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Spectroscopic, quantum chemical,
and topological calculations of
the phenylephrine molecule using
density functional theory
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Kameshwar Sahani?, Binay Kumar Pandey* & Digvijay Pandey®

In this work, Density Functional Theory (DFT) on Gaussian 09 W software was utilized to investigate
the phenylephrine (PE) molecule (CO9H13NO?2). Firstly, the optimized structure of the PE molecule was
obtained using B3LYP/6-311 + G (d, p) and CAM-B3LYP/6-311+ G (d, p) basis sets. The electron charge
density is shown in Mulliken atomic charge as a bar chart and also as a color-filled map in Molecular
Electrostatic Potential (MEP). Using these properties, the possibility of different charge transfers
occurring within the molecule was evaluated. The calculated values of the energy gap from HOMO-
LUMO mapping, illustrated in Frontier Molecular Orbitals (FMO) and Density of State (DOS), were
found to be similar for both the neutral and anion states in the gaseous and water solvent phases. Both
the global and local reactivity were studied to understand the reactivity of the PE molecule. Using

the thermodynamic parameters, the thermochemical property of the title molecule was understood.
Non-covalent interaction was studied to understand the Van der Waals interactions, hydrogen bonds,
and steric repulsion in the title molecule. Natural Bond Orbital (NBO) Analysis was performed to
understand the strongest stabilization interaction. In the vibrational analysis, Total Electron Density
(TED) assignments were done in the intense region where the frequency of the title molecule was
shifted distinctly. For vibrational spectroscopy, FT-IR and Raman spectra in the neutral and anion
states were plotted and compared. Using the TD-DFT technique, the UV-Vis spectra along with Tauc's
plot were studied. Finally, topological analysis, electron localized function (ELF), and localized orbital
locator (LOL) were performed in the PE molecule.
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Phenylephrine (PE), also known as (R)-3-[-1-hydroxy-2-(methylamino) ethyl]phenol, is an aromatic benzene
ring organic compound with side chain hydroxyl-ethylamino. The crystal structure of the PE molecule is
monoclinic and is found to exist in zwitterions in the crystals'. PE is used for temporary relief of the nasal
stuffiness caused by fever, allergies, or colds*?. The primary uses of PE as a drug are as a decongestant to treat
hemorrhoids, raise blood pressure, and dilate pupils. When it comes to preventing and treating hypotension
during spinal anesthesia for cesarean sections, it is the first option*°. Being a pure a-agonist, PE also increases the
cardiac output by raising the cardiac preload®. As a sympathomimetic amine medication, PE has bioavailability
due to its prolonged first-pass metabolism’. Moreover, phenylephrine is applied as an eyedrop to enlarge the
pupil and make the retina easier to see®. In 1976, PE was approved by the FDA as well and is safe and effective to
use under the prescription of experts.

Even though PE is used orally as a nasal decongestant, many articles provide conflicting views on its
effectiveness. The article by R Eccles et al. doubts the effectiveness of PE since it was mainly introduced to replace
pseudoephedrine (PDE) as a means of controlling the production of methamphetamine®. This has caused people
to switch from PDE to PE in many common cold and cough medicines. The article by L. Hendeles et al. concurs
with the previous argument, saying that at the FDA-approved dose of 10 mg for adults, it is unlikely to provide
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relief of nasal congestion. Because of its substantial first-pass metabolism in the liver and stomach, it has a
low oral bioavailability!®. However, the article by Desjardins et al. takes the side of the FDA, saying that the
totality of scientific evidence supports the nasal decongestant efficacy of PE'!. On September 11, 2023, the FDA
concluded that current scientific data do not support the recommendation that the recommended dose of orally
administered phenylephrine is effective as a nasal decongestant. But the FDA still has no clear recommendation
on nasal sprays containing PE to treat congestion'2.

Theoretical calculations based on the DFT of PE have been done before under different settings; mostly PE is
studied together with hydrochloride since it improves stability and solubility, and this combined agent acts similar
to epinephrine and ephedrine!>. In the article Wab et al., the researcher explored thermal, thermodynamic, and
kinetic studies of PE hydrochloride in nitrogen and oxygen'*.

Being a stable compound with its multiple applications, there has been an extensive study of phenylephrine
hydrochloride, but not many articles can be found that study the physical properties of PE alone. This lack of
study inspired us to study the PE molecule. In this work, we used the DFT approach with the B3LYP/6-311+G
(d, p) and CAM-B3LYP/6-311+G (d, p) basis sets to generate the optimized PE molecule. Here, we studied
physical properties like MEP, FMO, global reactivity descriptors, local reactivity descriptors, DOS, Mulliken
atomic charge, thermochemistry, NCI, TED, performed spectroscopical analysis like FT-IR, Raman, UV-Vis, and
finally studied ELF and LOL for topological analysis. We have compared the results of most of these properties
in their neutral and anion states. We have even compared some of the properties in different phases, like the
gaseous phase and the water solvent phase. To the best of our knowledge, the spectroscopic, quantum chemical,
and topological calculations of the PE molecule have not been studied for the gaseous and anion states together.

Methods of computation
In this study, the computation of the PE was performed by the method of DFT using the popular model Becke-
3-Lee-Yang-Parr (B3LYP) with a 6-311+G (d, p) basis set in the Gaussian 09 W program!°. The optimized
structure was used to calculate HOMO-LUMO and MEP using the Gauss View 6.0.16!°. The DOS in neutral
and anion states was performed using Gauss Sum 3.0 program'’. The FT-IR and Raman spectra were calculated
using a scaling parameter factor of 0.966. The vibrational assignment was obtained using VEDA 4 software!s.
Finally, using Multiwfn software 3.8 package to perform topological analysis (ELF and LOL) was carried out"’.
From Koopman’s theorem, certain chemical descriptors are defined, like electronic chemical potential (),
chemical hardness (n)), global softness (S), and global electrophilicity index (w)*.
An electron or a group of electrons having the tendency to escape from a molecule is measured by their
electronic chemical potential, which may be computed using the HOMO-LUMO as,

1
p=3 (Exgomo + Erumo) (1)
The resistance of an atom to transfer the charge is measured by its chemical hardness (n) and can be calculated
as,
1
n=-3 (Enomo — Erumo) (2)

The ability of an atom or set of atoms to accept electrons is referred to as global softness (S), which is reciprocal
of chemical hardness and can be measured as,

1
S = o= —2 (Enomo — Erumo) (3)

Electrophilicity is the ability to acquire additional electronic charge and the system’s resistance to exchange
electronic charge for its surroundings. Hence, the global electrophilicity index (w) can be calculated as,

2
w = o (4)

Translational, vibrational, and rotational motion contributions can be used to characterize the thermodynamic
function of total internal energy (U).

U = Utrans + Uvib + Urot + Uelec (5)
Here U, - = translational motion’s contribution to total internal energy.
U, = vibrational motion’s contribution to total internal energy.

U, = rotational motion’s contribution to total internal energy.
U, . = Electronic motion’s contribution total internal energy.
In theory, electronic motion provides the entropy given by,

elec
Se = R (Inge) (6)
The electronic partition function is represented by R, which stands for the ideal constant and ge.

The concept of the condensed Fukui function divides into three functions as,
One is related to reactivity toward nucleophile attack ( f*), and it is given by:

Scientific Reports | (2025) 15:208 | https://doi.org/10.1038/s41598-024-81633-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Oxygen

P
. Nitrogen
@
®

Carbon

Phenylephrine
) Hydrogen

Fig. 1. Optimized structure of PE molecule using basis set 6-311 4 G(d, p) with B3LYP model in Gaussian09
software. The structure represents all bond lengths with its labled atoms and symbols. The molecule has one
benzene ring with a planar structure; the hydroxyl and amino groups exhibit torsional angles.

Bond Length(A) Bond Angle (°) Dihedral Angle (°)

Atoms Neutral | Anion | Atoms Neutral | Anion | Atoms Neutral | Anion

Cl12-H23 1.10 1.11 I(\“,IE—HZS 114.01 109.77 | C5-N3-C12-H24 —176.70 | — 174.64
N3-H18 1.01 1.02 C5-N3-C12 | 113.93 113.11 | C6-C4-C5-03 72.09 77.74
N3-C5 1.45 1.47 N3-C5-C4 112.20 112.27 | H20-01-C14-C6 173.09 | — 146.70
01-C4 1.42 1.43 C4-O1-H20 | 108.52 106.63 | O1-C4-C6-C7 —30.33 41.17
C4-C6 1.51 1.50 01-C4-C6 108.21 108.94 | C4-C6-C8-H17 —-1.26 1.50
C8-C10 1.39 1.39 C4-C6-C8 120.17 122.69 | H19-C10-C11-H21 —0.12 - 1.85
02-C9 1.37 1.39 C9-02-H25 | 119.25 118.00 | H25-02-C9-C7 179.01 | —163.21
02-H25 0.96 0.96 C9-02-H25 | 109.54 107.65 | C8-C6-C7-C9 0.32 0.86
C7-H16 1.08 1.08 C6-C7-H16 | 120.62 120.04 | C4-Ce6-C7-H16 3.02 —6.58

Table 1. Using the B3LYP method and the DFT/6-311+ G (d, p) basis set, the Gaussian 09 W software
optimized the PE molecule’s structural parameters in the ground state. These included the bond length, bond
angle, and dihedral angle for the neutral and anion states in the gaseous phase.

Fr) =pnp () = py(r) )

Another is related to reactivity toward electrophilic attack ( f ), and it is given by:
) =pn(r)=py_a(r) (®)
FO) = 516 sr () + oy () ©

Here, p represents the electron density and N represents the number of electrons, So, p y () density of the
anion generated by adding one electron to p 5 (7),and p n_; (r) density of the cation created from removing
one electron to p 5 (7).

Result and discussion
Geometrical parameters
The optimized structure of the PE molecule is obtained by Gaussian 09 W software with the B3LYP method and
6311+ G (d, p) basis set. The optimized molecule is shown in Fig. 1, with a label and symbol using Gauss View
6.0.16. The bond length, bond angles, and dihedral angles are summarized in Table 1 for the neutral and anion
states in the gaseous phase.

The geometrically optimized molecule shows the bond length between two corresponding molecules, bond
angle, and dihedral angle (between two planes), which are shown in Table 1. We.

observed a slight change in bond length and bond angle for different combinations of atoms, apart from the
case of the benzene ring, where the distance between C-C is 1.39 A and C-H is 1.08 A. The highest dihedral angle
is 179.01° between atoms H25-02-C9-C7 and — 174.64° between C5-N3-C12-H24 in neutral and anion states,
respectively. Since introducing more electrons influences the density of electrons, which alters the bond length
and bond angles, an increase in bond length between most of the atoms signifies a high electron density in the
anion state as compared to the neutral state.

From Table 2, we are able to make observation that the total energy of the PE molecule is continually
increasing from the neutral to the anion state, and the energy is even higher in the solvent water than in the
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a)

Total Energy (eV) Dipole (Debye)
State Solvent B3LYP CAM-B3LYP | B3LYP | CAM-B3LYP
Gaseous —15,132.85 | — 15125.39 2.52 2.65
Neutral
‘Water —15,133.13 | — 15125.82 2.90 3.06
Gaseous —15,132.31 | — 15124.57 5.43 6.85
Anion
Water —15,134.49 | — 15126.94 7.68 8.18

Table 2. The calculated minimum total energy (eV) and their respective dipoles (Debye) at different phases
illustrate the stability of the PE molecule.

b)

-5.555¢-2 I N 5.555e-2 -0.167¢0 I N 0.167¢0

Neutral State Anion State

Fig. 2. MEP maps for title molecule (a) in the neutral state and (b) in the anion state were obtained by using
model B3LYP with basis set 6-311+ G (d, p) in Gaussian09 software. The different color gradient represents the
electrostatic potential; the red color region indicates negative potential, and the blue color represents positive
potential.

gaseous phase. This signifies that the PE molecule shows more stability in the presence of solvent water than in
the gaseous state, and the anion state shows more stability in comparison to the neutral state.

The comparison of minimum energy and dipole moment for the neutral and anion states in the gas phase and
water solvent phase were obtained using the B3LYP and CAM-B3LYP models, respectively, and are tabulated in
Table 2. The model CAM-B3LYP shows more stabilization energy and dipole moment values than the B3LYP
model. The value of dipole moment has been increasing continuously with gas phase to water solvent phase; the
higher value dipole moment enhances the polarity of the molecule. The value of the dipole moment in anion
states shows more polar nature than neutral states. The addition of water as a solvent to the neutral state shows
a decrease in convergence energy and an increase in dipole moment, respectively. In the anion state in the water
solvent phase, the dipole moment is 8.18 Debye, indicating a high polarity due to the polar nature of water.

Molecular electrostatic potential
The molecular electrostatic potential (MEP) is a useful tool for evaluating physical and chemical parameters for
biomolecules and organic compounds. It is also usually used to study the intermolecular characterization and
actions for the drug analysis of molecules?"">2. The 3D plots of MEP for the title molecule are illustrated in Fig. 2
(a and b). This plot is mapped onto the electron density surface. The MEP helps us study the reactive site for
the nucleophilic or electrophilic site of the compound?*?*. The molecular systems’s MEP map shows a densely.
The surface region for both neutral and anion states is presented in the following sequence:
red < orange < yellow < green <blue. In the neutral state, the electron density value ranges from —5.555e-2 to
5.555¢-2. Similarly, in the anion state, the electron density value ranges from —0.167 to 0.167. The neutral state
mainly comprises electrophilic regions, with the region near the H25 molecule exhibiting a more electrophilic
nature than the region near C6, C7 and C8, while in the anion state, the nucleophilic region is predominant, with
the regions like O1, C6, and C7 showing a more nucleophilic nature than C12 and H25 near the (O1 and O2)
molecule, which corresponds to the electrophilic region?.

Mulliken atomic charges
The Mulliken atomic charge visualizes the distribution of electron density among atoms in a compound?®.
Electronic structure, dipole moment, polarizability, and other molecular properties are all directly impacted by
the atomic charge?”?%.

In Fig. 3, the Mulliken atomic charge of atom C6 has the greatest positive value in both neutral and anion
states. The C6 and C7 have the highest positive charge in both neutral and anion states. These atoms act like
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Fig. 3. The Mulliken charge distribution of the PE molecules in the neutral and anion states is performed with
the model B3LYP in the basis set 6311+ G (d, p) in the Gaussian09 package.

an electrophilic site, having less electron density. Similarly, C4 and C8 have the highest negative charge in both
neutral and anion states. Also, C9 and C10 have the greatest negative charges, which shows the nucleophilic site
representing the highest electron density. The highest negative charge has been observed in atoms C4 and C8 in
both neutral and anion states, acting like a neucleophilic site for electrophilic attack.

Frontier molecular orbitals
Frontier molecular orbitals (FMO) are the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO), which are located at the outermost boundaries of the system. The
HOMO represents the ability to donate an electron, also called a nucleophile. LUMO represents the ability
to gain an electron, also known as an electrophile?”. The energy gap of the molecule refers to the difference
between LUMO and HOMO?!.

AE = Erumo — Enomo (10)

Ground state (HOMO) Ground state (HOMO).

The energy gap (AE) is measured in eV or kcal/mol. The pictorial representation of the title molecule’s
Frontier molecular orbitals is calculated in the gas phase and using water solvent with the 6-311+ G (d, p) basis
set, as shown in Fig. 4 (a and b) and tabulated in Table 3. The negative and positive phases are denoted by the
colors red and green, respectively.

In the neutral state, where there is no spin polarization, both spin up and spin down yield the same result.
That is, both alpha and beta of HOMO and LUMO have the same value, respectively. From Fig. 4(a) and Table 3,
the energy difference between LUMO and HOMO is 8.01 eV for the neutral state in the gaseous phase. Similarly,
from Fig. 4(b) and Table 3, the energy difference between LUMO and HOMO is 8.34 eV for the neutral state in
the water solvent. The energy gap between HOMO and LUMO in neutral anion state with water solvent is greater
than neutral state in gas phase, which shows anion water solvent is more stable, which means lowest chemical
reactivity and highest kinetic stability.

In the anion state, spin polarization comes into play, so we can observe the existence of both alpha HOMO
and beta HOMO, and alpha LUMO and beta LUMO with their respective values, unlike in the neutral state,
which had single values for both. The respective values of alpha LUMO, alpha HOMO, beta LUMO, and beta
HOMO and their differences, which yield energy gaps, are presented in Fig. 5 (a and b) and Table 3. For the
anion state in both the gaseous phase and in the water solvent. The title molecule shows a higher energy gap in
the anion state in the water solvent than the anion sate in the gas phase.

Density of States

The optimized structure of the PE molecule is re-optimized using basis set 6-311+G (d, p) with model CAM-
B3LYP. The Gauss Sum 3.0 program was used to calculate the density of states (DOS) spectrum with a full
width at half maximum (FWHM) of 0.3 eV32 The energy level per unit energy increment is explained by the
density of the state spectrum. So, higher DOS at a given energy level indicates greater availability for states to be
occupied3334,

The green lines indicate the HOMO, and the red lines indicate the LUMO energy levels. The DOS of the
neutral state calculation is illustrated in Fig. 6 (a and b), whereas the DOS of the anion state is presented in Fig. 7
(a and b) within the energy range of -15 eV to 15 eV. These spectrums of the DOS illustrate the number of states
with different energy levels.

The energy disparity between the virtual (acceptor) and occupied (donor) orbitals defines the energy gap
between their corresponding states and phases. Form Fig. 6. For a neutral state in the gaseous phase, the energy
gap was found to be 8.02 eV, and for the water solvent phase, it was observed to be 8.30 eV, which are both
consistent with the difference of LUMO (alpha) and HOMO (alpha) of 8.01 eV and 8.34 eV for the gaseous and
water solvent phases in the neutral state, respectively.

From Fig. 7 (a), In the DOS of the title molecule for the anion state in the gaseous phase, the energy difference
between the alpha virtual orbital and the alpha occupied orbital is 2.25 eV, and the energy difference between
the beta virtual orbital and the beta occupied orbital is 7.35 eV. From Fig. 7 (b), In the DOS for the anion state in
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Fig. 4. The calculated HOMO-LUMO and the energy gap of the PE molecule in (a) the gaseous phase and

(b) the water solvent phase using the CAM-B3LYP model with a scaling parameter of 0.961 in the basis set
6-311+4G (d, p). In the neutral state with the water solvent phase, the energy gap between HOMO and LUMO
is greater, indicating more stability and less reactivity.

Neutral State Anion State

Gaseous Phase Water Solvent Phase Gaseous Phase ‘Water Solvent Phase
Parameters(eV) | B3LYP | CAM-B3LYP | B3LYP | CAM-B3LYP | B3LYP | CAM-B3LYP | B3LYP | CAM-B3LYP
HOMO (alpha) —-6.09 | =75 —6.28 | —-7.87 -27 1.16 - 1.6 —2.82
LUMO (alpha) —043 | 0.51 —0.63 |0.46 1.69 3.24 0.051 0.86
HOMO (beta) - - - —2.58 | —4.01 —535 | —6.63
LUMO (beta) - - - - 2.48 3.22 0.002 0.83
::;(ragl;ha) 566 | 8.01 565 |8.33 439 | 2.08 165 | 3.69
Energy gap(beta) - - - 5.06 7.23 5.35 7.46

Table 3. The basis set DFT/6-311+ G (d, p) and the B3LYP and CAM-B3LYP models of the PE were used
to calculate HOMO and LUMO energies as well as the energy gap between HOMO-LUMO (Eg) in eV at
various states and solvents.

the water solvent phase, the energy difference between the alpha virtual orbital and the alpha occupied orbital is
4.01 eV, and the energy difference between the beta virtual orbital and the beta occupied orbital is 7.74 eV. These
calculated energy differences of anion state in both the gaseous and water solvent phases are in agreement with
the energy difference calculated in FMO from the difference of LUMO and HOMO, which is presented in Fig. 5.

Reactivity descriptors

Global reactivity descriptors

For the purpose of comprehending and anticipating a system’s reactivity, global reactivity descriptors describe
the electronic structure and characteristics of the system overall®®. The expressions from Egs. (1)-(4) are used to
calculate different reactivity descriptors. The calculated global reactivity descriptors are tabulated in Table 4 for
the cases where spin is polarized or not.

From Table 4, the electron affinity for the neutral state is negative, meaning the process is endothermic, which
is energetically favorable. In contrast, the electron affinity of the anion state is positive, meaning the process is
exothermic. In the solvent water phase, electron affinity is higher for both cases than its counterpart, indicating
stronger attraction for electrons, resulting in greater energy release upon electron addition and a more stable
anion. For ionization energy, the observation implies that water as a solvent has a significant stabilizing effect
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Fig. 5. HOMO-LUMO and energy gap of the PE molecule in anion state (alpha and beta) in (a) the gaseous
phase and (b) solvent water phase are obtained using the CAM-B3LYP model in the basis set 6-311+G (d, p).
The energy gap between HOMO and LUMO in the anion state in the water solvent phase has more than an
anion phase.
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Fig. 6. The PE molecule’s density of states (DOS) shows the range of electronic states that can be occupied in
the neutral state in (a) the gaseous phase and (b) the water solvent phase, from — 15 eV to 15 eV. The DOS was
calculated using the CAM-B3LYP model in the basis set 6-311 4G (d, p) using Gaussian09. The gap between
the valance (occupied) and conduction (virtual) states in the neutral gas phase is 8.02 eV and in the water
solvent phase 8.30 eV.

on the anion state due to its polar nature and ability to form hydrogen bonds, which lower the ionization energy
in the water-solvent than in the gaseous phase for the anion state. Meanwhile, in the neutral state, the presence
of the water solvent increases the ionization energy compared to the gaseous phase. For chemical hardness, the
observation implies that the title molecule is more stable and less polarizable when in a gaseous state than in the
presence of the water solvent for both the neutral and anion states*. From chemical potential, it can be observed
that the title molecule is energetically favored or more stable in the gaseous phase than in the water solvent
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Fig. 7. The density of states (DOS) of the title molecule reveals electronic states that can be occupied in the
neutral state in (a) the gaseous phase and (b) the water solvent phase, within the range of -15 eV to 15 eV, using
the CAM-B3LYP model in the basis set 6-311+ G (d, p) with Gaussian09.

Reactivity Descriptor Values (eV)

Neutral State Anion State
Parameters Gaseous Phase | Water Solvent Phase | Gaseous Phase | Water Solvent Phase
Electron Affinity (A) (alpha) —0.51 —0.46 324 0.86
Tonization Energy (I) (alpha) 7.5 7.87 -1.16 2.82
Chemical Hardness (1)) (alpha) 4 4.16 -22 0.98
Chemical Softness (S) (alpha) 0.25 0.24 —0.45 1.02
Chemical Potential () (alpha) —3.49 —-37 - 1.04 —1.84
Electrophilicity index (w) (alpha) | 1.52 1.71 —-0.24 1.72
Electron Affinity (A) (beta) - - —-3.22 —0.83
Tonization Energy (I) (beta) - - 4.01 6.63
Chemical Hardness (1)) (beta) - - 3.61 3.73
Chemical Softness (S) (beta) - - 0.27 0.26
Chemical Potential() (beta) - - -0.39 -29
Electrophilicity index (w) (beta) | - - 0.021 -1.12

Table 4. The PE molecule’s global reactivity descriptors, such as electron affinity, ionization energy, chemical
hardness, chemical softness, chemical potential, and electrophilicity index, are present in both neutral and
anionic states across gaseous and aqueous phases.

phase for the neutral and anion states. The anion state has more tendency to lose electrons than the neutral state,
indicates that neutral is more stable than the anion state. The higher electrophilicity index in the water solvent
phase compared to the gaseous phase in both the neutral and anion states suggests that the molecule becomes
more reactive toward nucleophiles when dissolved in water®. This indicates that the neutral phase acts with a
more electrophilic nature than the anion phase.

Local reactivity descriptor (Fukui function)

The local reactivity parameters were calculated using UCA-FUKUI 1.0 software package. The local reactivity
descriptor, such as the Fukui function, reveals the preferred locations where a molecule will adjust its density
when the number of electrons changes. It also reflects the inclination of the electronic density to deform at a
certain point upon absorbing or donating electrons®. Using Egs. (7)-(9), we have calculated the reactivity of the
corresponding attack, which is an electrophilic, nucleophilic, and radial attack, and it is presented in Table 5.
The atom that has the largest Fukui function (f) will have the highest reactivity*®. The respective value for the
calculated Fukui function is given in Table 5.

The calculated value of Fukui function of PE molecule with NBO charges has reactivity order for the nucleophilic
attack (f*): C4>C11>H20>C5> 01> C6>Cl12>H13. The nucleophilic attack interacts with electrophiles
with electron-deficient sites. The C4 atom has the most effective value than other atoms from interaction between
electrophile and nucleophile. The order of electrophilic (f*) attack is N3 > C8> 02> C11>H15> C9>H23> C7.
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Atom | f~ A fj'J Atom | f~ £ fj."
o1 0.0155 |0.0513 | 0.0334 | H14 0.0202 | 0.0201 0.0201
02 0.1048 |0.0299 | 0.0674 | H15 0.0742 | —0.0149 | 0.0296
N3 0.182 0.0285 | 0.1053 | H16 0.0249 | 0.014 0.0194
C4 -0.0242 | 0.2486 | 0.1122 | H17 0.0285 | — 0.0072 | 0.0107
C5 -0.0366 | 0.0737 | 0.0185 | H18 0.0245 | 0.0051 0.0148
Ceé 0.0222 | 0.05 0.0361 | H19 0.0342 | 0.0221 0.0281
C7 0.0435 | 0.0383 | 0.0409 | H20 0.0172 | 0.0752 0.0462
C8 0.1239 |0.0236 | 0.0737 | H21 0.035 | 0.0216 0.0283
C9 0.071 0.0186 | 0.0448 | H22 0.0258 | 0.0174 0.0216
C10 0.0097 | 0.0413 | 0.0255 | H23 0.0529 | 0.0107 0.0318
Cl11 0.0974 | 0.0928 | 0.0951 | H24 0.0285 | 0.0174 0.023

Cl12 -0.0314 | 0.0476 | 0.0081 | H25 0.0231 | 0.0274 0.0253
H13 0.0332 | 0.0474 | 0.0403

Table 5. The calculated values of the Fukui function for the reactivity of the atoms corresponding to attacks
such as electrophilic, nucleophilic, and radial attacks are illustrated in tabulated form.

Thermal Energy Specific Heat Entropy
(Kcal/Mol) (Cal/Mol-Kelvin) Cal/Mol-Kelvin
Neutral | Anion

Parameters Neutral State | Anion State | Neutral State | Anion State | State State
Electronic 0 0 0 0 0 1.38
Translational 0.89 0.89 2.98 2.98 41.25 41.25
Rotational 0.89 0.89 2.98 2.98 31.15 31.15
Vibrational 137.68 135.27 40.32 41.16 39.19 37.422
Total 139.46 137.05 46.29 47.12 111.58 111.19
Zero-point Vibrational Energy 131.69 129.25 - - - -

Table 6. The calculated thermodynamical properties of the PE molecule in the neutral and anion states,
including thermal energy (E), specific heat capacity (C,), entropy (S), and zero-point vibrational energy.

The atom N3 shows the highest value of electrophilic attack-seeking nucleophlic site. Finally, for radical (f)
attack reactivity order are C4>N3>C11>C8>02>H20>C9>C7. The atom N3 also shows the highest
probability for radical attack. The presence of unpaired electrons in the N3 atom, which cause highly reactive
reactions and take part in complex reactions.

Thermochemistry

The statistical parameters are analyzed in relation to thermodynamic functions, including thermal energy (E),
heat capacity (C,), entropy (S), and zero-point vibrational energy, which are computed. The thermodynamic
parameters are computed and presented in Table 6. The total energy comprises electronic, translational,
rotational, and vibrational energy. Equation (6) indicates that the lack of a temperature-dependent element in the
partition function leads to zero internal thermal energy and electronic heat capacity due to electronic motion*’.

Satisfying the theory, we acknowledge that, apart from the entropy of the anion state, electronic motion
contributes nothing. The incorporation of electrons does not influence translational, rotational, or electronic
motions, as their contributions are equivalent. Nonetheless, a transition in the neutral and anionic states is
observable in vibrational motion. Vibrational motion in a molecule refers to the oscillation of atoms about their
equilibrium positions. The molecular structure and electrical configuration dictate the specific energy level of
each vibration, governing the distribution of various energy levels. Therefore, this mismatch indicates that the
addition of the electron has caused changes in both the energy level and the molecular structure.

In three parameters: translational, rotational, and vibrational, vibrational energy is greater than translational
and rotational energy, which results in an increase in vibrational modes such as bending and stretching. In this
calculation, the zero-point vibrational energy in the neutral state is higher than that in the anion state, which
indicates there is more vibrational mode in the neutral than in the anion state.

Non-covalent Interaction (NCI) analysis

It is a tool to visualize and identify non-covalent interactions, such as Van der Waals interactions, hydrogen
bonds, and steric repulsion in the molecule?!. It uses the Reduced Density Gradient (RDG), which is calculated
using the density and its first derivative®2.
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RDG

S(r) = ; (11)

In the region far from the molecule, in which the density decays to zero exponentially, the RDG will have very
large positive value. In the region of covalent and non-covalent interaction, the RDG will have a very small value
close to zero®.

From the RDG plot of Fig. 8 (a and b), the blue region between —0.03 and — 0.05, which lies at N3 and H13,
indicates strong intermolecular interactions such as hydrogen bonds. The green region between 0.02 and 0.01
signifies weak intermolecular interaction, that is, Van der Waals interaction with lower density. The red region

above 0.01 signifies a strong steric effect, which lies in the benzene ring and around O2 and O1.

Natural bond orbital (NBO) analysis

The natural bond orbital (NBO) calculations were performed using the NBO 3.1 program implemented in
the Gaussian 09 package at the DFT/B3LYP/6-311 +G (d, p) method**. Here the NBO analysis employed the
second-order Fock matrix to assess the donor-acceptor interaction, and the data is tabulated in Table 7. The
NBO analysis yields the most accurate depiction of the natural Lewis structure since every orbital feature is
selected analytically to incorporate the maximum proportion of the electron density®®. The stabilization E?
correlated with the delocalization for each donor (i) and acceptor (j) is estimated as

|| Flo7) F2
AE® — _pl@ilFlon) _ ) Fy (12)
=] Ej —E; AE

Where, E; and E; are the diagonal elements F(i, j) is the off-diagonal NBO Fock matrix element.

In addition to offering a practical foundation for researching charge transfer or conjugative interaction in
molecular systems, NBO analysis is an effective technique for examining intra- and intermolecular bonding and
interactions among bonds*>°,

From Table 7, the interactions of atoms in the title molecule from donor to acceptor with the order of n
(C6-C7) » m* (C9-C11), m (C8-C10) » mx (C6-C7), m (C6-C7) » m* (C8-C10),  (C8-C10) » mx (C9-C11),
(C9-C11) > m (C6-C7) with energy 23.85 kcal/mol, 22.39 kcal/mol, 18.07 kcal/mol, 17.67 kcal/mol, 16.33 kcal/
mol respectively. These interactions have high delocalization of electrons from stabilized n bonds to neighboring
anti-bonding orbitals. The lone pair interaction from LP(2) (O2) - m (C9-C11) has more stabilization energy
of 26.78 kcal/mol. The interactions between these carbon atoms are C6, C7, C8, C9, C10, C11 form a benzene
structure that is less stable and more reactive.

The hyper conjugative interaction with lone pairs of PE molecules using NBO orbitals are 0 (C11-H21) > 0%
(C9-C11), 6 (C10-H19) > 0% (C10-Cl11), 0 (C10-H19) > 0% (C8-C10), 0 (02-C9) > 0% (C7-C9) having energy
of 0.51 kcal/mol, 0.54 kcal/mol, 0.63 kcal/mol, 0.65 kcal/mol respectively. Also, lone pair interactions between
LP(2) (O1) » (N3-C5) and (02-C4) > (C9-C11) having same stabilization energy of 0.76 kcal/mol. These
interactions are single bonded from the sigma (o) bond to the anti-sigma bond (0*), having less stabilization
energy with a strong bond.

Vibrational analysis

The total number of potentially active observable modes in a non-linear molecule with N atoms is equal to
(3 N-6) normal modes of vibration’’. The PE molecule comprises 18 atoms and 69 vibrational vibrations.
Comparing 24 stretching, 23 bending, 18 torsions, and 4 out-of-plane vibrations. All vibrations were analyzed,
and those that most substantially affect Raman spectra are tabulated below in Table 8.
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Fig. 8. Reduced density gradient analysis RDG and NCI (a) 2D and (b) 3D determines weak and strong
interactions in title molecules in neutral state.
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Donor(i) | Type | Acceptor(j) | Type | E@ [kcal/mol] | E(j)-E(i) a.u | E(i, j) a.u
C8-H17 |o C6-C7 o% 4.64 1.1 0.064
0O2-H25 |o C7-C9 o% 4.19 1.32 0.066
C7-H16 |o C9-Cl11 o% 4.07 1.07 0.059
C7-C9 o C9-Cl11 o% 4.05 1.26 0.064
Cl1-H21 |o C7-C9 o% 3.95 1.1 0.059
C10-H19 |o C6-C8 o% 3.68 1.1 0.057
Cl12-H24 | o N3-C5 o% 3.48 0.88 0.049
C5-H14 |o N3-H18 o% 3.06 0.91 0.047
C9-Cl11 o C10-C11 o% 2.99 1.29 0.055
C10-Cl11 |o C9-Cl11 o% 291 1.26 0.054
Cl2-H22 |o N3-H18 o% 2.78 0.92 0.045
C8-C10 o Cl11-H21 o% 2.65 1.11 0.048
C5-H15 o C4-Cé6 o% 2.55 0.93 0.044
N3-HI8 |o C5-H14 o% 2.44 1 0.044
C6-C8 o C10-H19 % 2.36 1.12 0.046
C7-C9 o Cl11-H21 o% 2.35 1.11 0.046
C5-H14 |o C4-H13 o% 2.31 0.87 0.04
C9-Cl11 o C10-H19 o% 2.25 1.14 0.045
O1-H20 |o C4-Cé o% 2.17 1.14 0.045
N3-HI18 |o Cl12-H22 o% 2.12 0.99 0.041
C4-Cé o C7-C9 o% 2.07 1.2 0.045
C4-Cé o Ce6-C7 o% 1.92 1.22 0.043
N3-C5 o 0O1-C4 o% 1.63 1.01 0.036
N3-C12 o C4-C5 o% 1.59 1.08 0.037
C7-C9 o 02-H25 o% 1.54 1.1 0.037
Ce6-C7 o C7-H16 o% 1.47 1.14 0.037
02-C9 o Ce6-C7 o% 1.39 1.5 0.041
C7-H16 |o Ce6-C7 o% 1.32 1.1 0.034
C4-Cé o C5-H15 o% 1.24 0.98 0.031
Ce6-C8 o C8-H17 o% 1.13 1.13 0.032
02-C9 o C10-Cl11 o% 1.11 1.49 0.036
C8-C10 o C8-H17 % 1.09 1.14 0.031
C7-C9 o C7-H16 o% 1.02 1.14 0.031
C8-C10 o C10-H19 o% 0.97 1.13 0.03
C10-Cl11 |o C10-H19 o% 0.84 1.13 0.028
Cl1-H21 |o 02-C9 % 0.79 0.87 0.023
02-C9 o C9-Cl11 o% 0.76 1.47 0.03
02-C9 9 C7-C9 o 0.65 1.48 0.028
C10-H19 | o C8-C10 (023 0.63 1.1 0.024
C10-H19 | o C10-C11 (o3 0.54 1.1 0.022
Cl11-H21 | o C9-Cl11 o% 0.51 1.09 0.021
C6-C7 T[ C9-Cl11 Tk 23.85 0.27 0.073
C8-C10 s C6-C7 T 22.39 0.29 0.072
C6-C7 T C8-C10 T 18.07 0.28 0.064
C8-C10 T C9-Cl11 T 17.67 0.27 0.063
C9-C11 s C6-C7 T 16.33 0.3 0.063
C6-C7 b C4-C5 % 2.69 0.6 0.039
C6-C7 b 01-C4 % 1.09 0.52 0.023
C9-Cl11 b C9-Cl11 T 0.5 0.28 0.011
02 LP(2) | C9-Cl11 Tk 26.78 0.35 0.093
N3 LP(1) | C5-H15 [o£3 8.21 0.65 0.066
N3 LP(1) | C12-H23 [o£3 7.83 0.67 0.066
o2 LP(1) | Co-C11 or | 584 117 0.074
o1 LP(2) | C4-C5 or | 402 0.67 0.046
N3 LP(1) | C12-H22 [o£3 2.24 0.68 0.036
Continued
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Donor(i) | Type | Acceptor(j) | Type | E@ [kcal/mol] | E(j)-E(i) a.u | E(i, j) a.u
N3 LP(1) | C4-C5 o% 1.69 0.65 0.03

N3 LP(1) | C5-H14 o% 1.05 0.69 0.024

N3 LP(1) | C12-H24 o% 0.98 0.69 0.024

o1 LP(1) | C4-C6 o% 0.92 1.03 0.028

o1 LP(2) | N3-C5 o% 0.76 0.68 0.02

Table 7. The analysis of the Fock matrix the of PE molecule using second-order perturbation theory on

an

NBO basis shows that (E?)) represents the energy of the hyper junction interaction, E(j)-E(i) represents

the energy difference between between the donor(i) and acceptor(j) NBO orbitals, F(i, j) is the Fock matrix
element between i and j NBO orbitals.

Wavenumber(cm™!) with percentage contribution

Neutral state [TED%] Anion state [TED%]
Modes of vibration | Gaseous Phase | Water solvent phase | Gaseous Phase | Water solvent phase
S(02-H25) 3837[100] 3814[100] 3725[99] 3819(100]
S(N3-H18) 3515[100] 3505[100] 3444[99] 3502[100]
S(C11-H21) 3149[88] 3164 [58] 3131[57] 3142[49]
S(C8-C10) 1356[19] 1349[18] 1180[13] 1350[10]
S(N3-C12) 982[31] 976[29] 1150[31] 1123[25]
B(C7-C9-Cl11) 1013[15] 1012[20] 948[16] 1548[14]
B(H16-C7-C6) 1334[19] 1334[19] 1318[22] 1299[21]
B(02-C9-C11) 427[52] 430(33] 418[26] 419[42]
T(H16-C7-C6-C4) | 902[74] 894[65] 841[72] 603[26]
IEgHé?Z?S 1386[29] 1394[17] 1376[11] 1384[20]
T(H18-N3-C5-C4) | 762[55] 795[52] 781[40] 796[41]
0(02-C7-C11-C9) | 631[31] 641[33] 693[16] 682[51]

Table 8. The PE molecule assigns vibrational frequencies, along with their TED and percentage contribution,

to

the neutral and anion states (S =stretching, B=bending, T =torsion, O = out of plane).

The different modes of vibration occurring between the intensive regions of 0-4000 cm™! were observed and

analyzed in neutral and anion states with their respective TED assignments. Phenylephrine contains functional
groups like alcohols, phenols, and amines; the standard range of wavenumbers for these and additional functional

groups was observed and listed below

48,49

Region I: >3500 cm!. At this wavenumber, a singular vibrational mode is anticipated: the O-H stretching
vibration of the alcohol functional group. In our investigation, O2-H25 exhibits a stretching vibrational wav-
enumber of 3837 cm-1 and 3814 cm-1 with a 100% contribution in the neutral state, and 3725 cm-1 and
3819 cm-1 with 99 and 100% contribution in the anion state for the gaseous and aqueous solvent phases,
respectively.

Region II: 3000-3500 cm™!. At this wavenumber, two vibrational modes are anticipated: the N-H stretching
vibration from the amine functional group and the C-H stretching vibration from the aromatic functional
group. Our investigation indicates that N3-H18 exhibits stretching vibrations at wavenumbers of 3515 cm-1
and 3505 cm-1, both with 100% contribution in the neutral state, and at 3444 cm-1 with 99% and 3502 cm-1
with 100% contribution in the anion state, in both gaseous and aqueous phases, respectively.

Region III: 1000-1600 cm™: At this range of wavenumber, C-C ring stretching and C-H bending are ex-
pected for the molecule containing an aromatic ring. From our study, C8-C10 has stretching vibrations with
wavenumbers ranging from 1100 to 1400 cm™! with a percentage contribution ranging from 10 to 20%, and
H16-C7-C6 has bending vibrations with wavenumbers ranging from 1200 to 1350 cm™! with a percentage
contribution ranging from 19 to 22%.

Region IV: < 1000 cm!: At this range of wavenumber, the remaining torsion and out-of-plane vibration are
expected. From our study, O2-C7-C11-C9 has out-of-plane vibrations that have wavenumbers around 600’
with different TED percent contributions like 30, 31, and 51. Similarly, H18-N3-C5-C4 has torsion vibrations
with wavenumbers in the 700’s and TED percent contribution from 40 to 50.
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Vibrational spectroscopy

FT-IR analysis

The IR spectrum is observed due to the absorption of IR radiation by a vibrating molecule. An IR spectrum can
be divided into 3 sub-regions: far-IR (<400 cm™!), mid-IR (4000 -400 cm™!) and near-IR (13000 -4000 cm™?).
Typically, for the analysis of biological samples, the mid-IR region is used*.

From Table 2, we have observed that the PE molecule has a permanent dipole moment, so the PE molecule
must be active in the IR region, as IR couples with the dipole moment of the molecule.

Form Fig. 9, we can observe that the cluster of peaks at the range of 301 and 1642 cm™! in neutral state
diminishes when observed in neutral state; the same thing can be observed for the peaks at the range of 2700 to
3100 cm™!. This may be because of a change in dipole moment of the molecule as a result of ionization, which
might cause the peak to decrease, increase, or disappear altogether. Ionization can also break symmetry, which
can lead to splitting or broadening the absorption band.

Raman analysis

The Raman spectrum is due to the scattering of radiation by the vibrating molecule. Determining the chemical
composition of material systems, such as biological systems, has been demonstrated to be a strong and adaptable
application of Raman spectroscopy, which is based on the Raman effect®'~>2. The computational spectrum for
Rama spectroscopy was calculated within the region of 0-4000 cm™! and is given in Fig. 10.

The plot from Raman spectroscopy peaks at 3838 cm™! for the neutral state which is mostly due to C-H
stretching vibration; similarly, at the range of 3500 cm~! the anion state shows the highest peak. The cluster
around the range of 3000 to 4000 cm™! and 1000 to 1800 cm™! in the neutral state has more intensity as compared
to the anion state. Since the symmetry of the molecule was affected when the PE molecule was ionized. Such a
huge change in Raman intensity is observed.

A similar nature of plot, like in FTIR can be observed in Fig. 9. Upon ionization, the intensity of multiple
peaks between 2700 and 3800 cm™! from the neutral state diminished to a nearly negligible state when compared
to the anion state.

UV-Vis absorption spectra
The ultraviolet-visible (UV-Vis) spectra of the phenylephrine molecule were obtained by using the TD-DFT
method in neutral in the presence of solvent water at 6-311+ G (d, p) basis set.

Here we performed a quantitative analysis of the phenylephrine molecule, and since the maximum wavelength
was found to be 240 nm in the water solvent state at the neutral phase, we can conclude that it contains highly
saturated single and covalent bonds, which fall in the ultraviolet range.

Similarly, the oscillator strength was 0.037 and the excited state energies were 5.40 eV. The C-PCM model was
utilized to analyze the effect of the solvent (Fig. 11).

Tauc’s relation is illustrated utilizing the optical energy gap (Eg) and absorption coefficient (a) derived from
UV-Vis data®.

(ahv)? = A(hv — E,) (13)

The optical band gap®*>® was found to be 5.79 eV of the title molecule from Tauc’s plot. It signifies that an energy
of 5.79 eV can make an electronic transition in the PE molecule.
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Fig. 9. FT-IR spectrum of the PE molecule for transmittance with wavenumber ranges from (0-4000 cm™) (a)
in the neutral state (b) in the anion state.
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Fig. 10. Raman spectra of the PE molecule with wavenumber ranges from (0-4000 cm™) for (a) the neutral
state and (b) the anion state.
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Fig. 11. The UV-Vis absorption spectra of the PE molecule in its neutral state within an aqueous solvent
phase, along with the optical energy gap derived from Tauc’s figure, are presented.

Topological analysis

The Multiwfn 3.8 program illustrates the Electron Localization Function (ELF) and Localized Orbital Locator
(LOL). The color-filled projection maps of ELF and LOL, obtained from the Multiwfn program, with a range of
0-1 and 0-0.8, respectively, are plotted in Fig. 12 (a and b). The electron density and electron wave function are
estimated by using techniques of electron localization (ELF) and localized orbital locator (LOL).

In the ELF map, from Fig. 12 (a), the delocalized electrons between non-bonded atoms are represented in the
region <0.5. The region of high electron density between bonded atoms is represented in the region>0.5. The
red color represents high electron localization, and the blue color represents high electron delocalization®”.
The delocalized electrons around carbon and nitrogen atoms (C4, C12, and N3) are represented with blue
regions, whereas the high values of bonded pairs® are represented around hydrogen atoms (H13, H14, and
H18), indicating shared electron pairs. In LOL, Fig. 12 (b) shows the white region around the atoms (H13, H14,
and H18), indicating regions of low electron localization®® against regions of high electron localization in red
color®h62,

Conclusions

Density Functional Theory is used alongside the 6-311+G (d, p) basis set to investigate the PE molecule,
deploying the B3LYP method to optimized the title molecule using Gaussian09 software. The optimized PE
molecule’s minimum total energy was found to have the same value of -15,132.85 eV and —15132.31 eV using
models B3LP and CAM-B3LYP for the anion state in the gaseous phase, respectively. The total energy decreased
from —15,133.13 eV in the neutral water solvent state to -15,134.49 eV in the anion states in model B3LYP,
respectively. Similarly, using model CAM-B3LYP, the total energy has been decreased from —15125.82 eV
to -15126.94 eV. According to the MEP plot, anion states are primarily nucleophilic, while neutral states are
primarily electrophilic. The Mulliken atomic distribution suggests that C6 in both the neutral and anion
states shows the most electrophilic nature, C4 in the anion state, and C9 and C10 in the neutral state show the
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Fig. 12. The color-filled map of the PE molecule for (a) ELF shows the electrons localized and delocalized with
a color gradient and (b) LOL shows the orbital localized and delocalized with a color gradient.

most nucleophilic nature. The HOMO-LUMO spectra and DOS of the PE molecule were calculated after re-
optimizing the title molecule using the CAM-B3LYP model. The energy gap in the neutral state demonstrates
a little energy difference between the gaseous and solvent water phases, unlike in the anion state, which has a
noticeable variation in energy between the gaseous and solvent water states. Again, using the DOS spectrum,
the energy difference was calculated between virtual and occupied orbitals, which yielded the same result as in
FMO. From global reactivity, it was observed that electron affinity in the neutral state is endothermic, whereas
in the anion state it is exothermic. In ionization energy, it was observed that water as a solvent has a significant
stabilization effect on the anion state as compared to the gaseous phase in the anion state. The chemical hardness
implies that the PE molecule has greater stability and less polarizability in the gaseous phase than in the solvent
water phase; the chemical potential implies that the PE molecule has greater stability in the gaseous phase than
in the water solvent phase; and the electrophilicity index implies that the PE molecule becomes more reactive
towards nucleophiles when dissolved in water. Using the Fukui function, we observed the reactivity order for
the electrophilic, nucleophilic, and radial attacks of the title molecule. The Fukui function shows nucleophilic
attack C4>C11>H20> C5> O1 which seeks electrophilic sites C6 and C7. Similarly, the electrophilic attack
N3>C8>02>C11>H15 seeks nucleophilic sites C4, C8, C9, and C10 from Muilliken atomic charge. The
prediction of electrophilic and nucleophilic sites of the title molecule from Mulliken atomic charge is more
effective than MEP. According to the result of thermochemistry, there are more vibrational modes in the neutral
state than in the anion state, since the zero-point vibrational energy is higher in the neutral state than in the
anion state. In NCI analysis, using the RDG plot, Van der Waals interactions, hydrogen bonds, and steric
repulsion in the molecule were studied. From NBO analysis, the hyperconjugative interaction energy presented
stabilization energy, which contributes to the stability of the molecule. This strong interaction between 7
bonding and n* anti-bonding is indicative of a stable system with well-delocalized n-electrons, commonly found
in aromatic compounds like benzene. The vibrational analysis provided details on various vibration, modes
and their percentage TED in different regions. RAMAN and FT-IR analyses validated the presence of several
functional groups connected to this molecular organic crystal. From the UV-Vis spectra, we observed that the
maximum wavelength was 240 nm, the oscillator strength was 0.37, and the excited state energy was 5.40 eV.
We created Tauc’s plot using the UV-Vis spectra, revealing 5.79 eV as the optical band gap. In the topological
analysis, the electron localization factor (ELF) indicated the presence of delocalized electrons near carbon and
nitrogen atoms (C4, C12, and N3), high bonded pair values around hydrogen atoms (H13, H14, and H18), and
low electron localization regions (H13, H14, and H18) in the PE molecule.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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