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The mechanisms which are responsible for the radiationless deactivationrof*tla@d zr* excited singlet

states of thymine have been investigated with multireference ab initio methods (the complete-active-space
self-consistent-field (CASSCF) method and second-order perturbation theory with respect to the CASSCF
reference (CASPT2)) as well as with the CC2 (approximated singles and doubles coupled-cluster) method.
The vertical excitation energies, the equilibrium geometries oflthw and ‘zz* states, as well as their
adiabatic excitation energies have been determined. Three conical intersections, @frtleg®nergy surfaces

have been located. The energy profiles of the excited states and the ground state have been calculated with
the CASSCF method along straight-line reaction paths leading from the ground-state equilibrium geometry
to the conical intersections. All three conical intersections are characterized by strongly out-of-plane distorted
geometries. The lowest-energy conical intersection)(@ises from a crossing of the lowéstr* state with

the electronic ground state. It is found to be accessible in a barrierless manner from the minimufaof the

state, providing a direct and fast pathway for the quenching of the population of the lowest optically allowed
excited states of thymine. This result explains the complete diffuseness of the absorption spectrum of thymine
in supersonic jets. The lowest vibronic levels of the optically nearly éark state are predicted to lie below

Cl, explaining the experimental observation of a long-lived population of dark excited states in gas-phase
thymine.

1. Introduction conical intersections as well as low-barrier reaction paths leading
to the latter:’28 On the basis of the computationally identified
pathways, it has become possible to develop a simple mecha-
nistic picture of the photophysics of isolated nucleic acid bases,
in which ultrafast internal conversion dynamics at conical
intersection® plays a decisive role. It has been proposed that
conical intersections related to specific out-of-plane deformations
of the six-membered heteroaromatic rings dominate the radia-
tionless deactivation of the lowest excited states 3t 4&*27.28
U,20:2526gnd C17-19For adenine, it has been shown that conical
intersections related to excited-state hydrogen abstraction from
acidic group&-22-24 and opening of the five-membered rfdg
ecome accessible at higher excitation energies.§ eV).

aken together, these radiationless-decay processes via conical

The nucleic acid bases are the main chromophores of DNA
and absorb strongly in the 26300 nm range. Nevertheless,
the quantum yields of photoproducts involving isomerization
of the heteroaromatic rings are very ldwit seems that
photochemical reactions are efficiently quenched in DNA by
ultrafast nonradiative decay processes back to the electronic
ground state. These nonradiative excited-state deactivation
mechanisms provide DNA with a high degree of intrinsic
photostability?

Experimental and computational work in recent years has led
to considerable progress in the understanding of the mechanism
of radiationless decay of the isolated DNA bases adenine (A), T
cytosine (C.:)’ guanine (G), and thymine (), as well as _the_ RNA intersections seem to provide the DNA bases with a high degree
base uracil (U). Resonance-enhanced multiphoton ionization

(REMPI) as well as laser-induced fluorescence (LIF) spectra of photgstablhty overa W'd_e range of _UV yvavelengths. )
taken in supersonic jets have been found to be broad and Relatively few comp_utatlonal mvestlgatlons pf t.he excneq
structureless in uracil and thymine, indicating extensive mixing States have been published for T. Vertical excitation energies
among excited states and/or ultrashort excited-state lifetimes have been obtained by Lorentzon et al., Shukla and Mishra as
For adenine, guanine, and cytosine, on the other hand, sharpVell as Shukla and Leszczynski with the CASPT2 method
excitation spectra indicating long-lived vibronic levels have been (second-order perturbation theory based on the complete-active-
observed, albeit only in a narrow energy interval above the origin SPace self-consistent-field (CASSCF) reference), the single-
of the spectrd: 7 Time-resolved measurements in solufioi excitation configuration interaction (CIS) method, and time-
as well as in the gas phd8e'® have confirmed the very short ~ dependent density functional theory (TDDFT), respectivél§?
(subpicosecond) excited-state lifetimes of the DNA bases. Geometry optimization at the CIS level has predicted signifi-
Computational studies have revealed the existence of low-lying cantly nonplanar geometries of the lowést* and tz7* excited
states of T3 More recently, Gustavsson et al. have performed
*To whom correspondence should be addressed. E-mail: sobola@ @ MOre extensive exploration of the excited-state potential-
ifpan.edu.pl. energy surfaces of T and U with CASSCF and TDDFT
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methods?® A S;—S, conical intersection has been located at
the CASSCEF level which is reached by a pronounced torsion
of the G—Cs bond and pyramidization atsCin agreement with
previous results for 3% A barrier of about 0.2 eV (1600 cm)

has been predicted on the reaction path between;therimum

and the conical intersection in aqueous solution (solvation has
been described in a dielectric continuum model).

In the present work, we have employed the CASSCF/
CASPTZ22 as well as CC2 (approximated second-order singles
and doubles coupled-clust&)nethods for the characterization
of the potential-energy surfaces of the lowest excited singlet
states of T.

Figure 1. Ground-state equilibrium geometry of thymine, determined
at the MP2/cc-pVDZ level. Bond lengths are given in angstroms.
2. Computational Methods Standard numeration of the atoms is given here and in what follows.
. . The numeration of hydrogen atoms corresponds to that of the heavy
The ground-state geometry of T has been determined with atoms involved in the respective covalent bonds.

the MP2 (second-order MglleiPlesset) method, making use

of the resolution-of-identity (RI) approximatidh The correla- electrons distributed over 108+ 2n) orbitals has been used.
tion-consistent polarized valence douljléec-pVDZ) basis séf The six lowest electronic states were included in the CASSCF
with polarization functions on all atoms was used in the MP2 energy functional with equal weights. The continuity of the
ground-state geometry optimization. electronic character of the excited states along the reaction path

Vertical excitation energies have been calculated with the was controlled by the calculation of the transition dipole
CASSCF/CASPT and CC34 methods. A systematic study Mmoments (from the ground state to the corresponding excited
of the influence of the quality of the basis set on the excitation State) as well as by the analysis of the configurational character
energies has been performed. The following four basis sets haveof the CASSCF wave functions. Finally, single-point energy
been employed (number of primitives/basis functions in paren- calculations were performed at the optimized ground-state
theses): def-SV(P) (240/138)cc-pVDZ (348/156)6 ANO-L geometry as well as at the excited-state local minima and
(669/156)38 and TZVPP (510/ 363%° conical-intersection structures with the CASPT2 and CC2

The search for the minimum-energy structures of the lowest Methods, employing the cc-pVDZ basis set.

Lzz* and In7* states was performed with the CASSCF and  The TURBOMOLE-5.7 packag¥® was used for all MP2 and
CC2 methods. In a first step, the geometries have been optimizedcC2 calculations. The CASSCF optimization of the excited-
with Cs symmetry constraint. This is useful to distinguish State equilibrium structures was performed with the GAMESS
between 4(xr) and &(o/n) orbitals and to divide the electroni- ~ Package, while the CASSCF/CASPT2 single-point energy
cally excited states into ‘Aand A’ symmetry blocks. Taking ~ calculations were performed with the MOLCAS-5 program
the local minimum-energy structures of ther* and nz* states suite®

obtained withCs-constrained optimization as initial guesses, we
have reoptimized the geometries of the excited state§,in
symmetry. The active space in these CASSCF/CASPT2 calcula- 3.1. Ground-state Geometry and Vertical Excitation

3. Results and Discussion

tions consisted of 12 electrons distributed over 16 (8 2n) Energies. The ground-state equilibrium geometry of T deter-
valence orbitals. mined at the MP2/cc-pVDZ level is shown in Figure 1. This
The search for conical intersections between theu® $ structure belongs to th€s symmetry group. All atoms, with

energy surfaces was performed at the CASSCF level, using thethe exception of two hydrogens of the methyl group, lie in the
corresponding module in the Gaussian 98 program packddge. plane of the six-membered ring. The calculated dipole moment
The active space in this case was reduced to six electronsis 3.84 D.
distributed over six orbitals. The initial guesses of the geometries The vertical excitation energies of the lowest five excited
of the conical intersections were constructed by stretching andsinglet states ofzz* and nz* character of T, obtained at the
twisting of the C-N bonds of the heteroaromatic ring of T, as CASSCF, CASPT2, and CC2 levels with the four basis sets,
suggested by previous results for DNA ba&&3d® These are given in Table 1z* states) and Table 2ifz* states).
previous calculations have shown that the &d S wave As can be seen from Table 1, the CASSE&#* excitation
functions at the § Sy conical intersections typically are of  energies computed with the ANO-L basis set are lower than
biradical character and are well represented by a rather compacthose calculated with the cc-pVDZ basis by about 0.3 eV. This
active space. This justifies the use of the small 6/6 active spaceaverage difference becomes about 0.2 eV at the CASPT2 level.
for the location of the conical intersections. The Cartesian The extension of the basis from cc-pVDZ to ANO-L lowers
coordinates of all optimized structures are given in the Sup- the CASSCFnz* energies by about 0.1 eV (see Table 2). At
porting Information. the CASPT2 level, on the other hand, the energies of the first
Having optimized the local minima of the excited states and two nz* transitions determined with the cc-pVDZ basis are
the conical intersections, the linearly interpolated internal- lower than the corresponding ANO-L values by about 0.05 eV.
coordinate (LIIC) reaction path was constructed. The LIIC path Overall, thelzz* excitation energies are more basis-set de-
is defined as the straight line in the multidimensional internal- pendent than thénz* excitation energies.
coordinate space which connects a given initial structure (local The present CASPT2 results for ther* states of T are in
minimum) with a given final structure (conical intersection). good agreement with the CASPT2 data reported previously by
Single-point energy calculations have been performed along eachLorentzon et af® For thelnz* states, on the other hand, we
LIIC path with the state-averaged CASSCF method to obtain invariably obtained excitation energies which are higher by
the reaction-path potential-energy profiles. For these single-pointseveral tenths of an electronvolt than the data reported by
energy calculations, the larger active space consisting of 12 Lorentzon et al. Neither extension of the active space (by
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TABLE 1: Vertical Excitation Energies (in electronvolts) of the lzz* States of Thymine, Computed with the CASSCF,
CASPT2, and CC2 Methods Using the def-SV(P), cc-pVDZ, ANO-L, and TZVPP Basis Sets, at the MP2/cc-pVDZ Ground-state
Geometry

E(CASSCF) E(CASPT2) E(CC2)
cc-pvDzZ ANO-L cc-pvDzZ ANO-L def-SV(P) cc-pvDzZ TZVPP absorption in the gas pHdse
Ly 6.47 6.16 4.81 4.68 5.60 5.52 5.29 4.8
Lwa*, 7.24 7.06 5.99 5.84 6.70 6.59 6.39 5.7
Lra* s 8.23 7.87 6.26 6.06 7.08 7.03 6.71 6.2
Lt 4 9.19 8.83 7.08 6.80 7.99 7.92 7.56 >6.7
¥ s 9.35 9.26 7.99 7.79 8.37 8.15 7.70

TABLE 2: Vertical Excitation Energies (in electronvolts) of the nz* States of Thymine, Computed with the CASSCF,
CASPT2, and CC2 Methods Using the def-SV(P), cc-pVDZ, ANO-L, and TZVPP Basis Sets, at the MP2/cc-pVDZ Ground-state
Geometry

E(CASSCF) E(CASPT2) E(CC2)
cc-pvDZ ANO-L cc-pvVDZ ANO-L def-SV(P) cc-pvDZ TZVPP
n*y 5.05 4.95 4.97 5.02 5.06 5.00 4.88
nz*, 6.62 6.44 6.51 6.55 6.47 6.40 6.25
nz* 3 8.09 8.01 7.32 7.29 6.93 6.85 6.64
n*, 8.28 8.09 7.05 6.95 7.34 7.16 6.74
nz*s 10.4 10.3 8.56 8.44 7.35 7.30 7.11

additionaln orbitals) nor the addition of diffuse functions has with Cs symmetry constraint, are shown in Figure 2. The bond
led to a significant lowering of thénz* excitation energies. It lengths (in angstroms) are indicated. The bond lengths deter-
seems that thénz* excitation energies of Lorentzon et al. mined at the CASSCF/cc-pVDZ level are given in parentheses.
cannot be reproduced with standard basis sets and active spacddost bond lengths agree within a precision of about 0.05 A. In
(Lorentzon et al. employed a special procedure of including the case of thénz* equilibrium structure (Figure 2a), however,
diffuse functions in the basis set and subsequently deletingthe length of the ¢=0, bond predicted by CC2 is longer (by
Rydberg-type orbitals from the active space). 0.1 A) and the length of the £Cs is shorter (by 0.093 A)

In the case of the CC2 method, ther* transition energies than the corresponding distances determined at the CASSCF
obtained with the TZVPP basis are lower than those computed level. In the case of therz* equilibrium geometry (Figure 2b),
with the def-SV(P) (cc-pVDZ) basis set by about 0.3 eV (0.2 differences of about 0.1 A (0.074 A) are found between the
eV) (see Table 1). For tHewr* transitions, an average difference  CC2 and CASSCF lengths of theNC; (C;=0.) bonds.
of about 0.2 eV is observed between the TZVPP and def-SV-  The lengths of the £=0; and G—Cs bonds of thelnsz*

(P) results. This difference is reduced to 0.15 eV (on average) equilibrium structure differ substantially from those of the
for the TZVPP and cc-pVDZ results (see Table 2). The energies ground state (see Figure 1). Since therbital of the lowest

of higher transitions, both dfzz* or In7* character, are more  Ing* excited state is primarily of @ lone-pair character,
sensitive to the improvement of the basis set than those of theexcitation to this state leads to a shift of electronic population
low-lying excited states. This reflects the increasingly ionic toward the aromatic ring, resulting in a considerable change of
character of higher excited states and the onset of valence the geometry of the £-C,~0O, moiety. The previously reported
Rydberg mixing. equilibrium geometry of thénz* excited state of T determined

Comparing the CASPT2 and CC2 excitation energies calcu- at the CIS levef as well as the MRCGP and DFT/MRC#®
lated with the cc-pVDZ basis set, we observe that the CC2 optimized nz* minimum-energy structures of U are also
values for théz* states are higher than the CASPT2 data by characterized by an elongated=€0, distance of about 1.3 A.
about 0.7 eV. For théns* states, on the other hand, the The CC2 method predicts a substantially longg=0O, bond
CASPT2 and CC2 excitation energies obtained with the cc- distance of 1.44 A. This substantial elongation of the=0,
pVDZ basis are very similar. Both the CC2 and CASPT2 bond can be considered as a characteristic property of the lowest
excitation energies of tHern* states decrease with the extension Inz* state of T and U. The CC2-determined equilibrium
of the basis set. The CC2 excitation energies are intrinsically geometry of thelrmz* excited state is characterized by a
higher than the experimental excitation energies and approachmoderate extension of the bond lengths in comparison with the
the latter from above with the extension of the basis set. The ground-state structure. The increase of the=Cs distance by
CASPT2 excitation energies of tHax* states, on the other  about 0.1 A indicates a certain change of character of this bond
hand, tend to be lower than the experimental values when largefrom a double bond toward a single bond.
basis sets are employed. This feature of CASPT2 explains why  Optimization of thelnz* excited-state geometry without
often very accuratérsr* excitation energies are predicted with  symmetry constraint, either on the CC2 or the CASSCF level,

basis sets of DZP quality. . ~ leads to a slightly out-of-plane distorted structure. The distortion
Comparison with (estimated) experimental gas-phase verticalinvolves primarily the @C;Nz moiety. The dihedral angles
excitation energies is possible for the optically allowerd* which characterize this distortion ad¢CsC4N3Cy) = 9.4° and

states; see Table 1. The CASPT2 excitation energies obtainedy(CsC4;N3H) = 165.9 at the CASSCF level. The CC2 method
with the ANO-L basis are in very good agreement with the predicts a qualitatively similar slightly nonplanar structure, with
experimental estimates (within 0.1 eV). The CC2 excitation dihedral anglesd(CsCsN3C;) = 6.02 and 6(CsCsNzH) =
energies obtained with the TZVPP basis appear to be too high170.2. All attempts of optimization of thézz* equilibrium

in energy by about 0.5 eV. geometry without symmetry constraints at the CC2 level have
3.2. Excited-state Minimum-energy Structures and En- failed, resulting in the collapse of tHer* wave function to
ergetics. The equilibrium geometries of the lowestr* and that of thelnz* excited state. However, it was possible to

Lr* excited states of T, optimized at the CC2/cc-pVDZ level optimize thelzz* minimum-energy structure without symmetry
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TABLE 3: CASPT2/cc-pVDZ and CC2/cc-pVDZ Adiabatic
Excitation Energies (in electronvolts) of the Lowestwwa* and
Ina* States of Thymine, Calculated at the CASSCF and
CC2 Optimized Planar Excited-state Geometries

method/ excited state CASPT2 cc2
method of geometry optimization ‘zz* It lga* ng*
CASSCF 5.23 469 530 4.65
CCs 4.48 429 502 3.95

_ o _ set. Three different structures, representing local minima of the

Figure 2. Equilibrium geometries of the lowedtr* (a) and *z* hypersurface of §-S intersection, were found. These structures

(b) excited states of thymine, determined at the CC2/cc-pVDZ level gre shown in Figure 3. We refer to them as,@I,, and Ckin

with Cs symmetry constraint. Bond lengths are given in angstroms. X e .

The bond lengths determined at the CASSCF/cc-pVDZ level are given yvhat f.OHOWS' All structures are strongly out-of-plane distorted,

in parentheses. involving pronounced torsion of the 4€Cs bond and/or
pyramidization at G The lengths of the £-Cs and G—Cs

constraints with the CASSCF method. The resulting geometry bonds of all three conical-intersection geometries differ signifi-

is characterized by a slightly puckeredGsCs moiety, with cantly from those of the ground-state structure as well as the

the relevant dihedral angles beidgC,CsCsN;) = 5.32 and Inz* and zz* excited-state structures.

0(C4CsCeH) = —156.6. The geometry of the Glconical intersection (Figure 3a) is
The adiabatic excitation energies of ther* and Inz* excited very similar to that reported by Gustavsson et®alhe methyl

states, calculated at the CC2/cc-pVDZ and CASPT2/cc-pVDZ group is strongly out-of-plane displaced. The corresponding
levels at the CASSCF and CC2 optimized planar excited-state dihedral angled(NsC4CsC) is 83.8, and the C-Cs bond is
equilibrium geometries, are given in Table 3. Optimization of almost perfectly perpendicular to the ring plane. The two other
the geometry at the CC2 level stabilizes the energy ofAtwe dihedral angles, which are characteristic for the out-of-plane
excited state by 0.5 eV, while the energy of fime* excited displacement of the fHatom and for the torsion of thes€Cg
state is lowered by 1.05 eV. For comparison, CASPT2 single- bond, ared(CoN;CgH) = 147.7 and 6(C4CsCN;y) = 49.3,
point energy calculations were performed at the CC2-optimized respectively. The value of the latter angle is in qualitative
geometries of both excited states. Inclusion of dynamic electron agreement with the magnitude of double-bond twisting of about
correlation in the geometry optimization leads to an adiabatic 60°, which has been found to be typical for conical-intersection
excitation energy of thézz* state of 4.48 eV and that of the  structures of DNA based.The Ch geometry does not exhibit
Inz* excited state of 4.29 eV. an extended £&=0,4 bond length. This is an indication that the
It can be seen that the CASPT2 adiabatic excitation energies,character of the Sstate at the crossing igz* rather thantnz*.
calculated with CASSCF and CC2 optimized geometries, As can be seen from Figure 3b, the;Cbnical-intersection
respectively, may differ by several tenths of an electronvolt. structure is, in addition to the out-of-plane displacement of the
This reflects a long-standing problem of the CASSCF/CASPT2 methyl group and the #atom, characterized by a very
protocol: the neglect of dynamical electron correlation effects pronounced out-of-plane distortion of the=60, group. The
in the geometry optimization is a serious approximation. For a length of the G=0,4 bond is 1.382 A, considerably longer than
recent discussion of this problem, see ref 46. An example of in the ground state, indicating that the State is oflnz*
these difficulties is provided by the vertical and adiabatic character at the intersection. The twisted—Cs bond is
excitation energies of the lowekta* state in Tables 1 and 3.  considerably longer than in the ground state. The dihedral angles
The adiabatic excitation energy calculated with CASPT2 for characterizing the out-of-plane displacement of &hd the
the CASSCF-optimized excited-state geometry is higher than methyl group ared(CoN1CeH) = 69.5 and 6(N3C4CsC) =
the vertical excitation energy calculated with CASPT2 at the 143.8, respectively. The dihedral angégC4CsCgN31), which
MP2-optimized geometry of the ground state. Obviously, the describes the twisting of thes&Cgs double bond, is 4677 The
MP2 ground-state equilibrium geometry is a better approxima- geometry of C} resembles to a great extent the structure of the
tion to the true (that is, CASPT2) excited-state geometry than three-state (§S;—S;) conical intersection determined by
the CASSCF-optimized geometry of the excited state. This Matsika at the MRCI level for uracff
artifact disappears when CC2-optimized excited-state geometries In the Ck structure (Figure 3c), two bond distances are
are used (see Table 3). The combination of CC2 geometry strongly elongated: the length of thg-&8Cs bond has increased
optimization and CASPT?2 single-point energy calculation thus to 1.552 A and the §&=0, bond has lengthened to 1.676 A.
appears to be a potentially very useful improvement of the The pronounced increase of the=€D, bond length is a clear

CASSCF/CASPT2 protocol. indication that C§ corresponds to a crossing of ther* state
As mentioned above, the breaking of tBgsymmetry leads with the ground state. The dihedral anggC,CsCsN,), which
to slightly puckered structures of tHaz* and wz* excited is a measure of the twisting of the€Cs bond, is 71.8in the

states. The associated stabilization energy is 0.12 eV for theCl; structure, confirming the empirical rule mentioned above.
lza* excited state (resulting in an adiabatic excitation energy The dihedral angles describing the out-of-plane displacements
of 4.36 eV) and 0.43 eV for thénz* state (resulting in an of the H; atom and the methyl group adéC,N;1CsHg) = 99.2
adiabatic excitation energy of 3.87 eV) at the CASPT2 level. andd(N3C4CsC) = 167.2.
For comparison, the estimated origin of ther* absorption To explore the correlation of theySS; conical intersections
spectrum of jet-cooled T is at 4.39 éVThis again confirms with the vertically excited states, the LIIC reaction paths were
that CASPT2 yields very accurate excitation energies for the constructed from the equilibrium geometry of the ground state
lowestlza* state. to the corresponding conical-intersection structures. The CASS-
3.3. Conical Intersections.The optimization of the geom-  CF potential-energy profiles calculated along these paths are
etries of conical intersections of thg 81d S energy surfaces  shown in Figure 4. It should be stressed that these LIIC/CASSCF
was performed at the CASSCF level with the cc-pVDZ basis energy functions are intended to give a qualitative overview of
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(a) (b) ()

Figure 3. Geometries of the S-S conical intersections ¢la), Ck (b) and C} (c) (top and side view), optimized at the CASSCF/cc-pVDZ level.
Bond lengths are given in angstroms.
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Figure 4. Potential-energy profiles of the ground state (circles) lthe state (triangles), and the first (open squares) and the second (full squares)
Lzm* states of thymine, calculated at the CASSCF/cc-pVDZ level along the LIIC reaction paths from the equilibrium geometry of the ground state
to the Ck (a), Ck (b), and C} (c) conical intersections. Eleven single-point energies have been calculated for each state along each path.

the diabatic state correlations. They do not provide quantitative intersection identified in the present work. It should be
energetic information, because (i) the reaction paths are notmentioned that the reactive character of the* surface was
minimum-energy paths and (ii) dynamical electron-correlation noted previously for 3%2531The C} intersection in T appears
effects are not included. to be closely analogous to the conical intersection previously
The calculated potential-energy profiles of the four states of located in U.
interest along the reaction path from the minimum of the ground  As shown by Figure 4b, the conical intersection, @tises
state to the Glintersections are shown in Figure 4a. While the from a degeneracy of the lowestz* state with the ground
energies of thénz* excited state and the secofar* excited state at an energy of about 7 eV. The gap of about 0.4 eV
state increase monotonically along this reaction path, the energybetween the two states at the location of the conical intersection
profile of the lowestzz* excited state exhibits sort of a plateau is of technical origin: the structure of the conical intersection
at the beginning of the reaction path and then decreaseshas been determined with a smaller active space than that used
eventually crossing the energy profile of the ground state. The for the single-point energy calculations along the LIIC path.
energy of this $-S crossing is lower than the vertical The energy of Gl is about the same as tHes* vertical

excitation energies of thir* state and the lowestrz* state. excitation energy. In contrast to £Sthe energies of all excited
The energy functions of therr* state and théns* state cross states increase along the reaction path from the ground-state
at an energy which is only slightly above thex* vertical geometry to the Glintersection.

excitation energy. While the CASSCF energy profiles in Figure  Following the reaction path to the Lintersection (Figure
4a indicate the existence of a tiny barrier in fher* energy 4c), the energies of the lowest excited singlet stateslfth®
profile, this barrier certainly will disappear when the minimum- state and the twdsz* states) increase in a nonmonotonic
energy reaction path is considered and dynamical electron-fashion. The hump in all four potential-energy profiles probably
correlation effects are included. We can thus conclude that theis a feature introduced by the LIIC path: the straight-line path
lowestlzz* state of T is connected in a barrierless manner with cuts through a ridge of the surfaces, rather than following the
the S—$% conical intersection GJ which is the lowest-energy  valley. A crossing of the lowest two excited states with the
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eV. This is about 3 eV higher than the minimum energies of
the tzr* and nz* excited states. We thus can conclude that
the Chb and Cj conical intersections lie too high in energy to
be involved in the photophysics of the lowest excited states of
T.

3.4. DiscussionCanuel et al. have observed a two-component
decay of T in the gas phase with lifetimes of 105 fs and 5.12
ps, respectively® In light of the present results, the shorter
component can be interpreted as the decay ofAtw excited
state through the €konical intersection, while the longer time
scale may reflect the decay of low vibronic levels of the*
Figure 5. Energy-level diagram of the;%dotted line), théns* (solid excited Sj[ate' According to He et al.” the exqtatlon o.f T to the
line), and thétzzr* (dashed line) states of thymine, calculated with the S, state n the gas phase rgsults in a partial trapping of the
CASPT2 method at the equilibrium geometry of the* excited state molecule in a dark state, which was suggested to bevof
and the Cj and Ck conical intersections. The energies (relative to the Charactet>#8The lifetime of this dark state was determined to
minimum energy of the ground state) are given in electronvolts. be of the order of tens to hundreds of hanoseconds. The excited-
state landscape described above seems to confirm the model
proposed in ref 47. The efficiency of the decay of fimer*
state depends on the relative energy ofitve* origin and the
Cl conical intersection, as well as on the height of the barrier
which separates thigwr* minimum from Cly (if such a barrier
exists at all). According to the calculations, ther* origin is
located slightly below the lowestSSy conical intersection in
T, which supports the idea of a long-lived population of dark
vibronic levels (close to the local minimum of the(&t*)
surface). All our attempts of locating a saddle point on the S
potential-energy surface were unsuccessful. The origin of the
lowest Lzr* state, on the other hand, is predicted above the
0 energy of the lowest S S conical intersection. This result,
Figure 6. Energy-level diagram of the,$dotted line), thénz* (solid together with the absence of a barrier on the reaction path to
line), and thetz* (dashed line) states of thymine, calculated with the ~ Cli, indicates a rapid radiationless decay of*alt* vibronic
CC2 method at the equilibrium geometry of fimer* excited state and energy levels through this conical intersection, in agreement

the Ch and Ck conical intersections. The energies (relative to the with the observation of a completely structureless excitation
minimum energy of the ground state) are given in electronvolts. spectrum of T in supersonic jets.
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. L It should be mentioned that the model presented here is based
ground state is found at an energy of about 7 eV, which is higher o, the qualitative analysis of the character of the potential-

1 i i i i .
than the'nz* and 'z vertical excitation energies by 2.0 and  gnerqy surfaces of the lowest excited states of T. The develop-
0.5 eV, respectively. The gbtructure exhibits a considerably 1 ant of a more precise picture of the dynamics of T upon
elongated ¢=0, bond, reflecting thénz* character of the § electronic excitation, which involves the competition of various

state at the crossing with tgl?;*ﬁate. The lowestzr* state is radiationless electronic decay channels with intrastate vibrational
very close in energy to thewr* and S states at the crossing  rgjaxation, requires time-dependent quantum wave packet

geometry of the latter, so that all three states become almost.|cyjations on accurate multidimensional potential-energy
degenerate. This suggests that a three-state conical intersectiog, t5ces.

can be found nearby. The existence of such intersections recently

1 47
has befgn Fllsculssed foht“ihnd % ics of the | inal may significantly alter the excited-state energetics 8§ I[f was
Our final results on the energetics of the lowest singlet states ggiimated for uracil that solvation by six water molecules raises
of T are shown in Figures 5 and 61' In Figure 5, the energy- e energy of thénr* excited state by about 0.5 €AY A similar
. h et
level diagram of the loweshz* and *z* excited states and  gffect s expected for thymine and may lead to a reversal of the
of the ground state is given, calculated at the planar equilibrium ordering of thelnz* and Lz excited states as well as to a

. ) -
geometries of thénz* and ‘z* states and at the optimized  can4e'in the relative energy of the relevant conical intersec-
Cly, Cls structures with the CASPT2 method. The energy levels 1<~ golvation may thus have a significant impact on the

of Clz are not included for clarity (they are similar to those of —,,10physical behavior of T. In ref 48, it has been shown that
Cls). Figure 6 gives the corresponding results obtained with the complexation with water molecules indeed leads to the disap-

cc2 m‘?thOd- As can be see_n,_the qua||tat|ye picture Of_the pearance of the signal associated with the long-lived dark state.
energetics of excited-state minima and conical intersections

predicted by the two electronic-structure methods is quite
similar. Both CASPT2 and CC2 predict that the @itersection

is significantly lower than Gland Ck and is energetically close The energy surfaces of the excited singlet states of T have
to the minimum energies of thewr* and Lz* excited states. been explored with the CASSCF/CASPT2 and CC2 methods.
The CASPT2 method predicts the energy of &bout 0.1 eV Comparison of the CASPT2 and CC2 vertical excitation energies
higher than the minimum energy of ther* excited state and shows that both methods predict a qualitatively similar excitation

about 0.1 eV lower than the minimum energy of ther* state. spectrum, although there are differences in detail. The CC2
When the CC2 method is employed, these differences increasemethod with the basis sets employed in the present work tends
to about+ 0.3 eV. According to both CASPT2 and CC2, the to overestimate the energies of thes* transitions, while

Clz and Cb conical intersections occur at energy of about 7.5 CASPT2 yieldszz* excitation energies in good agreement with

It should finally be pointed out that presence of a solvent

4. Conclusions
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the experimental data. For ther* states, the differences
between CASPT2 and CC2 excitation energies are minor.

The equilibrium geometries of the lowestz* and Lzz*
excited states of T have been determined at the CASSCF an
CC2 levels. They are slightly nonplanar. A significant increase
of the G=0, bond length is characteristic for therz* excited
state. The energies of the lowéstr* and 1zz* excited states
have been calculated with CC2 and CASPT2 at the CASSCF-
and CC2-optimized geometries. The combination of CC2
geometry optimization and CASPT2 single-point energy cal-
culation appears to be a viable alternative to the CASSCF/
CASPT2 protocol.

Three $—, conical intersections (more precisely, three local
minima of the $—S intersection hypersurface) have been
located. All conical intersections are characterized by strongly
out-of-plane distorted geometries of the heterocyclic ring. In
particular, the | atom and the methyl group are twisted out of
the plane of the ring. The lowest-energy intersection, &ises
from a crossing of the lowedtzz* state with the $ state and
is accessible in a barrierless manner from the minimum of the
lzz* state. It provides a direct and fast pathway for the
quenching of the population of the lowestz* excited state
of T. This finding explains the absence of any sharp structures
in the absorption spectrum of T in supersonic jets. The other
two conical intersections, €and C}, involve the crossing of
the lowestin* excited state with the Sstate and are higher in
energy (about 7.5 eV above the #inimum). They are

presumably not relevant for the radiationless decay of the lowest?*

excited states but may come into play when T is excited with
larger excess energies.
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