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Abstract An experimental and theoretical investigation was
performed to study the photostability of cytosine and isocyto-
sine. The experimental UV irradiation of acetonitrile solutions
of the two compounds showed that the amino-oxo tautomer of
cytosine is photostable while the amino-oxo tautomer of iso-
cytosine tautomerizes to the amino-hydroxy form. The theoret-
ical investigations were carried out at the CC2 level of theory.
They were performed to explain the experimental observations.
It was found that the '7t7r” excited states of the ring deformation
mechanisms of cytosine and isocytosine relax (internal conver-
sion) to the ground states of the amino-oxo forms of the com-
pounds. We propose a channel for the radiationless deactivation
of the repulsive 'm0 excited state of the amino-oxo form of
isocytosine to the ground state of the amino-hydroxy tautomer.

Keywords Coupled-cluster methods - Cytosine - Excited
states - Isocytosine - Tautomerism - UV irradiation

Introduction

Cytosine is one of the building blocks of the macromole-
cules of DNA and RNA. It is involved in the transmission
and encoding of genetic information. Cytosine is a pyrimi-
dine derivative which exhibits aromatic properties and con-
siderable photostability.

Several papers [1, 2] have reported the UV absorption
maxima of cytosine in the gas phase. The maximum at 4.6
(0.14) eV has been assigned to the 71— 7t transition, while
the maximum at 5.2 (0.03) eV was assigned to the 'ny — 70
transition [1, 2]. Water solutions of cytosine show three
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absorption maxima at 4.65, 5.44 (shoulder), and 6.29 eV
(the first is the least intensive), whereas four major bands are
registered in acetonitrile at 4.54, 5.19, 5.79, and 6.20 eV (the
last two bands are the most intensive ones) [3, 4]. Morita [3]
has shown that the oxo N(1)H tautomer of cytosine is the most
stable one in acetonitrile solution. Increasing the temperature
of an acetonitrile solution of cytosine leads to the formation of
the oxo N(3)H tautomer, but only in minor amounts [3].
Analysis of cytosine monohydrate in the crystal provides
further evidence of the presence of oxo N(1)H tautomer [5].

A matrix isolation study of cytosine (evaporated at 493 K
onto substrates at 15 K) showed the presence of two stable
tautomers of cytosine: amino-oxo and amino-hydroxy [6]. The
two tautomers of cytosine were identified by Nir [7] using jet-
cooled and resonant multiphoton ionization experiments. The
jet-cooled experiment performed by Brown gives an evidence
for the presence of the imino-oxo tautomer of cytosine [8].
Logical explanations were provided by Tomi¢ regarding the
inability of some experiments to register the imino-oxo form of
cytosine [9]: low transition moment of the imino tautomer,
influence of the laser, etc. Kosma [10] reported that hydroxy
or imino tautomers can be produced using UV sources (lasers,
lamps) with wavelengths below 270 nm. On the other hand,
some experiments have shown that the excited cytosine mole-
cule relaxes back to the ground state via internal conversion on
picosecond (1.86 ps) and femtosecond (160 fs) timescales, and
no excited-state photoreactions are observed [10, 11]. These
short lifetimes indicate that cytosine is highly stable. However,
there is no clear and explicit explanation of the photostability of
cytosine with respect to excited-state reaction mechanisms.

Crystal structure analysis of isocytosine has shown that it
exists in the crystal state as two stable oxo tautomers: 1H-
and 3H, in the ratio 1:1 [12, 13]. These tautomers are also
seen in water solution [3].

Vranken et al. [14] have reported the IR spectrum of
matrix-isolated isocytosine. It was demonstrated that the
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characteristic OH, NH,, and NH stretching vibrations of the
tautomers strongly overlap. However, one clear indication
of the OH stretching vibration of hydroxy tautomer is the
characteristic 7oy band at ~520 cm ™. The y(C=0) vibra-
tion of the oxo(3H) tautomer gives a relatively informative
band at 618 cm ' [14]. Vranken [14] also demonstrated that
UV irradiation (A=308 nm) of matrix-isolated isocytosine
leads to the tautomerization of the amino-oxo tautomer to
the amino-hydroxy form. This phototautomerization is ac-
companied by the photodecomposition of isocytosine. The
by-product of this reaction shows very weak bands at 2342
and 2139 cm ™' in an Ar matrix [14].

Several theoretical papers have reported excited-state ge-
ometries and possible pathways for the deactivation of excited
states of nucleic acid bases [15—18]. Shukla et al. [15] have
shown that the equilibrium geometry of the '7t7t” excited state
of isocytosine is highly nonplanar. However, the geometry of
the second 'n7t” excited state is planar [15]. Dynamics calcu-

lations have demonstrated that the deactivation of the 'n7t
Table 1 Kinetics of the photoreaction of isocytosine
¢ (min) Amax (M) Abs k (min")
0 288 2.747584 -
15 286 1.883853 0.02516019
30 286 1.398445 0.02251204
45 285 1.016087 0.02210584
60 283 0.684288 0.02316831
75 280 0.518361 0.0222374
zmax = 285
k= 0.02303676
Tip = 30.08875
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excited state of cytosine occurs with a time constant of 0.69 ps
[17]. The deactivation is mediated by a semiplanar conical
intersection [17].

The purpose of the current paper is to explain the high
photostability of cytosine as compared to isocytosine upon
UV irradiation. The research presented here comprises a
study of the excited-state reaction paths of N—H dissociation
and the ring deformation mechanisms of both compounds.

Experimental methods

Cytosine and isocytosine were purchased from Fluka (Buchs,
Switzerland) and Sigma, (St. Louis, MO, USA). Acetonitrile
was obtained from Labscan (Super Gradient grade; Bangkok,
Thailand).
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Fig. 2 Evolution of the absorption over time for isocytosine
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Fig. 3 CC2-ground-state
equilibrium geometries of the
tautomers of cytosine and
isocytosine

Imino-oxo

Imino-hydroxy N(3)H

Photochemical irradiations were carried out in a standard
Pyrex immersion reaction vessel. We used a high-pressure
mercury lamp (TQ 150) with a quartz filter (Heracus Noble-
light, Hanau, Germany) as a UV light source.

We irradiated saturated solutions of cytosine and isocy-
tosine in acetonitrile with UV light, \,.,,=366 nm, for
75 min (cytosine solution) and 120 min (isocytosine solu-
tion). The results are shown in Fig. 1. Figure la indicates
that cytosine is quite photostable under these conditions.
The UV absorption maxima in Fig. 1b show that isocytosine
is unstable and undergoes phototransformation for about
60 min. The UV absorption maximum of isocytosine at
285 nm was used to follow the photoreaction kinetics (see
also Table 1).

Amino-oxo N(3)H

The data in Table 1 explicitly show that the photoreaction
of isocytosine is a first-order reaction (decomposition or
isomerization) with a rate constant of 0.02304 min ' and a
half-time 7/, = 30.089min. Figure 2, which illustrates the
evolution of the absorbance over time, leads us to the same
conclusion.

The course of the reaction was followed by performing
UV spectroscopy every 15 min. The UV spectra (obtained
using a 1 cm quartz cell) were taken with a Perki-
nElmer (Waltham, MA, USA) Lambda 9 UV-VIS/NIR
spectrophotometer.

The IR spectra of the irradiated and unirradiated samples
were recorded with a VERTEX 70 FT-IR spectrometer
(Bruker Optics, Billerica, MA, USA) using KBr discs. After
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Table 2 CC2 vertical excitation energies of cytosine and isocytosine and the experimental UV-absorption maxima (in parentheses)

A B
State eV nm State eV nm
lnn” 4.558 272 (271) Inn” 4.878 254
'non” 4.800 259 Inyr” 5.118 242
Inart’ 5.260 236 'ns" 5.411 229
'ne” 5.322 233 " 5.806 214
'nn” 5.453 228 (236) "nnmt 5.814 213
i 6.174 201 (203) nn” 6.317 196
E F

'nn” 4377 284 'nn’ 4.174 297
Ins” 5.188 239 Inart” 4.579 271
It 5.542 224 Ins" 4771 260
lts” 5.762 215 o 5.002 248
'nn” 5.795 214 'ne” 5.494 226
I 6.550 189 'nn’ 5.832 212
iC iD

'non” 4721 263 lnn 3.919 317
b 4.844 256 Ine" 4918 252
Ine” 5.055 245 Inyr” 5.458 227
'nn” 5.752 216 e 5.584 222
'ns" 5.965 208 "nam 5.604 221

C D

State eV nm State eV nm
b 5.005 248 b 4.686 265
Ine” 5378 231 ne” 4.930 252
Innrt’ 5.529 224 Inyrt’ 5.141 241
nn” 5.769 215 ne” 5.634 220
6" 5.992 207 nn” 5.689 218
nn” 6.218 199 66" 5.833 212
iA iB

nn” 4.574 271 (287) 'nn” 4.698 264
Yo" 4.881 254 It 5.098 243
ne" 5.079 244 ne" 5.439 228
Inatt 5.734 216 ' 5.796 214
'noo” 5.846 212 (222) Iyt 5.902 210
iE

'non” 4259 291

'npo” 4.752 261

'non” 4.955 250

ne” 5.063 245

nn® 5.256 236

irradiation the solvent of a small volume of solutions was
removed by insufflation with nitrogen. The obtained solid
residium was used for preparation of KBr discs.

Computational methods

The ground-state equilibrium geometries of all planar tau-
tomers of cytosine and isocytosine were optimized at the
coupled-cluster CC2 level using aug-cc-pVDZ basis func-
tions. We used the optimized geometries of the tautomers for
subsequent frequency calculations performed at the MP2
level and with the same basis set.

The structures of the conical intersections discussed
in this paper were optimized at the CASSCF(6,6)/6-
31 G* level. The geometries of the nonplanar conical
intersections and their GD (gradient difference) and DC
(derivative coupling) vectors were used to generate 49
structures (points) on the narrow grid. The structures
were produced by displacements along the GD and
DC vectors, starting from the conical intersections. The
generated structures were used to calculate the adiabatic
surfaces (W, and W,) in a limited space around the
conical intersections.

The linear interpolation in internal coordinates (LIIC) ap-
proach was applied to interpolate between a given ground-
state minimum geometry and a certain conical intersection,

@ Springer

both of which were found at the CASSCF(6,6)/6-31 G* level.
Each internal coordinate Q; of a given intermediate structure
was found using the equation

0; = 0y(c) +£.[0;(ci) — Oi(c)], (1)

where Qf(c) is the ith coordinate of the initial structure (tauto-
mer), whereas Q(ci) is the same coordinate for the So/S;
conical intersection; ¢ is the interpolation parameter. The
interpolation parameter is varied between 0 (at the ground-
state minimum) and 1 (at the conical intersection). The adia-
batic linearly interpolated reaction paths were calculated at the
CC2/aug-cc-pVDZ level.

We performed relaxed scans of the repulsive 'mo”
excited states of the most stable tautomers of cytosine
and isocytosine in order to study the N-H dissociation
mechanisms. The N-H distance was used as a reaction
coordinate. The remaining internal coordinates were left
to relax. It is known that the dissociation of pyrimidines
most commonly occurs through the repulsive 'mo” ex-
cited state [19].

Second-order approximate coupled-cluster singles and
doubles (CC2) computations (aug-cc-pVDZ basis functions)
were performed with the TURBOMOLE program [20, 21].
The CASSCF calculations were carried out with the
GAUSSIAN 03 software package [22].
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= . .
= Results and discussion
Q
£
g Ground-state equilibrium geometries
s
2 The ground-state equilibrium geometries of the cytosine and
_ = ;: isocytosine tautomers are depicted in Fig. 3 (the atom labeling
g &) i ﬁ T E = |8 shown in the figure is used in the discussion below). We
o= Il —~ . .
2 o 22z %g g obtained planar geometries for all structures. Tautomer A of
> P . . . . .
é’ cytosine shows typical aromatic properties with respect to the
2 ring and the functional groups —NH, and C=0.
; Structure B is amino-hydroxy tautomer of cytosine that
k= § also exhibits aromatic properties. Cytosine can form three
3 & 888258 3 imino tautomers, designated C, D, and E. The distance C=N
o in the imino group is rather short: 1.305-1.308 A, which
-% indicates significant conjugation between this group and the
Té pyrimidine ring. Tautomer F has the same functional groups
BE2 |l owweowo |9 as tautomer A, but the hydrogen atom H; is bound to the N;
- gé T 2xS8=q |2 atom of the ring.
ot Isocytosine has two oxo tautomers: iA and iE. As men-
o tioned above, these two tautomers exist in equal amounts in
Q . .
= the solid state [12, 13]. With respect to the oxo-hydroxy
v B" tautomerism, only iA is of any real significance. The prob-
% g ability of the proton transfer N5...H;;...Og (e.g., iE — iB)
5\ 5 S eco o =N should be low, as it is associated with substantial redistribu-
5 | 24 i TET S tion of the 7t-electron density of the ring. On the other hand,
ﬁ % > :5 i % % \2/ ‘SLI tautomer iE is not available in acetonitrile solution [3].
= Vertical excitation energies
o
= N . . . .
g o o e o :’_ We calculated the vertical excitation energies of the tautomers
= 2 sg2<szd 5 of cytosine and isocytosine. They are listed in Table 2. The
S . . . .
3 experimental UV spectrum of the unirradiated cytosine solu-
< . . . .
2 tion shows one intense UV-absorption maximum at 203 nm
- ‘; and less intensive maxima at 236 and 271 nm. In agreement
28 |2 g2x2% |1 with experimental observations, the CC2 vertical excitation
m|as [2 S&8I&S i energies of tautomer A predicted one intense absorption at
- 201 nm (f=0.316) and two less intense ones at 236 (f=0.047)
% and 271 nm (£=0.139). These were all assigned to T—7r"
S g transitions.
O 2 Comparing the experimental and calculated vertical exci-
f — 2o tation energies, we can see that tautomers B and C of cytosine
. g ) = . . . ;
5 @ i T m‘w m|m m!\ Bz are not available in acetonitrile: there are no experimental
2 %, Z % % § @>, 8 S bands at about 250 nm. The experimental spectrum does not
g provide information about tautomer D, since the calculated
< vertical excitation energies should be included in the experi-
2 g mental UV-absorption bands, as in the case of tautomer A. On
E g 38 the other hand, tautomers E and F are not available in the
] I} § § 2 § 5 Q& § acetonitrile solution of cytosine, since their vertical excitation
g s b energies differ considerably from the experimental UV-
§ 5 8 absorption maxima. These findings are in full agreement with
. § % the experiment of Morita [3].
= % Elg 2gesge |2 ?.; The slight reduction in the experimental UV-absorption
o — — . . . . . . .
Elalds |2 &A=~ |F& maxima of cytosine during the course of irradiation with
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iE

Table 4 (continued)

a2

@ Springer

Exp.

Assign.

Scaled Rel. int.

theor.

Assign.

Rel. int.

Scaled
theor.

=0)

C) + v(C

v(C=

1578 0.52

=C) +

0.07 V(N

1564

C) +v(C

V(N'™=C)

V(Nim

1607

0) + v(C=C)

0.66 v(C=

1623

C) + v(N=C) +

AC)

0.17

1606

v(C
V(Nln’l:C) +

1678

:C) +

V(N

1.00

1626

1.00

1639

C) + v(C=0)

v(C=
Vas(C-H)
vy(C-H)

C) + v(C=C)

v(N=
Vas(C-H)
vy(C-H)

2739

0.00
0.00
0.21
0.18
0.15

2832
2849
3123
3137
3241

0.00
0.00
0.03
0.12
0.10

2837

2830

2868
3039
3112
3176

VS(NH2)

v(N;-H)

3141

V(N34H)

V(N34H)

~3250

Vas(NHZ)

v(Og—H)

The theoretical frequencies were scaled by the equation foxp = 0.7744f 400 + 323.93 (R? = 0.9974), which is the correlation between the theoretical and experimental frequencies for tautomer

iA of isocytosine

UV light might be due to the photodecomposition of the
compound. This photoreaction is not of interest in the
current study. In general, cytosine is quite stable upon
UV irradiation.

The experimental UV-absorption maxima of the aceto-
nitrile solution of unirradiated isocytosine are at 287 nm
and 222 nm. We assigned these bands to the m — 7
and no — o electron transitions of tautomer iA of
isocytosine. The calculated vertical excitation energies
of tautomers iA, iB, and iE show that the signals of
the bright states of these tautomers should overlap with
the broad experimental absorption bands. In other words,
these tautomers cannot be identified from the UV spec-
trum of unirradiated isocytosine. Most probably, tauto-
mers iC and iD are not available in the acetonitrile
solution of unirradiated isocytosine.

The irradiated solution of isocytosine shows reductions in
the intensities of the UV-absorption maxima. Perhaps this is
due to a first-order reaction in which isocytosine participates
(Fig. 1). There is an accompanying reaction that is probably
the photodecomposition of isocytosine [3]. Such decay reac-
tions are not of interest in the current study. We are looking
for phototautomeric reactions through excited states. As
Vranken mentioned [14], the irradiation of isocytosine leads
to the formation of the amino-hydroxy form, which is in
accord with the IR spectra of irradiated and unirradiated
isocytosine (see below). Unfortunately, the UV-absorption
spectrum of irradiated cytosine solution is not informative
enough to allow the photoproduct(s) to be identified.

Vibration spectra

The characteristic theoretical and experimental (KBr disc)
vibrational frequencies of cytosine and isocytosine above
1000 cm ™" are compared in Tables 3 and 4. Selected regions
of the vibrational spectra of unirradiated and irradiated iso-
cytosine are given in Fig. 4.

Upon comparing the experimental and theoretical vi-
brational frequencies of cytosine (Table 3), we identified
tautomer A as a stable form in the solid state, in accord
with other experimental investigations [3, 5]. The data
in Table 3 were used to find a correlation between the
theoretical and experimental frequencies. We estimated
the following correlation equation: fex, = 0.7694f00,+
32391, with a correlation coefficient of 0.9918. This
equation was used to scale the calculated frequencies of the
remaining tautomers of cytosine. The experimental spectra of
irradiated and unirradiated cytosine are identical, which means
that this compound is relatively photostable.

In accord with crystallographic investigations [12, 13], the
experimental and theoretical vibrational frequencies (Table 4)
of unirradiated isocytosine imply the presence of two stable
oxo tautomers of isocytosine (iA and iE). Most of the bands of
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Fig. 4 1R spectra of

0.8

non-irradiated

unirradiated and irradiated
isocytosine recorded in
KBr discs

non-irradiated

irradiated
0.5
0.5
0.4
E 0.4
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0.1 0.1

0.7

irradiated
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Transmittance
Transmittance
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wavenumbers, cm”’

the two tautomers suffer from extensive overlapping, so ex-
plicit recognition of tautomers iA and iE is not possible.

We found a correlation between the theoretical and
experimental vibrational frequencies of tautomeriA:fox, =

0.7744fpeor + 323.93 (R* = 0.9974). The calculated vibra-
tional frequencies of the remaining tautomers of isocytosine
were scaled by this equation.

Figure 4 shows the differences between the vibrational
spectra of unirradiated and irradiated isocytosine. In

Fig. 5 CASSCF(6,6)-
optimized structures of the
conical intersections of cytosine
and isocytosine

Clnnz
cytosine

0 0
2500 2000 1800 1600 1400 1200 1000

wavenumbers, cm!

both spectra, the bands above 3000 cm ' are rather

diffusive and suffer from heavy overlapping. For unir-
radiated isocytosine, the bands of the characteristic NH,
stretching vibrations are almost fully obscured due to
overlapping. There are intense bands for the C=0, C=C,
and C=N stretching vibrations at 1678 cm ™' and 1607 cm .
As proposed by Vranken [14], the vibrational spectrum of
irradiated isocytosine indicates the presence of amino-
hydroxy tautomer iB. The OH band of tautomer iB is

121.45

IJII 121.75

iCly

iClnm2
isocytosine
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Fig. 6a—b Adiabatic PESs near (narrow grid) the conical intersections
Clnme and Cly of a cytosine and b isocytosine (iClyyy, and iCly). The
surfaces were constructed using the energies of the two states obtained

overlapped by the NH, bands of tautomers iA and iE
(Fig. 4). However, the asymmetric and symmetric C—H
vibrations of the irradiated sample show clear bands at
2958 cm ' and 2930 cm '. These bands are slightly
redshifted compared to the unirradiated isocytosine (tau-
tomers iA and iE). The same shift was predicted for the
theoretical vibrational frequencies. The C-O stretching

Fig. 7a-b Excited-state

Erel(eV) s—i
: o g

-1 0 1-1
59

from the ab initio calculations (7x7=49 points—geometries). The ab
initio energies were calculated at the CASSCF(6,6)/6-31 G* level

vibration of tautomer iB was noted at 1273 cm ' and
calculated (scaled) to occur at 1270 cm™'. The bands at
1519 cm ' and 1474 cm ', which are assigned to the
v(C-N) and v(C-C) vibrations in tautomer iA, disap-
pear after irradiating isocytosine (in tautomer iB). The
same behavior was exhibited by the band at 1232 cm !
of tautomer iA.

reaction paths (linearly
interpolated) for the
transformations a A — Cly and
b iA — iCly. The energies of
the CC2-ground-state equilibri-
um geometries of tautomers A
and iB were used as a reference
values (—393.934561 a.u. and
—393.936624 a.u.) to find the
relative energies. The reaction
paths of the singlet excited
states and S are indicated by
solid curves, while the reaction
paths of the triplet excited states
are illustrated by dashed curves
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T
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Fig. 8a-b Excited-state

reaction paths (linearly 6
interpolated) for the
transformations a A — Clyp
and b 1A — iCINHZ- The
energies of the CC2-ground-
state equilibrium geometries of
tautomers A and iB were used
as reference values
(—393.934561 a.u. and
—393.936624 a.u.) to find the
relative energies. The reaction
paths of the singlet excited
states and S, are denoted by
solid curves, while the reaction
paths of the triplet excited states
are denoted by dashed curves

Erel (ev)

Erel (eV)

0 0.2

Excited-state reaction paths

In order to explain the different photophysical properties of
cytosine and isocytosine with respect to the UV irradiation,
we investigated the excited-state reaction paths of two major
mechanisms: deformations of the aromatic rings and N-H
bond dissociations. It is well known that the radiationless
deactivation of the excited states of pyrimidine bases occurs
via internal conversion and conical intersections Sy/S;
[23-26]. The ring deformations are usually associated with
C=C twisting [26, 27].

This study is limited to tautomers A and iA, since
they are the most stable amino-oxo tautomers available
in the solid state and in solution. Four conical intersec-
tions S¢/S; were optimized (via CASSCF/6-31 G*) for
the ring deformations. Their geometries are illustrated in
Fig. 5.

The conical intersections Cly and iCly are obtained via
C=C twisting, whereas the conical intersections Clyy, and
iClyy, are accessible by deformations of the rings at the

Fig. 9a-b Coordinate-driven

0.4 06 0.8 1 0.0 0.2 0.4 0.6 0.8 1.0

€ €

NH, groups. The structures of both conical intersections of
cytosine are well known [24-26, 28], but those of isocyto-
sine (iCly and iClyg,) are not—this is the first time that
they have been presented.

To prove that the found structures are real conical inter-
sections S¢/S;, we constructed the adiabatic surfaces W, and
W5 on a narrow grid around the conical intersections. These
are depicted in Fig. 6. The adiabatic PESs were constructed
using the ab initio energies of the two electronic states for 49
structures (points) around each conical intersection. For the
conical intersections iCly, Clyya, and iClyy,, we interpo-
lated between the calculated ab inito energies to construct
the adiabatic surfaces (thicker grids). The adiabatic surfaces
in Fig. 6 show the deactivation paths for the excited state via
conical intersections. Depending on the slope of the poten-
tial energy surface from the conical intersection, the photo-
reactions proceed in a particular direction, leading to related
photoproduct(s).

Figure 7 shows the linearly interpolated excited-state
reaction paths for C=C twisting in cytosine and isocytosine.

excited-state reaction paths (re-
laxed scans) for the a N3—H
dissociation of tautomer A and
b N;—H dissociation of tauto-
mer iA. Optimizations of the
low-lying 70" excited-state
reaction paths were performed
(full circles). The energies of
the CC2-ground-state equilibri-
um geometries of tautomers A
and iB were used as reference
values (—393.934561 a.u. and
—393.936624 a.u.) to find the
relative energies

Erel (ev)

non-crossing

Erel (ev)

N;....Hy;, Angstrom

14 1.6 1.8 1.0 1.2 1.4 16 1.8
N;...Hy4, Angstrom
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Fig. 10 Coordinate-driven excited-state reaction paths (relaxed scans)
for the N,—H dissociation of tautomer F. Optimization of the low-lying
716" excited-state reaction path was performed (full circles). The
energy of the CC2-ground-state equilibrium geometry of tautomer A
was used as a reference value (—393.934561 a.u.) to find the relative
energies

Linear interpolation was performed between the CASSCF-
optimized structures of the ground-state minimum and the
conical intersection. The 77t excited-state reaction paths of
cytosine and isocytosine exhibit almost identical features
with respect to this mechanism (Fig. 7): relaxation of the
7t excited states via conical intersections So/S;. It should
be noted that these conical intersections are crossing points
between two singlet excited states (Sy and I7tt") and one
>t triplet excited state. In other words, the conical inter-
sections Sy/S; can mediate the intercombination processes:
populating the low-lying 77t triplet states from the singlet
"7t excited states.

The mechanisms of the ring deformations at the NH,
groups of cytosine and isocytosine (Fig. 8) lead to the same
conclusions as those obtained for the C=C twisting. It can be
concluded that the two compounds should be photostable

Fig. 11a-b CASSCF- a)
optimized conical intersections
So/S; of the N-H dissociation
mechanisms of a cytosine

(Cly...n ) and b isocytosine “
(Clx. 1)

2.891

@ Springer

EreI (eV)

Fig. 12 Excited-state reaction paths (linearly interpolated) for the
transformation iB — iCly_ . The energy of the CC2-ground-state
equilibrium geometry of tautomer iB was used as a reference value
(—393.936624 a.u.) to find the relative energies

with respect to these deformation mechanism. Relaxations
of the 'ntmt” excited states by ring deformations should be
expected on picosecond or/and femtosecond timescales.

In order to determine the possibility of phototautomeri-
zation, we performed relaxed scans of 70" excited states
for N-H dissociations (Cg symmetry restrictions). The 'mto”
excited states were optimized (CC2/aug-cc-pVDZ) along
the N—H reaction coordinates. The results are illustrated in
Fig. 9. As seen, the 'mo” excited-state reaction path of
cytosine (Fig. 9a) does not lead to a crossing with the
ground state Sy. At some points along the reaction coordi-
nate, the '7to” excited state of cytosine is quasidegenerate
with the bright 'noo” excited state. We did not find any
conical intersection Sy/S; for this mechanism.

Sharonov et al. [29] have measured a ps-fluorescent
transition of cytosine with a large Stokes shift of about
0.86 eV. Our study shows that the fluorescent transition
'noo” — 7" leads to a Stokes shift of about 0.94 eV with

b)
2.860 ?
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respect to the vertical excitation energy of the 'noo” excited
state. In other words, the N-H dissociation of cytosine
cannot occur by the '7to” excited-state reaction path.

The N;—H dissociation mechanism of the amino-oxo N
(1)H tautomer F of cytosine (Fig. 10) does not lead to an
ultrafast relaxation of the '7o” excited state through the
conical intersection Sy/S;, since the excited system is
trapped in the minimum of the 'noo” excited state. In other
words, only fluorescent processes leading to the ground
state of tautomer F should be expected. The conical inter-
section S¢/S; that we found (Fig. 11a) shows a large devi-
ation of the hydrogen atoms of the amino group from the
molecular plane.

The relaxed scan of isocytosine is illustrated in Fig. 9b. In
this case, we found a conical intersection S¢/S; which medi-
ates the radiationless relaxation of the '7to” excited state. The
conical intersection is planar (Fig. 11b) and it is accessible
through the '7to” excited state of the N—H dissociation mech-
anism. The excited-state reaction paths in Fig. 9 show that the
710" excited state can be populated in two ways: via the bright
7" excited state and a conical intersection '7t7t/ '7to” (this
process passes through an energy barrier of 0.797 eV); from
the minimum of the bright 'noo” excited state and a fluores-
cent transition (0.165 ¢V) to the '7to” excited state.

We expected that the aforementioned mechanism could lead
to the association of the dissociated proton with the oxygen
atom. In order to check this association process, we performed
linear interpolation between the CASSCF-optimized structure
of tautomer iB and the conical intersection iCly . The mech-
anism is illustrated in Fig. 12. As seen, the relaxation of the
system from the conical intersection iCly _ j can proceed, in a
barrierless manner, to the stabilization of the ground state of
tautomer iB. The reverse radiationless process is hindered by
the energy barrier (about 0.5 eV) of the 70" excited-state
reaction path. This fact shows that the UV-irradiation process
of isocytosine would lead to the accumulation of the amino-
hydroxy tautomer as the main photoproduct.

Conclusions

We performed an experimental and theoretical study of the
photostabilities of two position isomers: cytosine and isocyto-
sine. Experimental analysis of the stability of the compounds
upon UV irradiation showed that cytosine is relatively photo-
stable, while isocytosine isomerizes to the amino-hydroxy
tautomer.

The theoretical investigation (relaxed scan, linear inter-
polation in internal coordinates) showed that the 'nm7t ex-
cited states of cytosine and isocytosine, in a barrierless
manner, relax (internal conversion) to the ground states of
the amino-oxo forms of the compounds. These processes
occur by ring deformations and conical intersections Sy/S;.

In other words, the two compounds should be photostable
with respect to these mechanisms. However, for isocytosine,
we found a nonradiative '7to” deactivation channel that is
responsible for the phototautomerization of isocytosine to
the amino-hydroxy form. This channel follows the so-called
PIDA mechanism, which occurs through the repulsive 'mto”
excited state [19, 25, 30].
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