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The relative stabilities of the six lowest energy tautomers of the

DNA base guanine have been investigated in the first excited

singlet state, S1, employing the restricted open-shell Kohn-Sham

method. Comparison of the S1 optimized geometries to the respec-

tive ground state structures reveals large distortions for the keto

tautomers, whereas the enol tautomers remain essentially planar.

Harmonic vibrational spectra in the S1 states have been calculated

using the ROKS potential energy surfaces. Adiabatic excitation

energies together with characteristic vibrational features of the in-

dividual guanine tautomers enable us to unambiguously assign re-

cent experimental IR-UV spectra. Velocity autocorrelation func-

tions obtained from adiabatic excited state Car-Parrinello molecu-

lar dynamics simulations demonstrate that anharmonic effects only

play a minor role.

1 Introduction

Nucleic acids are of fundamental biological importance due to the role they

play in DNA. As first suggested by Chargaff [1–3] and later shown in detail

by Watson and Crick [4], the sequence of the guanine – cytosine and adenine

– thymine hydrogen bonded base pairs stores the genetic code.

All DNA bases can exist in a variety of tautomeric forms giving rise to a

large number of possible base pair combinations. In the case of guanine, for

example, ground state energies of the four most stable tautomers have been
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calculated to lie within a range of 7 kJ/mol [5,6]. However, only a single gua-

nine tautomer, namely the so–called N9H-keto form (see Fig.1 for a schematic

representation of this and other guanine tautomers discussed in the following),

is usually present in DNA, whereas other tautomeric forms may be responsible

for genetic damage [7–9].

Experimental study of DNA base pairs has been complicated by interference

of both the backbone and the solvent. Theory, on the other hand, is not yet

capable of explicitly taking into account the biological environment. There-

fore, comparison of experimental and theoretical data has been problematic.

Recent advances in experimental techniques, however, have made possible the

study of isolated DNA bases and base pairs through supersonic jet expansion

techniques [6, 10–12]. These developments have paved the way to meaning-

ful comparisons of ab initio electronic structure calculations to experimental

measurements. In particular, the vibrational spectrum of guanine in the S1

excited electronic state has been recorded independently by two different re-

search groups [6, 11, 13]. Both groups agree that the spectrum is in fact a

superposition of vibrational spectra of at least three different guanine tau-

tomers. However, there is discrepancy regarding the assignment of spectral

lines to specific tautomers.

This is where first principles electronic structure theory can make a significant

contribution. The first issue that needs to be addressed are the relative ground

state energies of the various tautomers. The energies of 36 stable tautomers
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have been calculated at the Hartree-Fock and MP2 levels of theory [5,14]. The

energetic ordering has been found to be very sensitive to the method used and

the basis set chosen [5,14,15]. Accurate ab initio calculations on electronically

excited states still present a major challenge to theoreticians even for rela-

tively small molecules. For single point calculations of large molecules only

the CASSCF, CASPT2, CIS, and TDDFT methods are applicable in view

of current computational resources, in particular if, as in the present paper,

many different isomers have to be considered. Unfortunately, no analytic gra-

dients are publicly available yet for CASPT2 and TDDFT, although progress

along these lines has been made [16–18]. CASSCF is computationally rather

expensive; it may therefore be used only for a limited number of calculations.

Excited state geometries and vibrational spectra can be computed cheaply

using the CIS method. However, the accuracy of CIS for the type of system

under consideration is highly questionable [19]. For these reasons only few

theoretical excited state vibrational spectra of guanine have been reported

in the literature [6, 15]. Nir et al. [6] computed the normal mode frequencies

of the trans-N9H-enol tautomer using CIS. Vibrational frequencies for addi-

tional tautomers were calculated in the electronic ground state using the MP2

method [6] and compared to the measured S1 spectra in the hope that ground

and excited state spectra are very similar. This would be the case if the S1

geometry does not differ significantly from the ground state geometry.

As an alternative to the above-mentioned traditional ab initio quantum chem-
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istry approaches, we employ in this paper the recently developed restricted

open-shell Kohn-Sham (ROKS) method [20]. This density functional method

has been used previously to optimize geometries and perform molecular dy-

namics simulations in the S1 first excited singlet state [20–22]; see Refs. [23,24]

for reviews. For the six most stable guanine tautomers (see Fig. 1) we have

first optimized the ground state structures and compared their energies. In a

second step, the vertical S1 (π → π∗) excitation energies have been computed

before optimizing the excited state geometries. Changes in configuration and

stability in relation to the ground state have been monitored. Finally, harmonic

vibrational spectra have been computed for all tautomers and compared to the

experimental spectra. We are thus able to suggest an assignment of measured

peaks to individual tautomeric forms of guanine. Furthermore, we point out

distinctive features of their vibrational spectra which have not yet been con-

sidered by experimentalists and may help in distinguishing between different

tautomers.

2 Computational Details

For the calculation of S1 excited state properties, i.e. vertical and adiabatic

excitation energies, optimized molecular structures, and vibrational spectra,

we have used the restricted open-shell Kohn-Sham method (ROKS) [20–24]

implemented in the CPMD program package [23, 25]. In the ROKS framework,
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the S1 energy is calculated by optimizing the set of n+1 (n is half the number

of electrons) orthonormal Kohn-Sham orbitals {φ(1)
i
} so as to minimize the

expression

E(s1) = 2E(m) − E(t) , (1)

where E(m) is the energy expectation value of the mixed state

|m〉 = |φ(1)
1 φ̄

(1)
1 · · ·φ(1)

n
φ̄

(1)
n+1〉 (2)

and E(t) is the energy of the triplet state

|t〉 = |φ(1)
1 φ̄

(1)
1 · · ·φ(1)

n
φ

(1)
n+1〉 . (3)

The corresponding singlet excited state wavefunction is given by

|s1〉 =
1√
2

{

|φ(1)
1 φ̄

(1)
1 · · ·φ(1)

n
φ̄

(1)
n+1〉 + |φ(1)

1 φ̄
(1)
1 · · · φ̄(1)

n
φ

(1)
n+1〉

}

(4)

using a common set of orbitals {φ(1)
i
}. Based on this symmetry-adapted rep-

resentation of the S1 state the orbital-dependent ROKS density functional is

minimized with respect to orbital variations while imposing their orthonor-

mality [20]. A similar technique was pioneered by Ziegler et al. [26]; further

variants and generalizations have been proposed recently [27–31].

The ROKS calculations presented here were carried out using a plane wave

expansion of the one-electron orbitals in conjunction with Troullier-Martins

pseudopotentials [32] for the core electrons. A plane wave cutoff of 100 Ry

turned out to be necessary to obtain converged harmonic frequencies in the

S1 state, whereas excitation energies and geometry optimization only required
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a 70 Ry cutoff. The dimensions 15×12×7.5× Å were chosen for the simulation

cell for all static calculations. Spurious interactions between periodic images

were eliminated by employing Hockney’s poisson solver [33,34]. The molecular

dynamics simulations were performed in a periodically repeated cubic box

of length 15 Å with a time step of 2 a.u. and a fictitious electron mass of

400 a.u. at the constant temperature of 100 K. All plane wave calculations

were carried out using the BLYP exchange correlation functional [35, 36] and

the corresponding results are denoted “BLYP/p.w.”.

Additional, more conventional quantum chemical methods, i.e. CIS, CASSCF,

and TDDFT, were applied as implemented in the Gaussian 98 program pack-

age [37] using the 6-31G**, cc-pVDZ, 6-31++G**, and aug-cc-pVDZ ba-

sis sets. TDDFT calculations were performed with the BLYP and B3LYP

[38,39] exchange-correlation functionals. For the CASSCF calculations, an ac-

tive space of six π electrons in three π and three π∗ orbitals was chosen.

3 Results and Discussion

3.1 Ground state structures and energies

The molecular structures of the six most stable guanine tautomers depicted

schematically in Fig. 1 have been optimized in the electronic ground state

using DFT with various basis sets and exchange-correlation functionals. All
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tautomers have essentially planar aromatic rings; merely the amino group de-

viates from planarity exhibiting a considerable degree of pyramidalization. The

corresponding absolute dihedral angles 6 H21N2′C2N1 (dh1) and 6 H22N2′C2N3

(dh2) (see Fig. 1 for nomenclature) are listed in Tab. 1 for three different cal-

culations. First we observe that the BLYP plane wave/pseudopotential results

with a 70 Ry cutoff are in qualitative agreement with those obtained using

BLYP with the Gaussian-type basis set 6-31++G**. We have performed an

additional geometry optimization of N9H-keto guanine using the aug-cc-pVTZ

basis set yielding the dihedral angles 31.5◦ (dh1) and 13.4 ◦ (dh2), which are

in even better agreement with the plane wave results. This suggests that our

plane wave basis set is superior to the 6-31++G** basis, although the latter

yields, for our purposes, sufficiently converged structural data. Similar results,

i.e. 33.1◦ (dh1) and 13.2◦ (dh2), have been obtained by Guerra et al. [40] using

the BP86 functional and the Slater-type TZ2P basis. Furthermore, as can be

seen by Tab. 1, there is little difference between the geometries obtained with

the GGA functional BLYP and those calculated using the hybrid functional

B3LYP. We are therefore confident that the BLYP functional in combination

with a plane wave basis set truncated at 70 Ry and pseudopotentials yields

reliable structural information in the present case.

As the data in Tab. 1 demonstrate, there is a clear distinction between the

structures of the keto and enol tautomers. The dihedral angle dh1 is signifi-

cantly larger for the keto tautomers compared to the enol tautomers, whereas
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the angle dh2 is somewhat larger for the enol tautomers. In contrast to the

enol tautomers the dihedral angles of the keto tautomers are highly asym-

metric. This can be easily understood; the presence of the hydrogen atom

bonded to nitrogen N1 in the keto case forces hydrogen H21 further out of

plane. Moreover, we notice this asymmetry being most pronounced for the

N7H-keto tautomer. Interestingly, our calculations also predict the N7H-keto

tautomer to have the lowest energy of all six tautomers investigated, closely

followed by N9H-keto guanine (see Tab. 2) which is roughly 3 kJ/mol higher

in energy according to our BLYP calculations. All enol tautomers are seen

to be significantly less stable than their keto counterparts. Moreover, for both

N9H-enol and N7H-enol guanine the cis isomers are less stable than their trans

counterparts. In particular, there is a large gap (29.2 kJ/mol in the case of

BLYP/p.w.) between the two N7H-enol tautomers.

As for the molecular structures, we observe good agreement among the BLYP

data obtained with different basis sets and the B3LYP results. Comparison

of the latter with the MP2/6-31G** energies by Ha et al. [5] reveals great

similarity. Nir et al. [6] have performed MP2 calculations using the bigger basis

set 6-311G** and obtained only slightly different energies. However, they find

N9H-keto guanine to be energetically most favourable being 1 kJ/mol more

stable than the N9H-keto tautomer. Shukla et al. [15] have calculated relative

energies using MP2 with a mixed basis consisting of a 6-311+G* basis set for

the nitrogen atom of the amino group and a 4-31G basis for all other atoms.
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Although their energetic ordering is in accordance with most other sets of

data, their relative energies indicate that the results are far from converged

with respect to the size of the basis set.

3.2 Vertical electronic excitations

For all tautomers we have computed the excitation energies for the lowest

π → π∗ transition using the ROKS method in conjunction with the BLYP

functional and plane waves at their ground state equilibrium structures de-

scribed in the previous subsection. For comparison we have again carried out

alternative (in this case TDDFT) calculations using conventional Gaussian-

type basis sets. Our results are presented in Tab. 3 together with pertinent

data from the literature.

Let us first compare the TDDFT BLYP/6-31++G** numbers to the ROKS

BLYP/p.w. values. Both methods predict N9H-keto guanine to have the high-

est vertical excitation energy followed by the N9H-enol tautomers 0.2 – 0.3 eV

below. There further is agreement on the N7H tautomers having lower ver-

tical excitation energies than their N9H counterparts. ROKS finds N7H-keto

guanine 0.35 eV below N9H-keto guanine in accord with the TDDFT value of

0.28 eV. The fact that the trans isomers always have higher excitation energies

than the corresponding cis isomers also emerges as a common pattern. The

most significant point at which the two approaches give different answers is
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the energy gap between the N9H-enol and the N7H-enol tautomers. According

to ROKS this gap is less than 0.05 eV whereas TDDFT finds differences as

large as 0.45 eV. Of course we should point out that there is a systematic shift

of all ROKS excitation energies to smaller values which has been discussed

previously in the literature [20, 21]. In the present case, the differences be-

tween the ROKS and the TDDFT numbers range from 0.27 to 0.76 eV. The

TDDFT results, on the other hand, are likely to be much closer to the true

values. This becomes apparent when we compare the TDDFT vertical exci-

tation energy for N9H-keto guanine of 4.39 eV to the experimental value for

crystalline 9-ethyl guanine of 4.46 eV. We have noticed a significant reduction

of TDDFT excitation energies upon inclusion of diffuse functions in the basis

set by comparison of TDDFT BLYP 6-31++G** and 6-31G** results.

Use of the B3LYP hydrid functional gives the same energetic ordering; how-

ever the excitation energies are shifted to larger values by roughly half an

electron Volt. In the basis set limit, the B3LYP value for N9H-keto guanine

should be comparable to the CASPT2 result of 4.76 eV by Fülscher et al. [41].

Although the semiempirical CIPSI calculations by Menucci et al. [42] yield

the same value for N9H-keto guanine, they predict the N7H-keto energy to be

higher by 0.18 eV conflicting with all other methods. The CIS calculations of

Shukla et al. [15] overestimate all excitation energies by approximately 2 eV.

In particular, they find trans-N9H-enol guanine to have the highest excitation

energy of all tautomers.
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Although the focus of this work is on the lowest π → π∗ transition, since

this state has clearly been associated with the experimental vibronic spectra

[6, 11, 13], we should also discuss briefly other close-lying electronic states.

First of all, our TDDFT calculations confirm that the intensity of the π → π∗

transition is typically one order of magnitude larger than that of the n →

π∗ transition. The latter is therefore difficult to observe experimentally [11].

Furthermore, we observe that for basis sets without diffuse functions, the

π → π∗ excitation is lowest in energy for all tautomers. Upon inclusion of

diffuse basis functions we notice a small degree of mixing of the π → π∗ and

n → π∗ states for both keto tautomers as well as for cis-N7H-enol guanine.

In the case of N9H-keto and cis-N7H-enol guanine the n → π∗ transition

becomes the lowest excitation. These observations are in agreement with recent

theoretical studies on the radiationless decay of the π → π∗ state of cytosine

[43], where n → π∗ states present an efficient route for relaxation to the ground

state.

3.3 S1 structures, relative energies and adiabatic electronic excitations

Geometry optimization of the six most stable guanine tautomers in the first

excited singlet state S1 using the ROKS BLYP/p.w. method leads to signif-

icant structural changes relative to the ground state. The S1 structures of

keto and enol tautomers exhibit distinctive features. Both keto tautomers are

found to have out of plane distorted six-membered aromatic rings as well as
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pyramidalized amino groups. In the case of the enol tautomers, on the other

hand, both the aromatic rings and the amino group are planar, whereas the

hydrogen atom bonded to carbon C8 shows out of plane distortion.

The N9H-keto tautomer clearly exhibits the largest differences between excited

state and ground state structures. The C2N3 bond length, for instance, is elon-

gated by 0.12 Å in the S1 state causing a decrease in the C2N3N2′ bond angle

by 7◦. A measure for the strong out of plane distortion of the six-membered

aromatic ring is the change of the dihedral angle C6N1C2N3 from −0.7◦ in the

ground state to +32.2◦ in the S1 state. In the case of N7H-keto guanine this

distortion is much less pronounced, the above dihedral angle being just under

10◦. Here, the hydrogen atoms H1 and H7 show the largest deviations from

planarity with the corresponding dihedral angles ranging from 15◦ to 21◦.

For both isomers of N9H-enol guanine the aromatic rings remain planar in the

S1 state. Nevertheless, there are significant geometrical changes. Besides an

elongation of the N7C8 bond by 0.13 Å the biggest deviation from Cs symmetry

is given by the hydrogen atom H8 with corresponding dihedral angles of up to

40◦. It should be noted that cis and trans isomers behave in a similar fashion.

The latter statement is not entirely true for the N7H-enol tautomers. In this

case, the trans isomer clearly shows larger distortions relative to the ground

state. As for N9H-enol guanine, the N7C8 bond stretches by 0.13 Å in the

case of trans-N7H-enol, 0.01 Å more than for cis-N7H-enol guanine. The cis-
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N7H-enol tautomer is found to be the only enol tautomer with an in plane

hydrogen H8, whereas trans-N7H-enol guanine shows dihedral angles of about

25◦ at this position.

The relative energies of the six most stable guanine tautomers in the S1 ex-

cited state are compiled in Tab. 4. First of all, we observe that the energetic

ordering is largely unchanged compared to the ground state N7H-keto guanine

still being lowest in energy. However, the energy difference to the remaining

tautomers is now larger than in the ground state by roughly 10 kJ/mol. On the

other hand, the energy gap between N9H-keto guanine and the cis-N9H-enol

tautomer has shrunk from 11 kJ/mol to 4 kJ/mol. Partially, the reason for this

is the relative stabilization of cis-N9H-enol guanine in the S1 state, which also

leads to the trans-N9H-enol tautomer being the less stable N9H-enol tautomer,

in contrast to the ground state.

We have computed adiabatic excitation energies by subtracting the minimum

ground state energy from the minimum S1 energy. Despite having neglected

zero point vibration, the theoretical adiabatic excitation energies should be

comparable to the experimentally measured 0–0 transitions [6,13]. Our ROKS

BLYP/p.w. values are listed in Tab. 5 together with experimental 0–0 transi-

tion energies measured and assigned to the different tautomers by Nir et al. [6]

and Mons et al. [13], respectively. Similar to the vertical excitation energies,

the ROKS results appear to be too low by approximately 1 eV. However, the

relative ordering already constitutes important information that may be used
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in the assignment of experimental IR-UV spectra. We would like to point out

the striking similarity between the two sets of experimental data. Basically,

it seems that both groups have indeed recorded more or less identical spec-

tra, merely the assignment is different. For example, if we interchanged the

values for the N9H-keto and N7H-keto tautomers in the data of Nir et al. [6],

there would be good agreement between all three sets of data. Both theory

and experiment would then see the 0–0 transition of N9H-keto roughly 0.1 eV

above that of N7H-keto guanine. Furthermore, if we swap the trans-N7H-enol

and trans-N7H-enol numbers in the set of Mons et al. [13], both experiments

match. According to our ROKS calculations the lower adiabatic excitation

energy should be assigned to the trans-N7H-enol tautomer.

3.4 Excited state vibrational spectra

Harmonic vibrational spectra of all six guanine tautomers considered in this

work have been calculated in the S1 state by means of the ROKS BLYP/p.w.

method. We would like to emphasize that a larger plane wave cutoff of 100

Ry has proven crucial in order to obtain converged frequencies. Moreover,

extremely careful geometry optimization is required if imaginary frequencies

are to be avoided. Again, we have performed additional quantum chemical

calculations using the CIS and CASSCF methods for the sake of comparison.

All the results are summarized in Tab. 6. In the following, we shall discuss

characteristic features of the individual tautomers that may be used to identify
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their experimental IR-UV spectra.

Distinguishing keto from enol vibrational spectra is straightforward; the for-

mer exhibit a double peak at the high energy end of the spectrum between

3500 and 3600 cm−1, whereas the latter show a double peak shifted to higher

energies by roughly 100 cm−1, i.e. between 3600 and 3700 cm−1 (see ROKS

data in Tab. 6). This is in good agreement with experimental observations in

the ground state [6, 13], where the enol highest energy lines are measured at

roughly 3590 cm−1, approximately 80 cm−1above the highest keto lines. Our

ROKS values for the enol tautomers all lie between 3628 and 3637 cm−1, with

the exception of cis-N7H-enol guanine whose highest peak is at 3678 cm−1,

because of steric effects as we shall discuss below. Nir et al. [44] have previ-

ously stated that vibrational frequencies in the S1 are on average 10 % larger

compared to the ground state. Therefore, our ROKS results appear to be re-

markably close to the true values. Thus, in contrast to the CIS and CASSCF

numbers there is no need to rescale the ROKS frequencies by an empirical

fudge factor.

In the case of the enol tautomers, the highest frequency vibration (mode 42)

can be identified as the OH stretching mode, whereas mode 41 is the asym-

metric stretching mode of the amino group. For all enol tautomers, the energy

gap between these two vibrations is at most 4 cm−1 with the exception of

cis-N7H-enol guanine, which has a gap of 56 cm−1. This shift in the OH vi-

brational energy is due to the presence of the hydrogen atom H7 making this
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tautomer altogether less stable than the other five tautomers. It is therefore

also less likely to be observed experimentally.

The highest energy normal modes of the keto tautomers are the N9H (N9H-

keto) and N7H (N7H-keto) vibrations, respectively. Mode 41 is the asymmetric

stretching mode of the amino group. Our ROKS calculation for N9H-keto gua-

nine reproduces the experimental energy separation between these two lines

of 16 cm−1 measured by Nir et al. [6] in the ground state rather well. However,

ROKS finds a separation for N7H-keto guanine of 62 cm−1, significantly larger

than the experimental ground state value of 8 cm−1. There is, at present, no

conclusive evidence to decide whether this discrepancy can be attributed to in-

accuracies of the ROKS method or if we are dealing with a real effect induced

by geometrical changes in the S1 state. As we have discussed in Sect. 3.3,

the position of the hydrogen atom involved in the highest energy vibration,

namely H7, changes significantly in the excited state. Unfortunately, it has so

far been impossible to probe the high energy spectral region experimentally

in the S1 state [6, 13].

According to our ROKS data, the spectral region between 1430 and 1571 cm−1

should be well suited to differentiate between the N9H-keto and N7H-keto

tautomers. Here we find no vibrational modes for N9H-keto, whereas N7H-

keto guanine has two spectral lines at 1479 and 1516 cm−1, respectively. Our

CIS calculations suggest that the former is sufficiently intense to be recognized

in experiment.
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Another interesting spectral region is the interval between 674 and 794 cm−1

where N7H-keto guanine is inactive, but the N9H-keto tautomer shows lines at

701, 736, 755, and 768 cm−1. Again, by analyzing the corresponding intensities

obtained from CIS calculations we are confident that at least some of those

four lines are detectable experimentally.

Nir et al. [6] report S1 vibrational modes at 333 and 448 cm−1, which they

assign to the N7H-keto tautomer, as well as lines at 336 and 467/470 cm−1 [6]

assigned to the N9H-keto tautomer. ROKS predicts vibrations at 332 and

441 cm−1 for N9H-keto guanine and at 333, 459, and 469 cm−1 for N7H-keto

guanine. Together with the positions of the respective 0–0 transitions (see Tab.

5), our results thus suggest that the assignment for the keto tautomers by Nir

et al. [6] should be interchanged.

Do our calculations also provide enough spectral information to distinguish

N7H-enol from N9H-enol tautomers? We have determined characteristic vi-

brational frequencies of N7H-enol guanine at 695 (trans) and 698 cm−1 (cis).

The nearest lines of the N9H-enol tautomers are separated by at least 30 cm−1.

A further promising spectral region lies between 1073 and 1136 cm−1, where

the N7H-enol tautomer is inactive but N9H-enol guanine exhibits three bands

at 1086, 1088, and 1090 cm−1, the first of which should have relatively strong

intensity.

The last issue that we would like to address is the distinguishability of trans
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and cis enol tautomers. We have already discussed the pronounced blue shift

of the OH vibrational frequency in the case of cis-N7H-enol guanine due to

steric effects. Furthermore, there is a characteristic spectral line at 1624 cm−1

corresponding to mode 37 (predominantly stretching of the C5C6 bond) of

trans-N7H-enol guanine. However, our CIS calculations predict the signal to

be rather weak for this mode.

Since there is no steric hinderance in the case of N9H-enol guanine, cis and

trans isomers are expected to have very similar spectra. On the whole, this

assumption is confirmed by our theoretical vibrational frequencies. Moreover,

preliminary molecular dynamics simulations in the S1 state indicate that the

rotational barrier between the two isomers may be sufficiently low to allow

the OH group to rotate more or less freely [45]. The presence of cis-N9H-enol

guanine in molecular beams may be verified experimentally by analyzing the

spectral region around 1419 cm−1, where our ROKS calculations predict a line

for the cis tautomer separated by at least 36 cm−1 from the nearest lines of the

trans tautomer. The vibrational mode at 1419 cm−1 has a large C6N1 stretch

component and, according to our CIS data, has rather large intensity.

Finally, we have studied the significance of anharmonic effects by compar-

ing the harmonic ROKS vibrational spectrum of cis-N9H-enol guanine to the

Fourier transform of the velocity autocorrelation function obtained from an

adiabatic Car-Parrinello molecular dynamics simulation in the first excited

state also using the ROKS method. A graphical representation of the two
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spectra is shown in Fig. 2. Considering the error bars (the anharmonic spec-

trum has a resolution of 13 cm−1 and has been corrected for unphysical spectral

shifts due to the fictitious Car-Parrinello electronic degrees of freedom), our

conclusion is that there are no dramatic anharmonic shifts and the harmonic

approximation can be safely applied for most vibrational modes. A notable

exception is the region around 1150 cm−1, where the anharmonic peak is red-

shifted by roughly 40 cm−1 compared to the harmonic frequency. Visualization

of the respective harmonic eigenmode reveals a strongly mixed vibration with

large contributions of the C8H and OH stretching modes as well as out of

plane distortions of the aromatic ring system.

4 Conclusions

We have employed the restricted open-shell Kohn-Sham approach to calcu-

late structural, energetic and spectroscopic quantities of the six most stable

guanine tautomers in the first excited singlet state S1. In addition, we have

carried out standard Kohn-Sham density functional calculations in the elec-

tronic ground state S0.

Using the BLYP functional we have found the N7H-keto guanine to be the

most stable tautomer both in the ground state and in the first excited π →

π∗ state, slightly lower in energy than the N9H-keto tautomer. We observe

substantial geometrical distortions in the S1 state compared to the ground
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state, in particular for the N9H-keto tautomer whose six-membered aromatic

ring is heavily nonplanar.

Our theoretical adiabatic S1 excitation energies can be compared to experi-

mental 0–0 transition energies providing hints as to the spectral positions of

the individual guanine tautomers. In combination with our ROKS S1 vibra-

tional spectra, the present results facilitate the assignment of experimental

IR-UV and REMPI spectra of jet-cooled guanine.

In addition, this work has demonstrated that excited state vibrational fre-

quencies can be obtained fairly reliably using the ROKS method. In particu-

lar, unlike the more conventional CIS and CASSCF methods, ROKS does not

require any rescaling of vibrational frequencies.
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Table 1

Dihedral angles [◦] of the amino groups of the six guanine tautomers from Fig. 1

in the ground state. The plane-wave (p.w.)/pseudopotential calculations are com-

pared to results obtained using Gaussian-type basis sets. Dh1 is the dihedral angle

H21N2′C2N1 and dh2 stands for the dihedral angle H22N2′C2N3; see Fig. 1 for the

labelling of the atoms.

method BLYP BLYP B3LYP

basis set p.w.(70 Ry) 6-31++G** 6-31++G**

dh1 dh2 dh1 dh2 dh1 dh2

N7H keto 35.0 11.8 37.6 11.4 36.2 10.7

N9H keto 30.7 13.1 33.6 12.8 31.5 12.0

trans-N9H-enol 17.2 16.1 18.2 17.2 16.6 15.7

cis-N9H-enol 18.8 16.2 16.3 16.4 14.5 14.6

trans-N7H-enol 15.1 15.2 19.8 17.1 18.4 15.8

cis-N7H-enol 16.8 15.6 17.9 16.2 16.5 15.3
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Table 2

Relative ground state energies [kJ/mol] of the six guanine tautomers from Fig. 1.

The plane-wave (p.w.)/pseudopotential calculations are compared to results ob-

tained using Gaussian-type basis sets. Shukla et al. [15] used the optimized struc-

ture at HF level for a single point calculation at MP2 level, both with a mixed basis

set (m.b.) where 6-311+G* was used for the nitrogen atom of the amino group and

4-31G for all other atoms.

method BLYP BLYP B3LYP MP2 [5] MP2 [6] MP2 [15]

basis set p.w. 6-31++G** 6-31++G** 6-31G** 6-311G** m.b.

N7H-keto 0.0 0.0 0.0 0.0 + 1 0.0

N9H-keto + 3.3 + 2.9 + 2.4 + 0.2 0 + 1.7

trans-N9H-enol +12.8 + 9.2 + 5.1 + 4.7 + 4 +29.9

cis-N9H-enol +14.4 +11.9 + 7.9 + 7.3 + 7

trans-N7H-enol +23.0 +20.0 +17.5 +18.7 +18 +35.6

cis-N7H-enol +52.2 +52.7 +51.8 +55.2
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Table 3. Lowest singlet vertical π → π∗ excitation energies [eV] of six guanine tautomers obtained from TDDFT calculations using

different exchange-correlation functionals. The ROKS/plane-wave (p.w.) calculations are compared to TDDFT results obtained using

Gaussian-type basis sets as well as to different methods and the experimental excitation energy of 9-ethylguanine [46].

method ROKS TDDFT TDDFT CIS CIPSI CASPT2 Exp.

BLYP BLYP B3LYP [15] [42] [41] [46]

basis set p.w. 6-31++G** 6-31++G** m.b.

N9H-keto 3.70 4.39 4.87 6.32 4.76 4.76 4.55

trans-N9H-enol 3.52 4.19 4.72 6.51

cis-N9H-enol 3.50 4.13 4.68

trans-N7H-enol 3.48 3.80 4.36 6.15

cis-N7H-enol 3.47 3.74 4.31

N7H-keto 3.35 4.10 4.63 6.15 4.94
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Table 4

Relative energies [kJ/mol] in the S1 excited state of the six most stable guanine

tautomers obtained from ROKS calculations.

method ROKS

functional BLYP

basis set p.w. (70 Ry)

N7H-keto 0.0

N9H-keto +16.3

cis-N9H-enol +20.7

trans-N9H-enol +22.5

trans-N7H-enol +35.0

cis-N7H-enol +63.3
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Table 5

Adiabatic excitation energies [eV] for the lowest π → π∗ transition of six guanine

tautomers obtained with ROKS BLYP/p.w. compared with experimental 0–0 tran-

sition energies

ROKS exp. [6] exp. [13]

N9H-keto 3.11 4.13 4.20

trans-N7H-enol 3.10 4.07

cis-N7H-enol 3.09

trans-N9H-enol 3.07 4.08 4.31

cis-N9H-enol 3.04

N7H-keto 2.97 4.21 4.12
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Table 6

Harmonic vibrational frequencies [cm−1] of the different guanine tautomers calcu-

lated using the ROKS, CIS, and CASSCF methods. For the CIS frequencies, the

corresponding intensities are given in parentheses [km/mol].
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Table 6

N9H-enol N7H-enol N9H-keto N7H-keto
trans cis trans cis

CIS CAS ROKS ROKS ROKS ROKS ROKS ROKS

1 64 (29) 91 43 119 86 120 65 123
2 102 (17) 152 132 136 167 160 120 153
3 215 (5) 178 176 181 201 200 190 166
4 249 (82) 194 223 228 233 250 217 250
5 267 (145) 238 256 238 287 300 267 288
6 275 (8) 289 282 268 333 327 317 306
7 311 (14) 325 327 329 362 336 332 325
8 359 (155) 361 356 348 410 349 411 333
9 365 (6) 400 434 416 448 382 414 410
10 492 (11) 461 465 474 461 405 441 431
11 521 (88) 498 486 515 508 475 496 459
12 554 (15) 537 508 522 511 515 505 469
13 625 (43) 590 512 534 520 547 559 502
14 634 (39) 650 535 555 556 559 600 529
15 653 (11) 659 538 567 593 611 619 551
16 697 (0) 670 593 617 616 618 637 584
17 722 (5) 693 626 640 635 631 701 638
18 766 (27) 728 656 667 695 698 736 646
19 805 (6) 867 748 753 724 731 755 674
20 878 (1) 1006 784 782 768 764 768 794
21 985 (27) 1009 792 801 787 789 846 813
22 1036 (135) 1027 929 919 851 835 891 852
23 1101 (128) 1105 948 940 968 969 999 941
24 1142 (37) 1156 996 1007 999 995 1020 993
25 1204 (26) 1198 1015 1016 1073 1072 1068 1077
26 1250 (6) 1260 1088 1090 1138 1136 1141 1103
27 1302 (251) 1354 1150 1177 1173 1163 1184 1171
28 1398 (30) 1397 1245 1236 1252 1214 1223 1229
29 1451 (104) 1443 1293 1283 1258 1263 1247 1267
30 1471 (48) 1477 1316 1323 1281 1278 1261 1294
31 1528 (77) 1520 1328 1327 1332 1305 1311 1335
32 1562 (199) 1580 1358 1373 1352 1326 1355 1381
33 1595 (140) 1606 1381 1419 1384 1397 1398 1429
34 1635 (307) 1688 1455 1446 1421 1425 1430 1479
35 1715 (84) 1721 1485 1468 1493 1494 1571 1516
36 1799 (12) 1775 1556 1560 1575 1567 1588 1593
37 1808 (904) 1875 1581 1579 1624 1579 1641 1619
38 3445 (3) 3406 3112 3086 3126 3108 3167 3191
39 3856 (217) 3821 3504 3503 3490 3472 3421 3455
40 3913 (137) 3905 3536 3537 3517 3487 3477 3466
41 4006 (88) 3974 3636 3631 3625 3622 3516 3512
42 4153 (105) 4137 3637 3635 3628 3678 3532 3574
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Fig. 1. Langer/Doltsinis, J. Chem. Phys.
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Fig. 2. Langer/Doltsinis, J. Chem. Phys.
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FIGURE CAPTIONS:

Fig. 1: Structures and nomenclature of the six lowest energy guanine tau-

tomers. The atomic numbering scheme is illustrated for the N9H-

keto tautomer.

Fig. 2: Comparison of the anharmonic (black line) and harmonic (grey

lines) theoretical vibrational spectra calculated using the ROKS

BLYP/p.w. method with a cutoff of 70 Ry. No intensities are avail-

able for the harmonic frequencies; the heights of the peaks of the

anharmonic spectrum do not correspond to IR intensities.
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