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Abstract

Amphetamine, dopamine, norepinephrine, serotonin, and tryptamine are a group of monoamine neurotransmitters that
regulate diverse brain functions. This work examined these compounds’ neutral, protonated, and deprotonated, structural,
energetic, and optical properties using quantum chemistry methods. Noncovalent interactions (NCI) and reduced density
gradient (RDG) investigations revealed weak intermolecular forces and electron density distribution. The RDG values were
observed to span from 0.12 to 0.43, indicating varying degrees of repulsion or attraction. The hydrogen bonding patterns
and their strength and nature were also investigated using the Atoms in Molecules (AIM) and B3LYP methods. The
quantification was done using V"2 p(r), H(r), and energy density values, which showed a variation from -0.014 to 0.026
Hartree/Bohr3, reflecting covalent or electrostatic interactions. A comparison was made between the compounds based on
their physical and chemical attributes, such as polar surface area (ranging from 41.81 to 86.71 A?), rotatable bonds (which
were identical), and proton affinity (a measure of stability). Lewis structures and natural bond orbital (NBO) analysis showed
resonance and electron delocalization. The study also examined their molecular orbitals (MOs) and found that protonation
and deprotonation could significantly change their electronic characteristics, including the energies of the highest occupied
(HOMO) and lowest unoccupied (LUMO), the energy gap, and the shape and size of their lobes. The nonlinear optical
properties were also assessed, affected by polarizability and hyperpolarizability indices, ranging from 2.267 a.u. (Dopamine)
to 7.891 a.u. (Protonated Serotonin). These properties pointed to the applications of these compounds in optical devices.
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1. Introduction

Amphetamines, a class of psychoactive
compounds, exert profound effects on the
central nervous system. Notably, amphetamine,
a potent stimulant, triggers the release of key
neurotransmitters-dopamine, norepinephrine,
and serotonin-crucial for mood, attention,
and physiological processes. Dopamine relates
to pleasure, norepinephrine to alertness, and
serotonin to emotional well-being. Tryptamine,
a fundamental neurotransmitter component,
underscores their interconnected role in
cognition and sensation, affecting normal
brain function and psychoactive substance
effects [1-5]. Noncovalent interactions (NCIs),
encompassing weak molecular forces, hold
vast significance across chemistry, biology, and
material science, notably in drug discovery for
optimized interactions [6]. Recent strides in
methodologies like Reduced Density Gradient
(RDG) analysis and Noncovalent Interaction
(NCI) indices are pivotal for deciphering these
interactions and enhancing tailored drug-target
binding for therapeutic efficacy. The Reduced
Density Gradient (RDG) method, rooted in electron
density, unveils spatial distribution insights for
Non-covalent interactions like hydrogen bonds
and van der Waals forces, refining drug binding
and selectivity. This study employs RDG and NCI
methods to explore Non-covalent interactions,
spotlighting their role in drug design. Objectives
encompass characterizing interactions, assessing
protonation effects, and examining resulting
molecular properties, promising refined drug
design for potent therapeutic agents [7-9]. The
investigation extends to topological parameters
via the Atoms in Molecules (AIM) approach, vital
for understanding drug-receptor interactions and
enhancing binding affinity [10, 11]. By utilizing
advanced computational techniques, including
Density Functional Theory (DFT), this study
uncovers the distribution of attractive/repulsive
forces depicted through RDG scatter plots and
topological parameters [12]. The exploration also
delves into nonlinear optical properties (NLO)
and quantum parameters, offering multifaceted
insights [13, 14].

This study delves into the intricate world of
molecular interactions, bridging neurochemistry
and computational chemistry to advance
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our comprehension of the human mind and
pharmaceutical development.

2. Computational Details

In this study, the computational investigations
were conducted using the Gaussian software
package, a prominent suite of quantum chemistry
tools [15-17]. The Density Functional Theory
(DFT) calculations used the accurate 6-31G(d,p)
and 6-311++G(d,p) basis sets, enabling a precise
exploration of molecular interactions, electron
densities, and energy profiles. These aspects are
crucial for optimizing drug-receptor binding and
enhancing the understanding of non-covalent
interactions [18-20].

3. Results and discussion
3.1. RDG and NCI Analysis

Noncovalent interactions (NCI) and reduced
density gradient (RDG) studies are novel
methodologies used for the characterization of
weak intermolecular interactions [55-58]. The NCI
index is used for characterizing intermolecular
interactions and evaluating the characteristics
of weak interactions. The NCI index is derived
from the reduced density gradient (RDG) and
provides further support for non-covalent
interactions. The reduced density gradient (RDG)
is a fundamental dimensionless quantity that
includes the density and its initial derivative . The
colorful RDG scatter plots were produced using
the Multiwfn program, whereas the 3D isosurface
was shown employing the VMD software [21,
22]. The NCI studies were conducted using an
isosurface threshold of 0.5. The isosurface range
for the Reduced Density Gradient (RDG) extends
from —0.035 to 0.02 atomic units. Fig. 1 displays
the two-dimensional representation of the
reaction-diffusion grid (RDG) plots, as well as the
three-dimensional isosurface.

The determination of the electron density
of the sign(k2)q peaks concerning RDG provides
valuable insights into the characteristics and
intensity of the molecular interactions. Within
the molecular system, the color blue shows
attractive interactions, whereas the colour red
signifies repulsive interactions. The sign of the
product between the sign of A2 and the charge
p(r) is crucial in determining the characteristics of
the interaction. Specifically, when the sign of A2
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Fig. 1. Reduced Density Gradient (RDG) analysis showing weak and strong interaction of all compounds
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p(r) is negative, it signifies a repulsive interaction
that is bonded. Conversely, when the sign (A2) p is
positive, along with the corresponding symbol, it
shows a repulsive interaction that is non-bonded.

The scatter graphs of the RDG complexes are
shown on the right side of Fig. 1. As seen on the left
side of Fig. 1, the color red is assigned to denote
strong repulsion resulting from steric effects, blue
is used to show hydrogen bonding interactions,
and green is employed to signify van der Waals
interactions [23, 24]. As seen on the left side of
Fig. 1, the blue coloration signifies the occurrence
of hydrogen bonding. The green coloration
correlates to van der Waals interactions, while
the red coloration shows steric or cyclic effects.
It is observed that all deprotonated compounds
possess a low density and have a limited
hydrogen interaction. Conversely, all protonated
compounds show a larger density and display
hydrogen bond interactions.

Serotonin and tryptamine have a pronounced
repulsive behavior compared to other compounds,
as seen by their red color in Fig. 1. The existence of
aweak hydrogen bond interaction, together with
additional contacts between the two hydrogen
atoms (H-H), is shown by the observation of
a green-colored isosurface for the serotonin
and tryptamine complex. This green-colored
isosurface may be attributed to van der Waals
interactions. The identification of this isosurface
position suggests the existence of van der Waals
interactions.

3.2. Topological parameters

Using the atoms in molecules (AIM) analysis
is a widely used approach for the detection and
characterization of non-covalent interactions
present in molecular systems, particularly
emphasizing intra- and intermolecular hydrogen
bonding. The determination of hydrogen bonds
in molecular complexes is accomplished by
conducting a thorough examination of electron
density using topological techniques [25-28]. The
B3LYP [29, 30] technique was used to calculate
the topological characteristics, such as the
Laplacian of electron density and the electron
density, potential energy density, and ellipticity
at bond critical sites (BCP). The computations
have been succinctly presented in Table 1, while
Fig. 2 provides a visual representation of the BCP.
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Based on the findings presented in reference
[27], the quantification of hydrogen bond
interaction can be determined using the following
criteria: weak hydrogen bonding is shown when
the second derivative of the electron density
regarding the distance is positive and the value
of the Hamiltonian (H(r)) is positive; medium
hydrogen bonding is categorized by a positive and
a negative H(r); and strong hydrogen bonding is
classified by a negative and a negative H(r).

The strong covalent connection between
oxygen and hydrogen is shown by the significant
negative values for O1-H21(-2.170) for protonated
dopamine, as displayed in Table 1 and Fig. 2.

If the energy density at the critical sites is
negative (HBCPs < 0), the hydrogen bond exhibits
a covalent nature. Conversely, if the energy
density is positive (HBCPs > 0), the hydrogen bond
has an electrostatic character.

3.3. Drug likeness

Table 2 succinctly compares the physico-
chemical attributes of five compounds -
Amphetamine, dopamine, norepinephrine,
serotonin, and tryptamine - in neutral, protonated,
and deprotonated forms, shedding light on
their potential utility in drug design. Notably,
norepinephrine and dopamine exhibit a relatively
higher number of hydrogen bond donors and
acceptors compared to the expected range
of <5, suggesting their propensity for strong
interactions [31]. Norepinephrine boasts the
largest polar surface area (PSA) of 86.71 A2,
indicative of extensive interaction potential,
while Tryptamine possesses a smaller PSA of
41.81 A?, suggesting a more focused interaction
profile [32]. The variations in molecular weight
among the compounds reflect Norepinephrine’s
relatively higher mass and Amphetamine’s and
Dopamine’s lighter nature, potentially affecting
their absorption and distribution properties
[33]. Interestingly, all compounds share the
same number of rotatable bonds (2), showing
comparable flexibility [34]. The higher molar
refractivity observed in dopamine and tryptamine
implies their favorable interaction with polar
environments [35]. Upon protonation, hydrogen
bonding properties remain relatively stable
across the compounds, with minor decreases in
PSA values and minimal changes in molecular



Condensed Matter and Interphases / KoHaeHCcMpoBaHHble cpeabl M MexXda3zHble rpaHuLLbl 2024;26(3): 379-406
Y.H. Azeez et al. Probing molecular interactions, electronic properties, and reactivity...
Table 1. Topological parameters (all in a.u) at the bond critical point (BCP) of title compound [Electron

density (, Laplacian of electron density (, and Ellipticity)], The units of V, G, and H are in a.u. For a — in
a protonated state, and b — in a deprotonated state

1 | 2 | 3 | 4 | 5 | 6 | 7
a
Amphetamine
Cesisu \Y G H
C2-HI11 0.295 -1.088 0.028 -0.346 0.037 -0.309
C3-HI12 0.283 -0.979 0.011 -0.331 0.043 -0.288
C3-HI13 0.283 -0.982 0.010 -0.332 0.043 -0.289
C5-HI16 0.282 -0.987 0.016 -0.331 0.042 -0.289
C5-H14 0.287 -1.049 0.010 -0.340 0.039 -0.301
C5-H15 0.280 -0.976 0.017 -0.328 0.042 -0.286
C6 - H17 0.288 -1.013 0.033 -0.344 0.045 -0.299
C7 -H18 0.289 -1.031 0.026 -0.345 0.043 -0.301
N1-HI19 0.336 —-1.852 0.004 -0.539 0.038 -0.501
N1 -H20 0.336 -1.850 0.004 -0.539 0.038 -0.501
C8 - H21 0.292 -1.061 0.023 -0.349 0.042 -0.307
C9 - H22 0.292 -1.059 0.027 -0.350 0.042 -0.307
C10 - H23 0.292 -1.062 0.025 -0.349 0.042 -0.308
N1 -H24 0.336 -1.848 0.004 -0.538 0.038 -0.500
Dopamine
N3 - H23 0.335 -1.851 0.003 0.500 0.000 0.500
C4-HI13 0.283 -0.983 0.011 0.288 0.000 0.288
C6-H14 0.292 -1.086 0.031 0.308 0.000 0.308
C6 — H15 0.293 -1.089 0.031 0.308 0.000 0.308
C7-Hl16 0.288 -1.021 0.036 0.300 0.000 0.301
C8 - H17 0.289 -1.030 0.027 0.301 0.000 0.301
C10-H18 0.289 -1.032 0.029 0.302 0.000 0.302
N3 -HI19 0.335 -1.853 0.003 0.501 0.000 0.501
N3 - H20 0.336 -1.853 0.003 0.501 0.000 0.501
O1-H21 0.366 -2.170 0.021 0.601 0.001 0.602
02 - H22 0.367 -2.166 0.019 0.602 0.001 0.603
Norepinephrine
O1-H24 0.025 0.128 0.320 -0.028 0.030 0.002
C5 -H13 0.289 -1.033 0.027 -0.332 0.037 -0.295
C7-H14 0.292 -1.089 0.028 -0.344 0.036 -0.308
C7 - H15 0.293 -1.092 0.029 -0.345 0.036 -0.309
C8 -H16 0.290 -1.034 0.034 -0.348 0.045 -0.303
C9 - H17 0.289 -1.038 0.023 -0.345 0.043 -0.302
C11-H18 0.290 -1.034 0.030 -0.346 0.044 -0.302
01 -H19 0.363 -2.165 0.020 -0.658 0.058 -0.599
N4 - H20 0.337 -1.856 0.003 -0.541 0.039 -0.503
N4 - H24 0.326 -1.815 0.002 -0.522 0.034 -0.488
N4 - H21 0.337 -1.860 0.003 -0.542 0.038 -0.503
02 - H22 0.366 -2.171 0.020 -0.659 0.058 -0.601
03 - H23 0.367 -2.168 0.019 —-0.662 0.060 -0.602
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Table 1.
1 2 3 4 | 5 | 6 7
Serotonin
C6-H14 0.284 -0.986 0.012 -0.332 0.043 -0.289
Cl11-H21 0.290 -1.044 0.023 -0.347 0.043 -0.304
Cl1-C13 0.316 -0.822 0.507 -0.439 0.117 -0.322
C13 - H22 0.293 -1.065 0.026 -0.350 0.042 -0.308
C6 - H15 0.282 -0.974 0.013 -0.328 0.042 -0.286
C8 -Hl16 0.290 -1.076 0.026 -0.345 0.038 -0.307
N2 - H17 0.348 -1.841 0.057 -0.579 0.059 -0.520
C9-H18 0.292 -1.087 0.032 -0.344 0.036 -0.308
C9-H19 0.293 -1.090 0.032 -0.344 0.036 -0.308
C10 - H20 0.282 -0.964 0.045 -0.340 0.050 -0.290
N3 - H23 0.335 -1.851 0.003 -0.538 0.038 -0.501
N3 - H24 0.336 -1.853 0.004 -0.539 0.038 -0.501
O1-H25 0.372 -2.146 0.021 -0.665 0.064 -0.601
N3 -H26 0.336 -1.853 0.003 -0.539 0.038 -0.501
C6-H14 0.284 -0.986 0.012 -0.332 0.043 -0.289
Tryptamine
C5 -H13 0.284 -0.987 0.012 -0.332 0.043 -0.290
C10-H20 0.290 -1.036 0.029 -0.346 0.044 -0.303
Cl1-H21 0.291 -1.050 0.025 -0.348 0.043 -0.305
C12 - H22 0.292 -1.057 0.024 -0.349 0.042 -0.307
C5-H14 0.282 -0.976 0.013 -0.328 0.042 -0.286
C7 - H15 0.290 -1.077 0.027 -0.345 0.038 -0.307
N1-H16 0.348 -1.840 0.057 -0.578 0.059 -0.519
C8 - H17 0.292 -1.085 0.032 -0.343 0.036 -0.307
C8 - H18 0.293 -1.093 0.031 -0.344 0.036 -0.309
C9-H19 0.286 -0.996 0.031 -0.342 0.046 -0.295
N2 - H23 0.336 -1.852 0.003 -0.538 0.038 -0.501
N2 - H24 0.336 -1.853 0.003 -0.538 0.038 -0.501
N2 - H25 0.336 -1.852 0.003 -0.539 0.038 -0.501
b
Amphetamine
Cesi3u \Y G H
C2-Hl11 0.253 -0.751 0.016 -0.265 0.039 -0.226
C3-HI12 0.282 -0.972 0.018 —-0.331 0.044 -0.287
C3-H13 0.280 -0.947 0.020 -0.329 0.046 -0.283
C5-H16 0.273 -0.911 0.006 -0.321 0.047 -0.274
C5-H14 0.271 -0.906 0.001 -0.315 0.044 -0.271
C5-H15 0.272 -0.911 0.004 -0.318 0.045 -0.273
C6 - H17 0.289 -1.017 0.041 -0.348 0.047 -0.301
C7-H18 0.287 -1.008 0.027 -0.342 0.045 -0.297
N1-H19 0.327 -1.366 0.076 -0.517 0.088 -0.430
C8 — H20 0.285 -0.995 0.024 -0.340 0.045 -0.294
C9 -H21 0.285 -0.988 0.030 -0.340 0.047 -0.294
C10-H22 0.284 -0.985 0.033 -0.340 0.047 -0.293
Dopamine
02 -H20 0.019 0.090 1.083 -0.022 0.022 0.000
C4 - H12 0.280 -0.954 0.027 -0.332 0.047 -0.285
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Table 1.
1 2 3 4 5 6 7
C4 - H13 0.278 -0.934 0.028 -0.329 0.048 -0.281
C6-H14 0.274 -0.915 0.022 -0.313 0.042 -0.271
C6 - H15 0.260 -0.818 0.024 -0.284 0.040 -0.244
C7-H16 0.287 -1.002 0.044 -0.345 0.047 -0.298
C8 - H17 0.286 -1.005 0.030 -0.342 0.045 -0.297
C10-H18 0.284 -0.989 0.025 -0.339 0.046 -0.293
N3 -HI19 0.328 -1.379 0.073 -0.520 0.087 -0.432
O1-H20 0.367 -2.128 0.022 -0.656 0.062 -0.594
02 - H21 0.369 -2.105 0.023 -0.660 0.067 -0.593
Norepinephrine

03 - H22 0.371 -2.131 0.021 -0.666 0.067 -0.599
02 -H21 0.371 -2.141 0.022 -0.664 0.064 -0.600
N4 - H20 0.338 -1.671 0.036 -0.541 0.061 -0.479
N4 - H19 0.330 -1.747 0.027 -0.531 0.047 -0.484
C8 -H16 0.291 -1.069 0.025 -0.346 0.039 -0.307
C9 - H17 0.285 -0.984 0.045 -0.342 0.048 -0.294
Cl11-H18 0.281 -0.958 0.029 -0.334 0.047 -0.287
C7-H14 0.279 -0.953 0.018 -0.326 0.044 -0.282
C7 -H15 0.276 -0.933 0.018 -0.320 0.044 -0.277
C5-HI13 0.260 -0.814 0.023 -0.277 0.037 -0.240
O1-H19 0.022 0.100 0.528 -0.025 0.025 0.000

O1-H16 0.017 0.080 1.566 -0.016 0.018 0.002

03 - H22 0.371 -2.131 0.021 -0.666 0.067 -0.599

Serotonin
N3 - H23 0.327 -1.383 0.076 -0.520 0.087 -0.433
Cl11-H21 0.284 -0.991 0.023 -0.339 0.046 -0.293
Cl1-C13 0.307 -0.775 0.496 -0.414 0.110 -0.304
C13 - H22 0.287 -1.007 0.030 —-0.343 0.046 -0.298
C6-H14 0.280 -0.958 0.015 -0.327 0.044 -0.283
C6 - H15 0.280 -0.948 0.017 -0.329 0.046 -0.283
C8-H16 0.288 —-1.046 0.046 -0.347 0.043 -0.304
N2 - H17 0.349 -1.794 0.064 -0.580 0.066 -0.514
C9-H18 0.246 -0.721 0.024 -0.257 0.038 -0.218
C9-H19 0.259 -0.812 0.021 -0.283 0.040 -0.243
C10-H20 0.284 -0.986 0.034 -0.340 0.047 -0.293
O1-H24 0.372 -2.127 0.022 -0.664 0.066 -0.598
Tryptamine

C5 -H13 0.276 -0.930 0.018 -0.326 0.047 -0.279
N2 - H23 0.320 -1.359 0.054 -0.507 0.084 -0.424
H18 - H19 0.009 0.025 0.233 -0.004 0.005 0.001

C10-H20 0.278 -0.955 0.034 -0.334 0.047 -0.286
Cl1-H21 0.280 -0.972 0.031 -0.336 0.047 -0.290
C12 - H22 0.280 -0.971 0.026 -0.336 0.046 -0.289
C5-H14 0.273 -0.909 0.019 -0.322 0.047 -0.275
C7 - H15 0.285 -1.024 0.064 -0.343 0.044 -0.299
N1-H16 0.347 -1.826 0.051 -0.570 0.057 -0.513
C8 - H17 0.253 -0.758 0.010 -0.284 0.047 -0.237
C8 -H18 0.244 -0.693 0.014 -0.268 0.047 -0.221
C9-HI19 0.285 -1.033 0.020 -0.340 0.041 -0.299
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Fig. 2. Electron density of the title compounds
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Norepinephrine

Serotonin

Tryptamine

Fig. 2.

weights. Remarkably, all measured values align
with the expected ranges for drug-like molecules,
highlighting the compounds’ suitability for
further drug design efforts. In summary, this
concise yet informative analysis underscores how
a diverse range of physicochemical properties
can effectively guide molecular design, ensuring
favorable interactions and the potential
development of efficacious therapeutic agents.

3.4. Natural Bond Order (NBO) analysis

The investigation included the examination
of the Lewis structures of all compounds in their
neutral, protonated, and deprotonated forms. This
examination was conducted using the B3LYP/6—
311+G(d, p) technique and theoretical approaches
based on the NBO analysis, as shown in Table
3-7. The NBO analysis is a significant technique
used for examining the Lewis structure of a

molecule. It offers essential insights into several
aspects, including resonance delocalization, bond
order, hybridization type, and donor-acceptor
interactions. The DFT calculations were used
to conduct a comprehensive study, including
the entire NBO analysis and the analysis of the
second-order Fock matrix perturbation theory.
As well as, the second order energy predicts
the stabilization energy, which represents the
strength of the delocalization interactions, for
each donor NBO (i), acceptor NBO (j), and the
E(2) associated with the electron delocalization
between the donor and the acceptor [36-40].

In the above equation, the symbol “gi”
represents the occupancy of the donor orbital,
while “ei” and “gj” denote the diagonal elements.
“F(i,j)” represents the off-diagonal NBO Fock
matrix element. A greater value of E(2) signifies
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Table 2. Physiochemical property values of study compounds and standard drug molecules

Am- Norepi-
Descriptors phet- Dopa- nep}?— Sero- | Trypt- | Expect-
amine mine rine tonin amine |ed range
Hydrogen bond donor (HBD) 1 3 4 2 2 <5
Hydrogen bond acceptors (HBA) 1 3 4 2 1 <10
Polar surface area (PSA) 26.02 66.48 86.71 62.04 41.81 < 140
Molecular weight 135.21 | 153.18 | 169.18 | 176.22 | 160.22 <500
Number of rotatable bonds 2 2 2 2 2 <10
Molar refractivity 43.73 42.97 44.13 52.80 50.78 | 40-160
Protonated
Hydrogen bond donor (HBD) 1 3 4 3 2 <5
Hydrogen bond acceptors (HBA) 0 2 3 1 0 <10
Polar surface area (PSA) 3.24 43.70 63.93 39.26 19.03 <140
Molecular weight 136.21 | 154.19 | 170.19 | 177.22 | 161.22 <500
Number of rotatable bonds 2 2 2 2 2 <10
Molar refractivity 44.69 43.93 45.09 53.13 51.74 | 40-160
Deprotonated
Hydrogen bond donor (HBD) 1 3 4 3 <5
Hydrogen bond acceptors (HBA) 1 3 4 2 1 <10
Polar surface area (PSA) 26.02 64.31 171.19 62.04 41.81 < 140
Molecular weight 137.22 | 153.18 86.71 178.23 | 160.22 <500
Number of rotatable bonds 2 0 2 2 2 <10
Molar refractivity 43.73 45.97 44.13 52.80 50.78 | 40-160

anincreased level of interaction between electron
donors and electron acceptors.

In this work, the NBO analysis reveals that the
highest lone pair of electrons on oxygen (N2) inside
the carboxylic group undergoes delocalization
towards the n* antibonding molecular orbital
of the C4-C8 bond within the same carboxylic
group for protonated serotonin compounds. This
delocalization process results in a significant
stabilization energy of 42.97 kcal/mol, as seen
in Table 1.

The delocalization interaction n*(C 11 -
C 13) tonn*(C 5 - C 7) in protonated serotonin
is of significant importance, with a stabilization
energy of 261.16 kcal/mol. Similarly, with
the neutral norepinephrine molecule, the
interaction betweenn*(C 11-C 12) and m*(C 8 -
C 10) is noteworthy, with a stabilization energy
of 256.38 kcal/mol. The findings show that
6—c™ interactions have a lower delocalization
energy compared to n—n* interactions. The
electron density attributed to 6 bonds exhibits
greater magnitude when compared to that of
m bonds.
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3.5. Nonlinear optical properties (NLO)

Nonlinear optical (NLO) materials are of
significant importance in nonlinear optics,
particularly because of their significant effect
on information technology and industrial
applications. The first static analysis was
performed on the geometry that has undergone
optimization using the B3LYP/6-311G++(d,p)
method. The initial static hyperpolarizability,
represented as: is a tensor of three dimensions
with a rank of three, which may be mathematically
represented by a 3x3x3 matrix. The total static
dipole moment mean polarizability , and initial
static hyperpolarizability may be determined by
using the equations that include the x,y, and z
component [38, 41].

A high value of a particular component of
the polarizability and hyperpolarizability indices
indicates that there has been a considerable
delocalization of charge in one or more
specific directions [42, 43]. The total molecular
dipole moment , mean polarizability, and
first hyperpolarizability of the title have been
calculated and are presented in Table 8.
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Table 3. Second-order Perturbation Theory Analysis of Fock Matrix in NBO for Amphetamine

Donor NBO (i) | Acceptor NBO (j) |  E@),kcal/mol | E()-E(i),au. | F(iyj),a.u.
Neutral
nC 4-C 7 w™*C 6-C 8 19.64 0.28 0.066
nC 4-C 7 n*C 9-C 10 21.47 0.28 0.069
nC 6-C 8 C 4-C 7 20.68 0.29 0.069
nC 6-C 8 n*C 9-C 10 19.62 0.28 0.067
oC 6-H 17 c*C 4-C 7 3.95 1.1 0.059
oC 7-H 18 o*C 4-C 6 4.01 1.09 0.059
oC 7-H 18 ¢*C 9-C 10 3.53 1.1 0.056
nC 9-C 10 n*C 4-C 7 19.38 0.29 0.067
nC 9-C 10 n*C 6-C 8 20.76 0.28 0.068
oC 9-H 22 c*C 4-C 7 3.79 1.1 0.058
Protonated
nC 4-C 7 ™C 6-C 8 19.23 0.29 0.067
nC 4-C 7 ™C 9-C 10 18.18 0.3 0.066
cC 5-H 14 o*N 1-C 2 5.68 0.68 0.056
nC 6-C 8 n*C 4-C 7 21.44 0.27 0.069
nC 6-C 8 *C 9-C 10 18.87 0.29 0.067
cC 6-H 17 c*C 4-C 7 4.11 1.1 0.06
ocC 7-H 18 c*C 4-C 6 4.17 1.09 0.06
ntC 9-C 10 n*C 4-C 7 22.53 0.27 0.069
nC 9-C 10 *C 6-C 8 20.99 0.27 0.069
n*C 4-C 7 n*C 9-C 10 171.97 0.02 0.082
Deprotonated
nC 4-C 6 n*C 7-C 9 20.47 0.26 0.066
nC 4-C 6 n*C 8-C 10 26.03 0.25 0.073
nC 7-C 9 n*C 4-C 6 18.9 0.3 0.068
nC 7-C 9 n*C 8-C 10 18.96 0.28 0.066
nC 8-C 10 n*C 4-C 6 15.76 0.3 0.063
nC 8-C 10 “C 7-C 9 19.11 0.29 0.067
oC 9-H 21 o*C 4-C 7 3.65 1.12 0.057
LP( 2)N 1 c*C 2-H 11 20.35 0.48 0.092
n*C 7-C 9 C 4-C 6 196.57 0.02 0.084
n*C 8-C 10 n*C 4-C 6 133.51 0.02 0.08
Table 4. Second Order Perturbation Theory Analysis of Fock Matrix in NBO for dopamine
Donor NBO (i) Acceptor NBO (j) E(2), kcal/mol E@)-E(), a.u. F(i,j), a.u.
1 2 3 4 5
Neutral

60 1-H 21 c*C 7-C 9 5.47 1.31 0.076
nC 5-C 8 nC 7-C 9 18.23 0.28 0.064
nC 5-C 8 n*C 10-C 11 20.8 0.27 0.068
nC 7-C 9 n*C 5-C 8 20.73 0.3 0.071
nC 7-C 9 n*C 10-C 11 19.68 0.28 0.068
cC 8-C 10 c*0 2-C 11 5.08 1.02 0.064
nC 10-C 11 nC 5-C 8 17.09 0.31 0.066
nC 10-C 11 n*C 7-C 9 18.6 0.3 0.068
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Table 4.
1 2 3 4 5
LP( 2)0 1 nC 7-C 9 28.74 0.35 0.095
n*C 10-C 11 n*C 5-C 8 179.74 0.02 0.08
Protonated
cO 1-H 21 o*C 7-C 9 5.64 1.3 0.077
c O 2-H 22 o“C 9-C 11 4.29 1.27 0.067
nC 5-C 8 n*C 7-C 9 17.38 0.29 0.065
nC 5-C 8 n*C 10-C 11 17.4 0.29 0.065
nC 7-C 9 n*C 5-C 8 20.91 0.29 0.07
nC 7-C 9 n*C 10-C 11 18.74 0.29 0.066
ocC 8-C 10 o0 2-C 11 4.88 1.05 0.064
nC 10-C 11 n*C 5-C 8 19.58 0.29 0.069
nC 10-C 11 n*C 7-C 9 18.85 0.29 0.067
LP( 2)0 1 nC 7-C 9 32.29 0.33 0.098
Deprotonated
oN 3-H 19 c*C 6-H 14 5.9 0.94 0.067
oC 4-C 6 o*C 5-C 7 7.11 0.47 0.057
nC5-C 7 n*C 8-C 10 18.2 0.26 0.061
nC 5-C 7 n*C 9-C 11 30.11 0.24 0.079
ntC 8-C 10 C 5-C 7 17.25 0.3 0.067
nt C 8-C 10 n*C 9-C 11 16.07 0.27 0.063
nC 9-C 11 n*C 8-C 10 21.98 0.3 0.073
LP( 2)0 1 n*C 9-C 11 26.91 0.35 0.095
™ C 8-C 10 n*C 5-C 7 227.99 0.01 0.082
n*C 9-C 11 ™ C 8-C 10 254.9 0.01 0.079
Table 5. Second Order Perturbation Theory Analysis of Fock Matrix in NBO for Norepinephrine
Donor NBO (i) Acceptor NBO (j) E(2), kcal/mol E(j)-E(i), a.u. F(i,j), a.u.
1 2 3 4 5
Neutral
6O 2-H 22 c*C 8-C 10 5.43 1.31 0.076
nC 6-C 9 *C 8-C 10 18.14 0.28 0.065
nC 6-C 9 n*C 11-C 12 20.41 0.27 0.068
nC 8-C 10 n*C 6-C 9 21.08 0.29 0.071
nrC 8-C 10 n*C 11-C 12 20.66 0.28 0.069
cC 9-C 11 o0 3-C 12 5.03 1.02 0.064
nC 11-C 12 *C 8-C 10 17.97 0.3 0.067
LP( 2)O 2 n*C 8-C 10 28.2 0.35 0.094
n*C 11-C 12 ™C 6-C 9 179.59 0.02 0.08
n*C 11-C 12 *C 8-C 10 256.38 0.01 0.083
Protonated
cO 2-H 22 o*C 8-C 10 5.66 1.3 0.077
nC 6-C 9 “C 8-C 10 17.55 0.29 0.065
nC 6-C 9 n*C 11-C 12 16.78 0.29 0.063
nC 8-C 10 ™C 6-C 9 20.33 0.28 0.069
nC 8-C 10 n*C 11-C 12 18.85 0.29 0.066
cC 9-H 17 o*C 6-C 8 4.34 1.09 0.061
nC 11-C 12 ™C 6-C 9 20.31 0.29 0.07
nC 11-C 12 ™C 8-C 10 18.53 0.29 0.066
LP( 2)0 2 ™ C 8-C 10 32.64 0.33 0.098
LP( 2)0O 3 n*C 11-C 12 28.84 0.35 0.096
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Table 5.
1 | 2 | 3 | 4 | 5
Deprotonated
6O 2-H 21 c*C 8-C 10 5.17 1.34 0.074
nC 8-C 10 *C 6-C 9 20.78 0.3 0.071
nC 8-C 10 n*C 11-C 12 22.32 0.26 0.07
cC 9-C 11 c*0 3-C 12 5.13 0.99 0.064
LP( 2)0 1 c*C 5-C 6 19.19 0.55 0.093
LP( 3)0 1 c*C 5-H 13 16.01 0.56 0.086
LP( 1)O 2 c*C 10-C 12 5.71 1.15 0.073
LP( 2)0 2 n*C 8-C 10 23.94 0.37 0.09
n*C 8-C 10 nC 6-C 9 212.92 0.02 0.085
n*C 11-C 12 n*C 8-C 10 131.19 0.03 0.083
Table 6. Second-order Perturbation Theory Analysis of Fock Matrix in NBO for Serotonin
Donor NBO () |  AcceptorNBO () | E@),kcal/mol | E()-E@i),au. | F(i,j),a.u.
Neutral
cC 4-C 8 c*C 5-C 10 5.02 1.27 0.071
nC 4-C 8 n*C 5-C 7 16.32 0.29 0.068
nC 5-C7 n*C 4-C 8 18.11 0.28 0.065
nC 5-C 7 n*C 10-C 12 17.78 0.27 0.063
nC 5-C7 n*C 11-C 13 21.14 0.27 0.069
n C 10-C 12 n*C 5-C 7 18.2 0.29 0.069
nC 10-C 12 n*C 11-C 13 16.1 0.29 0.062
cC11-C 13 6*N 2-C 7 6.15 1.16 0.075
nC 11-C 13 n*C 10-C 12 19.25 0.29 0.069
LP( )N 2 n*C 4-C 8 35.4 0.3 0.093
Protonated
cC 5-C 7 c*C 4-C 6 5.29 1.06 0.067
nC 5-C 7 n*C 4-C 8 19.79 0.26 0.064
nC 10-C 12 n*C 5-C 7 19.4 0.29 0.071
nC 10-C 12 n*C 11-C 13 14.93 0.3 0.06
cC 11-C 13 c*N 2-C 7 6.27 1.15 0.076
nC 11-C 13 n*C 10-C 12 20.35 0.28 0.069
LP( 2)0 1 n*C 10-C 12 31.11 0.34 0.098
LP( )N 2 n*C 4-C 8 42.97 0.28 0.099
n*C 5-C 7 n*C 11-C 13 233.04 0.01 0.082
n*C 10-C 12 n*C 11-C 13 254.27 0.01 0.082
Deprotonated
cC 4-C 8 c*C 5-C 10 5.29 1.25 0.073
nC 5-C 7 n*C 4-C 8 17.65 0.29 0.066
nC 5-C 7 n*C 10-C 12 18.89 0.26 0.063
nC 5-C 7 n*C 11-C 13 24.39 0.25 0.07
oC 6-H 15 c*C 4-C 8 5.06 1.05 0.065
nC 10-C 12 n*C 11-C 13 16.24 0.28 0.063
nC 11-C 13 n*C 10-C 12 19.18 0.29 0.069
LP( )N 2 n*C 5-C 7 31.23 0.3 0.091
n*C 5-C 7 n*C 4-C 8 111.28 0.02 0.067
n*C 11-C 13 n*C 5-C 7 261.16 0.02 0.083
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Table 7. Second-order Perturbation Theory Analysis of Fock Matrix in NBO for Tryptamine

DonorNBO () |  AcceptorNBO () | E@),kcal/mol | EG)-EGi),au. | F(iy),a.u.
Neutral
sC 4-C 6 s*C 3-C 5 4.43 1.1 0.063
pC 4-C 6 p*C 3-C 7 18.35 0.28 0.065
pC 4-C 6 p*C 9-C 11 19.82 0.28 0.068
pC 4-C 6 p*C 10-C 12 19.01 0.27 0.065
sC 5-H 13 s*C 3-C 4 4.86 1.02 0.063
pC 9-C 11 p*C 4-C 6 16.63 0.28 0.065
pC 9-C 11 p*C 10-C 12 19.45 0.28 0.067
pC 10-C 12 p*C 4-C 6 18.9 0.28 0.069
pC 10-C 12 p*C 9-C 11 17.12 0.29 0.064
IP( )N 1 p*C 4-C 6 35.26 0.3 0.094
Protonated
sC 4-C 6 s*C 3-C 5 5.16 1.06 0.066
pC 4-C 6 p* C 3-C 7 19.81 0.26 0.065
pC 4-C 6 p* C 9-C 11 18.58 0.28 0.066
pC 9-C 11 p* C 10-C 12 18.24 0.29 0.066
sC 10-C 12 s*N 1-C 6 6.36 1.14 0.076
pC 10-C 12 p*C 4-C 6 20.46 0.27 0.07
pC 10-C 12 p* C 9-C 11 18.7 0.28 0.065
LP( )N 1 p*C 3-C 7 41.22 0.28 0.098
p*C 4-C 6 p* C 9-C 11 249.47 0.01 0.079
p*C 4-C 6 p* C 10-C 12 207.04 0.02 0.081
Deprotonated
pC 3-C 7 p*C 4-C 9 13.95 0.31 0.061
pC 4-C 9 p*C 3-C 7 10.81 0.31 0.052
pC 4-C 9 p*C 6-C 10 13.27 0.3 0.057
pC 4-C 9 p*C 11-C 12 12.49 0.28 0.053
pC 6-C 10 p*C 11-C 12 11.52 0.3 0.053
pC 11-C 12 p*C 6-C 10 8.44 0.31 0.047
LP( )N 1 p*C 6-C 10 16.18 0.38 0.072
IP( 2)N 2 s* C 8—H 18 9.75 0.6 0.072
p*C 6-C 10 p*C 4-C 9 115.66 0.02 0.073
p*C 11-C 12 p*C 6-C 10 85.65 0.01 0.061

The polarizabilities and the hyperpolari-
zabilities that were acquired from the GAUSSIAN
09 output were initially represented in atomic
units (a.u.). These computed values have been
translated into electrostatic units (e.s.u.forof
making comparisons and interpretations more
straightforward. For polarizabilities, 1 a.u.is equal
t00.1482-10"2*e.s.u.,and for hyperpolarizabilities,
1 a.u.is equal to 8.6393-1073 e.s.u.

As observed in Table 8, the computed dipole
moment values for the compounds under
investigation, both in their protonated and
deprotonated states, are higher than the dipole
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moment of urea, which is equal to 1.3732 D. When
exploring the nonlinear optical (NLO) features
of molecular systems, urea is often used as a
model molecule because of its well-characterized
nonlinear optical behavior. Because of this, it
has often been used as a benchmark in many
comparative studies.

The polarizability values were calculated for all
compounds in their neutral, protonated, and depro-
tonated states. These values are reported in Table 8.
The findings show that the polarizability is reduced
in the deprotonated state as compared with the cor-
responding protonated and neutral states.
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Table 8. NLO parameters for all compounds

Parameters | Neutral Protonated Deprotonated Neutral Protonated Deprotonated
1 2 3 4 5 6 7
Amphetamine Dopamine

o, 1.26 11.90 9.25 2.86 14.82 12.42
o, -57.96 -2.26 -106.59 -58.06 30.59 -131.00
o, -56.53 -50.44 -65.72 -60.58 -55.79 -70.20
o -62.99 57.11 -69.70 -68.66 -62.17 -70.06
o, -59.16 1.47 -80.67 -62.43 -29.13 -90.42

o (esu)*107 -8.77 0.22 -11.96 -9.25 -4.32 -13.40
B 0.97 165.11 -121.75 76.32 -293.07 -314.64
[ 3.67 11.87 11.87 7.37 -0.96 -4.65
B, 7.24 22.15 -5.74 10.86 -16.95 -31.93
B, 11.88 199.13 -115.62 94.54 -310.98 -351.22
B... -4.21 -5.31 0.89 -9.86 -8.35 -6.61
B.. -13.78 -19.99 20.46 -21.18 6.97 10.76
B, -0.83 0.11 0.13 2.91 5.32 0.49
B, -18.83 -25.19 21.48 -28.13 3.94 4.65
B 0.34 0.85 -1.72 -2.77 -9.10 7.08
B.. 21.92 2.49 30.89 28.10 -38.04 -25.57
B.. -2.49 -1.12 -2.19 -2.62 -3.70 1.97
B 19.76 2.22 26.99 22.71 -50.84 -16.52

B, (esu)*107 29.77 200.73 120.66 101.22 315.13 351.64

Norepinephrine Serotonin

i, 4.37 11.51 10.82 1.10 16.41 12.51
o, -48.16 11.56 -102.27 -84.18 -1.57 —-155.02
o, -68.01 -61.36 -78.14 -56.30 -44.08 -74.40
o -72.25 -62.33 -82.33 -78.32 -74.52 -83.09
o, -62.80 -37.38 -87.58 -72.93 -40.06 -104.17

o (esu)*107 -9.31 -5.54 -12.98 -10.81 -5.94 -15.44
B, 1.81 188.37 -141.20 27.98 -311.06 264.60
B... -9.96 -1.25 -23.60 -12.03 -37.53 38.08
B, 6.77 27.16 -32.30 -9.79 -21.39 4.74
B, -1.39 214.28 -197.10 6.17 -369.98 307.42
B... -7.85 6.67 -7.18 4.00 -6.17 15.89
B... -33.69 7.75 —-29.43 5.65 -75.10 98.86
B, 3.40 -8.23 3.11 -8.20 -12.22 -3.66
B, -38.14 6.19 -33.50 1.45 -93.49 111.10
B 9.01 7.39 0.64 2.28 5.37 -0.97
B.. 23.32 -54.05 -10.11 18.24 28.03 3.51
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Table 8.
1 2 3 4 5 6 7
B.. 0.43 -2.69 7.69 -0.58 0.87 3.37
B 32.77 -49.35 -1.78 19.94 34.28 5.92
B, (esu)*107% 50.34 219.98 199.93 20.92 383.15 326.93
Tryptamine
u, 1.35 14.48 11.70
o, -70.12 10.12 -134.08
o, -57.78 -49.61 -76.20
o -73.26 -69.73 -7743
o, -67.05 -36.41 -95.90
o (esu)*10™ -9.94 -5.40 -14.21
B... 30.27 -285.98 -231.75
B... -0.31 -11.74 -20.72
B, -15.30 -26.16 1.77
B, 14.67 -323.88 -250.69
B, 24.41 19.17 14.72
B... -16.25 -52.43 67.38
B, -0.27 -2.65 3.40
B, 7.88 -35.92 85.50
B 3.01 5.81 -0.35
B.. 17.98 28.07 -9.63
B.. 1.67 3.63 -8.61
B 22.67 37.51 -18.59
B, (esu)*107%| —70.12 10.12 -134.08

The determination of the size has significant
importance within the context of a nonlinear
optical (NLO) system. The values of the
deprotonated dopamine and protonated serotonin
molecules are found to be relatively greater than
urea. Specifically, the  value of urea is measured
to be 343.272-107% esu, but other findings show
that the initial hyperpolarizability value is less
than the hyperpolarizability value of urea. The
findings show that deprotonated dopamine and
protonated serotonin have promise for uses in
Nonlinear Optical (NLO) systems.

3.6. Quantum chemical parameters
and Molecular orbitals (MOs)

Table 9 presents a detailed overview of the
quantum chemical parameters for Amphetamine,
Dopamine, Norepinephrine, Serotonin, and
Tryptamine, in their neutral, protonated, and
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deprotonated states. These parameters provide
valuable insights into the compounds’ electronic
properties, reactivity, and stability, all of which
are crucial considerations in evaluating their
potential as drug candidates [44, 45].

Examining the Highest Occupied Molecular
Orbital (HOMO) and Lowest Unoccupied Molecular
Orbital (LUMO) energies reveals important details
about the compounds’ ionization potential and
electron affinity [46]. For example, Amphetamine’s
neutral state shows a HOMO energy of —6.304 eV,
showing its ability to donate electrons, while
its LUMO energy of 0.049 eV suggests a lower
tendency to accept electrons. Similar trends are
observed across the compounds, with Tryptamine
displaying a comparable pattern.

The energy gap, representing the difference
between HOMO and LUMO energies, reflects
the compounds’ stability and their capacity
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Table 9. Quantum chemical parameters for title compounds

Parameters Neutral Protonated Deprotonated
1 2 3 4
Amphetamine
HOMO, (eV) -6.304 -9.798 1.868
LUMO, (eV) 0.049 -4.235 3.585
Ionization energy, (eV) 6.304 9.798 -1.868
Electron Affinity, (eV) -0.049 4.235 -3.585
Energy gap, (eV) 6.353 5.563 1.717
Hardness, (eV) 3.177 2.782 0.859
Softness, (eV)! 0.157 0.180 0.582
Electronegativity, (eV) 3.128 7.017 -2.727
Chemical potential, (eV) -3.128 -7.017 2.727
Electrophilicity, (eV) 1.540 8.850 4.330
Nucleophilicity, (eV)! 0.650 0.113 0.231
Back-donation, (eV) -0.794 -0.695 -0.215
Electron transfer 0.985 2.523 -3.176
Total energy T.E., (a.u) -405.559 -405.936 -404.895
Dopamine
HOMO, (eV) —-5.522 1.492 1.492
LUMO, (eV) 0.173 3.653 3.653
Ionization energy, (eV) 5.522 -1.492 -1.492
Electron Affinity, (eV) -0.173 -3.653 -3.653
Energy gap, (eV) 5.695 2.161 2.161
Hardness, (eV) 2.848 1.081 1.081
Softness, (eV)'! 0.176 0.463 0.463
Electronegativity, (eV) 2.675 —-2.573 -2.573
Chemical potential, (eV) -2.675 2.573 2.573
Electrophilicity, (eV) 1.256 3.062 3.062
Nucleophilicity, (eV)! 0.796 0.327 0.327
Back-donation, (eV) -0.712 -0.270 -0.270
Electron transfer 0.939 -2.381 -2.381
Total energy T.E., (a.u) -516.681 -515.018 -515.017
Norepinephrine
HOMO, (eV) -5.45 -8.761 0.25
LUMO, (eV) -0.313 -3.903 3.972
Ionization energy, (eV) 5.450 8.761 -0.250
Electron Affinity, (eV) 0.313 3.903 -3.972
Energy gap, (eV) 5.137 4.858 3.722
Hardness, (eV) 2.569 2.429 1.861
Softness, (eV)! 0.195 0.206 0.269
Electronegativity, (eV) 2.882 6.332 -2.111
Chemical potential, (eV) —-2.882 -6.332 2.111
Electrophilicity, (eV) 1.616 8.253 1.197
Nucleophilicity, (eV)! 0.619 0.121 0.835
Back-donation, (eV) -0.642 -0.607 -0.465
Electron transfer 1.122 2.607 -1.134
Total energy T.E., (a.u) —-591.899 -592.282 -591.286
Serotonin

HOMO, (eV) -5.184 -8.095 1.902
LUMO, (eV) -0.125 -4.355 3.005
Ionization energy, (eV) 5.184 8.095 -1.902
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Table 9.

1 2 3 4
Electron Affinity, (eV) 0.125 4.355 -3.005
Energy gap, (eV) 5.059 3.740 1.103
Hardness, (eV) 2.530 1.870 0.552
Softness, (eV)! 0.198 0.267 0.907
Electronegativity, (eV) 2.655 6.225 -2.454
Chemical potential, (eV) -2.655 -6.225 2.454
Electrophilicity, (eV) 1.393 10.361 5.458
Nucleophilicity, (eV)! 0.718 0.097 0.183
Back-donation, (eV) -0.632 -0.468 -0.138
Electron transfer 1.049 3.329 —-4.449
Total energy T.E., (a.u) -573.030 -573.460 -572.361

Tryptamine

HOMO, (eV) -5.284 -8.41 2.122
LUMO, (eV) -0.086 -4.343 3.14
Ionization energy, (eV) 5.284 8.410 -2.122
Electron Affinity, (eV) 0.086 4.343 -3.140
Energy gap, (eV) 5.198 4.067 1.018
Hardness, (eV) 2.599 2.034 0.509
Softness, (eV)! 0.192 0.246 0.982
Electronegativity, (eV) 2.685 6.377 -2.631
Chemical potential, (eV) -2.685 -6.377 2.631
Electrophilicity, (eV) 1.387 9.997 6.800
Nucleophilicity, (eV)! 0.721 0.100 0.147
Back-donation, (eV) -0.650 -0.508 -0.127
Electron transfer 1.033 3.136 -5.169
Total energy T.E., (a.u) -497.713 -498.190 -497.140

for electronic transitions [47]. Importantly, all
compounds exhibit energy gap values that fall
within the expected range, underscoring their
potential stability and reactivity. For instance,
Norepinephrine’s neutral state boasts an energy
gap of 5.137 eV, highlighting its suitability for
electronic transitions and reactivity.

Regarding hardness, a measure of
resistance to electron addition or removal,
values range from 0.509 eV (Tryptamine) to
3.177 eV (Amphetamine). These values signify
the compounds’ ability to maintain stability
during chemical interactions. Electronegativity,
indicative of electron-attracting ability, provides
insights into polarity and reactivity [48, 49].
Dopamine’s electronegativity of 2.675 eV aligns
with expectations and underscores its balanced
electron-attracting behavior.

Comparing the compounds’ parameter
values to the expected ranges underscores their
suitability for drug design. Ionization energy
values within the expected ranges show their
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readiness for electron donation and participation
in chemical reactions. Similarly, electron transfer
energies suggest their potential for electron
donation or acceptance during reactions, with
Amphetamine displaying a value of 0.985 in its
neutral state.

Molecular Orbitals (MOs) (Fig. 3-7),
particularly HOMO and LUMO, are pivotal for
understanding electronic structure and reactivity.
In Gaussian software, these MOs can be visualized
by using different signs and colours to denote
the wave function and the electron density of
the orbital. The HOMO depicts regions of high
electron density, where electrons are prone to
be donated or transferred, implying nucleophilic
reactivity. The LUMO depicts regions of low
electron density, where electrons are prone to
be accepted or received, implying electrophilic
reactivity [50-53]. Protonation and deprotonation
are processes where a molecule gains or loses a
proton (H+), respectively. This alters the charge,
shape, and reactivity of the molecule, as well
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Fig. 3. Optimized structures, HOMO, and LUMO energies for Neutral, protonated, deprotonated

as the MOs, which are the regions where the
electrons are distributed in the molecule.

For example, the quantum chemical
parameters in Table 9 reveal the impact of
protonation and deprotonation on amphetamine’s
electronic properties. Protonation causes the
HOMO to shift to lower energy levels (from
-6.304 to -9.798 eV) and the LUMO to lower
energy levels (from 0.049 to —4.235 eV), leading
to areduced energy gap (from 6.353 to 5.563 eV).
In contrast, deprotonation shifts the HOMO to

higher energy levels (from -6.304 to 1.868 eV)
and the LUMO to higher energy levels (from 0.049
to 3.585 eV), resulting in a narrower energy gap
(from 6.353t0 1.717 eV). These changes highlight
how protonation and deprotonation influence
amphetamine’s reactivity and electron-donating
or -accepting properties, Similar patterns
of energy shifts are observed for Dopamine,
Norepinephrine, Serotonin, and Tryptamine.
Also, Inthe Fig. 3, you can see how protonation
and deprotonation modify the shape and size of
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Fig. 4. Optimized structures, HOMO, and LUMO energies for Neutral, -protonated, and deprotonated

the lobs in the HOMO and LUMO of amphetamine.
For example, in the protonated form, the nitrogen
atom has a positive charge and a smaller lob in
the HOMO, while in the deprotonated form, the
nitrogen atom has a negative charge and a larger
lob in the LUMO. The electron density is more
pronounced in regions with larger and same-
signed lobs. For instance, in amphetamine’s
HOMO, electron density concentrates on the
nitrogen atom and its double-bond-connected
carbon atoms. Conversely, in amphetamine’s
LUMO, electron density mostly concentrates on
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its double-bond-connected carbon atoms on a
benzene ring. Regions with smaller or oppositely-
signed lobs have lower electron density.

4. Conclusions

This work investigated the reactivity, electronic
characteristics, and molecular interactions of five
different forms of monoamine neurotransmitters:
deprotonated, protonated, and neutral. Various
quantum chemical methods were used to
analyze their structural, energetic, and optical
characteristics. The protonation states of these
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Fig. 5. Optimized structures, HOMO, and LUMO energies for Neutral, -protonated, and deprotonated

compounds changed the weak intermolecular
forces and hydrogen bonding patterns that they
showed. Lewis structures and NBO analysis were
demonstrated to be effective tools for observing
their resonance and the motion of the electrons. It
was demonstrated that protons added or removed
altered the molecular orbitals and energy gaps
of these compounds, potentially affecting their
reaction. It was also found that their nonlinear
optical properties changed depending on their
polarizability and hyperpolarizability indices.

This meant that they could be used in optical
devices. The results provided insights into the
molecular mechanisms and functions of these
neurotransmitters in the brain and suggested new
avenues for their applications in nanotechnology.
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relationships that could have influenced the work
reported in this paper.
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