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1-benzhydrylazetidin-3-ol (BA3) molecule was characterized by its experimental UV–Visible (200–
400 nm) spectrum in a solution of chloroform and simulated spectrum using time-dependent density
functional theory (TD-DFT). The computations were made using density functional theory employing
B3LYP exchange–correlation functional in conjunction with the 6–311++G(d,p) basis set. Good agreement
was observed between measured and computed quantities corresponding to structure parameters and
UV–Visible spectrum. The chemical reactivity of the molecule was identified with the help of frontier
molecular orbital (FMO) parameters. The non-linear optical (NLO) behavior of the molecule was studied
by computing the values of hyperpolarizability (bt), polarizability (at), and dipole moment (lt). NBO anal-
ysis has been used to examine the molecule’s stability as a result of hyper-conjugative interactions and
charge delocalization. According to NBO analysis, the title molecule has O-H� � � N and C-H� � �N bifur-
cated hydrogen bonds, which is compatible with the result of the molecular structure study. It is evident
from the computed HOMO and LUMO energies that charge transfer takes place within the molecule. The
NLO parameters also confirm these findings. Thermodynamic parameters were also computed for this
molecule.
Copyright � 2023 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the 2nd International Con-
ference on Multifunctional Materials.
1. Introduction

The pharmacological and biological effects of medications made
of azetidine ring system and their derivatives have been carefully
studied [1,2]. Modern aspects of azetidine synthesis were reported
by Kurteva [3]. Drugs made out of azetidines are a fascinating class
of four-membered nitrogen-containing heterocycles that have
recently drawn a lot of interest from chemical researchers [4].
The biological and pharmacological effects of azetidine moiety
derivatives have been studied [5,6]. The most crucial component
in therapeutic use among the numerous substituted derivatives
of azetidine is 3-substituted azetidine [7,8]. The synthesis of the
titled compound, 1-benzydrylazetidin-3-ol (BA3), was reported
by Krishna Reddy et al [9]. BA3 is widely used in the pharmaceuti-
cal intermediate to the synthesis of antiepileptic drugs like Dezi-
namide [10,11], antihypertensive drugs such as Azetnidipine
[12], an oncolytic drug (D83-7676) [13], Oral carbapenem antibi-
otics that is tebipenem (LJC-11,036) [14], antimicrobial agents(i.e,
azetidinyloxy) [15], tebipenem pivixial (L-084) [16] and many
more derivatives. Michal Gajhede and co-workers reported the
crystal structure and conformation of 3-azetidinol by using the
x-ray diffraction method [17]. The hydroxyl moiety occupies vari-
ous positions concerning the ring and intra-molecular hydrogen
bonding between OH and nitrogen atoms along the axial line of
the conformer, which is also possible in the case of the condensed
phase [17]. This hydrogen bonding and various conformational
properties of azetidines attract several researchers. Kolbjorn Hagen
et al [18] reported the results of molecular structure and conforma-
tional studies of 3-azetidinol using ab initio calculations. Anthoni
et al [19] used IR, Raman, and 1H NMR spectroscopy and theoreti-
cal studies for demonstrating the intra-, and inter-molecular
hydrogen bonding, and isomerism of 3-azetidinol.

The composition or length of conjugated -systems may be chan-
ged, and the effects of different electron-donor and acceptor
groups can be studied to artificially alter nonlinearity in organic
y time-
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chromophores. Nevertheless, since the computed ring atom charge
densities are very dependent on the calibre of the basis sets used, it
is impossible to predict with any degree of accuracy whether an
aromatic ring would be electron-rich or electron poor. Since the
NLO properties depend on the degree of intramolecular charge
transfer (ICT) interaction across the conjugative paths and the abil-
ity of an aromatic ring to transfer electrons is largely influenced by
its ionization potential (IP) and electron affinity (EA), which,
according to molecular orbital theory and Koopman’s theorem
[20], are equal to the negative of HOMO and LUMO energies,
respectively, a reliable trend of the electron releasing/withdrawing
strengths of the heterocycles may be predicted on the basis of the
computed frontier orbital energies [21,22]. Our most recent publi-
cations on such biologically active compounds [23–25].

Hence, we considered it important to conduct an experimental
and theoretical analysis of BA3. As a result, we suggest that,

1) Record the UV–Visible spectrum of BA3
2) Carry out DFT calculations on the titled molecule in order to:
(i) optimize the equilibrium geometry.
(ii) study electronic properties comprising of UV–Visible spec-

trum, HOMO and LUMO energies, and electrostatic potential
surface (MESP).

(iii) examine non-linear optical(NLO) behavior, natural bond
orbital (NBO) characteristics, and thermodynamic parame-
ters in order to enhance the comprehensive nature of these
investigations.

2. Measurement of spectra

The titled molecule was purchased from Aldrich chemical com-
pany, USA. This compound 1-benzhydrylazetidin-3-ol is a solid at
room temperature. The UV–Visible spectrum of the BA3 was
recorded with a Perkin-Elmer UV–Vis LAMBDA-25 double-beam
spectrometer in a solution of DMSO d6 in the spectral range of
200–400 nm.
Fig. 1. Optimized molecular structure of BA3 monomers along with numbering of
atoms and minimum energy.
3. Computational considerations

To compute required molecular characteristics connected to
electronic transitions, Frontier molecular orbital behavior, NLO
parameters, NBO behavior, and MESP of BA3, we utilized density
functional theory (DFT) which was incorporated in the gaussian
09 W software package [26]. These calculations were performed
with three components proposed by Beck B3 [27] along with
Lee-Yang-Parr [28] correlational functional and in combination
with 6–311++G(d,p) split valence triple zeta basis set.

TD-DFT (time-dependent density functional theory) was used to
simulate the UV–Visible absorption spectrum of BA3 in a solution
of DMSO d6 (used solvent to measure the experimental spectrum)
[29–31].

The significant parameters like Chemical potential (l), global
electrophilicity index (x), global chemical softness (f), electron
affinity(A), electronegativity (v), and ionization potential (I) of
BA3 were evaluated using the computed values of HOMO (highest
occupied molecular orbital) and LUMO (lowest unoccupied molec-
ular orbital) energies employing DFT [32–35].

In the usual process, the nonlinear optical properties of the
given molecule are analyzed in terms of its total molecular polar-
isability (at), anisotropy of polarizability (Da), and static hyperpo-
larizability (bt) of the first order, and total molecular dipole
moment (lt). These parameters were calculated with DFT in com-
bination with Buckingham Formalism [36] based on the finite field
method [37].
2

The arrangement of the -electrons between the two phenyl
rings is a noteworthy structural characteristic of BA3. This is
required to quantify the aspect of the molecule described in the
title. This contributes to the comprehension of the various
second-order interactions linking the occupied orbitals of one sub-
system and the vacant orbitals of another subsystem. By subjecting
their Fock matrices to NBO-based second-order investigations, BA3
molecules’ donor–acceptor interactions are evaluated for this pur-
pose. These interactions manifest as a transfer of occupancy from
the localized non-Lewis orbital (NBO) of the idealized Lewis struc-
ture to an empty non-Lewis orbital. Thus, we made use of NBO ver-
sion 3.1 [38], which is a component of the Gaussian 09 W
programme.
4. Results and discussion

4.1. Molecular geometry in the ground state

Molecular geometry optimized by solving iteratively, self-
consistent field equations for BA3 as shown in Fig. 1, along with
the numbering of atoms. The structural data containing bond
lengths, bond angles, and dihedral angles for the titled molecule
are presented in Table 1. The computed geometrical parameters
of BA3, compared with experimental counterparts of related mole-
cules [17,39]. It is observed that the molecule BA3 attained a non-
planar configuration of C1 symmetry from the DFT calculations.
4.2. Frontier molecular orbitals

Frontier molecular orbitals (FMOs) (i.e, HOMO and LUMO) sim-
plify proper understanding of the electronic transitions and chem-
ical activity. FMOs play a vital role in quantum chemistry for the
identification and prediction of the chemical reactivity of conju-
gated systems [40]. HOMO and LUMO energies provide an electron
donor and an electron acceptor [32], respectively.
4.2.1. Analysis of UV–Vis spectrum
The UV–Visible absorption spectrum of BA3 was computed with

the help of calculations using the TD-DFT/B3LYP/6-311++G(d,p)
method using the Polarisable Continuum Model (PCM) [41,42].
The observed and simulated UV–Vis spectrum of the molecule
BA3 was depicted in Fig. 2, and corresponding signal values were
reported in Table 2.



Table 1
Experimental and DFT/B3LYP/6-311 ++ G(d,p) optimized geometric parameters of BA3.

Geometric
parameter

Calculated
Value

Expt.
Valuea

Geometric
parameter

Calculated
Value

Expt.
Valuea

Geometric
parameter

Calculated
Value

Expt.
Valuea

Bond lengths (in Å) Bond angle (in �)

C1-C2 1.393 1.390 C1-C2-C3 120.87 119.9 N25-C26-C27 88.25 90.4
C2-C3 1.401 1.383 C2-C3-C4 118.20 119.3 C26-C27-C28 85.99 89.7
C3-C4 1.399 1.372 C3-C4-C5 121.13 120.3 C27-C28-N25 88.08 89.1
C4-C5 1.395 1.380 C4-C5-C6 120.01 120.7 C26-N25-C28 90.98 89.3
C5-C6 1.393 1.360 C5-C6-C1 119.52 119.7 C26-C27-O34 115.49 115.1
C6-C1 1.395 1.380 C6-C1-C2 120.27 119.9 C28-C27-O34 115.61 113.5
C12-C13 1.392 1.415 C12-C13-C14 120.23 119.5 RMSD 2.142
C13-C14 1.395 1.343 C13-C14-C15 119.31 123.4 Dihedral angle (in �)
C15-C16 1.395 1.371 C15-C16-C17 120.83 125.3 C26-N25-C28-C27 19.8 18.08b

C16-C17 1.397 1.375 C16-C17-C12 118.31 121.1 C23-N25-C28-C27 146.6 –
C17-C12 1.401 1.388 C13-C12-C17 120.95 118.7 C28-N25-C26-C27 19.8 18.08b

C3-C23 1.530 1.517 C2-C3-C23 121.79 123.1 C23-N25-C26-C27 �151.2 –
C17-C23 1.532 1.535 C4-C3-C23 119.95 117.6 N25-C28-C27-C26 �18.9 �17.60b

C23-N25 1.469 1.468 C12-C17-C23 120.14 – N25-C28-C27-O34 �97.4 –
N25-C26 1.479 1.525 C16-C17-C23 121.45 123.1 N25-C26-C27-C28 19.0 17.60b

C26-C27 1.549 1.535 C3-C23-C17 113.70 114.8 N25-C26-C27-O34 97.5 –
C27-C28 1.549 1.537 C3-C23-N25 113.51 109.6 RMSD 1.546
N25-C28 1.484 1.559 C17-C23-N25 111.69 110.5 Intra-molecular H-bond length (in Å)
C27-O34 1.415 1.413 C23-N25-C26 120.64 119.3 H22∙∙∙∙∙N25 2.427 –
RMSD 0.028 H35∙∙∙∙∙N25 2.740 –

a : From Ref. [39]; b: From Ref. [17]; -: Not available.

Fig. 2. UV–Vis Spectrum of BA3 (a) Experimental and (b) Simulated with DFT/
B3LYP/6-311++G(d,p) formalism.
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4.2.2. Chemical reactivity descriptors
Chemical reactions are significantly influenced by FMOs and

their attributes, such as energy. To demonstrate a molecule’s
chemical reactivity, polarizability, and kinetic stability, one can
use the frontier orbital energy gap between HOMO and LUMO
Table 2
Experimental and theoretical (DFT/B3LYP/6-311++G(d,p) formalism) electronic absorption

Absorption Maximum
kmax(nm)

Excitation Energies (eV) Oscillat

Expt. Cal.

259.38 262.22 4.7283 0.0107
253.78 254.91 4.8637 0.0414

H: HOMO; L: LUMO.
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[43]. Because it takes more energy to excite electrons from a
HOMO to a LUMO, a small HOMO-LUMO energy gap suggests
low kinetic stability and strong chemical reactivity [44], whereas
a large HOMO–LUMO energy gap indicates a harder molecule. Soft
molecules are known to be more polarizable and, as a result, more
reactive chemically than hard molecules [45]. This is due to the fact
that they have a smaller energy gap. A measure of how many elec-
trons are transferred between a donor and an acceptor is called
electrophilicity [46].

The HOMO-LUMO orbital energies and various investigated
parameters obtained from the computations using DFT/B3LYP/6-
311++G(d,p) level of theory for BA3 are presented in Table 3 (see
Fig. 3 also).

4.3. Non-linear optical (NLO) characteristics

NLO materials have interacted with electromagnetic radiation
resulting in a change of significant propagation characteristics of
the incident radiation i.e, frequency, phase, and amplitude produc-
ing new fields [47]. These changes are important for the non-linear
optical material used for switching, frequency shifting, and optical
logic. These effects of NLO materials are declared by the value of
their first-order hyperpolarizability.

The NLO performance of a molecular system is generally evalu-
ated by comparing its total molecular dipole moment (lt) and the
mean first-order hyperpolarizability (bt) with the corresponding
quantities of anarchetypicalmolecule like Urea. lt and bt for Urea
is 1.3732 Debye and 372.8 � 10-33 cm5/esu, respectively, which
are used frequently as threshold values. lt is computed at 0.7587
Debye and bt for them is predicted near 412.6970 � 10-33 cm5/
spectral values for BA3.

or Strengths (f) Major contribution (�10%) Transition

H ? L (97%) p ? p*
H ? L + 1 (95%) p ? p*



Table 3
Frontier molecular orbital parameters of BA3.

Frontier molecular orbital parameter Value (in eV)

HOMO energy �8.9019
LUMO energy �5.3095
Frontier molecular orbital energy gap 3.5924
Ionization energy (I) 8.9019
Electron affinity (A) 5.3095
Global chemical hardness (g) 1.7962
Global chemical softness (f) 0.2784
Chemical potential (l) �7.1057
Electronegativity (v) 7.1057
Global electrophilicity power (x) 14.0567

Fig. 3. Frontier molecular orbitals of BA3.
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esu. Thus, we find that the value of lt lower than the threshold
value of Urea, while the value of bt is 1.12 times higher than the
threshold value of Urea. Hence, due to this relatively higher value
Table 4
Values of dipole moment, lt (in Debye); polarizability, at in 1.4818 � 10-25 cm3; and
first order hyperpolarizability, bt (in 8.641 � 10-33cm5/e.s.u) of BA3 by DFT/ B3LYP/6–
311++G(d,p) method.

Type of component Value Type of component Value

lx �0.0924 bxxx �8.8415
ly �0.7443 bxxy �47.5922
lz �0.1150 bxyy �61.3860
lt 0.7587 byyy �352.7448
axx 223.2837 bxxz 14.0454
axy 16.4138 bxyz 6.4523
ayy 203.5325 byyz �8.7627
a xz 12.3438 bxzz 5.5122
ayz �2.8472 byzz �6.5951
azz 154.2493 bzzz �28.5296
at 193.6885 bt 412.6970
Da 61.5820
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of hyperpolarizability, with respect corresponding parameter for
Urea, the titled compound is a potential candidate for NLO applica-
tions. The greatest charge delocalization takes place along byyy in
the molecule BA3, as substantiated by Table 4.

4.4. Thermodynamic parameters and rotational constants

Table 5 shows several rotational constants and derived thermo-
dynamic parameters for BA3. Standard expressions are used in the
rigid rotor harmonic oscillator approximation to compute the stan-
dard thermodynamic functions, including SCF energy, specific heat
capacity at constant volume (Cv), entropy (S), vibrational energy
(Evib), zero-point energy (E0), and rotational constants (A, B, and
C) [48,49], using DFT/B3LYP/6-311++G(d,p) level of theory. The
rotational constants A, B, and C are calculated at 451.60, 386.16,
and 234.63 MHz, respectively, for BA3. These thermodynamic
parameters were computed in the gas phase and concerned with
one mole of perfect gas at one-atmosphere pressure.

4.5. Natural bond orbital (NBO) analysis

The NBO analysis describes the hyper conjugative interactions
of the Fock matrix with the second-order perturbation theory
using the NBO 3.1 program [38] as implemented in the Gaussian
09 W software at the DFT/B3LYP level using 6–311++G(d,p) basis
set. It includes the maximum possible percentage of electron den-
sity (ED) which helps in a clear understanding of intra-molecular
charge transfer (ICT), intra- and inter-molecular bonding interac-
tions, and hyper-conjugative interactions between the donor (i)
and acceptor (j) groups within a given electronic structure.

Let us consider the stabilization energy E(2), associated with
donor (i) to an acceptor (j) electron delocalization, as estimated
using the equation [49,50].

E 2ð Þ ¼ �qi

F22
ij

DE
¼ �qi

hijFjji2
ej � ei

where qi is the donor orbital occupancy, ei and ej are energies of ith

and jth orbitals (diagonal elements), respectively, and Fij is the off-
diagonal NBO Fock matrix element.

The largest value of stabilization energy E(2) indicates a strong
interaction between the electron donors and electron acceptors
resulting in a greater extent of conjugation of the whole system.
The dominant contributors to the stabilization energies, that
emerge from NBO analysis for BA3 are presented in Table 6. The
delocalization of ED, between occupied Lewis-type (bonding or
lone pair) NBO orbitals and empty non-Lewis (anti-bonding or
Rydberg) NBO orbitals implies stabilization of donor–acceptor
interaction. Intra-molecular hyper conjugative interactions arise
due to overlap between the bonding p-orbitals and anti-bonding
p*-orbitals. For BA3, the values of ED at the conjugated p-bonds
Table 5
Thermodynamic parameters (for one mole of perfect gas at one atm) and rotational
constants of BA3.

Thermodynamic parameters Value

SCF Energy (in 103 kJ mol�1) �1969.293
Total energy (thermal), Etotal (kcal mol�1) 193.518
Heat capacity at const. volume, CV (cal mol-1K�1) 60.624
Heat capacity at const. pressure, CP (cal mol-1K�1) 62.610
Entropy, S (cal mol-1K�1) 125.881
Vibrational energy, Evib (kcal mol�1) 191.741
Zero-point vibrational energy, E0 (kcal mol�1) 183.967
Rotational constants (MHz)
A 451.60
B 386.16
C 234.63



Table 6
Second-order perturbation theory analysis of FOCK matrix in NBO basis corresponding to the intra-molecular bonds of BA3 by DFT/B3LYP/6-311++G(d,p) method.

NBO(i) Type ED/e NBO(j) Type ED/e E(2)a

(kcal/mol)
E(j)-E(i)b (a.u) F(i,j)c

(a.u)

C1-C2 p 1.66622 C3-C4 p* 0.34840 20.77 0.29 0.069
C5-C6 p* 0.32902 20.16 0.28 0.067

C3-C4 p 1.65883 C1-C2 p* 0.32137 19.75 0.28 0.067
C5-C6 p* 0.32902 20.62 0.28 0.068

C5-C6 p 1.66743 C1-C2 p* 0.32137 20.16 0.28 0.068
C3-C4 p* 0.34840 19.86 0.29 0.068

C12-C13 p 1.67211 C14-C15 p* 0.33096 20.01 0.28 0.067
C16-C17 p* 0.34089 20.43 0.29 0.069

C14-C15 p 1.67033 C12-C13 p* 0.32427 20.39 0.28 0.068
C16-C17 p* 0.34089 19.77 0.29 0.068

C16-C17 p 1.65517 C12-C13 p* 0.32427 20.02 0.28 0.067
C14-C15 p* 0.33096 20.78 0.28 0.068

LP(1)N25 1.87624 C3-C23 r* 0.04113 7.40 0.69 0.065
C26-H30 r* 0.02677 6.41 0.68 0.060
C28-H32 r* 0.02592 6.12 0.69 0.059

LP(2)O34 1.95045 C26-C27 r* 0.02605 6.37 0.64 0.057
C27-C28 r* 0.02612 6.76 0.64 0.059

a : E(2) means the energy of hyper conjugative interaction (stabilization energy).
b : Energy difference between the donor (i) and an acceptor (j) NBO orbitals.
c : F(i,j) is the Fock matrix element between i and j NBO orbitals.
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are between 1.65517 and 1.67211, as can be seen from Table 6,
whereas the corresponding values, for p*-anti-bonds are in the
range 0.32137–0.34840. According to NBO analysis, the interac-
tions p(C1-C2) ? p*(C3-C4 and C5-C6); p(C3-C4) ? p*(C1-C2
and C5-C6); p(C5-C6) ? p*(C1-C2 and C3-C4); p(C12-C13) ? p*(
C14-C15 and C16-C17); p(C14-C15) ? p*(C12-C13 and C16-
C17); and p(C16-C17) ? p*(C12-C13 and C14-C15) possesses high
stabilization energy in the range 19.75–20.78 kcal mol�1, respec-
tively. Based on this observation, it can be stated that the NLO
properties of BA3 originate from ICT. This statement substantiates
the conclusion arrived at in section 4.3, Non-linear optical (NLO)
properties.
Fig. 4. Total electron density mapped with an electrostatic potential surface of BA3.
4.6. Analysis of molecular electrostatic surface potential (MESP)

By identifying electrophilic and nucleophilic areas in a mole-
cule, the molecular electrostatic surface potential (MESP) is a
well-known method for understanding molecular reactivity fea-
tures. MESP is connected to a specific molecule’s dipole moment,
partial charges, chemical reactivity, and electronegativity [50],
non-covalent interactions, in particular hydrogen bonds [51],
molecular aggregation [52], lone pair interactions [53], aromatic-
ity, and reaction mechanisms [54]. MESP has been developed using
the DFT/B3LYP/6-311++G(d,p) formalism for the BA3 molecule. In
the MESP diagram, the negative (electron-rich) regions are
coloured red and are associated with electrophilic reactivity,
whereas the positive (electron-deficient) parts are coloured blue
and are associated with nucleophilic reactivity. For the chemical
under research, the MESP map is displayed in Fig. 4. This Fig. 4
demonstrates that the greatest negative and positive regions.
5. Conclusions

BA3 molecule is a non-planar with C1 point group symmetry
and forms bifurcated intra-molecular hydrogen bonds between
(H22, N25); and (H35, N25) atoms. Computed values of FMO reveal
that BA3 is highly reactive as the energy gap was small at
3.5924 eV, and assisted in the assignment of observed UV–Vis
spectral bands. The results showed that BA3 made excellent candi-
dates for NLO applications. NBO analysis was used to demonstrate
that the NLO characteristics of this molecule were caused by
intramolecular charge transfer (ICT). By analysis of the MESP sur-
5

face, the most reactive sites are located around the nitrogen and
oxygen atoms of the azetidine moiety in BA3. The standard ther-
modynamic functions, such as heat capacity at constant pressure
(CP), heat capacity at constant volume (Cv), and entropy (S), were
calculated for BA3. Other parameters, such as rotational constants
(A, B, and C), zero point vibrational energy (Eo), and self-consistent
field (SCF) energy, were also calculated.
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