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Quantum chemical calculations on the geometrical, conformational,  
spectroscopic (FTIR, FT-Raman) analysis and NLO activity of milrinone  

[5-cyano-2-methyl-(3,4'-bipyridin)-6(1h)-one] by using hartree-fock and density 
functional methods 
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The Fourier transform infrared (FTIR) and Fourier transform Raman (FT-Raman) spectra of milrinone [5-Cyano-2-
methyl-(3,4'-bipyridin)-6(1H)-one] in solid phase have been recorded and analyzed. Quantum chemical calculations of the 
optimized molecular structure, energies, molecular surfaces, conformational, nonlinear optical (NLO) properties and 
vibrational studies of milrinone have been calculated by using hartree-fock (HF) and density functional theory 
(DFT/B3LYP) with 6-31G(d,p) basis set. Obtained results on the geometric structure are compared with the experimental X-
ray diffraction. The calculated highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 
(LUMO) energies also confirm that charge transfer occurs within the molecule. Molecular parameters like global hardness 
(η), global softness (σ) and electronegativity (χ) have been calculated with the results obtained from the HOMO and LUMO 
molecular orbital energies. Nonlinear optical parameters [mean polarizability (<α>), the anisotropy of the polarizability 
(<Δα>) and the mean first-order hyperpolarizability (<β>)] of the title compound have been investigated theoretically. A 
detailed interpretation of the infrared and raman spectra of milrinone have been performed with HF and DFT calculations 
and the potential energy distribution (PED) obtained from the vibrational energy distribution analysis (VEDA4) program.  
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1 Introduction 
2(1H)-Pyridones are also known as 2-pyridinones 

or 1,2-dihydro-2-oxopyridines, and represent a class 
of pyridine-containing heterocycles. It is well known 
that many naturally occurring and synthetic 
compounds containing a 2-pyridone ring system have 
a broad spectrum of biological activity1-3 and have 
recently received a great attention due to their 
interesting pharmacological properties. Some of them, 
such as milrinone and amrinone are members of a 
new class of nonglycosidic positive inotropic 
bipyridines which are useful in the treatment of 
congestive heart4–7.  

In a previous publication, the molecular 
electrostatic potential (MEPs) and atomic charges of 
milrinone were investigated on the fully optimized 
structure using the 3-21G** basis set8. The crystal 
structure of the milrinone [5-Cyano-2-methyl- 
(3,4'-bipyridin)-6(1H)-one] was synthesized and 
characterized with X-ray diffraction method by 
Cody9. Literature survey reveals that to the best of our 

knowledge no ab initio (HF) and density functional 
theory (DFT) spectroscopic and harmonic vibrational 
frequency calculations of milrinone have been 
reported up to the present. Hence, the purpose of the 
present study is to give a complete description of the 
molecular geometry and the detailed theoretical and 
experimental investigation on the molecular 
vibrational spectra of title molecule. Besides, we 
described and characterized the molecular structure, 
conformational analysis, the total energy, the frontier 
molecular orbital energies (EHOMO and ELUMO), 
molecular electrostatic potential map (MEP) and 
molecular surfaces, electronegativity (χ), global 
hardness (η) and global softness (σ) properties, 
nonlinear optical (NLO) analysis and vibrational 
frequencies of the investigated molecule in the ground 
state calculated with HF and DFT/B3LYP levels for 
the 6-31G(d,p) basis set. The mean first-order 
hyperpolarizability (<β>) and related properties 
(dipole moment (μ), the mean polarizability <α> and 
the anisotropy of the polarizability <Δα>) of title 
compound were calculated by using the same methods 
based on the finite-field (FF) approach.  

—————— 
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2 Experimental Details 
Milrinone in the solid form was purchased from the 

Sigma-Aldrich Chemical Company (USA), with a 
stated purity of greater than 97% and it was used as 
such to record FTIR and FT-Raman spectra. The 
Fourier transform infrared (FTIR) spectrum of solid 
milrinone was recorded using an Agilent Cary 630 
FTIR spectrometer with the KBr technique in the 
region 4000-400 cm-1. The Fourier transform Raman 
(FT-Raman) spectrum of solid milrinone was measured 
and recorded in the range of 4000-400 cm−1 using  
1064 nm line of InGaAs laser as excitation wavelength 
on a Nicolet NXR FT-Raman spectrophotometer. 
 

3 Computational Details 
The quantum mechanical calculations were carried 

out using Gaussian 09 Rev. 11.4 package program10 
and the obtained results were visualized by Gauss 
view rev. 5.0.9 software11. The molecular structure of 
the milrinone [5-Cyano-2-methyl-(3,4'-bipyridin)-
6(1H)-one] in the ground state was calculated by 
performing both Hartree–Fock (HF) and the density 
functional theory (DFT) by a hybrid functional 
B3LYP (Becke’s three parameter hybrid functional 
using the LYP correlation functional) methods12,13 at 
6-31G(d,p) basis set. The optimized structure 
parameters (bond lengths, bond angles and dihedral 
angels), vibrational frequencies, IR and Raman 
intensities of the milrinone were calculated with 
HF/6-31G(d,p) and B3LYP/6-31G(d,p) methods and 
then scaled the frequencies with scaling factors14,15 

0.8991 and 0.9614, respectively, and these results 
were compared with the experimental data. Detailed 
assignments of the computed normal modes were 
analyzed in terms of the percentage potential energy 
distribution (PED) contributions by using the 
vibrational energy distribution analysis (VEDA4) 
program written by Jamroz16. The optimized structure 
of the title molecule is confirmed to be located at the 
local true minima on the potential energy surface, as 
they have not got any imaginary frequency modes. 

In the context of the HF theorem, the highest 
occupied molecular orbital (EHOMO) and the lowest 
unoccupied molecular orbital (ELUMO) energies are 
used to approximate the ionization potential (I) and 
electron affinity (A) given by Koopmans’ theorem17, 
respectively. The ionization potential (I = ‒EHOMO) is 
directly proportional to the HOMO energy and the 
electron affinity (A = ‒ELUMO) is directly proportional 
to the LUMO energy. Although no formal proof of 
this theorem exists within density functional theory 

(DFT), its validity is generally accepted. DFT has 
been to be successful in providing insights into the 
chemical reactivity, in terms of molecular parameters 
such as global hardness (η), global softness (σ) and 
electronegativity (χ). The global hardness,

  22)(η LUMOHOMO EEAI   is a measure the 

resistance of an atom to charge transfer18. The global 
softness,  LUMOHOMO2η1σ EE   describes the 

capacity of an atom or a group of atoms to receive 
electrons18. Electronegativity,

  22)(χ LUMOHOMO EEAI   is a measure of 

the power of an atom or a group of atoms to attract 
electrons towards itself19. 

The energy of an uncharged molecule under a 
weak, general electric field can be expressed by 
Buckingham type expansion20-22: 

β)6/1(α)2/1(0  kjiijkjiijii FFFFFFEE    … (1) 

where E is the energy of a molecule under the electric 
field F, E0 is the unperturbed energy of a free 
molecule, Fi is the vector component of the electric 
field in the i direction, and μi, αij and βijk are the dipole 
moment, mean polarizability and the mean first-order 
hyperpolarizability, respectively. Here, each subscript 
of i, j and k denotes the indices of the Cartesian axes 
x, y and z. The ground state dipole moment (μ), the 
mean polarizability <α>, the anisotropy of the 
polarizability <Δα> and the mean first-order 
hyperpolarizability (β), using the x, y, z components 
they are defined as23,24: 

  2/1222 μμμμ zyx    … (2) 
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     222 ββββββββββ zyyzxxzzzyxxyzzyyyxzzxyyxxx    … (5) 

The mean polarizability and the mean first-order 
hyperpolarizability tensors αxx, αxy, αyy, αxz, αyz, αzz and 
βxxx, βxxy, βxyy, βyyy, βxxz, βxyz, βyyz, βxzz, βyzz, βzzz can be 
obtained by frequency job output file10 of 
GAUSSIAN-09W. Since the values of the mean 
polarizabilities (α) and first-order hyperpolarizability 
(β) of GAUSSIAN-09W output are reported in atomic 
units (a.u.), the calculated values have been converted 
into electrostatic units25 (esu) (α: 1 a.u. = 0.1482×10-24 
esu; β:1 a.u. = 8.6393×10-33 esu). 
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4 Results and Discussion 
4.1 Geometric structure  

The crystal structure of milrinone [5-Cyano-2-
methyl-(3,4'-bipyridin)-6(1H)-one] [C12H9N3O] was 
taken from Cambridge Crystallographic Data Center 
(CCDC 1156532). The crystal structure parameters9 
of milrinone are a =3.8380(3) Å, b =13.1010(12) Å, c 
=8.0980(8) Å, β=96.010(4)0 and V=404.94(6) Å3. It 
was synthesized by Cody9 and the optimized 
molecular structure with the atom numbering scheme 
obtained from B3LYP/6-31G(d,p) level is shown in 
Fig. 1. Obtained optimized structure parameters (bond 
lengths, bond angles and dihedral angles) for 
milrinone calculated with ab initio HF and B3LYP 
methods using 6-31G(d,p) basis set are listed in the 
Table 1 and compared with experimental parameters 
available from X-ray diffraction data9. The investigated 
compound milrinone has similar pyridine rings same as 
amrinone except for substituent groups attached to the 
pyridine ring. Therefore we have compared the 
calculated structural parameters of the milrinone and 
amrinone with experimentally available values from 
the X-ray study9 and have presented in Table 1.  

From the Table 1, the calculated optimized 
structure parameters obtained from HF and B3LYP 
levels are in very good agreement with the 
experimental values. As seen from Table 1, while the 
optimized C-C bonds of the rings lie in the range of 
1.351–1.458 Å and 1.339–1.473 Å for HF/6-31G(d,p) 
and 1.376–1.461 Å and 1.369–1.469 Å for B3LYP/6-
31G(d,p) levels, the experimental C-C values fall in 
the range of 1.374–1.437 Å and 1.346–1.421 Å for 
milrinone and amrinone, respectively. 

The bond lengths and bond angles of the cyano 
group (C≡N) confirm linearity which is a quite 
commonly feature observed in carbonitrile 
compounds26. Sert et al.27 calculated this bond length 
as 1.155 Å for B3LYP/6-311++G(d,p) and 1.130 Å 
for HF/6-311++G(d,p).  

In milrinone and amrinone molecules, the 
experimental C51≡N52 and C5-N5 bond lengths9 were 
observed as 1.140 and 1.368 Å, respectively. In our 
calculations, at the B3LYP/6-31G(d,p) and HF/6-
31G(d,p) methods, the cyano group bond length for 
milrinone is 1.163 and 1.136 Å, whereas the C5-N5 
bond length for amrinone is 1.374 and 1.378 Å, 
respectively. Further the result of our calculations 
showed that (C51≡N52) bond shows typical triple 
bond characteristics, whereas (C5-N5) bond shows 
single bond characteristics. The bond angle of the 
cyano group (C5-C51-N52) was 177.92° at HF/6-
31G(d,p) and 178.47° at B3LYP/6-31G(d,p). 

The C4=O41 bond length9 was found at 1.240 Å for 
milrinone and 1.263 Å for amrinone and this bond 
was computed at 1.197 and 1.221 Å for milrinone and 
1.207 and 1.234 Å for amrinone at HF and B3LYP 
levels with 6-31G(d,p) basis set, respectively.  
The C4=O41 bond length is consistent with the C=O 
double bonding. This bond distance is comparable 
with those of compounds previously reported as  
2-pyridone28,29.  

To make comparison with experimental results, we 
present linear correlation coefficients (R2) for linear 
regression analysis of theoretical and experimental 
bond lengths and angles. These coefficients can be 
seen in the last line of Table 1. Correlation graphic for 
the calculated at HF/6-31G(d,p) and B3LYP/6-
31G(d,p) levels and experimental bond lengths and 
bond angles are shown in Fig. 2. The bond lengths 
calculated by using the HF and B3LYP methods with 
6-31G(d,p) basis set for milrinone and amrinone 
correlate fairly with experimental data (R2 is 0.985 
(HF method) and 0.987 (B3LYP method) for 
milrinone and 0.914 (HF method) and 0.976 (B3LYP 
method) for amrinone, respectively). For bond angles, 
R2 is 0.986 (HF method) and 0.986 (B3LYP method) 
for milrinone and 0.893 (HF method) and 0.899 
(B3LYP method) for amrinone, respectively. It is 
evident that both methods give the most satisfactory 
correlations between experimental and calculated 
bond lengths and angles. 

Visualizing and describing the relationship between 
potential energy and molecular geometry  is called  a  

 
Fig. 1 — Optimized molecular structure with atomic numbering
scheme obtained using B3LYP/6-31G(d,p) method of milrinone 
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Table 1 — Bond lengths, bond angles and dihedral angles calculated for milrinone and amrinone using HF/6-31G(d,p) and B3LYP/6-
31G(d,p) methods compared with experimental data9 

Parameters Experimentala Experimentalb HFa B3LYPa HFb B3LYPb Parameters Experimentala Experimentalb HFa B3LYPa HFb B3LYPb

(Ref.9) (Ref.9) (Ref.9) (Ref.9) 

  Bond lengths (Å)  Bond angles (º) 

C1-C1ʹ 1.484 1.477 1.492 1.485 1.485 1.479 C1ʹ-C1-C2 123.55 121.69 124.12 123.53 121.31 120.66

C1-C2 1.386 1.346 1.358 1.386 1.339 1.369 C1-C2-N3 119.02 122.02 119.44 118.64 120.43 119.98

C1-C6 1.403 1.417 1.433 1.425 1.447 1.435 C2-N3-C4 126.61 123.17 127.37 128.06 125.44 125.80

C2-N3 1.359 1.357 1.362 1.365 1.373 1.373 N3-C4-O41 120.97 120.20 120.69 120.23 122.17 122.10

C4-C5 1.437 1.421 1.458 1.461 1.473 1.469 N3-C4-C5 113.88 116.98 112.73 112.12 114.66 114.19

C4-N3 1.372 1.354 1.384 1.412 1.361 1.386 C1-C1ʹ-C6ʹ 122.55 121.08 122.09 122.58 121.78 121.95

C4-O41 1.240 1.263 1.197 1.221 1.207 1.234 C1ʹ-C6ʹ-C5ʹ 118.88 120.58 119.03 119.33 119.14 119.54

C5-C6 1.374 1.389 1.351 1.376 1.345 1.373 C6ʹ-C5ʹ-N4ʹ 124.68 123.65 123.72 123.98 123.89 124.11

C1ʹ-C2ʹ 1.390 1.380 1.390 1.403 1.391 1.404 C5ʹ-N4ʹ-C3ʹ 115.92 115.83 117.38 116.63 117.07 116.30

C1ʹ-C6ʹ 1.392 1.411 1.389 1.403 1.391 1.404 N4ʹ-C3ʹ-C2ʹ 123.78 124.04 123.70 123.95 123.92 124.16

C2ʹ-C3ʹ 1.384 1.390 1.384 1.394 1.383 1.393 C2ʹ-C1ʹ-C1 120.34 123.42 120.74 120.65 121.35 121.64

C3ʹ-N4ʹ 1.336 1.337 1.320 1.339 1.321 1.339 C6-C1-C1ʹ 118.83 120.55 118.83 119.09 120.87 121.30

C5ʹ-C6ʹ 1.380 1.373 1.385 1.395 1.384 1.393 C4-C5-N5 - 116.40 - - 114.20 113.49

C5ʹ-N4ʹ 1.338 1.349 1.320 1.338 1.320 1.340 C5-C51-N52 178.55 - 177.92 178.47 - - 

C5-N5 - 1.368 - - 1.378 1.374 C1-C2-C21 126.11 - 126.15 126.10 - - 

C2-C21 1.499 - 1.503 1.504 - - C4-C5-C51 118.00 - 118.49 118.19 - - 

C5-C51 1.435 - 1.438 1.427 - - N3-C2-C21 114.85 - 114.40 115.24 - - 

C51-N52 1.140 - 1.136 1.163 - - C6-C5-C51 121.29 - 121.05 121.19 -  

Corr. coefficient  0.985 0.987 0.914 0.976    0.986 0.986 0.893 0.899 

Dihedral angles () 

C1ʹ-C1-
C6-C5 

-177.58 175.75 -179.49 -179.67 178.90 178.85 C6-C1-
C1ʹ-C6ʹ

134.33 170.60 119.17 129.79 139.03 146.50

C2-N3-
C4-O41 

-177.15 178.87 -179.77 -179.75 -178.42 -178.42 C1-C1ʹ-
C6ʹ-C5ʹ

-176.88 179.19 -178.71 -178.80 179.03 179.18

C2-C1-
C1ʹ-C2ʹ 

137.83 167.64 120.83 130.97 137.31 145.16 C1-C1ʹ-
C2ʹ-C3ʹ

175.97 -179.95 178.46 178.56 -179.27 -179.57

C6-C1-
C1ʹ-C2ʹ 

-42.56 -8.20 -58.78 -48.13 -41.27 -33.63 C1ʹ-C6ʹ-
C5ʹ-N4ʹ

0.77 1.47 0.48 0.52 0.54 0.70 

C6ʹ-C5ʹ-
N4ʹ-C3ʹ 

-0.59 -0.14 0.06 0.10 -0.09 -0.23 C5-C6-
C1-C1ʹ 

-177.58 175.75 -179.49 -179.67 178.90 178.85

C1ʹ-C1-
C2-C21 

-5.65 - -1.52 -1.81 - - O41-C4-
C5-N5 

- -2.60 - - -3.35 -3.05 

N3-C4-
C5-C51 

177.16 - 179.73 179.68 - - N3-C4-
C5-N5 

- 177.50 - - 177.54 177.81

O41-C4-
C5-C51 

-3.16 - -0.06 -0.01 - - C1-C6-
C5-N5 

- -176.50 - - -177.79 -178.00

C21-C2-
N3-C4 

-177.23 - -178.85 -178.30 - -        

*Experimental geometrical parameters (bond lengths, bond angles and dihedral angles) of aMilrinone, bAmrinone molecules 
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Fig. 2 — Linear relationships of experimental9 and calculated (with 6-31G(d,p) level) molecular bond lengths and 
molecular bond angles of milrinone and amrinone 

 

potential energy surface (PES) that is an important to 
reveal all possible conformations of the title molecule. 
A detailed PES scan on dihedral angle C2-C1-C1ʹ-C2ʹ 
between the two pyridine rings has been performed at 
the HF/6-31G(d,p) method to determine the most 
stable conformers of milrinone [5-Cyano-2-methyl-
(3,4'-bipyridin)-6(1H)-one]. According to X-ray 
study9, dihedral angle of C2-C1-C1ʹ-C2ʹ between the 
two pyridine rings is 137.83, whereas it has been 
calculated at 130.97 for B3LYP and 120.83 for HF 
methods, leading to an expected bent conformation of 
the molecule. The C2-C1-C1ʹ-C2ʹ dihedral angle 
values predicted theoretically were (120.83 for HF 
and 130. 97 for B3LYP) shorter by 17 and 6.86 
when compared with X-ray data (137.83º), 
respectively. For conformational analysis of the 
milrinone molecule, starting from the optimized 
molecular structure given in Fig. 1, the C2-C1-C1ʹ-
C2ʹ dihedral angle was increased by 10° steps from 0° 
to 360°, while all of the other geometrical parameters 

have been simultaneously relaxed. PES scan for the 
selected dihedral angle is depicted in Fig. 3. As 
clearly seen from the curve in the Fig. 3, global 
minimum point (i.e., the most stable structure) is 
calculated at 297 with the -697.898869 Hartree 
energy value. The energy of local minimum point 
calculated at 237 was predicted as -697.898867 
Hartree. 
 

4.2 Vibrational analysis 
The entire set of quantum chemical calculations 

was performed using the Hartree–Fock (HF) and 
density functional theory (DFT) calculations with 
B3LYP level using 6-31G(d,p) as a basis set using 
Gaussian 09 Rev. A 11.4 package program10 program 
package. The observed (FTIR and FT-Raman) and 
calculated IR intensities, Raman activities and 
assigned wavenumbers of the selected intense 
vibrational modes by using HF/6-31G(d,p) and 
B3LYP6-31G(d,p) levels along with their PED values 
of the  milrinone  are  given in  Table 2. The  obtained  
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Fig. 3 — One-dimensional potential energy surface (PES) scan of the milrinone using HF level with 6-31G(d,p) basis set 
 

harmonic frequencies were scaled by 0.8991 in case14 
of HF/6-31G(d,p) and 0.9614 in case15 of B3LYP/6-
31G(d,p) methods to obtain a better agreement 
between the theory and the experiment. The 
experimental and theoretical FTIR and FT-Raman 
spectra are shown in Figs 4 and 5, respectively. 
 

4.2.1 C≡N, C=N and C-N vibrations 
The geometry of the cyano group (C≡N) is affected 

insignificantly by a new substituent on the phenyl 
ring. Hence the vibrational wavenumber on the cyano 
group remains almost unchanged from the benzonitro 
molecule. For the aromatic compound which bears a 
C≡N group attached to the ring, a band of good 
intensity has been absorbed in the region 2260–2221 
cm−1 and it is being attributed to C≡N stretching30. 
Electron-withdrawing groups, such as Cl, F, Br,  
–NO2, –OH or –CF3, decrease the IR band intensity 
and increase the wavenumber value to the higher limit 
of the characteristic spectral region, whereas electron 
donating groups, such as –NH2 and –CH3, increase IR 
intensity and decrease wavenumber value31. In our 
present work, theoretically computed value (ν9) is 
assigned to the stretching of C≡N group which is 
contributing to 89% of PED, and it is in a good 
agreement with our experimental spectrum observed as 
the medium peak in FTIR and the very strong band in 
FT-Raman spectrum (Table 2) at both 2222 cm-1. The 
vibrational mode (ν9), which is calculated at 2346 and 
2258 cm-1 for HF and B3LYP levels with 6-31G(d,p) 
basis set is assigned to the in-plane stretching vibration 

of C≡N group. In-plane and out-of-plane bending 
modes of C≡N group appear with weak IR intensity 
and strong raman activity. In plane bending modes of 
C≡N group are calculated at 459, 444 cm-1 and 444, 
433 cm-1 by using HF and B3LYP levels, respectively, 
and observed at 462, 414 cm-1 in FTIR spectra and at 
459, 417 cm-1 in FT-Raman spectra. In out-of-plane 
bending vibration of C≡N group is calculated at 520 
and 503 cm-1 by using HF and B3LYP levels, 
respectively. The out-of-plane bending vibration of 
C≡N group is observed at 529 cm−1 in FTIR spectrum 
and at 528 cm−1 in FT-Raman spectrum. 

The identification of C=N and C-N vibrations are 
very difficult task because mixing of several modes is 
possible in this region. The pyridine ring C=N 
stretching vibration modes32 appear strongly in the 
region 1600–1500 cm-1. Pyridine C=N stretching 
vibration was observed to be 1573 and 1568 cm-1 in 
FTIR and FT-Raman spectra experimentally, while 
that has been calculated at 1586 and 1544 cm-1 for 
HF/6-31G(d,p) and B3LYP/6-31G(d,p) methods, 
respectively. The C-N stretching vibration modes33 of 
pyridine ring are always coupled with other vibration 
and usually appear in the region 1380–1265 cm-1. The 
calculated C-N stretching vibrations fall in the region 
1255–1019 cm-1 for HF method and 1259–1008 cm-1 
for B3LYP method. The ring C-N stretching 
vibrational modes were assigned at 1219, 1133, 1088 
and 1014 cm-1 in FTIR and 1219, 1134, 1080 and  
991 cm-1 in Raman spectra, respectively. 
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Table 2 — Comparison of the observed (FTIR and FT-Raman) and calculated vibrational wavenumbers, IR intensities and Raman 
activities and potential energy distribution (PED) using HF/6-31G(d,p) and B3LYP/6-31G(d,p) of milrinone 

  Experimental Theoretical 

  FTIR FT-Raman HF/6-31G(d,p) B3LYP/6-31G(d,p) 

ν Assignments (%PEDa) Ab Bc IR 
intensity

Raman 
activity 

Ab Bc IR 
intensity

Raman 
activity

1 ν(NH) (100) 3451 3452 3852 3463 101 74 35933454 67 106 
2 ν(CH) (84) 3049 3056 3374 3034 4 188 32063083 2 147 
3 ν(CH) (92) 3019 3032 3372 3032 8 43 32053081 9 22 
4 ν(CH) (91) 2993 2999 3370 3030 17 31 32013077 8 50 
5 ν(CH3) (89) 2967 2972 3336 2999 6 51 31743052 2 42 
6 νas(CH) (91) 2919 2929 3346 3008 22 68 31673045 26 156 
7 νas(CH3) (89) 2904 2900 3254 2926 11 99 31042984 9 104 
8 ν(CH3) (100) 2859 2857 3195 2873 18 193 30472929 13 238 
9 ν(C≡N) (89), ν(CC) (11) 2222 2222 2609 2346 64 376 23492258 26 557 
10 ν(C=O) (77), σ(CNC) (11) 1767 1762 1969 1770 920 22 18011731 594 26 
11 ν(CC) (57), σ(HCC) (13) 1666 1645 1830 1645 96 64 16521588 28 150 
12 ν(CC) (29) 1595 1606 1809 1627 109 38 16471583 118 173 
13 ν(CC) (21), ν(NC) (20) 1573 1568 1764 1586 143 88 16061544 92 89 
14 ν(CC) (18), ν(NC) (12), δ(HNC) (10) 1546 1539 1748 1572 166 158 15861525 93 174 
15 δ(HCC) (23), δ(HNC) (40) 1487 1485 1677 1508 15 10 15381479 12 22 
16 σ(CH3) (33), δ(HNC) (16), ν(NC) (13) 1435 1437 1635 1471 39 39 15081450 7 25 
17 σ(CH3) (77) 1416 1429 1617 1454 5 14 15001442 9 16 
18 σ(CH3) (33), δ(HNC) (10), ν(NC) (10) 1387 1396 1601 1440 28 41 14781421 32 72 
19 ν(CC) (27), δ(HCN) (48) 1372 1375 1566 1408 30 3 14521396 24 9 
20 β(CH3) (90) 1349 1346 1555 1398 1 16 14281373 1 32 
21 δ(HCC) (11), ν(CC) (39) 1320 1327 1520 1367 19 94 14061352 5 145 
22 δ(HCC) (38), δ(HCN) (30) 1279 1282 1471 1323 5 6 13611309 2 11 
23 δ(HCC) (15), δ(HNC) (28), ν(CC) (12) 1238 1246 1427 1283 54 24 13231272 35 26 
24 ν(NC) (19), ν(CC) (21), σ(CCC) (10) 1219 1219 1396 1255 53 12 13101259 34 46 
25 δ(HCC) (22), δ(HNC) (41) 1178 1180 1346 1210 7 8 12531205 4 10 
26 ν(CC) (55) 1133 1134 1255 1128 35 53 11891143 18 7 
27 ν(CC) (17), ν(NC) (34) 1088 1080 1230 1106 15 31 11281085 31 24 
28 β(CCN) (38), δ(HCC) (18) 1074 1057 1183 1064 0 2 10971055 0 0 
29 τ(HCCN) (54), σ(CH3) (16) 1036 1040 1163 1046 3 3 10621021 6 4 
30 ν(NC) (10), τ(HCCN) (10) 1014 991 1133 1019 6 13 10481008 19 0 
31 γ(HCCN) (33)  988 960 1100 989 2 6 1015 976 3 7 
32 β(CCN) (34), β(CNC) (13), ν(NC) (36) 876 877 1092 982 5 39 1011 972 46 0 
33 ω(HCCN) (77), τ(HCNC) (21) 831 839 940 845 27 1 892 858 0 12 
34 γ(ONCC) (72), γ(HNCC) (12) 801 783 880 791 67 5 783 753 41 2 
35 σ(CCC) (18), ν(CC) (43), ν(NC) (10) 731 733 786 707 4 2 735 707 1 29 
36 γ(HNCC) (56), γ(CNCC) (12) 686 679 758 682 22 2 721 693 33 3 
37 δ(CCC) (16), β(CCN) (21), β(CNC) (13) - - 737 663 24 2 688 661 7 5 
38 ν(CC) (12), β(CNC) (14), σ(NCC) (19) 652 652 732 658 8 2 685 659 6 2 
39 γ(CCCC) (14) - - 716 644 15 9 660 635 6 4 
40 σ(CCC) (14), σ(OCN) (11) - 629 706 635 10 1 651 626 7 2 
41 σ(CNC) (13) 589 584 639 575 28 1 590 567 20 2 
42 γ(CCCC) (28) - 559 595 535 19 3 542 521 10 2 
43 γ(CCCC) (25), γ(ONCC) (12), γ(NCCC) (46) 529 528 578 520 15 10 523 503 9 6 
44 β(NCC) (18), β(CCC) (11), γ(CNCC) (15) 462 459 511 459 3 2 462 444 2 5 
45 σ(NCC) (13), β(NCC) (13) 414 417 494 444 12 1 450 433 10 2 

ν, stretching vibrations; β, in-plane bending vibrations; γ, out-of-plane bending vibrations; ω , wagging; τ, twisting; σ, scissoring; δ, 
rocking; s, simetric; as, antisimetric. 
 a Potential Energy Distribution (PED) less then 10% are not shown. 
b Unscaled wavenumbers. 
c Scaled wavenumbers. 
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4.2.2 Methyl group vibrations 
The vibrational peaks due to the asymmetric and 

symmetric methyl stretching modes have been usually 
expected in the range 2905-3000 cm-1 and 2860-2870 cm-1, 
respectively31,34. While the asymmetric stretching 

vibration of the methyl group has been calculated at 
2926 cm-1 using HF and 2984 cm-1 using B3LYP 
levels, the symmetric methyl stretching vibrations for 
milrinone have been calculated at 2999, 2873 cm-1 
and 3052, 2929 cm-1 by using HF and B3LYP levels 
with 6-31G(d,p) basis set, respectively. These peaks 
have been observed at the region of 2967-2859 cm-1 
in FTIR and 2972-2857 cm-1 in FT-Raman, as 
consistent with literature35-37. The methyl in-plane 
bending vibration has been observed at 1349 cm-1 in 
the FTIR and 1346 cm-1 in the FT-Raman bands. The 
vibrational mode (ν20), which is calculated at 1398 
and 1373 cm-1 for HF and B3LYP levels with the 90% 
contribution of PED are assigned to the in-plane 
bending vibrations of the methyl group. Our in-plane 
bending vibration of the methyl group is in 
accordance with literature data38.  
 
4.2.3 C-H vibrations 

The aromatic structure shows the presence of C-H 
stretching vibrations in the region 2900–3150 cm-1, 
which is the characteristic region for the identification 
of the C-H stretching vibrations. In this region, the 
bands are not affected appreciably by the nature of 
substituents39. In the FTIR and FT-Raman spectra of 
milrinone, the bands observed at 3049, 3019, 2993 
and 2919 cm−1 and 3056, 3032, 2999 and 2929 cm−1 
are assigned to C-H stretching vibrations of aromatic 
ring, respectively. The theoretically scaled vibrations 
by HF/6-31G(d,p) and B3LYP/6-31G(d,p) methods at 
3034, 3032, 3030 and 3008 cm-1 and 3083, 3081, 
3077 and 3045 cm-1, respectively, are assigned to C-H 
stretching vibrations. As evidenced from PED 
contributions in Table 2, these modes are pure 
stretching vibrations almost contributing to the range 
84–92%. 

The C–H in-plane bending vibrations and the C-H 
out-of-plane bending vibrations normally appear in 
the range 1100–1500 cm-1 and 750–1000 cm-1 
frequency regions, respectively40,41. In this study, the 
C–H in-plane bending vibrations are assigned to 
1487, 1320, 1279, 1238, 1178, 1074 cm-1 in FT-IR 
and 1485, 1327, 1282, 1246, 1180, 1057 cm-1 in FT-
Raman spectra. In plane ones are calculated at 1508, 
1367, 1323, 1283, 1210, 1064 cm-1 and 1479, 1352, 
1309, 1272, 1205, 1055 cm-1 by using HF and B3LYP 
methods, respectively. The band observed at 831 and 
839 cm-1 in FTIR and FT-Raman spectra, respectively, 
is assigned to C-H out-of-plane bending vibration for 
the title compound. The HF and DFT calculations 
give the modes at 845 and 858 cm-1, respectively. 

 
 

Fig. 4 — (a) Experimental FTIR spectrum in the 
wavenumber range 4000–400 cm-1 and (b) simulated  
FTIR spectrum computed at HF and B3LYP levels with  
6-31G(d,p) basis set of milrinone 

 

 
 

Fig. 5 — (a) Observed FT-Raman spectrum of milrinone in 
the wavenumber range 4000–400 cm-1 and (b) the 
simulated Raman spectrum computed at HF and B3LYP 
levels with 6-31G(d,p) basis set of the milrinone 
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4.2.4 C=O vibrations  
The carbonyl group is present in a large number of 

different classes of compounds, for which a strong 
band observed due to the C=O stretching vibration32 
that is in the region of 1850–1550 cm-1. Band 
observed at 1767 and 1762 cm-1 in FTIR and FT-
Raman spectra has been assigned mainly to C=O 
stretching band on the basis of calculated PED (77%), 
respectively. This characteristic C=O band is 
calculated at 1770 and 1731 cm-1 for HF and B3LYP 
levels with 6-31G(d,p) basis set, respectively. 
 
4.2.5 N-H vibrations  

In heterocyclic molecules, the N-H stretching 
vibrations42 have been observed at the range of 3500–
3000 cm-1. In the FTIR and FT-Raman spectra of 
milrinone, respectively, the band observed at 3451 
and 3452 cm−1 is assigned to N-H stretching vibration 
of aromatic ring. In our calculations, this peak is 
calculated at 3463 and 3454 cm-1 for HF and B3LYP 
levels, respectively. This peak is a pure vibration 
mode which originated from N-H stretching vibration 
with 100% contribution of PED. As seen from PED 
analysis in Table 2, the N‒H in-plane bending 
(δHNC) vibrations contribute to the calculated four 
frequencies at 1572, 1471, 1440 and 1283 cm-1 (HF 
level) and 1525, 1450, 1421 and 1272 cm-1 (B3LYP 
level). These frequencies were assigned to the bands 
at 1546, 1435, 1387 and 1238 cm-1 in FTIR and 1539, 
1437, 1396 and 1246 cm-1 in FT-Raman. As 
evidenced from PED contributions in Table 2, these 
modes are contributed to the range 10–28%. The 
scaled vibrational frequencies computed by HF/6-
31G(d,p) and B3LYP/6-31G(d,p) methods at 791,  
682 cm-1 and 753, 693 cm-1, respectively, were 
assigned to the N‒H out of bending (γHNCC) 
vibrations which show good correlation with recorded 
spectrum at 801, 686 cm-1 in FTIR and 783, 679 cm-1 
in FT-Raman spectra. 
 

4.3 Frontier molecular orbitals (FMOs) 
The frontier molecular orbitals (FMOs) called the 

highest occupied molecular orbital (HOMO) and the 
lowest unoccupied molecular orbital (LUMO) play an 
important role in the electric and optical properties, as 
well as chemical reactions for quantum chemistry43. 
The HOMO (ability to donate an electron) implies the 
outermost orbital filled by electrons and is directly 
related to the ionization potential while the LUMO 
(ability to obtain an electron) can be thought as the 
first empty innermost orbital unfilled by electron and 
is directly related to the electron affinity. The HOMO-

LUMO 3D orbital pictures computed at the B3LYP/6-
31G(d,p) level for the milrinone are given in Fig. 6(a, b). 
As seen from Fig. 6(a, b) the HOMO of milrinone is 
largely delocalized almost over the whole molecular 
moiety but the LUMO of this compound is mainly 
delocalized on the whole of structure except pyridine 
ring. 

The calculated values for the EHOMO and ELUMO and 
the frontier molecular orbital energy gap (∆ELUMO-

HOMO) with HF/6-31G(d,p) and B3LYP/6-31G(d,p) 
levels are given in Table 3. The energy difference 
between LUMO and HOMO which is called as 
energy gap helps characterize the chemical reactivity 
and kinetic stability of the molecule. A soft molecule 
has a small HOMO-LUMO gap and is more reactive 
and less stable than hard one with large HOMO-
LUMO gap44. The calculated values of the energy gap 

 
Fig. 6 — The 3D orbital pictures of (a) HOMO, (b) LUMO, 
(c) electrostatic potential (ESP) and (d) molecular electrostatic 
potential (MEP) calculated at the B3LYP/6-31G(d,p) level for the 
milrinone 
 

Table 3 — Total energy, EHOMO, ELUMO, ΔELUMO-HOMO, ionization 
potential (I), electron affinity (A), global hardness (η), global 

softness (σ) and electronegativity (χ) values of milrinone 

 HF/6-31G(d,p) B3LYP/6-31G(d,p) 

Total energy (a.u.) -697.8989 -702.1857 
EHOMO (eV) -8.9376 -6.4635 
ELUMO (eV) 1.5483 -2.2493 
ΔELUMO-HOMO 10.4859 4.2142 
I 8.9376 6.4635 
A -1.5483 2.2493 
η (eV) 5.2430 2.1071 
σ (eV-1) 0.1907 0.4746 
χ (eV) 3.6947 4.3564 
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for milrinone are 10.4859 and 4.2142 eV for HF and 
B3LYP levels, respectively. The lower values of 
HOMO-LUMO energy gap explain the eventual 
charge transfer interactions taking place within the 
milrinone molecule. Thus, it is more polarizable, 
more reactive and less stable. It is also termed as soft 
molecule. 

Development of new chemical reactivity 
descriptors has gained significant momentum due to 
their applications in various areas of chemistry, 
biology, rational drug design and computer-aided 
toxicity prediction45. Global hardness (η), global 
softness (σ) and electronegativity (χ) are global 
reactivity descriptors, highly successful in predicting 
global chemical reactivity trends. By using the above 
equations, the global chemical reactivity descriptors 
of molecule such as the global hardness (η), global 
softness (σ) and electronegativity (χ) have been 
calculated at HF/6-31G(d,p) and B3LYP/6-31G(d,p) 
levels for milrinone and their values are shown in 
Table 3. The global hardness (η) and global softness 
(σ) correspond to the gap between the EHOMO and 
ELUMO orbital energies and have been associated with 
the stability of chemical system. The electronegativity 
is predicted to be 3.6947 and 4.3564 eV, while the 
global hardness is predicted to be 5.2430 and 2.1071 
eV for the HF and B3LYP levels, respectively. 
 

4.4 Molecular electrostatic surfaces 
Molecular electrostatic potential (MEP), V(r), at a 

given point r(x, y, z) in the vicinity of a molecule, is 
defined in terms of the interaction energy between the 
electrical charge generated from the molecule’s 
electrons and nuclei and a positive test charge (a 
proton) located at r. For the system studied the V(r) 
values were calculated as described previously using 
the equation46: 
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






A A

A )(ρ
)( rd

rr

r
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where ZA is the charge of nucleus A, located at RA, 
ρ(r') is the electronic density function of the molecule, 
and r' is the dummy integration variable. The 
molecular electrostatic potential is related to the 
electronic density and is a very useful descriptor in 
determining sites for electrophilic attack and 
nucleophilic reactivity as well as hydrogen-bonding 
interactions47,48. 

In the present study, the 3D plots of electrostatic 
potential (ESP) and molecular electrostatic potential 
(MEP) surfaces of milrinone at B3LYP/6-31G(d,p) 
level are illustrated in Fig. 6(c, d). The MEP maps of 

milrinone are shown in Fig. 6(d), whereas 
electrophilic attack is presented by negative (red) 
regions, nucleophilic reactivity is shown by positive 
(blue) regions of MEP map of milrinone. As seen 
from the Fig. 6(d), the negative electrostatic potential 
regions (I) are mainly localized on 3-cyano (C≡N) 
and carbonyl (C=O) group, showing the most 
favorable site for electrophilic attack. On the other 
hand, when focused on positive regions of the 
electrostatic potential (II), we found that the hydrogen 
atoms of pyridine ring and N-H atom are surrounded 
by blue color, indicating that these sites are probably 
involved in nucleophillic processes. It can be seen 
from the ESP figure (Fig. 6(c)), that the negative ESP 
is localized more over the 3-cyano (C≡N), carbonyl 
(C=O) group and N atom of pyridine ring and is 
reflected as a yellowish blob. 
 
4.5 Nonlinear optical (NLO) effects 

In the present study, the dipole moment (μ), the 
mean polarizability (<α>), the anisotropy of the 
polarizability (<Δα>) and the mean first-order 
hyperpolarizability (<β>) of milrinone have been 
calculated at HF and DFT/B3LYP methods with the 
6-31G(d,p) basis set and given in Table 4. It is known 
that the significance of the polarizability and the mean 
first-order hyperpolarizability of molecular system is 
dependent on the efficiency of electronic 
communication between acceptor and the donor 
groups as that will be the key to intra molecular 
charge transfer49–52. It is well known that the higher 
values of dipole moment, molecular polarizability and 
hyperpolarizability are important for more active 
NLO properties. According to the present calculations 
in Table 4, the calculated dipole moments and the 
mean first-order hyperpolarizabilities for milrinone 
are equal to 7.7763 D and 3.90×10-30 esu for HF level 
and 7.1908 D and 6.76×10-30 esu for B3LYP level. 
Urea is one of the prototypical molecules used in the 

Table 4 — Dipole moment µ, polarizability <α>, the anisotropic of 
the polarizability <Δα> and the mean first-order hyperpolarizability 

values obtained using HF and B3LYP level with 6-31G(d,p) 
methods for milrinone 

 HF/6-31G(d,p) B3LYP/6-31G(d,p) 

µ (D) 7.7763 7.1908 
<α> (a.u.) 132.53 141.83 
<α>×10-24 (esu) 19.64 21.02 
<Δα> (a.u.) 107.87 122.91 
β (a.u.)  450.90 782.54 
βtot×10-30 (esu) 3.90 6.76 
βtot/ βurea 20 35 
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study of the NLO properties of molecular systems. 
Therefore it was used frequently as a threshold value 
for comparative purposes. Theoretically, dipole 
moments of milrinone are approximately both 2 times 
greater than urea and the mean first-order 
hyperpolarizabilities calculated at HF and B3LYP 
levels with 6-31G(d,p) basis set are 20 and 35  
times magnitude of urea (the μ and β values of urea are 
3.2877 D and 0.1947×10-30 esu), respectively. We 
conclude that the title compound is attractive objects for 
future studies of nonlinear optical (NLO) properties. 
 

5 Conclusions 
The structural, conformational, electronic and 

vibrational investigations along with NLO analysis of 
the milrinone were determined and analyzed using 
HF/6-31G(d,p) and DFT/6-31G(d,p) levels of theory. 
On the basis of the agreement between the calculated 
and observed results, assignments of fundamental 
vibrational modes of the title compound were 
examined based on the results of the PED output 
obtained from normal coordinate analysis. After 
scaling factors for 0.8991 (HF) and 0.9614 (B3LYP) 
are used, the calculated wavenumbers show good 
agreement with observed FTIR and FT-Raman 
spectra. Nonlinear optical property of the studied 
compound was investigated by the determination of 
the ground state dipole moment, the mean 
polarizability, the anisotropy of the polarizability and 
the mean first-order hyperpolarizability using the HF 
and B3LYP methods. So, it is demonstrated that the 
investigated compound can be used as a NLO 
material. The relatively small energy gap between the 
HOMO and LUMO energies proves that the charge 
transfer occur in milrinone. Additionally, the χ 
parameter was obtained from HOMO–LUMO 
energies, and the low χ values also indicate the 
presence of the charge transfer. 
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