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Abstract

Accurate structure elucidation of biologically active molecules is crucial for designing
and developing new drugs, as well as for analyzing their pharmacological activity. In
this study, density functional theory calculations are applied to explore the electronic
structure and properties of phenethylamine derivatives, including Amphetamine,
Methamphetamine, and Methylene Dioxy Methamphetamine(MDMA). The inves-
tigation encompasses various aspects such as geometry optimization, vibrational
analysis, electronic properties, Molecular Electrostatic Potential analysis, and local

and global descriptor analysis. Additionally, the study utilizes Natural Bond Orbital
analysis and Quantum Theory of Atoms in Molecules to investigate the chemical
bonding and charge density distributions of these compounds. Experimental tech-
niques such as Fourier transform infrared (FT-IR) and Raman spectroscopic analysis are
employed in the range of 4000-400 cm™"and 4000-50 cm ™", respectively. Theoretical
vibrational analysis with Potential Energy Distribution(PED) assignments is conducted,
and the resulting frequencies are compared to experimental spectral data, revealing
good agreement. By correlating various structural parameters with the pharmaco-
logical activity of each derivative, computational structure elucidation aids in under-
standing the unique actions of phenethylamine derivatives. The obtained results

offer a comprehensive understanding of the molecular behavior and properties

of these drugs, facilitating the development of new drugs and therapies for addiction
and related disorders.

Keywords: DFT, QAIM, Molecular graph, Critical points, Hirshfeld charges, NCl analysis,
ELF

Introduction

The use of psychoactive substances for recreational and other illicit purposes is
increasing tremendously. The most popular and the most threatening drugs are
phenethyl amines which is a class of substances with documented psychoactive and
stimulant effects [1]. According to the World Drug report 2022 of “United Nations
Office on Drugs and Crime(UNODC)”, Drug markets were temporarily disrupted in
most parts of the world during the first phase of the COVID 19 pandemic, but there
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was a quick recovery and the drug market of Phenethylamine group is still expand-
ing especially in South-East Asia and North America [2]. Phenethylamines are a large
group of structurally similar agents that include amphetamine, methamphetamine,
MDMA and the cathinones. A remarkable characteristic of the phenethyl amine
group is that a slight change in its structure can make drastic changes in its phar-
macodynamics [3]. Amphetamine and its N-alkyl derivatives exert marked excitatory
effects on the Central Nervous System [4]. The phenethyl amine group has served
as the basic structure for the design and development of hundreds of amphetamine
derivatives and each derivative has its own unique action profile even though their
basic structure is similar.

The chemical structures of amphetamine, methamphetamine, and methylenedioxy
methamphetamine (MDMA) share a common foundation: a phenyl ring with two car-
bon side chains and an amino group. However, subtle modifications distinguish them.
Amphetamine bears an additional methyl group, while methamphetamine boasts an
extra methyl group bonded to nitrogen, and MDMA incorporates an additional meth-
ylenedioxy group. These alterations significantly impact their biological behavior and
interactions within the body [3]. Dopamine, norepinephrine, and serotonin serve as
endogenous neurotransmitters, vital for functions such as attention, memory, emotion,
reward, and movement. Amphetamine and methamphetamine boost the release and
hinder the reuptake of these neurotransmitters, intensifying and prolonging stimulation
of their receptors. Notably, methamphetamine surpasses amphetamine in potency and
lipophilicity, facilitating easier traversal of the blood-brain barrier and achieving higher
brain concentrations. Moreover, methamphetamine exhibits a longer half-life, prolong-
ing its effects within the body. Both drugs act as substrates and inhibitors of the enzyme
CYP2D6, crucial for metabolizing numerous drugs and neurotransmitters. MDMA also
shares similar mechanisms. Unlike amphetamine and methamphetamine, which lack a
methylenedioxy group, rendering them more selective for dopamine and norepineph-
rine than serotonin, MDMA’s inclusion of a methylenedioxy group makes it more sero-
tonin-selective [5].

Amphetamine, classified as an indirect sympathomimetic amine, induces sensations
of alertness and euphoria, making it a common choice for recreational abuse. Despite
its popularity in non-medical contexts, amphetamine exhibits therapeutic potential,
particularly in treating conditions like obesity and attention deficit hyperactivity disor-
der (ADHD) . On the other hand, methamphetamine shares similar sympathomimetic
properties with amphetamine but exerts more potent effects. Its high addictive poten-
tial is associated with numerous serious health complications upon misuse. MDMA,
also known as 3,4 methylenedioxy methamphetamine, manifests both stimulant and
hallucinogenic effects. As an empathogen entactogen, it fosters feelings of empa-
thy and interpersonal closeness, alongside inducing euphoria and heightened physical
energy [6]. However, it’s imperative to exercise caution due to the addictive nature and
severe side effects inherent in all three substances.Furthermore, these compounds are
believed to interact with the opioid system, potentially augmenting pain relief. Addition-
ally, MDMA’s influence on the hypothalamic-pituitary-adrenal axis leads to increased
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cortisol and prolactin levels, along with elevated levels of hormones such as oxytocin and
vasopressin [7]. Consequently, molecules like amphetamine, methamphetamine, and
MDMA occupy a unique space in chemical, medicinal, and pharmacological research,
necessitating comprehensive exploration and careful use.

Extensive research has been conducted on the structure-activity relationships of
amphetamine, methamphetamine, and MDMA, as evidenced by reports [3, 8, 9]. In
2012, Rolf Wilestone Berg et al. [10] conducted a study on the Raman optical activity and
Raman spectra of amphetamine species to identify the different enantiomers of amphet-
amine derivatives. Similarly, in 2013, Francis Taplin et al. [11] reported spectroscopic
analysis of phenethylamines for the same purpose. Recent studies have focused on the
detection of amphetamine using quantum mechanical approaches [12, 13]. Despite the
extensive research on the structure-activity relationships of amphetamine derivatives,
there has been limited investigation using DFT techniques to correlate their quantum
chemical properties and related parameters with their pharmacological activity. Den-
sity functional theory (DFT) is the most successful and promising quantum chemical
approach to calculate the ground-state properties of atoms and molecules which uses
a conceptually simple electron density term which depends on just three variables as
compared to the more complicated and difficult to interpret electronic wave function.
The density functional approach allows the calculation of the entire energy surface,
the structure and related properties from knowledge of the electron density distribu-
tion alone . In this study, Quantum Theory of Atoms in Molecules(QAIM) [14] is also
employed to examine the electron density distributions and reactivity sites of the mol-
ecules. This work analyses various vibrational modes of amphetamine derivatives com-
putationally and experimentally with Potential Energy Distribution(PED) assignments.
Molecular electrostatic potential (MEP) surface, Frontier molecular orbitals, Natural
Bonding Orbitals, Electron Localized function, Non Covalent Interaction, Molecu-
lar graph and Reactivity descriptors have been analysed using both Density Functional
Theory and Atoms in Molecular Theory using Multiwfn [15]. The above investigation
at the molecular level helps to compare the various reactivity parameters of ampheta-
mine, methamphetamine and MDMA and to correlate them with biological mechanism
of action like drug-receptor interactions and the binding mechanism.

Method

Experimental

The title molecules amphetamine (1), methamphetamine (2) and 3,4-methylenedioxy-
methamphetamine (MDMA)(3) were analysed using FT-IR and FT-Raman techniques.
The FT-IR spectra were recorded in the region 4000-400 ¢z~ ! on an IR tracer FT-IR
spectrometer(Shimadzu Cooperation, Japan), calibrated using a polystyrene standard.
All samples were prepared using the KBr pellet method. The spectra were recorded with
a scanning speed of 10 cm~! per minute at a resolution of 4 ¢~ L,

Raman spectra were recorded in the region 4000-400 ¢z~ using a 532 nm diode laser as

excitation wavelength on a Raman Spectrometer (“LabRam HR Evolution, HORIBA, Japan”).



Bhaskarapillai et al. Journal of Engineering and Applied Science (2024) 71:136 Page 4 of 32

Computational details

All quantum mechanical calculations have been performed with the “Guassian-16 pro-
gram” [16]. The density functional theory with the exchange correlational functional
“B3LYP (three-parameter hybrid functional for the exchange part and the Lee-Yang-Parr

”

correlational functional)” [17, 18] is used for the computational purpose. The “6-311
+G” set supplemented with two sets of diffuse functions and one set of polarization
functions and augmented cc-pVTZ set have been utilized for the structural analysis [19—
21]. The vibrational frequency assignments of the normal modes were carried out based
on the PED calculations done with the help of the VEDA program [22, 23]. NBO analysis
has been carried out in order to analyse the hyper conjugative and delocalized molecular
charge interactions which depicts a clear picture of the intra molecular charge transfer
of the molecules.

Quantum theory of Atoms in Molecules was applied to find out the electron density
distributions of the molecules. Using Multiwfn software, the electron localized function,
NBO Orbitals, Hirshfeld charge, Fukui functions and dual descriptors were analysed
[24]. Various global reactivity descriptors such as chemical potential, chemical hardness,
softness, electrophilicity and nucleophilicity index were calculated using finite difference
approximation. All these functions help to find out the reactive sites of the molecule [25,
26] and to categorize these molecules based on reactivity [27, 28].

Results and discussion

Geometrical optimization

The molecular structure of the compounds 1, 2 and 3 in the ground state have been opti-
mized using “Gaussian-16” utilizing Density functional theory with “B3LYP functional”
and “6-311+G(2d,p)/cc-pVTZ basis set” The optimized geometries are displayed in
Fig. 1. The values of bond length, bond angle and dihedral angles were compared with
the experimentally reported values and found consistent. The thermodynamic param-
eters of the compound such as total thermal energy, the rotational constants and the
dipole moment values obtained from B3LYP/6-311+ G(2d,p) basic sets for the mole-
cules under study are shown in Table 1.

Frontier molecular orbitals (FMO)

The “Frontier molecular Orbitals-HOMO and LUMO” determines the chemical reactiv-
ity of the molecules [29]. The energy of “Highest Occupied Molecular Orbital( HOMO)”
determines the electron giving capacity which characterizes nucleophilic component
and “Lowest Unoccupied Molecular Orbital(LUMO)” energy describes the electron
accepting ability which characterizes electrophilic component [30]. The energy differ-
ence between HOMO and LUMO is called energy gap which is a critical parameter in
determining the chemical stability of a molecule and eventual charge transfer interac-
tions within a molecule.

Figure 2 displays the 3D plots of the frontier orbitals, along with their correspond-
ing energy values. The HOMO of amphetamine shows greater contribution from the
states of the NH; group compared to the phenyl group, while the opposite is true for
the LUMO. In the case of methamphetamine, the phenyl group does not contribute
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(2):Optimized structure of methamphetamine

)

Fig. 1 The optimized structure of amphetamine(1), methamphetamine(2) and MDMA(3)

(3): Optimized structure of MDMA

to the HOMO formation, and NH; does not contribute to the LUMO. This suggests
that, for both amphetamine and methamphetamine, the N atom acts as a favora-
ble site for electron-deficient groups. However, for MDMA, the NH; group does not
contribute to either the HOMO or LUMO, possibly due to the oxygen substitutions
at meta and para positions of the phenyl group.

Furthermore, the HOMO-LUMO energy gap was calculated for the three mole-
cules, resulting in values of 6.2162, 5.760, and 5.3351 eV for amphetamine, meth-
amphetamine, and MDMA, respectively. MDMA has the smallest HOMO-LUMO
energy gap, indicating enhanced intra-molecular charge transfer interactions which
may potentially influence its biological activities.
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Table 1 The thermodynamic parameters calculated using B3LYP/6-311+G(2d,p) set

Thermodynamic parameters amphetamine methamphetamine MDMA
SCF energy (Hartree) -405.6638 -444.9783 -633.5652
Total thermal energy ( (Kcal.mol=") 132,68 151.32 162.23
Vibrational energy ( (Kcal.mol=") 130.903 149.354 160.448
Zero point Vibrational energy (Kcal.mol™") 1264931 144.1054 153.818
Heat capacity at constant volume (cal.mol~"K~=") 37.924 42469 50.767
Entropy ( (cal.mol='K~") 97708 104.905 116.465
Rotational Constants (GHz)

A 3114 2.8593 1.8052

B 0.725 0.5432 0313

C 0.671 0.5057 0.2944
Dipole moment (Debye)

Ty -0.3081 0.0460 0.3201

My 0.9881 -0.8819 -1.0668

I -0.6947 -0.2317 0.3349

WTotal 1.2466 09130 1.1631

Amphetamine Methamphetamine MDMA
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Fig. 2 Frontier orbitals

Global reactivity descriptors

The global reactivity descriptors such as “chemical hardness(n), softness(S), Chemical
potential(u), electronegativity(x) and electrophilicity index(w)” are important param-
eters for understanding the reactivity and stabilty of molecular systems [31] . The
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global reactivity descriptors of the title molecules were calculated using B3LYP/6-
311+G(2d,p) basic set with finite difference approximations. The values were then
verified with those obtained through Multiwfn and found to be in agreement.

The “hardness” of the molecule is;

I-A
= sl 1
n 5 (1)
The “softness” of the molecule is;
S_ 1
2 (2)
The “chemical potential” is given as;
I+A
- _ 3
I 5 3)
The “electronegativity” is expressed as;
I+A
= — 4
X 5 (4)
The “electrophilicity index” of the molecule is;
2
7
=2 5
w=1- ©

where I “ionization potential” and A “electron affinity” which are calculated using delta
SCF method [32].

I =ENN — 1) — E(N) (6)

E=EN)—EN +1) )

where “E(N),E(N — 1)andE(N + 1)” are the energies of “N, N-1 and N+1” eletron
systems.

Electrons flow from regions of high chemical potential to regions of low chemical
potential until the electronic chemical potential is constant throughout the molecule.
Hence p can be interpreted as a measure of the tendency of electrons to escape from
a system. As the chemical potential becomes more negative, it becomes increasingly
difficult for an electron to be lost. It is considered as negative of the Mulliken elec-
tronegativity [33]. Hardness fundamentally signifies the resistance to deformation of
the electron cloud of the atoms, ions or molecules under small perturbation generated
during the process of chemical reaction. If the electron cloud is strongly held by the
nucleus, the chemical species is ‘hard’ but if the electron cloud is loosely held by the
nucleus, the system is ‘soft’ [34, 35]. Hardness and softness are a useful concept for
understanding the behaviour of chemical systems. Soft molecules will be more polar-
izable than hard molecules [36, 37]. Electrophilicity index is a measure of the stabi-
lization energy when the system gets saturated by electrons. A reactive nucleophile
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is characterized by a lower value of w, while higher values indicate the presence of a
good electrophile [24].

These descriptors have importance in rational drug design. However, biological
systems present a collocation of simple interactions within a complex environment.
Molecular descriptors are computed within an in silico framework where the dynamic
roles of molecules are not fully considered. Notably, in certain instances, the tran-
sient metabolic by-products of a drug exert significant influence on its activity. Con-
sequently, the holistic activity of a drug often arises from the cumulative effects of
these individual entities. In such cases the overall activity can be predicted only after
calculating the descriptors of each molecule , and it makes the system more complex.
Though drug design facilitated by molecular descriptors, serves as a valuable tool for
scrutinizing vast molecular libraries to identify potential candidates or for enhancing
activity of existing molecules [38].

The electron affinity, ionization potential, and global reactivity descriptors of the title
molecules were computed, and the results are presented in Table 2. Based on the find-
ings, MDMA is the softest molecule among the three, as confirmed by its lowest energy
gap and ionization energy. Additionally, MDMA has the lowest LUMO energy, which
makes it the best electron donor. Furthermore, MDMA has the lowest chemical hard-
ness value, making it the most reactive among the three. Therefore, the order of decreas-
ing reactivity among the molecules is MDMA > Methamphetamine > Amphetamine.
Moreover, the lower value of electrophilicity index w suggests that the molecules exhibit
good nucleophilic behavior. Furthermore, these molecular descriptors have much signif-
icance in the pharmacological activity , and they are used in quantitative structure-activ-
ity relationship(QSAR) studies and drug design. The dipole moment and polarizability
represent information about charge distribution within the molecule which affect solva-
tion and membrane permeability. The ionization potential and electron affinity provide
information regarding the molecule’s stability, which could also be reflected in the drug’s
metabolism [39]. According to studies in the literature, a decrease in polarity and an

Table 2 Calculated values of ionization potential, electron affinity and global reactivity descriptors
of title molecules using B3LYP/6-311+G(2d, p) method

Parameters Values

amphetamine Methamphetamine MDMA
lonization potential (1) (eV) 8.084 7.59 7.13
Electron Affinity(A) (eV) -0.8976 -0.7586 -0.71
Chemical Hardness (1) 44903 41729 3.9213
Chemical Softness(s) 0.1113 0.1198 0.1275
Chemical Potential () -3.5929 -34143 -3.2113
Electronegativity (x) 3.5929 34143 32113
Electrophilicity Index (w) 14374 1.3968 1.3149
Erumo (V) -04751 -0.5056 -0.5284
Eriomo (eV) -6.6913 -6.266 -5.8635
Energy Gap (£,) (eV) 62162 5.760 5.3351
Dipole moment (u) 1.247 0913 1.163

Polarizability (a) 115368 128.298 147.334
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increase in polarizability, along with a greater ability for hydrogen bonding, significantly
reduce brain penetration [39]. Consequently, Methamphetamine and MDMA exhibit
higher brain penetration compared to Amphetamine, consistent with experimental find-
ings. The electron affinity which is used for the investigation of optimal bioavailability
and ionization potential which is related to the blood-brain barrier permeation. Among
the three, MDMA has the lowest ionization potential, reflecting its high blood-brain
barrier penetration ability. Furthermore, dipole moments of these molecules are low and
close with each other and they have comparatively small size. Thus they have a good
capacity to penetrate the blood brain barrier [40]. Binding to an active pocket of a recep-
tor depends on the electronic structure of the ligand, with a significant contribution
from dipole moment and polarizability [41]. This is because the electrostatic field gen-
erated by the receptor would strongly interact with molecules that have a higher dipole

moment or polarizability.

Electron Localization Function (ELF) and NCI analysis

“Electron Localization Function (ELF)” is an alternative method for mapping “electron
pair probability” in many-electron systems. The pair probability is a complex six-dimen-
sional function that is difficult to analyze visually. ELF simplifies this by focusing on the
spherically averaged local behavior of the pair probability as a function of a reference
point. ELF is a powerful tool that helps to identify the location of atomic shell and core,
binding, and lone electron pairs in atomic and molecular systems [42]. It provides insight
into the atomic shell structure, type of chemical bonding, and verification of charge-shift
bonds. A high ELF value indicates that electrons are highly localized, which suggests the
presence of a covalent bond, a lone pair, or inner shells of the atom. The degree of elec-
tron localization directly relates to the confinement of electrons in the domain [43].

“Non-covalent interactions” are a type of interactions that play a crucial role in vari-
ous chemical processes, such as the chemical interaction between a protein and a drug,
and a catalyst and a substrate [44]. Although they are weaker than covalent bonds, their
cumulative effect can be significant, resulting in the stabilization of molecules and com-
plex structures. It is essential to understand the nature and strength of non-covalent
interactions to develop new drugs and materials that can interact efficiently with their
target molecules or systems.

A plot of NCI together with ELF is shown in Fig. 3 which can reveal both covalent and
non-covalent interactions simultaneously. Both analysis have been done using Multi-
win and VMD [45]. The red colored region of the ELF map represents highest ELF value
which indicates the presence of a covalent bond or a lone pair and the violet region rep-
resents lowest ELF. Both maps show the presence of a bond attractor between the core
attractors which indicates a shared electron attraction. Hydrogen has no core attractor and
large domain around hydrogen indicates the presence of more negative character and high
electron localization. In the NCI analysis map, the red colour region at the centre of ben-
zene ring represents strong repulsion region due to steric interaction. In MDMA, there
is two steric interaction region corresponding two “ring critical points” The green col-
our region represents the vdW interction region where the electron density is minimum.



Bhaskarapillai et al. Journal of Engineering and Applied Science (2024) 71:136 Page 10 of 32

1.000
0.900
0.800
0.700

-0.600

0.500

0.400
0.300
0.200
0.100
0.000
-1058 -7.05 -353  0.00 353
Length unit: Bohr
-11.47 -7.64 -382 000 3.82 764 1147
Length unit: Bohr
(
¢
«
(
«
«
o [
(
’ «
-1239 -826 —4.13 0
Length unit: Bohr

Fig. 3 Electron Localized function and NClI analysis of amphetamine [1(a), 1(b)], methamphetamine [2(a),
2(b)] and MDMA [3(a), 3(b)] plotted using Multiwfn and VMD

Amphetamine exhibits a single weak interaction region, whereas methamphetamine and
MDMA display two weak interaction regions.

Molecular graph and critical points
Quantum theory of atoms in molecules (QTAIM) is a powerful theoretical framework
for understanding the electronic structure of molecules. Within this framework, molec-
ular graphs are constructed based on the distribution of electron density within the mol-
ecule [14]. Molecular graph refers to the set of bond paths that connect the nuclei of
atoms within a molecule’s equilibrium geometry, along with the corresponding critical
points. In the context of QTAIM, as referenced by R.EW Bader [15] in his article, “a
critical point (CP) is a point in space where the first derivatives of the electron density
vanish.

At critcal points
Jdp L 0p

.0p >
Vo= 4 ;% 139 %
P=1x Ty TRk (8)
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where the zero vector signifies that each individual derivative in the gradient operator, V
is zero and not just their sum. These critical points include nuclear critical points,bond
critical points, ring critical points and cage critical points which are determined using
mathematical algorithms that are based on the laws of quantum mechanics. The number
and type of critical points that can coexist in a molecule or crystal follow a strict topo-
logical relationship which states that:

nNcp — npcp + nrep — neep = 1 9)

for isolated molecule where n denotes the number of the sub-scripted type of CP. The
equality is known as the Poincare’~Hopf relationship (PH) and applies for isolated finite
systems such as a molecule”

Figure 4 displays the molecular graphs of the title molecules. In the figure, blue cir-
cles indicate nuclear critical points, orange circles represent bond critical points, and
yellow circles denote ring critical points. Amphetamine comprises 23 nuclear critical
points, 23 bond critical points, and one ring critical point. Methamphetamine, on the
other hand, features 26 nuclear critical points, 26 bond critical points, and one ring
critical point. Finally, MDMA has 29 nuclear critical points, 30 bond critical points,
and two ring critical points.

Hirshfeld charge and local reactivity descriptors

“Fukui Function” proposed by Parr and Yang in 1984, is one of the most important local
reactivity descriptor to model chemical reactivity and site selectivity. Large values of
‘f” at a site favor reactivity of that site [33]. “Conceptual Density Functional Theory” is
applied to calculate the Hirshfeld Charge and Local reactivity descriptors using Multi-
win. According to Parr et al., “Fukui function is defined as the change of electron density
p(r) at each point r when the total number of electrons is changed or as the sensitivity of
chemical potential ;4 of a system to an external perturbation at particular point r”.

:':ig Ly <
a r b ‘><‘

, \,e»

> /
.:“‘”\,:4 e

!
L ]
B
- v

Fig. 4 Molecular graph of amphetamine (a), methamphetamme ) and MDMA (c
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_ ([ 9p(r) _ ou
*f“)"(BQV>>w”0"f”)"(aomm>>N (10

Because of its derivative discontinuity, Fukui function is often calculated approxi-

mately using finite difference method as follows [46]

fo(r) = pn(r) — pn—1(r) = p™"(r) (11)

() = pn41(r) — pn (r) = 4™ (r) (12)

fo(r) +fr(r) _ pH"W’O(r) + pLumo(r)
2

5 (13)

Jo(r) =
pN(r), pn—1(r) and pn+1(r) represent separately the electron densities of the system
with N, N-1 and N+1 electrons. pf"°(r) and pl*"°(r) are the electron densities of
HOMO and LUMO, respectively. A large value of fukui function at a site favors reac-
tivity of that site [33] and hence it is used to identify the electrophilic and nucleophilic
attack sites of a molecule. When integrating the above equation for individual atoms in a

”

molecule, the resulting “Condensed Fukui Function (CFF)” [47] can provide a more con-

venient method for predicting reaction sites within the molecule. For a given atom “K”
in the molecule, three types of Condensed Fukui Functions can be defined based on the
electron transfer involved [33].

For nucleophilic attack,

&) =N+ 1) = e (N) (14)
For electrophilic attack,
S 1) = qx(N) — qxr(N — 1) (15)

For radial attack,
1
K@) =l +1) — g (N = 1)] (16)

where gy is the gross electronic population of atom k in the molecule.

Dual descriptor (DD) was proposed by Morell et al. in 2005 [48] which is a more con-
venient tool to be used for predicting the reactive sites as it can reveal both types of
reactive sites simultaneously.

_( on() B 8f(r)>
o= <a(V(r))>Norf "= (B(N) Voo (17)

where 7 is the chemical hardness of the system. Using the same approximation as in the

Fukui function, Condensed Dual Descriptor (CDD) can be expressed as follows:

F2r) =) —f~(r) = pl (r) — pHO™ (1) (18)

Page 12 of 32
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The dual descriptor f2(r) will be positive in electrophilic regions where p*"(r)
dominates and negative in nucleophilic regions where p/°"°(r) dominates. The calcu-
lated values of Hirshfeld charges, condensed Fukui function and Dual Descriptor are
shown in the Tables 3, 4 and 5.

The values of condensed fukui functions and dual descriptor indicates that for all
the three molecules,the region around nitrogen are the most reactive site for nucleo-
philic attack. For amphetamine, the region around 21N, 17C, 20H, 12C, 6C, 16H, 5C,
4C and 1C are the reactive sites for nucleophilic attack and nucleophilicity decreases in
the order 21N > 17C > 20H > 12C > 6C > 4C > 5C > 16H > 1C. For methamphet-
amine, nucleophilicity decreases in the order 21N > 1C > 4C > 22H > 5C > 16H >
23C > 2C > 24H > 15C > 19H and for MDMA, the nucleophilicity decreases in the
order 24N > 140 > 130 > 1C > 5C > 4¢ > 19H > 18C > 23H > 21H > 20C.

Molecular electrostatic potential analysis

The molecular electrostatic potential map illustrates the charge distribution of a
molecule three-dimensionally which is a critical factor for understanding the reac-
tive sites of electrophilic and nucleophilic attack of a molecule. This map also help to
understand the different polar regions of a molecule as well as the net electrostatic

Table 3 Hirshfeld charges, condensed Fukui functions and dual descriptors of amphetamine

atom Hirshfeld charges Condensed Fukui Functions cDD
q(N) q(N+1) q(N-1) f- f+ fo

1Q) 0.0079 -0.0059 0.0451 0.0372 0.0138 0.0255 -0.0234
2(0) -0.0440 -0.0667 -0.0367 0.0072 0.0227 0.0150 0.0155
3(Q) -0.0418 -0.0757 -0.0139 0.0279 0.0339 0.0309 0.0060
4(Q) -0.0451 0.0171 0.0505 0.0956 -0.0622 0.0167 -0.1577
5() -0.0413 -0.0149 0.0523 0.0936 -0.0264 0.0336 -0.1199
6(C) -0.0413 -0.0338 0.0591 0.1005 -0.0075 0.0465 -0.1080
7(H) 0.0359 -0.0646 0.0317 -0.0042 0.1005 0.0481 0.1047
8(H) 0.0389 -0.0726 0.0463 0.0073 01115 0.0594 0.1042
9(H) 0.0389 -0.0389 0.0662 0.0273 0.0778 0.0525 0.0505
10(H) 0.0393 -0.1309 -0.0708 -0.1101 0.1702 0.0300 0.2803
11(H) 0.0378 -0.2249 -0.0311 -0.0689 0.2627 0.0969 03316
12(0) -0.0501 -0.0055 0.0520 0.1021 -0.0447 0.0287 -0.1468
13(H) 0.0295 -0.0785 0.0028 -0.0266 0.1080 0.0407 0.1347
14(H) 0.0308 -0.0297 0.0634 0.0326 0.0605 0.0466 0.0279
15(0) 0.0256 -0.0836 0.0073 -0.0182 0.1092 0.0455 0.1274
16(H) 0.0128 -0.0115 0.0777 0.0649 0.0243 0.0446 -0.0406
17(0) -0.0905 -0.0221 0.0453 0.1358 -0.0684 0.0337 -0.2042
18(H) 0.0294 -0.0333 0.0591 0.0297 0.0627 0.0462 0.0330
19(H) 0.0276 -0.0372 0.0499 0.0223 0.0649 0.0436 0.0426
20(H) 0.0279 0.0253 0.1521 0.1242 0.0025 0.0634 -0.1217
21(N) -0.2042 0.0206 0.1461 0.3504 -0.2249 0.0627 -0.5752
22(H) 0.0886 -0.0122 0.0715 -0.0171 0.1008 0.0419 0.1179
23(H) 0.0876 -0.0093 0.0743 -0.0133 0.0969 0.0418 0.1102
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Table 4 Hirshfeld charges, condensed Fukui functions and dual descriptors of methamphetamine

atom Hirshfeld charges Condensed Fukui Functions cDbD
q(N) q(N+1) q(N-1) f- f+ fo

1(C) -0.0414 -0.0750 0.0185 0.0599 0.0336 0.0467 -0.0263
2(0) -0.0446 -0.0841 0.0355 0.0801 0.0395 0.0598 -0.0406
3(0) -0.0410 -0.0734 -0.0047 0.0363 0.0324 0.0344 -0.0039
4(Q) -0.0410 -0.0631 0.0098 0.0507 0.0221 0.0364 -0.0287
50@) 0.0084 -0.0013 0.0563 0.0479 0.0097 0.0288 -0.0382
6(C) -0.0434 -0.0704 -0.0184 0.0250 0.0270 0.0260 0.0020
7(H) 0.0391 -0.0336 0.0711 0.0320 0.0728 0.0524 0.0408
8(H) 0.0391 -0.0303 0.0749 0.0358 0.0694 0.0526 0.0337
9(H) 0.0395 -0.0290 0.0674 0.0279 0.0685 0.0482 0.0405
10(H) 0.0379 -0.0096 0.0637 0.0258 0.0475 0.0367 0.0218
11(H) 0.0362 -0.0605 0.0583 0.0221 0.0967 0.0594 0.0746
12(0) -0.0487 -0.0679 -0.0352 0.0135 0.0193 0.0164 0.0058
13(H) 0.0291 -0.0320 0.0491 0.0200 0.0610 0.0405 0.0410
14(H) 0.0312 0.0007 0.0548 0.0237 0.0304 0.0270 0.0067
15(0) 0.0262 0.0171 0.0490 0.0228 0.0090 0.0159 -0.0138
16(H) 0.0121 -0.0187 0.0581 0.0460 0.0307 0.0384 -0.0153
17(0) -0.0918 -0.1082 -0.0794 0.0125 0.0163 0.0144 0.0039
18(H) 0.0279 0.0146 0.0410 0.0131 0.0133 0.0132 0.0002
19(H) 0.0270 0.0063 0.0483 0.0212 0.0208 0.0210 -0.0004
20(H) 0.0282 0.0093 0.0453 0.0172 0.0189 0.0180 0.0017
21(N) -0.1488 -0.1658 0.0095 0.1583 0.0169 0.0876 -0.1414
22(H) 0.0875 0.0194 0.1419 0.0545 0.0681 0.0613 0.0136
23(Q) -0.0458 -0.0826 -0.0064 0.0394 0.0368 0.0381 -0.0026
24(H) 0.0302 0.0156 0.0616 0.0314 0.0146 0.0230 -0.0169
25(H) 0.0333 -0.0265 0.0654 0.0321 0.0598 0.0459 0.0277
26(H) 0.0142 -0.0367 0.0645 0.0503 0.0509 0.0506 0.0006

effect caused due to total charge distribution [26]. As reported by W ] Hehre [25], “the
molecular electrostatic potential at a point in the space can be expressed as

ZA p(r)dr’
V=2, Ra—r] / (19)

A 7'/—?

where Z, is the charge on nucleus A located at R4 and p(r) is the electron density func-
tion. The first and second terms represent the contribution by the nuclei and electrons of
the molecule to the electrostatic potential produced at the point r” The electron density
surface mapped with electrostatic potential reveals the shape, size, charge density distri-
bution and site of chemical reactivity of a molecule [49-51].

A high electrostatic potential represents the relative lack of electrons and a low elec-
trostatic potential indicates the abundance of electrons at that region. The surface is
color coded according to the variation in the electrostatic potential. The lowest elec-
trostatic potential is indicated by red, while the highest is shown by blue, and the zero
electrostatic potential is represented by green in the figures. The electrostatic potential
increases in the order red < orange < yellow < green < blue. In Fig. 5, the total elec-
tron density surface mapped with the electrostatic potential and the contour map of the
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Table 5 Hirshfeld charges, condensed Fukui functions and dual descriptors of MDMA

atom Hirshfeld charges Condensed Fukui Functions cDbD
q(N) q(N+1) q(N-1) f- f+ fo

1(C) 0.0466 0.0154 0.1047 0.0581 0.0312 0.0447 -0.0269
2(0) 0.0494 0.0247 0.0903 0.0409 0.0247 0.0328 -0.0162
3(0) -0.0561 -0.1025 -0.0388 0.0173 0.0464 0.0319 0.0291
4(Q) 0.0006 -0.0174 0.0376 0.0370 0.0180 0.0275 -0.0190
50@) -0.0503 -0.0720 0.0027 0.0530 0.0217 0.0373 -0.0312
6(C) -0.0538 -0.1017 -0.0216 0.0322 0.0479 0.0401 0.0156
7(C) 0.1147 0.0754 0.1496 0.0349 0.0394 0.0371 0.0045
8(H) 0.0452 -0.0229 0.0665 0.0214 0.0681 0.0447 0.0467
9(H) 0.0377 0.0108 0.0627 0.0250 0.0269 0.0260 0.0019
10(H) 0.0485 0.0093 0.0769 0.0284 0.0392 0.0338 0.0108
11(H) 0.0393 -0.0121 0.0794 0.0401 0.0514 0.0457 0.0113
12(H) 0.0528 -0.0200 0.0798 0.0270 0.0728 0.0499 0.0458
13(0) -0.1409 -0.1608 -0.0856 0.0553 0.0200 0.0376 -0.0354
14(0) -0.1413 -0.1652 -0.0716 0.0697 0.0240 0.0468 -0.0457
15(0) -0.0488 -0.0652 -0.0377 00111 0.0163 0.0137 0.0052
16(H) 0.0314 0.0080 0.0471 0.0157 0.0234 0.0196 0.0077
17(H) 0.0282 -0.0403 0.0472 0.0190 0.0686 0.0438 0.0496
18(C) 0.0255 0.0207 0.0514 0.0259 0.0048 0.0153 -0.0211
19(H) 0.0115 -0.0020 0.0477 0.0362 0.0135 0.0249 -0.0227
20(0) -0.0921 -0.1037 -0.0780 0.0141 00116 0.0128 -0.0025
21(H) 0.0271 0.0166 0.0408 0.0137 0.0105 0.0121 -0.0032
22(H) 0.0271 0.0071 0.0405 0.0134 0.0199 0.0167 0.0065
23(H) 0.0278 0.0087 0.0505 0.0226 0.0192 0.0209 -0.0035
24(N) -0.1488 -0.1618 -0.0325 0.1162 0.0131 0.0647 -0.1032
25(H) 0.0874 0.0099 0.1380 0.0505 0.0775 0.0640 0.0270
26(C) -0.0459 -0.0814 -0.0147 0.0312 0.0355 0.0334 0.0043
27(H) 0.0333 -0.0353 0.0636 0.0303 0.0685 0.0494 0.0382
28(H) 0.0142 -0.0344 0.0553 0.0411 0.0486 0.0448 0.0074
29(H) 0.0300 0.0039 0.0483 0.0182 0.0262 0.0222 0.0079

electrostatic potential are shown. For amphetamine and methamphetamine, the lowest
electrostatic potential region was located over the nitrogen atom due to the presence of
lone pair of electrons, while the positive potential sites were around the hydrogen atoms.
For MDMA, the lowest electrostatic potential region was found over the nitrogen and
oxygen atoms. The negative potential regions of the molecule were expected to be the
sites of nucleophilic attack, while the positive potential regions were expected to be the
sites of electrophilic attack. The green area over the aromatic ring represents a zero elec-
trostatic potential region, leaving a more electrophilic region in the plane of the hydro-

gen atoms.

NBO analysis

NBO analysis is an efficient tool in molecular structure studies for analysing the hybrid-
ization, charge transfer and conjugative interaction effects [52, 53]. NBO analysis has
been done using NBO program implemented in the Guassian-16 package with basic set
B3LYP/6-3114+G(2d,p). The NBO program is designed to analyze the many-electron
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Fig. 5 Electrostatic potential map of amphetamine (1a, 1b), methamphetamine(2a, 2b) and MDMA (3a, 3b)
using B3LYP/6-311+4G (2d, p) in the range -4.207e-2 to +4.207e-2

molecular wave function in terms of localized electron-pair bonding units. This analysis
is accomplished by transforming the given wave function into a localized form in terms
of the electron densities of the molecule. In other words, NBO analysis provides a way
to understand the chemical bonding and electronic structure of a molecule in terms of
localized electron-pair interactions. The set of high-occupancy NBOs, each taken dou-
bly occupied, is said to represent the “natural Lewis structure” (NLS) of the molecule
[54, 55]. Delocalization effects appear as weak departures from this idealized localized
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picture. According to the NBO program manual [56], energetic analysis of NBO interac-
tions can be conducted using second-order perturbation theory in terms of the “1-elec-
tron effective Fock energy operator”

The stabilization energy associated with electron delocalization between each donor
and acceptor NBO’s is estimated as;
Ejj?

E® = _p, i

(20)

€ — €

kamaﬂﬂ
(colflo > _ .

where F; is the Fock matrix element between NBO’s i and j with energies ¢, and € and
ny is the population of the donor orbital. Larger E® value indicates the strong interac-
tion between the corresponding donor and acceptor orbitals and a greater tendency for
delocalization effects. The NBO analysis of the title molecules have been done using the
NBO module installed with the Guassian package. The calculated values of the stabili-
zation energy using second order perturbation theory analysis of Fock matrix in NBO
basis is shown in Tables 6, 7 and 8. The donor and acceptor orbitals having stabilization
energy above 3 kcal/mol are included in the table.

Figure 6 shows the first two highly overlapping natural bonding orbitals of the
three molecules plotted using Multiwfn software. The NBO plot of amphetamine
shows that the donor NBO 7 (C; — Cp) is substantially overlapped with acceptor

Table 6 Second order perturbation theory analysis of fock matrix in NBO basis: amphetamine

SI.No Donor NBO(i) Acceptor NBO (j) E(2) (Kcal/mol) E(j)-E(i) (a.u) F(i,j) (a.u)
1 o (G —G) o*(C; — G3) 3.20 126 0.057
2 o (C —Ce) o* (G —G) 329 1.26 0.057
3 (G — Gg) o*(Cs — Cg) 313 126 0.056
4 o(C; —(G3) o*(C = G) 359 1.26 0.060
5 (G — @) o*(Cy — () 3.85 1.09 0.058
6 (G —G) 7*(C — Ce) 21.20 0.29 0.070
7 (G — &) 7*(Cq4 — Cs) 19.52 0.28 0.066
8 (G — Hy) a* (G — Ce) 443 1.09 0.06
9 o (G, — Hy) o*(Gz—Cy) 374 1.09 0.057
10 o (C3 — Hg) a* (G — C) 3.87 1.08 0.058
11 o (C3 — Hg) o*(C4 — Cs) 3.76 1.09 0.057
12 7 (Cq4 —Cs) 7*(C — Cp) 19.10 0.29 0.066
13 7(Cs — Cs) 7*(C — C3) 2107 0.28 0.069
14 0 (C4 — Ho) o (G — G3) 3.84 1.09 0.058
15 o (C4 — Ho) o*(Cs — Cg) 377 1.09 0.057
16 o (Cs — Cp) o*(C; — Ce) 347 1.26 0.059
17 o (Cs —Cp) o*(Cy — () 3.54 1.09 0.055
18 o (Cs — Hip) o*(C; — Ce) 3.82 1.09 0.058
19 o (Cs — Hio) o*(CG3 — Cy) 3.76 1.09 0.057
20 o (Cs — Hr1) o*(Cs — Cs) 3.70 1.09 0057
21 o (Ciy — Hi3) a*(C —Ce) 412 0.53 0.045
22 o (Cip — Hi3) o*(Cis — Ci7) 3.16 0.87 0.047
23 o (Cry — Hig) o*(C = G) 4.05 1.06 0.059
24 o (Ci7 — Hig) o*(Cis — Nip) 3.37 0.84 0.048
25 LP(1)(N21) o*(Cys — Hip)) 6.54 0.72 0.061
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Table 7 Second order perturbation theory analysis of fock matrix in NBO basis: methamphetamine

SI.No Donor NBO(i) Acceptor NBO (j) E(2) (Kcal/mol) E(j)-E(i) (a.u) F(i,j) (a.u)
1 o (Cy —Ce) o*(Cs — Ce) 357 1.27 0.060
2. o (Cy —Co) o*(Cs — (1) 3.65 1.12 0.057
3. 7 (G — Ce) *(C — G3) 19.75 0.28 0.067
4. w(Cy — Ce) *(Cq4 — Cs) 21.05 0.29 0.070
5. o(Cy —Hy) o*(Cs — Co) 374 1.09 0.057
6. o (Cy — Hy7) o*(Cs — Ce) 394 1.08 0.058
7. 7 (Cq — Cs) 7*(C — Cp) 20.73 0.28 0.068
8. 7 (C4 — Cs) 7*(C — G3) 19.32 0.29 0.067
9. o(C; — Hg) o*(Cy — Ce) 3.82 1.09 0.058
10. o(C; — Hg) o*(G— () 3.84 1.09 0.058
11 o (GG —Cy) o*(Cq — Cs) 352 1.27 0.060
12. o (GG —Cy) o*(Cs — (42) 3.75 1.12 0.058
13. o (C3 — Ho) o* (G — G) 377 1.09 0.057
14. o (CG3 — Ho) o*(Cq — Cs) 392 1.09 0.058
15. 0(C4 —Cs) o*(G3—Cy) 323 1.27 0.057
16. 0(Cq4 —Cs) o*(Cs — Ce) 339 1.26 0.058
17. o (C4 — Hio) o*(Cs — Co) 467 1.08 0.064
18. o (Cs — Co) o*(Cy — Ce) 3.26 1.27 0.058
19. o (Cs — Cp) o*(Cs — Cs) 333 1.26 0.058
20. o(Cs — Hi1) o*(C = G) 3.80 1.09 0.057
21. o (Cs — Hi1) o*(Cq — Cs) 4.60 1.09 0.063
22. o (Cip — Hi3) o*(Cis — Ci7) 334 0.88 0.048
23. o (Cip — Hia) o*(Cs — Ce) 429 1.06 0.060
24. o (Ci7 — Hap) o*(Cry — Cis) 3.14 0.87 0.047
25. 0 (C3 — Has) o*(Cis — Nap) 347 0.86 0.049
26. LP(1)(N21) o*(Cys — Hp) 7.83 067 0.065
27. LP(1)(N21) 0*(Co3 — Hae) 7.56 0.67 0.064

NBO 7*(Cs4 — Cs) and donor NBO 7 (Cy — C3) is substantially overlapped with accep-
tor NBO 7*(C; — Cg), which resulted in high electron delocalization and a great
tendency of charge transfer between donor and acceptor orbitals. The stabiliza-
tion energy associated with electron delocalization between these orbitals are 21.41
and 21.20 Kcal/mol. For methamphetamine, the plot of NBO shows that the high-
est degree of overlapping is for 7w (C; — Cg) with 7*(Cy — Cs5) and 7*(Cy — C3) and
for 7(Cs — Cs5) with 7*(Cy — C3) and 7*(C1 — Cg). The stabilization energies corre-
sponding to these interactions are 21.05, 19.75, 19.32 and 20.73 kcal/mol respectively.
These conjugate effects enhances electron delocalization and charge transfer occurs
between donor and acceptor orbitals. The NBO analysis of MDMA reveals that there
occurs a strong hyper conjugative interaction between LP(2)O;3 and n*(Cy — C3) and
between LP(2)O14 and 7n*(C; — Cg) which results in stabilization energies 25.84 and
25.5 kcal/mol. These enhanced anti bonding orbitals again conjugates with accep-
tor orbital 7*(Cs — Cs) resulting in a high stabilization energy of 216.19 and 225.23
kcal/mol. All these strong hyper conjugative interactions are confined within the ring
which clearly indicates the biological activity of the molecule.
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Table 8 Second order perturbation theory analysis of fock matrix in NBO basis: MDMA

(2024) 71:136

SI.No Donor NBO(i) Acceptor NBO (j) E(2) (Kcal/mol) E(j)-E(i) (a.u) F(i,j) (a.u)
1 o(C — () o*(Cy — Ce) 512 1.30 0.073
2. o(C =) o* (G — @) 517 1.30 0.073
3. o (Cy —Ce) o*(C = G) 4.72 1.28 0.070
4. w(Cy — Ce) TG - G3) 2035 0.29 0.070
5. 7 (Cy — Ce) 7*(Cqs — Cs) 17.63 0.31 0.066
6. o (G —@3) o* (G — G) 4.75 1.28 0.070
7. o (G —@3) o*(G3 — Ca) 3.26 1.28 0.058
8. o (G —(3) o*(C4 — C15) 3.26 1.16 0.055
9. (G —G3) *(Cs — Cs) 19.44 0.29 0.069
10. (G —G3) 7*(C4 — Cs) 19.26 0.31 0.070
11. o (GG —Cy) o* (G — Q) 343 1.26 0.059
12. o (GG —Cy) o*(C; — 013) 6.51 1.01 0.073
13. o (GG —Cy) o*(C4 — Gs) 3.01 1.26 0.055
14. o(C3 — Hg) o* (G — () 4.04 1.08 0.059
15. o(C3 — Hg) o*(C4 — Cs) 4.09 1.10 0.060
16. 0(Cq4 —Cs) o*(CG3 — Cy) 312 1.25 0.056
17. 7 (Cq4 —Cs) a*(C — Cp) 18.70 0.27 0.065
18. 7w (C4 — Cs) (6 - G3) 17.25 0.27 0.063
19. 7 (Cq — Cs) o*(Cis — Cig) 3.16 0.63 0.043
20. o (Cs — Co) o*(C; — Ce) 3.09 1.27 0.056
21. o (Cs — Cp) o*(Cy — O1a) 7.03 1.02 0.076
22. o (Cs — Co) o*(C4 — Cs) 323 1.27 0.057
23. o (Cs — Co) o*(Cq — Cis) 3.56 1.12 0.056
24. o (Cs — Ho) o*(Cy — Ce) 322 1.09 0.053
25. 0 (Cs — Ho) o*(CG3 — Cy) 5.02 1.06 0.065
26. o (Cs — Hip) o* (G — () 397 1.08 0.059
27. o (Ce — Hi0) o*(C4 — Cs) 349 1.10 0.055
28. o(C; — 043) o* (G — @) 4.82 140 0.074
20. o (C; — 043) o*(Cy — Ce) 477 140 0.073
30. o (C15— Hig) o*(CG3 — Cy) 4.27 1.04 0.060
31. o (C15 = Hi7) o*(Cig — Cp) 335 0.88 0.048
32. o (Coo — Ha1) o*(Cig — Npa) 376 0.85 0.051
33 o (Cop — Ha7) o*(Cig — Noa) 347 0.86 0.049
34. LP(2)0Oq3 *(C — G3) 25.84 0.36 0.091
35. LP(2)0Os3 o*(C7 — Hn) 6.08 0.68 0.059
36. LP(2)O13 o*(C7 — Hi2) 3.17 0.69 0.043
37. LP(2)O14 o* (G — ) 3.21 1.16 0.054
38. LP(2)O14 7*(C — Cp) 25.50 036 0.091
39 LP(2)O14 o*(C7 — Hiy) 6.15 0.68 0.059
40. LP(2)O14 o*(C7 — Hi2) 3.19 0.69 0.043
41. LP(1)No4 o*(C18 — Ho) 7.87 0.67 0.065
42. LP(1)N24 0*(C26 — Hag) 7.56 0.67 0.064
43. ¥ (C — Cp) ¥ (Ca — Cs) 216.19 0.01 0.079
44. (6 — G3) 7*(C4 — Cs) 22523 0.01 0.081
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Fig. 6 Highly overlapping natural bonding orbitals (acceptor and donor) of amphetamine [1(a), 1(b)],
methamphetamine [2(a), 2(b)] and MDMA [3(a), 3(b)]
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Vibrational analysis
The molecular structure of these compounds does not exhibit any special symmetry,
meaning that all of them belong to the C1 point group. The normal modes of vibra-
tion of these molecules belong to the ‘A’ irreducible representation and are both IR
and Raman active. Amphetamine has a total of 63 normal modes of vibration, with
22 stretch modes, 21 bend modes, and 20 torsional modes. Methamphetamine has 72
normal modes of vibration, with 25 stretch modes, 24 bend modes, and 23 torsional
modes. MDMA has 81 normal modes of vibration, with 28 stretch modes, 27 bend
modes, and 26 torsional modes.

The theoretically calculated Raman activities are converted into correspond-
ing Raman intensities using the following relation derived from the basic theory of
Raman scattering [57, 58].



Bhaskarapillai et al. Journal of Engineering and Applied Science (2024) 71:136 Page 21 of 32

absorbance

Wornamy 5 e LI T R R

absorbance

aabsorbance.

1(a) 2(a) 3(a)
Wavenmber(cm’) 1)
Wavenumber(cm’) Wavenumber(om”) Wavenumber(em”)

L j\/\/\)\\ AMMMA IJ
Fig. 7 The calculated and experimental IR spectra of amphetamine [1(a), 1(b)], methamphetamine [2(a),
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methamphetamine(2(a) and 2(b)) and MDMA(3(a) and 3(b))
Fig. 8 The calculated and experimental Raman spectra of amphetamine [1(a), 1(b)], methamphetamine
[2(a), 2(b)] and MDMA [3(a), 3(b)]

A vi)*S;
l V; [1 — exp (_/fl;viﬂ &)

where vg is the exciting frequency in cm ™1, v; is the vibrational wave number of the i
normal mode and f is the common scaling factor. h, ¢ and K are universal constants.

To improve the agreement with experimental values, the calculated wave numbers
were scaled down by a factor of 0.9679 [59]. Discrepancies between the calculated
and experimental wave numbers are mainly attributed to the presence of anharmo-
nicity effects in the real system and the various approximations used in the calcula-
tion methods. The calculated and experimental IR and Raman frequencies of the title
molecules are shown in the Tables 9,10 and 11 along with the PED assignments. The
PED assignments are performed with VEDA 4 program [22, 23].

The experimental and calculated IR spectra of the title molecules are shown in

Fig. 7 and that of Raman spectra are shown in Fig. 8.
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Table 9 Experimental and theoretical vibrational wavenumbers of amphetamine with potential

energy distribution

(2024) 71:136

No  Experimental Calculated Vibrational Assignment with PED
frequency(cm™") frequency
using B3LYP/6-
3114+G(2d,p) (cm™")
IR Raman unscaled scaled
1 3430.742 3561.65 342379 vgs(N21H22)(100)
2 3345.89 3484.88 334999  vs(Ny1H3)(100)
3 3085.547 306634 3185.59 306229  vs(Cs5Hi0)(84)
4 3174.02 305115 vs(CoH7)(87)
5 3047.02  3165.79 304325  vs(CeH11)(87)
6 3025764 302826 315568 3033.53  vs(C3Hg)(87)
7 2998.766  3021.83  3149.65 3027.74  vs(C4Ho)(78)
8 2975624 298568 310419  2984.01  vs(CioH13)(77)+vas(C17Ha0)(18)
9 2965982 296494 307955 2960.35  vs(Ci7H19)(92)
10 293243  3064.98 294631 vgs(CraH14) (83)4vgs (Cr7H18) (15)
11 2925484 292069 302334 290630 vs(Ci2H13) (18)+vs(Ci7H20)(80)
12 2894629 289584 301248 289588  vgs(CiaH14) (15)4+v5(Ci7H18)(84)
13 28696 293607 282238  v(CisHis)(97)
14 1598699  1606.18  1656.77 159263  B(H23N21H22) (76)+T (H22N21Ci5Ci2)(22)
15 1575557 157691  1642.82 157923 v3(C5Cs) (57)+B(HoCaCs)(20)
16 1511918 156301 162123 155848  vgs(CeCs)(61)+B(H,C2C3)(10)
17 1498419 146974 153236 147304 B(H11CsCs) (5048 (CeCsCa)(13)
18 1454.064  1454.09 1501.02 144288  B(H18Ci17H20)(62)41 (H20C17Ci5C12)(17)
19 144155 149557 143772 B(H14C12C13)(65)+y (Ci5C17C12Ci6) (10)
20 143527  1489.76 143206  B(H19Ci7H18)(51)
21 1390423 142741 1484.29 142690  B(HoC4Cs)(48)
22 1367.283 138329 141824 136331 B(H16Ci5C17)(60)
23 1332.571 133734 140244 1347.78  B(H20Ci7H19)(76)
24 1321 1316.66 137853 132510  y(H18Ci7Ci5C12)(62)
25 1300.72  1363.98 131126 B(HsC3Ca)[12H-B(H10C5C4)[50]
26 1297858 129593 133374 128211 g (GrG3)(62)
27 1238.076 12495 1318.24 126721 t(H14G2CCe)(50)
28 1211077 12141 125888 121027 B(HxN1H2)(39)
29 1203363 118826  1238.23 119026 B(H13C12C) (10)+7 (H18C17C15C12)(18)
30 118022 11672 122031 117306 v5(C4C3) (44)+B(H11CsCs)[12]+ B(CsC4C3)(12)
31 1157.08 1204.63 115801 vs(C5C4)(20) 4+ B(HeCsCs)[64]
32 1128153 112494 118250 1136.73  B(H7GG3)(62)
33 1095369 110535 113032 1086.61  vs(N21Ci5)(22) + B(H13C12C1)[15]
34 1060.657  1049.63  1113.08 1070.07  vs(N21Ci5)(15)+B(H10C5Ca) (13)+ T (H20C17C15Cr2) (12)
+y (N21G12GyCis)(10)
35 1031.73 1031.52  1068.59 1027.19 v (Cr2CA7)+B(H13C12C1)(18)
36 991.2319  1006.77  1051.07 101039 vs(C1Co)(27)+B(H11CeCs)[20]+ B(CeCsCa)(31)
37 1024.92 985.10  vs(C17Cy5)(39)+B(H22N21Ci5)(25)
38 983.5181 1020.55 981.02 Vas(C1Ce) (39)+B(CeC5Ca) (25)
39 978625  996.46 95790  t(Hs(3C4Cs)(60)+T(CrC3C4Cs)(24)
40 960.366 97693 939.12 T(HoC4(3(2)(79)
41 912.1648 900329  970.90 93344 v5(C17C15)(12)4v5(N21 Ci5)[26]+ T (H22N21C15C12) (10)
+t(H20G7CsG) (A1)
42 89288 92522 88944  T(H11CeCi1Ci2)(77)
43 855.023  899.66 864.78  t(H13C12C1Ce)(46)
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Table 9 (continued)

No  Experimental Calculated Vibrational Assignment with PED
frequency(cm™") frequency
using B3LYP/6-
3114+G(2d,p) (cm™")

IR Raman unscaled scaled
44 831.1692 828063 854.81 821.60 T(H2oN21Ci5Ci2)(12) + T (H10Cs G4 C3) (46)
45 816.24 853.96 82048 T(H22N21Ci5Ci2)(12) + T (H10C5CaC3) (47)
46 804.402  839.71 807.19 vs(Cy5C2)(45)
47 760.287 82153 789.73 T(HoN71Ci5Ci2)(25)

48 7386028 736439 75408 72489 T(H;CoC3Ca)(20)+T (HsC3CaCs) (1) + T(CeCsCaC3) (33)
49 698105 688545 71338 68573 T(H7C2C3Ca)(61)4 T(CeCsCaCa)(15)

50 638659 63862 61390  B(C1GsC5)(82)

51 597.8241 612.84 589.11 B(GC3C4)(46)+ T(N21 Ci2Ci7Co5)(23)

52 5033298 476727 51135 49153 T(HeG3C4Cs)(12)4 T(CrGC4Cs) (14)+ T(CraCsCrCr) (28)
53 4551182 434447 45361 43617 B(C2GisGr7)(B36)+ T (N21GroCri7Cis)(23)

54 415.87 399.77  t(CiCeCsCa)(83)

55 370645 39138 376.21 B(C17C15C12)(46)

56 352841  353.19 339.55 B(C12C ) [56]

57 295625 32699 31430 B(Ci2Ci5Ci7)(30)

58 263.278 278.28 267.67 T(/‘/23N21C15C12)(66)+ ‘E(/‘/19Q7C15C12)(W9)

59 245257 243.25 23418 B(C15C12C1)(29)4 T(CGC4Cs)[19]4 T(CoCsC4Ci3) (16)
60 210916 23546 22655  T(H23N21Ci5Ci2) (20)+ T (H19Ci17Ci5Cr2)(50)

61 99.7619 10048 96.60 B(Ci5C12C)B3)+ T(C12CCCr)(34)

62 77.7342 7029 67.66 T(G7Ci5CraC(71)

63 574942 4334 4167 7(C15C12C1Co)(80)

Assignment of spectra

4000-2800 crm~*

The vibrational wave numbers expected to appear in this region are those correspond
to the C-H stretch modes of CHy, CH3, and aromatic groups, as well as the N-H stretch
mode. For the three molecules, the C-H stretch belonging to CH3 and CHy group vibra-
tions is typically found between 2800-3020 cm~! [60, 61]. In the vibrational spectrum of
amphetamine, the CH stretch band at 2804 ¢! belonging to the CHj group is absent.
The aromatic C-H vibrations of all three molecules are observed and calculated between
2900-3090 cmm~! (as shown in Table 9). Both the asymmetric and symmetric N-H stretch
bands of amphetamine appear near 3430 and 3345 cm~! in both the experimental
and calculated spectra. For methamphetamine, the N-H band is at 3535 cm ™1, and for
MDMA, it is at 3390 cm~1, which are pure bands [62, 63].

1700-1000 crm !

The ring vibrations, C-H and N-H in-plane and out-plane bending vibrations and N-C
stretching vibrations are expected in this region. The ring modes were observed and
calculated for amphetamine between 1576-1158 ¢! and for methamphetamine, the
vibrational wave numbers corresponding to the C-C stretch are found between 1271-
1602 cm~! both in theoretical and experimental spectra. For MDMA, four ring modes
are observed and calculated between the range 1211- 1608 cm~! as shown in Table 9.
The C-H bending vibrations of the three molecules are identified between 1128-1498/
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Table 10 Experimental and theoretical vibrational wave numbers of methamphetamine with
potential energy distribution

No Experimental Calculated Vibrational Assignment with PED
frequency(cm™')  frequency
using B3LYP/6-
311+G(2d,
p)cm™")
IR Raman unscaled scaled
1 3535.03 351079 3398 vs(N21H22)(100)
2 3103.03 316726 3185.64 308234  vs(CaHi0)(92)
3 3081.82 317334 307148  vs(CoHg)(12)+ v5(CoHi1)(83)
4 306446 3067.63 3165.76 3064.14  vs(CiH7)(86)
5 3056.04 315477 30535  vs(C3Ho)(88)
6 3039.39 3149.82 304871 vas(CoHg) (79)+ vs(CeH11) (14)
7 302011 300894 310435 30047  gs(Ci7H18)(87)+ vas(CozHasa) (12)
8 308894 3099.13  2999.64 v (CiH7)(86)
9 297961 309326 2993.96  gs(Ci7Hrg)(11) + v5(CozHas) (82)
10 296611 298438 306234  2964.04 vus(CiaH14)(70) + vas(Cr7H19) (12)+ v5(CisHip) (16)
1 2961.05 3061.54 296324 vgs(CiaH14)(15) + vs(CisHie) (78)
12 294489 292832 3031.16 2933.86  vgs(CiaH13)(86)
13 289668 2899.77 3005.11 290864  vs(Ci2H14)(14) + v5(Cr7H19) (86)
14 2831.11 2830.06 2931.95 2837.83  vs(Ca3H26)(96)
15 279832 2807.56 2898.1 2805.07  v5(Co3H25)(97)
16 1602.62 159887 1643.06 159031 vs(GCr)(56) + v (HsCLG3)(14)
17 155634 1584.62 1621.17 1569.13  vs(CsC4)(60) + y (C2C1Ce)(12)
18 148661 153181 148264 y(CsC4C3)(19)+B(H-C1 () (55)
19 147534 146974 152215 147329  y(H»N21Cr3)(16) + B(H24CazHasCre) (50) +
T(H24Co3N21Ci5)(15)
20 150822 1459.80 y(H18Ci7H20)(68)+ T (H13C12CsCe)(21)
21 1454.09 1505.29 1456.97  B(H22N21C23)(23) +B(H19Ci7H18) (41)
22 149461 144663  B(H14CraH13)(57)
23 1488.92 144113 y(Ha5C3H24)(70) +7 (H20C17C5Ci2) (1)
24 1486 143829 vys(C1Co)(12)+B(H11 CsCs)(50)
25 1434.84 142741 1483.64 1436.01  y(H22N21C3)[114]4+B(H14Ci2H13) (1 7)+ B(H19Ci7H18)[32]
26 13847 1457.96 141116 B(HaCo3Has5)(84)
27 1355.77 135639 1407.71 136252 B(H20C17H19)(90)
28 134227 133417 137674 133255 B(H10CaCs)(13)+B(H13CoCs)(27)+ o (H16C15N21C23) (13)
29 137319 132911 B(H10C4Cs) (13)+y (H13C12Cs) (25)+ to(H18Cr17C15C12) (24)
30 130948 131029 136055 131687  B(H10C4Cs)[441+ to(Hr6Ci5N21 Co3)(22)
31 127091 123342 133340 129059  vs(G35)(66) + B(HoC3Cy)[11]
32 125741 121087 131484 127263 ¥ (H13C12Ci5) (19470 (H18C17C15C12) (14)+ ¥ (H16C15C17)[10]
33 12092  1189.87 1239.89 11996 vgs(C12Cs5)(10)4+y (Hi16C15Ci7) [16]4 1o (H19C17C15Cr2) (14)
34 118991 1180.17 1223.85 118456  vs(C12Cs)(44)+B(CaC3C)(14)
35 116484 1160.71 1207.73 116896  B(H24Co3H26) (11)+ T(H24Co3N21Ci5)(32)
36 1204.79 116612 vs(C2Cr)(26)+B(HsC2C3)[61]
37 1112.77 118246 114449  y(HoC3Cq)(74)
38 110120 117295 113529 vgs(N21Co3)(41) + T (Ha0Ci7Ci5Ci2) (13)
39 1081.92 108245 113520  1098.76  vgs(Na1C23) (10048 (H16C15C17) (10)+ t0 (Ha0C17C15Cr2) 31)
40 1058.77 1061.13 111346 1077717 y(H11CeCs) (1 1)+t (Ha0Ci7Ci5C12) (14)
41 104527 1044.7 1084.92 1050.09  vgs(N21Ci5)(20)4+v5(Ci7Ci5) [ 1714 T (H14C12CsCo) (17)
42 1027.92 1066.2 103197 vs(C1Co) 1 DHB(H16C15C17) @D+ To (H13C12C5Co) (1)
43 102020 1029.88 1054.61 1020.75  vgs(N21Ci5)(17)4vas(Ci7Ci5) (17)+ 1o (H13C12C5Co) (1)

+70(H24Co3N21 Ci5)(15)
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Table 10 (continued)

No Experimental Calculated Vibrational Assignment with PED
frequency(cm™') frequency
using B3LYP/6-

311+G(2d,
p)(cm™")
IR Raman unscaled scaled
44 1019.98 105043 1016.71  vs(Ca4C3)(29)+y (CsCaC3) (25)y (H7C1 () (26)
45 987.42 986.91 1021.34 988.56  vs(C4(3)(49)+B(C5CaC3)(37)
46 970.06 997.05 965.04  1(Ho(C3C4Cs)(80)
47 92377 977.17 9458 7o (Hg(5C3C4)(82)

48 91413 91538 93573 905.69  vs(N21Cis) (147 (H11CeCsCi2) (33)+ 1o (H14C12C5Co) (10)
49 885.2 895.31 922.39 892.78 vs(C17C15) M)+t (H11CoCsCro) (43)+ T (H14C1aCsC) (1)
50 85242 88693 89857 869.72  t5(H13C12C5Ce) (15)+1 (H19C17C15C12)(33)

51 83699 8365 85411 82669  T(H7C1CoC3)(96)

52 809.99 844.23 817.13  v5(C5C12)(32)

53 80228 825.82 79931 (G Co) (12)4v5(C15C12) (20)+ ¥ (CaC3C2) (15)
54 74828 75008 77729 75234 1 (HaoNo1 Co3) (12)+7 (HoaNa1 Ci5Cia) (41)

55 700.06 753.54 72935 1o(HoaNo1 Cr5C12)(13) 4+ T(H10CsCsC12) (43)

56 71356 69066  T(H10C4C5Cr2)(31) +To(CaC3CoCr) (47)

57 62099 62139 63856 61806  B(C2C1Cs)(80)
58 59206 59369 60348 58411  B(Ca3N21Cis)(60)

59 51878 52055 53251 51541 B(GGC)(29) + 10(Cr2CsC4Cs) (27)

60  462.85 45885 44412 15(C17C1aNa1Cis)(31)

61 42814 42738 43961 42549 y(C3GCr)(22)470(C17C1aNa1 Cr5) (10)+ 1(C12CsCaCs) (26)
62 40692 41555 40221 1o(HgC3GoCa)(11) +7(C3CoC1 Co ) (83)

63 36531 36252 35088 1 (Na1CisCr2) (58)+T0 (H19C17Cr5C12) (14)

64 31891 32111 31080 B(C12C5C4)(50)+T (HasCa3Ny1 Cis)(10)

65 27407 269.15 26051 B(Cr7CisNa1)(43)

66 23984 24627 23836 y(C12CsCa)(12)+ T(HasCasNay Ci5)(61)

67 23187 22443 B(C15C12Cs)(48)+To(Na1 Ci5Ci2Cs) (14)

68 17644 21121 20443 to(HaeCasNa1 Ci5)(87)

69 108926  100.11 9689 T(Ha5Co3Na1 Cr5) (11T (CsCaC3Co) (47)4 T(No1 Cr5C12Cs) (14)
70 7773 8262 7997 B(C15C12Cs)(16)+T(CsCaC3C) (16)+ T(Nay Ci5C12Cs) (39)
71 5381 5428 5254 1(CosNyCrsCra)(71)

72 4241 4105 1(C15C12C5Co)(78)

1124-1469 cm™~! for IR/Raman and 1136-1473 cm™! in the theoretical spectrum [61,
64]. The C-H bending vibration observed at 1411 ¢! due to the CH3 group for meth-
amphetamine and MDMA are absent in the corresponding amphetamine IR spectra.
The strong peak appears at 1598/1606 cm ! in the experimental IR/Raman spectra of
amphetamine is assigned to H-N-H in plane bending mode while the same is absent
in the spectra of methamphetamine and MDMA. The week band at 1086 cm~! in the
calculated spectra of amphetamine is assigned to N-C stretching mode which is at
1095 cm~1/1105 cm~! for IR/Raman experimental spectra. The N-C stretching vibra-
tion appears at 1101/1097 cm~! in the IR spectra of methamphetamine/amphetamine
[65].Some additional peaks are found in the spectra of MDMA near 1000 cm~! which
is due to the stretch and bend modes of O-C. The peak appears at 1388/1379 cm~! in
the experimental/calculated IR spectrum of MDMA is assigned to the torsional mode

Page 25 of 32



Bhaskarapillai et al. Journal of Engineering and Applied Science

Table 11 Experimental and theoretical vibrational wave numbers of MDMA with potential energy

(2024) 71:136

distribution
No Experimental Calculated Vibrational Assignment with PED
frequency(cm™') frequency
using B3LYP/6-
311+G(2d,
p)cm™")
IR Raman unscaled scaled
1 3389.71 3510.76  3398.07 vs(NaaHos)(100)
2 3067.63 319839  3095.72 vs(CsHo)(87)
3 306891 3056.04 318398  3081.12 vs(C3Hg)(92)
4 305733 3039.83 317258  3070.74 vs(CsH10)(92)
5 303341 3021.83 311004 301021 vs(C7H11)(94)
6 2997.32 310272 300312 vgs(CoH23)(91)
7 298827 309829  2998.83 vy (CaoHa1)(95)
8 298438 3091.99 299273 vgs(CasHa7)(89)
9 297143 3063.96 296561 vas(CisHr7)(85) + vs(CaoHa2) (13)
10 293112 2961.05 306091  2962.65 vs(CigH19)(93)
11 2899.77 292852 303028  2933.00 vus(Ci5H16)(93)
12 2897.15 3001.68  2905.32 vs(CisH17)(13) 4+ vs(Co0H22)(85)
13 2899.77 2999.14  2902.87 vs(C7H12)(14)
14 283666 286434 293128  2837.18 vs(CagHhg)(96)
15 280491 283006 289738  2804.37 wvs(CosH29)(99)
16 1607.72 160464 166237  1609.01 vgs(CiCs)(66)
17 1590.79 159387 1643.08  1590.34 vs(C3C2)(61) 4 B(HsC3C4s)(10)
18 148848 1539.80 149036 B(H12CrH11)(84)
19 148067 152407 147514y (HasN2aCos)(10) + ¥ (HoCsCe) (25)
20 147286 1521.29 147245 B(Hi18Ci7H20)(68)+y (HoC5Co) (1) 4y (Ha7CasH29) (12)
+y (H9CosHag) (21)
21 1507.36 145897 y (H17Ci5H16)(69)
22 146504 145409 150533  1457.01 B(HasN24Cos)(19)+B(Ha0CosHog) (40)+ To (Ha3Ca0Cr18Cr5) (11)
23 144782 1493.56 1445.61  B(H21CooH23)(57)
24 148894  1441.14 B(H2CooH21)(71) 4 t(H23C20C18C15)(10)
25 148345 143583 B(HasNasCog)[13] +B(Ha7CagHao) (51)
26 1421.12 146844 142129 vs(CeCs)(24)+y (C4CsCo) 161+ ¥ (H10C6Cs)(19)
27 1406.96 145856 1411.73  B(HagCasHa7)(90)
28 138803 142533 137957 t5(H11G013G)(75)
29 136748 135639 140817 136297 B(H23CaoH)(83)
30 134687 138861 134403 v(014C)I571+ B(H10C18Ca0) (14)
31 133575 133417 137460 133047 B(H16C15Ca)[48H10(H17C15C4C3)(10)
32 131826 131029 136823 132430 v,s(014C1)(10)+70 (H10C18N24Cos) (36)+ B(H16Ci5Ca)[13]
33 127515 131956 1277.20 y(H15Ci5Ca)[17H10(H17C15C4C3)(37)
34 12141 123342 130481 126292 B(HgC3Ca)[58]H+t(H17C15C4C3)(12)
35 120764 121087 1269.54 122878 vs(C4Cs)(58)
36 119796 123651 119682 B(H19C18C15)(26)+T (Ha1Co0C18Cis)[14]
37 118178 122106 118186 v5(013C12)(11)+y (C1CCs)(1 1)+ (H11C7013)(37)
+70(H1267013C2) (10)
38 117044 116071 120863  1169.83 1o (HagCosN24Cig)(26)
39 1159.09 120453 116586 vg5(013C2) (12)4y (HoCsCo) (13)+ y (H11C7013)(26)
+70(H12G013G2)(12)
40 1139.96 117364 113596 vs(NosCog)(A41)+T (Ha3Co0Ci8C15)(38)
41 111515 114616 110936 v5(C4Cs)(10)+vs(CCs)[14] + B(H10CsCs) (44)
42 110372 114217 110550 B(H11C7013)(20)+7 (H12C7013C) (38)+ To(C17014C1 C) (14)
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Table 11 (continued)

(2024) 71:136 Page 27 of 32

No Experimental Calculated Vibrational Assignment with PED
frequency(cm™') frequency
using B3LYP/6-
3114+G(2d,
p)(cm™")
IR Raman unscaled scaled
43 109718 113044 109414 vs(N24Cog)(16) + T(H23C0Ci8C15)(38)
44 107918 1061.13 1114.36 107858 vs(C2Cr)(35)
45 107098 1089.69  1054.71 vgs(N2aCig) (17)4vas(CooCrg) (11)+ B(H19C18Co0) (1)
+70(H21C20Cr8Cr5)(19)
46 104634 107673 104217 vs(C1Ci5)(13)+B(H10C18Co0) (14)+ To(H22Co0CraCis) (1)
47 1033.17 1029.88 105803  1024.08 vs(014C7)(28)+y (014C1Cs)(26)
48 101503 101998 105332 101950 vs(N2sCrg)(13) +vas(CrsCs)(11)
49 94207 98691 95330 92269  vs(CC1)(15)4+vg5(014C7) (24)+ ¥ (014)C1 Co) (10)
50 9304 946.61 916.23  vg5(014C7)(18)+y (C17)014C1)(32)
51 936.16 906.11  t(H10C6C5Cs)(60)+T(C2C1CeCs)(15)
52 895.31 923.86 894.20 Ugs(N24C12)(32)+VGS(C20C18)(22)+ T(Hz})CongQg)(] 7)
53 883.58 88693 90067 87176 t(Ha0CaN24Cig)(22)+T0(H19CigN24Crg)(13)
54 83481 8365 88202 853.70  t(Hg(C3C4Cis5)(67)
55 81117 843.39 81631  v5(C18Ci5)(26)+75(HoCsCsCr)(28)
56 82642 799.89  v5(C15C4)(66)
57 813.80 787.67 Vs (C18C15)(1 7)+‘L’(H9C5C6C1)(48)
58 77219 75008 78924 76390 vs(013C2)(19)+B(C1CsCs)(17)+ T(HasN24CiCis) (14)
59 769.38 744.67  vas(013C2) (10)+vs(N24Cr8) (12)+ v (Ha5N24C26) (10)
+70(H25N24C18C15)(39)
60 72278 744.18 72029  to(H10C6CsCa)(13)+10(CaCsCoCr) (64)
61 71595 73101 70755  B(GCoCr)(64)
62 60928 62139 646.06 62532 y(013GC)(19)+1(CG3 GG Ce) (28)
63 61955 59967 y(013GC)(33)+T(CG:GC1Co)(18)
64 52929 53838  521.1  vs(013C2)(66)+B(C4CsCo) (19)+ ¥ (C1CoCs)(10)
65 47849 485.02 46945  B(N4Ci3Ci5)(40)
66 45209 45746 44278  B(N12C18Crs) (10)+70(H16Cr5CaC3) (19)+ T (CooCrsNasCrg) (35)
67 42738 44438 430.113  B(C15C4Cs)(63)
68 416.77 425.64 41198  t(GGCeCs)(49)+T (013G GC)(12)
69 34392 341.51 33054 t(013GCCh)(49)
70 30459 318912 33867 32779 B(Co0Ci8N2a) (58)+T(C0Ci5N24Cig)(10)
71 27947 29779 28823 B(G:C1Co) (384T (Ha7CasN2aCis) (19)
72 25968 23984 25381 24566  B(CosNaaCig)(26)+70(Ha7CosN2aaCig) (19)
73 239.843 23917 23149 y(CasNasCig)(15)+70(013C2CsCr)(59)
74 23589 22832 B(CosN24Cig) (34470 (H27CosN2aCrg) (12)+ To (H19CosN2a Crg) (12)
75 214,53 209.96 203.22 ‘L’O(H22C20C18C15)(66) + T(H28C26N24C18)(W 5)
76 18916 15278 18267 17681 y(CisCi5C4)(19) + To(Cr5C3CsCa)(18) + T(013C2CsC1)(15)
79 115.77 11205 75(H12G7013C2)(22) + 15(C17014C1 1) (57)
80 8326 8325 9752 9438  1(CigCi5C4C3)(64)
81 61.18 61.18 5853 5665  B(Ci8Ci5Ca)(22)+10(Ci5C3C5Cq) (44)
82 47.07 4556  y(CrCiCo)(10)+70(CaN2sCigCis) (69)
83 39.27 3801 T(N24Ci8Ci5C4)(79)
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Fig. 9 Correlation graph of calculated and experimental IR spectra of amphetamine (1(a)),
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Fig. 10 Correlation graph of calculated and experimental Raman spectra of amphetamine (1(a)),
methamphetamine (2(a)), and MDMA (3(a))

ofH11C;013C; and that appears at 1346/1344 cm~1in the experimental/calculated IR
spectrum of MDMA is assigned to O-C stretch modes

1000-0 ¢~

In this region, the stretching, bending, and torsional modes of C-C, N-C, and O-C
are predicted. For amphetamine, the torsional modes corresponding to HgC3CyCs,
HyCyC3Cy, H11C6C1Cr2, H13C12C1Cs, and H7CoC3Cy appear at 978, 960, 893, 855,
and 698 cm ! in the experimental spectrum and at 958, 939, 889, 864, and 685 cm~!
in the theoretical spectrum. The IR spectrum of methamphetamine shows bands at
970, 923, and 836 cm !, which are assigned to the torsional modes of HyC3CyCs,
HgCyC3Cy, and H;7C1 CoC3Cy, respectively, with corresponding calculated frequencies
of 965, 945, and 826 cm~!. In the vibrational spectrum of MDMA, some additional
peaks near 1000 cm~! may be due to the stretch and bend modes of O-C. The ring
bends, which are a characteristic feature of benzene-type rings used to distinguish
the type of substitution, are observed in all three molecules [66]. The ring bend at
597/638 cm~ ! in the IR/Raman experimental spectrum and 589/613 ¢~ ! in the theo-
retical spectrum of amphetamine is assigned to the bending modes of C1C¢Cs and
C,C3Cy, respectively. For methamphetamine, the ring bend at 621/618 cm ! in the
experimental/theoretical spectrum is assigned to C2C1Cg, and for MDMA, the ring
bend corresponding to C3C,Cy appears at 715 cm ™! in the experimental IR spectrum
and at 707.55 ¢~ ! in the theoretical spectrum.

Statistical methods were employed to compare the calculated and experimental
spectra quantitatively, utilizing the Pearson correlation coefficient as a measure of the
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linear correlation between the data sets. This coefficient is a common tool in the anal-
ysis of IR and Raman spectra [67]. The correlation results are illustrated in Figs. 9 and
10 demonstrating a robust correlation (R > 0.9996) between the experimental and
calculated spectral values for all three molecules.

Conclusions

The density functional theory calculations of amphetamine, methamphetamine, and
MDMA offered valuable insights into the molecular and electronic properties of
these psychoactive compounds. Molecular descriptors such as ionization potential,
electron affinity, chemical potential, chemical hardness, chemical softness, electron-
egativity, electrophilicity index, dipole moment, energy gap, and polarizability were
determined using finite difference approximation methods. These descriptors hold
significant importance in pharmacological activity and are instrumental in quantita-
tive structure-activity relationship (QSAR) studies and drug design.

The dipole moment and polarizability provide insights into the charge distribution
within the molecules, impacting solvation and membrane permeability. Our find-
ings suggest that while the three compounds share similar electronic structures, sig-
nificant differences exist in their molecular geometries and charge distributions. The
calculated values align with the observed properties of Amphetamine, Methampheta-
mine, and MDMA. Literature suggests that decreased polarity and increased polar-
izability enhance brain penetration. Consequently, Methamphetamine and MDMA
exhibit greater brain penetration compared to Amphetamine, consistent with exper-
imental results. Electron affinity aids in investigating optimal bio availability, while
ionization potential is related to blood-brain barrier permeation. Notably, MDMA
displays the lowest ionization potential among the three, indicative of its high blood-
brain barrier penetration ability. Although the dipole moments of these molecules are
low and comparable, their relatively small size suggests a good capacity to penetrate
the blood-brain barrier. Ligand binding to an active receptor pocket depends on the
ligand’s electronic structure, with contributions from dipole moment and polarizabil-
ity, owing to the strong interaction with the receptor’s electrostatic field.

Analysis using Electron Localization Function (ELF) and Non-Covalent Interac-
tion (NCI) reveals both covalent and non-covalent interaction regions within the
molecules. Natural Bond Orbital (NBO) analysis indicates that strong hyper conjuga-
tive interactions are concentrated on the ring, enhancing biological activity. Among
these, MDMA’s NBOs demonstrate the highest hyper conjugative interaction, with
a stabilization energy of 225 kcal/mol attributed to the methylenedioxy groups. The
vibrational analysis (FT-IR and FT-Raman) of these molecules has been conducted
both experimentally and theoretically. The obtained wave numbers were analyzed and
compared with PED assignments. A quantitative spectral comparison was also per-
formed using linear correlation methods, revealing excellent agreement between the
theoretical and experimental data.

Overall, our study highlights the importance of computational methods in under-
standing the molecular and electronic properties of psychoactive compounds. These
findings could have implications for the development of more effective and safer
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treatments for psychiatric disorders and substance abuse. Further experimental stud-
ies are needed to validate our theoretical predictions and to fully understand the
complex pharmacological properties of these compounds. The metabolic products
of these drugs are also having a distinct role in their net biological activity. Some of
them are more potent than the parent molecule itself. Hence, a complete insight of
their activity can be obtained only after analyzing the molecular descriptors of their
metabolites which is beyond the scope of this study.
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