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Abstract

This work presents the analysis of compound 2-Chloro-3-Hydroxy-4-Methoxybenzaldehyde
(abbreviated as 2,3,4-CHMB). The HF and DFT/B3LYP methods were used to optimize the
molecular geometry in the ground state and calculate thermodynamic functions, non-linear
optical properties and UV-vis spectra of the title molecule using 6-31+G(d,p) and 6-
311++G(d,p) as basis sets, respectively. The thermodynamic functions of the title molecule
were computed at different temperatures. Using the same basis sets, the HF and TD-DFT
methods were also used to calculate the investigated molecules' electric dipole moment,
polarizability, and first hyperpolarizability values. In the 200—450 nm range, the UV spectra
were experimentally recorded in different solutions (acetone, diethyl ether, and CCl4 as
solvents). The theoretical scaled values are compared with experimental values. The
measured experimental results were found to be in good agreement with the theoretical
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Introduction

The simplest representative of the aromatic aldehydes known
as benzaldehydes, is found in peaches, apricots, cherries, and
almond. It occurs naturally as the glycoside amygdalin, which
is a sugar derivative of the cyanohydrin of benzaldehyde that
is found in bitter almonds. Although benzaldehyde is mostly
known as an artificial essential oil of almond, it has numerous
other applications, including the production of flavorings,
dyes, fragrances, cinnamic and mandelic acids, and solvents.
The use of benzaldehyde in the agricultural and health sectors
has evolved recently. Benzaldehyde is utilized as an
anticancer agent and as a pesticide. It works as a bee repellent
when honey is being harvested. The chemical and biological
significance of benzaldehyde and its derivatives has drawn
attention '], Numerous spectroscopic investigations have
been carried out on benzaldehyde and substituted
benzaldehydes. Spectroscopists have been curious about
mono-, halo-, methoxy-, and  ethoxy-substituted
benzaldehydes. Due to their ability to resist bacterial
infections, viruses, cancer, and fungi, benzaldehyde and its
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hydroxyl derivatives are of great interest. The oxidative
property of hydroxybenzaldehyde is amazing because it
promotes leptin signaling and reduces fat formation in adipose
tissues by triggering fat oxidation. The intracellular
coagulation of cytoplasmic constituents caused by
hydroxybenzaldehyde either inhibits cell growth or leads cell
death. Numerous spectroscopic analyses of halogen and
methyl substituted compounds have also been published in the
literature [*15, N. Sundaraganesan et al.,*!! have studied the
spectra of 3,4-dimethylbenzaldehyde. V. Krishna Kumar and
V. Balachandran have reported vibrational spectra of 2-
hydroxy-3-methoxy-5-nitrobenzaldehyde 22, Likewise,
several spectroscopic studies on di- and tri-substituted
benzaldehydes have been reported ['7-22],

In recent years, non-linear optic (NLO) materials have gained
attention due to their potential uses in optoelectronic fields
such dynamic image processing, optical communication,
optical computing, and optical switching > 24, Organic
materials exhibit several remarkable non-linear optical
features because of  their strong molecular
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hyperpolarizabilities. Numerous organic, inorganic, and
organometallic molecular systems have been investigated for
their NLO activity 2>,

It is apparent that systematic investigation of structure and
vibrational assignments using ab initio and density functional
theory (DFT) calculations has not been carried out on halogen
and methoxy substituted benzaldehydes. The UV-vis analysis
of  2-Chloro-3-Hydroxy-4-Methoxy-benzaldehyde (2,3.,4-
CHMB) and quantum chemical calculations have not yet been
reported, as far as we are concerned. Due to the lack of
sufficient information in the literature, we conducted this
theoretical and experimental vibrational spectroscopy study
based on the molecule's structure to provide an accurate
assignment.  Consequently, we have conducted a
spectroscopic analysis of 2,3,4-CHMB.

In the present investigation UV spectrum was measured in
different solvents (Acetone, Diethyl Ether, and Carbon Tetra
Chloride). The excitation energy, wavelength corresponds to
absorption maxima (d;ax) and oscillator strength are

calculated by Time-Dependent Density Functional Theory
(TD-DFT) using B3LYP/6-31+G(d,p) and B3LYP/6-
311++G(d,p) basis sets. The calculated HOMO and LUMO
energies show that charge transfer occurs within the molecule.
The electric dipole moment, polarizability and the first
hyperpolarizability values of the investigated molecule were
also calculated using HF and DF methods with same basis
sets. The experimental and theoretical values of
thermodynamic parameters at different temperatures are also
tabulated.

Experimental Details

The compounds under investigation 2,3,4-CHMB in solid
form were purchased from Sigma—Aldrich Chemical Pvt.
Ltd., Germany with a claimed purity of 99%, and used
directly without additional purification. The 2,3,4-CHMB
UV/Vis absorption spectra was recorded at IIT Roorkee using
a Perkin Elmer Lambda-25 UV/Vis spectrometer at room
temperature. The UV-vis spectra of 2,3,4-CHMB were
measured in several solvents, namely carbon tetra chloride,
diethyl ether, and acetone in the 200-500 nm range.

Computational Details

All of the quantum chemical calculations have been carried
out at HF and DFT (B3LYP: the Becke's three-parameter
hybrid method with the Lee, Yang, and Parr correlation
functional) methods using the Gaussian 09 program with the
6-31+G(d,p) and 6-311++G(d,p) basis sets [2!. The optimized
structural parameters have been evaluated for the calculations
of vibrational frequencies by assuming Cs point group
symmetry. The HF and DFT methods were also used to
calculate the non-linear parameters (dipole moment,
polarizability, and first order hyperpolarizability) using the
same basis sets. The electronic absorption spectra for
optimized molecule calculated with the time dependent
density functional theory (TD-DFT) at B3LYP/6-31+G(d,p)
and B3LYP/6-311++G(d,p) levels. The electronic absorption
spectra for the optimized molecule were computed employing
the time dependent density functional theory (TD-DFT) at the
B3LYP/6-31+G(d,p) and B3LYP/6-311++G(d,p) levels.

Result and Discussion
Molecular Geometry
The optimized structural properties of 2,3,4-CHMB,
computed using ab initio HF and DFT-B3LYP techniques
with the 6-31+G(d,p) and 6-311++G(d,p) basis sets, are
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shown in table 1 in accordance with the atomic numbering
scheme presented in figure 1. As all carbon atoms in the
benzene ring are sp? hybridized and having uniform bond
lengths and angles, the substitution of hydrogen in the
benzene ring causes a perturbation in the valence electron
distribution of the molecule, subsequently modifying its
chemical and physical properties. The angular variations in
benzene ring geometry showed sensitivity as an indicator of
the interaction between the substituent and the benzene ring.
The ring's bond length has also exhibited characteristic
variation, yet it has been slight and less noticeable than the
angular changes. Since the crystal structure of the title
compounds is not available till now, the optimized structure
can be only be compared with other similar systems for which
the crystal structures have been solved 2?2l Since the title
compounds' crystal structure is currently unknown, the
optimized structure can only be compared to other systems
that are similar and have known crystal structures.

According to the literature on ab initio and DFT methods,
bond lengths, especially CH bond lengths, are overestimated
by DFT methods and underestimated by HF methods. For the
2,3,4-CHMB molecule, this theoretical pattern is also
observed. With values from the crystallographic literature,
these optimized parameters are a little bit overestimated. It is
discovered that the B3LYP calculation yields higher values
for the aromatic C—C bond distances of 2,3,4-CHMB than the
HF calculation. The length of the carbon-carbon bonds varies
in benzene. The six C—C distances differ only slightly from
one another. But knowing that electronegative substituents on
benzene rings tend to reduce the lengths of adjacent C-C
bonds, we suggested that the bond lengths C1-C2, C3-C4,
C1-C6, and C5-C6 were approximately equivalent, while the
bond lengths C2—C3 and C4-C5 were shorter than the others
for 2,3,4-CHMB. The C-H aromatic bond distances follow an
identical trend, with relatively longer distances in B3LYP.
The C—CI bond length is nearly identical for all B3LYP basis
sets. The C-Cl bond length reveals a significant increase
when substituted for C-H. This occurrence has been observed
even in derivatives of benzene ). The C—Cl bond length are
found 1.752 A° (B3LYP) and 1.739 A° (HF) by using 6-
311++G(d,p) and 1.752 A°(B3LYP) and 1.738 A° (HF) by
using 6-31+G(d,p) for 2,3,4-CHMB. C.S. Hiremath et al., ™
calculated this bond length as 1.751 A° (B3LYP/6-311G*)
and 1.738 AYHF/6-311G*) for 3-Chloro-4-
Methoxybenzaldehyde using force field calculations, the
experimental value of the C—Cl bond for the same compound
given by them is 1.734 A° This bond length was also
observed as 1.735-1.744 A® range for similar molecules 28331,
The bond angles determined by different methods exhibit
similar patterns to the significant difference in bond lengths.
The CCC angle at the chlorine substitution position in the ring
is significantly larger than the others. The other CCC angles
are nearly 120°. The HF and DFT calculations also show a
shortening of the angle C3-C2-Cl112 for 2,3,4-CHMB and an
increase of the angle C1-C2-C3 for 2,3,4-CHMB from the
normal 120° at the C2 position, indicating the CI group's
repulsion to the phenyl ring. Despite some discrepancies
between our values and the literature data, the optimized
structural parameters effectively replicate the literature
findings and serve as the foundation for subsequent
discussion.

Thermodynamic Functions
The thermodynamic variables of 2,3,4-CHMB are provided in
Tables 2 and 3. The computed thermodynamic parameters for
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2,3,4-CHMB utilizing HF and B3LYP with the 6-31+G(d,p)
and 6-311++G(d,p) basis sets are given in table 2. Entropy
means a measure of a system's disorder. The process of
vaporization is associated with an increase in system entropy
34 As temperature rises, entropy also increases, as
demonstrated in table 3 for the molecule being examined.
These values of thermodynamic functions are plotted as a
function of temperature.

Figure 2 illustrates variations in free energy, enthalpy, and
entropy functions with temperature for 2,3,4-CHMB. The
study's results indicate that free energy, enthalpy, and entropy
consistently rise with temperature, whereas heat capacity
initially increases with temperature and thereafter remains
nearly constant beyond a certain temperature 333, At low
temperatures, only translational motion contributes; however,
as temperature rises, rotational and vibrational motions
become excited 63, Beyond a specific temperature
threshold (approximately 1000 K), molecular motion ceases
to increase, resulting in a nearly constant heat capacity. These
figures indicate that at very high temperatures, the effects of
anharmonicity become significant, resulting in an inaccurate
representation. The various colored points depicted in the
figure are utilized solely for the comparison of values of
distinct thermodynamic potentials at corresponding
temperatures. These figures demonstrate that the effect is
negligible at temperatures as high as 1000K for free energy.
The statistical computation of entropy is significantly less
reliant on vibrational data than the other thermodynamic
functions because, in the case of entropy at very high
temperatures, the vibrational contribution is very small in
comparison to other contributions. For similar molecules,
previous researchers have reported similar trends of
thermodynamic function variation with temperature 40411,

NLO Properties

Based on the finite-field approach, HF and DFT are used to
calculate the dipole moment p, polarizability «, and second-
order polarizability or the first hyperpolarizability S using the
6-31+G(d,p) and 6-311++G(d,p) basis sets. To compute the
total static dipole moment magnitude p, the mean
polarizability a, the polarizability anisotropy Aa, and the
mean first hyperpolarizability Sraeq1, the required complete
equations using the x, y, z components from Gaussian 09W
output are as follows:

.
The dipole moment p = ~.,I|'u§ + 3+ s

The mean polarizability and anisotropy of polarizability
respectively are defined by

(a) = %(axx + ayy, + azz)
1

ar):.g)]

1 2 z . 2 2
Ax = E [(axx - a)')') + (ayy - axx) + (e — Ig,mf)_ + 6(‘1}3 +ag,+

the mean first-order hyperpolarizability S1a:q1is defined as
ﬁl"orn! = (_.IG.; +JB_~_: + ﬁ;):

where

Jﬁx = JB.r.r.r + JB:_}'_‘; + ﬁ.rzz

By = Byyy + Buwy + Byzz

JGz = ﬁzzz + -E.r.rz + ﬁy}'z
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The computed dipole moment values, including all
components, are presented in Table 4. The dipole moment
values for 2,3,4-CHMB were found to be 6.05 Debye
(B3LYP/6-311++G(d,p)), 6.11 Debye (B3LYP/6-31+G(d,p)),
5.75 Debye (HF/6-311++G(d,p)), and 5.79 Debye (HF/6-
31+G(d,p)). Using all methods, the value of dipole moment
for component [ is highest and for component ji . is lowest

for 2,3,4-CHMB.

Atomic units (a.u) is used to report the polarizabilities and
first hyperpolarizability and the computed values have been
converted into electrostatic units (esu) (a: 1 a.u = 0.1482x10
12 esu, B: 1 a.u= 8.6393x10733 esu) 43441,

Table 4 also contains the mean polarizabilities, @, and the
anisotropy of polarizability Aa (molecules are in the xy
plane). Compared to other applied methods, it is found that
the B3LYP/6-311++G(d,p) level of theory leads in higher
{er}. Furthermore, the mean polarizability is increased when a
halogen atom or methyl group is added to the original
molecules. This is because, in the case of derivatives, the
molecular charge distribution is more susceptible to distortion
by an external electric field than it is in the case of the

original molecules. The calculated values of {a) are 1.81 x
102 esu (B3LYP/6-311++G(d,p)), 1.81 x 102 esu
(B3LYP/6-31+G(d,p)), 1.6 x 10% esu (HF/6-311++G(d,p)),
1.59 x 102 esu (HF/6-31+G(d,p)) for 2,3,4-CHMB. For
2,3,4-CHMB, the calculated values of anisotropy of the
polarizability Mo are 1.34 x 102 esu (B3LYP), 1.06 x 1023
esu (HF).

The wvalues of first static hyperpolarizability with all
components are shown in table 4. The values of Sigraris
8.26x 103 esu with (B3LYP/6-311++G(d,p) for 2,3,4-
CHMB. The standard molecule used to investigate the NLO
characteristics of molecular systems is urea. As a result, urea
was commonly used as a comparative threshold value. The
computed values in this study are approximately 5-55 times
that of urea (0.1947 x 10-30 esu). The high [ value
determined by the HF and B3LYP methods indicates that the
compounds under study are high quality NLO materials. To
calculate components of [ theoretically is very useful because
this clearly shows the direction of charge delocalization.
Charge delocalization along the bond axis and the
involvement of ¢ orbitals in the intramolecular charge transfer
process are indicated by the smallest =z value (4?1,

Electronic Spectra

Ultraviolet spectra of 2,3,4-CHMB have been studied both
theoretically and experimentally. The UV—vis spectra of title
compound was observed in various solvents (Acetone, Carbon
Tetra Chloride and Diethyl Ether). TD-DFT has been used to
identify the low-lying excited states of 2,3,4-CHMB with
B3LYP/6-31+G(d,p) and B3LYP/6-311++G(d,p) based on a
fully optimized ground-state structure. Calculations are
carried out for excitation energies, oscillator strength (f) and
wavelength  (Apq.), and compared with observed
experimental values. The computed values and experimental
values of excitation energies, oscillator strength (f) and
wavelength {40 ), and spectral assignments are given in
table 5. In the figure 3, the calculated and experimental
UV/Vis spectra in various solvents are compared.

The ability to provide and accept electrons is characterized by
the HOMO (Highest Occupied Molecular Orbital) and LUMO
(Least Unoccupied Molecular Orbital) energies, respectively,
while the molecular chemical stability is characterized by the
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gap between both [>%]  Since it measures electron
conductivity, the energy gap between the HOMOs and
LUMOs is a crucial factor in determining the electrical
transport properties of molecules. For 2,3,4-CHMB, the
energies of HOMO, LUMO, HOMO.; (Second Highest
Occupied Molecular Orbital) and LUMOs,; (Second Least
Unoccupied Molecular Orbital) and energy gap between them
in different solvents are calculated with the TD-DFT method
and same basis sets and presented in tables 6 and 7.

In experimental UV-vis spectra of 2,3.4-CHMB, at
wavelengths 318, 286 and 239 nm in acetone, at 307, 281 and
243 nm in carbon tetra chloride and at 311, 283 and 239 nm in
diethyl ether solvents, the transitions are identified. Using
B3LYP/6-31+G(d,p), the computed transitions were obtained
at wavelengths of 318, 302, 262 nm in acetone, at 323, 298,
and 261 nm in carbon tetra chloride, and at 320, 297, 258 nm
in diethyl ether solvents. The transitions are obtained at
wavelengths of 320, 303, and 263 nm in acetone solvent, 325,

https://alladvancejournal.com/

299, and 262 nm in carbon tetra chloride solvent, and 322,
298, and 259 nm in diethyl ether solvent for the same
compound at level B3LYP/6-311++G(d,p). There are three
values of wavelengths, first wavelength corresponding to
n—7*, another two corresponding to T —* T * transitions for
each solvent % 471 Solvents change the wavelength of
transition for title compound. The most polar solvent is
acetone and least polar CCl4 among these three solvents.
Solvent effects: As the solvent's polarity increases, the n —m*
transition shifts to lower wavelength (blue shift) and 7 — 7*
shifts to higher wavelength (red shift). When comparing the
outcomes of the three solvents (tables 5-7), acetone has the
lowest wavelength associated with the first transition, while
CCl4 has the highest (i.e. shift towards lower wavelength on
increasing the polarity of solvent). The values of the
absorption maxima agree well with the theoretical values.

Table 1: Optimized geometrical parameters (bond lengths (A°), bond angles (°) and dihedral angles (°)) of 2,3,4-CHMB.

6-31+G(d,p) | 6-311++G(d,p)
Parameters
HF | B3LYP | HF | B3LYP
Bond Length (A%
C1-C2 1.401 1.412 1.400 1.408
C1-C6 1.384 1.401 1.382 1.398
C1-C9 1.489 1.483 1.490 1.483
C2-C3 1.379 1.394 1.377 1.391
C2-Cl12 1.738 1.752 1.739 1.752
C3-C4 1.401 1.412 1.399 1.409
C3-013 1.341 1.357 1.340 1.354
C4-C5 1.381 1.396 1.379 1.393
C4-015 1.348 1.366 1.346 1.364
C5-C6 1.387 1.392 1.385 1.389
C5-H7 1.072 1.083 1.072 1.081
C6-HS 1.073 1.085 1.073 1.083
C9-010 1.193 1.221 1.187 1214
C9-Hl1 1.087 1.103 1.088 1.103
013-H14 0.946 0.970 0.943 0.967
015-C16 1.408 1.429 1.406 1.428
C16-H17 1.079 1.090 1.079 1.088
C16-HI8 1.084 1.096 1.085 1.094
C16-H19 1.084 1.096 1.085 1.094
Bond Angle ()

C2-C1-C6 118.7 118.6 118.6 118.6
C2-C1-C9 123.0 122.8 123.0 122.9
C1-C2-C3 120.9 120.8 121.0 120.9
C1-C2-Cl12 121.5 121.8 121.5 121.9
C6-C1-C9 118.3 118.5 1184 118.5
C1-C6-C5 121.3 121.5 121.3 121.5
C1-C6-HS 1184 117.7 1184 117.7
C1-C9-010 122.8 1234 123.0 123.5
C1-C9-H11 116.8 116.2 116.5 116.0
C3-C2- Cl12 117.6 1174 117.5 117.3
C2-C3-C4 119.2 119.1 119.2 119.1
C2-C3-013 120.5 120.6 120.6 120.8
C4-C3-013 1202 1202 1202 120.2
C3-C4-C5 120.6 120.8 120.6 120.8
C3-C4-015 113.8 113.3 113.8 113.3
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C3-013-H14 109.7 108.0 109.4 107.8
C5-C4-015 125.6 125.9 125.6 125.9
C4-C5-C6 119.3 119.1 119.4 119.2
C4-C5-H7 120.9 120.8 120.9 120.8
C4-015-Cl16 120.2 118.9 120.2 119.0
C6-C5-H7 119.7 120.1 119.7 120.1
C5-C6-H8 120.3 120.8 120.3 120.8
010-C9-H11 121.4 120.3 120.5 120.5
0O15-C16-H17 106.0 105.8 106.1 105.8
015-C16-H18 110.9 110.8 110.9 110.9
015-C16-H19 110.9 110.8 110.9 110.9
H17-C16-H18 109.5 109.7 109.4 109.6
H17-C16-H19 109.5 109.7 109.4 109.6
H18-C16-H19 110.0 110.0 109.9 110.0
Dihedral Angle ()
C6-C1-C2-C3 0.0 0.0 0.0 0.0
C6-C1-C2-Cl12 180.0 180.0 180.0 180.0
C9-C1-C2-C3 180.0 180.0 180.0 180.0
C9-C1-C2- Cl12 0.0 0.0 0.0 0.0
C2-C1-C6-C5 0.0 0.0 0.0 0.0
C2-C1-C6-H8 180.0 180.0 180.0 180.0
C9-C1-C6-C5 180.0 180.0 180.0 180.0
C9-C1-C6-H8 0.0 0.0 0.0 0.0
C2-C1-C9-010 180.0 180.0 180.0 180.0
C2-C1-C9-HI11 0.0 0.0 0.0 0.0
C6-C1-C9-010 0.0 0.0 0.0 0.0
C6-C1-C9-H11 180.0 180.0 180.0 180.0
C1-C2-C3-C4 0.0 0.0 0.0 0.0
C1-C2-C3-013 180.0 180.0 180.0 180.0
Cl112-C2-C3-C4 180.0 180.0 180.0 180.0
Cl112-C2-C3-013 0.0 0.0 0.0 0.0
C2-C3-C4-C5 0.0 0.0 0.0 0.0
C2-C3-C4-015 180.0 180.0 180.0 180.0
013-C3-C4-C5 180.0 180.0 180.0 180.0
013-C3-C4-015 0.0 0.0 0.0 0.0
C2-C3-0O13-H14 180.0 180.0 180.0 180.0
C4-C3-013-H14 0.0 0.0 0.0 0.0
C3-C4-C5-Co6 0.0 0.0 0.0 0.0
C3-C4-C5-C7 180.0 180.0 180.0 180.0
015-C4-C5-C6 180.0 180.0 180.0 180.0
015-C4-C5-H7 0.0 0.0 0.0 0.0
C3-C4-0O15-H16 180.0 180.0 180.0 180.0
C5-C4-0O15-H16 0.0 0.0 0.0 0.0
C4-C5-Co6-Cl 0.0 0.0 0.0 0.0
C4-C5-C6-H8 180.0 180.0 180.0 180.0
H7-C5-C6-C1 180.0 180.0 180.0 180.0
H7-C5-C6-H8 0.0 0.0 0.0 0.0
C4-015-C16-H17 180.0 180.0 180.0 180.0
C4-015-C16-H18 -61.22 -61.20 -61.22 -61.22
C4-015-C16-H19 61.22 61.20 61.22 61.22
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Table 2: The calculated thermodynamic parameters of 2,3,4-CHMB employing HF and B3LYP methods
with 6-31+G(d,p) and 6-311++G(d,p) basis sets.

Thermodynamic Parameters (298 K) fﬁ%% %‘?‘
Thermal Energy Ern (kcal mol™!)
Total 99.43 93.19 99.02 92.66
Electronic 0.00 0.00 0.00 0.00
Translational 0.89 0.89 0.89 0.89
Rotational 0.89 0.89 0.89 0.89
Vibrational 97.65 91.42 97.24 90.88
Heat Capacity at constt. Volume
Cy (cal mol''K™)
Total 39.13 41.49 39.20 41.29
Electronic 0.00 0.00 0.00 0.00
Translational 2.98 2.98 2.98 2.98
Rotational 2.98 2.98 2.98 2.98
Vibrational 33.17 35.53 33.24 35.33
Entropy S (cal mol'K")
Total 102.83 104.87 103.01 103.58
Electronic 0.00 0.00 0.00 0.00
Translational 41.57 41.57 41.57 41.57
Rotational 31.30 31.35 31.30 31.35
Vibrational 29.96 31.95 30.15 30.66
Zero-point Vibrational Energy
Eviv (kcal/mol) 92.67 | 86.08 92.24 85.67
Rotational Constants (GHz)
X 1.23 1.21 1.23 1.21
Y 0.62 0.61 0.62 0.61
Z 0.41 0.41 0.41 0.41

Table 3: The experimental thermodynamic parameters of 2,3,4-CHMB in Cal/Mol-K unit.

2-Chloro-3-Hydroxy-4-Methoxybenzaldehyde

Temperature Enthalpy Heat capacity Free Energy Entropy
K H Cp F S
200 11.53 20.69 -106.22 119.03
300 15.81 29.67 -111.70 129.13
400 20.23 38.19 -116.85 138.85
500 24.52 46.06 -121.83 148.23
600 28.55 53.12 -126.66 157.26
700 32.28 59.36 -131.34 165.93
800 35.72 64.83 -135.88 174.22
900 38.88 69.59 -140.27 182.14
1000 41.79 73.71 -144.52 189.69
1100 44 .46 77.27 -148.63 196.88
1200 46.93 80.35 -152.61 203.74
1300 49.20 83.00 -156.45 210.28
1400 51.31 85.30 -160.18 216.52
1500 53.25 87.29 -163.79 222.47
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Table 4: Nonlinear parameters (dipole moment, polarizability, and first-order hyperpolarizability) of 2,3,4-CHMB.

2-Chloro-3-Hydroxy-4-Methoxybenzaldehyde
Observed Calculated
B3LYP/6-31+G(d,p) B3LYP/6-311++G(d,p)
Solvents }Lm ax E ..;|,m e E f }Lm ax E f Assignments

318 3.90 318 3.90 0.00 320 3.87 0.00 T =+t
Acetone 286 4.34 302 4.11 0.12 303 4.10 0.11 T =+t
239 5.19 262 4.73 0.29 263 4.71 0.29 T =t
311 3.99 320 3.88 0.00 322 3.85 0.00 T =t
Diethyl Ether 283 4.39 297 4.17 0.08 298 4.16 0.08 T -t
239 5.19 258 4.81 0.22 259 4.79 0.23 T -t
307 4.04 323 3.84 0.00 325 3.81 0.00 T =t
CCls 281 4.42 298 4.16 0.12 299 4.14 0.12 T -t
243 5.11 261 4.74 0.30 262 4.73 0.30 T =t

Table 5: Electronic absorption spectra of 2,3,4-CHMB [ absorption wavelength A g (nm), excitation energy (eV), and oscillator strength ()]
using TD-DFT with B3LYP/6-31+G(d,p) and B3LYP/6-311++G(d,p) basis sets.

6-31+G(d,p) 6-311++G(d,p)
Parameters
HF | B3LYP HF | B3LYP
Dipole Moments
(Debye)
I, 3.09 3.51 3.05 3.44
iy, -4.89 -5.01 -4.87 -4.98
I, 0.00 0.00 0.00 0.00
Hrotal 5.79 6.11 5.75 6.05
Polarizability
(a.u.)
o, 126.50 147.62 127.06 147.35
@y -10.96 -17.28 11.02 -17.19
@y, 133.00 153.26 134.32 153.84
o, 000.00 000.00 000.00 000.00
€y 000.00 000.00 000.00 000.00
o, 61.41 65.00 62.26 65.49
(esu) {a) 1.59x 102 1.81x 102 1.6x 102 1.81x 102
(esuy Aa 1.06 x 102 1.34x 102 1.06 x 102 1.34x 102
Hyperpolarizability
(a.un.)
Bx 238.95 -516.83 -224.89 -496.07
By 172.36 329.33 168.42 325.77
By -220.80 -404.41 -211.79 -393.13
B,y -14.68 32.68 -28.24 0.65
Bz 0.00 0.00 0.00 0.00
By 0.00 0.00 0.00 0.00
Bz 0.00 0.00 0.00 0.00
B..: -39.68 -37.51 -32.82 -28.73
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B,.: -36.40 -46.96 -43.33 -59.55
B... 0.00 0.00 0.00 0.00
B, 21.52 -958.75 -469.50 -917.93
B, 121.27 315.05 96.85 266.87
B. 0.00 0.00 0.00 0.00
(esu)  PBrorar 1.06 x 10 8.72x 1070 4.14x 103 8.26 x 1073

Table 6: Calculated Energy values (eV) of 2,3,4-CHMB by using TD-DFT/B3LYP/6-31+G(d,p).

Solvents Enomo Erumo Enomo-1 Evumo+ AE JE Etotai(Hartree)
Acetone -6.71 -2.01 -7.20 0.52 4.70 6.68 -994.94
Diethyl -6.74 -2.02 -7.22 -0.57 472 6.65 -994.94
Ether
CCly -6.77 202 [ 724 | 0l 4.76 6.63 | -994.94

AE=E rumo - E nomo, 0E=E Lumo+1 - E HOMO-1

Table 7: Calculated Energy values (eV) of 2,3,4-CHMB by using TD-DFT/B3LYP/6-311++G(d,p).

Solvents Enomo ELumo Enomo-1 ELumo+ AE JE Etota (Hartree)
Acetone -6.77 -2.08 -7.25 -0.62 4.69 6.63 -995.09
Diethyl -6.80 -2.08 -7.27 -0.66 4.72 6.61 -995.09
Ether
CCls -6.83 -2.08 -7.28 -0.70 4.75 6.58 -995.09

AE=E rumo - E nomo, OE=E Lumo+1 - E Homo-1

Fig 1: The optimized geometric structure with atoms numbering of 2-Chloro-3-Hydroxy-4-methoxybenzaldehyde.
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Fig 2: The graph of thermodynamic functions and temperature of 2, 3,4-CHMB.
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Fig 3: Experimental and Theoretical UV/Vis Spectra of 2,3,4-CHMB in different solvents.
A- Acetone, C-Carbon Tetra Chloride, D-Diethyl Ether

Conclusion

In this work, an attempt has been made to study the UV-vis
spectral studies, NLO properties, and thermodynamic
properties at different temperatures of the industrially
significant 2,3,4-CHMB both theoretically and
experimentally. At HF and DFT/B3LYP, -equilibrium
geometries, electronic parameters, and thermodynamic
parameters of 2,3,4-CHMB have been studied with the basis
sets 6-311G++(d,p) and 6-31+G(d,p). The relationships
between temperature and thermodynamic parameters
demonstrate that as temperature rises, so do heat capacities,
entropies, and enthalpies because of the increased intensity of
molecular vibrations. The molecule's electronic structures and
properties were profoundly revealed by the TD-DFT
calculations. Moreover, the thermodynamic functions and
computed UV-Vis results agree significantly with the
experimental data. The molecule's bioactive properties are
supported by the reduction of the HOMO-LUMO band gap.
The title compound is a strong contender for a nonlinear
optical material, as indicated by the anticipated NLO
properties. Future research on nonlinear optics will find the
computed first hyperpolarizability to be an interesting object,
as it is comparable to the reported values of similar
derivatives.
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