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Fourier transform infrared and Raman spectra of nicorandil have been recorded. The structure, conformational stability,
geometry optimisation and vibrational frequencies have been investigated. Complete vibrational assignments were made for
the stable conformer of the molecule using restricted Hartree–Fock (RHF) and density functional theory (DFT) calculations
(B3LYP) with the 6-31G(d,p) basis set. Comparison of the observed fundamental vibrational frequencies of the molecule
and calculated results by RHF and DFT methods indicates that B3LYP is superior for molecular vibrational problems.
The thermodynamic functions of the title molecule were also performed using the RHF and DFT methods. Natural bond
order analysis of the title molecule was also carried out. Comparison of the simulated spectra with the experimental spectra
provides important information about the ability of the computational method to describe the vibration modes.
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1. Introduction

Nicorandil is a nicotinamide nitrate used as an antianginal

agent. It is chemically known as N-[2-nitroxy ethyl]-3-

pyridine carboxamide, which belongs to the class of

compounds known as potassium channel activators.

Nicorandil has venodilating properties (i.e. relaxing the

smooth muscle of the blood vessels) owing to the presence

of the nitrate group in its structure. The potassium channel

activation may also exert direct cytoprotective effects by

augmenting a normal physiological process, which

protects heart against ischaemic events [1,2].

To our knowledge, no theoretical Hartree–Fock (HF)

or density functional theory (DFT) calculations or detailed

vibrational infrared (IR) and Raman analyses have been

performed on the nicorandil molecule. A detailed quantum

chemical investigation will aid in understanding the

vibrational modes of nicorandil and clarifying the

experimental data available for this molecule. DFT

calculations are known to provide excellent vibrational

wavenumbers scaled to compensate for the approximate

treatment of electron correlation, for basis set deficiencies

and anharmonicity effects [3–8]. DFT is the best method

rather than the ab initio method for the computation of

molecular structure, vibrational wavenumbers and energies

of molecules [9]. In this work, by using the HF and B3LYP

methods, we calculated the vibrational wavenumbers of

nicorandil and molecular geometric parameters. These

calculations are valuable for providing insight into the

vibrational spectrum and molecular parameters.

2. Experimental

The spectroscopic pure sample of nicorandil was procured

from reputed pharmaceutical firms in Chennai, India and

used as such without any further purification. The Fourier

transform infrared (FTIR) spectrum of nicorandil was

recorded on an ABB Bomem Series spectrometer over the

region 4000–400 cm21 by adopting the KBr pellet

technique at Dr Ceeal Analytical Lab, Chennai, India.

The FT-Raman spectrum was recorded on a Nexus 670

spectrometer at Central Electro Chemical Research

Institute Laboratory, Karaikudi, India. The laser frequency

of 15,798 cm21 was used as the excitation source.

The spectrometer is fitted with an XT-KBr beam splitter

and a DTGS detector. A baseline correction was made for

the spectrum recorded.

3. Computation

All the theoretical computations were performed at

restricted HF (RHF) and B3LYP levels on a Pentium

IV/1.6 GHz personal computer using the Gaussian 03W

program package [10]. The geometries were first

optimised at the RHF level of theory employing the 6-

31G(d,p) basis set. DFT employed the B3LYP keyword,

which invokes Becke’s three-parameter hybrid method [9]

using the correlation function of Lee et al. [11]. Polarisa-

tion functions were added for a better description of polar

bonds of amino and nitro groups. The optimised geometry

was used in the vibrational frequency calculations at the
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RHF and DFT levels to characterise all stationary points as

minima. Finally, calculated normal-mode vibrational fre-

quencies provide thermodynamic properties by way of

statistical mechanics. The vibrational frequency assignments

were made with a high degree of accuracy with the help of

Chemcraft software program (Chem3D Ultra 8.0, Cambrid-

gesoft.com, Cambridge, MA, USA).

4. Results and discussion

4.1 Molecular geometry

The optimised molecular structure for nicorandil in the

ground state (in vacuo) was computed by RHF and B3LYP

calculations with the 6-31G(d,p) basis set. The values of

the total energy for nicorandil, obtained from the RHF and

B3LYP calculations by employing the 6-31G(d,p) basis

set, are found to be 2770.84 a.u. (2.032 £ 106 kJ/mol)

and 2775.30 a.u. (2.043 £ 106 kJ/mol), respectively.

The calculated geometrical parameters (bond lengths and

bond angles) were compared with experimentally obtained

X-ray diffraction (XRD) data values [12]. As the experi-

mental values for nicorandil are known, the theoretically

calculated values may give an idea about the geometry of

these molecules and also an idea of how the geometry

of the molecule changes from the ab initio method

of calculation and the DFT method of calculation.

The optimised structural parameters of nicorandil from

the RHF/6-31G(d,p) and B3LYP/6-31G(d,p) calculations

and the XRD values are listed in Table 1, in accordance with

the atom numbering scheme given in Figure 1. The slight

deviation in XRD data from the computed geometry is

probably due to the fact that the intermolecular interactions

in the crystalline state are dominant. The B3LYP method

leads to geometry parameters, which are close to

experimental data [12]. A statistical treatment of these

data shows that, for the bond lengths, B3LYP/6-31G(d,p) is

better than the RHF/6-31G(d,p) geometry. The correlation

coefficients for bond lengths computed from the DFT and

RHF methods with the experimental values were found to

be 0.9809 and 0.9709, respectively. Similarly, the

correlation coefficients for bond angles computed from

the DFT and RHF methods with the experimental values

were found to be 0.9335 and 0.8851, respectively. It can be

noted from the correlation coefficient values that the

theoretical predictions are not in good agreement with the

experimental value for bond angles.

4.2 Bond order analysis

The bond order of nicorandil is presented in Table 2. Bond

order is related to bond strength. The bonds with the higher

bond order values have short bond length and vice versa.

Table 1. Comparison between the RHF and DFT calculated and experimental values of geometrical parameters of nicorandil.

Bond length (Å) Bond angle (8)

DFT RHF Reference [12] DFT RHF Reference [12]

C1ZC2 1.399 1.387 1.381 C4ZN6ZC5 117.3 118.0 116.7
C1ZC3 1.392 1.382 1.385 C3ZC5ZN6 123.7 123.6 124.0
C1ZH16 1.087 1.076 – C1ZC3ZC5 118.4 118.2 118.6
C2ZC4 1.403 1.392 1.394 C3ZC1ZC2 118.9 118.9 118.8
C2ZC7 1.499 1.496 1.493 C1ZC2ZC4 117.8 117.8 117.9
C3ZC5 1.396 1.384 1.383 C1ZC2ZC7 124.5 124.3 124.8
C3ZH17 1.085 1.074 – C4ZC2ZC7 117.8 118.0 117.4
C4ZN6 1.335 1.318 1.335 C2ZC4ZN6 123.9 123.6 124.0
C4ZH18 1.087 1.074 – C2ZC7ZO9 122.0 121.7 120.4
C5ZN6 1.340 1.322 1.328 C2ZC7ZN8 116.4 116.7 117.3
C5ZH19 1.088 1.076 – O9ZC7ZN8 121.6 121.7 122.3
C7ZN8 1.374 1.361 1.337 C7ZN8ZC10 120.2 120.4 121.5
C7ZO9 1.227 1.201 1.236 N8ZC10ZC11 110.7 110.4 112.5
N8ZC10 1.456 1.449 1.450 C10ZC11ZO12 104.8 104.3 111.7
N8ZH20 1.008 0.992 – C11ZO12ZN13 113.8 116.4 114.7
C10ZC11 1.530 1.520 1.510 O12ZN13ZO14 112.7 113.9 113.7
C10ZH21 1.094 1.082 – O12ZN13ZO15 117.4 117.9 118.4
C10ZH22 1.093 1.082 – O14ZN13ZO15 129.9 128.1 127.9
C11ZO12 1.445 1.436 1.459 CC 0.9335 0.8851
C11ZH23 1.094 1.080 –
C11ZH24 1.092 1.078 –
O12ZN13 1.416 1.329 1.382
N13ZO14 1.206 1.178 1.198
N13ZO15 1.214 1.186 1.204
CC 0.9809 0.9709

Note: CC, correlation coefficient.
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The bond order analysis may predict that the weakest

bonds may be cleaved preferentially and they may possess

a relatively low p-bond character. The bond order values

of CZC and CZN bonds in pyridine rings show that they

have delocalised double bond characteristics. The bond

order value of C7ZN8 shows single bond nature. The

N13ZO14 and N13ZO15 bond order values are in the range

1.5, which depict the double bond character, while the

N13ZO12 bond order value is approximately unity, which

shows the single bond character. The optimised geometri-

cal values are in support of the bond order analysis.

4.3 Natural population analysis

The calculation of effective atomic charges plays an

important role in the application of quantum mechanical

calculations to molecular systems. Our interest here is in

the comparison of different methods (RHF and DFT) to

describe the electron distribution in nicorandil as broadly

as possible, and to assess the sensitivity of the calculated

charges to changes in the choice of the quantum chemical

method. The calculated natural atomic charge values from

the natural population analysis (NPA) and Mulliken

population analysis (MPA) procedures using the RHF and

DFT methods are listed in Table 3. The NPA from the

natural bonding orbital (NBO) method is better than the

MPA scheme. Table 3 compares the atomic charge site of

nicorandil from both MPA and NPA methods. The NPA of

nicorandil shows that the presence of three oxygen atoms

in the nitrate moiety [O12 ¼ 20.448 (RHF) and 20.402

(DFT); O14 ¼ 20.426 (RHF) and 20.333 (DFT);

O15 ¼ 20.469 (RHF) and 20.367 (DFT)] imposes large

positive charges on the nitrogen atom [N13 ¼ 0.935 (RHF)

and 0.748 (DFT)]. However, the nitrogen atoms N6 and N8

possess large negative charges, resulting in the positive

charges on the carbon atoms C4, C5 and C7. Moreover,

there is no difference in charge distribution observed on all

hydrogen atoms except the H20 hydrogen atom

(H20 ¼ 0.426 in RHF and 0.425 in DFT). The large

positive charge on H20 is due to the large negative charge

accumulated on the N8 atom.

4.4 Vibrational spectral assignment

From the optimised geometry, it is observed that the

nicorandil molecule belongs to the C1 symmetry and hence

all the 66 modes of vibrations are both IR and Raman

active. In the present work, FTIR and FT-Raman spectra of

nicorandil have been recorded (see Figures 2 and 3,

respectively). Owing to the lack of sufficiently detailed

experimental data for the nicorandil molecule, the

vibrational spectra were obtained by the RHF and DFT

calculations. Figures 4 and 5 show the theoretically

simulated vibrational spectrum of nicorandil by the DFT

and RHF methods, respectively. Because of the low IR and

Raman intensity of some modes, it is difficult to observe

them in the IR and Raman spectra. The RHF and DFT

calculations have been carried out to estimate the

fundamental vibrational frequencies. The calculated

vibrational mode frequencies of nicorandil were compared

with the observed frequencies. The assignments of the

vibrational absorptions were made by using Chemcraft

software program (Chem3D Ultra 8.0, Cambridgesoft.

com). Calculations were made for a free molecule in

vacuum, while experiments were performed for solid

samples, so that there are disagreements between the

calculated and observed vibrational wavenumbers. The

scaling factors 0.960 and 0.899 for the DFT and RHF

values, respectively, have to be necessarily used to find a

good agreement with the experimental values [13]. The

DFT values were found to be in good agreement with the

Figure 1. Atom numbering scheme of nicorandil.

Table 2. Bond orders of nicorandil.

Bond order B3LYP/6-31G(d,p) RHF/6-31G(d,p)

C1ZC2 1.3939 1.4021
C1ZC3 1.4405 1.4385
C1ZH16 0.9115 0.9181
C2ZC4 1.3670 1.3698
C2ZC7 1.0007 0.9925
C3ZC5 1.4256 1.4249
C3ZH17 0.9080 0.9150
C4ZN6 1.4442 1.4330
C4ZH18 0.8963 0.9061
C5ZN6 1.4163 1.4069
C5ZH19 0.9083 0.9169
C7ZN8 1.1580 1.1191
C7ZO9 1.6558 1.6366
N8ZC10 0.9664 0.9581
N8ZH20 0.7887 0.7948
C10ZC11 0.9931 0.9987
C10ZH21 0.8925 0.9083
C10ZH22 0.9116 0.9240
C11ZO12 0.8683 0.8241
C11ZH23 0.9127 0.9259
C11ZH24 0.9005 0.9146
O12ZN13 0.9052 0.9918
N13ZO14 1.5751 1.5762
N13ZO15 1.5409 1.5312

Molecular Simulation 427

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
0
9
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



experimental values after scaling the vibrational frequen-

cies in comparison to the RHF values. The calculated and

experimental wavenumbers and intensities for all the

fundamental modes of vibration for nicorandil with their

corresponding vibrational assignments are given in Table 4.

4.5 NZH stretching modes

Secondary amides show only one NZH stretching band

while primary amides display two NZH stretching modes

due to symmetrical and asymmetrical stretching modes of

vibrations. From the IR spectroscopy of secondary amides,

free NZH stretching vibrations are observed in the range

3500–3400 cm21 in dilute concentrations and, in solid

samples, these bands are shifted to 3350–3200 cm21 [14].

Azhagiri et al. [15] have assigned the NZH stretching

vibration in the region 3500–3750 cm21 for the gas-phase

2-nitroaniline by both DFT and RHF methods. With this

analogy, a sharp, strong intense band at 3245 cm21 in the

FTIR spectrum and a weak intense band at 3251 cm21 in

the FT-Raman spectrum have been assigned to NZH

stretching vibrations, which is calculated near 3513 cm21

in the DFT method and 3520 cm21 in the RHF method.

4.6 CZH stretching modes

Floare et al. [16] assigned the weak to medium intensity

bands observed at 3000–3100 cm21 in the IR spectrum

and the medium to strong intensity bands in the above

region in the Raman spectrum to CZH stretching

vibrations in the pyridine ring. Also, the normal coordinate

analysis of some pyridine reported by Venkatram Reddy

and Ramana Rao [17] identified that the bands at 3080 and

3036 cm21 are due to CZH stretching vibrations. With this

view, the bands observed at 3077 and 3018 cm21 in the

FTIR spectrum and 3094, 3059, 3017 and 3000 cm21 in

the FT-Raman spectrum were assigned to CZH stretching

vibrations in the pyridine ring CH modes. The DFT

calculation correlates with the experimental assignment

Table 3. Natural atomic charges of nicorandil.

MPA NPA

Atom with numbering RHF/6-31G(d,p) B3LYP/6-31G(d,p) RHF/6-31G(d,p) B3LYP/6-31G(d,p)

C1 20.074 20.087 20.149 20.195
C2 20.208 0.020 20.237 20.181
C3 20.215 20.102 20.305 20.275
C4 0.174 0.095 0.131 0.066
C5 0.144 0.104 0.094 0.030
N6 20.542 20.433 20.508 20.442
C7 0.797 0.560 0.844 0.68
N8 20.755 20.554 20.753 20.667
O9 20.605 20.513 20.715 20.613
C10 20.045 20.076 20.235 20.292
C11 0.110 0.071 20.067 20.142
O12 20.532 20.401 20.448 20.402
N13 0.981 0.756 0.935 0.748
O14 20.443 20.354 20.426 20.333
O15 20.473 20.366 20.469 20.367
H16 0.169 0.097 0.235 0.239
H17 0.168 0.102 0.244 0.250
H18 0.200 0.137 0.244 0.249
H19 0.164 0.110 0.224 0.231
H20 0.314 0.266 0.426 0.425
H21 0.180 0.157 0.245 0.261
H22 0.149 0.122 0.231 0.247
H23 0.151 0.125 0.218 0.230
H24 0.188 0.161 0.241 0.253

Figure 2. FTIR spectrum of nicorandil.

R. Meenakshi et al.428

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
0
9
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



better than the RHF method. The methyl CZH stretching

vibrational modes are assigned to lower wavenumbers.

The corresponding calculated values fall in the same

region. The corresponding computed bands at 2952, 2961,

3005 and 3029 cm21 in DFT values and 2913, 2940, 2961

and 3011 cm21 in RHF values are due to CH stretching

vibrations of methyl group present in the molecule. These

CZH stretching vibrations are pure modes.

4.7 CvO and NvO, and CvC stretching vibrations

The CvO stretching is assigned at 1692 and 1750 cm21 in

the DFT and RHF methods, respectively, meanwhile in the

FTIR and FT-Raman spectra, the assignment goes to 1717

and 1720 cm21, respectively. In the FTIR spectrum, the

NvO stretching is assigned at 1629 cm21, whereas in the

FTIR spectrum, it is assigned at 1630 cm21. The DFT

calculations assigning these NvO stretching at 1689 cm21

give a deviation of 3.6%, and the RHF calculations at

1716 cm21 have a deviation of 5.3%. The above results are

in agreement with the literature [18]. The bands observed

at 1558 and 1591 cm21 in the FTIR spectrum and at 1569

and 1592 cm21 in the Raman spectrum are ascribed to the

CvC stretching mode. These vibrations are predicted at

1557 and 1579 cm21 by DFT calculations for nicorandil,

which agree well with the experimental values. Our

calculations predicted that the intense bands observed at

1373 cm21 in the FTIR spectrum and 1363 cm21 in the

Raman spectrum have resulted from the interaction of

CvC stretching and CCH bending vibration of the

pyridine ring group.

4.8 CZN and CZC stretching vibrations

The intense bands observed in the FTIR and FT-Raman

spectra at 1324 cm21 are attributed to CC and CN stretching

vibrations. A very strong band observed at 1277 cm21 in the

Raman spectra, and also observed as an intense band at

1289 cm21 in the FTIR spectrum, resulted from the

Figure 3. FT-Raman spectrum of nicorandil.

Figure 4. DFT-simulated IR spectrum of nicorandil. Figure 5. RHF-simulated IR spectrum of nicorandil.
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interaction between NZH bending and CZN stretching and

CCH bending vibrations of CNH and CCH groups.

4.9 Bending vibrations

The deformation vibration of the NO2 group, i.e. rocking,

wagging and scissoring, contributes to the vibrational

modes in the lower frequency region. The theoretically

calculated values at 367, 731 and 842 cm21 in the DFT

values and 382, 763 and 857 cm21 in the RHF values

correspond to rocking, wagging and scissoring of the NO2

vibrations. These findings are in good agreement with the

results of our earlier report [15]. The scissoring mode of

the CH2 group gives rise to a characteristic band near

1465 cm21 [14] in the IR and Raman spectra. In the

present study, the band that appears at 1426 cm21 in both

IR and Raman spectra is assigned to the scissoring mode of

the CH2 group. The calculated values of 1430 and

1459 cm21 in the DFT and RHF methods agree with the

experimental values of CH2 scissoring vibrations of

nicorandil. The FTIR bands at 1170 and 1260 cm21 and

Raman bands at 1169 and 1248 cm21 were ascribed to the

CH2 twisting mode of vibration. These observations are

made in analogy with the literature values [14]. The other

bending vibrations, i.e. HCH, CCH, ONO, CCC, CCO and

CCN, are identified and assigned.

4.10 Thermodynamic properties

Several calculated thermodynamic parameters at room

temperature are presented in Table 5. According to

Koopmanns’ theorem, ionisation potential (I) is the negative

of the highest occupied molecular orbital (HOMO) energy,

i.e. I ¼ 2EHOMO, and affinity potential (A) is the negative of

the lowest unoccupied molecular orbital (LUMO) energy,

i.e. A ¼ 2ELUMO, which are summarised in Table 5.

In general, the HOMO becomes less bound while the

LUMO becomes more bound. From Table 5, it is concluded

that the lowest energy gap was found at the DFT method.

The variations in the entropy and zero-point vibrational

energies seem to be insignificant. The thermal energy of

nicorandil is found to be smaller in the DFT method.

5. Conclusion

We present results on the structural and vibrational

properties of nicorandil using mid-IR and Raman spectra.

The theoretically calculated values of both bond lengths

and bond angles of the structures of the minimum energy

were then compared with X-ray crystallographic data.

The data obtained during the course of the present

investigation show that a better agreement between the

experimental and computed data is obtained using the DFT

method B3LYP with the basis set 6-31G(d,p).

This study predicted that the vibrational frequencies of

nicorandil could be successfully elucidated by the RHF and

B3LYP methods using Gaussian program. The fitting

between calculated and measured vibrational frequencies

was achieved by these methods and the deviations between

calculated and experimental values are quite small after

scaling the frequencies. Therefore, this study confirms that

the theoretical calculation of the vibrational frequencies for

nicorandil is quite useful for determining the vibrational

assignment and for predicting new vibrational frequencies.

The bond order and atomic charges of the title molecule

have been studied by both RHF and DFT methods. The

calculated normal-mode vibrational frequencies provide

thermodynamic properties by way of statistical mechanics.
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