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Abstract
DFT calculations were carried out to compute the optimized molecular geometries, APT charges and fundamental 

vibrational frequencies along with their corresponding IR intensities, Raman activities and depolarization ratios of the 
Raman bands for the neutral Cyt and TCyt molecules and their cations and anions using the DFT/B3LYP method 
with the 6-311++G** basis set using the Gaussian-03 software. TCyt, Cyt+ and TCyt+ show planar structures and 
belong to Cs point group symmetry while Cyt, Cyt- and TCyt- possess non-planar structures with C1 point group 
symmetry. Conformational analysis was carried out to obtain the most stable configurations of these molecules. 
The normal modes of vibration for all the species have been assigned on the basis of PEDs obtained from normal 
coordinate analysis using the GAR2PED software. Information about the size, shape, charge density distribution 
and site of chemical reactivity of the molecule has been obtained by mapping the electron density isosurface with 
molecular electrostatic potential (MEP) surfaces. The energy gap from HOMO to LUMO of the Cyt is 5.2963 eV and 
that of TCyt is 5.0062 eV.
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Introduction
Cytosine (Cyt) is the smallest molecule which is common in both 

the RNA and DNA polymers. Cytosine and its derivatives are the 
compounds of great biological importance as these are constituents 
of nucleic acids. Cytosine molecule is the most alkaline in aqueous 
solution and this particular feature plays an important role in many 
biochemical processes. Sulfur is a very reactive element and it is used as 
chemical warfare agent. As a result, it strongly interacts with RNA and 
DNA chain molecules. Most of the investigations on sulfur containing 
compounds of Cyt have focused on the study of thiocytosine (TCyt). 

The properties of the cations that are generated from the neutral 
nucleobases molecules during certain processes help in understanding 
the nucleic acids in different environments and conditions. The location 
of the initial charges in DNA and RNA largely affects and governs the 
creation of neutral nucleotide radicals. These radicals are formed by 
protonation of the radical anions and deprotonation of the radical 
cations [1-3]. Cyt molecule has been studied by Barker and Marsh [4] 
to determine its crystal structure. Furberg and Jensen [5] studied the 
X-ray diffraction of the TCyt molecule to establish its crystal structure.
Estrin et al. [6] have determined all the possible tautomeric forms of
the uracil and Cyt molecules using DFT method. The IR and Raman
spectra of the Cyt molecule have been studied and analyzed by Susi et
al. [7]. They have also studied the Raman spectrum of polycrystalline
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Cyt in the range 300-3300 cm-1. Nowak et al. [8] have analyzed the 
IR frequencies observed in the Ne and Ar matrices and proposed 
vibrational assignments for the isolated Cyt molecule. The IR spectrum 
of TCyt has been recorded and analysed in powder form in the range 
of 400-4000 cm-1 and the Raman spectrum in the range 40-4000 cm-1 
in our laboratory in the past [9]. Kwiatkowski and Leszczynski have 
investigated the vibrational spectra of Cyt and its thio and seleno 
analogues [10]. Subramanian et al. [11] have performed semi-empirical 
quantum mechanical calculations of vibrational IR spectra of Cyt and 
TCyt. The quantum mechanical calculation of Cyt was done by Florian 
et al. [12] to interpret experimental IR and Raman spectra. Szczesniak 
et al. [13] have carried out the matrix isolation and ab initio studies 
of the infrared spectra of Cyt monomers. Czerminski et al. [14] have 
carried out the quantum- mechanical studies of the structures of Cyt 
dimers and Gua-Cyt pairs. The matrix isolation and theoretical studies 
of the IR spectra and tautomerism of 5- halo Cyt have been made 
by Jaworski et al. [15]. Radchenko et al. [16] have interpreted the 
experimental and theoretical studies of molecular structure features of 
cytosine. Stepanian et al. [17] have studied and compared the theoretical 
and experimental studies of adenine, purine and pyrimidine isolated 
molecular structures. Gould et al. [18] have predicted the IR spectra of 
Cyt tautomers theoretically. A theoretical investigation of tautomeric 
equilibrium and proton transfer in isolated and hydrated TCyt have 
been done by Podolyan et al. [19]. Krishnkumar and Balachandran 
[20] have analyzed the vibrational spectra of 5-haloCyt with the help of 
DFT method. Rostkowska et al. [21,22] interpreted the matrix isolation 
experimental and theoretical studies on TCyt and 5-fluro TCyt.
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Neutral TCyt and cations of Cyt and TCyt show planar structures 
and belong to Cs point group symmetry while the neutral Cyt and 
anions of Cyt and TCyt possess non-planar structure with C1 point 
group symmetry. 

One can see from the Table 1, a small difference in geometries of 
the anionic and cationic species from the neutral species. The major 
changes of the bond lengths for all the species are clearly shown in 
Figure 2. 

Atomic polarizability tensor (APT) is interpreted as sum of the 
charge tensor and charge flux tensor, leading to a charge-charge flux 
model. The magnitude of the APT charges of neutral, cationic and 
anionic species are collected in Table 2 and these APT charges are 
pictorially shown in Figure 3.

Neutral molecules: A perusal of the Table 1 shows that there is 
no change in bond lengths C-H and N-H in going from Cyt to TCyt. 
The bond lengths N1-C6, N1-C2 and N3-C2 decrease by 0.001 Å, 0.21 
Å and 0.015 Å for TCyt as compared to Cyt while the bond lengths 
N3=C4 increases slightly (by 0.006 Å). Because of less electronegativity 
of S atom (-0.682) as compared to the O atom (-0.923), the atomic 
charges decrease by 0.008, 0.211, 0.098, 0.014, 0.002, 0.004and 0.061 
atomic unit on the sites N1, C2, N3, C5, C6, H7 and N9 respectively while 
the atomic charges increase by 0.122, 0.241, 0.004, 0.004, 0.005 and 
0.011 atomic unit on the sites C4, S8, N9 and H10/11/12/13. Due to increased 
atomic charges bond lengths are decreased. The bond length C4-C5 is 
shortened slightly (by 0.003 Å) because of the opposite character of 
charges on the site C4 and C5. The atomic charges increase on the C4 
site which attracts electronic charges from the C5 site towards itself. The 
bond length C5=C6 increases by 0.002 Å due to decreased atomic charge 
on the site C6. Similarly, there is decrease in the C4-N9 bond length. 
The bond length of C2-S8 in TCyt increases by 0.456 Å due to less 
electronegativity of S atom. The C2 site pulls the electronic charge from 
the S atom towards itself. In going from Cyt to TCyt the bond angles 
vary very slightly. The magnitudes of bond angles of the pyrimidine 
ring N1-C2-N3, C5-C4-N3 and C4-C5-C6 increase by 0.70 Å, 0.55 Å and 
0.29 Å respectively in going from the Cyt to the TCyt molecules. For 
the neutral Cyt and TCyt, the dihedral angles are indicates the minor 

In spite of several studies on the vibrational spectra there are 
several inconsistencies in the assignment of fundamental frequencies 
of the cytosine and thiocytosine molecules. In order to make consistent 
vibrational assignments for the fundamental modes of these two 
molecules, we have carried out DFT calculations at the B3LYP/6-
311++G** level. We have also included singly charged cations and 
anions of the Cyt and TCyt molecules for the present study. The aim of 
the present work is 2-fold. Firstly we have reanalyzed the earlier reported 
IR and Raman spectra of the Cyt and TCyt molecules and correlated 
the observed IR and Raman frequencies to the calculated fundamental 
frequencies. Secondly the structural and vibrational features for the 
radicals of these two molecules are compared with those of the neutral 
molecules. Similar works for the uracil, some organic superconductor 
and vitamins have also been done by our group recently [23-30]. 

Computational Details
The DFT calculations were carried out to compute the optimized 

molecular geometries, APT charges and fundamental vibrational 
frequencies along with their corresponding IR intensities, Raman 
activities and depolarization ratios of the Raman bands for the neutral 
Cyt and TCyt as well as their radical ions (Cyt, Cyt+, Cyt-, TCyt and 
TCyt+) using Gaussian-03 software [31]. For the Cyt molecule, the 
initial parameters were taken from the work of Barker et al. [4] and 
calculations were performed at the B3LYP/6-31+G* level [32,33]. In 
the optimized geometry at the B3LYP/6-311++G** level for the Cyt 
molecule, the O atom was replaced by an S atom at the carbon site 
C2 with the C=S bond length 1.664Å [23] and with this modification 
the optimized geometry at the B3LYP/6-311++G** level for the Cyt 
molecule is taken as the input structure for the neutral TCyt molecule 
for the DFT calculation at the B3LYP/6-311++G** level by taking charge 
0 and multiplicity 1. For the radical cations of both the molecules, the 
input structures were taken from the geometries of their corresponding 
neutral molecules optimized at the B3LYP/6-311++G** level and the 
DFT calculations were performed at the B3LYP/6-311++G** level by 
taking the charge as +1 and multiplicity as 2. For the computations of 
different parameters of our interest for the anions of these molecules 
computations are performed at the B3LYP/6-311++G** level by taking 
the input structures from the geometries of their corresponding neutral 
molecules, as for the anion, and the charge as -1 and multiplicity as 
2. The assignments of the normal modes of vibration for all the three 
molecules have been made by visual inspection of the individual mode 
using the Gauss View software [34]. The numbering scheme for the Cyt 
and TCyt molecules are shown in Figure 1. The assignments of all the 
normal modes of vibration have been made on the basis of the calculated 
potential energy distributions (PEDs). For the calculation of the PEDs 
the vibrational problem was set up in terms of internal coordinates 
using the GAR2PED software. The observed IR and Raman frequencies 
corresponding to the fundamental modes have been correlated to 
the calculated fundamental frequencies in light of the PEDs. Charge 
transfer occurring in the molecule has been shown by calculating 
the energy difference between the highest occupied molecular orbital 
(HOMO) and the lowest unoccupied molecular orbital (LUMO).

Results and Discussion 

Molecular geometries and APT charges

The optimized geometrical parameters for the Cyt, TCyt and their 
corresponding radicals calculated at the B3LYP/6-311++G** level 
along with the experimental parameters for the Cyt and TCyt molecules 
are collected in Table 1. 
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Figure 1: Atomic numbering scheme and front and lateral view of the studied 
molecules.
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Definitions
Cytosine Thiocytosine

Cyt Cyt+ Cyt- TCyt TCyt+ TCyt-

Cal Exp[6] Cal Cal Exp[7] Cal 
r (N1-C2) 1.428 1.356 1.425 1.423 1.407 1.367 1.366 1.394

r (C2-N3) 1.369 1.372 1.345 1.354 1.354 1.343 1.306 1.325

r (N3-C4) 1.317 1.354 1.345 1.352 1.323 1.345 1.351 1.383 

r (C4-C5) 1.440 1.413 1.435 1.407 1.437 1.426 1.432 1.380

r (C5-C6) 1.356 1.345 1.387 1.377 1.358 1.354 1.356 1.405

r (C5-H10) 1.080 0.950 1.082 1.085 1.081 0.940 1.081 1.085 

 r (N1-C6) 1.354 1.361 1.330 1.384 1.353 1.355 1.370 1.411 

r (C6-H11) 1.083 1.020 1.084 1.082 1.083 0.960 1.082 1.081

r (N1-H7) 1.010 0.850 1.018 1.008 1.011 0.860 1.013 1.010

r (C2-O8/S8) 1.216 1.226 1.233 1.236 1.672 1.702 1.743 1.727

r (C4-N9) 1.360 1.312 1.331 1.397 1.355 1.332 1.329 1.421 

r (N9-H12) 1.008 0.900 1.012 1.015 1.008 0.960 1.011 1.014 

r (N9-H13) 1.005 0.800 1.009 1.018 1.005 0.900 1.009 1.014 

α (C6-N1-C2) 123.3 122.6 121.5 122.9 123.2 122.0 119.8 123.0

α (C6-N1-H7) 121.4 122.2 120.8 121.4 119.7 120.9 

α (N1-C6-H11) 116.9 118.1 117.8 116.7 116.3 117.1

α (N1-C6-C5) 120.0 121.4 119.5 117.6 120.1 120.1 120.1 115.5 

α (C6-C5-H10) 121.5 119.7 120.9 121.5 120.7 120.2

α (C6-C5-C4) 116.1 118.1 118.4 117.3 115.8 116.7 117.4 118.5

α (C5-C4-N9) 119.0 123.5 121.9 120.5 119.8 119.2 122.2 122.5

α (C5-C4-N3) 124.0 118.0 120.8 124.3 123.4 122.3 120.7 124.1

α (C4-N9-H12) 117.6 116.0 118.9 111.5 118.1 119.3 108.5

α (C4-N9-H13) 121.4 124.0 122.7 115.2 122.2 122.1 113.0

α (C4-N3-C2) 120.5 124.3 120.2 119.2 120.7 119.3 119.6 118.4 

α (N1-C2-N3) 116.1 115.5 119.6 117.3 116.8 119.6 122.4 119.9

α (N1-C2-O8/S8) 118.3 123.4 116.4 117.2 118.3 117.6 120.8 116.0 

δ(C2-N1-C6-H11) 180.0 180.0 -168.6 180.0 180.0 172.0

δ(C2-N1-C6-C5) 0.0 0.0 13.2 0.0 0.0 10.0

δ(H7-N1-C6-H11) 0.0 0.0 -4.1 0.0 0.0 -23.3

δ(H7-N1-C6-C5) -180.0 180.0 177.7 180.0 180.0 174.7

δ(C6-N1-C2-N3) 0.2 0.0 -11.8 0.0 0 -7.6

δ(C6-N1-C2-O8/S8) 180.0 180.0 169.1 180.0 180.0 172.7

δ(H7-N1-C2-N3) -179.8 180.0 -177.1 -180.0 180.0 -173.3

δ(H7-N1-C2- O8/S8) 0.0 0.0 3.8 0.0 -0.1 7.0

δ(N1-C6-C5-H10) 179.6 180.0 179.1 180.0 180.0 174.3

δ(N1-C6-C5-C4) 0.0 0.0 -4.5 0.0 0.0 -6.4

δ(H11-C6-C5-H10) -0.4 0.0 1.0 -0.1 0.0 13.8

δ(H11-C6-C5-C4) -180.0 180.0 177.4 -180.0 180.0 -167.0

δ(C6-C5-C4-N9) 179.0 180.0 176.4 -180.0 180.0 -179.4

δ(C6-C5-C4-N3) -0.2 0.0 -5.5 -0.1 -0.1 1.0

δ(H10-C5-C4-N9) -0.7 0.0 -7.2 -0.2 -0.1 -0.1

δ(H10-C5-C4-N3) -179.8 180.0 171.0 -180.0 180.0 -179.8

δ(C5-C4-N9-H12) 174.3 180.0 156.4 178.5 180.0 164.0

δ(C5-C4-N9-H13) 10.6 0.0 26.7 3.0 0.1 41.4

δ(N3-C4-N9-H12) -6.6 0.0 -21.8 -1.8 -0.1 -16.4

δ(N3-C4-N9-H13) -170.3 180.0 -151.5 -177.4 180.0 -139.0

δ(C5-C4-N3-C2) 0.4 0.0 7.0 0.1 0.1 1.8

δ(N9-C4-N3-C2) -178.8 180.0 -175.0 -180.0 180.0 -178.0

δ(C4-N3-C2-N1) -0.3 0.0 1.6 -0.1 0.0 -178.8

δ(C4-N3-C2- O8/S8) 180.0 180.0 -179.5 180.0 180.0 1.5

Table 1: Experimental and Calculated Structural Parameters* of Cyt, TCyt and their cations and anions. 
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Cationic species: Conversion of the neutral molecules into their 
radical cations leads to significant changes in bond lengths and bond 
angles. Detachment of an electron from the Cyt and TCyt molecules 
leads to redistribution of the atomic charges in Cyt+ and TCyt+ which 
results in increase in magnitudes of atomic charges on most of the 
atomic sites. However, the atomic charges in both species decrease by 
1.273, 0.772 and 0.179 atomic units on the C2, C4 and C6 sites. The O/S 
atom lose more electronic charge and gain positive charge (0.978/0.641) 
in the process of cationic radicalization. Higher electronegativity of the 
O / S atom causes increase in the C2=O/S bond length by 0.017/0.071 Å 
in Cyt+/TCyt+ radicals. The N atom has more electronegative characters 
than the C atom which results in the electron pull by N atoms towards 
themselves from the C atoms. It is noticed that in the case of Cyt+, the 
N1-C2, N1-C6, N3-C2, C5-C4 and C4-N9 bond lengths are decreased by 
0.003, 0.024, 0.024, 0.005 and 0.029 Å respectively but the N3-C4 / C5-
C6 bond lengths increase by 0.028/0.031 Å respectively. On the other 
hand in case of TCyt+, the N1-C6 / N3-C4 bond lengths increase by 
0.017/0.028 Å respectively while the N1-C2, N3-C2, C4-N9, C5-C4 and C5-
C6 bond lengths are decreased by 0.041, 0.048, 0.026, 0.005 and 0.002 Å 
respectively. This is because of the electronic charges which are pulled 
by the N atom of the amino group towards itself from the C4 site. It can 
be seen from the Table 1 that the C4-C5 bond length is slightly decreased 
and the C5-C6 bond length increased due to loss of its double bond 
character in the Cyt+ radical. Due to increase in the atomic charges on 
the sites N1, N3, C5 and N9 (0.557, 0.747, 0.381 and 0.188 atomic unit 
respectively) the N-H/C-H bond lengths are increased by 0.004/0.008Å 
in the Cyt+ as compared to the neutral molecule. However, the N-H 
bondlengths of the amino group are increased by 0.003- 0.004 Å in the 
TCyt+ than that of neutral molecule.

Due to decrease in the N-C bond length, the angle C6-N1-C2 also 
decreases in the Cyt+ and TCyt+ radicals. In the radicalization process 
the electronic charge from the C4 site is dragged by N9 atom thereby 
results in shortening of the N3-C4-C5 bond angle in the Cyt+ and TCyt+ 
as compared to their neutral molecule. The increment in the bond angle 
N1-C2-N3 results owing to the lengthening of the C2=O/S bond. Similar 
result is also observed in the case of C4-C5-C6 bond angle for both the 
cationic radicals Cyt+ and TCyt+. It can be seen from the Table 1 that 
the bond angle N1-C2-O8 which decreases by 1.90 for the Cyt+ radical 
while the bond angle N1-C2-S8 is increases by 2.50 in TCyt+. For the 
Cyt+ radical, the change in bond angle N1-C2-O8 is larger than that of 
Cyt molecule owing to increases in polarity of N1 and O8 and attracts 
each other. The increment of 1.30 in the C4-N9-H12 and C4-N9-H13 bond 
angles because of repulsion between the atoms C4 and H12/H13 in going 
from the neutral Cyt to Cayionic Cyt. For the TCyt+ C4-N9-H12 increases 
by 1.2 and the C4-N9-H13 bond angle is nearly equal to the neutral TCyt 
molecule. For the cationic Cyt and TCyt species, the angles C5-C4-
N9-H12, C5-C4-N9-H13, N3-C4-N9-H12 and N3-C4-N9-H13 are either 0° or 
± 180° which shows the atoms N3, C4, C5, N9, H12 and H13 are in same 
plane with the molecular plane.

Anionic species: As can be seen from the Table 1 and Table 2, 
conversion of the neutral Cyt and TCyt molecules in their radicals 
anion leads to significant changes in their APT charges (Table 2) and 
the geometrical parameters (Table 1). Due to redistribution of atomic 
charges of Cyt- radical, at the sites C4, C6 and N9 positive magnitude 
of charges increase by 0.148, 1.454 and 2.048 atomic unit respectively 
while all the other atoms show decrease. The atomic charges on N1/N3 
increase in the negative magnitudes by 0.354/0.345 atomic unit while 
the charges on C2 is decreased by 1.024 atomic unit which results in a 
significant decrease in the bond lengths of N1-C2/C2-N3 by 0.005/0.015 
Å in Cyt- and 0.013/0.029 Å in TCyt-. The bond lengths N3-C4/N1-C6 in 

                                                                                Bonds 

Figure 2: Variations of bond lengths in different molecules.

S . 
No Atom Cyt Cyt+ Cyt- TCyt TCyt+ TCyt-

1 N1 -0.651 -0.094 -1.005 -0.659 -0.602 -0.512
2 C2 1.337 0.064 0.713 1.126 1.046 0.935
3 N3 -0.903 -0.156 -1.248 -1.001 -0.913 -1.003
4 C4 1.129 0.357 1.277 1.251 1.181 0.800
5 C5 -0.463 -0.082 -0.700 -0.477 -0.389 -0.082
6 C6 0.457 0.278 1.911 0.455 0.428 -0.067
7 H7 0.228 0.327 -0.306 0.224 0.265  0.189
8 O8/S8 -0.923 0.055 -1.092 -0.682 -0.041 -0.881
9 N9 -0.787 -0.599 1.261 -0.838 -0.783 -0.583
10 H10 0.057 0.130 -0.372 0.061 0.105 -0.003
11 H11 0.057 0.144 -0.430 0.061 0.121 -0.019
12 H12 0.233 0.296 -0.282 0.238 0.289 0.159
13 H13 0.230 0.281 -0.727 0.241 0.293 0.068

 *in electron unit
Table 2: APT Charges* at various atomic sites of Cyt, TCyt and their cations and 
anions.

Figure 3: Variations in APT charges at various atomic sites.

change in the molecular structure. The angles C5-C4-N9-H12 (174.3°) 
and N3-C4-N9-H13 (-170.3°) show that the two H-atoms of the NH2 
group are not lying in the same plane (containing (N9, C4, C5, C6, N1, C2, 
N3, O8/S8, H7, H10 and H11 atoms).
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 (a)        (b) 

Figure 4: Calculated IR and Raman spectra of Cyt and TCyt.  
Figure 4: Calculated IR and Raman spectra of Cyt and TCyt. 

anionic radical of Cyt are lengthened by 0.035/0.030 Å due to repulsion 
between N3 and H12 and N1 and H11 atoms. The process of radicalization 
leads to decrease in C4-C5 bond length by 0.033/0.057Å in Cyt / TCyt 
radical anions as compared to their neutral molecules due to opposite 
sign of charges on the C4 (1.277) and C5 (-0.700) sites. The C2=O/S8 
bond length is found to increase by 0.020 and 0.025Å for radical anions 
of Cyt- and TCyt- respectively as compared to their neutral molecules. 
The bond lengths N9-H12/N9-H13 of the amino group increase by 0.007 
Å/0.013 Å in Cyt- and 0.006/0.009 in TCyt- respectively than those 
bond lengths of Cyt and TCyt molecules. 

The magnitudes of bond angle C2-N1-C6 increases by 0.40 and 0.20 
due to the lengthening of C2=O/S8 bond in both anions. Increment 
of 1.20 is noted for the bond angles N1-C2-N3 and C4-C5-C6 due to the 
radicalization process which results in the lengthening of bonds C2=O8 
and C5-H10 in Cyt- radical. For TCyt- the two N1-C2-N3 and C4-C5-C6 
bond angles increase by magnitudes 3.10 and 2.70 respectively. Due 
to the radicalization process the magnitude of bond angle C5-C4-N9 
increases in the anionic Cyt. Decrement of 1.10 and 1.30 in the bond 
angles N1-C2-O8 and C4-N3-C2 in the anionic Cyt radical. The bond angle 
C6-C5-H10 increases by 0.6 in Cyt- but decreases by 1.3 in TCyt- than 
that of neutral molecules. Major changes are calculated in the dihedral 
angles for the radical anion of Cyt and TCyt molecules. Variations in 
the dihedral angles show that the two H atoms of NH2 group and C4, 
N9 of the studied molecules are not in same plane. Thus, it has been 
found that both H atoms of NH2 group lies above the molecular plane 
containing N9, C4, C5, C6, N1, C2, N3, O8/S8, H7, H10 and H11 atoms. 
However, in case of anions of studied molecules, the dihedral angles C5-
C4-N9-H12 (164.0°) and N3-C4-N9-H13 (-139.0°) indicates that the both 
H atoms are lying only one side of the molecular plane.

Vibrational analysis

Neutral TCyt and cations of Cyt and TCyt show planar structures 

and belong to Cs point group symmetry and all the 33 normal modes 
are distributed between the two species as: 23a′+10a″. The neutral Cyt 
and anions of Cyt and TCyt possess non-planar structure with C1 point 
group symmetry and all the 33 normal modes fall under a single species 
and therefore, the distribution is given by -33a. 

All the modes are IR as well as Raman active. The calculated 
vibrational frequencies, IR intensities, Raman activities and 
depolarization ratios of the Raman bands for the neutral and radicals 
species of the Cyt and TCyt molecules computed at the B3LYP/6-
311++G** level are given collected in Table 3, which also includes 
the observed fundamental frequencies for the two neutral molecules 
reported earlier [9-11]. Table 4 presents the computed PEDs for all the 
33 modes of the studied molecules.

As one gets the Raman activities (Si) from the quantum chemical 
calculations, the corresponding Raman intensities (Ii) are calculated 
using the relation [34,35],

 ( )
( )

4
0

1 exp /
i i

i
i i

f S
I

hc kT

ν ν

ν ν

−
=

 − − 
                  (1)

where ν0 is the excitation frequency (in cm-1), νi is the vibrational 
frequency (in cm-1) of the ith normal mode; h, c and k are the Planck 
constant, the speed of light and the Boltzmann constant, respectively, 
T is the absolute temperature and f is some suitably chosen scaling 
factor common for all the peak intensities. The computed IR and 
Raman spectra for the Cyt and TCyt molecules and their corresponding 
radicals are shown in Figure 4 and Figure 5.

Neutral molecule: In the following the vibrational assignments in 
light of the presently calculated frequencies and earlier experimental IR 
and Raman spectra [9,11] for the neutral Cyt and TCyt molecules have 
been discussed in detail. All these data are presented in the Table 3. 
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Figure 5: Calculated IR and Raman Spectra of Cyt, TCyt and their cations and anions.
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Modes
Cytosine Thiocytosine

AssignmentsCyt Cyt+ Cyt- TCyt TCyt+ TCyt-

Cal Exp[9] Cal Cal Exp[11] Cal

ν1

128
(2,0)
0.75

123(R,vvw)
98
 (11,1)
0.75

130
(152,68005)
0.23

111
(0, 0)
 0.75

98(R,vw) 147
(4,1)
0.64

89
(1,950)
0.35

φ(ring) a′′

ν2

180
(171,3)
0.20

162 (R,vw)
477
(154, 0)
0.75

555
(1629,512264)
0.25

50
(188, 1)
0.27

50( R,w) 500
(159,1)
0.71

803
(285,3206)
0.27

ω(NH2) a′

ν3

200
(55, 0)
0.35

187
(1,0)
0.75

190
(21, 2638)
0.747

185
(23, 0)
0.75

105
(14, 6)
0.68

146
(17, 125)
0.46

φ(ring) a′′

ν4

358
(3,0)
0.65

356 (R,vw)
334
(35,156)
0.749

364 (14,12046)
0.40

438
(3, 3)
0.62

434(IR,ms) 432 
(R,w)

421
(7,8)
0.37

424
(7,8)
0.62

β(C-NH2)

ν5

395
(21,1)
0.74

421(IR,w ) 
400(R,w)

386
(5,1 )
0.75

312
(1154,404838) 
0.23

404
(14, 1)
0.75

422(IR,s)
 423(R,w)

398
(8,4)
0.65

305
(27,3537)
0.31

φ(ring) a′′

ν6

525
(11,0)
0.73

520 (IR,sh) 
517(R,w)

641
(36, 0)
0.75

329
(496,190998)
0.34 

538
(9, 0)
0.63

527 (IR,vs) 594
(87,0)
0.43

205
(27,148)
0.67

τ(NH2) a′

ν7

533
(3,2)
0.55

533(IR,m) 533 
(R,m)

520
(1 ,46)
0.75

500 (2118,525975)
0.22

269
(1, 3)
0.75

213
(0,3)
0.50

255
(10,1153)
0.31

β(CO/S) a′

ν8

545
(3,3)
0.44

549(IR,mw) 
546(R,mw)

537
(0, 59)
0.54

534 (15,10053)
0.39

555 
(1, 7) 
0.17

551(IR,s)
 550(R,mw)

557
(1,14)
0.20

534
(14,45)
0.50

α (ring) a′

ν9

579
(3,7)
0.38

566 (IR ,w) 
568(R,mw)

571
(18,10)
0.58

578
(70,14401)
0.57

470
(6,17)
0.21

456(IR,vs)
 452(R,s)

436
(1,1)
0.15

452
(27,12)
0.74

α (ring) a′

ν10

619
(66,0)
0.16

600(IR,ms) 
597(R,vw)

708
(51,0)
0.75

490
(896,48474)
0.26

658
(43, 1)
0.75

652(IR,ms)
659(R,vw)

555
(47,15)
0.65

464
(64,1783)
0.24

γ (N1H) a′

ν11

723
(30,0)
0.55

701(IR,sh) 
704(R,vw)

845
(9, 1)
0.75

802
(175,126126)
0.43

730
(14,2)
0.75

724(IR,mw)
 718(R,vs)

823
(35,0)
0.69

758
(50,1690)
0.29

γ (C5H) a′

ν12

762
(9,5)
0.06

760(IR,msh)
 764(R,w)

555
(38,0)
0.75

655
(1120,15899)
0.33

768
(31, 3 )
0.74

752(IR,ms)
 755(R,vw)

740
(0,1)
0.68

557
(28,1513)
0.28

γ (C-NH2) a′′ 

ν13

766
(5,2)
0.06

782(IRmw) 
782(R,mw)

721
(83,468)
0.47

742
(440,73423)
0.23

716
(0, 21)
0.06

710(R,ssh) 715
(4,11)
0.14

701
(11,2163)
0.27

ν (ring) a′

ν14

774
(46,1)
0.41

793(IR,ms) 792 
(R,s)

737
(75, 1)
0.75

767 (21,6974)
0.55

651
(15, 0)
0.73

625
(2,5)
0.73

669
(9,127)
0.34

γ (CO/S) a′′

ν15

919
(5,3)
0.51

894(R,vw)
922
(2,37)
0.71

931
(234,7728)
0.67

920
(11, 3)
0.38

930(IR,ms) 
932(R,mw)

929
(1,26)
0.15

908
(26,405)
0.26

ν (ring) a′

ν16

957
(1,1)
0.71

966(IR,w) 
971(R,ssh)

991
(0,1)
0.75

595 (234,137124)
0.65

960
(0, 1)
0.75

967(IR,vw) 
965(R,mw)

979
(0,0)
0.73

314
(125,6095)
0.28

γ (C6H) a′

ν17

986
(1,3)
0.25

994(IR,ms) 
990(R,ms)

947
(128,166) 
0.75

1000
(9, 4882)
0.30

976
(24,7)
0.19

 983(IR,mw) 
971(R,ms)

985
(2,4)
0.12

958
(5,68)
0.15

α (ring) a′

ν18

1084
(47,3)
0.23

999
(80,356)
0.62

1109
(328,52914)
0.24

1069
(29, 5)
0.10

1065
(11,1)
0.66

1121
(10,327)
0.08

ρ(NH2) a

ν19

1125
(3,8)
0.30

1100(IR,w) 
1108(R,vw)

1135
(0,37)
0.66

1171 (729,461449)
0.32

1109
(100, 4)
0.73

1098(IR,ms)
 104(R,ms)

1108
(10,11)
0.25

987
(48,10746)
0.26

β(CH) a′

ν20
1214 (49,10)
0.51 -

1257
(43, 479)
0.74

1438
(724,59563)
0.21

1231
(46, 5)
0.43

1235(IR,s) 
1249(R,mw)

1243
(57,5)
0.31

1186
(109,3146)
0.20

β(NH) a′

ν21

1254
(31,3)
0.12

1236(IR,mw)
1247(R,w)

1176
(134,314)
0.73

969
(4096, 0)
0.24

1318
(140, 61) 
0.10

1302(IR,vs)
 301(R,vs) 

1497
(45,7)
0.11

1324
(224,385)
0.67

ν(ring) a′

ν22

1354
(56,6)
0.09

1364(IR,ms) 
1361(R,w)

1365
(46,36)
0.61

1420
(812, 33834)
0.21

1371
(33, 4)
0.46

1368(IR,ms) 
1370 (R,ms)

1384
(48,5)
0.72

1365
(2, 3289)
 0.29

β(CH) a′
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Help has been taken in the vibrational assignment from the computed 
PEDs given in the Table 4.

Ring modes: In Cyt and TCyt the pyrimidine consists of 6 ring 
stretching, 3 in-plane bending and 3 out-of-plane bending modes. The 
modes ν27, ν25, ν23 ν21, ν15 and ν13 are identified as the ring stretching 
modes; the modes ν17, 9, and ν8 as the planar ring bending modes and 
the modes ν5, 3 and ν1 as the non-planar ring bending modes. The 
frequency for the mode ν27 of the Cyt was observed by Susi et al. [9] 
in IR and Raman spectra at 1662 and 1653 cm-1 respectively, with the 
present calculated frequency 1683 cm-1. For the TCyt molecule, the 
frequency for the above mode was observed at 1645 and 1669 cm-1 
in IR and Raman spectra by Yadav et al. [11] and this mode has been 
calculated to be 1670 cm-1. For the ring stretching modes ν25, ν23 and 
ν15 of Cyt and TCyt, there are small differences in the magnitudes of 
the calculated vibrational frequencies due to the replacement of the O 
atom by a S atom. These modes (ν25, ν23 and ν15) were calculated to have 
frequencies 1564, 1442 and 919 cm-1 for Cyt and 1576, 1461 and 920 
cm-1 for the TCyt molecule. The IR intensities increase by factors of 
~ 3/~ 2 for ν25/ν15, while for the mode ν23 it decreases by a factor of ~ 
2 in TCyt than that in the Cyt molecule. The observed IR frequencies 
for these modes are 1538 cm-1 (ν25) and 1465 cm-1 (ν23) and the Raman 
frequencies for the modes (ν25, ν23 and ν15) are 1533, 1462 and 894 cm-1 

[9] for the Cyt molecule while the IR frequencies as 1580, 1460 and 
1463 cm-1 and the Raman frequencies 1582, 1463 and 932 cm-1 [11] 
corresponds to above modes for the TCyt molecule. 

It can be seen from the present calculations, the vibrational 
frequency for the mode ν21 is found to be 1254 cm-1 for Cyt but in case 
of TCyt molecule its value increases by 64 cm-1 with increase in the IR 
intensity and Raman activity by factors of ~ 4 and ~ 20, respectively. We 
could assign the observed IR/Raman frequencies 1236/1247 cm-1 [9] for 
Cyt and 1302/1301 cm-1 [11] for TCyt to the mode ν21 respectively. The 
mode ν13 is described as the ring breathing mode and is calculated to be 
766 cm-1 for Cyt and it decreases by 50 cm-1 for the TCyt with increases 
in the IR intensity. This mode could be correlated to the observed 
frequency 782 cm-1 [9] for the Cyt molecule in IR / Raman spectra and 
it was observed at 710 cm-1 by Yadav et al. [11] for the TCyt molecule in 
the Raman spectrum only. 

The highest planar ring deformation mode (ν17) has been calculated 
to have frequency 986 cm-1 for Cyt and 976 cm-1 for the TCyt molecule. 
For this mode the IR and Raman frequencies were observed at 994 and 
990 cm-1 [9] for Cyt and 983 and 971 cm-1 [11] for the TCyt molecule, 
respectively. The calculated frequencies 579, 545 and 470, 555 cm-1 of 
Cyt and TCyt correspond to the modes ν9 and ν8. These two modes 
were observed at 566, 549 cm-1 in the IR spectrum and 568, 546 cm-1 in 
the Raman spectra for the Cyt molecule [9]. Yadav et al. [11] observed 
the frequencies 456 and 591 cm-1 in the IR spectrum and 452 and 550 
cm-1 in the Raman spectrum for the TCyt molecule which could be 
correlated to the modes ν9 and ν8. 

The non-planar ring deformation modes are identified as the modes 

ν23
1442 (87,7)
0.19

1465(IR,vs ) 
1462(R,w)

1393
(64, 282)
0.65

1203
(358, 82892)
0.18

1461
(45,10)
0.42

1460 (IR,s)
 463(R,ms)

1416
(37,6)
0.49

1495
(276,136)
0.27

ν(ring) a′

ν24

1499
(155,6)
0.31

1505( IR,s ) 1498( 
R,w)

1516
(91, 8)
0.15

1306
(1109,58525)
0.14

1496
(321,9) 
0.14

1505 (IR,sh)
 495(R,w)

1541
(170,9)
0.67

1263
(42,146)
0.23

ν(C-NH2) a

ν25

1564
(169,22)
0.34

1538(IR,ms) 
1533(R,ssh)

1555
(29, 420)
0.75

1377 (5367,895702)
0.24

1576
(527, 28)
0.11

1580(IR,vvs ) 
1582(R,ms)

1601
(461,33)
0.69

1562
(279,47006)
0.23

ν(ring) a′

ν26

1632
(140,9)
0.17

1615(IR,vs ) 
1612(R,w)

1679
(493, 15)
0.63

1589
(1748, 80132)
0.55

1636
(73, 5)
0.22

1630 (R,w) 1665
(3,12)
0.17

1614
(25,2902)
0.37

σ(NH2) a

ν27

1683
(508,13)
0.11

1662(IR,vvs)
1653(R,ms)

1609
(133,60)
0.73

1554
(2301, 48957) 
0.15

1670
(668, 22)
0.30

1645(IR,vvs)
 669(R,ms)

1690
(739,16)
0.18

1452
(377,2197)0.43 ν(ring) a′

ν28

1769
(780,7)
0.29

-
1426
(32,287)
0.68

1668
(1743, 256147)
 0.24

1142
(150, 9) 
0.21

1163(IR,ssh)
1167(R,sh)

1205
(83,6)
0.30

1063
(85,919)
0.33

ν (CO/S) a′

ν29

3193
(3,81)
0.49

3169(IR,s) 
3176(R,ms)

3207
(5, 77)
0.69

3183
(1104, 90876)
0.35

3200
(2, 76)
0.57

3063(IR,ssh)
 061(R,vs)

3230
(9,141)
0.17

3189
(46,4664)
0.74

ν(CH) a′ 

ν30

3218
(2,128)
0.19

3230 (R,vvs)
3217
(12, 124)
0.15

3149 (132, 100464) 
0.36

3221
(1, 162)
0.20

3094(IR,vs)
3090(R,vs)

3216
(4,59)
0.61

3152
(22,1241)
0.38

ν(CH) a′

ν31

3601
(93,149)
0.13

3380(IR,vs ) 
3354(R,vvs)

3564 
(192,349)
0.13

3406 (10540,40051)0.12
3605
(47, 253)
0.16

3312(IR,s)
 320(R,ms)

3569
(330,83)
0.14

3475
(137,100636)0.28 νs(NH2) a′

ν32

3618
(69,138)
0.22

-
3536
(319,74)
0.40

3615
(1149,331894)0.27

3600
(135,14)
0.35

3578
(54,136)
0.18

3637
(29,1122)
0.24

ν(N1H) a 

ν33

3734
(51,8)
0.70

-
3689
(90,19)
0.48

3556 (206,129271)
0.44

3740
(61, 68)
0.64

3334(IR,vs)
 34(R,ssh)

3694
(109,53)
0.68

3588
(16,15900)
0.36

νas(NH2) a′

[a] The first and second numbers within each bracket represent IR intensity(IR) and Raman activity (R) while the numbers above and below bracket represent the 
corresponding calculated frequency and depolarization ratio of the Raman band respectively. . 
[b] ν=stretching mode, α=deformation mode, φ=out-of-plane ring deformation mode, β=in-plane bending mode, γ=out-of-plane bending mode, δ=deformation mode, 
ρ║=parallel rocking mode, ρ +=perpendicular rocking mode, τ=torsion mode 
 [c] vw: very-weak, w: weak, mw: medium-weak, ms: medium-strong, sh: shoulder, msh: medium-shoulder, ssh: strong shoulder, s: strong, vs: very-strong, vvs: very- very 
strong.

Table 3: Experimental and Calculated Vibrational frequencies for Cyt, TCyt and their cations and anions.
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Modes

Cytosine Thiocytosine

Cyt Cyt+ Cyt- TCyt+ TCyt-

PED PED PED PED PED PED

ν1

31φ(ring)+27φ(ring)+ 
22γ(N1H)+19φ(ring)

67φ(ring)+19φ(ring)+ 
6γ(C-NH2)+6γ(N1H)

34γ(N1H)+32(ring)+ 26φ(ring)
30φ(ring)+29φ(ring)+23γ(N1H)+1
7φ(ring)

49φ(ring)+20φ(ring)+ 
20γ(C2S)+9γ(N1H)

47φ(ring)+28γ (N1H) 
+11φ(ring) +7φ(ring)

ν2

55ω(NH2)+20(NH2)+ 8γ 
(C-NH2)

66ω(NH2)+27τ(NH2)+ 
6γ(C-NH2)

29ω(NH2)+17α(ring)+ 
15ν(ring)+6β(CO)+
6β(C-NH2)

49ω(NH2)+31τ(NH2) + 16γ(C-NH2)
 

80ω(NH2)+ 16τ(NH2) 57ω(NH2)+14γ(C5H)+8ν 
(ring)+8γ (C-NH2)

ν3

45φ(ring)+20φ(ring)+ 
14ω(NH2)+10φ(ring)

42φ(ring)+37φ(ring)+ 
13γ(N1H)+5γ(CO)

41φ(ring)+23φ(ring)+ 
19φ(ring)+6γ(C-NH2)

51φ(ring)+32φ(ring) 
+7γ(CS)+ 5γ(C5H)

67φ(ring)+18φ(ring)+ 5γ(C-
NH2)

42φ(ring)+16τ(NH2)+ 
9φ(ring)+6γ(C6H)+
6γ (C-NH2)

ν4

57(C-NH2)+11β(CO) 
+8α(ring)+8ρ(NH2)+ 
5ν(ring)

48β(C-NH2)+26β(CO) 
+12α(ring)

39(C-NH2)+24τ(NH2) 
+9β(CO)+6φ(ring)

54β(C-NH2)+ 23β(CS)+8β(C-NH2)
35β(C-NH2)+32ν(CS) 
+8β(CS)+11α (ring)

46β(C-NH2)+20β(CS) 
+12ν(CS)+5β(C-NH2)

ν5

26γ(N1H)+23φ(ring)+ 
15γ(C5H)+13φ(ring)+ 
12φ(ring)+7γ(C-NH2)

33φ(ring)+20γ(N1H)+ 
14φ(ring)+10γ(C-NH2) 
+9γ(C5H)+8φ(ring)

17φ(ring)+16γ(N1H)+ 
9ω(NH2)+9β(C-NH2)+ 
8τ(NH2)+13φ(ring)+ 5ν(C-
NH2)+5γ(C6H)

28φ(ring)+20γ(N1H) 
+16γ(C5H)+12φ(ring)+ 10φ(ring)+
8γ(C-NH2)

35φ(ring)+21γ(C-NH2) 
+20γ(C5H)+11φ(ring) 
+6φ(ring)

25φ(ring)+24γ(C-NH2) 
+19γ(C5H)+13φ 
(ring)+5γ(N1H)

ν6

58τ(NH2)+13(CO)+ 
7γ(N1H)

48γ(C4-N9)+24τ(NH2) 
+13φ(ring)+7γ(N1H)+ 
6γ(C-NH2)

27τ(NH2)+15γ(N1H)+ 
14φ(ring)+8φ(ring)+ 
8γ(C5H)+8γ(C-NH2) +7φ(ring)

78τ(NH2)+7φ(ring) +5γ(CS)
46τ(NH2)+19γ(N1H)+12γ(CS)
+11φ(ring) +5γ(C-NH2)

60τ(NH2)+7(C-NH2)+ 
7γ(C6H)

ν7

33β(CO)+15β(C-NH2) + 
9α(ring)+5ν(ring)

50β(CO)+22β(C-NH2) 
+6α(ring)+5ν(ring) +5β(C-
NH2)

23γ(C-NH2)+19ν(C-
NH2)+11β(CO)+ 
11γ(N1H)+6ν(ring)+ 6β(C-NH2)+ 
5ν(ring)

59β(CS)+21β(C-NH2) 79β(CS)+ 7β(C-NH2)
49β(CS)+18β(C-NH2) 
+9γ(C6H)+5ν(ring)

ν8

64α(ring)+10β(CO)+ 
6β(C-NH2)

76α(ring)+6ν(ring)+ 5ν(C-
NH2)

45α(ring)+18β(CO)+ 11β(C-
NH2)+8α(ring)

74α(ring)+8ν(C-NH2) 74α(ring)+6(C-NH2) + 
5α(ring)+5α(ring)

38α(ring)+22α(ring)+ 
11ν(ring)+9γ(N3H)

ν9 79α (ring)+4α(ring)
64α(ring)+8ν(ring)+ 
7ν(CO)+7ν(ring)

60α(ring)+14γ(C6H)+ 5φ(ring)
44α(ring)+28ν(CS)+8β(C-NH2)+ 
5α(ring)

42β(C-NH2)+ 
21α(ring)+18ν(CS)+ 6β(C-
NH2)+ 6β(CS)

29γ(N1H)+19α(ring)+ 
17ν(CS) +14β(C-NH2)

ν10

79(N1H)+9γ(C-NH2) 
+5γ(C5H)

43γ(N1H)+18γ(C6H)+ 
17φ(ring)+12γ(CO)+ 
7γ(C5H)

48γ(N1H)+10γ(C-NH2)+ 6γ 
(C5H)+5ν(C-NH2)

53γ(N1H)+24(CS)+ 
14φ(ring)+6φ(ring)

61γ(N1H)+16γ(C-NH2) 
+9φ(ring)+6γ(CS)

54γ(N1H)+15α(ring)+ 
6ν(CS)+5β(CS)+ 5β(C-
NH2)+φ(ring)

ν11

30γ(C-NH2)+30γ(C6H) 
+17γ(C6H) +11φ(ring)

60γ(C5H)+19γ(C-NH2) 
+10φ(ring)

73γ(C5H)+8γ(CO)+ 
5γ( C-NH2)

45φ(ring)+18γ(C5H)+17γ(C-NH2)+ 
10γ(C6H)+8γ(CS)

60γ(C5H)+15γ(C-NH2) 
+15γ(C6H)+6φ(ring)

78γ(C5H)+13γ(C-NH2)

ν12

36γ(C5H)+24γ(C-NH2) 
+11γ(CO)+9φ(ring)

31τ(NH2)+30γ(C-NH2) 
+15φ(ring)+8ω(NH2)

42γ(C-NH2)+25φ(ring) 
+8φ(ring)+ 5ν(C-NH2)

42γ(C5H)+30γ(C-NH2) +20φ(ring)+ 
5φ(ring)

55φ(ring)+24γ(C-NH2) 
+9γ(CS)+9γ(C6H)

37γ(C-NH2)+ 
26φ(ring)+15γ(CS)+ 
14φ(ring)

ν13

22(ring)+10ν(ring)+ 
9γ(C5H)+8γ(CO)+ 
8α(ring)+6ν(ring)+ 6ν(C-
NH2)

53ν(ring)+14α(ring)+ 
9ν(ring)+7ν(ring)

24γ(C-NH2)+15γ(CO) 
+13ν(ring)+7ν(ring)+ 7γ(C5H)+ 
5α(ring)

40α(ring)+15ν(ring)+12ν(CS)+10ν(ri
ng)+ 5α(ring)

53α(ring)+14ν(CS)+ 
9ν(ring)+6ν(ring)+ 6α(ring)

37α(ring)+11ν(ring)+ 
11ν(CS)+10ν(C-NH2)+ 
14α(ring)

ν14

39φ(ring)+37γ(CO)+ 
12γ(C-NH2)+7γ(C5H)

43γ(CO)+28γ(N1H)+ 
26φ(ring)

49γ(CO)+28(ring)+ 
5γ(C5H)+5γ(C-NH2)

36γ(CS)+23γ(C-NH2) 
+15γ(N1H)+9φ(ring)+ 5τ(NH2)

31γ(CS)+17γ(N1H)+ 
15τ(NH2)+14φ(ring)+ 9γ(C-
NH2)+ 8φ(ring) 

46φ(ring)+39γ(CS)+ 
6γ(C-NH2)

ν15

29ν(ring)+20ν(ring)+ 
12ρ(NH2)+10α(ring)+ 
7β(CO)+5ν(C-NH2) 
+5β(C6H)

28ν(ring)+16ν(ring)+ 
11α(ring)+9ρ(NH2)+ 
7ν(CO)+6β(CO)+6ν(C-
NH2)

34ν(ring)+21α(ring)+8ν(C-
NH2)+7(CO) +6β(C6H)+5α(ring)

36ν(ring)+13ν(ring)+13β(C-NH2)+ 
9ν(C-NH2)+ 6α(ring)

41ν(ring)+9ν(CS)+ 8ν(C-
NH2)+11α(ring)

19ν(CS)+17ν(C-NH2) 
+16ν(ring)+16α(ring)+15ν
(ring)+5β(C6H)

ν16 79(C6H)+13γ(C5H)
78γ(C6H)+10γ(C5H)+ 
5γ(N1H)+ 5φ(ring)

72γ(C6H)+ 14φ(ring) 80γ(C6H)+ 12γ(C5H) 68(C6H)+24γ(C5H)
47γ(C6H)+19φ(ring)+ 
10φ(ring)+7γ(N1H)+ 5α 
(ring)

ν17

53α(ring)+23ν(ring)+ 
6ν(ring)

30(ring)+21α(ring)+ 
14ν(ring)+10β(CO)+ 
8ν(ring)

42α(ring)+22ν(ring)+6β(CO)+6
ν(ring)+5ν(ring)

48α(ring)+11ν(ring)+11(ring)+9ν(ri
ng)+ 9ν(ring)

47α(ring)+16ν(ring) 
+15ν(ring)+9ν(ring)

38α(ring)+23ν(ring)+ 
14ν(ring)+6ν(ring)

ν18

40ρ(NH2)+17ν(ring)+ 
16β(CO)+10ν(ring)

19ρ(NH2)+17ν(ring)+ 
16α(ring)+12α(ring)+ 
9ν(ring)+9ν(CO)

47ρ(NH2)+12β(CO)+ 
10ν(ring)+9ν(ring)+ 
6ν(ring)+5ν(ring)

52(NH2)+10ν(ring)+ 6ν(ring)+5β(CS)+ 
5ν(ring)+5ν(ring)+ 5ν(CS)

47ρ(NH2)+16ν(ring)+ 
8α(ring)+7ν(ring)+ 5ν(CS)

56ρ(NH2)+15(C5H)+ 
13ν(ring)

ν19

39β(C5H)+28ν(ring)+ 
15ν(ring)

36β(C5H)+25ν(ring)+ 
15ν(ring)+7ρ(NH2)+ 
7β(N1H)

33β(C6H)+27β(C5H)+ 
12β(N1H)+10ν(ring)+ 
6ν(ring)+5ν(ring)

25β(C5H)+16ν(CS)+ 
15ν(ring)+12ν(ring)+ 
9ν(ring)+5α(ring)+ 5β(CS)

38ν(ring)+29β(C5H)+ 
8ν(ring)+5β(C-NH2) +5α(ring)

31ν((ring)+28ν(ring)+ 
14β(C5H)+8ν(ring)

ν20

24β(C6H)+20ν(ring)+ 
16β(N1H)+12β(C5H)+ 
10ν(ring)

22ν(ring)+18β(C6H)+ 
16ρ(NH2)+15β(C5H)+ 
10β(N1H)+ 6β(C-NH2)

47β(N1H)+11ν(ring)+ 
9ν(C-NH2)+7β(C2H)+ 
5ν(ring)+5α(ring)+ν(CO)

36β(C6H)+20ν(ring)+ 
18β(N1H)+15β(C5H)

22β(C6H)+19β(C5H)+ 
19ν(ring)+13β(N1H)+ 
12ν(ring)+ 6ν(ring)

21β(N1H)+19ν(ring)+ 
19β(C6H)+18ν(ring)+ 
7β(C5H)

ν21

42ν(ring)+9ν(C-NH2) 
+8β(C6H)+8ν(ring)+ 
7ν(ring)+5β(C-NH2)

22ν(ring)+21ν(CO)+ 
20ρ(NH2)+12β(C6H)+ 
8β(N1H)

29ν(ring)+19ν(ring)+ 
18ν(ring)+9β(C5H)+ 
7ν(ring)+7β(N1H)

41ν(ring)+10ν(ring)+ 
10ν(ring)+8ν(ring)

26ν(ring)+16ν(ring)+ 
11ν(ring)+8β(C-NH2) 
+8ν(ring)+8β(C-NH2)

32ν(C-NH2)+ 
24α(ring)+17β(C5H)+ 
6ν(ring)+ 5ν(CS)
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ν22

23β(C6H)+22ν(C-NH2) 
+17β(C5H)+11ν(ring)

19β(C5H)+17ν(ring)+ 
15ν(C-NH2)+15ν(ring) 
+9β(C5H)+ 5ρ(NH2)

29β(C5H)+15ν(ring)+ 
14β(C6H)+14β(N1H)+ 
10ν(ring)+6ν(C-NH2)

24ν(ring)+22β(C6H)+19β(C5H)+10ν(r
ing)+9α(ring)

24β(C6H)+16ν(ring)+ 
12β(C5H)+10ν(ring)+ 
10ν(ring)+8β(N1H)+ 5β(C-
NH2)

33β(C6H)+16β(C5H)+ 
13β(C-NH2)+11ν(ring) 
+5β(C-NH2)+5ν(ring)

ν23

36β(N1H)+14ν(ring)+ 
13ν(ring)+8ν(ring)+ 
5ρ(NH2)

20ν(ring)+17ν(ring)+ 
12ν(CO)+10β(C6H)+ 
8ν(ring)+6ν(ring)+ 
5ν(ring)+5β(C5H)

42ν(ring)+16ν(ring)+ 10ν((C-
NH2)+7ν(ring) +7β(CO)

22ν(ring)+19β(N1H)+17ν(ring)+9ν(ri
ng)+ 8ρ(NH2)+7β(C-NH2)

17ν(ring)+15β(N1H)+ 
14β(C5H)+13ν(ring)+ 
10ν(ring)+10ν(ring)+ 6ν(ring)

47β(N1H)+17ν(ring)+ 
9ν(ring)+6β(C6H)

ν24

20ν(ring)+19ν(C-NH2) 
+17β(C6H)+14β(C5H)+11ν(
ring)+6σ(NH2)

31β(N1H)+19ν(C-NH2) 
+10ν(ring)+8σ(NH2)+ 
7ν(ring)+6ν(ring)+ 6β(C2H)

22ν(C-NH2)+15β(C5H) 
+13ν(ring)+12ν(ring)+ 
11β(C6H)+ 9ν(ring)

32ν(C-NH2)+ 16β(C6H)+16ν(ring)+ 
10β(C5H)+8β(C-NH2) + 
7β(N1H)+6ν(ring)

26ν(C-NH2)+16ν(ring) 
+15β(C-NH2)+ 
12β(C6H)+7β(N1H)+ β(C5H)

32ν(C-NH2)+24α(ring) 
+17β(C5H)+6ν(ring)+ 
5ν(CS)+5ν(ring)

ν25

26(ring)+21ν(ring)+ 
11β(N1H)+9ν(ring)+ 
7ν(ring)+6β(C5H)

35ν(ring)+18β(C6H)+ 
10β(C5H)+9ν(ring)+ 7ν(C-
NH2)+7ν(CO)

37ν(ring)+18β(C-NH2)+ 
10ν(ring) +8β(C-NH2)

24β(N1H)+15ν(ring)+13ν(ring)+12ν(ri
ng)+ 8α(ring)+7β(C5H)+ 5ν(ring)

36β(N1H)+17ν(ring)+ 
12ν(ring)+ 9ν(ring)

43ν(ring)+9ν(ring)+ 
7β(C5H)+6ν(ring)+ 
6β(N1H)

ν26

79σ(NH2)+11ν(C-NH2) + 
5ν(ring)

54σ(NH2)+30ν(C-NH2) 90σ(NH2) 71σ(NH2)+12ν(C-NH2) + 6ν(ring)
46σ(NH2)+21ν(ring)+ 10ν(C-
NH2)+ 7ν(ring)

92σ(NH2)

ν27

39ν(ring)+13ν(ring)+ 
11β(C6H)+9ν(ring)+ 
7α(ring)+5ν(C-NH2)

26ν(ring)+22σ(NH2)+ 
9β(C6H)+8β(C5H)+ 
6ν(CO)+6β(N1H)+ 
5ν(ring)+5α(ring)

38ν(ring)+21β(C6H)+ 
10ν(ring)+8ν(ring)+ 7α(ring)

39ν(ring)+10ν(ring)+10β(C6H)+8α(ri
ng)+ 8ν(ring)+7ν(ring)

25ν(ring)+20β(C-NH2) 
+19ν(ring)+ 7α(ring)

28ν(ring)+13β(C5H)+ 
13β(C6H)+11α(ring)+ 
10ν(ring)+7ν(ring)

ν28 72(CO)+9ν(ring)+ 5α(ring)
34ν(CO)+16β(N1H)+ 
9ν(ring)+8ν(ring)+ 6ν(ring)

68ν(CO)+11ν(ring)+ 6β(N1H) 
+5α(ring)

29ν(ring)+16ν(CS)+ 
10β(C5H)+9α(ring)+ 8β(N1H) 
+8ν(ring)

35ν(ring)+16ν(CS)+ 
13α(ring)+12β(C6H)+ 5β(N1H)

27ν(ring)+19ν(CS)+ 
16α(ring)+8β(CS)+ 
6β(C6H)+6ν(ring)

ν29 86ν(C6H)+ 13(C5H) 62ν(C6H)+38ν(C5H) 98ν(C6H) 80ν(C6H)+ 19ν(C5H) 73ν(C6H)+ 26ν(C5H) 94ν(C6H)+ 6ν(C5H)

ν30 87ν(C5H)+12(C6H) 62ν(C5H)+ 37ν(C6H) 98ν(C5H) 81ν(C5H)+18ν(C6H) 73ν(C5H)+ 26ν(C6H) 93ν(C5H)+ 6ν(C6H)

ν31 62(N9H12) +37ν(N9H13) 64ν(N9H12)+34ν(N9H13) 74ν(N9H13)+ 26ν(N9H12) 57ν(N9H12)+31ν(N9H13) +11ν(N1H)
57ν(N9H12)+ 
34ν(N9H13)+8ν(N1H)

60ν(N9H12)+ 40ν(N9H13)

ν32 99ν(N1H) 98ν(N1H) 100ν(N1H) 88ν(N1H)+7ν(N9H12) 91ν(N1H) 100ν(N1H)

ν33

63ν(N9H13)+
37ν(N9H12)

65ν(N9H13)+ 35(N9H12) 75ν(N9H12)+ 25ν(N9H13) 64ν(N9H13)+ 35ν(N9H12)  62ν(N9H12)+ 38ν(N9H13) 61ν(N9H13)+ 39ν(N9H12)

$ Same as in Table- 3
Table 4: PEDs (Potential Energy Distributions)$ of Cytosine, Thiocytosine and their cations and anions.

ν5, ν3 and ν1; the mode ν5 is calculated to be 395/404 cm-1 for the Cyt/
TCyt molecules. This mode (ν5) was earlier assigned at 421(IR) and 400 
cm-1 (R) for Cyt [9] and 422 (IR) and 423(R) cm-1 for TCyt [11]; the 
mode (ν3) has calculated frequency 200 for Cyt and 185 cm-1 for TCyt 
molecule. The lowest ring deformation mode ν1 is calculated to be 128 
and 111 cm-1 for the Cyt and TCyt molecules respectively and it could 
be observed in the Raman spectrum at 123 cm-1 for Cyt [9] and at 98 
cm-1 for TCyt [11]. 

C-H/N-H modes: The ν (NH) mode (ν32) is calculated to 
have frequencies 3618 and 3600 cm-1 for Cyt and TCyt molecules 
respectively. The NH stretching mode is coupled with the symmetric 
stretching of the NH2 group in the out-of-phase (opc) manner for TCyt 
molecule. The NH bending mode ν20 is calculated to be 1214 and 1231 
cm-1 for the Cyt and TCyt molecules and it could be correlated to the 
frequencies 1235(IR) and 1249 cm-1 (R) for TCyt [11]. The NH out-of-
plane bending mode (ν10) is calculated to be 619 and 658 cm-1 for the 
Cyt and TCyt molecules and this mode is found to be depolarized in 
case of the TCyt molecule. The bands for the ν10 mode were observed at 
600 cm-1 (IR)/597cm-1 (R) for the Cyt and at 652 cm-1 (IR)/659 cm-1 (R) 
for the TCyt molecule [11].

In the Cyt molecule, the C5-H out-of-plane bending mode (ν11) 
is in in-phase coupling (ipc) with N-H and the C6-H out-of-plane 
bending mode (ν16) is coupled with C5-H in opc manner. In the neutral 
molecules, the two C-H stretching modes are ν30 and ν29 the higher 
frequency mode is ipc stretching mode whereas the lower frequency 
corresponds to the opc stretching mode due to C5H and C6H. Susi et 
al. [9] have observed the frequencies at 3169 (IR) and 3176 (R) cm-1 for 
the Cyt molecule and Yadav et al. [11] observed bands 3063 and 3061 

cm-1 in the IR and Raman spectra of the TCyt molecule for the CH 
stretching mode (ν30). The CH stretching mode (ν29) was observed for 
Cyt by Susi et al. [9] only in Raman spectrum at 3230 cm-1 and the IR/
Raman frequencies observed at 3094/3090 cm-1 for the TCyt molecule 
[11] which correspond to this mode. 

The C6-H and C5-H in-plane bending modes (ν22, ν19) have been 
calculated to be 1354/1125 cm-1 for the Cyt molecule and 1371/1109 
cm-1 for the TCyt molecule. The IR intensity and Raman activity 
decreases slightly for ν22 but IR intensity of the mode ν19 increases by a 
factor of ~ 33 in going from Cyt to TCyt. The observed frequencies for 
the mode ν22 could be assigned at frequency 1364 and 1361 cm-1 in IR 
and Raman spectra for Cyt [9] and it could be assigned at the 1368 and 
1370 cm-1 in the IR and Raman frequencies for TCyt [11]. The mode 
ν19 could be assigned at the observed frequencies 1100 (IR) and 1108 
(R) cm-1 for Cyt which was earlier assigned by Susi et al. [9] as a ν(ring) 
mode. The observed frequencies 1098 (IR) and 1104 (R) cm-1 were 
assigned to the (NH2) mode by Yadav et al. [11] which is reassigned to 
the β(C5H) mode for TCyt.

The two out-of-plane CH bending modes ν16 and ν11 are found 
to be 957 and 723 cm-1 for the Cyt molecule. However, the observed 
frequencies 701(IR)/723 (R) cm-1 correspond to the mode ν11 and 966 
(IR)/971 (R) cm-1 to the mode ν16 for the Cyt molecule [9]. The CH 
out-of-plane bending modes for TCyt are calculated to be 960 and 730 
cm-1. The mode ν16 could be correlated to the observed frequencies 967 
(IR)/965 (R) cm-1 and the frequencies 724 (IR)/718 (R) cm-1, which 
were earlier assigned to the ring stretching mode, could be reassigned 
to the mode ν11 [11] for the TCyt molecule. 

C=O/S modes: The C=O stretching mode for Cyt is calculated to 
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be 1769 cm-1 and the ν(C=S) mode to be 1142 cm-1. The ν (C=S) mode 
could be correlated to the IR/Raman frequencies at 1163/1167 cm-1 
which were observed and assigned earlier to one of the ν (ring) modes 
[11]. The C=O/S bending modes for the Cyt and TCyt molecules are 
calculated to be 533 and 269 cm-1, whereas, the γ (C=O/S) for Cyt and 
TCyt are calculated to be 774 and 651 cm-1 respectively. The observed 
frequencies 533 (IR) and 533 (R) were assigned to the β (C=O/S) modes 
for the Cyt molecule [9]. 

C-NH2 modes: The calculated frequency for the ν(C-NH2) mode 
found to be 1499 / 1496 cm-1 for the neutral Cyt/TCyt molecules with 
the enhanced IR intensity by a factor of ~ 2 in going from Cyt to TCyt. 
The observed frequencies 1505 (IR)/1498 (R) cm-1 could be correlated 
to this mode for Cyt which were earlier assigned to ν(ring) mode by Susi 
et al. [9]. The above mode was assigned at 1504 and 1495 cm-1 from the 
IR and Raman spectra of TCyt by Yadav et al. [11]. The bending mode 
of the C-NH2 group (ν4) is calculated to be 358 cm-1 for Cyt and 438 
cm-1 for TCyt. It can also be seen from the Table 3 that the magnitude of 
this mode increases by 80 cm-1 in going from Cyt to TCyt. Yadav et al. 
[11] assigned this mode at 434 and 432 cm-1 based on the IR and Raman 
spectra. The frequencies 760 (IR) and 764 cm-1 (R) for Cyt [9] could 
be assigned to the out-of-plane bending mode of C-NH2 (ν12). The γ 
(C-NH2) mode could be correlated to the 752 and 755 cm-1 in IR and 
Raman bands which were assigned earlier to the γ (N1H) mode [11]. 

NH2 modes: The symmetric and anti-symmetric stretching modes 
(ν33, ν31) of the amino group (NH2) have characteristic magnitudes in 
the range 3200-3500 cm-1. For the TCyt molecule we have assigned 
the frequency 3334 cm-1 observed in IR/Raman spectra to the anti-
symmetric stretching mode (ν33) while the symmetric stretching mode 
(ν31) was observed at 3312 (IR)/3320 (R) cm-1 [11]. The (ν31) mode was 
observed by Susi et al. [9] at 3380 (IR)/3354 (R) cm-1 for Cyt. The Raman 
activities for symmetric and anti-symmetric stretching modes of NH2 
are increased by factors of ~2 and ~9 in TCyt than those in the Cyt 
molecule. The anti-symmetric stretching mode (ν33) of NH2 group is a 
pure mode but the symmetric mode (ν31) of the NH2 group is ipc with 
the stretching mode (ν32) of the N1H bond in the TCyt molecule. The 
NH2 scissoring mode (ν26) of Cyt/TCyt is calculated to be 1632/1636 
cm-1. The IR intensity and Raman activity decrease by the same factor 
of ~ 2 in TCyt as compared to Cyt. This mode was observed at 1615 (IR) 
and 1612 (R) cm-1 by Susi et al. [9] and 1630 cm-1 (R) by Yadav et al. 
[11]. The ρ (NH2) mode (ν18) is calculated to be 1084/1069 cm-1 for the 
Cyt/TCyt molecules and for TCyt this mode is found to shift downward 
than that in Cyt. The calculated frequency for the τ(NH2) is found to 
be 525 and 538 cm-1 for the Cyt and TCyt molecules respectively. In 
the Cyt molecule torsion mode (ν6) could be assigned at 520 (IR) and 
517 (Raman) cm-1 [9] while in TCyt it was observed at 527 cm-1 in the 
IR spectrum [11]. The wagging mode of the NH2 group (ν2) for TCyt 
(50 cm-1) is calculated to be at much lower frequency than that in Cyt 
(180 cm-1). The frequency for  (NH2) has been observed at 162 cm-1 for 
the Cyt molecule [9] and at 50 cm-1 for the TCyt molecule [11] in the 
Raman spectra.

Radical cations: In the following discussion only those modes have 
been discussed for which the frequencies change significantly upon the 
cationic radicalization. 

Ring modes: It is to be noticed that the frequency corresponding 
to the breathing mode ν13 decreases by 45 cm-1 with increases in the 
IR intensity and Raman activity in going from Cyt to Cyt+. In case of 
the TCyt molecule no change is found in the frequency due to removal 
of one electron while the IR intensity increases in TCyt+ as compared 
to TCyt. The intensity of the IR band for mode ν15 decreases by a 

factor of ~ 2 while Raman activity increases by a factor of ~ 18 and 
the depolarization ratio is also increased in going from Cyt to Cyt+. In 
going from TCyt to TCyt+ the IR intensity decreases by a factor of ~ 10 
while Raman activity increases by a factor of ~ 8. The radicalizations 
of Cyt and TCyt into their radical cations increase the frequency of 
mode ν21 by 111 and 179 cm-1 respectively. Due to the radicalization 
process, the ν21 mode is found to decrease by 78 cm-1 with considerably 
increased IR intensity, Raman activity and depolarization ratio in the 
Cyt+ as compared to that of the Cyt, whereas it is found to increase by 
179 cm-1 with decreased IR intensity/Raman activity by factors ~ 1/3 / 
~ 1/8 in TCyt+ as compared to that of TCyt. The mode ν23 is increased 
by 47 cm-1 in Cyt+ with slight decrease in IR intensity and increase in 
Raman activity. For the mode ν23 the frequency decreases by 45 cm-1 in 
going from TCyt to TCyt+ with decrease in the IR intensity and Raman 
activity. In the radicalization process for the mode ν25 IR intensity 
decreases but the Raman band becomes stronger and depolarized in 
going from Cyt to Cyt+. In going from TCyt to TCyt+ the frequency of 
this mode increases by 25 cm-1, the depolarization ratio increases by a 
factor of ~ 6. In the present calculation the frequency of the mode ν27 is 
shifted upward by 74 cm-1 in Cyt+ compared to that for the Cyt molecule. 
Moreover, the IR intensity of the ring stretching mode ν27 decreases by 
a factor of ~ 4 and Raman activity increases by a factor of ~ 4 in the 
cationic radicalization process of Cyt and slight increment in frequency 
is noticed for TCyt+ as compared to that of the TCyt molecule. In going 
from Cyt to Cyt+ the Raman activity increases by a factor of ~ 20 for the 
in-plane ring deformation mode (ν8) and in going from TCyt to TCyt+ 
the Raman activity increases two fold. The frequency of the mode ν9 
is found to decrease by ~ 34 cm-1 in TCyt+ than that of TCyt. The IR 
intensity increases by a factor of ~ 6 for Cyt+ but in case of TCyt+ the 
IR intensity and Raman activity decrease by factors of ~ 1/6 and ~ 1/17 
respectively for the mode ν9. The magnitude of frequency of the planar-
ring deformation mode ν17 for Cyt decreases by 39 cm-1 while the other 
vibrational parameters increase considerably due to the radicalization 
process. In case of Cyt+ the Raman band becomes polarized and in 
going from TCyt to TCyt+, the IR intensity decreases by factor of ~ 1/12 
for this mode.

The frequency of the non-planar ring deformation mode ν1 shifts 
towards lower wavenumber side by 30 cm-1 and IR intensity increases 
by a factor of ~ 5 for Cyt+. In the case of TCyt+, the calculated frequency 
is found to increase by 36 cm-1 and the Raman band is depolarized. For 
the mode ν5, the IR intensity decreases by a factor of ~ 1/4 in going 
from Cyt to Cyt+ and the Raman band changed from depolarized to 
polarize in TCyt+. Due to removal of an electron, the ν3 mode is found 
to decrease by 80 cm-1 for TCyt+ as compared to the neutral molecule 
and the Raman band is found to be depolarized while the IR intensity 
decreases in Cyt+ as compared to Cyt.

C-H/N-H modes: Out of the two C-H stretching modes (ν30, ν29) 
the higher frequency (ν30) has been assigned to the C5-H stretching 
which is opc with the C6-H stretching and the lower stretching mode 
(ν30) has been assigned to the stretching mode of C6-H which is also 
strongly coupled with the C5-H stretching in ipc manner. For the ν30 
mode the IR intensity increases by a factor of ~ 4 and Raman activity 
decreases by a factor of ~ 1/3 with increase of the depolarization ratio 
for TCyt+ than that of TCyt. The magnitude of the mode ν29 shifts 
towards higher frequency by 30 cm-1 and IR intensity/Raman activity 
increases by a factor of ~ 4/2 but depolarization ratios are decreased in 
going from TCyt to TCyt+. Assignments for in – plane bending modes 
of C-H (ν20, ν19) are relatively complicated due to mode mixing. The in-
plane C-H bending modes are strongly coupled with the ring stretching 
mode. Due to removal of one electron from the neutral molecules Cyt 
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and TCyt, in Cyt+ radical the IR intensity decreases by a factor of ~ 1/4 
while the Raman activity increases by a factor of ~ 4 with increases in 
depolarized ratio than that of Cyt for the mode ν19. The IR intensity of 
above mode is decreased by a factor of ~ 1/10 but the Raman activity 
increases by a factor of ~ 3 with decrease in depolarization ratio in 
TCyt+ compared to TCyt. The mode ν20 (in-plan bending mode of 
C6H) in Cyt+ shifts towards the lower frequency by 97 cm-1 and Raman 
activity increases drastically. The depolarization ratio for this mode is 
increased in both the Cyt+ and TCyt+ species than the corresponding  
neutral molecule. 

 Out-of-plane C-H bending mode (ν16) shifts towards higher 
frequency by 34 cm-1 in going from Cyt to Cyt+. The calculated frequency 
of the mode ν11 for Cyt+/ Cyt+ increases by 122/93 cm-1 than those in 
Cyt/TCyt. For the above mode the IR intensity in Cyt+ is decreases 
by a factor of ~ 3 and Raman band becomes depolarized while the IR 
intensity and Raman activity increase with decrease depolarization 
ratio in TCyt+ as compared to TCyt. 

The N-H stretching frequency (ν32) shifts towards lower 
wavenumber by 82 cm-1 and the IR intensity increases by a factor of 
~5 but Raman activity decreases by a factor of ~ 2 in Cyt+ as compared 
to the Cyt molecule. However, in TCyt+ the IR intensity is noticed to 
be weaker and the Raman activity increases by a factor of ~ 10 than 
that of TCyt. The N-H stretching mode is coupled with the symmetric 
stretching mode of the NH2 group in ipc manner for TCyt+. The in-
plane N-H bending mode (ν22) is increased by 151 cm-1 and Raman 
activity increases by a factor of ~ 4 for Cyt+ than that of Cyt. The in-
plane N-H bending mode is strongly coupled with both the C-H in-
plane bending modes in ipc manner. The mode ν10 is defined as the 
out-of-plane N-H deformation mode which is found to increase by 
89 cm-1 and have depolarized Raman band in Cyt+ as compared to the 
Cyt molecule. However, the frequency of the above mode (ν22) is found 
to decrease by 103 cm-1 with increase in Raman activity by a factor of 
~ 15 and Raman band becomes polarized in TCyt+ than that in TCyt 
molecule. 

C=O/S Modes: A drastic change is found for the C=O stretching 
mode ν28 which is decreased by 343 cm-1 in Cyt+ but ν(C=S) increases 
by 63 cm-1 in TCyt+. The IR intensity decreases while the Raman activity 
increases in Cyt+ than those in neutral molecule and in case of TCyt+ 
the IR intensity is decreased than that of TCyt molecule. For the in-
plane bending mode of (C=O/S) (ν7) for Cyt+ Raman activity increases 
by a factor ~ 23 with depolarized Raman band. In the TCyt+ species the 
frequency decreases by 56 cm-1 and Raman band becomes depolarized 
for the mode ν7. The frequency of the C=O/S out-of-plane bending 
mode (ν14) decreases by 37 cm-1 in Cyt+ and by 26 cm-1 in TCyt+ due to 
removal of one electron. The Raman band is depolarized in Cyt+ and IR 
intensity decreases by a factor of ~ 1/7 in TCyt+ for ν14 mode. 

C-NH2 modes: The mode ν24 increases by 45 cm-1 in TCyt+ with 
decreased in IR intensity by a factor of ~1/2 and depolarization ratio 
increases. The frequency of C-NH2 in-plane bending mode ν4 is found 
to slightly decrease in Cyt+ but the IR intensity/Raman activity increase. 
In TCyt+ the IR intensity and Raman activity increase by a factor of ~ 2 
but the polarizability of Raman band decreases than that of TCyt. The 
mode ν12 is found to decrease by 207 cm-1 and IR intensity increases 
by a factor of ~ 4 while the polarizability of this band changes from 
polarized to depolarize in going from Cyt to Cyt+. The IR intensity 
and depolarization ratio decrease in going from TCyt to TCyt+ for this 
mode.

NH2 modes: The anti-symmetric stretching mode of NH2 group 

(ν33) decreases by ~ 45 and ~ 46 cm-1 in Cyt+ and TCyt+ than those 
of neutral molecules respectively. For ν33 modes the IR intensity and 
Raman activity increase 2-fold for Cyt+ while in case of TCyt+ only the 
IR intensity increases by a factor of ~2. For the symmetric stretching 
mode of NH2 (ν31), the decrease is noticed by ~ 37 cm-1 while the IR 
intensity and Raman activity increase 2-fold for Cyt+. In case of TCyt+ 
the IR intensity increases by a factor of ~ 7 while the Raman activity 
decreases by a factor of ~ 1/3 for TCyt+ as compared to the neutral 
molecule TCyt. The anti-symmetric stretching mode of NH2 is a pure 
mode in TCyt+ but the symmetric mode of NH2 mode is opc with the 
stretching of N-H in TCyt+. 

The frequency of scissoring mode of NH2 group (ν26) increases by 
47 cm-1 and IR intensity and Raman activity also increase by factors ~ 
3 and ~ 2 for Cyt+ species than that of Cyt. In case of the TCyt+ species 
the ν26 mode is increased by 29 cm-1 with decrease in IR intensity but an 
increase is noticed in the Raman activity by a factor of ~ 3 as compared 
to TCyt. The frequency of the rocking mode (ν18) of the amino group 
for Cyt+ decreases by 85 cm-1 with increase in IR intensity by a factor 
of ~2 while the Raman activity increases drastically. In TCyt+ the IR 
intensity and Raman activity are decreased by factors of ~ 1/3 and ~ 1/4 
respectively while the depolarization ratio increases. 

The torsion mode of NH2 (ν6) increases by 116 cm-1 in Cyt+ and 56 
cm-1 in TCyt+ respectively and Raman band becomes depolarized in 
case of Cyt+ species. The increase of IR intensity by factors of ~ 4 / ~ 10 
in Cyt+/TCyt+ species for the (ν6) mode. The calculated frequencies of 
the wagging mode of NH2 group (ν2 ) are found to be 477 cm-1 and 500 
cm-1 in Cyt+ and TCyt+ respectively, while the frequency for this mode 
increases drastically by 297 and 450 cm-1 than that of the neutral Cyt 
and TCyt molecules. The polarization of the Raman band changes from 
the polarized to depolarize in Cyt+ species while the polarization ratio 
increases in TCyt+.

Radical anion: Due to the addition of one electron to the neutral 
Cyt and TCyt molecules most of the vibrational characteristics change 
as compared to their neutral Cyt and TCyt molecules. The following 
discussions are made only for those modes which show major 
differences as compared to the neutral molecules. 

Ring modes: The IR intensities and Raman activities of the 
calculated vibrational frequencies for all the ring modes increase in 
Cyt- than those in Cyt. The calculated vibrational frequencies of ring 
stretching modes ((ν21, ν25 and ν27) are decreased by 285, 187 and 129 
cm-1 for Cyt- than those in neutral Cyt molecule, whereas, for TCyt 
the mode ν27 is decreased by 218 cm-1 but the mode ν23 is increased by 
34 cm-1 for TCyt radical than those in neutral TCyt molecule. During 
the ring stretching vibrations the ring angles also change periodically 
so that the hexagonal shape of the ring gets distorted. The in-plane 
ring deformation modes (ν9, ν13, ν17) are unchanged due to attachment 
of one electron to the Cyt molecule. In going from Cyt to Cyt- the 
IR intensities and Raman activities increased drastically for above 
modes. The frequency shifts downward by 18 cm-1 and the IR intensity 
increases by a factor of ~ 4 for the in-plane ring deformation mode 
(ν9) in the TCyt- radical. In going from TCyt to its anion IR intensity 
decreases by a factor of ~ 1/5 while Raman activity increases by a factor 
of ~ 10 for the mode ν17. An increment is noticed for the IR intensity, 
Raman activity and depolarization ratio increase for the ν13 mode in 
TCyt- as compared to TCyt. The vibrational frequencies of the non-
planar deformation modes of the ring (ν5) is found to decrease by 83 
cm-1 for Cyt- and 99/211 cm-1 for the modes ν5/ ν3 in the TCyt- species. 
The IR intensities and Raman activities are increased drastically while 
the polarization change from depolarized to polarized for all the out-of-
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plane deformation modes (ν1, ν3 and ν5) in going from neutral to anions 
of Cyt and TCyt. 

C-H/N-H Modes: The N-H stretching mode (ν32) is a pure mode 
and decreases by 37 cm-1 for TCyt- than that of TCyt molecule and IR 
intensity decreases by a factor of ~ 1/6 while Raman activity increases 
drastically. The mode (ν30) is decreased with equal magnitudes by 
69 cm-1 for both the radicals Cyt- and TCyt-. As a result of anionic 
radicalization in going from neutral to anions of Cyt and TCyt their 
vibrational parameters are found to increase for the modes (ν29, ν30). 
The lower stretching frequency defined as stretching mode of C5-H, is 
very slightly coupled with C6-H stretching in opc manner in anionic 
radicals of Cyt and TCyt. The stretching mode of C6-H is strongly 
coupled with the C5-H in ipc manner for the TCyt- radicals. The mode 
ν19/ν22 are increased by 46/66 cm-1 for Cyt- as compared to the neutral 
Cyt molecule and the calculated frequency for in-plane bending mode 
of N1-H (ν20) for Cyt- increases by 214 cm-1. In case of Cyt- the IR 
intensities and Raman activities are found to increase due to attachment 
of electron to its neutral molecule. For the anionic Cyt radical, the in-
plane bending mode of C6-H is in opc with C5-H and N1-H while the 
in-plane bending mode of C5-H is in opc only with N1-H. The ν19 and 
ν22 are decreased by 122 and 45 cm-1 for TCyt- species with increased 
polarizability of Raman band than those of TCyt molecule. In going 
from TCyt to TCyt- the IR intensities for the modes ν19 and ν22 are 
decreased by factors of ~ 1/2 and 1/15 while it is increased 2-fold for the 
mode ν20. During the above two C-H in-plane bending modes (ν19 and 
ν22) of vibration for each of the two molecules the H atoms vibrate in the 
same phase in higher magnitude and out-of-phase in lower magnitude 
mode. The out-of-plane bending modes of the two C-H and one N-H 
bonds are denoted as ν16, ν11 and ν10 in which the out-of-plane bending 
mode of C6-H (ν16) is ipc with N1-H and out-of-plane bending mode 
of C5-H (ν11) is in opc with C6-H while the out-of-plane bending mode 
of N1-H (ν10) is slightly coupled in opc with C6-H for both the anions 
Cyt and TCyt. The mode ν16 is decreased by 362/646 cm-1 while the 
mode ν11 is increased by 79/28 cm-1 in Cyt-/TCyt- than those in Cyt and 
TCyt respectively. A decrease is also found by 129 cm-1 in Cyt and 194 
cm-1 in TCyt for the mode ν10 upon the anionic radicalization. For all 
these three modes the IR intensity and Raman activity are found to be 
increased in both Cyt and TCyt species and the change in polarization 
from the depolarized to polarize only in going from TCyt to TCyt-. 

C=O/S modes: It is found that the stretching frequency of C=O/S 
(ν28) in Cyt and TCyt molecules are found to shift downward by 101 
and 79 cm-1 for Cyt- and TCyt- respectively. The IR intensity decreases 
and Raman activity increases for this mode in going from neutral to 
anions of Cyt and TCyt. The in-plane bending mode of C=O/S (ν7) 
and out-of-plane bending mode of C=O/S (ν14) for Cyt- and TCyt- are 
found to slightly change in the magnitudes. For the above two modes IR 
intensities and Raman activities are increased for Cyt- and TCyt- while 
Raman bands become polarized only for TCyt-. 

C-NH2 modes: The present calculation shows that the frequency of 
the stretching modes of C-NH2 (ν24) for Cyt- species are lowered by 193 
with increase in IR intensity by a factor of ~ 7 and out-of-plane bending 
(ν12 ) shifts downward by 107 cm-1 with increase in Raman activities for 
both the modes than the neutral Cyt molecule. Due to attachment of 
electron to the neutral Cyt depolarization ratios decrease for ν24 and ν4 
while it increases for the 3 mode. The modes ν24 and ν12 for TCyt- species 
are lowered by 233 and 39 cm-1 than its neutral TCyt. It is also noticed 
that the IR intensity decreases by a factor of ~ 1/8 and Raman activity 
increases by a factor of ~ 16 for the mode ν24 while both properties are 
increased 2-fold for the mode ν4 in going from TCyt to TCyt-. The out-

of-plane bending mode of C-NH2 is ipc with C6-H and opc with N1H 
and C5-H for the Cyt- radical. However, the in-plane bending mode of 
C-NH2 (ν24) is found to be equal in the magnitude of the calculated 
vibrational frequency for Cyt- and TCyt-. 

NH2 modes: In the case of anionic radicalization of Cyt and TCyt 
molecules, the (ν31 and ν33) are found to shift downward by 195/130 
cm-1 and 178/152 cm-1 with increase in IR intensity and Raman activity 
in Cyt-/TCyt- as compared to their neutral molecules. The calculated 
vibrational frequencies for the modes ν26 and ν6 are decreased by 43 
and 196 cm-1 while for the mode ν2 it is increased by 375 cm-1 in Cyt- 
than those in Cyt. In case of TCyt- species, the modes ν18, ν6 and ν2 are 
increased by 52, 333 and 753 cm-1 as compared to the TCyt molecule. 
It is found that the IR intensities and Raman activities for all the modes 
are increased drastically due to attachment of one electron on the 
neutral molecules of Cyt and TCyt. 

HOMO-LUMO analysis

The highest occupied molecular orbital (HOMO) and lowest 
unoccupied molecular orbital (LUMO) are the main orbitals that 
take part in chemical stability [36,37]. They are the key parameters in 
determining molecular properties and molecular electrical transport 
properties [38,39]. The eigenvalue of HOMO characterizes the ability of 
donating electron and the eigenvalue of LUMO characterizes the ability 
of accepting electrons. The energy gap between HOMO and LUMO 
reflects the chemical stability and they are responsible for chemical and 
spectroscopic properties of the molecule [40,41]. The orbitals HOMO 
- LUMO and their properties such as their energy are very useful for 
physicists and chemists. This is also used by the frontier electron density 
for predicting the most reactive position in π -electron system and also 
explains several type of reaction in conjugated system [42]. In conjugated 
molecules there is a small separation between HOMO-LUMO which 
is the result of a significant degree of intermolecular charge transfer 
from the end-capping electron donor groups to the efficient ele1ctron 
acceptor groups through π-conjugated path [43]. Energy difference 
between the HOMO and LUMO orbitals is called energy gap which 
is important for stability of structures [44]. An electronic system with 
larger HOMO-LUMO gap is less reactive than one having smaller gap 
[45]. If energy gap is larger, kinetic stability will be greater and chemical 
reactivity will be lower because it is energetically unfavourable to add 
electrons to a high lying HOMO and to remove electrons from a low 
lying LUMO and hence, to form an activated complex of any potential 
reaction [46]. 

The sketch of the atomic orbital compositions of the frontier MOs are 
shown in Figure 6. The green and red solid regions in Figure 6 represent 
the MOs with completely opposite phases. The present calculations 
predict that the energies of HOMO/LUMO orbitals of the Cyt and TCyt 
are -1.3665/-6.6628 eV and -1.6538/-6.6600 eV, respectively. The energy 
gap (∆E), i.e. the transition energy from HOMO to LUMO of the Cyt 
and TCyt are 5.2963 eV and 5.0062 eV, respectively.

Molecular electrostatic potential and electrostatic potential

Molecular electrostatic potential (MEP) and electrostatic potential 
are correlated with the dipole moment, electronegativity, partial 
charges and site of chemical reactivity of the molecule. MEP provides a 
visual method to understand the relative polarity of a molecule. While 
the negative electrostatic potential corresponds to an attraction of the 
proton by the concentrated electron density in the molecule (and is 
colored in shades of red on the ESP surface), the positive electrostatic 
potential corresponds to repulsion of the proton by atomic nuclei in 
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regions where low electron density exists and the nuclear charge is 
incompletely shielded (and is colored in shades of blue). By definition, 
electron density isosurface is a surface on which molecule’s electron 
density has a particular value and that encloses a specified fraction of 
the molecule’s electron probability density. The electrostatic potential 
at different points on the electron density isosurface is shown by 
coloring the isosurface with contours. The graphical representation of 
the molecular electrostatic potential surface, as described by Politzer 
and Truhlar [47] is a series of values representing the evaluation of the 
interaction energy between a positively charged (proton) probe and 
points on a solvent accessible surface as defined by Connolly [48-51]. 
The electron density isosurface onto which the electrostatic potential 
surface has been mapped is shown in Figure 5-8. Such surfaces depict 
the size, shape, charge density and site of chemical reactivity of the 
molecules. The different values of the electrostatic potential at the 
surface are represented by different colors; red represents regions of most 
negative electrostatic potential, blue represents regions of most positive 
electrostatic potential and green represents regions of zero potential. 
Potential increases in the order red <orange<yellow<green<blue. From 
the MEP surface (Figure 7), it is clear that the site close to sulfur shows 
region of most negative electrostatic potential. The ED plot for molecule 
shows a uniform distribution (Figure 8). 

Conclusion
The optimized geometric parameters were seen to be in good 

agreement with the experimental data. Cationic and anionic radicals 
of the Cyt and TCyt molecules are found to be stable at B3LYP/6-
311++G** level. Enhancements in the bond angles N1-C2-N3/C4-
C5-C6 are found by 1.20 for Cyt- and 3.10/2.70 for TCyt- as the anionic 
radicalization process. The dihedral angles C5-C4-N9-H12/N3-C4-N9-H13 
have values 174.3°/-170.3° suggesting that the two H-atoms of the NH2 
group are not lying in the ring plane. It is interesting to note that the 
bond length C5-C6 increases due to loss of its double bond character in 
Cyt+/TCyt- and lengthens by 0.031 Å/0.047 Å in Cyt+/TCyt- as a result 
of radicalization. In going from Cyt/TCyt to Cyt+/TCyt+ the electronic 
charge is removed mainly from the sites N1, N3, C5 and O/S. The 
elongation of the bond lengths of C2=O/S are noted in cationic species 
of Cyt/TCyt. Due to attachment of an electron to the neutral molecules 
Cyt/TCyt the electronic charge goes mainly to the N1, N3, C5, O and all 
H sites in Cyt- while in going from TCyt to TCyt- the electronic charge 
goes mainly to the C2, C4, C6, S and all H sites. 

The wagging mode of the NH2 group for TCyt is found at much 

lower frequency 50 cm-1 than that in Cyt (130 cm-1). Assignments for 
the C-H in - plane bending modes (ν22, ν19) are complicated for the 
ionic species due to strong coupling with the ring stretching modes. 
The out-of-plane deformation mode of C6-H is strongly coupled with 
C5-H in opc manner for TCyt and in ipc manner for the TCyt+ and 
TCyt- radicals. The frequency of C=O stretching mode (ν28) is found 
to be drastically reduced (by 343 cm-1) for Cyt+ but ν(C=S) increases 
by 63 cm-1 in TCyt+. The wagging mode of NH2 group (ν2) is found 
to be increase drastically (by 297/450 cm-1) as compared to those of 
neutral Cyt and TCyt molecules. The three in-plane ring deformation 
modes (ν9, ν13, ν17) are found to be unchanged due to attachment of an 
electron to the Cyt molecule. Drastic enhancement by 438 cm-1 is noted 
for the in-plane ring deformation mode (ν9) for the TCyt- radicals. The 
stretching frequency of C=O/S (ν28) in Cyt/TCyt molecules is found to 
shifts downward by 101/79 cm-1 for Cyt-/TCyt-. The present calculation 
shows that the C-NH2 stretching (ν24) for the Cyt- species is lowered 
by 193 with increases in IR intensity by a factor of ~ 7. The mode ν12 
is found to decrease by 207 cm-1 and IR intensity increase by a factor 
of ~ 4 and the Raman band becomes polarized to depolarize in going 
from Cyt to Cyt+. Due to the anionic radicalization of the Cyt and 

 

 

Figure 6: HOMO-LUMO energy gap for Cyt and TCyt.

Figure 7: Molecular electrostatic potential surface of cytosine.

Figure 8: Electron density plot of cytosine.
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TCyt molecules, the ν31 and ν33 modes are found to shift downward by 
195/130 cm-1 and 178/152 cm-1 with increase in IR intensity and Raman 
activity in Cyt-/TCyt-. The frequency of the ω (NH2) mode is increased 
drastically by 375 cm-1 in Cyt- than that in Cyt. In case of the TCyt- 
species, the frequency of τ (NH2) and ω (NH2) modes are changed by 
333 (lowering) and 753 (enhancement) cm-1 as compared to the TCyt 
molecule.

The complete vibrational assignments of wavenumbers have 
been made on the basis of PEDs. Reasonably good agreement of the 
calculated and observed vibrational spectra suggests the advantages of 
higher basis set for quantum chemical calculations. The MEP surfaces 
together with complete analysis of the vibrational spectra, both IR 
and Raman; help us to identify the structural properties of the studies 
species. The MEP surface suggests that the site close to the sulfur is the 
region of the most negative electrostatic potential. The electron density 
plot for molecule shows a uniform distribution.
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