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Abstract

Density Functional Theory (DFT) computations are used to analyse 2-phthalimidoethanesulfonyl chloride (2-PESC). DFT
computations are performed using the B3LYP method with 6-311++G (d,p) and cc-pVDZ core levels. The structural properties
of the examined molecule, such as interatomic distances and the angle between bonds, are theoretically calculated using DFT.
Heat capacity, entropy, and enthalpy—the three thermodynamic parametersare parameters are for a temperature range from 100
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to 1000 Kelvin. DFT is used to compute the molecule's first and second-order hyperpolarizability (nonlinear optical NLO
characteristics) at both basis sets. With the help of the VEDA program, assignments are computed. The Swiss ADME tool is used
to analyze the molecule (2-PESC) for drug likeness. FT-IR and FT-Raman are used to characterize the molecule's vibrational
spectra in the domains of 4000-650 cm™' and 4000-100 cm!, respectively. The hybridization and covalent effects are examined
using the Natural Bond Orbital (NBO) technique. Lastly, Mulliken atomic charges of the atoms are also computed.

Keywords- 2-Phthalimidoethanesulfonyl chloride, Thermodynamic functions, Density functional theory.

1. Introduction

Phthalimide (isoindole-1, 3-diones) is an organic and aromatic substance. Nitrogen is one of its
heteroatoms. It is a member of the nitrogen-containing group. Phthalic anhydride is used to make it. It has
an acidic character, and resonance stabilises its conjugate base. The structure gains additional stability
from resonance (Kushwaha and Kaushik, 2016). NBO, thermodynamic parameters and applications of
phthalimide derivatives have been studied (Balachandran et al., 2012). Phthalimide derivatives are used in
the manufacture of antimicrobial products, antiandrogens, and other medications used to treat tumor
necrosis factor (Krishnakumar et al., 2005; Santos et al., 2009; Akgiin et al., 2012; Evecen et al., 2016;
Doraghi et al., 2024; Udayappan et al., 2024). Some phthalimide derivatives are used to reduce bacterial
contamination and are used as herbicides. On the industrial side, they function as flame-retardants, heat-
resistant polymers, antidepressants, bleaching detergents, and anion exchange resins, among others
(Krishnakumar et al., 2005). Phthalimides have several uses in medicine, but they also have promising
prospects in the dye, polymer, and agrochemical sectors. It was recently reported that phthalimide was
used in the production of rubber, dyestuff, and insecticides. Phthalimides have important roles in
medicinal chemistry as anti-convulsive, nonsteroidal drugs, painkillers, anti-hyperlipidemic drugs, and
immunomodulatory agents (Sharma et al., 2010) in addition to their well-known uses in pharmaceuticals
(Karthick et al., 2011).

According to recent reports, compounds of phthalimide have anticholinesterase properties. The literature
claims that compounds based on phthalimide have demonstrated their ability to interact with the
acetylcholinesterase enzyme's CAS (catalytic active site) and PAS (peripheral anionic site) (Aygiin et al.,
2024).

Due to the many applications of Phthalimide derivatives, the current work focuses on 2-
phthalimidoethanesulfonyl chloride (2-PESC). To analyse structural components, thermodynamic
quantities, Natural Bond Orbital (NBO) evaluation, Non-linear optical (NLO) characteristics, DFT
simulations are utilised for the study of the 2-phthalimidoethanesulfonyl chloride (2-PESC) molecule.

The substance 2-phthalimidoethanesulfonyl chloride (2-PESC) is an organic compound formulated as
CioHsCl NO4S. It has an ethyl group that has been substituted with a phthalimide, which means that it is a
sulfonyl chloride derivative. This substance serves as a crucial bridge in the production of several colours,
agrochemicals, and medicines. The chemical is susceptible to moisture. It is known to be caustic and
reacts with water. The melting point of the molecule is 162°C. It serves as an intermediate in chemical
synthesis, particularly for the production of 2-substituted-phthalimide derivatives, and is typically
categorised as a pharmacological building block. The substance 2-phthalimidoethanesulfonyl chloride (2-
PESC) was used as such without further purification after being bought from Tokyo Chemical Ltd. with a
reported purity of 99 percent. (2-PESC) is a phthalimide based derivative with molecular formula
CioHsCINOsS.
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2. Computational Details

As technology has advanced, computational techniques have made it possible for the scientific
community to use computer simulations and algorithms to efficiently synthesize new chemicals and
understand chemical difficulties. The Gaussian 09 software package is used for Density functional theory
(DFT) computational calculations. Different basis sets can be used for DFT computations. This study uses
the core levels B3LYP/6-311++G(d,p) and B3LYP/cc-pVDZ, which are capable of producing better
results as compared to other basis sets. Here (LYP ) Lee-Yang-Parr correlation functional and (B3)
Becke's three-parameter exchange functional, B3LYP have been utilized (Lee et al., 1988).

The Gauss view software is used to visualize the molecule's structure and aids in the analysis of the
parameters determined by DFT. Thermodynamic parameters (heat capacity, entropy, and enthalpy) are
computed for a temperature range of 100K to 1000K using the B3LYP/6-311++G(d,p) core level. The
NLO (nonlinear optical) properties are computed at B3LYP/6-311++G(d,p) and B3LYP/cc-pVDZ core
levels. The interatomic distance and bond angles of the optimized molecule (2-PESC) are computed at the
B3LYP/6-311++G(d,p) and B3LYP/cc-pVDZ core levels. The SwissADME tool (Daina et al., 2017) is
utilized to determine the biological effect of the compound (2-PESC).

3. Drug Likeliness

Drug-likeliness supports drug discovery by assisting in the computation of physiochemical descriptors
and the analysis of pharmacokinetic features for use in the pharmaceutical industry. Lipinski's rule of five
must be followed by the compound for there to be a high likelihood of drug similarity (Lipinski, 2004).
Based on Table 1, the molecule (2-PESC) exhibits a strong biological availability score of 0.55 without
violating the Lipinski rule. To calculate all of these physiochemical characteristics, the Swiss ADME tool
(Daina et al., 2017) was utilized. Therefore, the molecule (2-PESC) is suitable for use in the medical field.

Table 1. Drug likeliness of the (2-PESC) molecule.

Descriptor value Value
HBD - Hydrogen Bond Donor 0
HBA - Hydrogen Bond Acceptor 4
TPSA - Topological polar surface area [A?] 79.90
Number of heavy atoms 17
Number of hydrogen atoms 3
Number of rotatable bonds 3
Molecular weight 273.69
Bioavailability score 0.55

This molecule primarily functions as a versatile linker. It significantly influences the permeability and
bioavailability of small molecule drugs. Its main function in drug design is to serve as a construction
block for sulfonamide-linked derivatives, which are frequently employed to enhance pharmacological
effects. In order to create more complicated and stable compounds, it is mostly used as a synthetic
precursor.

In the molecule 2-PESC, the phthalimide ring increases the lipophilicity of the molecule and increased
lipophilicity can enhance the permeability. Phthalimide acts as a notable lipophilic "mask" during the
initial phases of drug synthesis or as a prodrug moiety. The sulfonyl group in this molecule improves
metabolic stability. This building block is used in derivatives that are often studied for their anti-
inflammatory, antibacterial, and anticancer properties, demonstrating their versatility in enhancing
bioavailability in a range of therapeutic domains.
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4. Structural Parameters

Figure 1 shows the structure and atom numbering of the 2-PESC molecule. By using DFT calculations,
the molecule's optimal geometry is determined, and Table 2 displays the optimised bond angles and bond
lengths with the B3LYP/6-311++G(d,p) and B3LYP/cc-pVDZ sets.

HEE p

Figure 1. The optimized structure of the molecule (2-PESC) with atom numbering.

The minimum atomic separation is 1.080 A for the C7-H13 atom at B3LYP/ 6-311++G (d,p) set and the
maximum atomic separation is 2.397 A for the S22-CI25 atom at B3LYP/6-311++G(d,p) set.

For C-C pair, the lowest atomic separation is 1.386 A for the C4-C9 atom at B3LYP/6-311++G(d,p) set.
The highest atomic separation is 1.538 A for the C16-C19 atom at B3LYP/ cc-pVDZ set. At B3LYP/6-
311++G (d,p) set, the atomic separation between C1-C8 & C3-C9 atoms is 1.484 A, and at the
B3LYP/cc-pVDZ set, it is 1.4931 A.

For the C-H pair, the bond length between C4-H10 atom and C7-H13 atom is 1.081 A & 1.091 A at
B3LYP/ 6-311++G(d,p) and B3LYP/ cc-pVDZ, respectively. For C6-H12, the bond length is 1.081A and
1.092A at B3LYP/6-311++G(d,p) and B3LYP/cc-pVDZ sets, respectively. The atomic separation for
C16-H17 and C16-H18 atoms is 1.088 & 1.098 at B3LYP/ 6-311++G(d,p) and B3LYP/cc-pVDZ sets,
respectively. Similarly, for the C19-H20 & C19-H21 atom, the bond length is 1.085 A and 1.098 A at
B3LYP/6-311++G(d,p) and B3LYP/cc-pVDZ sets respectively. The C1-O14 and C3-O15 atoms in both
sets have interatomic distances ranging from 1.235 A to 1.212 A for C-O interactions. The interatomic
distance between N2-C3 for the C-N interaction is calculated as 1.418 A and 1.410 A with B3LYP/6-
311++G(d,p) and B3LYP/cc-pVDZ sets, respectively. Similarly, the interatomic distance between N2-
C16 atom is 1.455 A & 1.449 A at B3LYP/6-311++G(d,p) and B3LYP/ cc-pVDZ sets respectively. For
C-S interaction, the C19-S22 interatomic distance is 1.934 A and 1.825 A at B3LYP/6-311++G(d,p) and
B3LYP/cc-pVDZ sets, respectively. The interatomic distance between the S22-023 and S22-024 atoms
for the S-O interaction are same, measuring 1.618 A and 1.473 A at the B3LYP/ 6-311++G (d,p) and
B3LYP/ cc-pVDZ sets, respectively. For S-Cl interaction, the bond length is 2.397 A at B3LYP/ 6-
311++G(d,p) set and 2.158 A at B3LYP/ cc-pVDZ set.
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According to Table 2 of the bond angle of compound (2-PESC), the lowest bond angles for C19-S22-
CI25 at B3LYP/6-311++G(d,p) and B3LYP/cc-pVDZ sets are 97.30° and 98.83°, respectively, while the
largest bond angles for C8-C1-O4 and C9-C3-015 at B3LYP/6-311++G (d,p) set are 130.16°. The bond
angle between C8-C1-O4 and C9-C3-O15 is 130.16° at B3LYP/ 6-311++G(d,p) set and 129.84° at
B3LYP/ cc-pVDZ set. The C-C-C bond angle is of the order of 108° for C3-C9-C8 and C1-C8-C9, and is
of the order of 130° for C1-C8-C7 and C3-C9-C4 at both basis sets. The bond angle between C19-S22-
023 & C19-S22-024 is 109.48° & 109.57° at B3LYP/6-311++G(d,p) and B3LYP/cc-pVDZ set,
respectively. 023-S22-CI25 and 024-S22-Cl125 have bond angles of 108.33° and 107.24° at B3LYP/6-
311++G(d,p) and B3LYP/cc-pVDZ sets, respectively. For H20-C19-S22 and H21-C19-S22, the bond
angle is 102.75° at B3LYP/6-311++G(d,p) and 105.64° at B3LYP/cc-pVDZ set, respectively. The N-C-H
has a bond angle of 108.53° and 108.24° at B3LYP/6-311++G (d,p) and B3LYP/cc-pVDZ sets,
respectively. In the B3LYP/6-311++G (d,p) set, the bond angle between C-C-H varies from 119.44° for
C6-C5-H11 to 121.50° for C5-C4-H10. At B3LYP/ 6-311++G(d,p) and B3LYP/cc-pVDZ sets, the bond
angle for N-C-O is 124.34° and 124.80°, respectively. Similarly, in B3LYP/ 6-311++G (d,p) and B3LYP/
cc-pVDZ sets, the bond angle for N-C-C is 105.50° and 105.36°, respectively. The bond angle for C1-N2-
C3 at B3LYP/6-311++G(d,p) and B3LYP/cc-pVDZ sets, respectively, is between 111.86° and 112.40°.
Both C1-N2-C16 and C3-N2-C16 have the same bond angle, which is 123.80° at B3LYP/cc-pVDZ set
and 124.05° at B3LYP/6-311++G(d,p) set.

It is clear from the above calculation that the bond angles determined at B3LYP/6-311++G(d,p) set are
slightly greater than those determined at the B3LYP/ cc-pVDZ set.

Table 2. The optimised bond length and bond angle for the molecule (2-PESC) calculated at B3LYP/cc-pVDZ and
B3LYP/6-311++G (d,p) basis sets.

Bond Length (A) B3LYP/ B3LYP/ Bond Angle B3LYP/ B3LYP/

6-311++G(d, p) cc-pVDZ ©) 6-311++ G(d,p) cc-pVDZ
CI-N2 1418 1.410 N2-C1-C8 105.50 105.36
CI-C8 1.484 1.493 N2-C1-014 124.34 124.80
C1-014 1.235 1.212 C8-C1-014 130.16 129.84
N2-C3 1418 1.410 C1-N2-C3 111.86 112.40
N2-C16 1.455 1.449 C1-N2-C16 124.05 123.80
C3-C9 1.484 1.493 C3-N2-C16 124.05 123.80
C3-015 1.235 1.212 N2-C3-C9 105.50 105.36
C4-C5 1.404 1.403 N2-C3-015 124.34 124.80
C4-C9 1.386 1.390 C9-C3-015 130.16 129.84
C4-H10 1.081 1.091 C5-C4-C9 117.57 117.38
C5-C6 1.401 1.403 C5-C4-H10 121.50 121.77
C5-H11 1.081 1.092 C9-C4-H10 120.93 120.85
C6-C7 1.404 1.403 C4-C5-C6 121.04 121.10
C6-HI2 1.081 1.092 C4-C5-Hl1 119.52 119.58
C7-C8 1.386 1.387 C6-C5-H11 119.44 119.32
C7-HI3 1.081 1.091 C5-C6-C7 121.04 121.10
C8-C9 1.404 1.399 C5-C6-H12 119.44 119.32
Cl6-H17 1.088 1.098 C7-C6-HI2 119.52 119.58
CI6-HIS 1.088 1.098 C6-C7-C8 117.57 117.38
C16-C19 1.531 1.538 C6-C7-Cl13 121.50 121.77
C19-H20 1.085 1.098 C8-C7-C13 120.93 120.85
C19-H21 1.085 1.098 C1-C8-C7 130.04 130.04
C19-522 1.934 1.825 C1-C8-C9 108.57 108.44
$22-023 1.618 1.473 C7-C8-C9 121.39 121.52
$22-024 1.618 1.473 C3-C9-C4 130.04 130.04
S22-CI25 2.397 2.158 C3-C9-C8 108.57 108.44
C4-C9-C8 121.39 121.52
N2-C16-H17 108.53 108.24
N2-C16-H18 108.53 108.24
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Table 2 continued...

N2-C16-C19 108.73 110.51
H17-C16-H18 110.00 110.00
H17-C16-C19 110.49 109.88
H18-C16-C19 110.49 109.88
C16-C19-H20 113.95 112.24
C16-C19-H21 113.95 112.24
C16-C19-S22 109.06 109.48
H20-C19-H21 113.95 111.15
H20-C19-S22 102.75 105.64
H21-C19-S22 102.75 105.64
C19-S22-023 109.48 109.57
C19-S22-024 109.48 109.57
C19-S22-CI25 97.30 98.83
023-522-024 121.26 121.85
023-822-CI25 108.33 107.24
024-522-CI125 108.33 107.24

5. Non-linear Optical Properties (NLO)

Modern communication technology relies heavily on quantum chemistry, which predicts a molecule's
non-linear optical properties for material design, signal processing, and optical links (Kumar et al., 2018).
The growth of electronic device applications requires nonlinear optical (NLO) features. Changes in
molecular optical characteristics, such as frequency, phase and amplitude in the presence of an
electromagnetic field, give rise to the NLO features (Teotia et al., 2016). Recently, nonlinear optical
(NLO) materials attracts because of their prospective uses in many industries, including laser technology
and telecommunications (Aswathy et al., 2025). Numerous scholars (Annu et al., 2022; Kumar et al.,
2022; Teotia et al., 2022; Yadav et al., 2022) have examined the mean polarisability <a>, anisotropy of
the polarisability Aa, total first-order hyperpolarizability P, hyperpolarizability of first and second
order, and dipole moment p. These can be computed using the following formulas.

< a>= by Vn) (M
Aa = E{(ayy - azz)z + (oyx — ayy)2 + (0 — 0x)? + 6(0y + oZy + aﬁz)}]g )
Brota = (B2 + B3 + B2): ()
where, By = (Bxxx + Bxyy * Bxzz)s By = (Byyy + Bxy + Byzz), Bz = (Bzzz + Bxxz + Byyz)

<Y >= = (Yaooox + Vyyyy + Yazzz + 2¥xyy + 2Vacxzz + 2Vyyzz) (4)

where, Yxxyy = Yyyxx = VYxyyx = Yyxxy; Yxxzz = Yzzxx = Yxzzx = Yzxxz) Yzzyy = Yyyzz = Yyzzy = Yzyyz

1

w= (g +Hy +Hg)? )

According to Table 3, the dipole moment, polarizabilities a, and hyperpolarizabilities B for the molecule
(2-PESC) are computed with the B3LYP/6-311++G (d,p) and B3LYP/cc-pVDZ sets.
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Table 3. Non-linear optical parameters of molecule 2-Phthalimidoethanesulfonyl chloride calculated at B3LYP/6-
311++G(d,p) and B3LYP/cc-pVDZ sets.

Parameters | B3LYP/6-311++G(d, p) | B3LYP/cc-pVDZ
Molecular Polarizability (a.u.)
Olxx -116.906 -110.314
Ol -3.014 -0.566
o, -114.041 -104.043
Olxz 0.000 0.000
Oy, 0.000 0.000
Oy -128.111 -120.916
Mean polarizability<o> -119.692 -111.758
Anisotropic polarizabilityAo 16.5 17.6
Hyperpolarizability (a.u)
Brxx 14.263 9.849
Brxy 3.143 -17.752
By 31172 -34.605
Byyy 271.003 161.066
Brxz 0.000 0.000
Bryz 0.000 0.000
Byyz 0.000 0.000
Bz -15.993 -12.064
Byzz 24.999 8.855
Bz 0.000 0.000
By -1.486 -1.659
By 9.889 6.946
B, 0.000 0.000
Brotat 10.000 7.141
(0.0864x10° esu) (0.0617x10% esu)
Y -611.319 -495.824
Yyvyy -7168.245 -6590.727
Yozzz -1050.317 -965.585
Vaxxy 10.583 27.764
Yaoxxz 0.000 0.000
Yyyyx -179.659 -94.745
Yyvyz 0.000 0.000
Yazzx 0.000 0.000
Yazzy 0.000 0.000
Yxxy -1469.217 -1310.719
Yxxzz -270.218 -238.741
Yyyzz -1391.782 -1292.390
Yaxvz 0.000 0.000
Yyyxz 0.000 0.000
Yorxy -0.011 -0.610
Average second order hyperpolarizability <y> -3018.463 -2747.167

The highest negative value for the polarisability component o, is —128.111 a.u. at 6-311++G (d,p) core
level. In the B3LYP/6-311++G(d,p) and B3LYP/cc-pVDZ basis sets, the computed value of Prow is
10.000 a.u. and 7.141 a.u., respectively, while the maximum negative value of component Pyyy of first-
order hyperpolarizability is -34.605 at the cc-pVDZ set and the maximum positive value of component
Byyy, 1s 271.003 a.u. at 6-311++G (d,p) set. The component yxxxy 0f second-order hyperpolarizability has
the maximum positive value of 27.764 a.u. at the cc-pVDZ basis level and the component yyyyy has the
maximum negative value equal to -7168.245 a.u. at 6-311++G(d,p) set. The total value of second order
hyperpolarizability <y> is -3018.463 a.u. and -2747.167 a.u at 6-311++G (d,p) and cc-pVDZ core level,
respectively. The various computed values in Table 3 are marginally higher in the B3LYP/6-
311++G(d,p) core basis set as compared to the B3LYP/cc-pVDZ set. Molecule (2-PESC) has a
hyperpolarizability value of 0.0864x107 esu at the 6-311G++(d,p) set and 0.0617x10 esu at the cc-
pVDZ set, whereas urea has a value of 0.1947x107" esu. The fact that these values are much lower than
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those of the urea molecule suggests that the molecule (2-PESC) does not have good NLO properties. Due
to the phthalimido group, the molecule exhibits some NLO features. Some known NLO chromophores
are DAST and DRI1. The thermal stability of NLO chromophores is low, electron delocalization
performance is high and their n-system is long & rigid and they have high first order hyperpolarizabilities
because of their effective internal charge transfer (ICT). The molecule 2-phthalimidoethanesulfonyl
chloride has high reactivity with water and alcohol. It has high thermal stability and exhibits low electron
delocalization performance, and its m-system is also short and broken. So, from the above discussion, it is
concluded that the molecule 2-PESC is not a high performance NLO candidate compared to other NLO
chromophores. The NLO strength of molecule 2-PESC is moderate.

6. Mulliken Charges

The Mulliken population analysis is used to estimate the partial atomic charges, or Mulliken charges.
Here, the B3LYP/6-311++G(d,p) and B3LYP/cc-pVDZ core levels are used to evaluate mulliken charges.
For the calculations, computational chemistry methods are used, namely those based on the linear
arrangement of atomic orbitals, which are commonly used as variables in rectilinear regression
algorithms. The positive and negative mulliken charges of the molecule (2-PESC) are shown in Figure 2.

1.1

B3LYP/6-311++G (d.p) _
B3LYP/cc pVDZ
0.8 - -

1.0 -
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Figure 2. Mulliken charges of the molecule (2-PESC) computed by B3LYP /6-311++G(d,p) and B3LYP/cc-pVDZ
sets [C-Carbon, N-Nitrogen, H-Hydrogen, O-Oxygen, S- Sulphur, Cl-Chlorine].

6.1 Charge Localization to Sulfonyl Chloride Group

The confinement of electric charge carriers (electrons or holes) to particular locations is known as charge
localization. In the sulfonyl chloride group (-SO,Cl), the sulphur atom is bonded to two electronegative
atoms (oxygen atom and chlorine atom). According to Figure 2, the sulphur atom has the largest positive
mulliken value (highest peak on the positive y axis), showing electron deficiency, and the oxygen and
chlorine atoms have negative mulliken values (downward peaks towards y axis), indicating localised
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electron density on the electronegative atom. Hence, one of the main sites of charge laocalization is a
sulfonyl chloride group, particularly the sulfur atom, which functions as a strong electrophilic center.

6.2 Charge Localization to the Phthalimide Moiety

According to the mulliken graph, the carbonyl oxygens have significant negative charges as shown by the
downward peaks in the Figure 2. They carry electron density due to the high electronegativity of oxygen
atoms. The carbonyl carbons carry both positive and negative values, as shown in the mulliken graph.
Carbon is regarded as a mildly electronegative atom. The imide nitrogen carries a significantly negative
charge, as shown in the Figure 2. The phthalimide moiety acts as an electron-deficient system. So, the
electron-withdrawing property of the phthalimide moiety has a significant impact on the charge
localization.

7. Thermodynamic Functions

Using a Perl script, the thermodynamic properties of a molecule, i.e. heat capacity, entropy, and enthalpy
are calculated in the temperature range from 100K to 1000K. Figure 3 displays the plot of temperature
variation with the computed thermodynamic functions and Table 5 lists the relevant values. These
computations are made at the B3LYP/cc-pVDZ basis set utilising DFT calculations. Table 4 shows the
calculated thermodynamic parameters at room temperature for both basis sets. The graph shows that as
the temperature rises, the three thermodynamic parameters rise. Numerous scholars have examined these
thermodynamic properties (Yadav et al., 2023).

Table 4. Thermodynamic parameters of the molecule (2-PESC) calculated at B3LYP/6-311++G(d,p) and
B3LYP/cc-pVDZ sets.

Parameters B3LYP/ B3LYP/
6-311++G(d,p) cc-pVDZ
Zero point vibrational energy(J/mol) 447929.2 454968.5
Rotational constant(GHz) 0.891 0.972
0.160 0.166
0.152 0.157
Thermal energy(kcal/mol)
Total 117.210 117.797
Translational 0.889 0.889
Rotational 0.889 0.889
Vibrational 115.433 116.019
Specific heat(Cal/mol-k)
Total 57.586 53.830
Translational 2.981 2.981
Rotational 2.981 2.981
Vibrational 51.624 47.869
Entropy(Cal/mol-k)
Total 137.128 123.893
Translational 42.712 42.712
Rotational 33.959 33.807
Vibrational 60.456 47.375
Dipole moment(Debye)
Ly -1.486 -1.659
Wy 9.889 6.946
Yz 0.000 0.000
Total 10.000 7.141
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Table 5. Variation of thermodynamic functions at different temperatures using B3LYP/6-311++G(d,p) for 2-
Phthalimidoethanesulfonyl chloride.

T (K) S (J/mol.K) Cp (J/mol.K) ddH (kJ/mol)
100 382.938 120.652 3.060
150 438.475 154.941 14.966
200 487.477 187.165 23.522
250 532.675 219.076 33.679

298.15 573.855 249.254 44.957
300 575.400 250.392 45.420
350 616.266 280.280 58.694
400 655.532 308.049 73412
450 693.300 333.339 89.458
500 729.620 356.084 106.704
550 764.530 376.413 125.026
600 798.075 394.550 144.308
650 830.307 410.751 164.448
700 861.288 425.261 185.355
750 891.081 438.304 206.950
300 919.750 450.073 229.164
850 947.361 460.730 251.939
900 973.974 470.413 275.221
950 999.648 479.237 298.966
1000 1024.437 487.301 323.132

where, [T] represents Temperature in Kelvin, [S] represents Entropy in J mol™! K!, [Cp] represents Heat
capacity at constant pressure in kJ mol! K! and [ddH] represents H (T)-H (0) (enthalpy content, in kJ
mol™).

—s—Entropy (J mol! KY)
—s— Specific Heat (J mol! K)
—i— Enthalpy (K J mdl™)
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Figure 3. Variation of the thermodynamic functions with temperature of the molecule (2-PESC).

8. Natural Bond Orbital (NBO)

Using local eigenvectors of a single particle density matrix, the Natural Bond Orbital (NBO) facilitates
the investigation of covalent effects and hybridization in polyatomic wave functions. Acceptor non-Lewis
NBOs and donor Lewis NBOs, for which electron densities are employed, interact in NBO analysis using
the second-order perturbation theory (Reeda & Jothy, 2023; Aygiin et al., 2024). Understanding
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intramolecular and intermolecular interactions may be enhanced by the proper explanation provided by
the NBO analysis, which is the relationship between filled and virtual orbital spaces. The interaction
between the filled and anti-bonding orbitals, which may also be employed as a measure of delocalisation,
represents the molecule's departure from the Lewis structure. The perturbation interaction of second order
(E®) energy provides a quantitative explanation of this non-covalent bonding—antibonding interaction (
Foster & Weinhold, 1980; Reed & Weinhold, 1983; Reed et al., 1985; Reed & Weinhold, 1985).
Numerous additional pertinent details, including directionality, partial charges, and hybridization have
been examined in the NBO results (Weinhold, 2001; Weinholdet al., 2005).

Table 6 displays the difference of energy between donor (i) & acceptor (j) NBO orbitals, the stabilization
energy, the Fock matrix element between i and j NBO orbitals, and the occupancy of donor & acceptor
NBOs of the 2-PESC molecule. When the stabilization energy is high, the interaction between the donor
and acceptor NBO is the largest. The largest estimated stabilization energy for the lone pair contact,
which corresponds to the 6*(1) S22-CI25 interaction for LP (3) 024, is 75.13 kcal/mol. The interaction
between 6*(1) S22—CI25 and LP (3) 023 is responsible for the second largest stabilization energy, which
is 75.11 kcal/mol.

Table 6. NBO computation of the molecule (2-PESC) computed at B3LYP/cc-pVDZ set.

Donor ED/e Energy Acceptor Energy EQ2)* E@)-E@)" F(@,j)*
NBO() E() NBO(j) E() kcal/mol (a.u.) (a.u)

o (1) CI-N2 1.978 -0.764 c*(1)N2-Cl16 1.066 0.59 1.83 0.030
o*(1) C3 - 015 0.836 0.96 1.60 0.035

o*(1) C7-C8 0.286 0.98 1.05 0.029

o*(1) Cl16 - H17 0.476 3.65 1.24 0.060

o*(1) C16 - C19 0.566 2.52 1.33 0.052

c(1)Cl1-C8 1.971 -0.669 o*(1)N2-Cl16 0.292 2.35 0.96 0.042
o*(1) C3 - O15 0.472 0.55 1.14 0.023

o*(1) C4 - C9 0.562 5.08 1.23 0.071

o*(1) C6 - C7 0.532 2.01 1.20 0.044

o*(1) C7-C8 0.562 2.17 1.23 0.046

o*(1) C8 - C9 0.592 1.93 1.26 0.044

s (1)Cl-014 1.996 -1.054 o*(1)C1-C8 0.366 0.76 1.42 0.030
o*(1)N2-C3 0.286 0.88 1.34 0.031

o*(1) C8 - C9 0.596 0.69 1.65 0.030

5(2)C1-014 1.976 -0.397 o*(2) C8 - C9 0.013 3.73 0.41 0.039
o (1)N2-C3 1.978 -0.764 o*(1)Cl1-014 0.476 3.65 1.24 0.060
c*(1)N2-Cl16 0.286 0.98 1.05 0.029

o*(1) C4 - C9 0.566 2.52 1.33 0.052

o*(1) C16 - HI8 0.466 0.61 1.23 0.025

o*(1) C16 - C19 0.316 0.69 1.08 0.024

o (1)N2-Cl16 1.971 -0.759 o*(1) C1 -N2 0.281 0.76 1.04 0.026
o*(1)C1 - C8 0.361 1.33 1.12 0.035

c*(2)Cl1-014 -0.039 0.81 0.72 0.023

o*(1)N2-C3 0.281 0.76 1.04 0.026

o*(1) C3 - C9 0.361 1.33 1.12 0.035

o*(2)C3 - 015 -0.039 0.81 0.72 0.023

o*(1) C19 - S22 0.111 2.53 0.87 0.043

c(1)C3-C9 1.971 -0.669 o*(1) C1 - 014 0.472 0.55 1.14 0.023
c*(1)N2-Cl16 0.292 2.35 0.96 0.042

o*(1)C4-C5 0.532 2.01 1.20 0.044

o*(1) C4 - C9 0.562 2.17 1.23 0.046

o*(1) C7-C8 0.562 5.08 1.23 0.071

o*(1) C8 - C9 0.592 1.93 1.26 0.044

5 (1)C3-015 1.996 -1.054 o*(1) C1 - N2 0.286 0.88 1.34 0.031
o*(1) C3 -C9 0.366 0.76 1.42 0.030

o*(1) C8 - C9 0.596 0.69 1.65 0.030
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Table 6 continued...

6(2)C3-015 1.976 -0.397 5*(2) C8 - C9 0.013 3.73 0.41 0.039
c(1)C4-C5 1.977 -0.717 o*(1) C3 - C9 0.363 5.69 1.08 0.071
o*(1) C4-C9 0.563 3.09 1.28 0.056

o*(1) C4 - HI0 0.463 1.19 1.18 0.034

o*(1) CS5 - C6 0.513 191 1.23 0.043

o*(1) C5 - HI11 0.463 1.03 1.18 0.031

o*(1) C6 - HI2 0.463 2.26 1.18 0.046

6(2)C4-C5 1.631 -0.282 6*(2) C6 —C7 -0.002 18.82 0.28 0.066
6*(2) C8 — C9 0.008 22.32 0.29 0.073

c(1)C4-C9 1.974 -0.740 o*(1) C1 - C8 0.360 2.59 1.10 0.048
c*(1)N2 - C3 0.280 0.74 1.02 0.025

o*(1) C3 - C9 0.360 2.59 1.10 0.048

o*(1)C4-C5 0.530 222 1.27 0.048

o*(1) C4 - HI0 0.460 1.44 1.20 0.037

o*(1) C5 - HI11 0.470 2.30 1.21 0.047

o*(1) C8 - C9 0.590 5.64 1.33 0.077

6 (1)C4-HI0 1.981 -0.555 o*(1) C4-C5 0.535 0.65 1.09 0.024
o*(1) C4-C9 0.565 1.01 1.12 0.030

o*(1) C5 - C6 0.515 3.77 1.07 0.57

o*(1) C8 - C9 0.595 4.90 1.15 0.67

s(1)C5-Co6 1.981 -0.715 o*(1)C4-C5 0.535 2.00 1.25 0.045
o*(1) C4 - HI0 0.465 2.48 1.18 0.048

o*(1) C5 - HI11 0.465 1.04 1.18 0.031

o*(1) C6 - C7 0.535 2.00 1.25 0.045

o*(1) C6 - HI2 0.465 1.04 1.18 0.031

o*(1) C7-HI3 0.465 2.48 1.18 0.048

6 (1)C5-HI1 1.982 -0.557 o*(1) C4-C5 0.533 0.53 1.09 0.021
o*(1) C4 - C9 0.563 3.82 1.12 0.059

o*(1) C5 - C6 0.513 0.52 1.07 0.021

o*(1) C6 - C7 0.533 3.86 1.09 0.058

s(1)C6-C7 1.977 -0.717 o*(1)C1 - C8 0.363 5.69 1.08 0.071
o*(1) C5 - C6 0.513 1.91 1.23 0.043

o*(1) C5 —H11 0.463 2.26 1.18 0.046

o*(1) C6 —HI12 0.463 1.03 1.18 0.031

o*(1) C7-C8 0.563 3.09 1.28 0.056

o*(1) C7-HI3 0.463 1.19 1.18 0.034

s(2)C6-C7 1.631 -0.282 6*(2) C4-C5 -0.002 18.82 0.28 0.066
6*(2) C8 — C9 0.008 22.32 0.29 0.073

c(1)C6—HI2 1.982 -0.557 o*(1) C4-C5 0.533 3.86 1.09 0.058
o*(1) C5-C6 0.513 0.52 1.07 0.021

o*(1) C6 - C7 0.533 0.53 1.09 0.021

o*(1) C7-C8 0.563 3.82 1.12 0.059

c(1)C7-C8 1.974 -0.740 o*(1) C1 —N2 0.280 0.74 1.02 0.025
o*(1) C1 —C8 0.360 2.59 1.10 0.048

o*(1) C3 - C9 0.360 2.59 1.10 0.048

o*(1) C6 —C7 0.530 2.22 1.27 0.048

o*(1) C6 - H12 0.470 2.30 1.21 0.047

o*(1) C7-HI3 0.460 1.44 1.20 0.037

o*(1) C8 - C9 0.590 5.64 1.33 0.077

o (1)C7-HI3 1.981 -0.555 o*(1) CS5 - C6 0.515 3.77 1.07 0.057
o*(1) C6 - C7 0.535 0.65 1.09 0.024

o*(1) C7-C8 0.565 1.01 1.12 0.030

o*(1) C8 - C9 0.595 4.90 1.15 0.067

s (1)C8-C9 1.964 -0.739 o*(1) C1 —C8 0.361 1.25 1.10 0.033
o*(1) C1 - 014 0.471 2.95 1.21 0.054

o*(1)C3 —C9 0.361 1.25 1.10 0.033

o*(1) C3 - 015 0.471 2.95 1.21 0.054

o*(1) C4 —C9 0.571 4.90 1.31 0.072

o*(1) C4 - H10 0.461 2.54 1.20 0.050

o*(1) C7-C8 0.571 4.90 1.31 0.072
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Table 6 continued...

o*(1) C7-HI3 0.461 2.54 1.20 0.050

c(2)C8-C9 1.634 -0.295 c*(2) C1 - 014 -0.035 18.38 0.26 0.064
6*(2) C3 - 015 -0.035 18.38 0.26 0.064

c*(2)C4 - C5 -0.005 18.62 0.29 0.067

6*(2) C6 - C7 -0.005 18.62 0.29 0.067

s (1)Cl6 —H17 1.982 -0.552 o*(1) C1 —N2 0.278 1.86 0.83 0.036
o*(1) C19 —H20 0.448 2.70 1.00 0.046

5 (1)Cl6 —HI8 1.982 -0.552 c*(1) N2 -C3 0.278 1.86 0.83 0.036
o*(1) C19 —H21 0.448 2.71 1.00 0.046

s (1)Cl6-CI19 1.976 -0.664 o*(1) C1 —N2 0.286 1.11 0.95 0.029
c*(1)N2 - C3 0.286 1.11 0.95 0.029

o*(1) C16 - H17 0.466 0.51 1.13 0.022

o*(1) C16 - HI8 0.466 0.51 1.13 0.022

o*(1) C19 - H20 0.446 0.70 1.11 0.025

co*(1) C19 - H21 0.446 0.70 1.11 0.025

o*(1) S22 - CI25 -0.214 1.80 0.45 0.031

6 (1) C19 - H20 1.975 -0.570 o*(1) Cl16 —H17 0.460 2.72 1.03 0.047
o*(1) C16 —C19 0.320 0.50 0.89 0.019

o*(1) S22 — 024 0.160 2.78 0.73 0.042

(1) C19-H21 1.975 -0.570 o*(1) C16 —H18 0.460 2.72 1.03 0.047
o*(1) C16 —C19 0.320 0.50 0.89 0.019

o*(1) S22 — 023 0.160 2.78 0.73 0.042

o (1) C19-822 1.957 -0.766 c*(1)N2 - Cl16 0.284 2.85 1.05 0.049
o*(1) C19 — S22 2.114 0.62 2.88 0.021

o*(1) S22 — 023 0.154 4.02 0.92 0.056

o*(1) S22 — 024 0.154 4.02 0.92 0.056

o*(1) S22 — CI25 -0.216 1.92 0.55 0.035

c (1) S22- 023 1.966 -0.956 o*(1) C19 —H21 0.454 0.64 141 0.027
o*(1) C19 — S22 0.114 2.16 1.07 0.044

o*(1) S22 — 023 0.154 1.05 1.11 0.031

co*(1) S22 — 024 0.154 4.36 1.11 0.064

G (1) S22 - 024 1.966 -0.956 o*(1) C19 — H20 0.454 0.64 1.41 0.027
o*(1) C19 — S22 0.114 2.16 1.07 0.044

o*(1) S22 — 023 0.154 4.37 1.11 0.064

o*(1) S22 — 024 0.154 1.04 1.11 0.031

o (1) S22 —CI25 1.904 -0.430 o*(1) C16 —C19 0.320 4.24 0.75 0.051
o*(1) C19 — 822 0.110 4.11 0.54 0.043

o*(1) S22 — 023 0.160 12.63 0.59 0.078

o*(1) S22 — 024 0.160 12.63 0.59 0.078

o*(1) S22 — CI25 -0.220 6.75 0.21 0.040

LP (1) N2 1.710 -0.356 6*(2) C1 - 014 -0.036 2545 0.32 0.082
6*(2) C3 -015 -0.036 25.45 0.32 0.082

o*(1) Cl16 —H17 0.464 1.44 0.82 0.033

o*(1) C16 —HI18 0.464 1.43 0.82 0.033

o*(1) C16 —C19 0.324 3.06 0.68 0.043

o*(1) C19 — S22 0.114 1.52 0.47 0.025

LP (1) 014 1.974 -0.729 o*(1) C1 —N2 0.281 1.92 1.01 0.040
o*(1) C1 - C8 0.361 2.81 1.09 0.050

LP (2) 014 1.852 -0.289 o*(1) C1 —N2 0.281 27.73 0.57 0.114
o*(1) C1 - C8 0.361 16.24 0.65 0.094

LP (1) O15 1.974 -0.729 c*(1)N2-C3 0.281 1.92 1.01 0.040
o*(1) C3-C9 0.361 2.81 1.09 0.050

LP (2) O15 1.852 -0.289 o*(1) N2 - C3 0.281 27.73 0.57 0.114
o*(1) C3-C9 0.361 16.24 0.65 0.094

LP (1) 023 1.981 -0.842 o*(1) C19 — S22 0.118 0.89 0.96 0.027
o*(1) S22 — 024 0.158 0.57 1.00 0.022

o*(1) S22 — CI25 -0.212 2.59 0.63 0.044

LP (2) 023 1.830 -0.337 o*(1) C19 —H21 0.453 0.51 0.79 0.019
o*(1) C19 —S22 0.113 8.36 0.45 0.055

o*(1) S22 — 024 0.153 20.43 0.49 0.090
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Table 6 continued...

o*(1) S22 - CI25 0217 6.11 0.12 0.028
LP (3) 023 1.644 -0.390 o*(1) C19 — S22 0.110 5.6 0.50 0.049
o*(1) S22 — 023 0.160 12.16 0.55 0.077
o*(1) S22 024 0.160 0.76 0.55 0.019
o*(1) S22 - CI25 -0.220 75.11 0.17 0.111
LP (1) 024 1.981 -0.842 o*(1) C19 — S22 0.118 0.89 0.96 0.027
o*(1) S22 - 023 0.158 0.57 1.00 0.022
o*(1) S22 - CI25 0212 2.59 0.63 0.044
LP (2) 024 1.830 -0.337 o*(1) C19 - H20 0453 051 0.79 0.019
o*(1) C19 — S22 0.113 837 045 0.055
o*(1) S22 023 0.153 20.43 0.49 0.090
o*(1) S22 CI25 0217 6.10 0.12 0.028
LP (3) 024 1.644 -0.390 o*(1) C19 — S22 0.110 5.25 0.50 0.049
o*(1) S22 023 0.160 0.76 0.55 0.019
o*(1) S22 - 024 0.160 12.17 0.55 0.077
o*(1) S22 CI25 20.220 75.13 0.17 0.111
LP (2) CI25 1.983 -0.306 o*(1) S22 — 023 0.154 1.06 0.46 0.021
o*(1) S22 - 024 0.154 1.06 0.46 0.021
LP (3) CI25 1.978 0414 o*(1) C16_CI9 0.424 427 0.73 0.050

where, [E (2) represents stabilization energy; E (j)-E (i) represents Energy difference of donor (i) &
acceptor (j) NBO orbitals; F (i,j) represents Fock matrix element between orbitals of i & j NBO and ED/e
represents occupancy].

9. Vibrational Interpretation

This work uses both theoretical and experimental methods to determine the vibrational frequencies using
the FT-IR and FT-Raman studies. Density functional theory at B3LYP/6-311++G (d,p) and B3LYP/cc-
pVDZ core levels is used for the theoretical calculations of the optimised molecule. Figures 4 and 5 show
the theoretical and observed FTIR and Raman spectra, respectively, which are used to determine
vibrational frequencies.
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Figure 4. Experimental and computed FTIR spectra of the molecule (2-PESC).
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Figure 5. Experimental and computed Raman spectra of the molecule (2-PESC).

When compared to experimental values, the theoretical FT-IR/FT-Raman wavenumbers are
overestimated, and several scaling factors are applied to bring computational and experimental

wavenumbers into alignment. The scaling factor ‘C’ is formulated as:

2(rixw;)
¢ = Zivow ©)

where, the measured fundamental frequency is denoted by r; and the theoretical frequency by wi.

In order to compute the scaling factors for the unscaled harmonic wavenumbers and perform density
functional theory calculations of the (2-PESC) molecule, two large basis levels, 6-311++G(d,p) and cc-
pVDZ, were taken into consideration. Using the scaling factors, the scaled wavenumbers for the various
possible modes of vibration at the B3LYP/6-311++G(d,p) and B3LYP/cc-pVDZ core levels were
calculated in this work. Table 7 provides the scaling factor for several potential modes of vibration.
Torsion, bending, and stretching are the three general categories into which the potential vibrational
modes fall. At 6-311++G(d,p) and cc-pVDZ core levels, the scaling factors for stretching, bending (in-
plane), torsion, and bending(out-of-plane) vibrations are 0.961, 0.968, 0.977, 0.964 and 0.952, 0.955,
0.979, 0.935 respectively. The scaled wavenumbers in both sets are computed using these scaling factors.
The VEDA algorithm (Jamr6z, 2013) computes the detailed vibrational assignment contribution of
different vibrational modes for both basis sets. Table 8 displays the vibrational assignments and
experimental, scaled, and unscaled wavenumbers for the (2-PESC) molecule. In the molecule 2-
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phthalimidoethanesulfonyl chloride, there are three main structural components: phthalimido group
(C=0), sulfonyl chloride group (S=0) and an ethane linker (C-H).

Table 7. Scaling factors used to calculate scaled computational wavenumbers for B3LYP/cc-pVDZ and B3LYP/6-
311++G (d,p) sets.

vibrational assignment | B3LYP/6-311++G(d,p) scaling factor | B3LYP/cc-pVDZ scaling factor serial numbers
vC-H 0.961 0.952 1-8
vO-C 0.961 0.952 9-10
vC—C 0.961 0.952 11-12, 14, 19, 24-26, 29, 31, 34
vN-C 0.961 0.952 20, 33, 34,48
vS-O 0.961 0.952 36,37,39
vS-C 0.961 0.952 47,49
vCl-S 0.961 0.952 52,58

12-16, 18, 21, 23-29, 37, 40, 43-44,

B (in-plane bending) 0.968 0.955 46-48, 53-57, 59-62, 64-65, 67
: 17-18, 22, 27-28, 30, 32, 38, 40, 45,
*(torsion) 0.977 0.979 50-51, 60-66, 68-69
S o 0935 38, 41-42, 45, 50, 52, 55, 57-59, 62-

64, 67

9.1 C-H Vibrations

The aromatic C—H stretching oscillations are found in the 3100-3000 cm! region, while the C—H bending
modes are found in the 1000-680 ¢cm' range, according to Colthup et al. (2012). In the Phthalimide
derivatives, the vC—H vibrations occur between 3300 cm™! and 3100 cm™! (Leela et al., 2015).

In the (2-PESC) molecule, the aromatic C-H stretching oscillations are found at 2982 & 2924 ¢cm™ in the
FT-IR spectrum and at 2826 ¢cm™ in the FT-Raman spectrum. The in-plane bending modes for C-H
oscillations are found at 1467 cm™ in the FT-IR region. The fH-C-C oscillations are found at 1170 & 773
cm! in the FT-IR region and at 1193 & 1012 ¢cm™ in the FT-Raman region.

9.2 C-C Vibrations

According to Colthup et al. (2012), the C—C aromatic stretching vibrations are found in the region of
1600-1450 cm™ and aliphatic C-C stretching appears in the region of 1300-900 cm™. In the (2-PESC)
molecule, the FT-IR spectrum exhibits C-C stretching vibrations at wavenumbers 1170, 1166, 1033, and
981 cm™!, while the FT-Raman spectrum shows the same vibrations at wavenumbers 1610, 1514, 1369,
1193, and 980 cm™. The C-C bending modes can be seen in the FT-IR spectrum at wavenumbers 1086,
868, and 710 cm™!, and in the FT-Raman spectrum at wavenumbers 1514, 1090, 876, 711, and 527 cm™'.
In the FT-Raman spectrum, the C-C torsion vibrational modes are detected at a wavenumber 173 ¢cm™.
The yC-C-C-C bending mode is found at wavenumber 76 1cm™ in the FT-Raman spectrum.

9.3 C-N Vibrations

In this molecule (2-PESC), at wavenumbers 1346, 980, and 527 ¢cm™ in the FT-Raman spectrum and at
1365 and 981 cm! in the FT-IR spectrum, the C-N stretching beats are observed. The BC-N-C
oscillations are detected at wavenumber 1365 cm™ in the FT-IR spectrum and wavenumbers 1346 and 621
cm’! in the FT-Raman spectrum. The SN-C-C oscillations are detected at wavenumber 868 cm™ in the
FT-IR spectrum and at 876 and 527 cm™ in the FT-Raman spectrum. The SC-C-N vibration is observed
in the FT-Raman spectrum at wavenumber 173 ¢m™.. Both the tN-C-C-C and tC-N-C-C vibrations were
detected at wavenumbers 173 cm™ & 123 cm™!, respectively, in the FT-Raman spectrum. The FT-IR and
FT-Raman spectra show the tTH-C-N-C vibration at wavenumbers 1403 cm™ and 1411 cm™, respectively.
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The FT-IR spectrum shows the H-C-C-N oscillations at wavenumbers 1254, 1086, and 773 c¢cm™!, while
the FT-Raman spectrum shows them at wavenumber 1090 cm™!.

9.4 C=0 Vibrations

In this molecule (2-PESC) of phthalimide derivative, the C=0O groups located in the phthalimide moiety
are known as carbonyl carbons. The reactivity of the entire molecule may be impacted by the carbonyl
carbons due to electron-withdrawing properties. The C=O stretching shaking modes are detected at
wavenumber 1702 cm™ in the FT-IR spectrum & at 1772 cm™ in the FT-Raman spectrum.

Table 8. Computed and observed vibrational assignments of molecule (2-PESC) at B3LYP/cc-pVDZ and B3LYP/6-
311++G(d, p) core levels.

B3LYP/ 6-311++G(d, B3LYP/ cc-pVDZ
S. Observed Wzvenumber Calculated @) Calculatl:d Probable Assignments
No. FT H(; ﬁA;VI AN wavenumber wavenumber >10%)
) Unscaled Scaled Unscaled Scaled
1. 3212 3089 3213 3059 vCy-H;o(25)+ vCs-H;1(25)+ vCo-H 2(25)+ vCsr-
Hi3(25)
2. 3205 3081 3210 3057 vCy-H;0(43)+ vCs-Hi5(43)
3. 3204 3080 3198 3045 vCi9-H0(49)+ vCio-H21(49)
4. 3195 3071 3185 3033 vCys-Hi0o(25)+ vCs-H,1(25)+ vCs-H12(25)+ vCs-
Hi3(25)
S. 3182 3059 3172 3020 vCs-H,1(43)+ vCe-H12(43)
6. 3137 3016 3144 2994 vCi6-H17(49)+ vCi6-Hi5(49)
7. 2982(vw) 3110 2990 3092 2944 vCio-Hp0(49)+ vCi9-H2:1(49)
8. 2924(vw) 2826(w) 3077 2958 3082 2935 vCis-H7(49)+ vCi6-Hi5(49)
9. 1702(s) 1772(vs) 1738 1671 1844 1756 v0,4-C(36)+ vO;5-C3(36)+ vO4-C5(86)+ BC5-N;-
Gi1)
10. 1687 1622 1799 1713 vO14-C,(39)+ vO,5-C5(39)
11. 1610(w) 1649 1585 1660 1581 vCs-C7(27)+ vCo-Ca(27)
12. 1514(vw) 1641 1577 1656 1577 VCs-C7(13)+ vCo-C4(13)+ vCs-Cs(25) + BCo-Cs-
Cs(10)+ BCs-Cr-Cy(11)
13. 1515 1466 1495 1428 BH17-C16-H,15(88)
14. 1467(vw) 1513 1464 1492 1426 vC7-Co(10)+ BH;-Cs-Ce(33)+ BH2-Ce-H7(29)
15. 1504 1456 1450 1385 BH,0-C4-Cs5(21)+ BH,3-C7-Co(21)
16. 1463 1416 1426 1363 BH,1-C1o-H2(93)
17. 1403(W) 141 1(W) 1441 1408 1418 1388 TH]7-C|6-N2-C|(43) +TH13-C15-N2-C|(25)
18. 1398 1353 1399 1337 BHi5-C16-C19(59)+ TH7-C16-N2-Ci(17) +TtH 5-Ci6-
N,-Cy(15)
19. 1369(w) 1397 1343 1385 1319 VCs-C7(17) + vCo-Cy(17) + vCe-Cs(11)
20. 1365(vs) 1346(vw) 1367 1314 1367 1302 VN,-C3(11) + vN»-C,4(29) + BC3-N»-C(25)
21. 1340 1297 1319 1260 BH10-C4-C5(26)+ BH;3-C7-Co(26) + BC5-N,-C1(25)
22. 1254(vw) 1292 1263 1298 1271 TH,0-C19-C16-N2(46) +tH,i-C9-Ci6-N2(42)
23. 1265 1224 1243 1188 BHi5-C16-Ci9(11) +PH10-C19-C16(47)
24. 1221 1174 1238 1179 VCs-C4(18)+ vC7-Ce(18)+ vCi-Cgs(14)+BH;-Cs-
Co(16)+ BH1-Ce-C4(15)
25. 1170(vw) 1193(vs) 1208 1169 1222 1168 vCs-Cs(10)+ vCi-Cg(11)+ BH;-C4-Cs(14)+ BHy;-
Cs-Ce(14)+ BH2-Co-C7(14)+ BH13-C7-Co(14)
26. 1166(s) 1207 1160 1187 1130 VCs-Cy(14)+ vC7-Co(12)+ BCy-C4-C5(13)
27. 1120 1094 1170 1146 BCo-Cy-Cs(14)+ tH1-C19-C16-No(17)
28. 1086(s) 1090(vw) 1108 1083 1111 1088 BCo-C4-Cs(10)+ tH21-C19-C16-N2(17)
29. 1012(s) 1044 1004 1096 1044 VCs-Cy(12)+ vCy-Cs5(24)+ vC7-Ce(12)+ BH-Cs-
Cs(10)+ BH3-C7-Co(10)
30. 1044 1020 1089 1066 TH;1-Cs-Cy-Co(23)+1H -C6-C7-Cs(23)+1Cs-C7-Co-
C5(] 3)+ TCg—CA-C5-C6(1 1 )+ TC7—C6-C5—C4(1 6)
31. 1033(w) 1034 994 1036 986 vCi9-C16(78)
32. 1011 988 1029 1007 TH9-C4-Co-Cg(3 1)+ tH;-C5-C4-Co(12)+ tH12-Cs-
C7—Cg(1 2)+ TH|3—C7-C8-C9(3 1 )
33. 1005 966 1024 975 VN,-C(21)+ vN,-C5(25)
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Table 8 continued...

34. 981(s) 980(w) 981 943 994 946 vCs-Cs(10)+ VN,-C15(31)
35 933 912 990 969 ‘EH[()-C4-C9-C8(29)+ TH] 1-C5-C4-C9(15)+ ‘CH]z-C(,-
Cr-Cs(15)+ 1H13-C1-Cs-Co(29)
36 909 874 988 941 V322-023(32)+ VSzz-024(32)
37. | 868(w) 876(s) 879 851 921 880 ¥S2-003(1 1)+ vS22-O34(11)+ BCo-Cs-Ca(12)+ PNo-
C-Cy(11)
38 821 802 876 858 TH] 1-C5-C4-C9(28)+ ‘Ele-Cﬁ-C7-Cg(28)+"{015-N2-
Co-C5(10)+ ¥014-N-Cs-C1(10)
39. 788 758 818 779 VS2-03(42)+ v82-0,4(42)
40. | 773(w) 784 759 812 776 BHa0-C15-C16(20)+tH,0-C10-C16-Na(14)
41. 761(vw) 775 747 769 719 ¥015-N3-Co-Cs(14)+ yO14-N,-Cs-C,(14)+ yC,-Cs-
Co-C5(20)
4. 742 715 748 700 ¥0,5-Ny-Cy-C5(19)+ ¥0,4-No-C5-C1(19)
43. | 710(vs) 711(s) 728 705 728 696 BCe-Cs-Ca(14)+ BC7-C5-C5(16)
44, 714 691 709 677 BO14-C1-Cs(23)+ PO1s-C3-Co(23)+ BCs-Cs-C(1 1)+
BC7-Ce-Cs(11)
45. 677 662 700 685 TCx-C7-C6-C5(20)+ TCQ-C4-C5-C(,( 1 7)+ TC7-C(,-C5-
Cy(13)+ y045-N,-Co-C5(14)+ y014-N,-Cs-C,(14)
46. 621(w) 640 619 687 656 BC3-Np-C1(25)+ BC1o-C16-Na(15)+ BSp-C1o-Cie(11)
47. 590 567 622 592 v82-C19(20)+ BC3-Na-C1(17)
48. 527(w) 546 528 570 545 YN»-Cy(10)+ BC7-Cs-Cs(14)+ BN,-C,-Cs(14)+ BC-
C-Co(21)
49. 469(vs) 522 502 535 509 vS2-C19(32)
50. 463 452 507 496 TCo-Cy4-Cs-Cg(17)+ 1C7-C6-Cs-Cy(13)+ yO,5-N2-Co-
C3(l4)+ "{014-N2-Cg-C](14)
51. 432 422 475 465 TH0-C4-Co-Cs(10)+ tH 3-C7-Cy-Co(10)+ 1Cs-C5-
Cs-Cs(11)+ 1Cy-C4-C5-C(30)
52. 378(W) 421 406 462 432 VC]25-522(27)+7024-C]9-023-322(32)
s3. 372 360 424 405 BC1o-C16-Na(13)+ BO2-S20-05(35)
54. 339 328 355 339 BO.4-C1-C(22)+ BO15-C5-Co(22)
55. 323 313 340 325 BO24-S22-C23(32)+ PS22-C15-Ci(10)+ yC16-C1-Cs-
N»(20)
56. 280 271 331 316 BCi6-N2-C5(47)
57. 246 238 316 227 BC,-Cs-Co(21)+ y0,5-C1o-Clos-Sy(14)
58. 228(VW) 231 222 272 259 VC125-522(62)+’Y024-C]9-023-822(23)
59. 223 215 246 230 BC16-N,-C5(16)+ y0,5-C19-Clos-S10(54)
60. 173(VW) 191 187 232 227 BC[()-C](,-Nz(l 1)+ ﬁclzs-SZZ-C]9(14)+ TCS-C7-C6-
Cs(l l)+ ‘ENz-Cl-Cg-C7(3 1)
61L. 172 166 211 202 BOx-S1-Clas(79)
62. 169 165 177 173 BClys-S25-C1o(15)+ 1C3-N-Cy-Cs(34)+ yO15-N,-Co-
C3( 1 0)+ YOM-Nz-Cg-C](] 0)
63. 142 139 142 139 7C7-C-Cs-C4(22)+ T™N,-C1-Cs-C7(3 1)+ yC1-Cr-Cor
Cs(15)
64. 123(vw) 129 125 130 124 ¥S2-C15(20)+ BS22-C19-C16(21)+1C3-Np-C1-Cs(12)+
Y024-C19-023-Szz(10)
65. 84 81 100 96 BClys-S2-Cio(50)+ 1C3-N,-C1-Cy(17)
66. 40 39 58 57 TSzz-C]g-Clé-N2(75)
67. 34 33 34 32 BC1o-C16-Na(18)+ BS22-C19-Cig(14)+BClas-Saa-
C]g( 1 0)+ "{C]g—C]—C;-Nz(44)
68. 27 26 34 33 7C19-C16-Np-C1(10)+ 1CLs-S-Cro-C14(72)
69. 9 9 5 5 TC]Q_C]6‘N2‘C](69)+ TC125—522-C|9-C|6(2])

(Stretching — v, Bending - f3, torsion - 1, out of plane bending - v, very strong-vs, strong-s, medium-m, Weak-w, very weak-vw)

9.5 C-S Vibrations

In the (2-PESC) molecule, the C-S stretching modes are found at wavenumbers 469 and 123 cm™ in the
FT-Raman spectrum. The BS-C-C vibrations occur at wavenumbers 621 cm-1 and 123 cm-1 in the FT-
Raman region.
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9.6 S—Cl Vibrations
The S-CI group is also highly electrophilic in (2-PESC) molecule. The stretching beats are observed at
wavenumbers 378 and 228 cm™ in the FT-Raman region.

9.7 S=0 Vibrations

The S=O0 are present in the sulfonyl chloride group in the molecule 2-phthalimidoethanesulfonyl chloride.
The stability of this structure depends on the S=O bonds. In order to create sulfonyl derivatives, the sulfur
atom is transformed into a reactive electrophile by the electron-withdrawing activator S=0. The S=0
stretching modes are observable at wavenumbers 868 ¢cm™ and 876 ¢cm™ in the FT-IR and FT-Raman
region respectively. The BO-S-O oscillations are observed at scaled wavenumber 360 cm™ and 405 cm™!
at the 6-311++G(d,p) and cc-pVDZ core level, respectively.

According to the Table 8, C=0 peaks are obtained at wavenumber 1702 cm™ in the FT-IR spectrum & at
1772 cm! in the FT-Raman spectrum. The S=O peaks are obtained at 868 cm™ and 876 cm™ in the FT-IR
and FT-Raman region respectively. The C-H oscillations are found at 2982 & 2924 c¢cm™ in the FT-IR
spectrum and at 2826 cm™! in the FT-Raman spectrum.

The FT-IR spectrum of the molecule is shown in Figure 4. Usually, carbonyl (C=0) stretching vibrations
occur between 1600 and 1800 cm™. According to Figure 4, one noticeable peak in the experimental
spectra, located at 1701.55772 cm’, is a good indicator of a C=O stretching vibration. In the
computational spectra, in the cc-pVDZ basis set, a strong peak is also seen at 1799 ¢m™!, while in the 6-
311++G(d,p) basis set, a very strong peak is visible at 1684 cm™'. The usual range for sulfoxide stretching
vibrations is 1000-1070 ¢cm™. According to Figure 4, one peak in the experimental spectrum, located at
1085.60501 cm!, is marginally beyond the usual range but might represent an S=O signal based on the
surroundings and molecular structure. An additional peak in the 1100 cm™ is also observed. There are
peaks in the computed spectra at approximately 1113 ¢cm™ and 1164 cm™'. Sulfonyl chloride (SO.Cl)
group shows prominent, distinctive bands between 1410-1370 cm™ and 1204-1166 cm.

The Raman spectrum of the molecule is shown in Figure 5. As stated before, the typical range of the
C=O0 stretching vibration is 1600 to 1850 cm™. According to Figure 5, one peak at 1775 ¢cm™ is found in
the experimental spectrum. For S=O (sulfoxide or sulfone) double bond, the usual stretching vibrations
fall between 1000 and 1200 cm™’. The experimental spectrum shows a prominent peak at wavenumbers
1011 and 1194 cm™.

For the sulfonyl chloride group, a peak is observed at 1409 cm™ in the experimental spectrum and at 1364
cm’!' computed at 6-311++G(d,p) basis set. These peaks are outside the range and do not exactly match
the literature. One aliphatic C-H band appears at 2827 cm™' in the experimental result, and one aromatic
C-H band appear at 3080 cm in the computed result at 6-311++G(d,p) basis set. Here, only the
prominent peaks are discussed, and all other peaks are given in Table 8.

10. Conclusion

In this paper, 2-phthalimidoethanesulfonyl chloride, a physiologically active chemical compound, is
computationally studied. Density functional theory (DFT) is used to explore the molecule theoretically at
the B3LYP level using the 6-311++G(d,p) and cc-pVDZ sets. The optimal bond lengths and angles are
determined using the DFT computations. Calculations are performed for the molecule's specific heat,
entropy and enthalpy for temperatures between 100 and 1000 Kelvin. Using an appropriate scaling factor,
the calculated and observed vibrational frequency values agree with one another. FT-IR and FT-Raman
spectra are recorded in a suitable range. By using Natural Bond Orbital (NBO) analysis, the molecule (2-
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PESC)'s intramolecular and intermolecular interactions are confirmed. The molecule does not have good
NLO properties, as indicated by its lower value of first-order hyperpolarizability. 2-
Phthalimidoethanesulfonyl chloride is a unique chemical intermediate that is mostly utilized as a reagent
and in the pharmaceutical industry to create sophisticated medicinal compounds. So, the present study of
the studied molecule can act as a database to analyse this molecule for various applications. Lastly, the
mulliken charge distribution has also been done. This study explores the impact of structural
modifications on the spectroscopic properties of the molecule, contributing to the development of more
effective pharmaceutical agents. These results will be useful for researching this molecule in various
ways.
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