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The involvement of three-state conical intersections in the photophysics and radiationless decay processes of
the nucleobases has been investigated using multireference configuration interaction methods. Three-state
conical intersections have been located for the pyrimidine base, uracil, and the purine base, adenine. In uracil,
a three-state degeneracy between theSS and S states has been located at 6.2 eV above the ground-state
minimum energy. This energy is 0.4 eV higher than vertical excitation, @nd at least 1.3 eV higher than

the two-state conical intersections found previously. In adenine, two different three-state degeneracies between
the §, S, and S states have been located at energies close to the vertical excitation energies. The energetics
of these three-state conical intersections suggest they can play a role in a radiationless decay pathway present
in adenine. The existence of two different seams of three-state conical intersections indicates that these features
are common and complicate the potential energy surfaces of adenine and possibly many other aromatic
molecules.

1. Introduction freedom. Examples of systems with many, closely spaced,
. S . excited electronic states are radicals with closely spaced Rydberg
Although the importance of two-state conical intersections excited states, such as the ethyl and allyl radical, where the 3s

in nonadiabatic processes has been establibl_mkmg OCCUITENCE — and 3p Rydberg states can inters&é Another very important
and relevance of accidental three-state conical intersections is

. A category of molecules that have many electronic states close in
only now emerging. Three-state degeneracies imposed byener are coniugated svstems. An example of a coniugated
symmetry had been studied in the context of the Jafgller gy 1ug Y : P Jug

problem for many decadésut only minor attention had been open-shell system is thg pyrgzolyl ragical, which has been found
given to accidental three-state degeneracies in moletules. {0 have three-state conical intersections only 3000‘caove

: the ground-state minimuf4.In this case, the ground state is

Because most molecular systems in nature have low or no . . .
symmetry, these accidental intersections may have a great impac‘f-’ne of the degenerate states, and compllcateq vibronic specra
on the photophysics and photochemistry of molecular systems,are expected, and have b?en observed r.exp.erlmeﬁﬁallly.
as has been found in accidental two-state intersectidh§. In a closed shell aromatic system, excitationsrtaorbitals
Three-state degeneracies can provide a more efficient relaxationcréate a manifold of excited states. Some of the most important
pathway when more than one interstate transition is needed,Molecules in nature, such as the nucleobases discussed here,
they introduce more complicated geometric phase effeéts, are closgd-shell aromatic mo]ecules. The excr.[ed-state dynamics
and they can affect the dynamics and available pathw¥ise of nucleic acid bases has gained much attention recéfitige
exact way these features affect the dynamical behavior of problem is important because of th(_e biological S|gn|f|ca_nce of _
molecules is a question that has yet to be studied extensively.the bases. These bases are the dominant chromophores in nucleic
According to the noncrossing ruté three states can become ~acids, and their photochemical and photophysical properties
degenerate in a subspace of dimendiéih — 5, whereN™ is are implicated in the behavior of the nucleic acids upon
the number of internal coordinates. For this reason, they cannoti'tadiation!®~2° The excited-state lifetimes have been reported
be found in molecular systems with less than five internal fecently using many different techniqués These studies
coordinates. Even in systems with enough degrees of freedom eport lifetimes on the order of femtoseconds and suggest that
the dimensionality makes their location difficult. Until recently, Nnonradiative reIaxagon proceeds on an ulltrafast time SC&'? to
the perception was that three-state degeneracies are extremel{i€ ground state, with the extra energy being transformed into
rare, mostly because of the inability to locate them. Recent Néat.
developments of efficient algorithms, however, have made these The involvement of two-state conical intersections in the
calculations possible and have revealed that three-state conicahucleobases has been examined by several groups. Conical
intersections exist in many organic radidéid* and may play intersections were found in cytosif&#! uracil?? and ad-
an important role on their spectroscopic or photophysical enine?®4* and pathways were suggested that could explain
properties. Both excited-state dynamics and ground-state vi- mechanisms for radiationless decay to the ground state. A recent
brational spectra can be affected by these features. More recentwork examined three-state near degeneracies in cytésie.
studies indicate the existence of three-state conical intersectionsiear-degeneracy point was found ca. 1.5 eV higher than the
in closed-shell systems ald6!® vertical excitation to the bright state of cytosine using pertur-

Systems with high density of electronic states are more likely bative methods (CASPT2). At the complete-active space self-
to exhibit three-state crossings if they have enough degrees ofconsistent-field (CASSCF) level this point is ca. 2 eV lower
and close to vertical excitations. These discrepancies in the
* Corresponding author. E-mail address: smatsika@temple.edu. energetics are probably due to the fact that an algorithm to locate
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three-state conical intersections was not used, so these points @) (b) H10< 10/HlOb

are not optimized points on the seam. Although the authors ot N

propose that the three-state intersection is important in the |6

radiationless decay, the energetics at the CASPT2 level suggest C. 7

the opposite. He? N N \CS/N\\ ¢
The purpose of this work is to examine the different 6”6 |2 ) “ /C

possibilities in which three-state conical intersections may appear HC\N/C X7 *FC\ N»,/d\m

in the potential energy surfaces of the nucleobases and to H! H’

investigate in which cases they are expected to be important.Figure 1. Molecular structure and atom numbering for (a) uracil and
Three-state conical intersections in two nucleobases, uracil and(b) adenine.

adenine, are reported using multireference configuration interac- 2.2. Adenine.Adenine has 10r and 3 lone-painy orbitals

tion (MRCI) methods. Section 2 discusses the theoretical from the nitrogen atoms. giving 13 active orbitals with 18

methods used for obtaining the electronic energies and gradients ger » gving
. . - S electrons. An active space (18, 13) generates too many refer-

and locating conical intersections. Three-state conical intersec- Lo

. : ences in either the MCSCF or the MRCI procedures. However,

tions have been located between the &, and $ states in

uracil and between the;SS,, and § states in adenine. The the orbitals localized mainly on the five-membered ring do not

most stable tautomer of adenine, 9H-adenine, is examined. Thes®2"iCIPate in the first few excited states that we are interested

. : ! . . in; rather it is the orbitals localized on the six-membered ring
intersections are presented and discussed in Section 3, an . o )

. A - - hat are important for these states. Initial trials showed that a
conclusions are given in Section 4.

(12, 9) active space, where the nine orbitals were sewand
2. Methods two ny orbitals, was adequate for the lowest excited states. The
The adiabatic energies and wave functions were determined®rPitals were obtained from a state-averaged CASSCF using
at the MRCI level using orbitals from a state-averaged CASSCF the (12, 9) active space and averaging over five singlet electronic
procedure. The doublgplus polarization (cc-pvdz) Gaussian states. MRCI expansions with refgrences gerjerated from thls
basis sets of Dunning were used for all atdfh@ptimizations active space were used for all gradient calculations. As in uracil,
were carried out using first-order MRCI expansions. Single- WO different expansions were generated. In the first one
point MRCI calculations, with expansions, including single and (denot(_ad MRCI1), allo electron_s were frozen, and single
double excitations, were used to refine the energies. The excitations from the (12, 9) active space generated 770 616
algorithm for locating three-state conical intersections has beenCSFs. In the second (denpted MR.G);.L only the 1s core
described previousli2 A modified version of the COLUMBUS electrons were frozen, a_nql single excitations fromctioebitals
suite of progrant$ was used, where the algorithms for locating Ve'€ gllowed_as well, giving 15 096 31.2 CSFs. MR_@Was .
two- and three-state conical intersectifif€4é have been used in adenine for the same reason it was used in uracil, to
included. The algorithms use analytic gradients for MRCI wave reoptimize a conical intersection when correlation changed the

functions available in COLUMBU®? The specific details of energy separation of the states by more than 0.4 _eV.
the multireference calculations for uracil and adenine are given Reflnement.of the engrgetlcs was obtained .by using extended
below. MRCI expansions. All single and double excitations from the

2.1. Uracil. The justification and details of the choice of the (12, 9) active space and only single excitations from call
MRCI expansions used in uracil are given in our previous _orbltals were_lncluded._The 10 1s core orbitals and the 10 hlghest
work .42 Here, a summary of these methods is provided. A state- " €N€ray ylrtual orbitals were kgpt frozen. The re?‘%‘““g
averaged CASSCF was used, where the ground state and tw¢XPansion is denoted MRGt and includes ca. 200 million

excited singlet electronic states were included in the average.CSFS- INCs symmetry, the resulting expansions #randA”
An active space with 12 electrons in 9 orbitals, denoted (12, symmetries are 100 880 026 and 101 068 778 CSFs, respec-

9), was used in both CASSCF and MRCI in the optimization tively. When th? geometry is almost coplqn@g,symmetry is
calculations. The designation,(m) is used here for an active ~ €MPloyed for single-point energy calculations using M&CI
space oh electrons inm orbitals. It was found previously that ~ P€cause the computational cost is significantly reduced.
this active space, where the nine active orbitals were the eight
m and one of the twap valence orbitals, gave energies very
similar to the ones obtained from an active space that included The structure and conventional labeling of the atoms for uracil
all valence orbitals, eight and bothng orbitals. Two different and adenine (9H-adenine) are shown in Figure 1. Below, we
MRCI expansions were used for the optimizations. In the first discuss the three-state conical intersections found in these
expansion, alb electrons were frozen, and single excitations molecules. The designation of conical intersections between two
only were allowed out of the active space. The number of states, §S, iscilJ and between three states, §, &, is cilJK.
configuration state functions (CSFs) was 607 320, and this Geometries at a conical intersectioil are given adiy(cilJ),
expansion is denoted here as MRCI1. In the second expansionand geometries of minimum energy points on a surfacasS
only the core 1s electrons were frozen, and single excitations Re(S).

were allowed out of ther orbitals as well. This expansion 3.1. Uracil. In a previous work, we located conical intersec-
consisted of 9 518 670 CSFs and is denoted MRCMRCl1o tions in uracil between the,%nd S surfaces and between the
was used to reoptimize the three-state conical intersectionS; and the ground stateo.& The two-state conical intersections
because the inclusion of dynamical correlation changed thein uracil facilitate efficient radiationless decay from the bright
energies of degenerate states so that they became separated I8 state to the ground state. Because a radiationless decay
more than 0.4 eV. This observation will be discussed further in involves the three surface,S5;, and S, the existence of a
Section 3. The energies were refined using an MRCI expansionthree-state conical intersection between these states could
with a (14, 10) reference space, which includetdcorrelation expedite the overall process if the seam is energetically
(denoted MRCd#:) as described in the previous watkThis accessible. Here, a three-state conical intersection between the
MRClom expansion consisted of ca. 100 million CSFs. three states participating in this mechanism has been located.

3. Results and Discussion
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TABLE 1: Energies in eV for the Three Lowest States of
Uracil at the Equilibrium of the Ground State Re(So)
(vertical excitations) and at Conical IntersectionsRy(cilJ) or
Rx(cilJK)2

R(S)?  Rd(CI12P R(CiOLP R(ci012) Re(ci012)
) 2.15(1.87) 4.47(3.96) 6.83(5.90)  (6.04)
S, 5.44 (4.80)* 5.37(4.83)* 4.47(4.29) 6.83(6.37)* (6.20)*
S, 6.24(5.79) 5.37(4.97) 7.62 6.83(6.56)  (6.25)

a2 The energies in bold in each column correspond to the optimized

degenerate statésJ or I, J, K. MRCI1 results are shown (the zero is

set t0—412.624433 au), and in parentheses are the single-point energies

obtained using MRGiz (the zero is set t6-412.815540 au). States
that haven* character are designated with an * as supersctipaken
from ref 42.

Table 1 gives the energy for the three-state conical intersection

ci012, as well as the previous results of vertical excitation
energies and two-state conical intersections. At the MRCI1 level
the minimum energy point on the seaR}(ci012), is 6.83 eV

Matsika

(d)

1.495

w2

(1.184)

L191

' Figure 2. Geometry of uracil at (a) thegSninimum, (b) the =S,

conical intersection, (c) theySS; conical intersection, and (d) the three-

above the ground-state minimum. This energy is 0.6 eV higher state 3—S,—S, conical intersection. All bond distances between non-

than that of the vertical excitation to the bright statead 1.5

hydrogen atoms are shown in A. MRCI1 results are shown, except in

and 2.4 eV higher than that of the two-state conical intersections (d), where the MRG} results are also shown in parentheses. More

cil2 andciOl, respectively (at the MRCI1 level). The results

for two-state conical intersections are taken from our previous

work 42

When MRCb is used to recalculate the energies gf §,
and $ at the conical intersectioRy(ci012), they are found to

internal coordinates are given as Supporting Information.

by twisting of the G—C® bond and pyramidalization of *C
destabilizes the ground state by more than 4 eV, causing it to
meet thersr* state, forming theciO1 conical intersection. This
distortion greatly destabilizes thayr* state which is 3 eV

be separated by 0.7 eV. This is because dynamical correlationhigher at theciO1 point. To bring together all three states, the

affects the energy of the three states to different degrees. To
improve the energy separation at the more correlated level, the

three-state conical intersection is located using the MRCI1
expansion, which includes single excitations fromdtabitals.

At this new geometry, which is denot&j,(ci012), the energies
of the three states at the MR@t level are separated by 0.2

eV, and the average energy is 6.16 eV. The vertical excitation

energy to the bright Sstate is 5.8 eV using MRGlz, so the

three-state degeneracy is 0.4 eV higher. The energy of the two-
state conical intersections are again 1.3 and 2 eV lower than ¢

that of the three-state degeneracy. In summarygithe2 conical
intersection is energetically too high at every level of theory

investigated, and this makes it less likely to directly participate

in a radiationless decay mechanism.
The geometry ati0O12 is shown in Figure 2 in comparison

geometry has to change in a way that tier* state will be
stabilized and the seam oi01 will rise in energy to meet the
nor*. This happens when the*€08 bond is extended, while
the nonplanar distortions remain.

3.2. Adenine. Adenine, like the other nucleobases, has
ultrafast excited-state lifetimes and is expected to decay non-
radiatively to the ground state, possibly through conical
intersections of an excited state with the ground state. Indeed,
theoretical work has shown the existence of conical intersections
nz*, or mo* states with the ground state, and
radiationless decay has been proposed through these conical
intersectiong344Here, we only focus on the excited states and
the conical intersections between them. As will be seen in detall
in the following section, the excited-states manifold for adenine
is more complicated than that for uracil, and careful consider-

with the geometries at the minimum of the ground state and at ation of the interaction of excited states is important in order to

the other two-state conical intersectionf)1 andcil2, from
our previous work. A more complete list of internal coordinates
is given as Supporting Information. The geometryciil2
resembles the geometry@01, but the molecule is even further
distorted. The most important distortion involves the oxygen
08 atom. The ¢—08 bond distance increases by more than 0.1
A, and @& is moved away from planarity. The dihedral angle
OJOBCAN3H3, which indicates the displacement of @wvay from
planarity, is between 0 and®@n all other geometries, but
increases to 3%atci012. H is still almost perpendicular to the
original plane of the ring, as shown in Figure 2. The dihedral
angle JH®C8C®H® is 108 for the structures of bothi01l and
ci012 conical intersection®Ry(ci012) differs fromRy(ci012)

understand its photodynamics. The closely spaced excited states
suggest the existence of three-state conical intersections, and
investigating this possibility is the main object of this work.
Because adenine has not been studied previously using MRCI
methods, before presenting the three-state conical intersections,
the vertical excitation energies are presented and discussed. This
is the starting point to determine which states are relevant and
should be considered further.

3.2.1 Vertical ExcitationsTo calculate vertical excitation
energies, the equilibrium geometry of adenine in the ground
state is obtained by optimization at the MRCI1 level. The
molecule is almost planar, but the amino group is pyramidalized
(OHW0a\N10CENT = 15°, (JH1ON10CECS = —14°), as was found

mainly in the bond distances, which are shown in parenthesesin previous theoretical studié$5°-55 The geometry is shown
in Figure 2, but the main characteristics and dihedral distortions jn Figure 3 and is in good agreement with previous theoretical

of the structures are similar.

results. This figure includes only bond lengths, but a more

The three-state conical intersection occurs when the two complete list of internal coordinates is given as Supporting

different seamsi01 andcil2 cross. When the %&C® bond
stretches from 1.35 to 1.48 A, the State frr*) is stabilized,
while the § (noz*) is not affected, and the two states become
degenerate, formingil2. Breaking of the planarity of the ring

Information. Although the symmetry at equilibrium is deviated

from Cs, it is computationally very advantageous to be able to
employ symmetry in the calculations. For this reason, the effect
of the nonplanar distortion on the vertical excitation energies
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The excited states of adenine have been examined theoreti-
cally before using various methods, such as perturbation
theory#4.5456TDDFT *352and CIS?® Vertical excitations using
TDDFT®2 gave energies 4.97, 5.08, and 5.35 eVriat, mx*,
andzzr* states, respectively. Earlier, CASPPXertical excita-
tion energies were calculated to be 5.13, 5.20, 6.15, and 6.86
eV, while in a very recent work} CASPT2 calculations give
®) 4.85, 4.90, 5.50, and 5.68 eV. The ordering of the states in both

cases istr*, ww*, no*, no*. All calculations agree that the

four lowest states are twar* and two wt* states, but their
relative ordering varies between different theoretical methods.
In all cases, the twar* states are close in energy. Tha*
state, however, is predicted very close to the first state by
TDDFT and our MRCI results, but much higher than ttve*
states when CASPT2 is used. It is obvious that the excitation
energies and ordering of the states are very sensitive to the level
(© of theory and correlation, and accurate benchmarks are not

] ) o available for a definite comparison. MRCI methods are superior
Figure 3. Geometry of adenine at (a) the Sinimum, (b) the three- 4 TDDET and CASPT2 when all electrons are correlated and

state $—S,—Ss (*, nz*, nr*) conical intersection, (c) the three- - . - . . )
state $—S,— S, (o7, 77, nr¥) conical intersection, and (d) the'S the size of basis set is adequate. Here, it is not possible to fulfill

S, conical intersection. All bond distances between non-hydrogen atoms POth of these requirements, and so the best possible description
are shown in A. MRCI1 results are shown, except in (c), where the must be compromised.

MRClo results are also shown in parentheses. More internal coordinates  Experimental adiabatic energies have been obtained in the

1.493
(1.500) 1.363
(1.334)

1351 : L2
(1.309)

(1.427)

are given as Supporting Information. gas phase. Recent resonant two-photon ionization experifhents
TABLE 2: Energies in eV for the Five Lowest States of predict structured vibronic spectra where thg is the lowest
Adenine at the Equilibrium Geometry of the Ground State excited state adiabatically at ca. 4.4 eV, but the* state is
Re(So) (vertical excitations) and at Conical Intersections only 600 cnT? higher at 4.47 eV. Nir et & and Lihrs et af?2
Ry(cild) or Ry(cilJK) report a 6-0 band at 4.47 eV. This ordering, however,
Re(So) R(Ci123) Ry(i123) Rw(cil23) R(cil2) corresponds to adiabatic energies and cannot be compared
S 0 043(0.28) 0.85(0.75) (0.73) 0.27(0.20)  directly with the vertical excitations because the ordering may
S, 5.68(5.67) 5.72(5.48)* 6.24(5.78)  (5.86) 5.52(5.24)* change. The UV vis absorption spectrum of adenine has a low-
S, 5.85(5.68)* 5.72(5.62) 6.24(5.84)* (6.06)* 5.52(5.41) energy band with a peak around 4.9 eV in the gas phase and at

S 6.55(6.11) 5.72(5.67)* 6.24(6.18)  (6.06) ~6.44(6.07) 438 eV in aqueous solutidif. The vertical excitation energies

Si 6.30(6.25) 6.91(6.33) 7.72(742) (7.37)"  6.31(6.17)"  gptained in this work are higher than both the other theoretical
2The energies in bold in each column correspond to the optimized results and the experimental absorption maximum, although in

degenerate statésJ or I, J, K. MRCI1 results are shown (the zero is complicated spectra, like here, it is not always true that the

set t0—464.68301 au), and in parentheses are the single-point energie ; ; ; ot
obtained using MRGLr (the zero is set to-464.923845 au). States Sabsorption maximum corresponds to the vertical excitation.

that havens* character are designated with an * as superscript. Regardless of the above uncertainties, the results presented
here, namely the presence and location of three-state conical
has been investigated. The vertical excitation energies wereintersections between the excited states, will not be affected

calculated first using no Symmetry and then u@gymmetry_ qualitatively by Changes in these energies. This claim is based
It was found that the effect is small, in the range 6-0105 on two facts. First, conical intersections were optimized using
eV, allowing Cs symmetry to be used with the high-level, different MRCI expansions, and the additional correlation did
computationally expensive calculations. not remove the degeneracies, but rather displaced them mod-

Vertical excitation energies for adenine are given in Table €rately. Second, the three-state conical intersections found exist

2. In this table, the common designation of excited stateg,as S independently of the ordering of states at vertical excitations.
S,, etc., given by their energetic ordering, has been used. The 3.2.2.z7* — nz* — nz* Conical Intersection.Starting at
character of the states is specified by using an * forrih& the equilibrium geometry, where the first three excited states
(A") states. At different points of the configurational space, this have character*, nt*, nr* at the MRCI1 level, a conical
ordering changes. The energies at the MRCI1 and MRCI intersection between these states was located. This conical
levels are listed. The excitation energies and even the orderingintersection will be denoteci123 and has energy 5.72 eV above
of the states are affected by the inclusion of dynamical the ground-state minimum at the MRCI1 level. At this level,
correlation. The first two excited states ave* and zzz*, and the vertical excitation energies are 5.66, 5.85, and 6.27 eV, so
they are practically degenerate at the MR&level, with the the three-state conical intersection has about the same energy
ar* slightly lower. The most dramatic effect of dynamical as vertical excitation to S The fourth excited stater(r*) is
correlation is on the third excited-statg, Svhich is a second ca. 1 eV above the three-state conical intersection. Using
wr* state. This state is at 6.55 eV at the MRCI1 level and at MRCloz, the three energies are separated by less than 0.2 eV
6.11 eV using MRGis, and consequently, the energy separation and have an average of 5.59 eV. This energy is lower than the
between the tworz* states changes from 0.9 to 0.4 eV as the vertical excitation energy to;&t the MRCbu level, which is

theory improves. The fourth excited state is a seawridstate 5.67 eV. It is important to note that the intersecting states
at 6.25 eV above the ground state at the M&Clevel. In correlate to the § S, &4 states at vertical excitation but have
summary, there are four excited states, twof and two nz* become the § S,, S; states at this geometry, with the fourth

states, at excitation energies between 5.5 and 6.3 eV. Thestate being at 6.33 eV. ArgSS, conical intersection is probably
ordering predicted at the MR&r level iszt*, na*, wa*, na*. the cause of this switching of states.
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Figure 5. Five vectors defining the branching space for th&23
conical intersection in adenine. The three top vectors correspond to

Figure 4. Five vectors defining the branching space for t#23 the coupling vectors and the two bottom to the energy difference
conical intersection in adenine. The three top vectors correspond to gradient vectors.

the coupling vectors and the two bottom to the energy difference
gradient vectors.

and the energies are given in Table 2. The energy of the conical

The geometry ati123 is almost planar and is shown in Figure Ntersection is 6.24 eV at MRCI1, which is higher theid23
but still in the range of vertical excitation energies. The fourth

3. Conical intersections involving the ground state, as the one 7" o . ; .
found in uracil, require substantial geometrical distortions €XCited state, which is am* state, is more than 1.5 eV higher

because, initially, the energy difference between the ground statel €N€rgy. At the MRGiz level, the energies are separated by
and the excited state is more than 4 eV. Conical intersections, -4 €V With an average of 5.93 eV. To reduce the separation,
however, involving only excited states that are close energeti- thiS conical intersection was reoptimized using the MRECI1

cally even at vertical excitation, require much smaller distortions, €XPansion in a similar way to that in uracil. At this new
The distortions ati123 involve mainly the bond distances in 9€OMelryRe(cil23), the energies are separated by 0.2 eV with
the six-membered ring because the states involved are described@" average of 5.99 ev. o o .
by orbitals mainly localized in this ring. The largest bond length _ The geometry at theil23 conical intersection is shown in
distortions occur on &-NZ, which increases from 1.33to 1.40  Figure 3. Likecil23, the structure is planar, but tio&l23
A and on G—C5, which increases from 1.38 to 1.42 A. crossing involves larger distortions than those of 23
Excitation from the lone pain to as* orbital weakens the &- crossing, with the main changes involving bond distances in
NZ double bond, and the distortions observed facilitate stabiliza- the six-membered ring. At this geometry, the* states come
tion of the secondz* state so that it lowers its energy to meet ~ closer in energy, and the second* state is destabilized. The
S, and S. distortions that occur facilitate stabilization of the secamct

The branching space for this three-state conical intersectionState and destabilization of the firstz* and thenz* states.
is spanned by five vectors, instead of the usual two vectors in The C—N? C*~C2and C—C°bond lengths increase by 0.12,
a two-state conical intersectiéiié Nuclear motion along these ~ 0-08, and 0.09 A, respectively, in agreement with the fact that
five vectors will remove the degeneracy of the states linearly. & 77" state is stabilized by relaxing the double bonds. The
At the point of degeneracy, the vectors are not unique because2ngles €—N*-C? and the angles of M with the ring also
the degenerate eigenfunctions can mix in any way. For two change.
vectors, one can define an orthogonal transformation of the In Figure 5, the five vectors spanning the branching space
eigenfunctions to obtain the orthogonal unique vectdmst this are shown. Here, again, the symmetries of the vectorsaire 3
is not possible for the five vectors. In Figure 4, the five vectors + 2a", as can be seen in the figure. The vectors involve mainly
are shown taken from a point slightly away from the degeneracy, distortions of the six-membered ring as was seercil23,
so that the mixing of eigenvectors can be avoided. The although here, the Natom is involved in one of the out-of-
visualization program MOLDER was used to generate the plane modes.
pictures of the vectors. The vectors involve mainly distortions  3.2.4. $—S Conical Intersection Seantach of the three-
of the six-membered ring, either in-plane bond distortions and state conical intersection seams has dimenslth— 5 = 39
bending, or out-of-plane ring-puckering motion. Because the — 5= 34. In the other five degrees of freedom, the degeneracy
symmetry is almosCs, and the states crossing a#§n*), is lifted linearly. In three-dimensional subspaces of this five-
A" (nz*), and A" (nr*), the five vectors have symmetries!3t dimensional branching space, the degeneracy can be lifted
2a". There are two vectors defined by the energy difference partially, and two of the three states will remain degener&ig.
gradients of two pairs of states, and these are always totally These two-state conical intersection seams originating from the
symmetric &'). The other three vectors correspond to the three three-state conical intersection have been studied in the allyl
couplings between the states, giving talbcouplings and one  radical®® In adenine, different seams of two-state conical
a'. Thea" couplings correspond to coupling between each of intersections originate from each of the three-state conical

the nz* states with therz* state. intersections, leading to a great number of two-state conical
3.2.3. m* — ax* — qwx* Conical Intersection.A second intersections at energies lower than the three-state seams. This
seam of three-state conical intersections betweenthg,Sand picture will produce very complicated excited-state potential

S; states has been located in which the character of the statesnergy surfaces, and the photodynamics in these surfaces is
is nt*, nx*, w*. This conical intersection is denotemitl23, expected to be affected.
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Figure 8. Diagram of the energy levels at the main points discussed
in this work using MRCér; (a) the 3, S1, S states of uracil and (b)
S, S, S, S5, Sy states of adenine.

MRCI1) are different from the ones at the higher level
(MRClor), and the predicted points of conical intersections are
shifted. Furthermore, different points on the surface and different
states gain different correlation energy. For example, the energy
of the § state in adenine is not affected by dynamical correlation
at Re(Sp) but is lowered by 0.46 eV at the distorted geometry
Ry(ci123). How close the conical intersection predicted at the
Figure 7. Two vectors defining the branching plane for ##&2 conical lower level of theory IS to the one at a hlgher level of theory
intersection in adenine depends on the particular case and varies between different
crossings, even within the same molecule. In this study, the
One of these two-state conical intersection seams is exploredCi123 conical intersection in adenine is located more accurately
here. Starting from the three-state conical intersectiae3 ~ than that of thecil23 at the MRCI1 level. The separation of
(Figure 6a) orci123 (Figure 6b) the $-S, two-state conical energies at the MR@n Ieyel is an .Indlca'[IOI‘l of the quality of
intersection minimum was optimized. Because the initial point Prediction of the conical intersection at the MRCI1 level. The
was already on the seam, the search moved along the seam unt§i012 conical intersection in ur_aC|I is also poorly described at
it found the minimum-energy pointi12. The resulting paths ~ MRCIL. These energies are given in Tables 1 and 2 and are
are energy-minimized sections of the seam connecting each ofdiscussed in detail in the previous sections. . ,
the three-state conical intersections, with the minimum-energy N this work, a procedure was used in which an intermediate
point of the two-state conical intersectioil2. Figure 6 shows expansion was used to refine the conical intersection if the
the energies of the ground and four excited states as a function€nergy difference of the states that should be degenerate at the
of the bond distance REEN3). Although all coordinates change MRClox level was more than 0.3 eV. Optimization could not
during the optimization (there are no geometrical constraints P& done at the MRGtr level because the size of this expansion
imposed), the bond distance R¢(N3) is chosen to be plotted ~ Was more than_ 100 million C_SFS. So_, whenever_ the small
because it changes smoothly along both paths. It increases fronfXPansion was inadequate, an intermediate expansion was used
1.33 to 1.39 A along the path froni123 tocil2 and decreases (O locate the conical intersections. The choice of the particular
from 1.45 to 1.39 A along the path fronil23 to ci12. The |nte_rm¢d|ate expansion MR@Was based on the f_act that single
energy of the resulting two-state conical intersection is 5.5 ev €xcitations from thes orbitals were found to be important for
at the MRCI1 level and 5.3 eV at the MR&t (see Table 2) ~ More accurately calculating the excitation energies in ufacil.
and is lower than all excitation energies. Aa-S, conical Qualitatively, the conical intersection does not change'much
intersection involvingzz* and nz* states has been reported Petween the different expansions in general. In uracil, the
recently by Perun et df. Figure 7 shows the two vectors reoptimization of the three-state conical intersection changed
spanning the branching plane feid2 at the minimum-energy ~ the energy difference between the states from 0.6 to 0.2 eV.
point of the seam. The coupling mod& corresponds to the The average of the three energies changed from 6.19 to 6.16
coupling between therr* and n* states and resembles out- eV. The bond lengths changed from 0.01 to 0.06 A and the
of-plane coupling modes of theil23 andci123 three-state ~ a@ngles changed from 0 to 18The 18 occurred in one dihedral
conical intersections. This is expected becaii$23 andcil23 angle, while most of the other angles had very small changes.
include this pair of states, and its coupling should be part of The energy difference in adenine changed from 0.4 to 0.2 eV.
their five branching vectors. Thig” mode involves mainly ~ 1he average of the energies of the three states changed from

motion of the N—C2—N3 moiety. Thea’ mode involves in- 5.93 to 5.99 eV. The average bond distance change was 0.02
plane distortions of the six-membered ring. A, with the largest being 0.07 A, and the largest angle change
was 3.

3.3. Effect of Electron Correlation on the Location of
Conical Intersections.When locating conical intersections in
systems of the size of uracil and adenine, one is forced to use
a method that does not include all the required correlation and  In this work, the existence of three-state conical intersections
is less accurate than the method used to calculate energies ah the nucleobases uracil and adenine has been investigated.
single points on the potential energy surface. For this reason,Figure 8 summarizes the energetics of the points of interest for
the energy differences obtained at the lower level of theory (here both molecules and aims at emphasizing their differences. A

4. Conclusions
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