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Abstract Three conical intersections of monohydrated

cytosine, uracil, and thymine were found between the S0

and S1 states. The pyrimidine bases in these conical

intersections have unusual shape with rather distorted

aromatic rings caused by the strong interactions between

the pyrimidines and the water molecule. The conical

intersections of uracil and thymine monohydrates have

structures with considerable out-of-plane deviation of one

of the carbonyl groups. The conical intersection of cytosine

monohydrate showed a ring cleavage of the N1–C2 bond,

while the NH2 group is almost perpendicular to the aro-

matic ring. The three conical intersections show a tendency

to form Dewar forms. Thus, in the theoretical study we

included the possible Dewar forms of the monohydrated

pyrimidine bases closely related to the structures of the

conical intersections.

Keywords Branching space � Conical intersections �
CASSCF calculations � Cytosine � Thymine � Uracil

Introduction

Cytosine, uracil, and thymine are the major chromophores

of nucleic acids. Absorbing UV light (near 260 nm) they

lead to 1pp* excited states which can be observed as major

absorption maxima in the UV spectra. Canuel et al. [1] and

Kang et al. [2] demonstrated experimentally that pyrimi-

dine bases undergo ultrafast relaxation of the excited states

to the ground electronic state S0. These relaxations occur in

the picosecond timescale. For cytosine, uracil, and thymine

the relaxation times are 1.86, 1.05, and 5.12 ps [1]. Such

favorable internal conversion processes in pyrimidine bases

provide a self-protection mechanism preventing photo-

chemical reactions induced by UV radiation.

Computational results for isolated cytosine [3–6], uracil

[7], and thymine [8, 9] showed that the ultrafast decay is

due to the energetically accessible conical intersection

S0/S1. For uracil it has been discussed that the most common

internal conversion of the 1pp* excited state passes through

an ethylene-like conical intersection S0/S1, i.e., a conical

intersection with one hydrogen atom from the C=C double

bond which is almost perpendicular to the aromatic ring

[10–12]. The same structure of the ethylene-like conical

intersection S0/S1 was also described for thymine [9, 11,

12] and cytosine [11]. Some authors found a low-lying

conical intersection S0/S1 for thymine in which the methyl

group is perpendicularly situated with respect to the aro-

matic ring [11]. No low-lying conical intersections S0/S1

associated with out-of-plane deformations of the carbonyl

oxygen atoms have been reported so far.

Shukla and Leszczynski [13] performed a comparison

between uracil and trihydrated uracil based on the config-

uration interaction technique (CIS)-calculated vertical

excitation energies of the systems. They predicted vertical

excitation energies of the bright 1pp* excited states of the

system at 6.83 and 6.74 eV. The absorption maximum of

uracil is at 5.1 eV in the gas phase [14] and 4.8 eV in

aqueous solution [15]. As Neiss et al. [16] reported, the CIS

method always gives higher energies for vertical excitation

energies of the bases than, for example, density functional

theory (DFT) or multi-reference configuration interaction

(MRCI) methods. The absorption maxima of thymine in

the gas phase and aqueous solution are at 4.8 eV [14] and

4.7 eV [17]. These data show that the hydration of uracil
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and thymine leads to the reduction of vertical excitation

energies. In other words, the hydration of these bases

provokes a red shift of the UV absorption maximum. The

gas phase absorption maximum of cytosine is at 4.5 eV

[18]. In aqueous solution this maximum is blue-shifted

(at 4.7 eV) [19, 20].

Blancafort and Migani [21] and Yoshikawa and Matsika

[22] discussed the influence of the water molecule on the

energy and structures of monohydrated cytosine and uracil.

However, they examined water molecules as a small per-

turbation to the pyrimidine ring. The hydration of the

pyrimidine nucleobases is the subject of a lot of theoretical

papers. For example, Aleman [23, 24] explored the solva-

tion of cytosine and thymine bases by using discrete/self-

consistent reaction field (SCRF) models. The analysis of

the free energies of solvation showed that the most stable

monohydrated cytosine is formed between the amino group

of the compound and the water molecule [23, 24]. Thymine

forms a stable complex with the carbonyl oxygen which is

closest to the CH3 group [23]. The theoretical investigation

by van Mourik et al. [25, 26] showed that the most stable

monohydrated uracil complex is formed between the water

molecule and the oxygen atom of uracil from the carbonyl

group which is situated between the two nitrogen atoms

from the ring.

The purpose of the current study was to find low-lying

conical intersections S0/S1 in monohydrates of cytosine,

uracil, and thymine which mediate the relaxations of the

excited states of these supersystems to the ground state.

These conical intersections are important because they

would be directly involved in the intermolecular proton

transfer processes occurring in the ground or excited state.

Results and discussion

Geometry optimization of the conical intersections

The structures of the hydrated and anhydrous conical

intersections are illustrated in Fig. 1. Selected structural

parameters of the optimized conical intersections are listed

in Table 1. The anhydrous conical intersections have the

same structural parameters because they were studied by

single-point calculations. The water molecule plays a cru-

cial role in the monohydrated conical intersections. It binds

the two oxygen atoms in uracil and thymine and predis-

poses a direct intermolecular proton transfer between these

atoms. In the conical intersection CIC such a proton

transfer is expected between the amino group and the

oxygen atom.

This structure of the conical intersection is closely

related (by the mutual orientation of the water and cytosine

molecules) to the most stable cytosine–water complex

found by Aleman [23]. Such structures of the conical

intersections with respect to the pyrimidine rings have

never been found. The conical intersections of monohy-

drated and anhydrous cytosine (CIC) show a ring cleavage

at the N1–C2 bond which is associated with a disruption of

the aromaticity of the pyrimidine ring. Because the N1–C2

bond is extremely long (2.095 Å), it shows fragmentation

of the cytosine molecule. The conical intersection CIC

(Fig. 1a) forms weak H-bonds (over 2 Å) with water and

shows a trend for disruption of the H-bonded complex.

Nevertheless, such conical intersections can not be found

(by optimizations) without the water molecule (e.g., CIC0).

The weak H-bonds reflect the bonding parameters of CIC

which will be discussed below. The data in Table 1 show

the largest distortion of the aromatic ring for the conical

intersection CIC. The bond N1–C2 bond is long, but the

bond N1–C6 is quite short, resembling a double bond.

The conical intersections of monohydrated uracil (CIU)

and thymine (CIT) are almost identical in structure. They

have one short H-bond between the water oxygen atom and

the hydrogen atom from the OH group of uracil and thy-

mine. In these conical intersections H-bonds between the

carbonyl oxygen atom and the water hydrogens are also

formed. The structures of the conical intersections indicate

a direct proton transfer between the OH and O=C groups of

uracil and thymine, assisted by a water molecule. Such

proton migration in anhydrous uracil and thymine is not

possible in the ground state. Miles et al. [27] reported a UV

maximum of uridine at 4.77 eV in aqueous solution. Our

investigation of possible tautomers of (deoxy)uridine

unambiguously showed that this maximum corresponds to

the hydroxo form of uracil in uridine [28]. In other words,

the hydroxo form of uracil (or thymine) is also important

and the photochemical water-assisted proton transfer

between oxo and hydroxo tautomers of uracil (and thy-

mine) can be mediated by the conical intersection CIU (and

CIT). The deviation of the N1 atom from the aromatic ring

plane (see Table 1) for CIU and CIT is smaller than for the

conical intersection CIC. In the conical intersection CIU the

water molecule forms a hydrogen bridge with the same

oxygen atom for uracil as in the most stable monohydrated

uracil [25].

Uracil and thymine have rather unusual shape in the

conical intersections CIU/CIU0 and CIT/CIT. As is known

[10–12], the 1pp* excited states of these nucleic acid bases

relax through an ethylene-like conical intersection associ-

ated with a twisting around the C=C double bond.

Obviously, H-bonded water drastically changes the pho-

tochemistry of the bases and allows new conical

intersections to mediate the photoprocesses, in particular

photo-induced proton transfers. The mechanisms of these

processes will be the subject of our future research. In

this regard, the anhydrous conical intersections do not
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contribute to the relaxation proton transfer mechanisms of

the excited pyrimidines and they are only involved in the

current study to understand the role of the water molecule.

Analysis of active molecular orbitals of the conical

intersections

Because of the importance of the monohydrated conical

intersections we performed an orbital analysis to under-

stand the origin of the crossing of the two states S0 and S1.

Figure 2 shows the active orbitals of the monohydrated

conical intersections.

As can be seen, the strong distortion of the aromatic

structures leads to the inclusion of r-orbitals in the active

space of each CI (the active space is not manipulated). The

lowest unoccupied molecular orbital (LUMO) of the

Fig. 1 Conical intersections of

monohydrated and anhydrous

a cytosine, b uracil, and

c thymine. The monohydrated

forms were optimized at the

complete active space self-

consistent field (CASSCF)(6,6)/

6-31G* level, whereas the

anhydrous forms originate from

the monohydrated systems

(single-point calculations)

Table 1 Selected structural parameters of the conical intersections

Parameter CIC CIU CIT

r(N1C2) 2.095 1.401 1.401

r(C2N3) 1.362 1.360 1.356

r(N3C4) 1.402 1.414 1.418

r(C4C5) 1.345 1.341 1.343

r(C5C6) 1.483 1.484 1.490

r(N1C6) 1.303 1.420 1.419

d(N1C2N3C4) 27.9 18.4 18.2

d(C2N3C4C5) -1.0 6.4 6.8

d(N3C4C5C6) 0.6 0.1 -0.4

d(N3C2N1C6) -61.3 -51.5 -51.3

d(N11C6N1C2) -96.6 – –

d(O7C6N1C2) – -75.3 -75.4

r in D; d in degree
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Fig. 2 Molecular orbitals from

the active space of

monohydrated a cytosine,

b uracil, and c thymine
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conical intersection CIC is of r-type and it is situated along

the N1–C2 bond; the orbital LUMO?2 behaves similarly.

All other orbitals are of p-type. The highest occupied

molecular orbital (HOMO) of this conical intersection can

be assigned as a p-orbital with a contribution from one of

the sp3-hybridized orbitals of the water oxygen atom.

The active space of the conical intersections CIU and

CIT has one r-orbital less than the active space of CIC. This

r-orbital has the highest energy and involves the atoms N3

and C4 and the hydrogen atoms which are bound to these

atoms. It is interesting to note that in the active orbitals

HOMO, LUMO?1, and LUMO?2 of CIT the 1s atomic

orbital (AO) of the methyl hydrogen atoms contributes to

the electron density distribution; this can be explained by

the hyperconjugation which exists between the methyl

hydrogen atoms and the aromatic ring.

Gradient difference (|GD|) and derivative coupling

(|DC|) vectors

The magnitudes of the branching space vectors |GD| and

|DC| of the monohydrated and anhydrous conical inter-

sections are listed in Table 2.

The lowest values for these vectors were calculated for

the conical intersections of cytosine. The data show that the

anhydrous conical intersections have slightly higher values

for |GD| and slightly lower values for |DC| than those of

monohydrated conical intersections. To understand the

nature of the conical intersections we visualized the vectors

|GD| and |DC| as normal modes. They are illustrated in

Fig. 3.

For the conical intersection CIC the vectors show a trend

to close the aromatic ring or to form the Dewar structure.

The latter is also valid for the conical intersections CIU and

CIT. One can suppose that the Dewar forms of the exam-

ined monohydrates could be formed photochemically

through the monohydrated conical intersections (Fig. 1).

This fact explains the inclusion of the Dewar structures in

the current study.

The vectors of anhydrous conical intersections show

atom displacements quite different from these of mono-

hydrated conical intersections. The |GD| vector indicates

the possibility of these structures forming the usual con-

ical intersections known for pyrimidine bases [3–12], i.e.,

conical intersections related to the C=C out-of-plane

deformations. The |DC| vector of the conical intersection

CIC0 clearly shows a tendency toward a ring restoration. A

considerable stabilization of the monohydrated conical

intersections is observed due to the intermolecular

hydrogen bonds (see Table 2). The bonding energies are

rather high which means that the monohydrated conical

intersections are stable dimers. The large affinity of the

amino group and the oxygen atom(s) of pyrimidine

bases to form H-bonded systems with water is the only

reason for the formation (optimization) of such conical

intersections.

The multi-configurational self-consistent field

(MCSCF)(10,9) energy gaps between the states S0 and S1

of the conical intersections CIC, CIU, CIT, CIC0, CIU0, and

CIT0 are 0.06, 0.23, 0.21, 0.17, 0.23, and 0.23 eV.

H-bonded complexes

We optimized (MP2/6-31G*) the structures of the H-bon-

ded complexes (as stable minima) of cytosine, thymine,

and uracil with one water molecule, which potentially can

be formed by the conical intersections through an ultrafast

deactivation of the excited electronic states. In all cases the

pyrimidine ring has almost planar structure. Discussion of

the planarity and non-planarity of the monohydrated

pyrimidine bases can be found in work by Isayev et al. [29,

30] based on Car–Parrinello molecular dynamics simula-

tions. They found that each pyrimidine base has a non-

planar effective conformation despite the fact that the

ground state equilibrium geometry is planar [30]. More

frequently the population of the planar geometry of the

pyrimidine ring is not more than 30% [29]. From this point

of view when we mention below ‘‘planar bases’’ we have in

mind all these findings.

The Dewar structures of the complexes which could

be also formed from the excited states via the conical

intersections CIU, CIT, and CIC could be potential photo-

products. All stable H-bonded complexes are presented in

Fig. 4.

Table 2 Branching space vectors (|GD|, |DC|) and bonding parameters (in kJ mol-1) of the conical intersections

CIC CIU CIT CIC0 CIU0 CIT0

|GD|, a.u. 0.163409 0.248860 0.250769 0.171836 0.250317 0.251918

|DC|, a.u. 0.068123 0.111008 0.110081 0.062380 0.107700 0.106820

DEb -51.3 -38.5 -52.3 – – –

DE -70.5 -64.4 -71.7 – – –

BSSE 19.2 25.9 19.4 – – –

BSSE basis set superposition error
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As can be seen, the shortest intermolecular H-bonds

are formed in the hydroxo uracil/thymine complexes.

These tautomers are also included in the conical inter-

sections CIU and CIT. In the most stable tautomers—

amino for cytosine, and oxo for uracil and thymine—the

two intermolecular H-bonds are almost equivalent. The

Dewar structures of the complexes resemble a half-open

book with respect to the aromatic ring. This structure of

the ring is predisposed for strong H-bridges. As a result

shorter H-bonds are formed as compared with the com-

plexes with the planar bases. We assume that all these

structures can lead to the conical intersections CIU, CIT,

and CIC after excitation with UV light. Conversely, they

can be produced photochemically via these conical

intersections.

We calculated the vertical excitation energies of the

minima which are listed in Table 3.

The data show that the deformation of the aromatic ring

leads to the stabilization of the 1pp* state and destabili-

zation of the 1np* electronic excited state. Comparing the

monohydrates UD and TD one can see that the substitution

(with methyl group in thymine) of the aromatic ring at the

C5 position provokes stabilization of the 1pp* state.

However, this substitution provokes a destabilization of the

dark 1np* excited state. The same effect for the 1pp* state

is observed in the monohydrates U1P and T1p as well as

U2P and T2p.

Table 3 also lists the calculated bonding energies of the

monohydrated cytosine, uracil and thymine, their planar

structures, and the Dewar structures. As can be seen, the

hydroxo tautomers of planar uracil and thymine form the

most stable H-bonded complexes. The Dewar form of these

compounds additionally stabilizes the supersystems. The

cytosine complexes have moderate stability, whereas the

lowest stability was estimated for the complexes with the

oxo forms of uracil and thymine. It can be deduced that the

Dewar form of the pyrimidine bases is stabilized by

H-bonding with water (in this case) or other small protic

molecules. The BSSE varies in the interval

19.1–25.9 kJ mol-1.

The monohydrates of planar pyrimidine bases have

higher 1pp* vertical excitation energies than the Dewar

bases. The 1pp* vertical excitation energies of the latter are

rather close to the experimental positions of the UV bands,

in aqueous solutions, of cytosine, uracil, and thymine.

Therefore, the experimental UV spectra of irradiated

aqueous solutions of cytosine, uracil, and thymine should

be interpreted carefully because of the high probability for

signals from the Dewar forms.

Energy-level diagrams

In order to clarify the role of the monohydrated conical

intersections in the photochemistry of the intermolecular

Fig. 3 Vectors a |GD| and

b |DC| of conical intersections

visualized as normal modes
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proton transfer processes we constructed energy-level

diagrams with the exact positions of the concrete electronic

states and the conical intersections (the recalculated ener-

gies at the MCSCF(10,9) level are listed in Table 4) as

obtained by MCSCF calculations.

The energy-level diagram for cytosine (Fig. 5a) shows a

possible deactivation channel (radiationless) of the 1pp*

state of CP through the conical intersection CIC. The pho-

toproduction of the Dewar form CD is also possible,

mediated by the same conical intersection.

These findings for monohydrated cytosine are also true

for monohydrated uracil and thymine (Fig. 5b,c). However,

monohydrated uracil and thymine can participate in photo-

induced intermolecular proton transfer processes in excited

Fig. 4 Optimized geometries of

the H-bonded complexes0

minima. The subscripts ‘P’ and

‘D’ indicate the planar and

Dewar structures
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states, mediated by the conical intersections CIU and CIT.

All these mechanisms will be the subject of our future

research.

Conclusion

It this study we report about several (monohydrated and

anhydrous) new conical intersections of cytosine, uracil,

and thymine. The pyrimidine bases in these conical inter-

sections have unusual shape: the NH2 group of cytosine

and one of the C=O bonds of uracil and thymine are almost

perpendicular to the aromatic ring.

The comparison of the monohydrates of the almost

planar pyrimidine bases and their Dewar structures showed

that the deformation of the aromatic ring leads to the sta-

bilization of the 1pp* state and a destabilization of the 1np*

electronic excited state. Furthermore, the substitution of C5

of uracil with a methyl group (as in thymine) leads to the

stabilization of the 1pp* state of the complex.

The stability analysis of the planar and Dewar mono-

hydrates of pyrimidine bases shows that the Dewar form of

pyrimidines is stabilized by H-bonding with water. In other

words, this form could be observed in irradiated aqueous

solutions of cytosine, uracil, and thymine.

The constructed energy-level diagrams showed that the

photo-induced intermolecular proton transfer (assisted by

water) in uracil/thymine could be mediated by the conical

intersections CIU and CIT. Furthermore, the three conical

intersections CIC, CIU, and CIT would mediate the photo-

production of the Dewar forms of monohydrated cytosine,

uracil, and thymine.

Methods

The structures of conical intersections were optimized at

the CASSCF(6,6)/6-31G* level. The initial structures of

the conical intersection correspond to the thermal transition

state geometries of the oxo–hydroxo tautomer transfor-

mations which we studied earlier [31–33]. We supposed

that the eventual conical intersections should lie near and/

or above these transition states. We also found the conical

intersections originating from the corresponding monohy-

drated complexes without the water molecule (so-called

anhydrous conical intersections). They were studied by

single-point calculations. The optimization (fully relaxed

internal coordinates) of the anhydrous conical intersection

is not possible because it leads to the well-known conical

intersections of pyrimidine bases described in numerous

papers [9–12]. In fact many conical intersections can be

found on the degenerated coordinate hypersurfaces S0/S1 of

each pyrimidine base. Some of them are not involved in the

relaxation mechanisms of pyrimidine bases known so far.

This is the case with the anhydrous conical intersections

studied here. The most important fact is that the monohy-

drated conical intersections would mediate the relaxation

processes of intermolecular H-transfer in pyrimidine bases

which will be the subject of our future investigation.

Branching space vectors |GD| (gradient difference) and

|DC| (derivative coupling) of all conical intersections were

calculated at the same theoretical level. The x, y, z com-

ponents (for each atom) of the vectors were used for a

visualization as ‘‘normal modes’’ with the program

ChemCraft [34].

The MP2 optimized structures of H-bonded complexes

(planar and Dewar) which correspond to energy minima

Table 3 Vertical excitation energies of the complexes’ minima (eV) and bonding energies (kJ mol-1)

CP U1P U2P T1P T2P CD UD TD

Vertical excitation energies, MCQDPT2(10,9)
1n0p* 5.983 5.947 5.462 5.514 6.533 7.125 6.784 7.501
1pp* 5.360 6.072 5.593 4.602 5.085 4.847 4.954 4.616

Vertical excitation energies, MCSCF(10,9)
1n0p* 5.904 4.694 5.608 5.557 7.059 7.826 8.331 8.246
1pp* 5.415 4.895 6.949 5.073 6.530 6.435 6.847 6.833

Bonding energies

DEb -45.0 -51.7 -35.9 -52.4 -35.5 -45.2 -63.2 -62.0

DE -64.1 -72.7 -55.6 -73.6 -55.3 -68.2 -85.5 -84.4

BSSE 19.1 21.0 19.8 21.2 19.8 23.0 22.3 22.4

Table 4 MCSCF(10,9) energies of the conical intersections and

vertical excitation energies of the single bases (monomers) with

geometries as determined in the conical intersections

CI Energy CI Energy

CIC -468.539168 CIC0 -392.514208

CIU -488.398105 CIU0 -412.364194

CIT -527.430791 CIT0 -451.402635
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(no imaginary frequencies in the vibration spectrum) were

used to calculate their vertical excitation energies at the

MCQDPT2(10,9)/6-31G* and MCSCF(10,9)/6-31G* lev-

els. The active space for the complexes with planar

pyrimidines was constructed from ten electrons on nine

orbitals: seven p-, one n0-, and one r*-orbital. Four p-

orbitals are doubly occupied while three are unoccupied.

For the complexes of pyrimidines with the Dewar form one

of the p*-orbitals is replaced by a r*-orbital. This comes

from the fact that the Dewar form of pyrimidines is

strongly distorted. Therefore, the p*-orbitals have much

higher energy than the r*-orbitals.

We used the recomputed MCSCF(10,9)/6-31G* ener-

gies of the conical intersections and those of the planar and

Dewar structures to construct the energy-level diagrams of

the possible excited-state reaction paths. The reaction

mechanisms studied by minimum-energy-path (MEP),

relaxed-scan (coordinate-driven reaction paths), or linear

interpolation in internal coordinates (LIIC) approaches will

be the subject of our future research. The method

MCQDPT2 predicts a rather large gap between the states

S0 and S1. Unfortunately, it is not possible to optimize the

conical intersections using this method.

Bonding energies (DEb) and BSSE for each H-bonded

complex were estimated according to the equations

[35–37]:

DEb ¼ ESS �
Xn

i¼1

E
0

mi

BSSE ¼
Xn

i¼1

ESP
mi
� E

0

mi

� �

where ESS is the energy of the complex (supersystem), E
0
mi

is the energy of ith monomer in the supersystem calculated

with ‘‘ghost’’ orbitals of the other monomer, ESP
mi

are the

energies of the individual monomers frozen in their

aggregate geometries, found by single-point calculations.

The energy DE of the H-bonded complexes was calcu-

lated using the equation:

DE ¼ ESS �
Xn

i¼1

ESP
mi
:

The optimizations and MP2/CASSCF(6,6) calculations

were performed with the Gaussian 03 software package

[38]. The MCQDPT2 and MCSCF calculations were

performed with the GAMESS-US ab initio package [39].
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