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Photo-Induced Tautomerism of Isocytosine in Aqueous Solution when
Irradiated with UVC Light
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Abstract:  It was found that the irradiation of aqueous solution of isocytosine with UVC light provokes an
oxo-hydroxy phototautomerism of the compound with a rate constant of 5.29× 10-3 min-1. It was observed a
backward  reaction, after  removing  the  UV  light  source,  with  a  rate  constant  of  0.12×10-3 min-1.  Two
mechanisms of the phototautomerism were investigated at the B3LYP/aug-cc-pVDZ theoretical level in water
surroundings (PCM). The first one showed a consecutive dissociation and association of a proton through
conical intersections S0/S1 whose structures were located at the same theoretical level in the gas phase. It
occurs along the 1πσ* excited-state reaction pathway. The more probable mechanism includes an excited-
state H-transfer supported by a water molecule as a catalyst. It occurs along the 1ππ* excited-state reaction
pathway which we found over the IRC ground-state energy curve. The water molecule drastically reduces
the energy barrier in the ground state as well in the excited state. 
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1. INTRODUCTION

Nucleobases  are  major  chromophores  in
macromolecules of DNA and RNA (1-4). It is known
they  are  photostable  compounds  (5-8)  since  they
absorb and utilize the UV light as in this way they
prevent the normal functioning of the nucleic acids.
The high photostabiliy of pyrimidine bases leads to
another question namely why their close analogues
do not exhibit such features! 

One analogue of nucleobase cytosine is isocytosine.
The two compounds differ only by the positions of
the  functional  groups  NH2 and  C=O  –  they  have
exchanged positions in the two analogues. However,
cytosine  is  known  to  be  photostable  whereas
isocytosine is not (9-11). 

Isocytosine  is  known  as  a  “rare”  nucleobase
because of its very low frequency of distribution in
the macromolecules  of  nucleic  acids.  Despite  that
there is an experimental evidence for investigations

of isocytosine pairing with isoguanine in the helix of
DNA (12,13). Moreover isocytosine has been tested
for an application for the treatment of Alzheimer’s
disease (14,15). 

Jeffrey  has  studied  the  crystal  structure  of
isocytosine  and  has  proposed  the  next  unit  cell
parameters:  a=8.745 Å,  b=11.412 Å,  c=10.414 Å,
β=94.79°,  with  a  space  group P21/n  and  unit  cell
volume V=1038 A3

 for multiplicity Z=8 (16,17). 

Isocytosine exists in two oxo tautomers which are
available  in  aqueous  solution  (18-21). However,
Vranken (22) has reported for some other tautomers
which are formed when matrix isolated isocytosine
is irradiated with UV light (λmax=308 nm) about 45
min.  The  analysis  of  the  IR  spectra  of  the
photoproducts has shown OH stretching vibrations
which  come  from  the  hydroxy  tautomers  of
isocytosine.  The ratio of  the concentrations of  the
oxo  and  hydroxy  tautomers  is  [oxo]/[hydroxy]  =
0.11 (23). Recently we reported on the irradiation of
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acetonitrile  solution  of  isocytosine (λmax= 330 nm,
for 60 min).  It  was established an oxo  → hydroxy
tautomerism (10). Unfortunately, the mechanism of
this tautomeric conversion is not well documented
especially when a water molecule is engaged in the
excited-state proton transfer process. The role of the
water molecule from the solution can be regarded
as a catalyst of the photoreaction. 

The tautomerism in pyrimidines has been explained
by the PIDA (photo-induced dissociation association)
mechanism (24,25) and it has been shown that the
driven state is the repulsive  1πσ* excited state (26-
28). However, when a water molecule is attached to
the  H-atoms  which  should  be  detached  the
dissociation  of  the  proper  N-H/O-H  bond  should
occur by another mechanism, different from PIDA.

The aim of the current research is to through light
upon  the  mechanism  of  the  excited  state  proton
transfer process oxo → hydroxy in isocytosine. Two
mechanisms are tested – PIDA and IRC with a water
molecule. The  importance  of  the  research  comes
from  the  experimental  fact  that  pyrimidine
nucleobases  are  photostable  compounds  whereas
their  analogues  usually  are  not.  Such  research
would  answer  partially  to  the  question  why  the
nature “has chosen” cytosine to be a chromophore
present  in  nucleic  acid  macromolecules  and  not
isocytsine.  

2. THEORETICAL METHODS

The ground-state equilibrium geometries of several
tautomers  of  isocytosine  were  optimized  at  the
B3LYP/aug-cc-pVDZ and CC2/aug-cc-pVDZ levels in
the gas phase and in water medium (only for the
DFT calculations). The calculation at the DFT level
involves the Becke (29) 3-parameter and Lee–Yang–
Parr  (30) exchange-correlation  functional.  The CC2
calculations are based on coupled cluster methods
(31). 

Subsequent frequency calculations were performed
to  prove  that  the  found  structures  are  located  in
minima  on  the  corresponding  PESs.  No  imaginary
frequencies were calculated for all geometries. The
equilibrium geometries were used to  compute the
vertical  excitation energies at  the TD DFT (32,33)
and CC2 (31) theoretical levels. 

In order to study the water assisted H-transfer we
optimized,  at  the  B3LYP/aug-cc-pVDZ  and  water
surroundings  (PCM,  polarized  continuum  model
(34)),  the  structures  of  selected  H-bonded
complexes  of  tautomers  of  isocytosine  with  one
water  molecule.  The  transition  state  of  the
intermolecular proton transfer was found with one
imaginary  frequency whose form describes the H-
motion between the proper centres in order to form
a stable H-bonded complex. Using the IRC structures
standing  between  the  initial  complex  and  the

complex-product  we  followed  the  excited-state
reaction paths of the tautomeric process. 

The conical  intersections  S0/S1 connected with the
elongation of the corresponding N-H and O-H bonds
in the tautomers were optimized at the B3LYP/aug-
cc-pVDZ  level  of  theory  in  the  gas  phase.  The
structures  were  used  for  linear  interpolation  in
internal  coordinates  (LIIC)  with  the  geometries
minima. The linear interpolation was performed by
the equation: 

Qi = Qi(I) + ε.[Qi(F) - Qi(I)]  (1)

where  Qi(I)  is  the  i-th  coordinate  of  the  initial
structure (tautomer – minimum); Qi(F) is the same
coordinate of the final structure (conical intersection
S0/S1 in this case); ε is the interpolation parameter,
which changes in the interval 0 (initial structure) ÷ 1
(final  structure).  It  means  that  the  interpolation
parameter ε can be treated as a reaction coordinate
of  the mechanism  under  study.  The  vertical
excitation  energies  of  the  structures  along  the
reaction  coordinate  were  computed  at  the  TD
B3LYP/aug-cc-pVDZ level in order to get the excited-
state reaction paths of the H-detachment processes.

All calculations were performed with the GAUSSIAN
16  software  (35).  The  conical  intersections  S0/S1
were found with the GAMESS-US program (36). 

3. EXPERIMENTAL METHODS

The experiment includes a preparation of aqueous
solution  of  isocytosine  (Sigma-Aldrich)  with
concentration  1.3×10-4 mol.L-1.  The  solution  was
deaerated with nitrogen for 15 min to turn out of the
air.  After  that  the  solution  was  irradiated  in  a
standard  photochemical  reactor  (220  cm3)  with  a
low  pressure  mercury  lamp  TNN 15/32  (Hanau
Original) emitting light at λmax = 254 nm. Samples
with volume of 3 cm3 were taken in 10 min intervals
for  registering  of  the  UV  absorption  spectra  and
following the changes in the mixture in the course of
the irradiation. After removing the UV light source,
the changes of  the reaction mixture in  dark were
checked  out  in  60  min  intervals.  The  UV  spectra
were  recorded  on  an  Agilent  Cary  60  UV/Vis
spectrophotometer,  double  beam,  and  spectral
range of 190 – 1100 nm.

4. RESULTS AND DISCUSSIONS

4.1. Ground-state equilibrium geometries and 
conical intersections S0/S1
The  ground-state  equilibrium  geometries  of
isocytosine  tautomers  optimized  in  water
surroundings (PCM) are illustrated in Figure 1. Two
oxo-amino tautomers are included in the research –
iCA and iCD.  The pyramidal character of the amino
group of these tautomers could be estimated by the
sum  of  the  bond  angles  (Σ)  around  N7 and  its
deviation (δ) from 360o. For oxo-amino forms iCA and
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iCD the Σ values are 355.5o and 358.1o, whereas the
δ  quantities  are  4.5o and  1.9o correspondingly.  It
means  that  the  pyramidal  character  is  more
pronounced in  tautomers iCA.  The amino group in

the  oxo-amino  form  iCD is  in  a  greater  degree
conjugated with the aromatic ring. In tautomer iCE
the pyramidal character of the amino group is the
most pronounced: Σ = 355.1o and δ = 4.9o.

iCA iCB iCB1 iCC

iCD iCE iCF iCG
Figure 1: Ground-state equilibrium geometries of isocytosine tautomers in water environment (B3LYP/aug-
cc-pVDZ and PCM).

CID CIE
Figure 2: Optimized conical intersections S0/S1 of tautomers iCD and iCE at the B3LYP/aug-cc-pVDZ in the

gas phase.

The structure of  two conical  intersections  S0/S1 of
tautomers iCD and iCE connected with elongation of
the N2-H and O11-H bonds are illustrated in Figure 2.
As  seen  the  dissociations  of  the  corresponding
bonds  occur  in  the  molecular  plane.  The  amino
groups  in  the  two  structures  are  completely
conjugated  with  the  aromatic  rings  which  can  be
deduced by the Σ values: both are equal to 360o (δ
= 0o).  These structures are used further for linear
interpolation in internal coordinates. 

4.2.  Vertical  excitation  energies  and
experimental UV absorption spectra
The  calculated  vertical  excitation  energies  of  all
tautomers of isocytosine are listed in Table 1. The

first excited state of all tautomers, except iCA is the
spectroscopically  bright  1ππ* electronic  state.  Only
for  the  oxo-amino  tautomer  iCA the  first  excited
state  calculated  at  the  B3LYP/aug-cc-pVDZ
theoretical level is the dark  1nπ* one. According to
the TD B3LYP computations the  1πσ* excited states
of the two oxo-amino tautomers iCA and iCD in the
gas  phase have lower energies (~4.9 eV)  than in
aqueous medium (more than 5.3 eV). With regards
to  the  PIDA  mechanism (24,25)  in  water  medium
this driven state should be populated with a lower
probability than in the gas phase.

In  order  to  assign  the  available  tautomers  in  the
non-irradiated  and  irradiated  aqueous  solution  of
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isocytosine we simulated the theoretical spectra of
all  tautomers.  We  found  that  only  the  simulated
spectra of tautomers iCD and iCE in a largest degree
fit  to  the  experimental  UV  curves.  They  are
illustrated in Figure 3. The experimental spectrum of
the  non-irradiated  solution  shows  an  insignificant
shoulder at about 227 nm which corresponds to the
π→π* electron  transition  of  tautomer  iCD.
Furthermore, a π→π* electron transition of the same
tautomer is the origin of the maximum at 285 nm. In
the  course  of  the  irradiation  is  decreases  the

absorption  and  transforms  into  a  shoulder  whose
origin is the π→π* electron transition in tautomer iCE.
The shoulder at 227 nm gets more structured and
starts to shape a peak which could be assigned to
the  π→π* electron  transition  of  tautomer  iCE.  The
experimental  spectrum  of  the  non-irradiated
solution in Figure 3 shows also a presence of oxo-
amino  tautomer  iCA.  The  two  most  intensive
absorption maxima were assigned to be for the 1ππ*

excited states. 

Table 1: Vertical excitation energies – B3LYP/aug-cc-pVDZ and CC2/aug-cc-pVDZ. Oscillator strength f.102

(in Italic).

iCA iCB

1 2 1 2
water gas gas water gas gas
 eV  eV  eV  eV  eV  eV
1nπ* 4.671

0.02
1nπ* 4.215

0.01
1ππ* 4.260

0.01
1ππ* 4.456

7.44
1ππ* 4.508

4.14
1ππ* 4.722

0.0
1ππ* 5.192

6.27
1nπ* 4.808

0.08
1ππ* 4.797

0.13
1nπ* 4.926

0.00
1nπ* 4.621

0.00
1ππ* 4.852

8.23
1nπ* 5.409

0.15
1πσ* 4.912

0.04
1πσ* 4.927

0.32
1πσ* 5.389

1.16
1πσ* 4.883

0.28
1πσ* 5.070

0.35
1ππ* 5.519

3.41
1nσ* 4.922

0.13
1ππ* 5.231

3.37
1ππ* 5.673

19.21
1ππ* 5.560

9.82
1ππ* 5.760

12.73
1πσ* 5.699

0.97
1ππ* 5.141

3.30
1πσ* 5.258

3.81
1ππ* 5.926

30.08
1πσ* 5.772

0.01
1πσ* 5.979

0.01
iCB1 iCC

1 2 1 2
water gas gas water gas gas
 eV  eV  eV  eV  eV  eV
1ππ* 4.434

8.48
1ππ* 4.474

5.76
1ππ* 4.748

11.73
1ππ* 4.017

3.82
1ππ* 3.891

2.38
1ππ* 4.043

3.38
1nπ* 4.888

0.00
1nπ* 4.636

0.00
1nπ* 4.758

0.02
1πσ* 5.094

1.19
1πσ* 4.531

0.32
1πσ* 4.667

0.36
1πσ* 5.395

1.27
1πσ* 5.126

0.51
1πσ* 5.297

0.67
1nπ* 5.289

0.19
1nπ* 4.887

0.06
1nπ* 5.213

0.17
1ππ* 5.688

22.01
1πσ* 5.581

0.17
1πσ* 5.792

0.17
1πσ* 5.591

0.01
1nπ* 5.264

0.08
1πσ* 5.590

0.24
1πσ* 5.889

0.01
1ππ* 5.612

10.82
1ππ* 5.846

11.21
1ππ* 5.599

34.78
1πσ* 5.370

0.24
1nπ* 5.609

0.04
iCD iCE

1 2 1 2
water gas gas water gas gas
 eV  eV  eV  eV  eV  eV
1ππ* 4.607

21.41
1ππ* 4.629

14.69
1ππ* 4.614

18.50
1ππ* 4.750

8.77
1ππ* 4.814

6.84
1ππ* 4.768

8.08
1nπ* 5.072

0.01
1nπ* 4.814

0.00
1nπ* 4.820

0.08
1nπ* 5.008

0.38
1nπ* 4.942

0.30
1nπ* 5.081

0.40
1πσ* 5.339

0.78
1πσ* 4.897

1.15
1πσ* 5.300

0.89
1πσ* 5.485

1.18
1πσ* 5.312

1.07
1πσ* 5.567

2.14
1nπ* 5.476

0.02
1nπ* 5.381

0.01
1nπ* 5.658

0.05
1ππ* 5.713

27.00
1nπ* 5.654

0.18
1nπ* 5.829

1.26
1ππ* 5.756

17.57
1πσ* 5.756

0.87
1nσ* 5.925

9.42
1nπ* 5.721

3.49
1πσ* 5.701

1.66
1ππ* 5.849

26.57
iCF iCG

1 2 1 2
water gas gas water gas Gas
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 eV  eV  eV  eV  eV  eV
1ππ* 3.861

8.50
1ππ* 3.784

5.61
1ππ* 3.750

8.71
1ππ* 3.970

3.79
1ππ* 3.820

2.48
1ππ* 3.926

3.66
1πσ* 4.890

0.42
1πσ* 4.139

0.00
1πσ* 4.520

0.03
1πσ* 5.120

1.26
1πσ* 4.770

0.45
1πσ* 4.927

0.57
1nπ* 4.924

0.22
1nπ* 4.690

0.14
1nπ* 4.870

0.20
1nπ* 5.400

0.15
1nπ* 5.105

0.00
1nπ* 5.458

0.07
1πσ* 5.402

0.78
1nπ* 5.113

0.22
1πσ* 5.371

1.11
1πσ* 5.574

0.02
1πσ* 5.252

0.04
1πσ* 5.591

0.11
1nπ* 5.450

0.17
1πσ* 5.197

0.82
1nπ* 5.447

0.28
1ππ* 5.589

35.95
1nπ* 5.315

0.30
1nπ* 5.609

0.54
1: B3LYP/aug-cc-pVDZ; 2: CC2/aug-cc-pVDZ.

Figure 3: Experimental and theoretical spectra of isocytosine. The experimental spectra are for not-
irradiated and irradiated (80 min) aqueous solutions of the compound. The theoretical spectra were

simulated with a Lorentzian broadening of the bands.  The theoretical spectra (B3LYP/aug-cc-pVDZ) are
scaled with a scale factor of 1.06.

Figure 4: UV spectra of irradiated aqueous solution
of isocytosine at different irradiation times.

Figure 5: UV spectra of the aqueous solution of
isocytosine after removing the UV light source

(reaction in dark).
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In  Figure  4  are  presented  the  UV  spectra  of  the
irradiated  aqueous  solution  of  isocytosine  at
different irradiation times. The spectra show regular
decrease of the maxima at 285 nm and 202-203 nm.
Using  the  first  maximum  we  calculated  the  rate
constant  of  the  photoreaction  which  is  5.29×10-3

min-1.  The  order  of  the  reaction  (first)  implies  a
tautomeric process. The analysis of the UV spectra
reveals  that  it  should  be  a  transformation  of
tautomer iCD into hydroxy form iCE.    

We also followed the kinetics of the dark (thermal)
reaction  after  removing  the  UV  light  source.  It  is
observed in Figure 5 a slight restoration of the initial
positions of  the peaks as before the irradiation. It
means that the tautomerization goes back thermally
(in the ground state) and leads to the formation of
the stable iCD oxo-amino form. The calculated rate
constant of the "dark" reaction of is 0.12×10-3 min-1

and it indicates that the thermal reaction is 44 times
slower than the photochemical one. 

4.3. Excited-state reaction pathways

LIIC pathways
We  performed  linear  interpolation  in  internal
coordinates in three stages: i) interpolation between
tautomers  iCD and  the  conical  intersection  CID;  ii)
interpolation between the two conical intersections
CID and  CIE;  iii)  interpolation  between  the  conical
intersection CIE and tautomers iCE.  The results are
summarized in Figure 6. As seen the ground-state
energy barrier of the transformation iCD → iCE is very
high - 5.732 eV. Along the 1πσ* excited-state reaction
path the tautomerization can occur through a much
lower energy barrier of 0.535 eV. Moreover, the 1πσ*

excited-state reaction curve shows two clear minima
where the  excited  system can be trapped.  In  the
reaction interval iCD → CID the photoreaction could
prolong towards the stabilization of the ground state
of  the  initial  tautomer  (iCD)  through  internal
conversion.  In  other  words,  two  competitive
reactions are expected: the phototautomerism of iCD
into  iCE and  stabilization  of  tautomer  iCD through
internal conversion.  This  fact  agrees well  with the
low value of the rate constant of the photoreaction
given above. 

0

1

2

3

4

5

6

7

0.0 0.2 0.4 0.6 0.8 1.0e

E r
el

, e
V

S0

1ps*
1pp*

1np*

iCD
iCE

Figure 6: Linearly-interpolated excited-state reaction paths of the transformation iCD → CID → CIE → iCE,
found at the B3LYP/aug-cc-pVDZ theoretical level in water surroundings (PCM). The relative energy was

calculated according to the energy of tautomer iCD (-395.012484 a.u.)

Excited-state water-assisted proton transfer
In order to apply the IRC approach for the study of
the  tautomerism  iCD → iCE we  oprimized  the  H-

bonded-complexes of tautomers iCD and iCE and the
ground state transition state located between them.
Their structures are given in Figure 7.
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Imaginary frequency -1393 cm-
1

iCDW iCEW Transition state

Figure 7: H-bonded complexes of iCD and iCE and the transition state of their mutual interconversion, all
found at the B3LYP/aug-cc-pVDZ level in water surroundings (PCM).

The  transition  state  has  one  imaginary  vibration
(Figure  7)  whose  form  describes  the  motion  of
atoms H8 and H15 in order to form tautomers iCDW
and iCEW. With the structure of the transition state
we performed IRC calculations to  get  the ground-
state energy curve of the thermal reaction – Figure
8. We found a drastic reduction of the energy barrier

which is 0.662 eV (about 9 times) as compared to
the mechanism discussed in Figure 6. Furthermore,
we studied the excited-state paths over the thermal
energy  curve.  It  is  clear  that  the  water  assisted
proton  transfer  occurs  photochemically  along  the
1ππ* excited-state reaction path with a low energy
barrier of 0.462 eV. 

0

1

2

3

4

5

6

-1.1 -0.6 -0.1 0.4 0.9
IRC reaction coordinate

E r
el

, e
V

Figure 8: Excited-state reaction paths of the water assisted proton transfer iCDW→iCEW in water medium
(PCM). The relative energy was calculated by the energy of the ground-state equilibrium geometry of the

system iCDW (-471.473381 a.u.).

No conical intersections between the energy curves
are observed. We believe that this mechanism can
explain  the  tautomeric  conversion  of  isocytosine
when irradiated with UV light. 

5. CONCLUSION

The  irradiation  of  aqueous  solution  of  isocytosine
with  UVC  light  showed  that  a  tautomeric
photoconversion is a first order reaction with a rate
constant of 5.29×10-3 min-1. After removing the UV
light  source,  we  observed  a  dark  reaction  and  a
restoration of initial tautomer with a rate constant of
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0.12×10-3 min-1.  The  careful  analysis  of  the  UV
absorption  spectra  of  the  irradiated  and  non-
irradiated  solution  and  the  theoretically  simulated
UV spectra of several tautomers of isocytosine led to
the conclusion that the photreaction is between the
amino-oxo  and  amino-hydroxy  tautomers  of  the
compound.  The  mechanism  of  this  oxo-hydroxy
phototautomeris  was studied at  the B3LYP/aug-cc-
pVDZ  theoretical  level  in  water  surroundings
according  to  PCM.  We  tested  two  principally
different mechanisms – PIDA (24-28) and a water-
assisted  excited-state  proton  transfer.  The  first
mechanism proposed a consecutive dissociation and
association of  N-H and O-H bonds through conical
intersections  S0/S1 which  occur  along  the  1πσ*

excited-state  reaction  pathway.  The  second
mechanism,  which  we  believe  is  the  much  more
probable one, is supported by a water molecule and
occurs  along  the  1ππ* excited-state  reaction
pathway.  This  energy  curve  was  found  over  the
ground  state  IRC  reaction  pathway.  The  water
molecule  drastically  reduces the energy barrier  in
the ground state as well in the excited state.

The findings here are important since they give an
answer of the question why the nature “has chosen”
cytosine  for  a  pyrimidine  base  to  be  included  in
nucleic acid macromolecules instead of isocytosine.
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