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A B S T R A C T   

The spectroscopic properties of Nω-nitro-L-arginine were investigated by FT-IR, UV-VIS, and 1H NMR spectra. 
Geometrical parameters and energies were calculated using the density functional theory (DFT) B3LYP method 
with the 6-311G basis set. Geometrical optimization of the molecule has been performed, vibrational spectra 
have been calculated, and fundamental vibrations have been determined from the total energy distribution (TED) 
of the vibrational modes. The HOMO-LUMO analysis is carried out for various electric fields (0.0–0.025 A− 1). 
The HOMO-LUMO gap is decreased while increasing the electric field. The calculated quantum chemical pa
rameters are calculated and correlated to the inhibition efficiency, A Mullliken population was also important for 
determining local reactivity by indicating reactive centers and identifying potential nucleophilic and electro
philic attack sites. Charge transfer occurs inside the compound based on the HOMO LUMO gap. Calculations of 
DFT were evaluated in their ability to predict inhibition efficiency.   

1. Introduction 

The origin of amino acids is protein. It consists of an amino group and 
a carboxylic group [1]. The various applications in the industry amino 
acids are used [2]. The chelating ability of amino acids is used in agri
cultural fertilizers and these fertilizers are used to prevent possible de
ficiencies and to improve plant life. In combination with drugs and 
cosmetics some types of amino acids are used. Likewise, some amino 
acid derivatives are used in the pharmaceutical industry. One of the 
basic amino acid is L-arginine (L-Arg) and it is encoded by DNA [3]. 
L-arginine is a well-known organic compound from the amino acid 
family with good structural flexibility because it exists in 3 zwitter ionic 
forms, with protonation of guanidyl, alpha amino group and deproto
nation of carboxyl groups. Owing to these characteristic properties 
L-arginine makes interaction with other salts much easier to form inter 
and intra molecular interactions, such as hydrogen bonds and ionic 
bonds. 

The presence of these interactions and the high structural flexibility 
of L-arginine provide a variety of molecular conformations of their 
compounds [4–7]. Nitroarginine, or Nω-nitro-L-arginine, also known as 
L-NOARG, is a nitro derivative of the amino acid arginine [8]. Thus, in 
the study of nitric oxide and its biological effects, it is widely used as a 

biochemical tool [9,10]. Corrosion of metals is a major industrial 
problem that has generated a great deal of research and investigation. 
The use of inhibitors is one of the most effective ways to protect metals 
from corrosion. DFT is easy to identify the molecular active sites and also 
to predict the inhibition efficiency trends. Amino acids play a major role 
in corrosion inhibitors. 

Owing to the many applications of the title compound, the current 
study focuses on molecular geometry, optimized parameters and 
vibrational frequencies of Nω-nitro- L-arginine as well as the computa
tional approaches (B3LYP) at the 6-311G basis set. Therefore, the mo
lecular structure of N-NLA is investigated in the current study using 
density functional theory. The focus also extends to a complete 
description of molecular geometry, the vibrational frequencies, 
HOMO–LUMO energies, isotropic chemical shifts, and the excitation 
energy of N-NLA. For an understanding of reactive nature of the com
pound, the global reactivity descriptors, namely, hardness (η), softness 
(s), chemical potential (μ), ionization energy (I), electron affinity (A), 
absolute electronegativity (χ), the fraction of electron transferred (ΔN) 
and the electrophilicity index (ω) are also calculated. Fukui indices have 
been used to analyze the local reactivity, since they represent the 
nucleophilic and electrophilic behavior of each atom within the mole
cule. The first hyperpolarizability is also studied using the DFT/B3LYP 
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employing the 6-311G basis set. 

2. Experimental details 

The title compound, namely N-NLA was purchased from TCL 
chemicals. In the PERKIN ELMER spectrometer, the FT-IR spectrum of 
the compound is recorded in the range of 4000 cm− 1-400 cm− 1. The 
spectral resolution is ±2 cm− 1. UV–Vis spectrum was recorded in water 
solvent by using the Lambda-365 Perkin Elmer spectrophotometer range 
of 1100–190 nm as shown in Fig. 11. In Fig. 6, a 1H NMR spectrum of N- 
NLA was recorded using Dimethyl Sulphoxide (DMSO) as the solvent on 
a Bruker Avance 400 MHz FT-NMR spectrometer with TMS as the in
ternal standard. 

3. Computational details 

The geometry for N-NLA is optimized using Becke’s three parameter 
hybrid density function, B3LYP/6-311G, which includes DFT exchange 
correlation functional. The above calculations have been done using the 
Gaussian 09W software suite [11]. The simulated NMR (1H) chemical 
shifts were calculated with the GIAO method at same basis level. The 
TD-DFT method was used to calculate the theoretical UV–Vis parameters 
(wavelengths, oscillator strengths) at B3LYP/6-311G basis level. The 

MEP and HOMO-LUMO were computed at aforesaid basis level. 

4. Results and discussions 

4.1. Molecular geometry 

Table 1 shows the optimized geometric parameters of the 6-311G 
basis set (bond lengths, bond angles, and dihedral angles) for the title 
compound. The molecule has 5N–H and 5N–C bond, 4 C–C bond, 7C–H 
bond, 2O–C bond and 2O–N bond and then one nitrogen atom (N) bond 
with nitrogen (N), one oxygen atom (O) bond with hydrogen (H) indi
vidually. Totally 28 atoms present in N-NLA. Therefore, 27 bonds among 
the atoms present in the compound C10–C12 exhibit the highest bond 
length of 1.5487 Å which state the weakest bond among the atoms and 
also O1–H25 exhibit the lowest bond length of 0.9783 Å which states 
that it is the strongest bond between the atoms. The bond length be
tween O4–N9 gave a theoretical value 1.2754 Å which is equivalent to 
experimental value of 1.237 Å.There is a strong correlation between this 
experimental value and the theoretical value among the experimental 
and theoretical values [12–15]. The theoretical value of N7–C15 is 
1.4283 Å [16–19] which is almost matched with the experimental value 
of 1.4718 Å. The minor difference is due to the gaseous state of molecule 
used in theoretical value. The experimental bond angle values of C–C–C, 

Table 1 
Optimized parameters of Nω-Nitro-L-Arginine using B3LYP/6-311G method.  

Bond Length Valuesa(Å) Expa Bond Angle Values (◦) Expa Dihedral Angle Values (◦) Expa 

O1 –C14 1.3822 1.3510 C14–O1–H25 110.5754 110 H25–O1–C14–O2 1.4909 – 
O1–H25 0.9783 0.8400 C12–N5–H23 113.8394 115.4 H25–O1–C14–C12 − 178.021 − 124.7 
O2–C 14 1.2318 1.3510 C12–N5–H24 112.6872 115.4 H23–N5–C12–H14 70.6354 – 
O3–N 9 1.2648 1.2370 H23–N5–H24 110.7045 107 H23–N5–C12–H20 − 48.1861 – 
O 4-N 9 1.2754 1.2370 C13–N6–C15 120.1865 122.47 H24–N5–C12–H20 − 175.319 − 124.7 
N 5-C 12 1.4631 1.4920 N9–N7–C15 130.2171 – C15–N6–C13–C11 179.3278 172.3 
N5–H 23 1.0122 0.9900 N9–N7–H26 114.0713 – C15–N6–C13–H22 − 60.1831 – 
N5–H 24 1.0133 0.9900 C15–N7–H26 115.7113 115.4 C13–N6–C15–N8 − 0.2661 – 
N6– C13 1.4694 1.4718 C15–N8–H27 119.478 120.1 C15–N7–N9–O4 − 0.1609 – 
N6 –C15 1.2873 1.04724 C15–N8–H28 120.2858 120.1 H26–N7–N9–O4 − 179.9501 – 
N7 –N9 1.3701 – H27–N8–C28 120.2357 – N9–N7–C15–N6 − 179.7105 – 
N7–C 15 1.4283 1.4718 O3–N9–O4 124.854 120.7 N9–N7–C15–N8 0.2207 – 
N7–H26 1.01 0.9600 O3–N9–N7 115.8274 – H26–N7–C15–N8 180.0071 – 
N8–C 15 1.3644 0.8600 O4–N9–N7 119.3186 – H27–N8–C15–N6 − 0.2691 – 
N8–H 27 1.0022 0.9900 C11–C10–C12 115.3431 116.35 H27–N8–C15–N7 179.8132 – 
N8–H 28 1.0069 0.99 C11–C10–H16 109.1688 109.9 H28–N8–C15–N7 0.048 – 
C10–C 11 1.5345 1.5240 C11–C10–H17 110.2107 109.9 C12–C10–C11–C13 178.8732 – 
C10–C 12 1.5487 1.5240 C12–C10–H16 108.994 109.9 C12–C10–C11–H19 57.7565 – 
C10–H 16 1.0929 0.93 C12–C10–H17 105.5909 108.1 H16–C10–C11–C13 55.7864 89.5 
C10–H 17 1.0923 0.93 H16–C10–H17 107.2006 – C11–C10–C12–N5 170.1915 – 
C11–C 13 1.5325 1.5096 C10–C11–C13 112.272 112.36 C11–C10–C12–H20 51.6913 – 
C11–H 18 1.0948 0.97 C10–C11–H18 109.8367 109.9 H16–C10–C12–N5 − 66.6291 – 
C11–H 19 1.0911 0.97 C10–C11–H19 110.808 109.9 H16–C10–C12–C14 56.9478 – 
C12–C 14 1.5225 1.5215 C13–C11–H18 108.7247 109.9 H17–C10–C12–N5 48.2522 – 
C12–H 20 1.0901 0.97 C13–C11–H19 108.204 109.9 H17–C10–C12–C14 171.8291 – 
C13–H 21 1.1011 0.97 H18–C11–H19 106.8176 – C10–C11–C13–H22 173.9905 – 
C13–H 22 1.0997 0.97 N5–C12–C10 109.3509 108.91 H18–C11–C13–H22 52.2537     

N5–C12–C14 112.0403 112.70 H19–C11–C13–N6 58.0127 –    
N5–C12–H20 108.5827 106.9 H19–C11–C13–H21 180.0053 –    
C10–C12–C14 110.205 110.92 N5–C12–C14–O1 − 145.9414 –    
C10–C12–H20 108.8912 108.1 N5–C12–C14–O2 34.5676 –    
C14–C12–H20 107.6962 108.1 C10–C12–C14–O1 92.0592 –    
N6–C13–C11 110.1638 112.70 H20–C12–C14–O2 153.9112 –    
N6–C13–H21 110.821 –       
N6–C13–H22 110.5304 –       
C11–C13–H21 109.301 109.0       
C11–C13–H22 108.974 109.9       
H21–C13–H22 106.9761 –       
O1–C14–O2 121.8545 125.77       
O1–C14–C12 112.6682 115.67       
O2–C14–C12 125.4753 –       
N6–C15–N7 112.8266 –       
N6–C15–N8 129.6759 122.15       
N7–C15–N8 117.4975 118.36     

a Refer ref [16–19]. 
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observed in the range of 108–115, show well correlation with calculated 
values. There may be a small difference between calculated bond angles 
and experimental values due to the fact that calculations pertain to the 
gas phase and experimental values pertain to the solid phase. The 
Optimized Structure of Nω-Nitro-L-Arginine is shown in Fig. 1. 

4.2. Spectral analysis 

The Nω-nitro-L-arginine compound contains 28 atoms. A normal co
ordinate analysis can provide a detailed description of vibrational 
modes. Based on a basis set 6-311G, theoretical frequencies can be 
observed using the DFT/B3LYP method. The experimental and theo
retical FT-IR spectrum of the N-NLA is figured out in Fig. 2a and b and 
the observed and calculated fundamental modes of vibrations of N-NLA 
is collected in Table 2. In this paper, we propose assignment of vibra
tional frequencies based on calculated TED values. The stretching 

vibrations of NH2 are naturally established in the range of 3300–3400 
cm− 1. It has been determined that the IR band at 3377 cm− 1 with weak 
intensity is NH2 stretching vibrations. The theoretically computed value 
3496 cm− 1 is assigned for NH2 stretching. The NH2 out-of-plane bending 
has also seen at 712 cm− 1. In the current work NH2 rocking mode is 
observed at 1242 cm− 1 in FT-IR spectrum. The FT-IR band at 665 cm− 1 

and 432 cm− 1 is designated as NH2 wagging modes. 
The C–H stretching vibrations are typically established in the range 

of 2600–3300 cm− 1 [20–22]. In N-NLA compound, the stretching fre
quencies of C–H are observed at 3180 cm− 1. Theoretically C–C 
stretching vibrations were observed at 3089 cm− 1. The in-plane bending 
modes of C–H are observed between 1380 and 1465 cm− 1. Peaks at 
1324 cm− 1 are attributed to the aromatic C–H in-plane bending vibra
tions of N-NLA. The computed values by B3LYP/6-311G are in agree
ment with experimental values. The CH wagging mode appears at 848 
cm− 1. For the title compound, the CH wagging modes are assigned at 

Fig. 1. Optimized structure of Nω-nitro-L-Arginine.  

Fig. 2a. Experimental FTIR spectrum of Nω-nitro-L-Arginin.  
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819 cm− 1 theoretically. 
The N-NLA gives rise to CH2 modes such as asymmetric stretching, 

in-plane bending, and twisting, wagging and rocking vibration. Due to 
aromatic C–H stretching vibrations, aromatic compounds usually 
exhibit multiple weak bands in the region of 3000–3100 cm-1 [23]. For 
aromatic compounds, the in-plane bending frequencies of C–H occur 

between 1000 and 1300 cm-1 and their out-of-plane vibrations appear 
between 750 and 1000 cm− 1 [24,25]. The FT-IR bands are assigned at 
3180, 3062 and 2132 cm− 1 for CH2 stretching vibrations in NNLA. The 
bands that seem at 1518 and 1452 cm− 1 in FT-IR spectrum are due to 
CH2 in plane bending vibration. The observed and calculated bending 
vibrations values are very much equal to each other. The twisting and 
wagging vibrations are identified at 1413, 1065 cm− 1. The rocking mode 
of the CH2 seemed experimentally to be 1133, 757 cm− 1. 

In the region around 3500 cm− 1, hydroxyl stretching vibrations are 
observed. O–H stretching vibration of Nω-Nitro-L-Arginine is observed at 
2953 cm− 1 in FT-IR spectrum. In the present study, the calculated O–H 
stretching vibrational modes are obtained at 2962 cm− 1 which coincides 
with the experimental wavenumber. Vibrations due to out-of-plane 
bending of O and H give rise to broadband in the range of 700–600 
cm− 1 [26]. In this present case, the O–H out of plane bending appeared 
at 924 cm− 1. 

Generally, carbonyl group vibrations occur in the region 1850-1600 
cm-1 [27]. In this study, the C––O stretching vibrations of N-NLA were 
observed at 1657 cm− 1 in the FT-IR spectrum. Also, the C–O asymmetric 
stretching vibrations appeared at 1103 cm− 1. 

Due to the asymmetric and symmetric stretching vibrations of the 
NO2 group at 1625–1510 cm− 1 and 1400 –1360 cm− 1, aromatic nitro 
compounds have strong absorptions [28]. The IR bands observed at 
1599 cm− 1 and 1369 cm− 1 with strong intensity have been assigned to 
NO2 asymmetric stretching vibrations. The in-plane deformation mode 
of the NO2 group causes the aromatic nitro compounds to have a band of 
weak-to-medium intensity 590–500 cm− 1 [29]. In this current work it is 
observed that the in plane bending vibrations at 571 cm− 1. The N–O 
in-plane bending mode is calculated at 628 cm− 1 by theoretical method. 
The wagging mode of NO2 identified at 501 cm− 1. 

The C–N stretching absorption in occurs in the range 1382–1266 
cm− 1 for aromatic amines. In this compound, the C–N stretching vi
bration occurs at 1165 cm− 1. Consequently, the C–N in-plane bending 
vibration was found to be 408 cm− 1. These assignments are also main
tained through the literature [30]. 

4.3. First hyperpolarizability 

By using B3LYP with a 6-311G basis set based on the finite field 
approach, we calculated the first-order hyperpolarizability (β) of the 
molecular system. When an electric field is applied, the energy of the 
system is a function of the electric field. It is known that the first order of 
hyperpolarizability has the form of a third-rank tensor that can be 
described by a 3 × 3 × 3 matrix. The 27 components of the 3D matrix 
can be reduced to 10 components due to the Kleinman symmetry [31, 
32]. 

The total static dipole moment μ, and the mean first hyper

Fig. 2b. Theoretical FTIR spectrum of Nω-nitro-L-Arginine.  

Table 2 
Vibrational assignments of wavenumbers for Nω-Nitro-L-Arginine along with the 
theoretical wavenumbers at B3LYP/6-311G level.  

S. 
No. 

FT-IR Experimental 
wavenumbers (cm− 1) 

Theoretical 
wavenumbers 
(cm− 1) 

IR 
Intensity 

Assignments 

1 3377 3496 0.4642 νNH2(97) 
2 3180 3089 48.3665 νCH(95) 
3 3062 3060 0.7568 νasCH2(86) 
4 2953 2962 47.2484 νOH(92) 
5 2132 2929 48.8448 νasCH2(86) 
6 1657 1669 115.4591 νC = O (82) 
7 1599 1554 324.6221 νasNO2(81) 
8 1518. 1520 4.6919 δCH2(76) 
9 1452 1429 3.7528 δCH2(76) 
10 1413 1410 69.6515 CH2 Twisting 

(74) 
11 1369 1366 5.5019 νasNO2(75) 
12 1324 1337 4.8401 δCH(83) 
13 1242 1239 8.1525 NH2 Rocking 

(71) 
14 1165 1164 65.0807 νsC = N(89) 
15 1133 1145 4.0350 CH2 Rocking 

(73) 
16 1103 1109 21.4513 νasC-O(82) 
17 1065 1064 0.6152 CH2 Wagging 

(64) 
18 1001 999 13.8154 νC-C(78) 
19 924 931 20.0023 γOH(65) 
20 848 819 4.9533 CH2 Wagging 

(64) 
21 757 751 16.7043 CH2 Rocking 

(73) 
22 712 703 7.2945 γNH2(61) 
23 665 675 12.7384 NH2 Wagging 

(58) 
24 571 628 179.7281 δNO2(69) 
25 536 513 7.5483 NH2 Rocking 

(71) 
26 501 488 38.5458 NO2 Wagging 

(69) 
27 432 424 3.5719 NH2 Wagging 

(70) 
28 408 393 1.5201 δCN(74) 

ν – stretching; δ – in plane bending; γ – out-of-plane bending. 
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polarizability (β) using the x, y, z components, they are defined as 

μ=
(

μ2
x + μ2

y + μ2
z

)1/2
(1)  

where ​ β =
(

β2
x + β2

y + β2
z

)1/2

βx = βxxx + βxyy + βxzz

βy = βyyy + βxxy + βyzz

βz = βzzz + βxxz + βyyz

(2) 

The components of first order hyperpolarizability of Nω-Nitro-L- 
Arginine are reported in Table 4. The first order hyperpolarizability of 
N-NLA is 3.5250 × 10− 30 esu which is 9 times greater than urea (β =
0.3727 × 10− 30 esu) which shows that N-NLA has NLO property. 

4.4. Analysis of Fukui indices 

The study of the population of electrons around the atoms in a 
molecule is also useful to study the stability of the molecule. Complete 
pictures of the electronic charge density of the molecule are viewed 
through Mullikan population analysis and the technique given by Yang 
and Mortier [33–35]. In this study, the condensed Fukui function fk has 
been calculated at 6-311G level of theory. For a system of N electrons, 

independent calculations have been made corresponding to a N - 1; N 
and N + 1 electron system. The Mullikan population analysis produces 
(N – 1), (N) and (N + 1) for all atoms k: In a finite difference approxi
mation, the fk values are calculated by 

f n
k = qk(N + 1) − qk(N) ​ for ​ nucleophilic ​ attack (3)  

f e
k = qk(N) − qk(N − 1) ​ for ​ electrophilic ​ attack ​ and (4)  

f r
k =

1
2
qk(N + 1) − qk(N − 1) ​ for ​ radical ​ attack (5) 

We optimize Nω-Nitro-L-Arginine at three different charge states, i.e., 
neutral, positively charged, and negatively charged. The Fukui function 
values are shown in Table 7 and indicate a significant difference in 
charge between the atoms. The charge distributions show that N8 is the 
preferred active site for reaction with nucleophilic species, and C15 with 
electrophilic species. The favoured active site for the reaction with 
radical attack is N9. The calculated values of the Fukui functions are 
shown in Table 7 and Fig. 3. 

The local softness, S+ and S− for an atom can be expressed as the 
product of the Fukui function, f e

k , and fn
k the global softness, S, as follows: 

S+ = f n
k S (6)  

S− = f e
k S (7) 

Local softness represents information similar to that derived from the 
Fukui function, as well as information about the molecular softness, 
which is associated with a reaction partner’s global reactivity. Calcu
lated values of S+ and S− are presented in Table 7. 

4.5. Influence of electric fields on HOMO–LUMO analysis 

The energy gap of the N-NLA has been calculated in Table 3 at 
B3LYP/6-311G level for electric fields such as 0, 0.5, 0.1, 0.15, and 0.25 
VA-1 as well as indicating that the energy gap reflects the chemical ac
tivity of the molecule. As the electric field is increased the HOMO-LUMO 
gap reduces widely from 4.7804 eV to 0.3234 eV. the energy gap of Nω- 
nitro-L-arginine is decreased, As the electric field is increased which 

Table 4 
Theoretical first heperpolarizability of Nω-Nitro-L-Arginine 
using B3LYP/6-311G method.  

Parameters Values (amu) 

βxxx 439.5750 
βxxy 243.1933 
βxyy − 17.6668 
βyyy − 138.9299 
βxxz 47.3368 
βyyz − 5.3651 
βxzz − 47.1535 
βyzz − 0.8440 
βzzz − 165.9066 
β 3.5250 × 10¡30 esu  

Table 7 
Condensed Fukui functions for calculated Nω-Nitro-L-Arginine at B3LYP/6-311G method.  

ATOMS qkN qkN-1 qkN+1 fke fkn fkr S+ S−

O1 − 0.5589 0.0025 − 0.0000 − 0.5614 0.5589 − 0.0012 − 0.2349 0.2338 
O2 − 0.3756 − 0.0009 0.0000 − 0.3747 0.3756 0.0005 − 0.1567 0.1571 
O3 − 0.2712 − 0.0027 0.2808 − 0.2684 0.5521 0.1418 − 0.1123 0.2309 
O4 − 0.3179 0.0065 0.2302 − 0.3244 0.5482 0.1118 − 0.1357 0.2293 
N5 − 0.6703 0.4875 − 0.0000 − 1.1579 0.6703 − 0.2437 − 0.4844 0.2804 
N6 − 0.3659 0.3378 0.0207 − 0.7038 0.3866 − 0.1585 − 0.2944 0.1617 
N7 − 0.5029 0.0444 0.0497 − 0.5473 0.5527 0.0026 − 0.2289 0.2312 
N8 − 0.8186 0.0947 0.0014 − 0.9133 0.8200 − 0.0466 − 0.3821 0.3430 
N9 0.3319 − 0.0064 0.4153 0.3383 0.0834 0.2108 0.14154 0.0349 
C10 − 0.3184 0.0591 0.0001 − 0.3775 0.3186 − 0.0294 − 0.1579 0.1332 
C11 − 0.3176 0.0282 0.0001 − 0.3458 0.3177 − 0.0140 − 0.1447 0.1329 
C12 − 0.1430 − 0.0218 0.0001 − 0.1211 0.1430 0.0109 − 0.0506 0.0598 
C13 − 0.3013 − 0.0179 − 0.0022 − 0.2834 0.2990 0.0078 − 0.1185 0.1251 
C14 0.4987 0.0069 − 0.0000 0.4918 − 0.4987 − 0.0034 0.2057 − 0.2086 
C15 0.7631 − 0.0476 0.0019 0.8108 − 0.7612 0.0248 0.3392 − 0.3184 
H16 0.1918 0.0012 − 0.0002 0.1905 − 0.1920 − 0.0007 0.0797 − 0.0803 
H17 0.1919 − 0.0020 0.00001 0.1940 − 0.1919 0.0010 0.0811 − 0.0803 
H18 0.1673 − 0.0013 − 0.0007 0.1687 − 0.1674 0.0006 0.0705 − 0.0700 
H19 0.1898 − 0.0020 0.0006 0.1919 − 0.1897 0.0010 0.0803 − 0.0794 
H20 0.2053 0.0124 0.000016 0.1929 − 0.2053 − 0.0062 0.0807 − 0.0859 
H21 0.1723 0.0071 0.0013 0.1651 − 0.1710 − 0.0029 0.0690 − 0.0715 
H22 0.1780 0.0620 0.0018 0.1160 − 0.1762 − 0.0301 0.0485 − 0.0737 
H23 0.2894 − 0.0197 0.0000 0.3092 − 0.2894 0.0098 0.1293 − 0.1211 
H24 0.2965 − 0.0187 0.0002 0.3152 − 0.2965 0.0093 0.1319 − 0.1240 
H25 0.3824 0.0010 − 0.0001 0.3814 − 0.3824 − 0.0005 0.1595 − 0.1600 
H26 0.3809 − 0.0027 0.0021 0.3836 − 0.3788 0.0024 0.1605 − 0.1584 
H27 0.3517 − 0.0038 − 0.0005 0.3556 − 0.3522 0.0016 0.1487 − 0.1473 
H28 0.3703 − 0.0036 − 0.0028 0.3739 − 0.3731 0.0003 0.1564 − 0.1561  
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showing that the conductivity has also increased. 

4.6. Transport properties 

The wave function analysis indicates that the electron absorption 
correlates with the transition from the ground state to the first excited 
state mainly due to one-electron excitations from the HOMO to the 
LUMO. HLG stands for HOMO-LUMO gap, which is the potential energy 
difference between HOMO and LUMO [36,37]. The HLG is one of the 
key factors determining the transport properties of the molecule [38]. 
The possibility of good conduction through the molecule increases with 

large decreases in the energy gap. The conductivity increases as the 
HOMO-LUMO gap decreases [39]. At the B3LYP/6-311G level the 
HOMO-LUMO energy gap of N-NLA is calculated. The orbital distribu
tion of HOMO-LUMO levels of the N-NLA is shown in Fig. 4. HOMO 
spreads mainly on nitrogen and hydrogen of the NH2 group and LUMO 
spreads mainly on nitrogen and oxygen which is NO2 for zero electric 
field. In N-NLA, the calculated energy value of HOMO is − 8.2105eV and 
the energy value of LUMO is − 3.4301eV. Therefore, the HOMO LUMO 
energy gap is 4.7804, explaining the charge transfer interactions taking 
place inside the molecule. 

4.7. Global reactivity descriptors 

Compounds are calculated based on their hardness, softness, chem
ical potential, and electron negativity in order to understand the global 
nature of their stability and their reactivity. The chemical hardness (η) 
and chemical potential (μ) are calculated using Koopmans’ theorem 
[40]. 

η= I − A
2

(8)  

S=
1
η (9)  

μ=
− (I + A)

2
(10)  

χ =(I + A)
2

(11)  

where I and A are the ionization potential and electron affinity of the 
compounds, respectively. Higher ionization energy results in chemical 
stability and inertness, while lower ionization energy results in high 
reactivity of the molecule. HOMO energy directly correlates with ioni
zation potential (IP), while LUMO energy directly correlates with elec
tron affinity (EA). In this study, the molecules Nω-Nitro- L-Arginine the 
Ionization value is high for zero electric field and the electric field is 
increased the value of I is also decreases. Also while adding the solvent; 
there are minor changes in ionization potential. The HOMO–LUMO 
energy gaps of all the electric fields are shown in Fig. 4 and also tabu
lated in Table 5. Also DOS of Nω-Nitro-L-Arginine for the zero and 
various applied fields are shown in Fig. 5. 

The chemical hardness of an atom, ion, or molecule is determined by 
its resistance to its electron cloud being deformed or polarized under a 
perturbation in the chemical reaction. In Nω-Nitro- L-Arginine has, the 
hardness value of the title compound in the gas phase is 2.3902 eV and 
the softness is 0.4183 eV (Table 5). In all the polar and non-polar sol
vents, the chemical hardness is at its minimum value, which shows that 
the chemical reactivity is enhanced in all the solvents. 

Chemical potential (μ) describes the tendency of electrons to escape 
from an equilibrium system and its values are calculated by equation (5) 
and presented in Tables 5 and 6 for different electric fields and different 
solvents. The higher the electronic chemical potential, the less stable or 
more reactive the compound is. This table indicates that water solvent is 

Fig. 3. Fuki indices of Nω-nitro-L-Arginine.  

Table 3 
The HOMO-LUMO gap (HLG) values (in eV) of Nω-Nitro-L-Arginine using 
B3LYP/6-311G method.  

Electric field in VÅ− 1 Nω-Nitro-L-Arginine 

EHOMO ELUMO HLG 

0 − 8.2105 − 3.4301 4.7804 
0.05 − 7.9346 − 4.3854 3.5491 
0.1 − 6.9731 − 5.3546 1.6185 
0.15 − 6.3211 − 6.0089 0.3122 
0.2 − 6.0256 − 5.0431 0.9825 
0.25 − 5.0976 − 4.7742 0.3234  
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less stable among various solvents, including water, aniline, DMSO, 
Ethanol, Chloroform, and Thiophene. 

The electrophilicity index (ω) is used to quantify the energy lowering 
due to maximal electron flow from donor to acceptor. The electrophi
licity index (ω) is defined as 

ω=
μ2

2η (12) 

The effectiveness of this new reactivity level has been shown in 
recognizing the harmfulness of different contaminants in terms of their 
reactivity and site selectivity. [Selvam, L. Antony et al., 2020; Farmer, 
Edward E. et al., 2007; Du, Y. L. et al., 2009]. The Nω-Nitro- L-Arginine 
has low electrophilicity is presented in Table 5. From this table, it is 
evident that the solvent and electric field substituents are increasing the 
electrophilicity index. 

The maximum amount of electronic charging that the electrophile 
system can accept is provided by Ref. [41]. 

ΔN ​ = ​ χFe − χInh

2(ηFe + ηInh)
(13)  

where χFe and χInh represent the absolute electronegativity of iron and 
inhibitor molecule respectively. ηFe and ηInh represent the absolute 
hardness of iron and the inhibitor molecule respectively. Theoretical 
value of χFe = 6.38775 eV and ηFe = 0 for the computation of number of 
transferred electrons. Condensed Fukui function is the best method to 
quantify the local selectivity of corrosion inhibitors. The difference in 
electronegativity determines electron transfer, and the sum of the 
hardness parameters acts as a resistance. 

An electronic back-donation is shown in the following equation 

ΔEback− donation = −
η
4

(14) 

The two new reactivity indices to quantify the nucleophilic and 
electrophilic capabilities of leaving group are nucleofugality (ΔEn) and 

Fig. 4. Isosurface representation of molecular orbitals for Nω–Nitro-L-Arginine for the zero and various applied fields.  

Table 5 
The theoretical HOMO energy, LUMO energy, Energy gap (Eg) and Ionization potential (IP), Electron affinity (EA), Hardness (σ), Softness (s), Chemical potential (μ), 
Electronegativity (χ), Electrophilicity index (ω), Nucleofugality (ΔEn) and Electrofugality (ΔEe) of Nω-Nitro-L-Arginine using B3LYP/6-311G method.  

Parameters Electric field in VÅ− 1 

0 0.05 0.1 0.15 0.2 0.25 

HOMO energy EH − 8.2105 − 7.9346 − 6.9731 − 6.3211 − 6.0256 − 5.0976 
LUMO energy EL − 3.4301 − 4.3854 − 5.3546 − 6.0089 − 5.0431 − 4.7742 
Energy Gap Eg 4.7804 3.5491 1.6185 0.3122 0.9825 0.3234 
Ionization potential IP 8.2106 7.9346 6.9732 6.3212 6.0257 5.0977 
Electron affinity EA 3.43012 4.3854 5.3546 6.0089 5.0431 4.7742 
Hardness Ƞ 2.3902 1.7746 0.8093 0.1561 0.4913 0.1617 
Softness S 0.4183 0.5635 1.2357 6.4056 2.0354 6.1836 
Chemical potential μ − 5.8204 − 6.1600 − 6.1639 − 6.1650 − 5.5343 − 4.9359 
Electronegativity χ 5.8204 6.1600 6.1639 6.1650 5.5343 4.9359 
Electrophilicity index ω 7.0865 10.6915 23.4748 121.7340 31.1727 75.3278 
Nucleofugality ΔEn 2.4612 5.4188 17.7150 115.647 25.8839 70.4730 
Electrofugality ΔEe 14.10192 17.7388 30.0433 127.977 36.9527 80.3445  
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electrofugality (ΔEe) and they are defined as follows 

ΔEn|= EA + ω =
(μ + η)2

2η (15)  

ΔEe = IP + ω =
(μ − η)2

2η (16) 

As shown in Table 6, the values of nucleofugality (ΔEn) and elec
trofugality (ΔEe) are almost identical for all the solvents, as well as for a 
0.015 VA*1 electric field, which gives the maximum values of ΔEn and 
ΔEe. 

4.8. Electrostatic potential analysis 

MEP is correlated to electronic density and can be used to determine 
the sites for electrophilic and nucleophilic reactions, as well as hydrogen 
bonding interactions [42–44]. At a point around a molecule, the mo
lecular electrostatic potential (MEP) gives an indication of the net 

electrostatic effect generated at that point from the nuclei and electrons 
in the molecule, and is correlated with the dipole moments, electro
negative properties, and chemical activity of molecules [45]. It provides 
a visual method to understand the relative polarity of the molecule. 
Electrostatic potential for zero and different applied electric fields are 
shown in Fig. 6. The various values of the electrostatic potential at the 
surface are represented by various colours. It is possible to see the 
slightly electron deficient region (light blue) over the N atoms. The 
neutral region is found at amino group. When the electric field is applied 
the positive ESP is identified by the blue region in the amino group, also 
the red region represents negative ESP which is established over NO2 
atoms. This progress is almost remaining the same when the field 
increased to 0.025 VÅ− 1. 

4.9. Solvent effect in UV-VIS analysis 

The high absorption (λmax) of NNLA is detected by the TD-DFT/ 
B3LYP method using 6-311G. The calculated maxima of λmax 

Fig. 5. DOS of Nω–Nitro-L-Arginine for the zero and various applied fields.  

A.M. Girija et al.                                                                                                                                                                                                                                



Journal of the Indian Chemical Society 99 (2022) 100437

9

absorption, oscillator strength, excitation potential, and transition with 
contributions are reported in Table 8. This high absorption is caused by 
the electron switching from HOMO-1 to LUMO [46,47]. Absorption 
maxima found at 214.35, 268.10 nm experimentally. The theoretical & 
experimental UV–Vis spectrums of Nω Nitro-L-Arginine are shown in 

Figs. 7–9 also the theoretical UV-VIS spectrum of various solvents are 
figured out in 10 (see Fig. 10). 

All of these outputs from the NNLA show a high absorption peak 
between 330 and 360 nm of the S0 → S1 transition, which provides 
significant red shifted absorption comparatively. The calculated 

Fig. 6. Isosurface representation of electrostatic potentials of N–Nitro-L-Arginine for the zero and various applied field.  

Table 6 
The theoretical HOMO energy, LUMO energy, Energy gap (Eg) and Ionization potential (IP), Electron affinity (EA), Hardness (σ), Softness (s), Chemical potential (μ), 
Electronegativity (χ), Electrophilicity index (ω), Nucleofugality (ΔEn) and Electrofugality (ΔEe) of Nω-Nitro-L-Arginine with solvents using B3LYP/6-311G method.  

Parameters Values (eV) 

Water DMSO Aniline Ethanol CCL4 Thiophene Chloroform Cyclo Hexane 

HOMO energy EH − 8.2098 − 8.2099 − 8.2107 − 8.2100 − 8.2111 − 8.2107 − 8.2109 − 8.2110 
LUMO energy EL − 3.4445 − 3.4443 − 3.4416 − 3.4438 − 3.4364 − 3.4418 − 3.4403 − 3.4357 
Energy Gap Eg 4.7652 4.7656 4.7691 4.7662 4.7747 4.7688 4.7706 4.7753 
Ionization potential IP 8.2098 8.2099 8.2108 8.2101 8.2112 8.2107 8.2110 8.2111 
Electron affinity EA 3.4445 3.4443 3.4416 3.4438 3.4364 3.4418 3.4403 3.4357 
Hardness Ƞ 2.3826 2.3828 2.3846 2.3831 2.3874 2.3844 2.3853 2.3877 
Softness S 0.4197 0.4196 0.4193 0.4196 0.4188 0.4193 0.4192 0.4188 
Chemical potential μ − 5.8272 − 5.8271 − 5.8261 − 5.8269 − 5.8237 − 5.8262 − 5.8256 − 5.8234 
Electronegativity χ 5.8272 5.8271 5.8261 5.8269 5.8237 5.8262 5.8256 5.8234 
Electrophilicity index ω 7.1258 7.1251 7.1174 7.1238 7.1033 7.1180 7.1138 7.1014 
Nucleofugality ΔEn 2.4899 2.4894 2.4836 2.4884 2.4732 2.4840 2.4809 2.4719 
Electrofugality ΔEe 14.14431 14.1436s 14.1359 14.14242 14.1207 14.13659 14.1322 14.1187  

Table 8 
Theoretical absorption wavelength λ (nm), excitation energies E (eV) and oscillator strengths (f) of Nω-Nitro-L-Arginine using TD-DFT/B3LYP/6–311G method in gas 
and solvents.  

Parameters Gas Phase Aniline DMSO Ethanol Water Chloroform Thiophene 

Wavelength (λ) 331.21 353.53 357.41 356.37 357.32 350.79 353.11 
Excitation energies (E) 3.7433 3.5071 3.4689 3.4790 3.4698 3.5345 3.5112 
Oscillator strengths (f) 0.0876 0.1021 0.0964 0.0949 0.0937 0.0976 0.0970 
LHE 0.1826 0.2095 0.19906 0.1962 0.1940 0.2012 0.2001 
Transition with contribution H-1→L (97.09%) H-1→L (91.17%) H-1→L (75.89%) H-1→L (80.75%) H-1→L (72.46%) H-1→L (88.55%) H-1→L (88.87%)  
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Fig. 7. Experimental UV-VIS Absorption spectrum of Nω-Nitro-L-Arginine.  

Fig. 8. Experimental UV-VIS Transmission spectrum of Nω– Nitro- L-Arginine.  

Fig. 9. Theoretical UV-VIS spectrum of Nω-Nitro-L-Arginine.  
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maximum absorption values were predicted at 331.21 nm and 357.41 
nm in the gas phase and the polar and non-polar solvents, respectively. 
The highest absorption wavelength in the calculated spectrum corre
sponds to the electronic transition from HOMO -1 to LUMO in gases with 
a contribution of 68% and from HOMO-1 to LUMO in solvents with a 
contribution of 85%. The highest peak at 357.41 nm was achieved in 
DMSO. These solvent components improve the oscillator strength to a 
higher level. Therefore this NNLA can be used for DSSC applications. 

4.10. NMR analysis 

Isotropic chemical shifts are generally used to identify reactive 
organic and ionic species. To accurately predict the magnetic properties 
of molecules, exact molecular geometries must be predicted. So, com
plete geometry optimization of NNLA are performed using B3LYP/6- 
311G method in Gas, DMSO solvent. Then 1H chemical shift calcula
tions of the title compound were made using same method and basis set 
by GIAO and the values of chemical shift is reported in Table 9. 

The experimental values of ethylene group 1H NMR, lie between 
1.234 and 2.087 ppm correspondingly the theoretical values lie between 
1.5081 and 1.8508 ppm. From this, it is observed that there is a quiet 
agreement between experimental and theoretical values. The 1H 

experimental and theoretical NMR spectrum is shown in Fig. 11a and b.. 

4.11. Corrosion inhibitor efficiency 

A corrosion inhibitor is best effective and economical ways to shield 
the exterior surface of metal (ferrous and copper) commonly used in the 
industry for protecting the environment. Generally, corrosion inhibitors 
contained nitrogen, sulfur, oxygen and phosphorous, as well as aromatic 
rings. They are generally responsible for corrosion protection [48]. By 
adsorbing on the metal surface, these compounds form a protective layer 
that prevents corrosion causing elements from coming in interaction 
through the metal surface [49,50]. 

Though, most of these compounds being artificial chemicals and are 
expensive and also harmful to both human and the green environment. 
Therefore, it should be replaced with non-toxic and eco-friendly com
pounds [51]. The study of reaction mechanisms has generally relied on 
quantum chemical calculations. Studies of corrosion inhibition mecha
nisms have proven that they are extremely effective. The amino acids 
belong to organic compounds that are non-toxic, highly soluble in water, 
decompose easily, and are affordable to produce at high purity [52]. 

It was noted that the existence of heteroatoms (N, S, P and O) in the 
organic molecule improves their performance as a ferrous corrosion 
inhibitor. There is a single electron pair in the N and O atoms, which 
contributes to the formation of chemical bonds on the surface of metal 
atoms. The N-NLA contains both the nitrogen and oxygen atoms in its 
structure. This allows Nω-Nitro-L-Arginine to act as a corrosion inhibitor. 

Based on the calculated values of global reactivity descriptor, the 
effectiveness of title compound can be investigated. The hardness (η) 
and the softness (S) of the cell measure the stability and chemical 
reactivity of a molecule. Conversely, a molecule with a high global 
softness value will adsorb and react more readily with the metal surface. 
Molecule with lower value of η (and higher value of σ) shows higher 
corrosion inhibition efficiency [53]. 

In the current study, the value of N-NLA 3 has the lowest value of η as 
given in Table 10. It can be interpreted that N-NLA 3 has a very high 
between the four molecules under consideration. The number of trans
ferred electron (ΔN) from the inhibitor molecule to the surface Fe atoms 
was calculated using equation (15). Depends upon the polarity (positive 
or negative) of ΔN, electron transfer takes place from the inhibitor 
molecule to the Fe surface and vice-versa. From Table 10, it confirms 

Fig. 10. Theoretical UV-VIS spectrum for various solvent of Nω-Nitro-L-Arginine.  

Table 9 
The calculated 1H NMR isotropic chemical shifts (all values in ppm) for Nω-Nitro- 
L-Arginine using GIAO method.  

Atoms Experimental Chemial shift Theoretical 

Chemical shift Chemical shielding 

H16 2.087 1.8508 30.7468 
H17 1.680 1.5619 31.0357 
H18 1.603 1.5081 31.0895 
H19 1.234 1.525 31.0726 
H20 3.227 3.2644 29.3332 
H21 2.509 2.8757 29.7219 
H22 3.164 3.1462 29.4514 
H23 1.151 1.0075 31.5901 
H24 – 0.9926 31.6050 
H25 – 6.5553 26.0423 
H26 8.652 9.1008 23.4968 
H27 3.416 3.7726 28.8250 
H28 – 6.4506 26.1470  
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that all the ΔN values are positive, thus indicating adsorption through 
electron donation by the inhibitor molecules. The electron back dona
tion (ΔEback-donation) less negative the value of ΔEback-donation, better 

will be the corrosion inhibition efficiency. N-NLA 3 has a less negative, 
ΔE back-donation value, representing its maximum inhibition 
efficiency. 

Fig. 11a. Experimental 1H NMR Spectra of Nω-Nitro-L-Arginine in DMSO solvent.  

Fig. 11b. Theoretical 1H NMR Spectra of Nω-Nitro-L-Arginine in DMSO solvent.  

Table 10 
Calculated values of EHOMO, ELUMO, Electronegativity (χ) and ΔN values for Nω-Nitro-L-Arginine with donor variations using DFT/B3LYP/6-311G method.  

Systems EHOMO (eV) ELUMO (eV) Energy gap (Eg) (eV) χ (eV) Ƞ (eV) ΔN ΔEback-donation 

N-NLA − 8.2105 − 4.1021 4.7804 5.8203 2.3902 − 0.0974 0.7275 
N-NLA 1 

Donor: Pyrole; 
Acceptor: Cyanoacrylic 

− 7.7474 − 5.0190 2.7284 6.3832 1.3641 0.00164 − 0.34105 

N-NLA 2 
Donor: Furan; 
Acceptor: Cyanoacrylic 

− 7.112904 − 5.08748 2.02542 6.1001939 1.0127 0.1419 − 0.2531 

N-NLA 3 
Donor: Thiophene; 
Acceptor: Cyanoacrylic 

¡6.7079 − 5.0161 1.6918 5.8620 0.8451 0.3110 ¡0.2112 

N-NLA 4 
Donor: Azulene; 
Acceptor: Cyanoacrylic 

¡7.7405 − 5.0201 2.7204 6.3803 1.3602 0.0027 ¡0.34005  
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Frontier molecular orbital (FMO) can deliver theoretical results 
easily, according to the value of the energy gap between EHOMO and 
ELUMO (ΔE = ELUMO-EHOMO). A high energy molecular orbital may tend 
to donate electrons to the acceptor with a low energy molecular orbital if 
the energy HOMO (EHOMO) is high. The parameter energy LUMO 
(ELUMO) refers to the ability to accept an electron from the molecule. 
Energy gap decreases increases the effectiveness of the inhibitor. In this 
study, the energy gap of N-NLA 3 is very low, which shows that it have 
good inhibitor efficiency. 

5. Conclusion 

DFT methods with the 6-311G basis set are used to analyze the 
vibrational frequencies of Nω Nitro-L-Arginine. The vibrational fre
quencies of the fundamental modes of the molecule are assigned and 
analysed in detail. Experimental frequencies are associated with the 
theoretical results. FTIR, UV, NMR and quantum chemical calculations 
were made on the title compound to identify its structure, vibrational 
wave number, absorption wavelength, electronic properties, and 
chemical shift values which agree well with the experimental results. 
Theoretically, optimized parameters such as bond length, bond angle 
and dihedral angle are assessed and contrasted. The electric field effect 
is observed in the HOMO–LUMO gaps of Nω-Nitro-L-Arginine. The 
experimental vibrational spectrum analysis for N-NLA has been per
formed. As the electric field increases, the HOMO–LUMO gap decreases 
greatly from 4.7804 eV to 00.3234 eV. The first hyperpolarizabilities of 
Nω Nitro-L-Arginine is 3.5250 × 10− 30 esu, respectively. The global 
reactivity descriptors parameters are calculated and explained in terms 
of the solvent. The energy gap between HOMO and LUMO indicates the 
ultimate charge transfer interactions which take place inside a molecule. 
DFT Mulliken charges gave a correct assessment of electrophilic and 
nucleophilic reactivity. The electrostatic potential surface gave a visual 
representation of the chemically active spots and their comparative 
reactivity of atoms. From TDDFT method, the absorption wavelength, 
oscillator strength, and excitation energies of the title compound are 
also calculated and compared with experimental values. DFT calcula
tions at B3LYP/6-311G basis set level have been used to elucidate the 
inhibitor properties of title compound with various donors. Due to the 
highest HOMO energy and ΔN values, N-NL3 had the best corrosion 
inhibitor performance due to its ability to offer electrons and least en
ergy gap. 
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