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ABSTRACT
This study deals with the determination of torsional potentials, optimised geometry in monomer and
dimer form for gas phase for the molecular ground state and vibrational assignments of 2-chloro-5-
methyl pyrimidine; and 2,4-dichloro-5-methyl pyrimidine carried out by density functional theory
employing B3LYP exchange and correlational functional in conjunction with 6-311++G(d,p) basis set
using quantum chemical calculations. The existence of inter-molecular hydrogen bonds was also
predicted. Fourier Transform infrared and Fourier Transform Raman spectra were recorded and
vibrational analysis of the molecules was made using potential energy distribution and eigen vectors
obtained in the computations. Observed and calculated frequencies agreed with an rms error 10.03
and 10.0 cm−1 for 2-chloro-5-methyl pyrimidine and 2,4-dichloro-5-methyl pyrimidine, respectively.
Electronic transitions were analysed using experimental and simulated Ultraviolet–Visible spectra of
the two molecules wherein polarisable, continuum model in solvent phase was used for simulations.
Molecular characteristics like highest occupied molecular orbital, lowest unoccupied molecular orbital,
molecular electrostatic surface potential and thermodynamic parameters were also investigated.
Stability of the molecules arising from hyper conjugative interactions, charge delocalisation has been
analysed using natural bond orbital analysis.
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1. Introduction

In our earlier articles, we used a method for theoretical deter-
mination of dihedral angles around flexible bonds for biphe-
nylcarboxaldehydes [1] and extended it to dimethyl-
bipyridines [2], and dihydroxytoluenes [3]. The method
involves exhaustive torsional potential energy scans about
bonds that exhibit internal rotation, leading to the evaluation
of their structural parameters based on the theoretical
approach alone. To test this method further for its efficacy,
we have chosen 2-chloro-5-methylpyrimidine (CM) and 2,4-
dichloro-5-methylpyrimidine (DCM) in this investigation
and reported results obtained therefrom.

Pyrimidine is a model compound for biologically signifi-
cant heterocyclic molecules that consist of four carbons and
two nitrogen atoms at positions 1 and 3 in the aromatic
ring. It plays a key role in several natural and non-natural pro-
ducts [4]. Pyrimidine derivatives are known for their potential
utility in a very wide range of applications in coordination
chemistry, pharmaceuticals, medicine, biochemistry and agro-
chemicals. They occupy a prominent role as anti-inflammatory
[5–9], antitumour [10], analgesic [11], anticancer [12–14] and
HIV-1 reverse transcriptase inhibiting drugs [15]. Krajlevic
et al. [16] reported the synthesis, X-ray crystal structure and
antitumoral evaluations of 5,6-disubstituted pyrimidine
derivatives. These derivatives were investigated for their cyto-
static activities against human malignant cell lines and they

were also studied for hydrogen bonds. Szterner et al. [17]
reported the standard molar enthalpies of formation in the
condensed phase evaluated from the standard molar energies
of combustion and the gas-phase enthalpies of formation
obtained by G3 theoretical computations of some dichloro-
methylpyrimidines. Joshi [18] reported the analysis of struc-
tural, electronic and vibrational study of 4,6-dichloro-5-
methylpyrimidine using density functional theory (DFT) com-
putations. Medjani et al. [19] reported the crystal structure of
4,6-dichloro-5-methylpyrimidine using X-ray diffraction
(XRD) studies. Furberg et al. [20] studied the change in the
structure of pyrimidine with the substitution of chlorine,
methyl and amino moieties and compared the differences in
electron density maps among them.

Hence, the literature review reveals that the two compounds
2-chloro-5-methylpyrimidine (CM) and 2,4-dichloro-5-
methylpyrimidine (DCM) were not investigated for their mol-
ecular and vibrational characteristics except the determination
of molar enthalpies of vapourisation and gas-phase enthalpies
of formation for thermochemical analysis by Szterner et al.
[17]. Hence, it is thought to enhance available knowledge on
the two molecules by investigating the following aspects.

(1) Recording Fourier transform infrared (FT-IR) and Four-
ier transform Raman (FT Raman) spectra of CM and
DCM, and
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(2) Performing density functional theory(DFT) computations
for the molecules in order to:
. make torsional potential energy scans for different

angles of rotation around inter-linking C–C bond
between the pyrimidine ring and methyl group to get
the approximate values of associated dihedral angles
for each of the two molecules,

. perform geometry optimisation in the gas phase by
using dihedral angles in conjunction with bond lengths
and bond angles were taken from the Gauss view [21]
for monomers of the two molecules,

. use monomer structure for optimising the geometry of
dimers of both molecules in the gas phase,

. study intra- and inter-molecular hydrogen bonds

. calculate harmonic vibrational frequencies and assign
them to ensure the quality of obtained force constants
to meet the mandatory requirement,

. record Ultraviolet–Visible spectra arising from elec-
tronic transitions,

. evaluate the molecular properties such as highest occu-
pied molecular orbital(HOMO) and lowest unoccupied
molecular orbital (LUMO)energies, molecular electro-
static surface potential (MESP), thermodynamic par-
ameters and rotational constants, and

. study the stability of the molecules in terms of hyper
conjugative interactions and charge delocalisation
obtained from natural bond orbital (NBO) analysis.

2. Materials and experimental methods

High-purity solid samples 2-chloro-5-methylpyrimidine and
2,4-dichloro-5-methylpyrimidine were procured from TCI
chemical company and recorded their spectra without further
purification. The FT-IR spectra of these samples were recorded
in the spectral range 4000–4450 cm−1 by diluting them in KBr
pellet, using Nicolet-740 single beam FT-IR spectrometer,
equipped with deuterated triglycine sulphate (DTGS) detector.
The FT Raman spectra of the samples were measured, in the
4000–4050 cm−1 Stokes region, using BRUKER RFS-27 acces-
sory employing the exciting radiation at 1064 nm provided by
Nd-YAG laser operating at 200 mw power. UV-Vis absorption
spectral data of the samples in a solution of DMSO-d6 using
1 cm quartz cell was obtained in the range of 200–400 nm
on Perkin-Elmer UV-Visible LAMBDA-25 double beam
spectrophotometer.

3. Computational details

The quantum chemical computations in respect of molecular
geometry optimization, vibrational analysis, frontier molecular
orbital analysis and natural bond orbital analysis of CM and
DCM were carried out by applying the density functional the-
ory (DFT) method as implemented in Gaussian 09 program
[22]. Becke’s non-local gradient approach to the exchange
functional in its three-parameter hybrid density form (B3)
[23] along with Lee, Young and Parr gradient corrected corre-
lation functional (LYP) [24] in conjunction with triple zeta
split-valence basis set, 6-311++G(d,p) was employed for the

computations. The geometries were fully optimised with the
default convergence principle without any limitation by
using a systematic procedure employed with Gaussian 09 pro-
gram [22] for isolated molecules CM and DCM. This implies
that the calculations were performed in the gas phase. Relative
infrared absorption intensities were calculated following the
method proposed by Latajka et al. [25]. Similarly, relative
Raman scattering intensities were computed according to the
procedure put forward by Kerezthury et al. [26,27]. For the
plots of simulated FT-IR and Raman spectra, pure Lorentzian
band shape with full width at half maximum (FWHM) of
10 cm−1 was employed. Multiple scaling of force field has
been carried out by Scaled Quantum Mechanical (SQM) pro-
cedure [28–30] in the natural internal coordinate represen-
tation [31] to offset the systematic errors caused by the basis
set incompleteness, incomplete implementation of electron
correlation and neglect of vibrational anharmonicity effects
to obtain good frequency fit between observed and calculated
values. The force constants obtained in the process were trans-
formed into a non-redundant set of natural internal coordi-
nates obtained from redundant internal coordinates
following the procedure suggested by Fogarasi et al. [31]. Nor-
mal coordinate analysis, calculation of potential energy distri-
bution (PED) and prediction of infrared and Raman intensities
were made using MOLVIB 7.0 program written by Sundius
[32,33]. The simulated Gaussian output was visualised using
the Gauss View 5.0 program [21]. The electronic transitions
were computed with Time-Dependent Density Functional
Theory (TD-DFT), employing the same functional and basis
set used in the DFT computations. Natural bond orbital
(NBO) analysis was performed using NBO 3.1 program [34]
as implemented in the Gaussian 09 package with the 6-311+
+G(d,p) basis set in order to understand various second-
order interactions between the filled orbitals of one subsystem
and vacant orbitals of another subsystem following second-
order perturbation theory as used by Fock matrix method.

4. Results and discussion

4.1. Molecular geometry in the ground state

Geometry optimisation is the most fundamental requirement,
which is an integral part of electronic structure methods aimed
at understanding vibrational properties and molecular charac-
teristics. To initiate geometry optimisation for a given mol-
ecule in DFT computations, a preliminary structure is
essential in the process. If the information on basic structure
is not available experimentally, it is usual practice that the
initial structure for a given molecule can be generated by
using the experimental structure parameters of a related mol-
ecule and by taking help from Gauss View [21]. The bond
lengths and bond angles obtained in this way have adequate
accuracy. But, the corresponding dihedral angles of a rotating
bond of a molecule are known to change over a wide range of
values in large molecules [35]. It implies that the starting par-
ameters are incompatible in terms of their accuracy. This
incomparability is likely to reveal itself by generating negative
or imaginary frequencies in the process of geometry optimis-
ation. The solution for such a problem can be obtained by
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Gaussian 09 program suit [22] using DFT formalism as shown
in our earlier articles [1–3]. The method involves torsional
potential energy scans at different fixed values of dihedral
angle with spacing 5° or 10° between two consecutive values
about a given rotating bond by fixing all other structure par-
ameters and spanning the entire conformational space from
0° to 360°.

Now, both the molecules have only one bond about which
rotation is permitted. This is the C–C inter-link bond between
the pyrimidine ring and methyl group (C5-C10 bond in
Figures 2 and 3). Hence, the torsional potential energy was
computed as a function of the angle of rotation around this
bond in steps of 5° between 0° and 360° to determine the pre-
liminary values of dihedral angles using the Gaussian 09W
software package implemented on Pentium-V (3.2 GHz)
workstation. These computations yielded a six-fold potential
energy curve with minimum energy at 0° for CM and a
three-fold potential energy curve with minimum energy at
180° for DCM. Using the above data, potential energy scan
plots of were drawn between the relative energy and dihedral
angle around the inter-link C–C bond for both the molecules
and are depicted in Figure 1.

Values of dihedral angles so obtained for CM and DCM
were used in conjunction with other structural parameters
transferred from the related molecule 4,6-dichloro-5-methyl-
pyrimidine [19], drawing considerable help from the Gauss
view [21] to generate the required stating structure. This was
subjected to geometry optimisation by relaxing all structural
parameters by solving self-consistent field equations itera-
tively. This process yielded a C1 stable monomeric structure
with minimum energy −2004.167 × 103 kJ mol−1

(−479.007 × 103 kcal mol−1) and −3210.912 × 103 kJ mol−1

(−767.426 × 103 kcal mol−1) for CM and DCM, respectively
and are shown in Figures 2 and 3. The absence of imaginary

or negative frequencies in the computations substantiates the
fact that the structures correspond to the ground state. The
C1 symmetry was used as equilibrium reference geometry for
the subsequent computations for the evaluation of Cartesian
force constants, vibrational frequencies and the values of
other molecular parameters for the two molecules.

Optimised geometry for the dimers of CM and DCM,
obtained from the corresponding monomer structure, is
shown in Figures 4 and 5, along with the numbering of
atoms, hydrogen bond lengths and minimum energy. The
optimised structure parameters consisting of bond lengths,
bond angles and dihedral angles, for both monomers and
dimers of CM and DCM, and the parameters corresponding
to the inter-molecular hydrogen bond of dimers are presented
in Table 1. The theoretically calculated parameters are also
compared in Table 1 with the experimental values obtained
from the XRD analysis of the related molecule [19].

4.1.1. Monomer
Both molecules, CM and DCM, stabilise in the ground state in
non-planar configuration of C1 symmetry. This is due to bal-
ance between two opposing effects: conjugation of π-electrons
of the pyrimidine ring and lone pair of nitrogen and chlorine
atoms favouring planar configuration and steric repulsion
between the bulky methylmoiety and its ortho neighbours
favouring non-planar structure. From Table 1 it is evident
that the calculated structure parameters of CM and DCM
are in reasonable agreement with those obtained experimen-
tally from XRD studies for related molecules 2-chloropyrimi-
dine [20] and 4,6-dichloro-5-methylpyrimidine [19]. For
example, the average value of C–N and C–C bond length com-
puted as 1.329 and 1.396Å for CM monomer is in good

Figure 2. (Colour online) Optimised molecular structure of CM monomer along
with numbering of atoms.

Figure 3. (Colour online) Optimised molecular structure of DCM monomer along
with numbering of atoms.
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agreement with their experimental value 1.335 and 1.388 Å,
respectively obtained for 2-chloropyrimidine [20]. Similarly,
for the DCM monomer, the average value of computed bond
lengths 1.325 and 1.398 Å of C–N and C–C bonds agree well

with X-ray diffraction values 1.319 and 1.399 Å, respectively,
obtained for 4,6-dichloro-5-methylpyrimidine [19]. Similarly,
the length of C-Cl bond computed at 1.752 Å for CM mono-
mer; and 1.747 and 1.752 Å for DCM is also agree well,
respectively, with the observed value 1.735 Å of 2-chloropyri-
midine [20]; and 1.737 and 1.737 Å of 4,6-dichloro-5-methyl-
pyrimidine [19].

4.1.2. Dimer and inter-molecular hydrogen bonding
A dimer can be considered as a supra molecule formed by
hydrogen bonding between two stable monomers of lowest
energy conformation. In the test molecules, two nitrogen
atoms of the pyrimidine ring of one monomer participate in
hydrogen bonding with the nearest hydrogen atoms of the pyr-
imidine ring of other monomer, giving rise to dimers. The
resultant structure was subjected to geometry optimisation
with simultaneous relaxation of all structural parameters, as
in the case of monomer. This process yielded C1 symmetry
for the dimeric structures of both CM and DCM. The opti-
mised geometry obtained for dimers of CM and DCM, along
with numbering of atoms is depicted in Figures 4 and 5,
respectively. Their structure parameters are collected in
Table 1, along with their corresponding monomers. As the
optimised geometry of both monomer and dimer of the two
molecules was obtained using the same level of theory, their
relative values are reliable.

The minimum energy for the dimeric structure of CM and
DCM is −4008.352 × 103 kJ mol−1 (−958.019 × 103 kcal mol−1)
and −6421.842 × 103 kJ mol−1(−1534.857 × 103 kcal mol−1),
respectively. It is an established fact that if the minimum
energy of a dimer is less than twice the minimum energy of
its monomer, then the formation of dimer is favoured. It can
be seen that, for both CM and DCM, the minimum energy
of dimers is less by 0.018 × 103 kJ mol−1 and hence, the for-
mation of dimers of CM and DCM.

From Figures 4 and 5, and Table 1, it can be seen that the
calculated hydrogen bond lengths are: N3·····H22 = 2.526 Å

Figure 1. Relative torsional potential energy as a function of rotation angle (C4-
C5-C10-H11) for (a) CM and (b) DCM using DFT/B3LYP/6-311++G(d, p) formalism.

Figure 4. (Colour online) Optimised molecular structure of CM dimer along with
numbering of atoms, inter-molecular hydrogen bonding and minimum energy.

Figure 5. (Colour online) Optimised molecular structure of DCM dimer along with
numbering of atoms, inter-molecular hydrogen bonding and minimum energy.
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Table 1. Experimental and theoretical geometrical parameters with the DFT/B3LYP/6-311++G(d,p) optimised geometric parameters of CM, DCM and their dimers.

Geometric parameter

CM DCM

Expt. valueCalculated value Calculated value

Monomer Dimer Monomer Dimer Furberga Medjanib

Bond lengths ( in Å )
N1-C2 1.325 1.322 1.320 1.320 1.326 1.327
C2-N3 1.322 1.323 1.326 1.324 1.329 1.335
N3-C4 1.336 1.339 1.318 1.319 1.343 1.315
C4-C5 1.395 1.396 1.402 1.401 1.386 1.403
C5-C6 1.397 1.396 1.395 1.395 1.390 1.395
C6-N1 1.334 1.336 1.336 1.341 1.344 1.299
C2-Cl7 1.752 1.757 1.747 1.750 1.735 1.737
C4-H8 1.087 1.087 – – 0.950 0.930
C4-Cl8 – – 1.752 1.751 – 1.737
C6-H9 1.088 1.087 1.087 1.087 0.950 0.930
C5-C10 1.504 1.505 1.500 1.500 – 1.486
C10-H11 1.091 1.092 1.091 1.091 – 0.960
C10-H12 1.093 1.094 1.093 1.093 – 0.960
C10-H13 1.093 1.092 1.093 1.093 – 0.960
Bond angle ( in ° )
N1-C2-N3 127.70 127.85 127.24 127.37 129.0 126.8
C2-N3-C4 115.56 115.77 115.94 115.81 114.6 114.8
N3-C4-C5 123.29 122.74 124.08 124.11 122.7 125.7
C4-C5-C6 114.61 114.93 113.29 113.56 116.5 111.4
C5-C6-N1 123.26 123.27 124.15 123.67 122.3 125.9
C6-N1-C2 115.57 115.43 115.29 115.48 114.9 115.4
Cl7-C2-N1 116.09 116.14 116.73 116.56 115.8 *
Cl7-C2-N3 116.21 116.00 116.03 116.07 115.2 *
H8-C4-N3 115.91 115.56 – – 115.0 *
H8-C4-C5 120.79 121.70 – – 121.0 *
Cl8-C4-N3 – – 116.18 116.10 – 115.1
Cl8-C4-C5 – – 119.74 119.79 – 119.2
H9-C6-C5 120.89 120.89 119.87 120.79 120.0 *
H9-C6-N1 115.84 115.83 115.97 115.54 116.0 *
C10-C5-C4 122.82 122.40 124.24 124.23 – 125.2
C10-C5-C6 122.56 122.66 122.46 122.20 – 123.4
C5-C10-H11 110.99 111.14 110.50 110.44 – 109.5
C5-C10-H12 111.22 110.95 111.18 111.15 – 109.5
C5-C10-H13 111.22 111.30 111.18 111.15 – 109.5
H11-C10-H12 107.87 107.48 108.38 108.44 – 109.5
H12-C10-H13 107.50 107.55 107.08 107.09 – 109.5
H13-C10-H11 107.87 108.24 108.38 108.44 – 109.5
Dihedral angle ( in ° )
N1-C2-N3-C4 0.00 −0.52 0.00 0.00 * −0.7
C2-N3-C4-C5 0.00 0.14 0.00 0.00 * 1.3
N3-C4-C5-C6 0.00 −0.66 0.00 0.00 * −1.1
C4-C5-C6-N1 0.00 0.66 0.00 0.00 * 0.1
C5-C6-N1-C2 0.00 0.10 0.00 0.00 * 0.5
C6-N1-C2-N3 0.00 0.54 0.00 0.00 * 0.2
C6-N1-C2-Cl7 180.00 179.69 180.00 179.99 * *
C4-N3-C2-Cl7 180.00 179.70 180.00 179.99 * *
C2-N3-C4-H8 180.00 179.62 – – * *
C6-C5-C4-H8 180.00 179.08 – – * *
C2-N3-C4-Cl8 – – 180.00 179.99 – 178.9
C6-C5-C4-Cl8 – – 180.00 179.99 – 179.2
C4-C5-C6-H9 180.00 179.12 180.00 179.99 * *
C2-N1-C6-H9 180.00 179.67 180.00 179.99 * *
N3-C4-C5-C10 180.00 178.73 180.00 180.00 – 179.5
N1-C6-C5-C10 180.00 178.75 180.00 180.00 – 179.5
C4-C5-C10-H11 0.00 26.80 180.00 179.99 – *
C4-C5-C10-H12 120.10 92.74 59.60 59.60 – *
C4-C5-C10-H13 −120.10 −147.53 59.60 59.60 – *

Inter-molecular H-bond length and bond angle of Dimers
Geometric parameter Bond length ( in Å) Bond Angle ( in ° )

CM DCM Expb CM DCM Expb

C2-N3······H22 2.527 – 2.660 140.94 – 146.00
C15-N14······H8 2.527 – 2.660 140.95 – 146.00
C2-N1······H22 – 2.523 2.660 – 139.82 146.00
C15-N14······H9 – 2.526 2.660 – 139.88 146.00
C4······N14 3.442 – 3.468 – – –
C19······N3 3.442 – 3.468 – – –
C6······N14 – 3.428 3.468 – – –
C19······N1 – 3.426 3.468 – – –

Note: Å, angstrom; °, degree; –, Not relevant; *, not available.
aFrom reference 19.
bFrom reference 18.
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and N14·····H8 = 2.527 Å for CM; and N1····H22 = 2.523 Å and
N14·····H9 = 2.526 Å for DCM. Steiner reported in a review
article that though the hydrogen bonds formed in a range of
lengths due to different interactions, the electrostatic com-
ponent is the dominant in the medium and long-range hydro-
gen bonds [36]. It was also suggested that the hydrogen bonds
having bond distances in the range 2.4–2.8 Å may be con-
sidered as weak. The lengths estimated for C2-N3······H22
and C15-N14······H8 in CM; and those for C2-N1······H22 and
C15-N14······H9 in DCM dimers fall in the range 2.4–2.8 Å.
Hence, they may be considered as weak. The length of bonds
of both C4······N14 and C19······N3 is evaluated as 3.442Å in
CM; and that of C6······N14 and C19······N1 bonds is estimated
at 3.428 and 3.426 Å, respectively, in DCM. These bond
lengths are >2.8Å, and hence they are likely to be due to
weak Van der Waals interactions. Steiner and Desiraju
[37,38] stated that it is impossible to define an exact border
cone between the hydrogen bonding region and Van der
Waals interaction space in a molecule. However, hydrogen
bond interactions may be evaluated easily by using Bader’s the-
ory of ‘Atoms in Molecules’ implemented in AIM2000 soft-
ware updated by Biegler-könig and Schönbohm [39] in 2002.

4.2. Vibrational analysis

In order to gain better insight into vibrational modes of CM
and DCM, DFT studies were carried out at B3LYP/6-311G
(d,p) level of theory for the gas phase. The number of atoms
in each of the molecules CM and DCM is 13. Hence, each mol-
ecule has 33 vibrational frequencies according to the formula
3n-6, where ‘n’ is the number of atoms in the molecule. All
of them belong to a-species in C1 symmetry, and are active
in both infrared and Raman processes.

Observed (both FT-IR and FT Raman) and computed
(scaled) frequencies of CM and DCM are summarised in
Table 2, while the computed IR and Raman intensities and
potential energy distribution (PED) of these molecules are pre-
sented as supplementary information in Tables S1 and S2.
Vibrations originating from the pyrimidine nucleus were
designated by Wilson’s notation [40]. The experimental and
simulated FT-IR and FT- Raman spectra are compared in
Figures 6 and 7; and Figures 8 and 9, respectively, for CM
and DCM.

The calculated frequencies are in good agreement with
experimental values with an estimated rms error of 10.03
and 10.0 cm−1 for CM and DCM, respectively. This can be
understood from Table 2 and supplementary Tables S1 and
S2. Hence, the structure for both molecules CM and DCM
may be considered as correct. The vibrational assignments pre-
sented in the Table 2 and supplementary Tables S1 and S2 are
self-explanatory and hence, the discussion is restricted to some
important bands observed in FT-IR and FT Raman spectra for
CM and DCM.

4.2.1. Vibrations of 2-chloro-5-methylpyrimidine (CM)
A pair of strong bands observed at 1389 and 1574 cm−1 in FT-
IR, and 1391 and 1577 cm−1 in FT Raman spectra are assigned
to C–N stretching vibration, which are in good agreement with
DFT scaled values at 1417 and 1592 cm−1, respectively in CM.

A strong Raman absorption at 3048 cm−1 with corresponding
simulated value at 3057 cm−1 is assigned to mode 7a, which
represents C–H stretching vibration. Similarly, a pair of strong
peaks observed in Raman at 406 and 644 cm−1, which match
with computed values near 407 and 638 cm−1 are attributed
to ring torsion (mode 16a) and ring vibration (mode 6b),
respectively. Strong bands observed in FT-IR spectrum at
605, 762 and 1149 cm−1 and their corresponding calculated
frequencies at 615, 763 and 1146 cm−1 are ascribed to ring
vibration (mode 6a), ring torsion (mode 4) and C–C (inter-
link bond between pyrimidine ring and methyl group) stretch-
ing vibration (mode 13), respectively. Two very strong absorp-
tions in Raman at 838 and 2924 cm−1 corresponding to
simulated frequencies of 830 and 2921 cm−1 are attributed to
C–N stretching vibration (mode 1) and asymmetric out-of-
phase stretching vibration of methyl moiety, respectively, in
CM.

4.2.2. Vibrations of 2,4-dichloro-5-methylpyrimidine
(DCM)
Experimentally observed strong bands at 860 (853R) (R indi-
cates Raman shift), 1562 (1564R), 3055R, 1099, 407R, 1045,
665R, 2928 (2929R), and 1374 cm−1 which are in proximity
with simulated frequencies at 845, 1548, 3055, 1102, 412,
1063, 657, 2928 and 1374 cm−1 are assigned based on the
PED obtained in the computations to the vibrations C–N
stretching (mode 1), C–C stretching (mode 8b), C–H stretch-
ing (mode 2), C–C stretching vibration (inter-link bond
between pyrimidine ring and methyl group) (mode 13), in-
plane bending (inter-link bond) (mode 15), ring vibration
(mode 12), ring vibration (mode 6b), out of plane asymmetric
stretching of methyl moiety and symmetric bending of methyl
group, respectively, in DCM.

It can be observed from the supplementary information
given in Table S1 and S2 that the vibrations of the methyl
group, substituted at the fifth position of the pyrimidine
ring, of the titled molecules are independent as they do not
mix among themselves and originating with any other mode
of vibration. Hence, the assignment of the vibrational modes
originating from the methyl group is not difficult. The
vibrational assignments made for methyl group of the mol-
ecules under investigation agree nicely with those made for
methyl group in related molecules reported in our earlier
papers [2,41,42].

4.3. Ultraviolet–Visible spectral and Frontier molecular
orbitals analyses

UV-Visible absorption spectra are in routine use for quantitat-
ive estimation of organic molecules in a solution. However, the
presence of impurities is a common problem in organic syn-
thesis, for which the solution phase is preferred. For quantitat-
ive analysis of such a solution one has to separate the different
components or re-synthesis the impurities alone separately.
Such a procedure is both expensive and time-consuming,
hence, several alternative methods have been developed, to
address this problem, which aim to simulate UV-Visible spec-
tra using theoretical methods. In a recent article Parrish et al.
[43] extended variational quantum eigensolver formalism for

6 B. SREENIVAS ET AL.



computing electronic transitions and listed a number of theor-
etical methods that are useful for this purpose, including den-
sity functional theory. Our preference, for time-dependent
density functional theory (TD-DFT), has two reasons: it has
been established by several researchers [44–46] that TD-DFT
provides reasonably good results regarding UV-Visible spec-
tral parameters and its usage is in conformity with the general
purpose of this article.

Quantum chemical methods generate UV-Visible spectrum
in the form of a ray or line spectrum. But, the experimental
counterpart has a modified or broad shape. This is due to
line-broadening effects (e.g. natural line width, Doppler
Effect, thermal excitement). Hence, there is a need to widen
each theoretical line or ray spectrum with a Gaussian shape
[47,48]. To this end, an integrated approach has been proposed
to simulate UV-Visible absorption spectra [49]. The tran-
sitions obtained by TD-DFT are the starting point in this pro-
cedure. Then, they are modified for each Gaussian function by
independent optimisation of full width at half maximum
(FWHM). This approach has been found to improve the agree-
ment between observed and computed spectra [49]. From the
above, it should be evident that one should not expect perfect

or near-perfect agreement between experimental and theoreti-
cal values: one of the plausible reasons for this is that it is not
possible to mimic line-broadening effects perfectly, at the pre-
sent stage of our knowledge.

We used a well-known three-step process [50,51] to simu-
late the UV-Visible spectra of CM and DCM. These are:

(1) Full optimisation of the ground state geometry until the
mandatory requirement is achieved, i.e. the root-mean-
square of forces is less than 3.0 × 10−4 a.u

(2) Analytical determination of vibrational frequencies to
ascertain that the structures correspond to true minima,
i.e. absence of imaginary or negative frequencies, and

(3) Computation of vertical transitions to the valence excited
states. The first two steps are implemented in the DFT
model, whereas the last one is performed with its time-
dependent counterpart, i.e. TD-DFT

Time-dependent density functional theory (TD-DFT) was
employed using B3LYP/6-311++G(d,p) formalism in order
to simulate electronic absorption spectra of CM and DCM in
a solution of DMSO-d6(this is the solvent used to measure

Table 2. Summary of vibrational assignments, observed and scaled calculated frequencies (in cm−1) of CM and DCM.

Modea

CM

Modea

DCM

Obs. freq

Scaled cal. Freq.

Obs. freq

Scaled cal. Freq.IR Raman IR Raman

(i) Vibrations of Pyrimidine
π(CCl)17b – 70 99 π(CCl)17b – 71 94
β(CCl)9a – 229 230 π(CCl)17a – – 161
π(C-CH3)11 – 260 265 β(CCl)9b – 178 177
β(C-CH3)15 – 333 341 β(CCl)9a – 231 228
ν(C-Cl)7b – 383 383 π(C-CH3)11 – 277 271
τ(CCCC)16a – 406 407 ν(C-Cl)7b – 331 322
τ(CCCC)16b 455 – 461 ν(C-Cl)7a – – 347
β(CCC)6a 605 – 615 β(C-CH3)15 – 407 412
β(CCC)6b 640 644 638 τ(CCCC)16a – 434 438
τ(CCCC)4 762 763 763 τ(CCCC)16b 557 – 560
ν(C-N)1 836 838 830 β(CCC)6a – 616 609
π(CH)17a 915 – 915 β(CCC)6b 664 665 657
π(CH)5 979 – 980 τ(CCCC)4 759 765 755
β(CCC)12 1012 – 1027 ν(C-N)1 860 853 845
ν(C-CH3)13 1149 1151 1146 π(CH)5 937 – 937
β(CH)9b 1237 1242 1212 β(CCC)12 1045 – 1063
ν(C-N)14 – – 1228 ν(C-CH3)13 1099 – 1102
β(CH)3 – – 1262 ν(C-N)14 1248 1244 1212
ν(C-C)19b – – 1370 β(CH)3 – – 1248
ν(C-N)19a 1389 1391 1417 ν(C-C)19b 1319 1312 1318
ν(C-C)8b 1552 1553 1552 ν(C-N)19a 1392 – 1390
ν(C-N)8a 1574 1577 1592 ν(C-C)8b 1562 1564 1548
ν(CH)7a 3044 3048 3057 ν(C-N)8a – 1604 1604
ν(C-H)2 3072 – 3072 ν(C-H)2 – 3055 3055
(ii) Vibrations of Methyl group
τ(CH3) – – 20 τ(CH3) – 109 139
γ(CH3)ip – – 1006 γ(CH3)ip 1004 – 1003
γ(CH3)op 1052 1045 1051 γ(CH3)op – – 1059
δs(CH3) – 1376 1376 δs(CH3) 1374 1371 1374
δas(CH3)op 1450 1455 1450 δas(CH3)op 1446 1439 1446
δas(CH3)ip 1476 – 1478 δas(CH3)ip – 1473 1473
νs(CH3) – 2874 2874 νs(CH3) – 2860 2860
νas(CH3)op 2921 2924 2921 νas(CH3)op 2928 2929 2928
νas(CH3)ip – 2976 2976 νas(CH3)ip 2960 2962 2960

Note: –, Not observed.
aMode in Wilson’s notation [40]. ν, stretching; β, in-plane bending; δ, deformation; γ, rocking; π, out-of-plane bending; τ, torsion; s, symmetric; as, asymmetric; ip, in-
phase; op, out-of-phase.
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Figure 6. FT-IR Spectrum of CM (a) Experimental and (b) Simulated with DFT/
B3LYP/6-311++G(d,p) formalism.

Figure 7. FT Raman Spectrum of CM (a) Experimental and (b) Simulated with
DFT/B3LYP/6-311++G(d,p) formalism.

Figure 8. FT-IR Spectrum of DCM (a) Experimental and (b) Simulated with DFT/
B3LYP/6-311++G(d,p) formalism.

Figure 9. FT Raman Spectrum of DCM (a) Experimental and (b) Simulated with
DFT/B3LYP/6-311++G(d,p) formalism.
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observed spectra). To account for solvent effects, we used the
Polarisable Continuum Model (PCM) through the integrated
equation formalism (IEF-PCM) variant [52] integrated into
Gaussian 09 program package. The experimental and com-
puted spectra for CM and DCM are compared in Figure 10.
Computed absorption maxima and related parameters are
listed in Table 3.

According to the computations, CM should have two elec-
tronic transitions with maxima at λmax = 278.59 and 242.24 nm
with corresponding oscillator strengths f = 0.0061 and 0.0607,
respectively. These are in fair agreement with the correspond-
ing observed electronic transitions near λmax = 259.9 and
212.1 nm, which is evident, from Table 3 for CM. Similarly,
for DCM, the theory predicts two absorption maxima around
λmax = 265.81 and 245.73 nm with associated oscillator
strengths f = 0.0055 and 0.0989, respectively. These are also
agreeing fairly with their experimental counterparts near
λmax = 263.9 and 217.5 nm for DCM.

Frontier molecular orbitals are very helpful in understand-
ing the electronic transitions presented in the preceding para-
graph. We know that the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular (LUMO) are
known together as frontier molecular orbitals. They show
the capability of a molecule to absorb electromagnetic radi-
ation. HOMO acts as the electron donor, whereas LUMO
plays the role of an electron acceptor [53,54]. Based on the
TD-DFT computations, it can be inferred that the experimen-
tal bands stated in the preceding paragraph arise mainly due to
H→L and H-1→L transitions, respectively (H and L denote
HOMO and LUMO, respectively). H→L and H-1→L

transitions can be attributed to n→π* and π→π* transitions
in CM and DCM, respectively. These are shown in Figure 11.

Frontier molecular orbitals determine the molecular reac-
tivity of conjugated systems [55]. Related parameters calcu-
lated employing DFT/B3LYP/6-311++G(d,p) procedure are
collected in Table 4, for CM and DCM. The difference between
the HOMO and LUMO orbital energies is known as energy
gab. This quantity is calculated at 3.2248 and 3.6232 eV for
CM and DCM, respectively, using the data in Table 4. These
are low values comparatively, characteristic of conjugated sys-
tems. This indicates high chemical reactivity of CM and DCM,
as accumulation of electrons in high-lying LUMO by exciting
electrons from low-lying HOMO is energetically favourable.
Further, a molecule with a small frontier orbital gab exhibits
three characteristics, (i) it is easily polarisable, (ii) it is usually
highly reactive chemically and (iii) it has low kinetic stability
[56–58]. It is to be noted that, as the chemical potential (µ)
is negative (see Table 4), both the molecules are stable [59].

Figure 10. UV–Visible Spectrum of (a) CM and (b) DCM.

Table 3. Experimental and theoretical electronic absorption spectral values of CM
and DCM.

Absorption Maximum
λmax(nm) Excitation

energies (eV)
Oscillator

strengths (f) TransitionExperimental Calculated

CM 259.9 278.59 4.386 0.0061 n→ π*
212.1 242.24 5.092 0.0607 π→π*
– 249.79 4.963 0.0000 For bidden

DCM 263.9 265.81 4.610 0.0055 n→ π*
217.5 245.73 5.031 0.0989 π→π*
– 243.89 5.0836 0.0001 For bidden
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4.4. Molecular electrostatic surface potential (MESP)

MESP analysis is a useful technique to understand the charge
distribution in a given molecule (including biomolecules and
drugs) in three dimensions and is often used to determine
chemical reactivities, hydrogen bond interactions, electrophilic
and nucleophilic regions [60,61]. It plays a key role in studying
the relationship between physicochemical properties and mol-
ecular structure. It also presents a visual approach for knowing
the relative polarity of a molecule. The positive electrostatic
potential corresponds to the repulsion of the proton by the
atomic nucleus in regions of low electron density, while the
negative electrostatic potential corresponds to the attraction
of the proton by high electron density regions of the molecule.

MESP can be evaluated by mapping molecular electrostatic
potential (MEP) V(r) onto the iso-electron density surface.
The MESP at any given point r(x, y, z) is the sum of two oppos-
ing interaction energies (positive and negative) and can be
expressed as [62]

V(r) =
∑
A

ZA

|RA − r| −
∫
r(r′)dr′

|r′ − r|

where ZA is the nuclear charge on the nucleus A; RA Is
the position of A with respect to an arbitrary origin; r Is the pos-
ition of any point, whereV(r) is required in the space surround-
ing the molecule, with respect to the arbitrary origin; r′ is the
position of the electron in the molecule, with respect to the arbi-
trary origin; r(r′) is electronic density function at the point r′.

The first and second terms represent the contributions to
the potential due to nuclei and electrons, respectively. The
positive interaction energy arises place from the interaction
of nuclei of the molecule with a positive test charge located
at ř, whereas the negative interaction energy originates from
the interaction of electrons of the molecule with the same
test charge at r [63]. The total electron density and MESP sur-
faces of the molecules CM and DCM are evaluated by using
DFT/B3LYP/6-311++G(d,p) level of theory. It is customary
to use a colour scheme in MESP diagrams. In this scheme,
the negative electrostatic potentials are represented in red,
the intensity of which is proportional to the absolute value
of the potential energy, whereas positive electrostatic poten-
tials are indicated in blue, while green is used for the neutral
region on the surface areas.

A visual representation of molecular electrostatic potential
surface that demonstrates the chemically active sites and com-
parative reactivity of atoms in CM and DCM is shown in
Figure 12. As can be seen from the MESP map of these mol-
ecules, the red regions having the negative potential are over
the electronegative nitrogen atoms of the pyrimidine ring,
while the blue regions having the positive potential are over
the hydrogen atoms of the pyrimidine ring and that of the
methyl group (Figure 13).

Figure 11. (Colour online) Frontier molecular orbitals of CM.

Table 4. Frontier molecular orbital parameters of CM and DCM by DFT/B3LYP/6-
311++G(d,p) method.

Frontier molecular orbital parameter
Value (in eV)

CM DCM

HOMO energy −8.4720 −8.4159
LUMO energy −5.2472 −4.7927
Frontier molecular orbital energy gap 3.2248 3.6232
Ionisation energy (I) 8.4720 8.4159
Electron affinity (A) 5.2472 4.7927
Global hardness (η) 1.6124 1.8116
Global softness (S) 0.3101 0.2760
Chemical potential (µ) −6.8596 −6.6043
Electronegativity (χ) 6.8596 6.6043
Global electrophilicity power (ω) 14.5915 12.0382 Figure 12. (Colour online) Frontier molecular orbitals of DCM.
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4.5. Thermodynamic parameters and rotational
constants

The standard thermodynamic functions such as SCF energy,
specific heat capacity at constant volume (Cv), entropy (S),

vibrational energy (Evib), zero-point energy (E0) and rotational
constants (A, B and C) are determined using rigid rotor har-
monic oscillator approximation [64–66] using DFT/B3LYP/
6-311++G(d,p) level of theory and are depicted in Table 5.

In this study, the rotational constants A, B and C are calcu-
lated at 5.937, 1.020 and 0.875 GHz for CM; and 2.163, 0.781
and 0.576 GHz for DCM, respectively. All these thermodyn-
amic calculations were done in gas phase and pertained to
one mole of perfect gas at one atm. As per the second law of
thermodynamics in thermo chemical field [67], the parameters
presented in Table 5 can be used to compute other thermodyn-
amic energies and help to estimate the directions of chemical
reactions.

4.6. Natural bond orbitals (NBO) analyses

The results of NBO analysis for CM and DCM are reported in
Tables 6 and 7, respectively. Only major contributors to the
stabilisation energy are included in these tables. In NBO
method, the orbitals are selected theoretically such that the
highest possible percentage of the electron density (ED) is
included. Hence, it provides a convenient means for elucida-
tion of a clear ‘natural Lewis structure’ of the wave function
(Ψ). Further, it also demonstrates the conjugative interaction
due to charge transfer at a molecular level and reveals the exist-
ence of intra- and inter-molecular bonding and interaction
among bonds precisely. The significant value of stabilisation
Energy E(2) implies strong interaction between the electron
donors and electron acceptors, resulting in a greater extent
of conjugation of the entire structure. The delocalisation of
electron density, between occupied Lewis-type (bonding or
lone pair) NBO orbitals and empty non-Lewis (anti bonding
or Rydberg) NBO orbitals indicates stabilisation of donor–
acceptor interaction. The overlapping between bonding π-
orbitals and anti-bonding π*-orbitals results in intra-molecu-
lar hyper conjugative interactions. This leads to intra-

Figure 13. (Colour online) Total electron density mapped with electrostatic
potential surface of (a) CM and (b) DCM.

Table 5. Thermodynamic parameters (for one mole of perfect gas at one atm.)
and rotational constants of CM and DCM.

Thermodynamic parameters
Value
CM DCM

SCF Energy (Hartree) −763.347 −1222.972
Total energy (thermal), Etotal (kcal mol−1) 63.555 58.272
Heat capacity at const. volume, CV (cal mol−1K−1) 25.163 28.840
Heat capacity at const. pressure, CP (cal mol−1K−1) 27.149 30.826
Entropy, S (cal mol−1K−1) 87.336 90.157
Vibrational energy, Evib (kcal mol−1) 61.778 56.494
Zero-point vibrational energy, E0 (kcal mol−1) 59.052 53.214
Rotational constants (GHz)

A 5.937 2.163
B 1.020 0.781
C 0.875 0.576

Table 6. Second-order perturbation energies E(2) (kJ/mol) corresponding to the most important charge transfer interaction (donor–acceptor) in
CM by DFT/B3LYP/6-311++G(d,p) method (only major contributors to stabilisation energy are given).

NBO(i) Type ED/e NBO(j) Type ED/e E(2)a (kJ/mol ) E (j)–E(i)
b (a.u.) F (i, j)

c (a.u.)

N1-C6 σ 1.9765 C2-Cl7 σ* 0.0700 5.13 0.98 0.064
π 1.7100 C2-N3 π* 0.4149 34.67 0.30 0.093

C4-C5 π* 0.2936 12.03 0.33 0.056
C2-N3 π 1.7142 N1-C6 π* 0.3543 11.26 0.32 0.054

C4-C5 π* 0.2936 25.50 0.34 0.084
N3-C4 σ 1.9763 C2-Cl7 σ* 0.0700 5.21 0.98 0.065
C4-C5 π 1.6080 N1-C6 π* 0.3543 31.63 0.26 0.082

C2-N3 π* 0.4149 16.92 0.25 0.059
C4-H8 σ 1.9826 C2-N3 σ* 0.0448 4.10 1.06 0.059
C6-H9 σ 1.9824 N1-C2 σ* 0.0453 4.15 1.06 0.060
C10-H11 σ 1.9886 C5-C6 σ* 0.0323 4.69 1.06 0.063
LP N1 σ 1.9056 C2-N3 σ* 0.0448 12.37 0.88 0.094

C5-C6 σ* 0.0323 8.34 0.91 0.079
LP N3 σ 1.9044 N1-C2 σ* 0.0453 12.48 0.88 0.095

C2-Cl7 σ* 0.0700 4.00 0.50 0.040
C4-C5 σ* 0.0315 8.31 0.91 0.079

LP Cl7 π 1.9670 N1-C2 σ* 0.0453 5.55 0.82 0.060
C2-N3 σ* 0.0448 5.55 0.83 0.061

π 1.9063 C2-N3 π* 0.4149 16.70 0.29 0.067
aE(2) means energy of hyper conjugative interaction (stabilisation energy).
bEnergy difference between donor (i) and acceptor (j) natural bond orbitals.
cF(i,j) is the Fock matrix element between i and j natural bond orbitals.
a.u.: atomic unit.
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molecular charge transfer (ICT) that stabilises the system. Such
interactions are observed as an enhancement in the electron
density in pyrimidine C2-N3, C4-C5 and N1-C6 anti-bonding
orbitals. They weaken the corresponding bonds. The electron
density for CM at the conjugated π-bonds of the pyrimidine
ring is between 1.6080 and 1.7142 (see Table 6), whereas the
corresponding values for π*-anti-bonds is in the range
0.2936–0.4149. As a consequence of this intense charge deloca-
lisation, the molecule generates total stabilisation energy
148.71 kcal mol−1 from the pyrimidine ring alone. The inter-
actions π(N1-C6) → π*(C2-N3, C4-C5); π(C2-N3) → π*
(N1-C6, C4-C5); π (C4-C5) → π* (N1-C6, C2-N3); LP
C17→ π* (C2-N3) possess stabilisation energy in the range
11.26–34.67 kcal mol−1, respectively. As a result of π-electron
cloud movement from donor to acceptor, the molecule gets
more polarised. Similar conclusions can be made for DCM
by examining the data reported in Table 7.

5. Conclusions

The following inferences can be made on the basis of the inves-
tigation carried out.

(1) Both 2-chloro-5-methylpyrimidine and 2,4-dichloro-5-
methylpyrimidine molecules exhibit C1 point group sym-
metry in the ground state. The dihedral angles are 0° and
180°, respectively, for CM and DCM, in the ground state
(this is an around inter-link C–C bond connecting pyrimi-
dine ring and methyl moiety).

(2) Theoretical geometry parameters show good agreement
for 2-chloro-5-methylpyrimidine and 2,4-dichloro-5-
methylpyrimidine with their experimental counterparts
in related molecules. Further, the existence of inter-mol-
ecular hydrogen bond is predicted in their dimers.

(3) Experimental and computed vibrational frequencies agree
well for both molecules.

(4) All fundamentals of both CM and DCM are assigned
unambiguously for the first time.

(5) Small value of HOMO–LUMO energy gap signifies that
the molecules are easily polarisable. Similarly, negative
value of chemical potential indicates that the molecules
are stable.

(6) The MESP map of both molecules shows that the negative
potentials are over the electronegative nitrogen atoms of
the pyrimidine ring, whereas the positive potentials are
over the hydrogen atoms of the pyrimidine ring and
that of the methyl group.
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