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Abstract
The density functional theory calculation has been carried out for the analysis of 
5-chlorouracil using DFT/Gaussian 09 with GAR2PED. Recorded experimental 
spectra for Raman and IR of 5-chlorouracil have been analyzed all fundamental 
vibrational modes using the outcome results of DFT at 6-311++G** of Gaussian 
09 calculations and the GaussView 5.09. To help the analysis of vibrational modes, 
GAR2PED program has been used in the calculation of PEDs. The charge trans-
fer properties of 5-chlorouracil have been analyzed using HOMO and LUMO level 
energy analysis. HOMO and LUMO energy gap study supports the charge trans-
fer possibility in molecule. These have been made to study for reactivity and sta-
bility of heterocyclic molecules for the analysis of antiviral drugs against the new 
corona virus: COVID-19. Here, the smaller energy gap of 5-chlorouracil is more 
responsible for charge transfer interaction in the heterocyclic drug molecules and a 
reason of more bioactivity. The electron density mapping within molecular electro-
static potential plot and electrostatic potential plotting within iso-surface plot have 
been evaluated the charge distribution concept in the molecule as the nucleophilic 
reactions and electrophilic sites. These computations have been used to produce the 
molecular charges, structure and thermodynamic functions of biomolecule. This 
study has been made to all internal modes of chloro group substituent at pyrimidine 
ring of  C5 atom. The splitting of frequencies has arisen in the two species for the 
normal distribution modes.
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Graphical abstract

A molecular analysis and vibrational spectra of 5-chlorouracil

MEP Plot of 5-chlorouracil 

Iso-Surface plot of ESP Contour Map of 5-chlorouracil 

ELUMO = - 2.037426 eV
(First Excited State)

EHOMO = - 7.197932 eV
(Ground State )

ΔE= Eg = 5.160506 eV

Pictorial Separation of Electronic Energy Levels with frontier MOs of 
5-chlorouracil 
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Introduction

Heterocycle-shaped 5-chlorouracil is the aromatic organic biomolecule. The pyrim-
idine-based parent molecule, uracil, is the main constituent of ribonucleic acid 
(RNA), but it is exchanged by 5-methyl-uracil (thymine) for deoxyribonucleic acid 
(DNA). The halo-uracils are used as antitumor agents. The derivatives of uracil have 
an important role in their chemical/physical as well as optical behavior in vivo activ-
ity, bioactivity and pharmacological activities. Therefore, the widely used deriva-
tives in medical society are 5-fluoro-uracil as anticancer drug, 5-iodo-uracil and 
5-trifluoro-methyl-uracil in antiviral activities. Hence, their derivatives are wide dis-
cussing for their optical and biological actives [1–3] for anticarcinogenic and anti-
HIV viruses drugs [4–8], as well as in the analysis of antiviral drugs against the new 
corona virus: COVID-19. The halogenated pyrimidines are normally used in anti-
carcinogenic drugs as for the treatment of tumor as well as the colorectal cancer [4, 
5]. Therefore, their derivatives have been tested as drugs for anti-HIV as well as the 
antitumor [6, 8]. This article is depending upon the study of vibrational modes of 
chloro group on the uracil’s ring. The study of 5-substituted uracils [9–23] has been 
done through so many researchers, but here it is needed for a more study at place of 
 C5 atom on ring of uracil for a further study.

So, it is made the calculations of 5-chlorouracil for optimized geometries, 
atomic charges on atomic sites and all fundamental modes applying the basis set 
6-311++G** of Gaussian 09 [24]. All of fundamental modes have been optimized 
with the help of calculated modes and are obtained the related parameters. Here, it 
is also investigated the reactivity of 5-chlorouracil molecule using HOMO–LUMO 
analysis for charge density transfer, orbital energies and electrostatic potential 
analysis.

Material and methods

Experimental

Without any further purification, a spectral grade of 5-chlorouracil crystalline pow-
der of Aldrich chem. Co. (USA) was used in spectra recording of IR and Raman. All 
spectra have been recorded at normal room temp (23 °C) in solid phase for spectro-
scopic analysis. Infrared spectrum as reproduced in Fig. 1 (a) has been recorded at 
normal temperature (23 °C) in the range of 400–4000   cm−1 by the FTIR (Model-
5300) spectrophotometer. Raman spectra as shown in Fig.  2 (a) were recorded at 
same temperature at the Raman spectrophotometer (model Spex-1877) between the 
200 and 4000  cm−1 with the help of an excitation source of Argon ion  (Ar+) laser 
line of 4880  A0. The resolution of spectra of IR and Raman was better than the 
2  cm−1 and an accuracy of  2  cm−1.
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Theoretical

In study of 5-chlorouracil, it was carried out the DFT (SCF) calculation using 
Gaussian 09 program [24] and the optimization of geometry was done at B3LYP/6-
311++G** with minimum energies for all geometrical parameters. All of the evalu-
ated fundamental frequencies have been optimized with the help of visualization 
program GaussView [25] of G-09 [24] and evaluated PEDs from GAR2PED [26]. 
Here, it is calculated the bond angles, lengths with infrared intensities (Fig.  1-b) 
as well as the depolarization ratio of Raman peaks with Raman scattering activi-
ties (Fig. 2-b) of 5-chlorouracil. This study has also evaluated the thermodynamic 
functions and other properties of the biomolecule as given in Fig. 3 (a, b). In this 
study, the visualized demonstrations of molecular electrostatic potentials (MEPs) 
show electrophilic/nucleophilic reactive location for a justification of theoretical 
biological activities with H bonding interactions. HOMO and LUMO energy gap is 

Fig. 1  a IR spectrum of 5-chlorouracil, b calculated IR spectrum of 5-chlorouracil
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Fig. 2  a Raman spectrum of 5-chlorouracil, b calculated Raman spectrum of 5-chlorouracil

Fig. 3  a Numbering for nomenclature of pyrimidine ring of 5-chlorouracil, b numbering scheme for opti-
mization of 5-chlorouracil
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optimized with the help of Gaussian 09 program [24] to study of the charge transfer 
possibility within molecule.

Results with discussion

Molecular charges

The molecular charge explanation has been based on Mulliken charges and it can 
be derived with the help of the suitable computed atomic polar tensor charges. 
Cioslowski has defined the atomic charges by atomic polar tensor (APT) invariants 
[27]. The molecular charges can be optimized on different basis set of Gaussian 09 
program [24]. These optimizations satisfy the neutrality of molecule, and they are 
related to the observed results of IR intensities. Their properties contributed to the 
success of molecular charges and help to understand generalized atomic polar tensor 
charges [28–30].

APT charges: These charges have been represented a charge–charge flux model as 
sum of charge tensor and charge flux [31]. The partial atomic polar charges arise all 
over molecular surface that these represent all chemical properties [32, 33]. Atomic 
labeling diagram of 5-chlorouracil is given in Fig. 3 (b). APT charges at atoms of 
5-chlorouracil molecule have been computed applying the 6-311++G** basic level 
[24]; these are summarized in Table 1. In Table 1, the comparison of higher atomic 
electronegativity has been made with other −ve charge atomic positions. Atomic 
polar tensor charges of 5-chlorouracil are explained with respect of atoms as fol-
lows. In pyrimidine ring, the  C4 atom [as at  C5 on ring of 5-chlorouracil as shown in 
Fig. 3 (a)] atom has the negative ATP charge − 0.036774 a.u., but the rest of three 
carbons  C1,  C3 and  C5 have  + ve charge, respectively, as 1.353079, 1.111933 and 
0.439128 a.u. and only  C4 shows the reactant property than the other carbon atoms. 
The oxygen atoms  O10 and  O11 bear −ve APT charge -0.918364 and − 0.793447 a.u. 

Table 1  Optimized atomic polar 
 tensor$ and Mulliken  charges$ at 
atomic sites of 5-chlorouracil

# The numbering of atom is shown in Fig. 3 (b)
$ unit of e

No Atoms# ATP  charges$ Mulliken  charges$

1 C1 1.353079 0.332236
2 N2 − 0.728977 − 0.406186
3 C3 1.111933 − 0.088012
4 C4 − 0.036774 0.317438
5 C5 0.439128 − 0.457703
6 H6 0.081201 0.198048
7 H7 0.224456 0.365097
8 N8 − 0.752779 − 0.361195
9 H9 0.250381 0.344104
10 O10 − 0.918364 − 0.333142
11 O11 − 0.793447 − 0.269039
12 Cl12 − 0.229838 0.358353
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at respective atoms. Similarly nitrogen atoms,  N2 and  N8 show APT charge nega-
tive − 0.728977 and − 0.752779 a.u. at respective atoms of 5-chlorouracil. Because 
of the larger electronegativity, all atoms of oxygen and nitrogen bear negative APT 
charges. Here, the three atoms of hydrogen  (H6,  H7,  H9) on pyrimidine ring of 
5-chlorouracil bear  + ve APT charge 0.081201, 0.224456 and 0.250381 a.u, respec-
tively. In addition,  Cl12 atom bears negative APT charge − 0.229838a.u. Here, it 
could be found that the  C4 atom is having negative charge in all of  C1,  C3,  C4 and  C5 
carbon atoms. So for, it is noticed that all of hydrogen atoms  (H6,  H7,  H9) on the ring 
which are attached direct to the atoms of nitrogen and bear  + ve APT charges.

Mulliken atomic charges: Here, this charge calculation has an application of DFT 
optimization for the geometry of molecule, electronic structure, atomic charges and 
dipole moment with other more properties [31]. Mulliken atomic charges [31] play 
a useful application in the quantum chemical calculation that this depends on the 
basis set. In the molecule, the partial charges come out at surface which shows all 
chemical properties [32, 33]. These charges at atomic places, as given in Fig. 3 (b), 
of 5-chlorouracil are optimized at level 6-311++G** [24], and they are summarized 
in Table 1. Here, this could be found that the  C1 and  C4 of pyrimidine ring have 
the  + ve charges, respectively, as 0.332236 and 0.317438 a.u., except the  C3 and 
 C5 atom in ring bear the −ve charges, respectively, as −0.088012 and −0.457703 
a.u. due to chloro atom. The two  O10 and  O11 have the −ve charges as −0.333142 
and −0.269039 a.u., respectively. Similarly, nitrogen atoms  N2 and  N8 of 5-chlo-
rouracil have the Mulliken charges –ve as −0.406186 and −0.361195 a.u. for cor-
responding atom. So far, all of the nitrogen and oxygen have the high electronegativ-
ity. The three hydrogen  (H6,  H7 and  H9) atoms on pyrimidine ring of 5-chlorouracil 
bear  + ve charges as 0.198048, 0.365097 and 0.344104 a.u. to the respective hydro-
gen. On ring, the atom  Cl12 has the  + ve Mulliken atomic charge 0.358353 a.u., and 
this is noticed that the  Cl12 atom has the -ve charge as the case of atomic polar ten-
sor (APT) charges.

Molecular structural geometry

Atomic numbering scheme and optimized molecular structural geometry corre-
sponding to 5-chlorouracil biomolecule is given in Fig. 3(b). The optimizations of 
geometrical parameters of 5-chlorouracil are summarized in Table  2. These geo-
metrical parameters suggest that the chloro group is replaced on the ring of H atom 
at  C4 atom [as on  C5 ring atom of 5-chlorouracil as shown in Fig. 3(a)] on uracil 
pyrimidine ring. In pyriminide ring, the optimized structures of 5-chlorouracil show 
that all bonds of the ring bear the partial double bond character. As given in Table 2, 
four C-N bonds of pyrimidine ring of 5-chlorouracil are having the lengths in the 
descending order of  (N2–C3,  N8–C1,  N2–C1,  C5–N8), are mostly similar in their 
magnitudes to each molecules lie between bond length ~ 1.41 Å and  ~ 1.37 Å, and 
are lying in a plane of pyriminide ring. In addition, the rest two bonds of the ring, 
 C3–C4 and  C4=C5 bonds have been had in the order of  (C3–C4) >  (C4=C5) bearing 
the values ~ 1.47 Å and ~ 1.35 Å. And the  C4–Cl12 bond holds the length 1.734 Å. 
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Table 2  Optimization of 
structural parameters of 
5-chlorouracil

Definition# 5-chlorouracil

Bond lengths (r) in 
0

A

r(N2–C1) 1.3852
r(N8–C1) 1.3916
r(C1–O10) 1.2111
r(N2–C3) 1.4093
r(N2–H7) 1.0129
r(C3–C4) 1.4692
r(C3–O11) 1.2098
r(C4=C5) 1.3484
r(C4–Cl12) 1.734
r(C5–H6) 1.0817
r(C5–N8) 1.3745
r(N8–H9) 1.0092
Bond angles ( � ) in degree (°)
�(N2–C1–N8) 112.6902
�(N2–C1–O10) 124.2475
�(N8–C1–O10) 123.0621
�(C1–N2–C3) 128.8584
�(C1–N2–H7) 115.5275
�(C3–N2–H7) 115.614
�(N2–C3–C4) 112.6205
�(N2–C3–O11) 120.9095
�(C4–C3–O11) 126.47
�(C3–C4–C5) 120.3401
�(C3–C4–Cl12) 118.1483
�(C5–C4–Cl12) 121.5116
�(C4–C5–H6) 122.2265
�(C4–C5–N8) 121.6007
�(H6–C5–N8) 116.1728
�(C1–N8–C5) 123.89
�(C1–N8–H9) 115.4067
�(C5–N8–H9) 120.7033
Dihedral angles ( � ) in degree (°)
�(N8–C1–N2–C3) − 0.16
�(N8–C1–N2–H7) − 179.97
�(O10–C1–N2–C3) 180.01
�(O10–C1–N2–H7) 0.13
�(N2–C1–N8–C5) 0.12
�(N2–C1–N8–H9) 180.04
�(O10–C1–N8–C5) − 180.03
�(O10-C1-N8-H9) − 0.11
�(C1–N2–C3–C4) 0.11
�(C1–N2–C3–O11) − 180.14
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So in the notice, these angles of ring C-N–C, C–C–N and C–C–C are unequal, and 
hold as smallest �(N2–C3–C4), angle value 112.690, largest �  (C1–N2–  C3) and third 
angle value of 128.860 in molecule, as well as in the twenty-four dihedral angles 
are ~  00 ± 0.1 or ~  1800 ± 1.0 that show for all of 12 atoms of 5-chlorouracil,  C1,  N2, 
 C3,  C4,  C5,  N8,  O10,  O11,  H6,  H7,  H9 and  Cl12 are laying in a same plane. Due to the 
above results, here this predicts that almost of structural parameters are same, and 
all of atoms in ring of pyriminide to biomolecule lie in a same plane.

Vibrational assignments

Recently, the biological significance of the biomolecules and derivatives is more 
discussing for the biological activities [1–3]. Due to spectroscopic investiga-
tion, vibrational study of 5-halogenated uracil with substituent of chloro group is 
assigned for the fifth position site of ring. Here a detailed study of 5-chlorouracil at 
fifth position  (C5) of ring with due respect to mass and electronegativity in order of 
hydrogen < chlorine atom has been carried out and it is discussed with an experi-
mental and theoretical study on the 5-chlorouracil molecule in the light of the above 
properties. The vibrational study of the pyrimidine ring and its derivatives has simi-
larity with benzene ring and its derivatives. This assignment is made especially for 
planarity and non-planarity of the internal mode at  C5 of uracil for substituent of 
atom which might cause the modes splitting and that this could be happened for the 
reason of mass and electronegativity of the substitution at  C4 ring atom [as at  C5 
atom on pyrimidine ring of 5-chlorouracil as shown in Fig. 3 (a)]. The fundamental 
frequencies have been reported with the help of computed frequencies and through 
the GaussView visualization program [25] of G-09 [24], and PEDs have been cal-
culated by GAR2PED program [26]. Thus, 5-chlorouracil has 12 atoms with the 30 
fundamental modes bearing  Cs symmetry, and all of the fundamental frequencies are 

Table 2  (continued) Definition# 5-chlorouracil

�(H7–N2–C3–C4) 180.02
�(H7–N2–C3–O11) − 0.00
�(N2–C3–C4–C5) − 0.01
�(N2–C3–C4–Cl12) 180.03
�(O11–C3–C4–C5) 180.04
�(O11–C3–C4–Cl12) − 0.0 5
�(C3–C4–C5–H6) − 180.02
�(C3–C4–C5–N8) − 0.02
�(Cl12–C4–C5–H6) − 0.00
�(Cl12–C4–C5–N8) − 180.00
�(C4–C5–N8–C1) − 0.04
�(C4–C5–N8–H9) − 179.96
�(H6–C5–N8–C1) 179.96
�(H6–C5–N8–H9) 0.04
# The numbering scheme is shown in Fig. 3 (b)
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expected to be appeared in Raman and IR spectra. Optimized computation is carried 
out for the vibrational modes, and their infrared intensities (Fig. 1b), Raman depo-
larization ratio and scattering activities (Fig.  2b) are summarized in Table 3. The 
symmetric vibrational calculation as well as observation of all normal frequencies of 
5-chlorouracil is summarized in Table 3 along with PEDs as shown in Fig. 3(b) and 
their results have been discussed as follows.

C–Cl (three modes): Here for stretching, the ν (C–Cl) mode of chlorine bond has 
appeared at upper frequencies region compare to aromatic compound group. In 
assignment of 5-chlorouracil, ν (C–Cl) vibration was reported with ~ 1275  cm−1 [16]. 
Now, ν  (C4–Cl12) vibration has been calculated at 660  cm−1, but it has been recorded 
the IR at 670  cm−1 and Raman at 661  cm−1 showing the strong intensity as well as 
largely mixing within the other modes of pyrimidine ring, which is much lower than 
the reported work [16]. In-plane, the β (C–Cl) mode is reported between the 300 
and 250  cm−1 to ref. [16] and to be nearly similar to the region. Hence, this region 
is reported nearly or below at ~ 300  cm−1. The optimized mode for β  (C4–Cl12) has 
been found at 227  cm−1and at 260  cm−1 in Raman, but it is quite below for the rea-
son of mass and electronegativity of chloro group. And for out-of-plane vibration, 
the γ(C4 –Cl12) is optimized at 286  cm−1 and recorded Raman band at 290  cm−1, and 
it has mixed up with the H bonding. So far, this could be found that the out-of-plane 
ring deformation and in-plane bending modes are correctly assigned to be possible 
with the PEDs in such lower region of reported work [16].

C–H (three modes): For the ν(C–H) fundamentals, these are known as the strong 
characteristic vibrational modes in biomolecules [3] and appear between the range 
3000 and 3300  cm−1[19]. Here the modes in-plane, these two modes ν(C5–H6) and β 
 (C5–H6) have been optimized at 3217 and 1343  cm−1 and these have been recorded 
at 3060 and 1340  cm−1 in IR and at 3060 and 1346  cm−1 in the Raman band, respec-
tively, with strong intensities; here, one of the ν(C5–H6) modes is a characteristic 
band as with a strong appearance in PEDs. In non-planar modes, the γ  (C5–H6) 
vibration are optimized at 910   cm−1 with recorded in IR at 880   cm−1 and Raman 
peak at 900  cm−1. So for, it is happened that ν(C–H) vibration has been found to be 
the one of more sensitive with a reason of the Ar matrix isolation of molecule than 
the solid molecular phase [19]. Hence, it is found that these above assignments have 
a parallel agreement to the works [9–21].

N–H (six modes): Similarly, the stretching fundamentals of C–H, the ν (N–H) vibra-
tions are found as other strong characteristic bands in biomolecules [3] and which 
appears between the ranges 3200 and 3600  cm−1, but the problems in experimental 
and theoretical values have been arisen with modes of N–H for an involvement of 
the contributions of few other normal modes [19]. So for in-plane modes, the ν  (N8– 
 H9) and ν  (N2–H7) modes have been optimized at 3636 and 3593   cm−1, but these 
have been recorded at 3180 and 3160  cm−1 in the IR and at – and 3158  cm−1 in the 
Raman peaks and these modes intensities have been found with strong value as char-
acteristic band in PEDs. In-plane, the β  (N8–H9) and β  (N2–H7) modes have been 
computed at 1491 and 1414  cm−1 and these are recorded at 1496 and 1425  cm−1 in 
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IR and at 1496 and 1425  cm−1 in Raman, respectively. In non-planar modes, the γ 
 (N2–H7) and γ  (N8–H9) modes have been optimized at 661 and 548  cm−1 and these 
have been recorded at 670 and 550  cm−1 in the IR and Raman at 670 and 555  cm−1. 
Here, it is noticed that all of N–H stretching modes are much sensitive for the reason 
of the isolated in Ar matrix of molecule than the solid phase [19]. Here, it has been 
found that the above results are a similar agreement to the reported refs [9–21].

C=O (Six modes): The six C=O fundamental normal modes of 5-chlorouracil 
have been assigned as: ν(C1=O10), ν(C3=O11), β(C1=O10), β(C3=O11), γ(C1=O10) 
and γ(C3=O11). In case of uracil and their derivatives, the spectral region 1600–
1800  cm−1 have been assigned with involving the congestion of carbonyl stretching 
modes and stretch mode of (C=C) bond [12–18]. These stretching modes have been 
affected with interaction of the H bonding and other important shifting modes for the 
reason of annoying of Fermi resonance [16–18]. Here, ν  (C1=O10) and ν(C3=O11) 
modes have been optimized at 1806 and 1776   cm−1 to respective modes, but the 
other mixing ring modes are given in the PEDs, and these have been recorded in 
the IR at 1792 and 1772   cm−1 with relating to Raman at 1810 and 1772   cm−1 of 
these modes and as the reported works [15–18]. In-plane, β(C1=O10) and β(C3=O11) 
bending modes have been optimized at 607 and 362   cm−1 and these have been 
recorded in IR at 610 and –  cm−1, but Raman bands at 630 and 380  cm−1 as reported 
in refs [12–18]. Non-planar modes γ(C1=O10) and γ(C3=O11) have been optimized at 
749 and 764  cm−1; similarly, these have been recorded at 750 and 760  cm−1 in IR, 
respectively, as well as at 750 and 760  cm−1 in Raman bands with strong intensities, 
but these have been mixed up with ring modes and H bonding.

 In Ring modes (twelve modes): As phenyl ring, a pyrimidine ring of 5-chlorouracil 
has been assigned with the 12 fundamental modes, namely the 6 stretching modes in 
ring, 3 modes in deformation ring in-plane and 3 modes in ring deformation out-of-
plane. These modes for stretching are complicated combination of C=C, C–N and 
C–C bonds in pyrimidine [15–18]. Here, because of spectral congestions of ν(C=O), 
some ring motions and H bonding modes, all stretching modes in ring have been 
found in the range of 1800–700  cm−1. But, ν(C=C) vibration has been reported in 
the 1800–1600   cm−1 as assigned in the works [15–23]. Here, in the present work, 
6 modes for ring stretching have been calculated at 1668 as ν(C4=C5), 1398, 1191, 
1161 (Kekule), 970 and 776  cm−1(ring breathing), and in order to the 1666, 1402, 
1190, 1170, 960 and 775  cm−1 have been recorded in strong intensities for IR spec-
trum, consequently Raman bands at 1665, 1400, –, 1060, 930 and 776   cm−1 with 
the intensity of medium strong in observed results. Kekule (ν14 of benzene) mode of 
5-chlorouracil [16] was calculated at 1163  cm−1, but in this study, it is calculated to 
be lowered by 2  cm−1. Now, the very popular ring breathing mode of 5-chlorouracil 
has been calculated at ~ 776  cm−1 which has lifted up to ~ 115  cm−1 than the 5-chlor-
ouracil reported work of [16] at ~ 661  cm−1, which is the modification for the above-
reported result. For in-plane, the 3 modes of ring deformation are calculated at 1075 
(trigonal bending), 538 and 405  cm−1; similarly, all of vibrations have been recorded 
in the IR at 1080, 540 and 420  cm−1 as well as the Raman bands at 1050, 535 and 
420  cm−1 for the corresponding modes. In case of normal mode for trigonal bending 
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of 5-chlorouracil [16] was calculated at 971  cm−1 that has been found to be lowered 
by 104  cm−1 to the present result. But here, three modes for out-of-plane ring defor-
mation are calculated at 382, 143 and 94  cm−1 and all of the calculated modes have 
been found to be almost similar to the reported work [16]. And so far, this could be 
found here that the above modes of ring deformation are correctly assigned in lower 
region possibly due to the PEDs.

Analysis of HOMO and LUMO

Molecular orbital’s theory shows an important application for quantum studies of 
molecules to investigating the electronic level structure, optical and electrical prop-
erties [34]. The 5-chlorouracil bears 12 atoms and occupying with 74 electrons for 
37 molecular orbitals (MOs), and the associated uracil molecule bears 12 atoms 
occupying with 58 electrons for the 29 molecular orbitals, whereas every molecu-
lar orbital (MO) has 2 electrons bearing the spins are stated as α (↑ spin) and β (↓ 
spin) like an opposite direction. Energy gap computation through HOMO–LUMO 
of 5-chlorouracil molecule has been done for the stability and reactivity. In study of 
HOMO and LUMO, energy levels of molecule advise a charge distribution probabil-
ity as well as charge transfer in it. Energy gap levels suggest for this study about the 
active properties of molecule in the pharmacology.

The charge transfer properties of 5-chlorouracil have been studied with the help 
of the level energy analysis of HOMO and LUMO. For here, energy gap study sup-
ports for a charge transfer possibility properties in biomolecule. These have been 
studied for the stability and reactivity of heterocyclic molecules for the analysis of 
antiviral drugs against the new corona virus: COVID-19. Here, the smaller energy 
gap of 5-chlorouracil is more responsible to take place the charge transfer interac-
tion in heterocyclic drugs that is the main reason of more bioactivity. The electron 
density mapping within electrostatic potential (MEP) plot and electrostatic poten-
tial (ESP) plotting within iso-surface plot have been evaluated in the next coming 
section for the charge distribution concepts in the molecule as the taking place of 
nucleophilic and electrophilic reactions.

Here, HOMO acts as electron donor, is limited at the bonds C–H, C–C, C–N 
and LUMO behaves as electron acceptor that is confined at location of bond C=C 
within ring. Thus, electronic transition of the HOMO to LUMO promotes from 
one part of ring bond (C=C) to other parts of pyrimidine bonds (C–N and C–C). 
In difference of energy level between HOMO and LUMO represents energy gap 
which evaluates reactivity and stability generally with lowest electronic energy 
level excitation of biomolecule. Therefore, electronic level transition corresponds 
through ground state to first excited level of state that this shows the excitation 
of electron from HOMO level to LUMO level. Here, it is possible that a smaller 
energy gap could be excited easily than higher energy gap. Hence, a smaller 
energy gap shows the reason for taking place of intracharge transformation in 
biomolecule as well as bioactivity. The larger energy band gap produces higher 
kinetic stability with that it shows the lower chemical reactivity; hence, this dis-
like for the addition of electrons to the higher lying LUMO but this removes the 
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electrons from lower lying HOMO. Hence, for in any feasible reaction, the energy 
gap must be very small [35, 36]. Transition energy level of the HOMO to LUMO 
has been computed to be at −5.1605067 eV of 5-chlorouracil molecule. The tran-
sition through ground state to lowest excited level is the energy gap of molecule. 
In the energy gap, a frontier MOs from HOMO to LUMO produces the prop-
erties of chemical kinetic stability, polarizability, reactivity as well as hardness/
softness of the biomolecule. The energy levels diagram with frontier figure of 
HOMO–LUMO of the 5-chlorouracil molecule is shown in Fig. 4. The energies of 
corresponding level as given in Table-4 of HOMO and LUMO are calculated as 
− 7.197932 eV and − 2.037426 eV represent a smallest energy of 5-chlorouracil. 
Therefore, energy gap between the MOs has been found to be − 5.1605067 eV in 

Fig. 4  Electronic energy levels with frontier MOs for 5-chlorouracil

Table 4  Lowest level energy 
value of HOMO and LUMO of 
5-chlorouracil

Parameter Energy (eV)

HOMO (for the ground level) − 7.197932 eV
LUMO (for the first excited level) − 2.037426 eV
HOMO–LUMO = the energy gap(Δ E) − 5.1605067 eV
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5-chlorouracil molecule. Hence, this is clearly shown that a charge transfer (CT) 
happens within molecule. In energy gap, the ground level  EHOMO to first excited 
level  ELUMO is confirmed to show bioactivity as related to the intramolecular 
charge transfer (ICT) [37, 38].

After a successful trial of chloroquine for the treatment of COVID-19, the second 
one, 5-chlorouracil (− 5.1605067 eV) may be better antiviral drug than chloroquine 
after testing the clinical trial. These RNA-based constituent as antiviral drugs has 
shown promising results in clinical control of SARS-CoV-2 as molecular docking.

Analysis of molecular electrostatic potentials (MEPs)

In Fig. 5 (a), the surface plots of molecular electrostatic potentials have been shown 
for 5-chlorouracil biomolecule that is a most important computation generally used 
in the study of intermolecular characterization as well as the actions of drug mol-
ecule. In fact graphically, a spatial distribution of MEPs is represented as the chemi-
cal activities for a chemical reaction and strong binding on the active locations. 
MEP is directly connected with the chemical behavior, electronegativity and dipole 
moment of biomolecule. These plots are the visualization for the understanding of 
a relative polarity of that molecule and mappings their values in terms of electron 
densities (ED). MEPs surface plots have been traced with the help of the different 
colors as the given significance of electrostatic; red indicates the most -ve potential, 
blue indicates most  + ve potential and green indicates zero potential regions in mol-
ecule. MEP increases as in sequence of colors: red, orange, yellow, green and blue 
on surface mapping/arrays. Here, negative MEP represents the attraction of a pro-
ton/light cation in the region of red color due to concentrated ED in the molecule, 
but the positive MEP represents the repulsion of the proton/cation in the region of 
blue color due to the atomic nuclei regions as the low concentration of ED in mol-
ecule. In Fig. 5 (a), red color represents -ve region and indicates the nucleophilic 
reactivity, but electrophilic reactivity is shown as blue for the positive region of sur-
face plots of MEPs. As shown in Fig. 5 (a), the region of  O11 atom is located with 
orange region, but the other  O10 atom is located with the partially red area that this 
shows the electronegative area which is the place of nucleophilic reaction activity. 
On pyrimidine ring atoms, region of 3 H atoms is located with blue color as most 
positive region which is the active place of electrophilic attack. Here, green-colored 
location indicates zero potential. A shown in Fig. 5 (a) for MEP surface, this clearly 
indicates that the corner place of chloro group shows partially orange-colored region 
which has a negative electrostatic potential [Fig. 5 (a)].

The iso-surface plots for electrostatic potentials (ESPs) of 5-chlorouracil are 
shown in Fig.  5 (b), and the ESP explains the distribution of charge in molecule 
with the visualization for variable charged regions, so that charge distribution shows 
wide information that how a molecule acts and reacts with another molecule [39, 
40]. ESPs are related to the electron density (ED) which explains as the reaction 
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locations of electrophilic effect and nucleophilic attacks and the H bonding interac-
tions [41, 42].

As shown in Fig. 5 (b), the negative EPS shows the proton attraction due to the 
large electron density (given as red), and  + ve EPS indicates for the proton repulsion 
where the small ED exists (shown as blue color). On iso-surface of ESP, the ED 
has a unified value, which is enclosed with the probability of specified fraction of 
electron density in molecule. In Fig. 5 (b), the ED has given with different coloring 
of iso-surface contours. At present, ESP has been shown in ascending through color 
order as: red, orange, yellow, green and blue. Such evaluate charge density, shape 
and chemical activity at the location. On iso-surface, the variation of ESPs values 
has been shown with variable colors as: red for the most -ve potential, blue for the 
most  + ve potential and green for the zero electrostatic potential regions.

Representation of electrostatic potential for iso-surface has been graphically 
defined by Connolly [43–46] for a series of accessible surfaces. The electron den-
sity mapping for EPS iso-surface is shown in Fig. 5(b)  of 5-chlorouracil. The map-
ping of total density as shown in Fig. 5 (c), the ESP array plot as shown in Fig. 5 
(d) and total density array plot as shown in Fig. 5 (e) of 5-chlorouracil have been 
represented by the different colors. These diagrams of molecule have been visu-
alized with chemically active location as well as comparative reactivity at atomic 
place. It could be seen in the region of Fig. 5 (d) and the neighborhood of atoms of 
pyrimidine ring of 5-chlorouracil, the yellow-colored lines stage as the region of 
electronegative these are found to be anywhere high closely or small closely that 
these behave as the nucleophilic or electrophilic attacks.

Analysis of thermodynamic functions

The three molecular motions such as vibrational, rotational and translational always 
contribute in the thermodynamic functions. In the DFT, the calculated wave numbers 
(in  cm−1) are applied to correct the properties of thermodynamic functional for 5-chlor-
ouracil, and these are given in Table 5. In the computed theoretical thermodynamic data 
are applied for the correction of experimentally observed thermodynamic functions 
data at the temp zero Kelvin and an effect of zero-point vibrational energy (ZPVE). 
The scaling factors for the ZPVE has been applied somewhere for improving their over-
estimated data. The ZPVE and free energy have been calculated at − 874.482643 and 
− 874.515362 a.u. for the 5-chlorouracil, respectively. The calculated entropy of bio-
molecule could be applied in the correction of experimental data for thermodynamic 
information at the zero Kelvin temp to be caused to forget the residual entropy present 
at zero Kelvin temperature for crystalline phase. Through in computation, the entro-
pies for translational, rotational and vibrational have been found to be at 40.846, 29.363 

Fig. 5  a Molecular electrostatic potentials (MEP) plot of 5-chlorouracil, b contour map plot of ESP iso-
surface of 5-chlorouracil, c visualization for the mapping of total density of 5-chlorouracil, d visualiza-
tion of the ESP array plot for 5-chlorouracil, e visualization of the total density array plot for 5-chloro-
uracil.

▸
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and 16.293 cal-mol−1  K−1 of 5-chlorouracil, respectively. Therefore, total entropy of the 
biomolecule is 86.502 cal-mol−1  K−1, and the dipole moment is 4.1616 Debyes.

These above-computed thermodynamic parameters could be useful for the forth 
coming study to the related biomolecules. The computed results as given in Table 5 
are helpful in an estimation of chemical reaction direction and some other thermo-
dynamic energies of biomolecule. This study is worth mentioning that all these cal-
culated parameters were done in the phase of gas state, but they could not be applied 
in the solution.

Conclusions

The all hydrogen atoms at pyrimidine ring in 5-chlorouracil are directly associated 
with nitrogen atoms bearing  + ve Mulliken/APT charges. In all of the four C atoms 
 (C1,  C3,  C4,  C5), the  C4 atom has negative atomic polar tensor charge, but  C4 atom 
bears the positive Mulliken charge.  Cl12 atom has the negative APT charges, but it 
bears the positive Mulliken charge. The computed geometrical parameters represent 
that all atoms in pyriminide as well as on ring’s atoms are lying in a same plane.

All 30 vibrational fundamental modes have been assigned for chlorine atom 
mode with the help of experimental IR and Raman observation and calculated the-
oretical vibrational modes through G-09 as well as GAR2PED programs. In this 
study, Kekule (ν14) mode of 5-chlorouracil has been observed at ~ 1161  cm−1 that is 
found to be lowered with 2  cm−1 and a popular ring breathing is at ~ 776  cm−1 that 
is shifted up to 115  cm−1 from the reported work [16] due to possible through the 
study of PEDs. In addition, the trigonal bending vibration of 5-chlorouracil is cal-
culated at 1085  cm−1 that has been shifted up to 104  cm−1 in the present result and 
these some fundamental modes have been corrected for reported ref [16]. Here, the 
almost mixing modes to corresponding fundamental modes are given in PEDs.

In computation for HOMO–LUMO analysis, the energy gap are carried out with 
the suggested study for the charge distribution probability within biomolecule and in 

Table 5  Optimized 
thermodynamic functions 
(parameters) of 5-chlorouracil

Parameter 5-chlorouracil

(a)-Total energy and ZPE(AU) − 874.482643
(b)-Gibb free energy (AU) − 874.515362
©-Rotational constants (GHz): 3.04577

0.98092
0.74196

(d)-Entropy  (Calmol−1  K−1):
Total: 86.502
(i)-Translational 40.846
(ii)-Rotational 29.363
(iii)-Vibrational 16.293
(e)-Dipole moments (Debyes) 4.1616
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the pharmacology. Here, the next one other drug, 5-chlorouracil, may be better anti-
viral drug than the chloroquine after testing the clinical trial. These RNA-based con-
stituent as antiviral drugs has shown promising results in clinical control of COVID-
19 as molecular docking. The MEPs and ESPs plots indicate around their locality of 
two O atoms have -ve potential and these are the active places for the nucleophilic 
attacks, and the chloro group atom has a –ve charge. And the locality of 3 H atoms 
at pyriminide is a place of most  + ve as well as active region of electrophilic attack.
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