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Abstract

In the present work, a theoretical study has been performed targeting essential amino acids
(EAA) Histidine, Isoleucine, Leucine, Lysine, Methionine, Phenylalanine, Threonine,
Tryptophan, Valine, and predicted their different physical and chemical properties by using
computational techniques. Amino acids (AA), a fundamental structural unit of protein are
amino and carboxyl-rich compounds having electrophilic and nucleophilic regions in them.
The reactivity of AA was determined by computing molecular electrostatic potential (MEP)
surfaces, counterplots, dipole moment, band gap, global reactivity parameters, and polar-
izability parameters. Spectral analysis (UV-Vis, Raman) helps in studying their electronic
and vibrational properties. The polarizability and first-order hyperpolarizability parameters
were also computed to detect the nonlinear optical (NLO) behavior of AA. The comparison
done with reference NLO materials Urea, Phenyl urea, and 3-nitroaniline showed that Phe-
nylalanine has higher hyperpolarizability and can better be used as a potent NLO material.
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1 Introduction

Nonlinear optical (NLO) activity accounts for the polarization behavior of any material under
the applied electric field (Oyeneyin et al. 2022). NLO properties deal with the displacement
of the propagation characteristics of light (Ray 2010). When the phase, frequency, amplitude,
polarization, etc. of the incident light changes under the applied electric field, the material pos-
sesses NLO behavior (Bairy et al. 2021). NLO is a very emergent topic in the current research
world, exhibiting great diversity. It can be considered a multidisciplinary field of research as it
has engineering and mechanical bias, and is a subject of physical sciences, and sometimes its
applications can also be seen in chemical and biological science (Midgley et al. 2009; Lakhera
et al. 2022a, b, c, d). In today’s technology-dependent society, the need for efficient materials
is increasing with every passing day. NLO materials have an extensive area of applications
from uses in future integrated photonic technologies, telecommunications, sum, and difference
frequency generation to microfabrication, optical rectification, frequency mixing wave genera-
tion, electro-optic modulation, frequency conversion, fluorescence imaging, etc. (Ullah et al.
2020; Buriahi et al. 2020; Cheng et al. 2019). NLO materials have been explored from various
materials like molecular chromophores, polymers, semiconductors, etc., and also artificially
designed such as lithium niobate (LiNbO;) and potassium dihydrogen phosphate (KH,PO,)
(Moroz and Maslovskaya 2021). Carbon is known to form different fascinating compounds.
The basic reason is the sp hybridization of carbon that gives rise to the immense quantity of
delocalized z-electrons available for the ICT makes it highly reactive with different elements.
Thus, the carbon compounds like fullerenes and carbon nanotubes have been an attractive
field of research for researchers. The studies with the introduction of highly efficient NLO car-
bon compounds have been reported in the literature survey. Fullerenes like CsgBN and Cy(Cl5,
were reported to have 105.01 x 107 esu and 136.10x 1073® esu values of first-order hyperpo-
larizability (Muhammad et al. 2013). The carbon nanotubes have also been reported to have
high third-order mean polarizability amplitudes like zigzag arranged nanotube 48.60x 1073
esu and an armchair arranged nanotube 43.52x 1072® esu (Muhammad et al. 2016, 2013). The
amino acids (AA), fall in the category of carbon compounds. The organic compound-based
NLO materials are gaining much attention and are preferred by most scientists worldwide
because of their properties like high durability, high structural flexibility, high electronic sus-
ceptibility, short response time, easy availability, and synthesis. The innumerable stretchabil-
ity and extensive response time make organic NLO materials more efficient than inorganic
NLO materials (Naseema et al. 2020). Generally, the presence of z-electron conjugated moi-
ety with electron donor and electron acceptor groups in organic molecules leads to remark-
able NLO performance (Lee et al. 2021). Keeping this in mind, we have tried to detect the
NLO behavior of AA. AA is the fundamental compound in protein formation. They consist
of amino (-NH,) and carboxyl (-COOH) functional groups. Nitrogen atoms present in the
amino group constitute electron density to a greater extent. The higher the free electron pairs,
the higher will be the availability of electrons for donation (Rana et al. 2019). The presence of
the amino group also makes AA nucleophilic and carboxyl groups develop the electrophilic
behavior. The oxygen atoms present in the carboxyl group are electronegative which draws
electron cloud away from carbon making AA electrophilic (King et al. 2021). AA is generally
divided into three main categories i.e., essentials (which cannot be synthesized by the body or
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must be consumed), non-essentials (which are self-synthesized in the body), and conditional
AA (which are not necessarily required generally except the illness or deficiency) (Then et al.
2020; Lopez and Mohiuddin 2022; Javier-Hila et al. 2021; Wang et al. 2021).

In the current study, we have considered nine essential amino acids (EAA) (Histidine,
Isoleucine, Leucine, Lysine, Methionine, Phenylalanine, Threonine, Tryptophan, and
Valine) (Table 1). This AA is synthesized into our body by the breakdown of the consumed
protein and thus leads to the growth and development of muscles and immunity (Soares et al.
2020). They are available in plenty and consumed by external sources like meat, eggs, and
poultry and can lead to wider applications in pharmacological sciences (Christophersen and
Haug 2011).

Optimized structures for all nine EAA are presented in Table 1. The dipole moment and
polarizability is the virtue by which the polarizing ability of any compound can be studied
(Kuramochi et al. 2020). Mulliken charges and molecular electrostatic potential (MEP) sur-
face have been done for all AA. Spectra like UV-Vis and Raman are also reported to check
the spectral properties of the AA. The computed frontier molecular orbital (FMO) parame-
ters are reported to justify the chemical reactivity of the compounds. Hyperpolarizability is
the quantities by which the NLO behavior of any compound can be predicted (Lakhera et al.
2022a, b, c, d). The more the compound is polarizable, the more it will show NLO behavior
(Nazrin et al. 2019). The calculations for the polarizability parameters are also carried out to
understand the NLO responses of the compound.

2 Computational procedure and calculation

The structures of the EAA are downloaded from the online database ‘“PubChem” (https:/
pubchem.ncbi.nlm.nih.gov/) (Table 1). All the computational calculations were carried
out using Gaussian 09 software and the interpretation of the output is done with the help of
the graphic user interface Gauss View 5.0 (Frisch et al. 2009; Becke 1993, 1997). Becke-3-
Lee—Yang—Parr (B3) exchange function combined with (LYP) correlation is used for opti-
mization (Dennington et al. 2007). The geometries of all the considered EAA are optimized
using density functional theory (DFT) with the standard B3LYP/6-311G basis set. The opti-
mized structure helps in obtaining the FMO energies. The rest of the parameters like ioni-
zation potential (IP), energy gap (AE), electron affinity (EA), chemical potential (CP), elec-
tronegativity (y), softness (S), and hardness (1) are calculated with the help of these orbital
energies. These parameters are calculated with the help of Koopman’s equations given below
(Koopmans 1934; Ojo et al. 2020; Oyeneyin et al. 2022):

IP = —Epopo 1)

EA = -E ypo 2)

cp = Ernomo '2" Erumo 3)
_ (IP+EA)

= 2 , €]
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Table 1 Optimized structures of EAA by standard B3LYP/6-311G basis set with PubChem IDs and chemi-
cal formulas

AA PubChem ID Chemical formula Structure

Histidine 6274 CHyN;0,

H

Isoleucine 6306 C¢H3NO,

H

HD

Leucine 6106 C¢H3NO, ,.@

Hup 0P

)

Lysine 5962 C¢H, 4N,0, H’

Methionine 6137 CsH;|NO,S {
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Table 1 (continued)

AA PubChem ID Chemical formula Structure
Phenylala- 6140 CoH;NO,
nine
Threonine 6288 C,HyNO;
Tryptophan 6305 C,;H,N,0,
Valine 6287 CsH,,NO,

_ ELUMO - EHOMO

2

,S=

n

(&)
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In Raman spectra analysis, Raman intensity is also calculated corresponding to high fre-
quency modes. It was calculated by below given expression:

fvo — vi)*Si

vi[l —exp (—}%)] ©

where [ refer to Raman intensity of the considered mode, f is a constant with value 10712,
v, has value 9398.5 cm™!. v; and S, is the vibrational wavenumber and Raman activ-
ity of selected mode respectively. 4 is Planck constant with value 4.1357x 1075 eV K7,
c is speed of light with value 3x10® m/s, K is Boltzmann constant with value
8.6173x 107 eV K™!, and T is temperature 293.5 K. Polarizability parameters were cal-
culated to understand the diffusion of the electron cloud in compound. The total dipole
moment (y,,,,,), total isotropic polarizability (a,,,,), anisotropy of polarizability (Aa), and
first order hyperpolarizability (f,,,,;) can be given as (Rana and Chowdhury 2020; Bhatt
et al. 2020; Rana et al. 2020; Huang et al. 2006).

I =

1
Hipr = (Mi + ”5 + /4]-2)2 @)

1
a, = g(am +a,, + a.) )

1

2
— a_\,y)2 + (Otyy - otzz)2 + (a,, — oz)(x)2 + 605?z + 6a§y + 6a§z] 9)

Aa = % [(axx

(B) = [Bucs + By + B’ + By + By + b)) + (B + B + B,°] 7 (10)

where p,, u,, and p, are the tensor components dipole moment, a,,, a,,, and, a_, are the
tensor components of polarizability and f,,, p,,, and g, are the tensor components of

hyperpolarizability.

3 Results and discussion
3.1 Structure

Structures for all the considered AA were optimized to the ground state energy level and
were listed in Table 1. Optimized geometry helps in finding the net polarity of the molecule
by the means of dipole moment. The more the dipole moment, the more the compound
will be polarizable (Lakhera et al. 2021; Visscher and Geerke 2019; Rana et al. 2017).
In the present case, the selected EAA Histidine (5.58 Debye) has the maximum dipole
moment as compared to Isoleucine (1.65 Debye), Leucine (1.85 Debye), Lysine (0.88
Debye), Methionine (0.96 Debye), Phenylalanine (1.62 Debye), Threonine (2.50
Debye), Tryptophan (2.95 Debye), and Valine (1.31 Debye) (SD 1). The optimal bond
lengths are inversely related to the bond strength and the stability of the bond. The lesser
the bond length more will be the stability of the bond. Although, the bond angle is inversely
proportional to the bond length. Some selected bond lengths and bond angles for the
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optimized geometries corresponding to the charge transfer parts of the AA are mentioned
in Tables 2 and 3. All the AA possess non-planar geometries. The Histidine molecule has
dihedral angles C8—C6—-C7—C9 and C8—C6—C7-N4. It consists of a carboxyl group and an
amino group and its side chain has a basic group containing an imidazole ring. The low
values of bond lengths also result in high bond dissociation energy. The 10-20H bond of
the carboxyl group has the lowest bond length of 0.977 A which showed the stability of the
bond. The bond 7C-6C of the alkyl group has the maximum bond length (1.54 A). Thus,
this bond might possess low bond dissociation energy. The angle associated with the pyrro-
lidine ring 16H—10C-8C has a minimum bond angle of 29.29° which indicated the strength
of the pyrrolidine ring. Isoleucine has a carboxyl group and amino group connected to a
5C atom. The carbon chain showed the non-planarity of the molecule. The angle between
the 10-9C-20 bond of the carboxyl group is 122.65° and the angle 20H-3N —-21H of
the amino group is 106.31°. The bond angle between the carboxyl group is comparatively
higher than that between the amino group which shows the high probability of the amino
bonds getting dissociated.

The structure of Leucine is quite similar to Isoleucine having amino and carboxyl
groups attached to the 6C atom of the carbon chain. The 22H-10 bond of the carboxyl
group in Leucine has a minimum bond length of 0.97 A and bond 6C-3N that connects the
amino group with the geometry has a maximum bond length of 1.47 A.

Unlike Leucine and Isoleucine (which have single amino group), Lysine has two
amino groups connected to 8C and 9C atoms and carboxyl connected to 10C atoms. The
molecule consists of a straight carbon chain without any branched alkanes. However, the
bond between the oxygen and hydrogen of the carboxyl group has a minimum bond length
of 0.97 A. The minimal bond lengths showed the strength of these bonds and reflect the
charge-accepting behavior of the carboxyl group. The bonds between the nitrogen and
hydrogen atoms of amino groups are close for both the amino groups and quite higher than
the bond lengths associated with the carboxyl group. The bond angle 10-10C-20 (122°)
associated with the carboxyl group also shows the accepting nature of the carboxyl group.

The amino and carboxyl groups of the Methionine molecule are connected to a 6C
atom of a carbon chain. Apart from amino and carboxyl groups, one sulphur atom 1S is
also connected to the 7C atom of a carbon chain. Being both n- and 5-donor, 1S atom
might impart in being the charge donating moiety. The bond length of the 1S—7C bond
is 1.90 A which was the highest of all the bond lengths. The bond lengths corresponding
to amino groups like 15SH-4N (1.01 A) and 16H-4N (1.01 A) are less than the bonds
corresponding to the carboxyl group like 8C-20 (1.38 A).

Phenylalanine has a benzene ring attached to a 4C atom and one amino and car-
boxyl group were attached to a 5C atom. Dihedral angle 6C — 4C — 5C — 3N is seen to
be responsible for the non-planer geometry of Phenylalanine. The bond 5C-9C of the
carbon chain has a maximum bond length of 1.51 A. The bonds 18H-3N and 19H-3N
have high bond lengths of 1.00 Aand 1.01 A respectively. These bond lengths are lower
than the bond length 23H-10 corresponding to the carboxyl group 0.97 A. The higher
bond length of the amino group reveals the tendency of these bonds of getting easily
dissociated.

The amino and carboxyl groups in the Threonine are attached to a 6C atom. Apart from
these two groups, one hydroxyl group is also attached to the 5C atom. The bond lengths
17H-20 (0.97 A) and 16H-10 (0.97 108) associated with the carboxyl group were less in
magnitude than the bonds 14H-4N (1.01 10%) and 15H-4N (1.01 A) associated to the amino
group. The bond angle 20-8C-30 with a magnitude of 122.406° is also greater than bond
angles 14H —4N-15H (111.48°) displays the high chances of dissociation of amino bonds.
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Table2 Bond lengths
corresponding to functional
groups of the optimized
structures of EAA (Bond length
isin A)

Bond Bond length Bond Bond length
Histidine

10-9C 1.37 4N-17H 1.01
20=9C 1.23 4N-18H 1.01
20H - 10 0.97 3N-11C 1.37
C8=Cl10 1.37 S5N-11C 1.33
Isoleucine

22H-10 0.98 20H-3N 1.01
10-9C 1.35 21H-3N 1.01
9C=20 1.22 5C-3N 1.46
Leucine

22H-10 0.97 20H-3N 1.00
10-9C 1.37 21H-3N 1.01
9C=20 1.23 6C-3N 1.47
Lysine

10-24H 0.97 20H-3N 1.01
10-10C 1.38 21IH-3N 1.01
10C=20 1.23 22H-4N 1.01
10C - 8C 1.52 23H-4N 1.01
Methionine

30=8C 1.23 1SH-4N 1.01
8C-20 1.38 16H-4N 1.01
20 -20H 0.97 1S-7C 1.90
Phenylalanine

23H-10 0.97 18H-3 N 1.00
10-9C 1.37 I9H-3 N 1.01
9C=20 1.23 5C-9C 1.51
Threonine

17H-20 0.97 14H-4N 1.01
20 -8C 1.38 ISH-4N 1.01
8C=30 1.23 4N-6C 1.45
16H-10 0.97 8C-6C 1.51
Tryptophan

10-27H 0.97 24H-4N 1.01
10-13C 1.37 25H-4N 1.01
13C=20 1.23 3N-20H 1.00
10C-3N 1.39 9C-3N 1.38
Valine

10-19H 0.97 17TH-3 N 1.01
8C=20 1.23 18H-3N 1.01

Tryptophan consists of a benzene ring and a pyrrolidine ring mutually connected with
7C-9C bond. The bonds 24H-4N (1.01 A) and 25H—4N (1.01 A) of the amino group have
higher bond lengths than the bond 10-27H (0.97 A).

Valine molecule comprises one amino and one carboxyl group attached to a 5C atom.
The 10-19H bond of the carboxyl group has a bond length of 0.97 A which is less than the
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Table 3 Bond angles

. . Bond Bond angle  Bond Bond angle

corresponding to functional

groups of the optimized Histidine

structures of EAA (Bond angle

is in ©) 20H-10-9C 111.07 8C-3N-15H 123.62
10-9C-20 121.32 ISH-3N-11C 12847
20-9C-7C 127.31 11C-5N-10C  105.46
Isoleucine
22H-10-9C 111.87 21H-3N-20H 106.31
10-9C-20 122.65 3N-5C-9C 105.61
Leucine
22H-10-9C 110.37 21H-3N-20H 113.01
10-9C-20 122.07 3N-6C-9C 104.87
Lysine
22H-4N-23H 111.32 24H - 10 -10C 110.69
20H-3N-21H 110.66 10-10C-20 122.00
Methionine
20H-20-8C 110.65 1S H-4N-16H 110.37
20-8C-30 121.64 7C-1S-9C 99.56
Phenylalanine
23H-10-9C 110.59 18H-3N-19H 113.56
10-9C-20 122.44 18H-3N-5C 115.26
Threonine
17H-20 - 8C 110.92 14H-4N-15H 111.48
20-8C-30 122.40 16H-10-5C 111.14
Tryptophan
27H-10-13C 110.74 24dH-4N-25H 111.22
10-13C-20 122.22 9C-3N-20H 125.58
9C-3N-10C 109.16 10C-3N-20H 12524
Valine
19H - 10 - 8C 110.49 I7TH-3N-18H 110.74
10-8C-20 121.62 20-8C-5C 125.49

bond length of 17H-3N (1.01 A). The increasing order of electrostatic potential energies
of the AA was Methionine < Tryptophan < Phenylalanine < Histidine < Lysine < Leu-
cine < Isoleucine < Threonine < Valine (SD 1). Negative magnitudes of electrostatic
potential reflect the tendency of the molecule to attract the charge density. The optimized
structures of all the AA indicated that the bond lengths and bond angles corresponding to
the amino groups are smaller than the bond lengths and bond angles corresponding to car-
boxyl groups which shows the enhanced chances of dissociations of amino bonds. This in
turn, shows the possibility of intramolecular interactions within the molecules that reveals
the reactivity of the AA.

3.2 Charge analysis

Mulliken charge analysis helps in the understanding of the charge contribution corre-
sponding to each atom of the systems (Senthilkumar et al. 2021). The charge plot of
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EAA shows the positive charge impact of H atoms and the negative charge contribution
of O atoms (Fig. 1). The charges corresponding to each atom of the Histidine molecule
are plotted in Fig. 1(a). 9C and 20H atoms of the carboxyl group of Histidine showed
the maximum positive charge of 0.54 e and 0.39 e respectively. The 3N and 5N atoms
associated with the pyrrolidine ring show a negative charge of — 0.73 e and — 0.37 e
respectively. The 4N, 17H and 18H atoms of the amino group have charges of — 0.67 e,
0.30 e, and 0.29 e respectively. The Mulliken charge distribution of Histidine showed
the huge variation in charge between the pyrrolidine ring and carboxyl and amino
groups. The Mulliken charge plot of Isoleucine is shown in Fig. 1(b). In Isoleucine,
the charge variation is observed among the 10 (-0.55 e), 20 (-0.36 e), 9C (0.47 e) and
22H (0.38 e) atoms of carboxyl group and 3N (-0.64 e), 20H (0.29 e) and 21H (0.38 ¢)
of amino group. Similar kind of variation of charge is observed in Leucine molecule
in 10 (-0.55 e), 20 (-0.38 e), 9C (0.55 e) and 22H (0.38 e) atoms of carboxyl group
and 3N (-0.69 e), 20H (0.29 e) and 21H (0.3 e) of amino group. Two amino groups
in Lysine with atoms 3N (— 0.66 e), 20H (0.29 e), 21H (0.29 e), and 4N (— 0.71 e),
22H (0.28 e), 23H (0.28 e) and a carboxyl group with atoms 10 (- 0.56 e), 20 (— 0.36
e), 10C (0.45 e) and 24H (0.38 e) showed the immense charge variation. The Mul-
liken charge distribution of the atoms in Methionine is illustrated in Fig. 1(e). Charge
distribution predicts that the 8C atom of the carboxyl group shows the highest mag-
nitude of positive charge equal to 0.48 e and the 4N atom of the amino group shows
the negative charge of — 0.72 e. Thus, these atoms reflect the major charge variation
in the Methionine molecule. In Phenylalanine, the 9C atom of the amino group has
the maximum positive charge and the 3N atom of the carboxyl group have a negative
charge with a maximum magnitude of -0.69 e. Mulliken charge distribution of the rest
of the atoms of Phenylalanine is shown in Fig. 1(f). The Threonine molecule has an
—OH (hydroxyl) group connected to the C5 atom of the carbon chain with atoms 10 and
16H with a charge of -0.60 e and 0.36 e respectively (Fig. 1(g)). Apart from this, the
8C atom of the carboxyl group has a maximum positive charge of 0.53 e. The 4N atom
of the amino group of Threonine has a charge of -0.68 e. Thus, the charge variations is
among the atoms of hydroxyl, carboxyl, and amino groups. The 3N atom connected to
the pyrrolidine ring in the Tryptophan molecule has the highest magnitude of negative
charge -0.81 e. The 3C atom of the carboxyl group has the highest positive charge 0.53
e (Fig. 1(h)). These atoms impart the major charge variation in Tryptophan. In Valine,
the 8C atom of the carboxyl group shows the highest charge of 0.50 e, and the 3 N atom
of the amino group has a charge of -0.68 e. The rest of the Mulliken charge distribution
for Valine is illustrated in Fig. 1(i). The variation in charge is observed between the
functional groups (say amino and carboxyl groups). This variation can be considered
due to the delocalization of the charges from the carboxyl part to the amino part of the
molecule. This may lead to enhanced intramolecular interactions within the molecule.
Therefore, the AA can be considered chemically reactive.

3.3 Chemical reactivity

FMO theory is a practical model which describes the chemical reactivity of the mol-
ecule (Swartling et al. 2018). The energy corresponding to HOMO and LUMO are
termed as FMO energies (Saito et al. 2020). HOMO is the electron donating orbital and
LUMO is the electron accepting orbital (Rana et al. 2016). The HOMO-LUMO map of
different probe systems is shown in Fig. 2, which represents the distribution of highest
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(a) Histidine

20H
19H

(b) Isoleucine

18H

17H

16H

15H

14H

13H

12H

Atoms
)
O

-0.8 -0.6 -0.4 -0.2 0.0 0.2 04 0.6
Mulliken Charge

08 06 -04 02 00 0.2 0.4 0.6
Mulliken charge

(e) Methionine

20H ]
19H ]
18H
17H A
16H
15H ]
14H ]
13H 4
0 12H ]
£ 114
S 10H ]
< 9oc Jo.

0.157

T T
08 -06 04 02 00 0.2 0.4 0.6
Mulliken charge

0.2 0.0 0.2
Mulliken charge

(d) Lysine

10.457

T T
08 06 04 -0.2 0.0 0.2 0.4
Mulliken charge

(f) Phenylalanine

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
Mulliken charge

Fig.1 Mulliken charge plot for EAA showing positive charge impact of hydrogen atoms and negative

impact of nitrogen and oxygen atoms

occupied orbitals throughout the geometry and the distribution of lowest occupied orbit-
als in the functional groups. There is significant energy associated with these orbitals.
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(g) Threonine (h) Tryptophan

17H
16H -
15H

08 06 04 02 00 0.2 0.4 0.6
Mulliken charge

(i) Valine

19H ]
18H 4
17H
16H
15H 4
14H ]
13H 4
» 12
11H ]
£ 10H ]

<

<

0.8 -0.6 04 0.2 0.0 0.2 0.4 0.6
Mulliken charges

Fig.1 (continued)

The computed values of FMO parameters of all the AA are mentioned in Table 4. The
energy difference between the LUMO and HOMO energies is called band gap (AE). The
low value of AE validates the easy excitation tendency of the free electron cloud from the
lower states to the higher energy states. The value of AE for Histidine is 4.97 eV. This
value is lower than Isoleucine (5.99 eV), Leucine (5.95 eV), Lysine (5.42 eV), Methio-
nine (5.60 eV), Phenylalanine (5.82 eV), Threonine (6.02 eV), Tryptophan (5.11 eV),
and Valine (5.93 eV). The values of AE for all the AA are found to be lower than
the AFE values of reference materials like Urea (7.43 eV) and KDP (6.83 eV). The low value
of the energy gap shows the high possibility of the charge transfer within the molecule.
The increasing order of AE values for AA is Histidine < Tryptophan < Lysine < Methio-
nine < Phenylalanine < Valine < Leucine < Isoleucine < Threonine. =The I[P shows
the potential that is needed to eject the electron from the nucleophilic atom. The val-
ues of /P for Histidine, Isoleucine, Leucine, Methionine, Phenylalanine, Threonine,
and Valine are 6.20, 6.47, 6.39, 6.23, 6.34, 6.73, and 6.52 eV. These values are higher
than /P for Lysine (5.94 eV) and Tryptophan (5.61 eV). The increasing order of IP was
Tryptophan < Lysine < Histidine < Methionine < Phenylalanine < Leucine < Isoleu-
cine < Valine < Threonine. This showed that Tryptophan has a better capability to donate
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the charge easily than the other AA. The EA is a measure of the magnitude of energy that is
liberated while attracting the free-charge cloud. The high values of EA show that the mole-
cule accepts the free charge cloud more easily. Histidine has the highest value of EA equal
to 1.22 eV. The values of EA for other AA are Isoleucine (0.48 e¢V), Leucine (0.43 eV),
Lysine (0.51 eV), Methionine (0.62 ¢V), Phenylalanine (0.52 ¢V), Threonine (0.70 eV),
Tryptophan (0.50 eV), and Valine (0.59 eV). The increasing order of IP is Leu-
cine < Isoleucine < Tryptophan < Lysine < Phenylalanine < Valine < Methio-
nine < Threonine < Histidine. So, the Histidine molecule has the maximum value
of EA showing its enhanced capability of attracting the charge cloud. The values of CP in rais-
ing order are Threonine (-3.16 eV) < Histidine (— 3.71 eV) < Valine (— 3.55 eV) <Iso-
leucine (— 3.48 eV)<Phenylalanine (— 3.43 eV)<Methionine (— 3.42 eV)<Leu-
cine (— 3.41 eV)<Lysine (— 3.22 eV) < Tryptophan (— 3.05 eV). As the lower CP is
considered the most stable one, the Threonine can be considered as the molecule undergo-
ing the chemical process more easily with associating low amount of energy. The higher
the value of y, the more strongly the electrophilic it will be able to pull the free charges
towards itself. Threonine has the highest value of y which shows that it can strongly
attract the shared electrons. The y is minimum for Tryptophan (3.05 eV) and the value
raised in order: Tryptophan < Lysine < Leucine < Methionine < Phenylalanine < Isoleu-
cine < Valine < Histidine < Threonine. The # gives the extent of the chemical hardness
of the molecule or it accounts for the resistance of the molecule towards deformity after
undergoing a chemical reaction. The molecules with higher values of 7 can be considered
more chemically stable. Threonine has the highest n equal to 3.01 eV as compared to the
other AA. On contrary, the S is the opposite of # and was used to show the reactivity of
the molecules (Akinyele et. al 2022). The molecules with high values of softness are eas-
ily deformed or get dissociated while involved in the chemical reaction. Thus, low values
of S are considered good for a chemically reactive molecule. The S is in order: Isoleu-
cine = Threonine < Leucine < Valine < Phenylalanine < Methionine < Lysine < Tryp-
tophan < Histidine. It is observed that Isoleucine and Leucine have the equally lowest
values of S showing their chemical stability to other AA by the virtue of S. However, the
difference between the magnitudes of FMO parameters of other AA is not much observ-
able. Thus, it can be said that the AA are chemically reactive and they can be involved in
chemical reactions.

The settlement of the HOMO-LUMO surfaces for AA is illustrated in Fig. 2. These
surfaces show the location of the orbitals in the molecular orbital wave function, respec-
tively. The HOMO shows the donor orbitals (positive) and LUMO shows the acceptor
orbitals (negative). The HOMO-LUMO surfaces of the Histidine molecule (Fig. 2(a))
are seen to get drifted from the pyrrolidine ring toward the amino and carboxyl group.
A similar kind of surface dislocation is seen in Lysine (Fig. 2(d)), Methionine (Fig. 2(e)),
and Tryptophan (Fig. 2(h)). In Lysine, the positive and negative surfaces are settled over
the amino group in HOMO and get drifted over the carboxyl group in LUMO. This shows
the displacement of the charge cloud from amino to the carboxyl group in Lysine. Methio-
nine has positive and negative surfaces settled over S1 atom in HOMO while they are
settled over functional groups in LUMO. In Tryptophan, the positive and negative sur-
faces shift from benzene ring and pyrrolidine ring towards amino and carboxyl group. The
shifting of the surfaces shows the direction of the shifting of the charge cloud. The shift-
ing of orbitals in the rest of the AA was not that far as in the former described AA. The
orbitals in Isoleucine (Fig. 2(b)), Leucine (Fig. 2(c)), Phenylalanine (Fig. 2(f)), Threo-
nine (Fig. 2(g)) and Valine (Fig. 2(i)) are uniformly distributed over the geometries
and are locally shifted. The orbitals in Isoleucine and Leucine seemed to shift among the
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functional groups. That means red colored surface seems to be replaced by green and vice
versa. This shows that the charge transfer occurred between the atoms of the respective
amino and carboxyl groups of Isoleucine and Leucine. In Phenylalanine, a red color sur-
face appeared over the amino and carboxyl group in the HOMO surface that transited to
the red surface in the LUMO surface. A similar kind of shifting of positive and negative
orbitals is observed in Threonine and Valine. Thus, it is observed that the presence of
functional groups induces the shifting of donor and acceptor surfaces in AA. This shifting
can be considered due to the dislocation of the charge cloud. Thus, the dislocation of the
charge cloud gives rise to immense ICT within the title molecule. Moreover, it can be said
that the FMO parameters and HOMO-LUMO surfaces showed the enhanced possibility of
ICT within the AA and making them chemically reactive molecules.

3.4 Molecular electrostatic potential (MEP) analysis

The displacement of the charge cloud is provided by the MEP surface color code. The red
and yellow color of the MEP is due to the electrophilic atoms (Sheikhi et al. 2019). Mainly
the nitrogen atoms are electron donating and the oxygen atoms are electron-withdrawing
(Lakhera et al. 2022a, b, c, d,). The O atoms being highly electronegative imparts the red
color of the MEP surface (Pathade and Jagdale 2020). The MEP surface of all the AA is
illustrated in Fig. 3. This surface indicates the availability and location of the nucleophilic
and electrophilic regions of the AA (Lakhera et al. 2022a, b, ¢, d,). This surface shows the
displacement of the charge cloud from the positive part toward the negative part of the AA.

For the Histidine molecule, the variation of the charge is seen among the 10, 20, 9C,
and 20H atoms of the carboxyl group and 4N, 17H, and 18H atoms of the amino group.
Being highly resonating, the amino group and carboxyl group imparts in donating the free
electron cloud. The pyrrolidine ring, on the other hand, acts as an electron-withdrawing
group. Thus, these groups give rise to the nucleophilic and electrophilic regions in the
MEDP. Thus, the ICT is seen from the amino group and carboxyl group towards the pyr-
rolidine ring. The MEP’s counterplots were also used for the representation of the regions
having an electrostatic field of AA. The area with dense counter lines is the area with a
stronger electrostatic field (Idouhli et al. 2021). The field lines are found denser near the
20 atom of the carboxyl group and the 5N atom of the pyrrolidine ring. The regions near
4N, 5N, and 20 atoms have a high electrostatic field (Fig. 4(a)). The bonds falling in the
region of the aligned electrostatic field undergo the simultaneous shortening and elonga-
tion of the bond. Therefore, this process leads to the weakening of the bonds, and ulti-
mately breaking the bond. Thus, the bonds surrounded by dense electrostatic field counter
lines are weak enough to get dissociate. This leads to the formation and displacement of
free electron cloud which is a key of ICT. The Histidine molecule, therefore, has the field
lines largely accumulated near the carboxyl group, amino group, and pyrrolidine ring that
validates the ICT between the functional groups as stated from Mulliken charge distribu-
tion and MEP surface.

In the MEP surface of AA like Isoleucine (Fig. 3(b)), Leucine (Fig. 3(c)), Lysine
(Fig. 3(d)), Methionine (Fig. 3(e)), Phenylalanine (Fig. 3(f)), Threonine (Fig. 3(g)),
and Valine (Fig. 3(i)), it was seen that the C=0 bond of the carboxyl contributes in for-
mation of red surface while the O — H bond imparts the blue color to the MEP surface.
The ICT in these molecules was seen to get dislocated from the amino group towards the
carboxyl group. The counterplots of the Isoleucine (Fig. 4(b)), Leucine (Fig. 4(c)), Lysine
(Fig. 4(d)), Methionine (Fig. 4(e)), Phenylalanine (Fig. 4(f)), Threonine (Fig. 4(g)),
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Fig. 3 Molecular electrostatic potential surface of essential amino acids illustrating electrophilic region in
blue and nucleophilic region in red colour

and Valine (Fig. 4(i)) are highly accumulated near the functional groups in the respec-
tive molecules. This validates the ICT predicted by the MEP surface. The bonds of the
functional groups have electrostatic field counter lines nearby that will lead to the weak-
ening and dissociation of the bonds. This, in turn, can be considered the main reason for
the evolution of the charge cloud from these functional groups and inducing ICT within
the AA. The MEP surface of Tryptophan AA is illustrated in Fig. 3(h)). Similar to Histi-
dine, Tryptophan also has a pyrrolidine ring that acted as a nucleophilic part. The yellow
color is uniformly spread over the benzene ring connected to the pyrrolidine ring show-
ing the negativity of the benzene ring. The 4N, 24H, and 25H of the phenol group, and
10, 20, 13C, and 27H atoms of the carboxyl group, however, impart the blue color indi-
cating the donation of charge cloud from these regions. Thus, the ICT in Tryptophan is
seen from the pyrrolidine ring, carboxyl, and amino group towards the benzene ring. The
counterplot of Tryptophan is illustrated in Fig. 4(h). Alike the other AA, the counterplot
lines in Tryptophan are finely spread over the carboxyl and amino groups showing the
evolution of the charge cloud from these regions. Thus, the presence of nucleophilic and
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Fig.4 Counter plots showing high electrostatic field of the AA

electrophilic regions validates the high degree of electrostatic interactions within the mol-
ecule. This show that there is a possibility of charge transfer from the nucleophilic region
to the electrophilic region. Thus, the variation of the electronic distributions within the
molecule gives a possibility of the molecule being a highly reactive molecule.

3.5 Vibrational analysis

The Raman modes are investigated for AA to study its vibrational features. The Raman
spectra help in studying the polarizing ability of the compound as the polarizability of any
compound is proportional to the Raman intensity, which in turn leads to the NLO behav-
ior of the compound (John et al. 2020; Prettre and Pullman 1987). The computed Raman
spectra for all the AA are shown in Fig. 5. High-frequency vibrations are observed for AA
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in the range of 1000-2000 cm™' and 25004000 cm™'. The vibrational modes with high
peaks with their corresponding Raman intensities are mentioned in SD 2.

For the Histidine molecule, the symmetric stretching (Voy) mode is observed
at 3637.7 cm™'. The 17H — 4N — 18H atoms of the amino group show vy mode at
3516.02 cm™. The vy modes of the Histidine showed three major peaks at 3012.7 (Vgc_jon
and Vge_13p)> 3098.73 (Vge_1on and Ve q3p)> and 3271.1 em™ (Uyoc_6n @and vy o). The
8C=10C bond of the benzene ring shows v mode at frequency 1602.72 cm™'. The tor-
sional bending of the C — H bond on the plane (8y) mode shows the bending of the bond
between 6C — 12H and 7C — 14H bonds in the plane. However, these modes corresponding
to the carbon chain have the maximum Raman intensity equal to 1631.56 cm™". Figure 5(a)
illustrated the computed Raman spectra of Histidine.

For Isoleucine, the vy mode is observed at 3583.26 cm™!. The 17H — 4N — 18H atoms
of the amino group show vy and asymmetric linear stretching (o) mode at 3436.4
and 3515.96 cm™! respectively. The Vey mode of the Isoleucine has a major peak at
2992.93 cm™' leading to the stretching of the hydrogens bonded with 6C, 7C, and 8C atoms
of the carbon chain. The asymmetric stretching of C — H bonds have two major peaks, one
at 3023.95 cm™! (asc_;y) and another at 3055.33 em™' (C-H bonds attached to 7C and
8C). The ¢y modes show the bending of the bond between 1143.7 to 1528.86 cm™. The
stretching between 4C — 6C atoms of carbon chain shows mode at 793 cm™h Figure 5(b)
illustrated the computed Raman spectra of Isoleucine.

The Leucine molecule has oyy mode of 3N — 20H and 3N - 21H at frequency
3641.67 cm™!. The stretching between 10 — 22H of the carboxyl group is observed at
3623.64 cm™. vy mode of amino group bonds 3N — 20H and 3N — 21H is observed at
frequency 3641.67 cm™!. Three sharp peaks are observed for stretching of C — H bonds
at 2978.01, 3016.4, and 3081.21 cm™". Twenty modes of bending of C — H bonds were
observed in the range 975.95-1529.85 cm™'. High Raman intensity of 1637.03 cm™! is
observed for the C — C bond of the carbon chain for mode 782.41 cm™'. The computed
Raman spectra of Leucine are illustrated in Fig. 5(c).

The Raman spectra of Lysine (Fig. 5(d)) have three high-intensity peaks at 2906.07,
2984.77, and 3051.01 cm™" showing vy modes of the 8C — 6C — 5C — 7C — 9C chain. The
10C=20 bond of the carboxyl chain showed v mode at 1711.01 cm™'. The 8.y mode
shows the bending modes from 1000.04 to 1528.41 cm™".

The 20 — 20H bond of the carboxyl group of Methionine vibrates linearly at 3623.06 cm™!.
The 16H — 4N — 15H bond of the amino group in Methionine shows vy vibrational mode at
3499.93 cm™'. There are two high-intensity peaks observed for C — H linear stretching. The
vibration of 17H, 18H 19H attached to 9C bound to 1S atom have vy mode at 3048.77 cm™".
The gy for 13H and 14H attached to the 7C atom was observed at 3145.22 cm™'. The v
mode between 8C=30 of the carboxyl group is at a frequency of 1709.03 cm™'. The dcy
modes are observed between 1214.06 to 1495.78 cm™!. The vibration of 1S bonded between
7C and 9C has high intensity of 4042.93 cm™! at a frequency of 655.69 cm™'. The vy at
588.04 cm™! has the highest Raman intensity of 9103.99 cm™'. The other modes are illus-
trated in Fig. 5(e).

The computed Raman spectra of Phenylalanine are shown in Fig. 5(f). The spectra high-
lighted the high-frequency mode oty of the amino group at 3654.76 cm™! and vy;; mode at
3529.77 cm™. The 10 — 23H atoms of the carboxyl group showed vy mode at 3654.03 cm™".
The vy vibrations gave sharp peaks between frequency 3023.73 cm™' and 3194.86 cm™'. The
8y modes were observed between 1030.89 cm™" and 1520.44 cm™'. The v mode between
5C and 9C has a vibration at 762.06 cm™" and the 8- mode of the benzene ring occurs at
653.65cm™".
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Fig.5 Computational Raman spectra of EAA showing different modes with maximum frequency (v- sym-
metric stretching, a- asymmetric stretching, §- torsional bending of the mode)
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Fig.5 (continued)

The computed Raman spectra of Threonine was shown in Fig. 5(g). There are two high-
frequency peaks for Vo modes of O — H bonds. The vy mode for the 10 — 16H bond of the
hydroxyl group exists for frequency 3667.96 cm™'. The 4N, 14H and 15H atoms of the amino
group have a frequency equal to 3518 cm™' for vny and 1726.8 cm™! for dyy mode. The 20
— 17H bond of the carboxyl group has v mode at 3629.16 cm™'. The 7C atom of the carbon
chain has two different modes, first vy at 3038.87 cm™ and second oy at 3119.98 cm™.
The 8¢y modes are observed between 746.85 and 1537.8 cm™'. However, the 8 mode at
frequency 746.85 cm™! has the highest intensity of 2012.59 cm™".

The Tryptophan has one pyrrolidine ring attached to the carbon chain and a benzene ring.
The 3N — 20H bond of the pyrrolidine ring has vy mode at 3684.64 cm™'. The vy, mode
corresponding to amino bonds 4 N — 25H and 4 N — 25H has a frequency of 3496.44 cm™".
The 10 — 27H bond of the carboxyl group has mode vy at 3621.77 cm™". The oy mode is
for the stretching of C — H bonds of benzene rings (11C — 21H, 12C — 22H, and 14C - 23H).
The 11C, 12C, 14C, and 15C atoms of the benzene ring vibrate simultaneously and lead to the
highest intensity mode for C — H bonds with a frequency of 3195.34 cm™'. The Scy modes
have multiple peaks between 775.11 to 1659.72 cm™'. However, the §c;; mode at 1587.6 cm™

@ Springer



714 Page 22 of 29 S.Lakhera etal.

is reported as the highest Raman intensity mode with a magnitude of 2423.57 cm™". The com-
puted spectra of Tryptophan are illustrated in Fig. 5(h).

The computed Raman modes of Valine are shown in Fig. 5(i). The 10 — 19H bond of
the carboxyl group has stretching mode vy at 3619.89 cm™!. The vyy Mmode between amino
group 3N — 17H and 3N — 18H bond exists for frequency 3508.35 cm™. vy modes have
two sharp peaks for C — H vibrations of the carbon chain at frequencies 3025.1 cm™' and
3085.17 cm™". For 8y, the highest frequency mode is at 1527.06 cm™". The 10 — 19H bond
of the carboxyl group has a frequency of 1285.89 cm™!. The stretching between 4C — 5C is
observed at 946.09 cm™. The highest Raman intensity of 1193.34 cm™ is observed for vc.
The spectral analysis done for the AA showed the high Raman intensity for the modes associ-
ated with the functional groups present in the AA showed the high chemical reactivity of these
groups. All the above-mentioned Raman modes reveal the strong activity of the AA. Thus, the
active Raman modes lead to the polarizability enhancement of the AA making them active
and potent NLO materials.

3.6 UV-Vis spectral analysis

To understand the electronic transitions of the AA, the UV-Vis absorption peak is com-
puted (Fig. 6). The electronic absorption spectra were calculated using time dependent-
DFT method (TD-DFT) based on B3LYP/6-311++4G(d,p) level optimization. The
obtained spectra provide information about the vertical excitation energies (E), oscillator
strengths (f), and the wavelength (1) at which the transitions occur. A broad and strong
absorption band was recorded for almost all the AA in range 200-300 nm range (Fig. 6(a)),
except Tryptophan and Threonine for which the spectra range between 200-350 nm and
185-275 nm respectively. The z-z* and n-z* electronic transitions occurring at the highest
wavelengths are represented by transitions Sy— S, S,, and S; (SD 3). Histidine, Lysine,
Phenylalanine, and Tryptophan has the highly intense absorbance spectra with absorb-
ance intensity of about 1400, 900, 2000, and 3000 AU. For Histidine, Lysine, and Tryp-
tophan, transition S;— S, existing with excitation energy of 4.85, 5.23, and 4.56 eV were
responsible for the peak formation in the spectra. Phenylalanine has S;— S, transition
majorly contributing in the formation of peak. S,— S, has highest excitation energy of
5.37 eV. Leucine, Methionine, Threonine, and Valine have the absorption spectra with
intermediate value of intensity of 600, 550, 350, and 450 AU. Leucine, Methionine, and
Threonine has S;— S, transition majorly contributing in the formation of absorption peak.
The excitation energy of S;— S, transition of Leucine, Methionine, and Threonine are
5.5, 5.01, and 5.65 eV respectively. Threonine has the highest value of excitation energy
among all the other AA. Isoleucine has the smallest value of intensity (100 AU) for the
absorbance peak. The excitation energies of electronic transitions for the AA are relatively
close to the values of AE obtained from FMO analysis of the respective AA. These transi-
tions show the enhanced intramolecular interactions between the lone pair (n) electrons
and the & electron and also impart in molecule’s unsaturation (Fleck and Petrosyan 2010).
Thus, it can be said that the AA is highly reactive. Moreover, the S;— S, transition for His-
tidine and Tryptophan AA has the highest wavelengths compared to the transitions of
other AA. Thus, Histidine and Tryptophan can be considered more chemically reactive.
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Fig. 6 Computational UV-Vis spectra of AA showing oscillator strength for three highest peaks of absorp-
tion bands
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Fig.6 (continued)
3.7 Linear and nonlinear optical analysis

Theoretical NLO calculation is most important part in identifying a potential NLO
active molecule. The characterization of the behavior of the material in the presence of
an applied electric field is accounted by phenomenon of polarization (Rana et al. 2018).
Polarization simply tells us about the correlation between the interaction between the
electron and nucleus. The multi-atom systems, such as molecules with large number of
atoms have high number of electrons available as a charge cloud. The large the charge
cloud is, the larger will be the possibility of charge dislocation. The highly raised values
of the polarizability parameters are the result of the charge displacement. The literature
survey revealed high optical nonlinearity among many organic and semi organic NLO
materials. Thus, it is assumed that the materials having higher optical nonlinearity must
be highly NLO active. The u,,,.;, ®pp A and f,,,,; is computed for all the EAA and is
listed in Table 5. These parameters are basically expressed as the coefficients of stand-
ard Taylor series expansion of energy when the material interacts with weak and homo-
geneous externally applied electric field. Dipole moment is the first parameter in the list
of polar properties as it accounts the polar nature of the molecule. The value of yu,,,,
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Table 5 Computed values of AA

A
total dipole moment (4,,,,), total # ot * ’

isotropic polarizability (4, Histidine 513 1478x102*  2677x10%*  1.99x10°%
anisotropy of polarizability (Aa), o 2 20
and first order hyperpolarizability  Isoleucine 121 1310102 21.53x10%*  1.23x10"
(B Of AA (dipole momentin  Leucine 201  13.19x102*  18.14x10*  1.4x107%°
Debye and 41, Forar Acx and Lysine 11 149x10%  2735x102*  2.06x10°

Prorar 10 €51) Methionine 169 145x102  27.07x10%  137x107°

Phenylalanine  1.72  10.35x102*  3223x102*  3.11x107%

Threonine 312 2237x10%*  15.56x107%*  0.94x107°
Tryptophan 1.16  9.46x102*  1458x107%*  1.85x107°
Valine 144  1146x1072*  17.68x102*  1.75x107%

for AA are Histidine (5.13 Debye), Isoleucine (1.21 Debye), Leucine (2.01 Debye),
Lysine (1.1 Debye), Methionine (1.69 Debye), Phenylalanine (1.72 Debye), Threo-
nine (3.12 Debye), Tryptophan (1.16 Debye), and Valine (1.44 Debye). The electronic
communication between acceptor and donor groups leads to high ICT. This results in
the high values of polarizability and hyperpolarizability of the molecule. Thus, the
transfer of the electron cloud from donor group towards acceptor group leads to the high
value of the f,,,,. The first order hyperpolarizability has been computed using finite
field theory approach (Kirtman et al. 1998). The computed values of «,,,,, are Histidine
(14.78 x 10~>*esu), Isoleucine (13.1x 10 2*esu), Leucine (13.19x 10 **esu), Lysine
(14.9x 10" 2%esu), Methionine (14.5x 107>*esu), Phenylalanine (10.35x 10" %*esu),
Threonine  (22.37 x 10 **esu), Tryptophan (9.46 X 10~%%esu), and Valine
(11.46 x 10™2*esu). All these values are higher than a,,, of Urea (5.66x 10™**esu).
Among all the AA, Threonine has the highest value of «,,,,,. It was four times higher
than @, of Urea. The computed values of Aa are Histidine (26.77 x 10~**esu), Iso-
leucine (21.53x 10 2esu), Leucine (18.14x107**esu), Lysine (27.35x 107*%esu),
Methionine  (27.07 x 10~**esu), Phenylalanine (32.23x 10™>*esu), Threonine
(15.56 x 10~ **esu), Tryptophan (14.58x 10 %*esu), and Valine (17.68x 10 2*esu).
These values are also higher than Aa of Urea (6.30x 107*%esu). Again, the Aa of
Threonine was found five times higher than Aa of Urea. The value of g, for Histi-
dine (1.92x 107 esu), Isoleucine (1.23 x 107° esu), Leucine (1.4 x 10~*%su), Lysine
(2.06%x107° esu), Methionine (1.37x1073° esu), Phenylalanine (3.11x107° esu),
Threonine (0.94 x 107*° esu), Tryptophan (1.85x 107" esu), and Valine (1.75 x 107
esu) is higher than g, of Urea (0.78 x 10° esu). But the value of f,,,; of Phenyla-
lanine is approximately four times higher than that of Urea. For the validation of the
results, the S, of the Phenylalanine is also compared with some such NLO materi-
als that have already been worked on and gave better results. The S, ,,, of Phenylala-
nine is also found two and a half times higher than g, of Phenyl urea (2.04 x 10
esu) (Marappan et al. 2019) and approximately one and a half times higher than f,,,, of
3-nitroaniline (1.34 x 107° esu) (Krishnakumar and Nagalakshmi 2008). So, it simply
suggests that Phenylalanine has the highest magnitude of the NLO parameters among
all the AA. Thus, the comparative study shows that Phenylalanine have the high capa-
bility to act as a potent NLO responsive molecule.
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4 Conclusion

In the presented work, the comparison of optoelectronic and quantum chemical features
have been performed for all the EAA. This was done with the help of ground state structure
optimization and TD-DFT calculations. The variation in the bond lengths and bond angles
of the AA presented that the regions near the functional groups present in the respective
AA is the region with high chances of being chemically reactive. The Mulliken charge
analysis is done to see the actual charge transfer among the AA. The variation in the
charge between the amino and carboxyl group highlighted these regions as the most reac-
tive regions. The global reactivity parameters and MEP surfaces also verified the reactivity
of the AA. The n-n* and n-n* electronic transitions are found to be occurring at highest
wavelengths in computed absorption spectra. High Raman intensity modes are obtained
for the AA from computed vibrational spectra. The Raman modes and electronic transi-
tions obtained in the spectra validates the high polarizability of the AA molecules. For
validating the high polarizability of the AA, the polarizability parameters (1, X;prary A
and f,,,,) were computed. The f,,,,, of Phenylalanine was found higher than all the other
AA and reference materials Urea, Phenyl urea and 3-nitroaniline. The comparison was suf-
ficiently high enough to validate the NLO candidature of Phenylalanine. By this study, we
can conclude that Phenylalanine is the most active EAA among all the others and it can be
used for experimental validations in future. There is a strong possibility to use it in NLO
applications.
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