provide further support on the
recent reassignment of the near-UV resonant two-photon ionization (R2PI) spectrum, in which two rare
tautomers of the H-oxo-imino form were proposed to replace the previously assigh#@H-oxo-amino
tautomers. The adiabatic excitation energies of tHeoXo-imino tautomers are calculated to be-0085 eV

higher than those of theHf9H-oxo-amino tautomers. Our calculations also indicate that the missing most
stable tautomers H/9H-oxo-amino tautomers) in the R2P1 experiment is possibly due to the existence of an
ultrafast nonradiative deactivation process in the excited-state of these two tautomers.

Since the first observation of the sharp transition in the jet-

cooled guanine in 1999,many works on the electronic %
spectroscopy of the isolated nucleic acid bases have apgeéfted. <\879 : )\ </ )\ </ \
These experimental works have provided many intrinsic excited- N ;

state features of the basés!* Due to the existence of many

tautomers, guanine has a complex near-UV spectrum. Through O/H

the laser resonant two-photon ionization (R2PI) technique, some

researchers identified several tautomers of guanine in supersonic < <\

expansion. Nir et al. identified origin bands of three different \ )\ \

1—2

N
) |
H H

tautomers, Bl-hydroxo-amino form (eitheB or its rotamer),
9H-oxo-amino form {), and H-oxo-amino form ) (as shown
in Figure 1) based on the ground-state vibrational spectros€opy. Figure 1. Six relative low-energy tautomers of guan.:ﬁeze
However, based on a comparison of the R2PI spectrum with
the UV spectra of relevant methylated guanine species, Monsenergy is much lower than the assigned experimental value if
et al. identified four tautomers and gave a different assignment one tautomer in the R2PI experiment is assigned to this 9
for the three tautomers observed by Nir et%l6.17 keto form?° This indicates that the previous assignment for this
Recently, Miller and his co-worker published their study on 9H-keto form may be incorrect. Stimulated by the new assign-
the IR spectra of guanine in He nanodroplét8ased on the ment of Mons et al'? we have carried out theoretical calcula-
good agreement between the experimental and theoretical IRtions on the electronic transition energies of various guanine
spectra, they convincingly assigned their IR spectrum to a tautomers including the rare tautomers, sucé-a8, using the
mixture of the four most stable guanine tautomérs3 and its CASPT2//ICASSCF method. The results reported in this Letter
rotamer, $-hydroxo-amino syn form. Inspired by this result, are expected to provide further support for the new assignment
Mons et al. compared the IR/UV spectra with the IR spectrum of the guanine R2PI spectrum given by Mons et al.
obtained by Miller et al. and found that except for the
9H-hydroxo-amino anti form3) observed simultaneously in
both experiments, the other three tautomers observed in the RZPF
experiment are not the same as those observed in He dréplets
That is to say, the most stable form& &nd 2) of guanine
tautomers were indeed not observed in the R2PI experiment.
As a result, Mons et al. reassigned the two observed tautomers
to the two rotamer$ and 6 of the ™H-oxo-imino form. This
reassignment has great influence on the study of the jet-cooled
guanine. Very recently, we found that for biologically relevant
9H-oxo-amino guanine?) the calculated adiabatic transition

4

Here we used the complete active-space self-consistent-field
CASSCF) methotl to locate the minimum structure on the
owest singlet excited state. For the ground-state equilibrium
" geometry optimization, we employed the second-order Mgller-
Plesset (MP2) method based on the restricted Harffeek
reference. To correct the energetics by the dynamical electron
correlatlon we used the CASPT2 metfotf with the same
active space and basis set as in the CASSCF calculation. The
6-31G* basis set is employed throughout this work. Unless
stated otherwise, the active space is 14 electrons distributed in
11 orbitals. The geometry optimizations for stationary points
* Corresponding author. E-mail: shuhua@nju.edu.cn. were performed with the Gaussian03 progf&nsingle-point
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Figure 2. Structures of the MP2-optimized ground-state equilibrium geometrids-6f(top and side view).
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Figure 3. Structures of the CASSCF-optimized equilibrium geometrie$-e6 on the S surface (top and side view).

TABLE 1: Calculated Vertical and Adiabatic Excitation 4
Energies for the Lowest Excited-State of Guanine Tautomers 35
1-62
S, (™) excitation energy (eV)
vertical adiabatic -
tautomers CASSCF  CASPT2 CASSCF CASPT2 exp .
1 2 3 4 5 1]

w

53
i

Energy gap (eV)
— ; L]

=
Tn

5986 4.618 (0.184) 4.298 3.968 0
5.811  4.780(0.200) 4.280 3.887

5311  4.597(0.041) 4.982 4.276 4309  Figure 4. Energy gap between the &nd $ states at the geometries
5112  4313(0.070) 4807 4010 4075 (ffhe S minima of 1—6.

5.790 4.488 (0.071) 4.952 4.365 4.204

5.578 4.340 (0.091) 4.874 4.286 4.125

a Oscillator strengths are in parentheseBhe ground-state geometry
is optimized by the MP2/6-31G* methoéiINew assignment in ref 19.
4 An active space (16,12) is used for the(8x7*) state.

OO WNE

than the corresponding experimental values. Thus, the assign-
ment of the tautomers B and C may be wrong. In comparison
with the adiabatic excitation energies dfand 2, those of5

and 6 are higher by 0.30.5 eV and are much closer to the
CASPT2 energy calculations were performed with the MOL- €xperimental values previously assigned licand 2. Thus,
PRO softwarél tautomers B and C should be assigne6 tmd5, respectively.

The optimized ground-state and lowest exited-state equilib- [N @ddition, the calculated adiabatic excitation energy order of
rium geometries of the six guanine tautomérsé are shown 5 andé6 is consistent with that observed experimentally. This
in Figures 2 and 3, respectively. One can see that for all six agreement between theoretical calculations and experiments
tautomers, their ground-state equilibrium geometries are nearlydives further support for Mons et al.’s new assignment of the
planar except the slight pyramidalization of the nitrogen atom tautomers B and C. It should be mentioned that our results here
in the amino group ofl—4. As for the S excited state, the  are different from those calculated with the TD-B3LYP//CIS
CASSCF-optimized geometries af-3 exhibit large out-of- ~ @pproach, where the adiabatic transition energie ahd 2
plane distortions. For theH79H-oxo-amino formsl and2, the ~ Were predicted to be larger than thatt?
distortion is mainly of the bending of the amino group, where  According to Mons et al.’s new assignment, the guanine
the G atom is pyramidalized. For theBhydroxo-amino anti tautomersl and 2 were not observed in the R2PI experiment.
form 3, the distortion is mainly of the bending of the hydroxy To probe the possible reasons for the absenck arid 2, we
group, where the £atom is pyramidalized. The other tautomers calculated the energy gaps between theu®  states at the
4—6 show no out-of-plane distortions at the minimum geom- geometries of the :Sminimum for 1-6. The results at the
etries of their  states. CASPT?2 level are shown in Figure 4. One can see that in species

We collected the calculated vertical and adiabatic excitation 1 and2 the energy gap is less than 1.1 eV, being much smaller
energies ofl—6 in Table 1. One can see that the calculated than those in the other tautomers. The small energy gafs in
vertical excitation energies df and 2 are apparently higher  and2 indicate that a conical intersection (CI) near the geometry
than those 08—6. The calculated adiabatic excitation energies of the § minimum may exist, which can help the system to
for 3 and 4 at the CASPT2 level agree quite well with the decay to the ground state via an ultrafast nonradiative relaxation.
experimental values, indicating that the previous assignment of In a recent work? we have located this Cl fo2 and found
two tautomers A and D in the R2PI spectrun¥tand3 given that the access from theg &inimum to this Cl is energetically
by Mons et al%16.17should be right. If tautomers B and @617 favorable. From the geometrical similarity between the S
were assigned td and 2, the calculated adiabatic transition minimum of 1 and that of2, and their similar $-S, energy
energies ofl. and2 at the CASPT2 level would be much lower gaps, we can speculate that the excited-stalenadly also decay
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in an ultrafast nonradiative pathway to the ground state. So the  (2) Kim, N. J; Jeong, G.; Kim, Y. S.; Sung, J.; Kim, S. K.; Park, Y.
ultrafast nonradiative deactivation inand2 may prevent the ~ D-J. Chem. Phys200Q 113 10051.

observation of these two tautomers in the R2PI experiment. On 200(2%5'\!2%5; Muller, M.; Grace, L. 1.; de Vries, M. Schem. Phys. Lett.

the contrary, fo8—6, their relatively large _energy gaps between (4) Nir, E.; Imhof, P.; Kleinermanns, K.; de Vries, M. $.Am. Chem.
the § and S states (no less than 3 eV) imply that an ultrafast soc.200q 122 8091.
nonradiative deactivation to the ground state through the Clis  (5) Nir, E.; Kleinermanns, K.; Grace, L.; de Vries, M.BPhys. Chem.
unlikely to occur in their $states. So our results suggest that A 2001 105 5106. _ _
the excited-state dynamics of guanine is tautomer-dependent. 2(()%)2 Nzlcr) §i37P'Utze" C.; Kleinermanns, K.; de Vries, Bur. Phys. J.
We also notice t_hat the calculated vertlc_al emission energy for (7) Lihrs, D. C.: Viallon, J.: Fischer, Phys. Chem. Chem. Ph@001,
4 (3.8 eV) is in good agreement with the experimental 3 1837
fluorescence maximum (3.78.81 eV) of guanine in the neutral (8) (a) Pliizer, C.; Kleinermanns, KPhys. Chem. Chem. Phy2002
ethylene glycolwater glasséd at low temperatures and in 4, 4877. (b) Pltzer, C.; Nir, E.; de Vries, M. S.; Kleinermanns, Rhys.
aqueous solution at room temperatétdhe vertical emission ~ Chem. Chem. Phy2001, 3, 5466. _ ,
energies of all the other species calculated in this work are less, é%)r %T:S'SV\S'; E)/Izoon;z' '\é'o g"?;'co“' |.; Piuzzi, F.; Tardivel, B.; Elhanine,
than 3.4 eV. This result, along with the prgvious experime_ntal (10) Mons, M. Dimicoli: L.: Piuzzi, F.: Tardivel, B.: Elhanine, M.
assessment that the fluorescence of guanine may be dominate@hys.'Chem. £002 106, 5088.
by the H tautomers?® suggests that the highly fluorescent (11) Crespo-Hernandez, C. E.; Cohen, B.; Hare, P. M.; KohleGHem.
tautomer of guanine may be théd-hydroxo-amino form4. Rev. 2004 104, 1977.
However, it is necessary to point out that since in our (12) Weinkauf, R.; Schermann, J. P.; de Vries, M. S.; Kleinermanns,
calculations the condensed phase effect (such as the solvenf® EY"- Phys: J. D2002 20, 309,
- . (13) Robertson, E. G.; Simons, J.FFhys. Chem. Chem. PhyZ)01, 3,
effect) was not taken into account, our results could not give 1
quantitative descriptions on the experimental results in the  (14) zwier, T. S.J. Phys. Chem. 2001, 105, 8827.
condensed phase. It is well-known that the lifetime of the nucleic (15 Nir, E.; Janzen, C.; Imhof, P.; Kleinermanns, K.; de Vries, M. S.
base in condensed phase at low temperature is much longer thad. Chem. Phys2001, 115, 4604.
that in gas phase of supersonic jEtsAs a result, the (16) Chin, W.; Mons, M.; Piuzzi, F.; Tardivel, B.; Dimicoli, I.; Gorb,
fluorescence quantum yield of the nucleic base in condensed Les2¢2ynski, JJ. Phys. Chem. 2004 108 8237.
phase is muc_h higher than that in _gas phase. Phslsgol(a)lfzzz;’qlzfogon& M.; Dimicoli, I.; Tardivel, B.; Zhao, @hem.
On the basis of the results described above, we can draw the (18) choi, M. Y.; Miller, R. E.J. Am. Chem. SoQ006 128 7320.
following conclusions. First, the recently proposed assignment  (19) Mons, M.; Piuzzi, F.; Dimicoli, I.; Gorb, L.; Leszczynski,J.Phys.
for the four tautomers of guanine identified in the R2PI spectrum Chem. A2006 110, 10921.
is supported by our calculated adiabatic excitation energies. Two (20) Chen, H.; Li, S. HJ. Chem. Phys2006 124, 154315.
tautomers, observed in the R2PI spectrum, may correspond to (21) Broo, A; Holria, A. J. Phys. Chem. A997 101, 3589.
7H-oxo-imino rotamersg and6), rather than A/9H-oxo-amino (22) Gorb, L.; Leszezynski, . Am. Chem. Sod.998 120, 5024.
(1 and2) assigned previously. Second, the adiabatic excitation , 1%82; ngTégi;gKe"er’ H.-J,; Gunde, R.; Gunthard, H.HPhys. Chem.
energies ofl and2 are calculated to be about 6:8.5 eV lower L ) .
o - (24) Mennucci, B.; Toniolo, A.; Tomasi, J. Phys. Chem. 2001, 105,
than those ofs and 6. This information may be helpful for 7126,
Spectl’OSCOpiStS to find the tautomdrsand 2 in the future if (25) Hanus, M.; Ryjacek, F.; Kabelac, M.; Kubar, T.; Bogdan, T. V.;
the more advanced experimental techniques can allow the short-Trygubenko, S. A. Hobza, B. Am. Chem. So@003 125 7678.
lived speciesl and 2 to be detected. Third, our calculations (26) Gorb, L.; Kaczmarek, A.; Gorb, A.; Sadlej, A. J.; Leszczynski, J.
suggest that the “missing” tautomeisand 2 in the R2PI J. Phys. Chem. 2005 109, 13770.
experiment may be caused by an ultrafast nonradiative decay (27) Roos, B. OAdv. Chem. Phys1987, 69, 399.

. . . (28) Werner, H. JMol. Phys.1996 89, 645.
pathway, which forbids these two tautomers to be detected in (29) Celani, P.: Werner, H. J. Chem. Phy<200Q 112, 5546,

the R2PI experiment. (30) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
. M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; T. V.; Kudin, K. N;
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