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A combined experimental and theoretical study on the excited-state behavior of the uracil

analogues, 5-OH-Ura and 5-NH2-Ura is reported. Two-photon ionization and IR/UV

double-resonant spectra show that there is only one tautomer present for each with an excited

state lifetime of 1.8 ns for 5-OH-Ura and 12.0 ns for 5-NH2-Ura as determined from pump–probe

experiments. The nature of the excited states of both species is investigated by means of

multi-reference ab initio methods. Vertical excitation energies, excited state minima, minima on

the crossing seam and reaction paths towards them are determined. Sizeable barriers on these

paths are found that provide an explanation for the lifetimes of several nanoseconds observed

in the experiment.

Introduction

Gas-phase and computational studies of RNA and DNA

bases have revealed unique photophysical properties that are

sensitive to subtle structural differences. Nucleobase excited-

state lifetimes depend on isomerism,1,2 substitution,3,4 tautomer

form5,6 and non-covalent interactions, such as hydrogen

bonding with complementary bases7,8 or with solvent

molecules9 and stacking10 bonding with other nucleobases.

Theoretical understanding describes the excited-state dynamics

in terms of rapid internal conversion mediated by conical

intersections.8,11–14 This pathway offers a mechanism to

diffuse electronic excitation by converting it to ground-state

internal energy which can be safely transferred to the environ-

ment. One intriguing implication is the possibility that this

mechanism could have affected prebiotic chemistry on an early

Earth, thus influencing the eventual make-up of the bio-

molecular building blocks that form life as we know it today.

Conical intersections that couple potential surfaces require

geometrical changes in the excited states. For example for

9-methylguanine the internal conversion pathway seems to

involve a strongly bent amino group at position 2.15–17 The

pathway for cytosine appears to involve CQC twisting18,19

with a low barrier for keto-cytosine (producing a short

vibronic spectrum20) and a considerable energy gap to the S0
state for enol-cytosine, producing an extensive vibronic

spectrum.20 Therefore it should be no surprise that the potential

energy landscapes that form conical intersections are affected

by different substitutions. Excited-state dynamics should be

especially sensitive to substitutions in the positions of the

molecular frame that include coordinates along which the

intersections are formed.

Among several works dealing with the effect of substitution

in photoexcited nucleobases4,14,21–28 we would like to draw

attention to the recent work by Mburu and Matsika.4 These

authors have explored the effect of substitutions on purines

and found that substitution at the C2 position decreases the

energy of the first pp* state considerably whereas substitution

at the C6 position has a much smaller effect; the carbonyl

group has in general a stronger effect than the amino group;

np* states for all substituted purines are blue-shifted compared

to purine. To understand the effect on pyrimidine bases they

compared with 2-pyrimidinone (the ring structure of cytosine

without the amino group) and found that the energy of the

first bright excited state correlates strongly with the nature,

position, and orientation of the substituent.

We have also recently explored the effect of amino substitu-

tions in pyrimidines by studying 2,4-diaminopyrimidine by

means of multi-reference ab initio methods.29 The calculations

of stationary points in the ground and excited states, minima

on the S0/S1 crossing seam and connecting reaction paths show

that several paths with negligible barriers exist, allowing

ultrafast radiationless deactivation if excited at energies

slightly higher than the band origin. Even though the NH2

group attached to the C2 position blocks the path to one of the

lowest energy conical intersections, namely the one associated

with ring puckering at C2, there are still other alternatives for

almost barrierless access to conical intersections associated

with deformations at the C5, C6, and N1 positions.

Substituted uracil compounds can be viewed as structural

analogues of 2,4-diaminopyrimidine in which the C2 and C4

positions are substituted by oxygen rather than amino groups

(see Fig. 1). We now report the effect of substitution at the C5
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position on excited-state relaxation of uracil analogues. We

investigated two kinds of substitutions by experimental and

computational methods, the OH substitution leading to

5-hydroxyuracil (5-OH-Ura) and the NH2 substitution leading

to 5-aminouracil (5-NH2-Ura). Brady et al. have shown that

5-methyluracil (also known as thymine) has a broad UV

spectrum at the band origin indicative of a short excited-state

lifetime, similar to uracil itself.30 But if the substituent is a

hydroxyl or an amino group we found the excited-state

lifetimes to be 1.8 ns and 12.0 ns respectively.

It appears that at the shorter wavelengths at which most of

the time-dependent experiments have been conducted so far,

all nucleobases are excited well above any possible barriers

towards internal conversion. So to the extent that pathways

through conical intersections exist, the photochemical

behavior would be similar for all such species, and generally

a short excited-state lifetime is observed in experiments at

267 nm.24,31,32 On the other hand, our results show that the

deactivation mechanisms following excitation to the origin of

the first UV absorption band are very sensitive to the

topography of the potential energy surface and thus lead to

significant differences in excited-state dynamics of analogous

species. This fact is especially relevant if we take into account

that the intensity of the UV solar radiation in this range, about

300 nm, is most sensitive to the specific atmospheric composition.

Methods

Experimental methods

We laser desorb a mixture of pure compound from a graphite

substrate with a Nd:YAG laser (1064 nm, B10 ns pulse

duration, less than 1 mJ/pulse), after which the molecules

become entrained in a pulsed supersonic jet of Ar (backing

pressure 6 atm). Using mass-selected spectroscopy we measure

resonant two-photon ionization spectra (R2PI) by detecting

positive ions in a reflectron time-of-flight mass spectrometer.33

In UV-UV double resonance experiments, two laser pulses are

separated in time by 200 ns. Ionization laser intensities are

approximately 3 mJ/pulse and are attenuated to avoid

saturation. The first pulse serves as a ‘‘burn’’ pulse, which

removes ground-state population and causes depletion in the

ion signal of the second ‘‘probe’’ pulse, provided both lasers

are tuned to a resonance of the same isomer. In IR-UV double

resonance spectra the burn laser operates in the near-IR

region. IR frequencies ranging from 3100 cm�1 to 3800 cm�1

are produced in an optical parametric oscillator setup

(LaserVision) pumped by a Nd:YAG laser operating at its

fundamental frequency. Typical IR intensities in the burn

region are 8–10 mJ/pulse with a bandwidth of 3 cm�1. The

resulting ion-dip spectra are ground-state IR spectra that are

optically selected by means of the probe laser R2PI wave-

length and mass selected by virtue of the mass spectrometer

detection. We record excited-state lifetimes by following

resonant excitation by ionization (290.3 nm for 5-OH-Ura

and 312 nm for 5-NH2-Ura) with a separate 266 nm laser pulse

with variable delay.

Computational methods

To assign the IR-UV double resonance spectra, we calculated

relative energies and vibrational frequencies of possible

tautomers using the density functional theory (DFT)

method employing the B3LYP hybrid functional34–36 and a

6-311+G(2d,p) basis set.37,38 To account for anharmonicity

and method deficiency we scaled vibrational frequencies by a

factor of 0.9618. We used the Gaussian 03 quantum code

package.39

The minima on the ground and excited S1 surfaces and on

the S1/S0 seam of conical intersections (MXS) were determined

by means of the complete active space self-consistent field

(CASSCF) method. The active space for CASSCF wave-

functions was constructed by using ten electrons in eight

orbitals (10, 8), which comprises one lone pair (n) located on

the oxygen atom of C4-O carbonyl group and seven p orbitals.

A state-averaging procedure including three states (SA-3) was

used. The localization of the minima on the crossing seams

were performed by means of the analytic gradients and

nonadiabatic coupling vectors.40–43 Multi-reference configura-

tion interaction (MR-CI) and multi-reference second-order

perturbation theory in its multi-state version (MS-CASPT2)

method44,45 were used to account for dynamic correlation

effects. Unless specifically stated the 6-31G* basis set was used

throughout the calculations.46

In the CI approach, single and double excitations from the

CI reference space are included and the generalized interacting

space restrictions are adopted.47 The MR-CISD reference

space was constructed by moving orbitals with natural

occupation larger than 0.9 and smaller than 0.1 to the doubly

occupied and virtual spaces, respectively, resulting in the space

composed of six electrons in five orbitals (MR-CISD(6, 5)). All

single and double excitations were allowed from this reference

space. To reduce the computational cost during the geometry

optimization, 14 doubly occupied orbitals were frozen. This

procedure was tested against calculations with nine 1s core

Fig. 1 (a) Structure and numbering of the 5-X-Ura molecule.

Selected geometrical parameters of S1 minima of (b) 5-NH2-Ura and

(c) 5-OH-Ura. Bond distances are given in Å. The ground-state

parameters are given in parentheses.
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orbitals frozen for a selected set of structures. The size-

consistency effects were taken into account by means of the

Pople correction method40,48,49 and are indicated by +Q.

MS-CASPT2 calculations were performed with the same

reference CAS space and with an IPEA shift of 0.25.50 To

verify the reliability of the 6-31G* basis set we performed these

calculations using the 6-311G* basis set also. Reaction paths

between selected stationary points and MXS structures were

constructed using the method of linear interpolation of

internal coordinates (LIIC). For these calculations we have

used the MR-CI with singles (MR-CIS) and CASPT2

methods. The calculated energies of individual points are

plotted as a function of the mass-weighted distances between

these points and a stationary point.

The geometry of the ground-state minima were obtained

using the resolution-of-identity coupled cluster to the second

order (RI-CC2)51–53 method using the TZVPP basis set.54a The

vertical excitation energies obtained using this method are also

reported. Absorption spectra were simulated by sampling the

molecular geometries of the ground state by a harmonic

oscillator Wigner distribution and then computing the photo-

absorption cross section55 for two excited states at the RI-CC2

level with SVP basis set.54b Five hundred points were sampled

in the Wigner distribution and a normalized Lorentzian line

shape with 0.1 eV width was employed. The optimization of

conical intersections was performed using the analytic gradient

and non-adiabatic coupling vectors40–43 available in the

COLUMBUS program system.56–58 The CASPT2 calculations

were performed with the MOLCAS program package.45,59

RI-CC2 calculations were performed using the Turbomole

program package.60 Spectra simulations were performed with

the Newton-X program.61,62

Results and discussions

Before measuring excited-state lifetimes by pump–probe

measurements, it is necessary to determine the tautomeric

forms we observed in the beam. Therefore the experiments

consisted of the following sequence of measurements: (1)

Obtain the UV R2PI spectrum. (2) Determine the number of

tautomers in the spectrum by UV-UV hole burning. (3) Obtain

the IR-UV double resonant spectrum for each tautomer.

(4) Identify the tautomeric form(s) by comparison with

computed frequencies. (5) Perform pump–probe measure-

ments to obtain excited state lifetimes. Figs. 2 and 3 show

the results for steps (1)–(4) for 5-OH-Ura and 5-NH2-Ura,

respectively. The signal-to-noise ratio in the in the R2PI

spectrum of 5-OH-Ura is much poorer than for 5-NH2-Ura,

which may explain the lack of discernable vibrational

progression in the former. Based on the comparison of

calculated vibrational frequencies for the six lowest energy

tautomers with IR spectra of both species we can assign the

spectra to only a single tautomer, which is the lowest energy

form. As shown in Fig. 2 for 5-OH-Ura, all di-enol tautomers

are absent because we do not observe any vibrations between

3500 and 3600 cm�1. Structure D is absent because we observe

three, rather than two peaks. Of the two lowest energy

structures A and B we observe form A in which the OH is

slightly hydrogen bonded and therefore red-shifted relative to

the free frequency in B which would be close to 3700 cm�1.

This red-shift is very hard to predict accurately, explaining the

relative discrepancy with the measured value. For 5-NH2-Ura,

all enol tautomers are absent because we do not observe any

vibrations beyond 3500 cm�1 (not shown in the figure). The

imino form, C, would have exhibited fewer peaks. The only

reasonable assignment is therefore the lowest energy form, A.

The asterisks in the R2PI spectrum mark all wavelengths at

which we obtained double resonant spectra with all identical

results, confirming that the UV spectrum is due to the single

tautomer only.

Fig. 4 shows the pump–probe measurements, obtained by

two-color ionization with a variable delay between excitation

and ionization. We fitted the data with single exponential

decay curves, yielding lifetimes of 1.8 ns for 5-OH-Ura and

12.0 ns for 5-NH2-Ura.

To explain the nature of the excited states of both species we

performed further modeling by means of multi-reference

ab initio methods. Below we report the results of the investiga-

tion of the potential energy surface, i.e. energetics of the

excited states at the Franck–Condon region, excited state

minima and minima on the crossing seam. Based on their

relative energies and on the character of reaction paths

connecting these points we can provide an explanation for

the long excited-state lifetimes we observed experimentally.

Excited-state analysis

Vertical excitation energies of 5-NH2-Ura and 5-OH-Ura.

The valence bond structure and numbering scheme of

5-NH2-Ura and 5-OH-Ura analogues and their optimized

structures are shown in Fig. 1. The vertical excitation energies

of both compounds are collected in Table 1. The ground state

of 5-OH-Ura is of Cs symmetry, while due to the nonplanarity

of the NH2 group it is of C1 symmetry for 5-NH2-Ura. To

keep the interpretation of the results consistent we will use the

notation of C1 symmetry for the vertically excited states of

both species. The vertical excitation energies of two first

excited states were calculated at the RI-CC2, CASSCF(10,8),

MR-CISD(6,5), and MS-CASPT2 levels (see Table 1). In

Table 1 the oscillator strengths calculated at the RI-CC2 level

are also reported.

At the CASSCF level the first excited state in the ground-

state minimum is due to excitation from the lone pair orbital

localized on the O atom of the C4–O group, followed by

excitation from the p-orbital localized mainly on the C5–C6

bond into a p* orbital. The orbitals involved in the excitations

are shown in Fig. 5 for the case of 5-OH-Ura. Similar orbitals

are involved in the excitations of 5-NH2-Ura. Inclusion of

dynamic correlation effects in MS-CASPT2 calculations

results in a significant change in excitation energies of the

pp* state with the energy lowering leading to a reverse

ordering of states. Note that even at the MR-CISD(6, 5) level

the excitation energies of the pp* state are still high. With

Pople corrections included, the ordering of the states becomes

the same as at the CASPT2 and CC2 levels.

The energy ordering of the states in the Franck–Condon

region of 5-NH2-Ura and 5-OH-Ura is reversed compared to

the natural bases uracil and thymine (5-CH3-Ura). The CC2
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method places the bright pp* state above the np* state by

about 0.6 and 0.4 eV for uracil and thymine, respectively

(see Table 1). As will be discussed below, this inversion plays

an important role in the dynamics of the uracil analogues.

In order to compare the experimentally measured vertical

excitation energies with the values calculated using various

methods described above we have simulated absorption

spectra employing the RI-CC2/SVP method (see Fig. 6).

The experimentally measured excitation energies at the band

origin are 3.96 and 4.27 eV, for 5-NH2-Ura and 5-OH-Ura,

respectively. The energy difference between the band maxima

and band origin estimated from the simulated spectra are

0.85 eV and 0.89 eV for 5-NH2-Ura and 5-OH-Ura,

respectively. Adding this shift to the experimental values of

the band origin gives the energies of the band maxima of

4.81 eV and 5.16 eV for 5-NH2-Ura and 5-OH-Ura, respec-

tively. Compared to vertical excitation energies calculated with

the CC2 method and the triple-z TZVPP basis set, which serve

as benchmark calculations for vertical excitation energies,

these values are 0.27 and 0.42 eV higher for 5-NH2-Ura

and 5-OH-Ura, respectively. The vertical excitation energies

obtained at the CASPT2/6-31G* method are higher, with

the energy difference within a small region of 0.2–0.3 eV

compared to those obtained with the CC2/TZVPP method

Fig. 2 Results for 5-OH-Ura. Top left: R2PI spectrum. Right panel: possible tautomeric forms with calculated relative energies in kcal mol�1.

Bottom left: IR-UV double resonant spectrum (top trace) compared with computed IR spectra (displayed as stick spectra, with NH stretches as

solid lines and OH stretches as dashed lines) for selected tautomeric forms. Calculations were performed at the B3LYP/6-311+G(2d,p) level.

Fig. 3 Results for 5-NH2-Ura. Top left: R2PI spectrum. Right panel: possible tautomeric forms with calculated relative energies in kcal mol�1.

Bottom left: IR-UV double resonant spectrum (top trace) compared with computed IR spectra (displayed as stick spectra with NH stretches as

solid lines, OH stretches as dashed lines and NH2 stretches as dotted lines) for selected tautomeric forms. Calculations were performed at the

B3LYP/6-311+G(2d,p) level.
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showing that the former method provides a reliable

description of the PES.

Stationary points of the excited states and minima on the

crossing seam. The CASSCF-optimized structures of S1 (np*)
minima for both 5-NH2-Ura and 5-OH-Ura together with the

most important geometrical parameters are given in Fig. 1.

For both species, the minima show an elongation of C4–O and

C5–C6 bonds and a shortening of the C4–C5 bond with

respect to the ground-state geometry. The excited-state

minima are also characterized by puckering at the C6

(5-NH2-Ura) and N3 (5-OH-Ura) atoms and the deviation

of the 5-X substituents from planarity. In addition, in the case

of 5-OH-Ura, the OH group, which is in the plane of the ring

in the ground-state minimum, is significantly rotated out of

this plane due to the repulsion of partial positive charges of

O(C4) atom caused by the excitation from the lone-pair orbital

and H atom of the OH group. The relaxation of the np* state

from the Franck–Condon region (further labeled as 31A1) to

the S1 (np*) minimum leads to lowering of the CASSCF

excitation energies by about 1.2 eV and 1.3 eV for

5-NH2- and 5-OH-Ura, respectively. Using the MR-CISD+Q

and MS-CASPT2 methods this lowering amounts to 0.8 and

0.6 eV, respectively. For both species we did not succeed in

localizing the minima of pp* character at the CASSCF level.

Previous studies of uracil and substituted species however

indicate that the S1 global minimum is of np* character.25

The energies, conformational analysis based on the

Cremer–Pople parameters,63 and the character of the wave-

function of the minima located on the S1/S0 crossing seam for

5-NH2-Ura and 5-OH-Ura are listed in Tables 2 and 3

respectively; in Fig. 7a and b the corresponding structures

are shown.

For both species all structures display strong out-of-plane

deformations. Using the Cremer–Pople parameters63 and the

Boeyens classification scheme,64 we identified four types of

structure deformations, namely, boat (B), screw-boat (S),

envelope (E), and twist-boat (T) conformations. In most

cases the single-point calculations at the MR-CISD and

MS-CASPT2 methods using the CASSCF optimized conical

Fig. 4 Pump–probe data for 5-OH-Ura (left panel; pump: 290.3 nm, probe: 266 nm) and 5-NH2-Ura (right panel; pump: 312 nm, probe: 266 nm).

Solid line is a single exponential fit to the data.

Table 1 Vertical excitation energies and relative energies of min S1 (in eV). Excited-state minima were optimized with 3-SA-CASSCF(10,8)/
6-31G*, ground-state minima with RI-CC2/TZVPP

Geometry State CASSCF(10,8) MR-CISD(6,5)a,b CASPT2a,c RI-CC2d

5-NH2-Ura min S0 21A1(pp*) 6.64 5.18 (5.98) 4.84 (4.69) 4.54
4.82 (0.185)

31A1(np*) 5.12 5.49 (5.33) 5.21 (5.14) 5.06
5.23 (0.000)

min S1(np*) S1(np*) 3.91 4.73 (4.18) 4.57 (4.54)
S2(pp*) 6.09 5.91 (6.56) 6.20 (6.15)

5-OH-Ura min S0 21A1(pp*) 6.67 5.39 (6.18) 5.01 (4.96) 4.74
5.07 (0.189)

31A1(np*) 5.25 5.69 (5.58) 5.37 (5.37) 5.20
5.44 (0.000)

min S1(np*) S1(np*) 3.93 4.85 (4.16) 4.76 (4.71)
S2(pp*) 6.74 7.19 (6.88) 6.98 (6.87)

Urae min S0 21A1(np*) 4.79
31A1(pp*) 5.34

5-CH3-Urae min S0 21A1(np*) 4.82
31A1(pp*) 5.20

a 6-31G* basis set. b MR-CISD calculations with Pople corrections (MR-CISD+Q). The energies without Pople corrections are given in

parentheses. c Results obtained with the 6-311G(2d,p) basis set are given in parentheses. d The results of CC2/SVP vertical excitation energies and

values of oscillator strengths (in parentheses) are given in italics. e Ref. 66.
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intersection geometries resulted in a S1/S0 energy split of up to

about 0.8 eV. The reported MR-CISD and CASPT2 energies

are taken as the average values of the energies of the S0 and S1
states. For an explanation of the excited-state behavior we

consider the relative energies of excited-state minima and

minima on the crossing seams based on the CASPT2 results.

In the case of 5-NH2-Ura, based on the results of excitation

energies obtained at the MS-CASPT2 level, 6E MXS is the

only conical intersection accessible after vertical excitation

into the first pp* state. This structure is characterized by

crossing between the pp* and closed shell (cs) surfaces. The

singly occupied orbital originates from the p (C5–C6) orbital

at the formerly planar structure. Due to the puckering at C6 in

the conical intersection structure the orbital becomes localized

mainly on this atom. The next E5 and
1,4B MXSs are already

energetically above the bright 21A1(pp*) state, although the

energy gap is only about 0.2 and 0.4 eV, respectively. These

structures correspond to pp*/cs crossings. The other MXS

structures are all puckered at the N3 atom and correspond

to cs and the pOp* crossings with a contribution from np*.
These structures are about 0.7–1.0 eV higher in energy than

21A1(pp*).
In the case of 5-OH-Ura, the two lowest structures on the

S1/S0 seam, 6E and 4S5, are characterized by pp*/cs crossing.
Only the former structure is lower in energy than the vertical

excitation energy of the 21A1(pp*) state, while the latter is

about 0.4 eV above this state. The character of its wave-

function is the same as in the case of 5-NH2-Ura. The other

higher lying structures are puckered at the N3 atom (3T1,
1T3,

and 3E) and characterized by the crossing between the cs

surface with a surface of mainly pOp* character. These

structures are about 0.8–1.4 eV above the 21A1(pp*) state.
Although there is not a unique assignment between the

conical intersections of the two uracil analogues the following

correspondence of S1/S0 MXS structures can be achieved

based on the Cremer–Pople parameters, energy ordering and

changes due to electron correlation effects: 6E, 3T1, E5, B3,6

and 3,6B structures of 5-NH2-Ura correspond to 6E, 3T1,
4S5,

1T3 and 3E structures of 5-OH-Ura, respectively. 1,4B of

5-NH2-Ura does not seem to have a corresponding structure

in 5-OH-Ura.

Reaction paths. For both species only the lowest 6E S1/S0
conical intersection is expected to be important for nona-

diabatic relaxation mechanism, if it occurs after excitation

into the first pp* state. The other S1/S0 conical intersections

may be accessed only if higher excited states are populated.

The 6E conical intersection can be reached either directly after

the excitation into 21A1 or indirectly with the molecule first

relaxing to the S1 minimum of np* character which was

found to be a global minimum for uracil and its substituted

analogues.25 The minimum of the excited state of pp*
character is expected to occur near its crossing with the ground

state after the np*/pp* crossing.25 Thus the main pathways to

internal conversion of the studied species are those which

connect the Franck–Condon region or S1(np*) minimum with
6E conical intersections as shown in Figs. 8 and 9. These

calculations are performed using the MR-CIS/SA-3-CASSCF

and CASPT2/SA-5-CASSCF (in its single-state version)

methods. For both methods the five lowest states were calcu-

lated. In these curves the dashed line indicates the actual state

of the molecule along the pathway. Apart from the exchanged

order of the pp* and np* states at the ground-state minimum

Fig. 5 Molecular orbitals of 5-OH-Ura involved in the np*, pp*, and
pOp*excitations. The same character of orbitals was observed for

5-NH2-Ura.

Fig. 6 Absorption spectrum of (a) 5-NH2-Ura and (b) 5-OH-Ura

simulated using the CC2/SVP method. The arrows indicate the region

of the spectra pumped in the experiments (see text). The dots show the

oscillator strengths and transition energies of the pp* and np* states

for the ground-state minimum.
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discussed above, the MR-CIS and CASPT2 results are in good

agreement, displaying the same general reaction pathways.

The interpolated curves which correspond to the reaction

paths from the Franck–Condon region towards the conical

intersection are described first. For both molecules, the 6E

conical intersection is formed by a twist along the C5–C6

bond, which induces the C6 puckering. Along the path

towards this conical intersection the pp* state changes the

character from ionic to biradical.25 For all naturally occurring

pyrimidine nucleobases this pathway has been shown to be

barrierless.65 In the case of 5-substituted uracil, however, the

ionic/biradical crossing causes a barrier along the reaction

path. This barrier is relatively small at the CASPT2

level (about 0.3 eV) or negligible at the MR-CIS level for

5-NH2-Ura because of the high energy of the pp* state

computed at this level. For the more electronegative OH

group, the barrier becomes larger, about 0.7 eV at both

methods. The same effect of electronegative substituents

leading to a barrier was also observed for 5-fluoro-cytosine

by Zgierski et al.25 Although the barrier taken from the highest

point on the interpolation curve represents only an

‘upper-limit’ compared to the true barrier, it is high enough

to expect its actual existence.

The reaction paths connecting the minima on the S1(np*)
surface and 6E MXS calculated at the MR-CIS level are

characterized by a sizeable barrier of about 1 eV for both

species which is a result of the avoided crossing of the state of

np* to pp* character at about 4 Å�amu1/2. A very similar

pathway is obtained by CASPT2 calculations for the

5-OH-Ura molecule. In the case of the 5-NH2-Ura molecule

the barrier along the pathway computed at the CASPT2 level

is reduced due to the mixing between the np* and pp* states.

Conclusion

The experimentally determined excited-state lifetimes of two

species of 5-X-Ura (X = NH2 and OH) are significantly

different from those observed for uracil (X = H) at 1.5–2.3 ps

and thymine (X = CH3) at 5–6 ps24,31 upon excitation at

267 nm. That is, however, a higher pump energy, which is not

directly comparable to the present experiment, since that

energy should excite the system well above any barrier towards

internal conversion. We here report data from excitation at the

band origin (in the 290–310 nm range) which should excite

close to or even below the barrier. Therefore a more relevant

comparison is with the work of Brady et al. who found a broad

UV spectrum with a broad onset at the band origin for uracil

Fig. 7 Geometry of S1/S0 MXS for 5-NH2-Ura (a) and 5-OH-Ura (b).

Table 2 Relative energies in eV of MXS (S0/S1) of 5-NH2-Ura

Geometry State CAS(10,8) MR-CISDa,b,c CASPT2a,c

6E(cs/pp*) S0/S1 4.05 3.73 (3.77) 3.65
S2 7.84 7.38 (7.59) 6.95

B3,6(cs/pOp* + np*) S0/S1 5.11 5.93 (5.56) 5.81
S2 7.87 8.10 (8.13) 8.05

E5(cs/pp*) S0/S1 5.23 5.16 (4.92) 5.01
S2 7.50 7.86 (7.42) 7.57

3,6B(cs/pOp* + np*) S0/S1 5.30 5.64 (5.28) 5.55
S2 8.33 8.07 (8.06) 8.18

3T1(cs/pOp* + np*) S0/S1 5.34 5.75 (5.37) 5.69
S2 8.40 8.26 (8.19) 8.31

1,4B(cs/pp*) S0/S1 5.45 5.30 (5.10) 5.20
S2 7.08 7.42 (6.98) 7.22

a 6-31G* basis set. b MR-CISD calculations with Pople corrections

(MR-CISD+Q). The energies without Pople corrections are given in

parentheses. c The average of the S0 and S1 state energies is reported.

Table 3 Relative energies in eV of MXS (S0/S1) of 5-OH-Ura

Geometry State CAS(10,8) MR-CISDa,b,c CASPT2a,c

6E(cs/pp*) S0/S1 4.66 4.42 (4.40) 4.25
S2 8.23 7.76 (7.96) 7.18

3T1(cs/pOp* + np*) S0/S1 5.35 5.93 (5.45) 5.80
S2 8.36 8.49 (8.36) 8.49

4S5(cs/pp*) S0/S1 5.31 5.39 (5.44) 5.36
S2 7.70 8.50 (8.28) 8.01

1T3(cs/pOp* + pp*) S0/S1 5.44 6.28 (5.67) 6.28
S2 8.47 9.05 (8.56) 8.95

3E(cs/pOp*) S0/S1 5.59 6.16 (5.91) 5.98
S2 8.51 8.50 (8.41) 8.17

a 6-31G* basis set. b MR-CISD calculations with Pople corrections

(MR-CISD+Q). The energies without Pople corrections are given in

parentheses. c The average of the S0 and S1 state energies is reported.

4930 | Phys. Chem. Chem. Phys., 2010, 12, 4924–4933 This journal is �c the Owner Societies 2010



Fig. 8 Potential energy curves for 5-NH2-Ura: Min S0 to MXS 6E calculated at the (a) MR-CIS/3-SA-CASSCF and the (b) the CASPT2/

5-SA-CASSCF levels. Min S1 to MXS 6E calculated at the (c) MR-CIS/3-SA-CASSCF and the (d) the CASPT2/5-SA-CASSCF levels. The dashed

lines schematically indicate the actual state of the molecule.

Fig. 9 Potential energy curves for 5-OH-Ura: Min S0 to MXS 6E calculated at the (a) MR-CIS/3-SA-CASSCF and the (b) the CASPT2/

5-SA-CASSCF levels. Min S1 to MXS 6E calculated at the (c) MR-CIS/3-SA-CASSCF and the (d) the CASPT2/5-SA-CASSCF levels. The dashed

lines schematically indicate the actual state of the molecule.
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and thymine.30 That observation suggests a short excited-state

lifetime for those two biologically important nucleobases

relative to the 1.8 and 12.0 ns lifetimes of the C5-substituted

uracils in the comparable energy range.

In order to understand the deactivation mechanisms we

computed the most favorable internal conversion pathways

through conical intersections. These pathways indicate

that the C5-substituted species should relax in excited states

differently from thymine and uracil. This difference results

from the different ordering of np* and pp* states in the

Franck–Condon region and from a different topography of

the pathway towards the ethene-like 6E conical intersection,

which is the only energetically accessible intersection at the

relatively large pump wavelengths used in the experiments.

While the path towards this structure is barrierless in the case

of natural bases, there is a sizeable barrier for amino- and

hydroxyl-substituted species. The barrier height does not

simply determine the excited-state lifetime. It determines,

however, above what excitation energy the conical intersection

becomes accessible: at wavelengths that excite the molecule

below the barrier the excited state can be long-lived while at

shorter wavelengths that excite the molecule above the barrier

the excited state can become very short-lived.
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53 C. Hättig and A. Köhn, J. Chem. Phys., 2002, 117, 6939.
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