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ABSTRACT

Chalcone derivatives are frequently utilized as a versatile scaffold in molecular design studies due to their broad-
spectrum activities. Structural modification studies applied to increase their biological activities to a remarkable
level reveal the importance of substitution positions on aromatic rings. In this respect, the study aimed to
explore the effects of changing substitution positions on molecular properties. Herein, the effects of distinct
substitution positions on thermodynamic and physicochemical parameters, reactivity descriptors, absorption
characteristics, and intramolecular interactions were investigated utilizing quantum chemical methods. To this
end, (Density Functional Theory) DFT-based calculations were performed using the GAUSSIAN 16 software with
B3LYP/6-311++G (d, p) level on ortho-OH, meta-OH, and para-OH substituted chalcone derivatives. While the
calculated dipole moment and polarizability values differ, very similar results were obtained for the AE (total
energy), AH (enthalpy), and AG (Gibbs free energy) parameters. The highest polarizability value, 296.193 a.u.,
was obtained for the para- isomer. The AEg values in the gas phase were calculated as: 4.013 eV (m-) > 3.898 eV
(p-) > 3.832 eV (0-). Also, the effects of different solvents on the absorption spectra of the studied isomers were
investigated theoretically using (Time Dependent) TD-DFT calculations. Molecular orbitals contributing to
electronic transitions were determined for each phase. It is further anticipated that the research findings will
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Introduction

Chalcones are plant-derived polyphenolic compounds
belonging to the flavonoids family. They have been the
subject of numerous studies due to their  bioactive
nature. Therapeutical applications of chalcone derivatives
date back to when plants were utilized in order to treat
distinct medical disorders [1]. Over time, research on the
design, synthesis and determination of application areas
of more specific derivatives has increased. Studies on
determining various pharmacological activities such as
anticancer [2], antioxidant [3], anti-inflammatory [4],
anticonvulsant [5], and antifungal [6] have been
frequently encountered in the literature. The typical
scaffold in chalcones is the most investigated structure for
potential anticancer activity. In particular, hydroxy-
substituted chalcones have been demonstrated to exhibit
activity as cytotoxic and tumor-reducing agents [7]. Some
well-known natural chalcones that are used in
pharmaceuticals include isoliquiritigenin, butein, and
isobavachalcone (Figure 1.). Modifying the chemical
structures of chalcones allowed the examination of their
structure-activity relationships to improve
pharmacological activity. The types, numbers and
positions of substituents have been effective in the
preparation of structurally diverse chalcone derivatives. In
a study conducted by Ma et al, a series of

offer novel insights to inform future studies on the implications of the substitution position.
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hydroxychalcone derivatives were synthesized and
appraised for their in vitro inhibitory activities of PB-
secretase (BACE1) [8]. If we characterize the two phenyl
groups in the structure of chalcone as PhC=0 and PhC-H,
the relevant study focused on how the position of a
hydroxyl group in the PhC-H ring affects the inhibitor
activity. ICso values of 2.45 £ 0.39 uM, 8.03 £ 0.92 uM, and
33.00 +3.75 uM were obtained for ortho, meta, and para
substitution, respectively. Therefore, it was determined
that the ortho position was more effective than other
substitution positions. In a recent study by Cyboran-
Mikotajczyk et al., the relationship between the biological
activities and chemical structure of compounds containing
a chloro substituent at various positions of the PhC=0 and
PhC-H rings of chalcone was investigated, as well as their
effects on membranes, cancer cells and bacterial cells [9].
Within the scope of the study, five different 2'-
hydroxychalcone derivatives with chlorine atoms in
various positions were synthesized. While the chlorine
substituent increases the lipophilic character of 2'-
hydroxychalcone, the highest n-octanol/water partition
coefficient (logPow) of 2.90 was obtained for 2-chloro-2'-
hydroxychalcone derivative. Higher lipophilicity value
indicates easier membrane permeation. The ability of the
derivatives to inhibit bacterial growth and biofilm

79



Cumhuriyet Sci. J., 46(1) (2025) 79-90

formation varies based on the substitution positions in the
phenyl rings. Another study carried out by Patil and
Zangade focused on the synthesis and anticancer activities
of chalconoid based Co (Il) complexes with 2-
hydroxychalcones containing naphthalene moiety [10].
The anticancer activities of six synthesized complexes
were evaluated against the liver cancer cell line (Hep G2).
The findings of the study revealed that the complex having
—OH substituent at meta-para position of PhC-H ring
exhibited considerable activity with ICso value of 64.21
pg/mL. In their previously published study, Bronikowska
et al. investigated the effects of ortho-, meta- and para-
methoxy derivatives of 2’-hydroxychalcones on the
release of IL-8, MIF, VCAM-1, ICAM-1 by colon cancer
SW480 and SW620 cell lines [11]. Test results revealed
that the studied methoxy derivatives exhibited
modulating effect on colon cancer cells. Besides, it was
reported that meta-methoxy derivative at the
concentration of 25 pM considerably decreased IL-8
secreted by SW480 and SW620 cancer cells. In another
study conducted by Wilhelm et al., cytotoxicity evaluation
was carried out on four chalcone derivatives in which the
substitution positions and substituents differed [12].
Cytotoxic activity examination was performed in vitro in
various cancer cell lines, including breast adenocarcinoma
(MCF7), T-lymphoblastic leukemia (CEM), cervical
carcinoma (Hela) lines, malignant melanoma (G-361), and
skin fibroblasts (BJ). It has been reported that the best
activity was observed against CEM cells. 1Cso values
obtained in the study revealed that the presence of the
hydroxy group on the PhC-H ring has a prominent
influence on cytotoxicity. Furthermore, one of the
important findings emphasized in the study is that para-
OH substitution exhibited high cytotoxicity and selectivity.
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Figure 1. Structures of some naturally derived chalcones.

Keeping these considerations in mind, it is concluded
that the bioactivity potential of chalcones is affected by
the substitution positions of the substituents on the
PhC=0 and PhC-H aromatic rings. Therefore, it has
becoming more substantial to explore the impacts of
positional isomerism on molecules. The use of
computational techniques in this laborious exploration
duration provides a great advantage to researchers as it
ensures the opportunity to evaluate various
characteristics of the molecules of interest both

numerically and visually [13]. DFT is one of the most
versatile techniques available to examine the ground state
properties of various molecular systems, especially
electronic characteristics. By offering less computational
time, excellent accuracy, and being cost-effective
compared to other methods, DFT computations remain
popular among computational chemists [14]. The
theoretical investigation of how the relative position of
the substituents affects to the molecular properties
motivated this study. Herein, quantum chemical
calculations were conducted in three different solvent
environments (acetonitrile, DMSO, and water) by
selecting ortho, meta, and para-OH substituted chalcone
derivatives. The effects of both substituent position and
solvent environment on the physicochemical, electronic
and molecular properties of OH-substituted chalcone
derivatives were examined from a theoretical perspective.
A preliminary study of the solvent and/or substituent
position effect provides insight into subsequent phase
studies. The observation that interaction forces in solution
are significantly more pronounced and diversified
compared to those in the gas phase enables the
modulation of solute properties and reactivities across a
range of processes. It is expected that the research
findings will provide new perspectives for future studies
on the effects of the substitution position.

Computational Methodology

All DFT computations operated in this work were
performed by using GAUSSIAN 16 software package [15]
with B3LYP hybrid functional and the 6-311++G (d, p) basis
[16-18]. Gauss View 6 software [19] was utilized for
visualizations of the optimized structure, FMOs, and MEP
diagrams. To gain the density of states (DOS) plot, Gauss-
Sum 3.0 [20] program was utilized. The solvent phase
(acetonitrile, ACN (£=35.7), DMSO (£=46.8), and water
(e=78.4)) simulations were carried out by using Integral
Equation Formalism Polarizable Continuum Model
(IEFPCM) [21]. For computations, optimized structure was
verified by the absence of imaginary frequency. The TD-
DFT method [22] was utilized to enlighten UV-vis.
features such as possible electronic transitions, energies,
and oscillator strengths.

The thermochemical quantities, Evi». (vibrational
thermal energy), Svb. (vibrational entropy), and Cvui.
(vibrational heat capacity) values were calculated through
specific equations ((1)-(5)) defined below in accordance
with the principles of quantum mechanics [23-25]. The
following explanations refer to the terms presented in the
equations: O;=hvj /k Svibrational temperature, k->
Boltzmann constant, h-> Planck constant, and vj-> jt
fundamental frequency.

Q= Qtrans. X Qrot. X Qm’b. Qelec. (1)
W6 _ o, /27

Quip. = VTN (2)
j=1 (1 —e T )
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3N-6
0, 6, e il
Eyip. = Nk Z —
j=1 (1 —e T) 3
3N—-6
Qv‘j/T
Smb = Nk Z [(e@”-/T _ 1)
j=1 (4)
-In(1 e_@VJ/T)]
3N-6 P Ov/T
Cv..; Nk Z (ﬂ) -
vib. < T (e@v,j/T _ 1)2 (5)

According to Koopmans theorem [26], ionization
energy () (I= - Enomo) and electron affinity (A) (A= -ELumo)
values can be defined by HOMO (Highest Occupied
Molecular Orbital) and LUMO (Lowest Unoccupied
Molecular Orbital) energies. Additionally, some quantum
chemical reactivity parameters, calculated utilizing | and A
values, with their corresponding equations are presented
below (6-13) [27-33].

Chemical Potential p= — ! +2A (6)
Chemical Hardness n = % (7)
Electronegativity y = # (8)
2
Electrophilicity Index @ = — (9)
2n

Electron-Accepting Power w* ~ (I + 34)2/(16(I — A)) (10)

Electron-Donating Power w™ = (31 + A)2/(16(I — A)) (11)

Maximum Charge _ I+A (12)
Transfer Capability = ™%~ 2(I — A)
: n
Back-Donation Energy A€pack—donatio = — 7 (13)

NBO (Natural Bond Orbitals) analysis of studied
compounds were also performed utilizing the 2"-order
Fock matrix [34-35] at B3LYP/6—-311++G (d, p) theory level.
Thus, possible donor-acceptor orbital interactions and
corresponding stabilization energy predictions were
noted. Stabilization energy values were calculated
according to the formula specified in equation (14). The
terms in the formula are expressed as follows: £? :
Stabilization energy, gi: Donor orbital occupancy, Fij: Off

diagonal Fock matrix, &i and gj: diagonal element, donor
and acceptor orbital energies.

Fij)?
E® = AE;; = qi[ (F1y)

@-eD .

Results and Discussion

PES (Potential energy Surfaces) Scan Analysis
and Molecular Structure

The investigated chalcone derivatives were optimized
in the gaseous state using B3LYP/6- 311++G (d, p) level. X-
Ray structures were employed for optimization of meta-
and para- derivatives [12]. The crystal structures were
ensured from the Cambridge Crystallographic Data Center
(CCDC 2062760 for m-OH and 2062757 for p-OH) [12]. The
resulting DFT-optimized geometries have been
represented in Figure 2 ((B) and (C)). In order to evaluate
the compatibility of the X-ray structures and the DFT-
optimized structures, atom-by-atom superimposition was
performed (Figure 3). RMSD is a crucial metric in scientific
research, utilized in a variety of ways. It is employed to
ascertain the stability of protein-ligand complexes during
molecular dynamics simulations, to compare the
structural similarity between crystallized and modeled
frameworks, and to evaluate the mean change in motion
of selected atoms during simulations [36]. The root mean
square deviation (RMSD) values were determined as
0.607 A for m-OH isomer and 0.221 A for p-OH isomer.
These values are indicative of a satisfactory level of
distinction between the structures, suggesting that the
observed differences are within an acceptable range.
However, since no X-ray structure is available for the
ortho isomer, to assign the most stable geometry,
conformational analysis has been achieved by operating
B3LYP/ 6-311++G (d, p) methodology. The PES
computations were carried out in accordance with C14-
C4-C2-C5 and C5-C3-C23-27 dihedral angles. The PES scan
analysis was conducted by altering the dihedral angles at
each step by 10° along the specified bond axis. The "Scan
of Total Energy" diagrams obtained as a result of the
analysis are displayed in Figure 4. The minima (steps 21
and 20) and maxima (steps 29 and 8) points obtained by
the rotation of the selected dihedral angles are shown on
the diagram. According to PES analysis results, it is
revealed that the C14-C4-C2-C5 and (5-C3-C23-27
dihedral angles have rotational potential barrier values of
4.77 and 3.70 kcal/mol. Therefore, the highest value for
the energy difference between the most stable conformer
and the most unstable conformer was detected in the
C14-C4-C2-C5 dihedral angle scan. Namely, minimum
energy and improved stability were monitored when
rotating round the C14-C4-C2-C5 dihedral angle.
Consequently, the lowest energy structure obtained from
the relevant dihedral angle scan was used as the basis for
further calculations. The DFT-optimized structure of the
ortho isomer is shown in Figure 2 (A).
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Figure 2. DFT-optimized structures of 0-OH (A), m-OH (B), and p-OH (C) derivatives with atomic numbering scheme.

Figure 3. Atom-by-atom superimposition of the DFT-
optimized structures (black) and the X-ray structures
(red) for m-OH (A) and p-OH (B) isomers.

Some of selected bond lengths (A), bond angles (°),
and dihedral angles (°) are listed in Table 1. From Table 1,
it is observed that the C=0 carbonyl bond lengths of ortho-
, meta-, and para- derivatives were calculated as 1.225 A,
1.223 A, and 1.225 A, respectively. The experimental value
for the relevant bond length was determined as 1.237 A.
In the case of aromatic ring C-C bond lengths, they were
computed in the range of 1.401-1.414 A for all three
compounds. Experimental C-C distances have been
reported in the range of 1.385-1.398 A. The 01-C2-C5 and
01-C2-C4 bond angles of the ortho- derivative were
estimated as 121.09° and 119.99° respectively.
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Figure 4. Potential
substituted isomer

energy surfaces scan of 0-OH

The equivalents of these angles in meta- and para-
derivatives were calculated as 121.36°/119.89° and
121.57°/119.72°, respectively. Therefore, it is evident that
values close to the experimental data (120.40° /119.33°)
are obtained. Based on computations of ground state data
of dihedral angles, it is concluded that ortho-, meta- and
para-substituted isomers exhibit nearly planar molecular
structures. Namely, C4-C2-C5-C3/C27-C23-C3-C5, C8-C6-
C9-C7/C4-C27-C7-C9 and (C6-C3-C7-C21/C15-C5-C21-C7
dihedral angle pairs are calculated as 175.85°/160.69°,
175.48°/177.79° and 175.96°/178.66°, respectively. On
the other hand, other dihedral angle pairs mentioned in
the Table 1 were determined between -0.04° and -0.65°.
All bond parameters of the studied isomers were
determined to be in good agreement with other similar
structures reported as well as literature data [12, 37-39].
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Table 1. Selected bond parameters for studied compounds

Bond Length (A) 0-OH Bond Length (A) m-OH Bond Length (A) p-OH Exp.
C2-01 1.225 C6-03 1.223 C3-01 1.225 1.2372
C27-028 1.363 C22-01 1.367 C4-02 1.363 1.361?, 1.362° 1.354¢
C2-C5 1.484 C6-C9 1.484 C3-C7 1.481 1.4632
C4-C12 1.402 C8-Cl16 1.402 C6-C11 1.402 1.3982
C4-C14 1.403 C8-C18 1.401 C6-C23 1.401 1.3852
C23-C27 1.414 C27-C4 1.401 C5-C15 1.404 1.386?, 1.404¢
Bond Angle (°) Bond Angle (°) Bond Angle (°)

01-C2-C5 121.09 03-C6-C9 121.36 01-C3-C7 121.57 120.40?
01-C2-C4 119.99 03-C6-C8 119.89 01-C3-C6 119.72 119.332
C27-C23-C3 120.43 C4-C27-C7 120.95 C15-C5-C21 119.87 120.222
C3-C5-C2 120.12 C7-C9-C6 120.46 C21-C7-C3 120.40 122.63?
Dihedral Angle (°) Dihedral Angle (°) Dihedral Angle (°)

C4-C2-C5-C3 175.85 C8-C6-C9-C7 175.48 C6-C3-C7-C21 175.96 168.96?
C27-C23-C3-C5 160.69 C4-C27-C7-C9 177.79 C15-C5-C21-C7 178.66 176.0°
C12-C4-C14-C19 -0.65 C16-C8-C18-C23 -0.02 C11-C6-C23-C25 -0.04 0.32
C23-C27-C18-C16 -0.41 C27-C4-C22-C20 -0.1 C5-C15-C13-C4 -0.1 -2.3,0.7¢

2 Ref. [35], ® Ref. [36], ¢ Ref. [37]

Thermodynamic Parameters

Table 2 demonstrates the calculated physicochemical
and thermodynamic parameters of o-, m-, and p-
substituted chalcone derivatives in both gas and solvent
phases.

Table 2. Thermodynamic and physicochemical parameter
estimations at B3LYP/6- 311++G (d, p) level

0-OH Vacuum ACN DMSO Water
DM (Debye) 3.329 4.726 4.747 4.774
AE (a.u.) -729.212 -729.223 -729.223 -729.224
AH (a.u.) -729.211 -729.222 -729.222 -729.223
AG (a.u.) -729.269 -729.281 -729.282 -729.282
AEthermal (kcal/mol) 152.084 151.993  151.992 151.991
AEyip. (kcal/mol) 150.307 150.215 150.215 150.214
Cv (cal/molK) 55.511 55.586 55.586 55.586
Cwyib, (cal/molK) 49549 49624  49.624  49.624
S (cal/molK) 123.903 124376 124.363 124.330
Svib. (cal/molK) 48.422  48.889 48.876 48.843
a (a.u.) 207.050 284.059 285.115 286.500
m-OH Vacuum ACN DMSO Water
DM (Debye) 4.494 6.413 6.441 6.477
AE (a.u.) -729.213 -729.226 -729.227 -729.227
AH (a.u.) -729.212 -729.225 -729.226 -729.226
AG (a.u.) -729.271 -729.284 -729.284 -729.285
AEthermar (kcal/mol) 151.934 151.972 151.970 151.966
AEyi, (kcal/mol)  150.157 150.195 150.192  150.189
Cv (cal/molK) 55.826 55.653 55.654 55.655
Cwyib. (cal/molK) 49.865 49.691 49.692 49.694
S (cal/molK) 124.825 123.667 123.689 123.720
Svib, (cal/molK) 49.296  48.137  48.158  48.190
a(a.u.) 205.930 281.408 282.465 283.854
p-OH Vacuum ACN DMSO Water
DM (Debye) 2.907 4.456 4.478 4.506
AE (a.u.) -729.214 -729.229 -729.229 -729.229
AH (a.u.) -729.213 -729.228 -729.228 -729.228
AG (a.u.) -729.272 -729.286 -729.287 -729.287
AEthermar (kcal/mol) 152.013 151.951  151.949  151.945
AEyip. (kcal/mol) 150.235 150.174 150.171 150.167
Cv (cal/molK) 55.655 55.534 55.536 55.538
Cwyib. (cal/molK) 49.694  49.572 49,574 49.577
S (cal/molK) 124.137 123.311 123.330 123.357
Svib. (cal/molK) 48.574 47.740 47.760 47.787
a (a.u.) 211.545 293.520 294.675 296.193

In the gas phase, the dipole moment and polarizability
values of the isomers changed in the following order: DM

(in Debye) 2.907 (p-) < 3.329 (0-) < 4.494 (m-) and a (in
a.u.) 205.930 (m-) < 207.050 (o0-) < 211.545 (p-). For both
parameters, similar trends are observed in the solvent
phase values. The highest polarizability value, 296.193
a.u., was obtained for the para isomer in the water phase.
It can be expressed that para substitution on the aromatic
ring makes the compound more polarizable. The gas
phase total energy values for o-, m-, and p-OH derivatives
were calculated as -729.212 a.u., -729.213 a.u., and -
729.214 a.u., respectively. The change of substituent
position did not create a significant difference in the
enthalpy and free energy values, as well as in the total
energy values. The highest heat capacity (Cv) and entropy
(S) values were determined as 55.826 cal/molK and
124.825 cal/molK, respectively, in the gas phase for the
meta-substituted derivative.

Vibrational Analysis

In literature reviews, no experimental FT-IR evaluation
of the studied derivatives was found except p-substituted
isomer. However, in the relevant study, only C=0 and
aromatic ring C-H stretching vibrations were mentioned
for the para isomer [40]. Therefore, in this section, the
vibrational analysis of all three isomers is discussed
theoretically. The theoretically predicted FT-IR spectra of
studied isomers are shown in Figure 5. Since molecular
structures of studied isomers consist of 29 atoms, they
reveal total 81 different vibrational modes according to
the 3N-6 formula. The selected vibrational mode
assignments for mentioned compounds are listed in Table
3.

5 v 2T Mo nn 2 ke mma
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Figure 5. Theoretically simulated IR spectra of studied
derivatives
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FT-IR analysis facilitates the determination of the C=0
stretching vibration band due to its specific region. vC=0
stretching vibrations of «a,68-unsaturated ketones are
observed in the range of 1715-1680 cm™ [41]. Herein, C=0
stretching bands of 0-, m-, and p- isomers were estimated
in the range of 1560-1684 cm?, 1565-1690 cm™ and 1561-
1685 cm™, respectively. In the literature, the experimental
carbonyl stretching vibration for the p-isomer has been
reported as 1651 cm™ [40]. vOH stretching vibrations are
generally observed around 3500-3700 cm®. The
calculated O-H stretching wavenumbers for the studied
compounds were assighed at 3766 cm™ (o0-), 3769 cm™ (m-
) and 3763 cm (p-) as pure mode. The theoretical vC-H

(aromatic) bond stretching vibrations of studied isomers
appeared at range of 3136-3151 cm™ (0-), 3133-3149 cm"
1(m-), and 3128-3146 cm™ (p-) as pure bonding vibrations
with lower IR intensities. Also, the predicted peaks in
regions 3110-3130 cm™ (o-), 3100-3128 cm™® (m-), and
3099-3124 cm® (p-) were assigned as C-H (aromatic) bond
asymmetric stretching modes. The presence of the
phenolic group has been indicated by a broad band at
3350 cm™ for the p-isomer [40]. While C-H in-plane
bending vibrations were calculated at 1548-1158 cm
region, out-of-plane bending vibrations were determined
at 973-845 cm region.

Table 3. The computed approximate frequencies (in cm™) for o-, m-, and p- isomers

0-OH m-OH p-OH

Assignment Iir Unscaled Scaled lir Unscaled Scaled |Ig Unscaled Scaled
vOH 56 3831 3766 86 3834 3769 124 3828 3763
vCH 13 3205 3151 15 3203 3149 11 3200 3146
vCH 11 3201 3147 11 3199 3145 17 3199 3145
vCH 8 3198 3144 1 3195 3141 1 3196 3142
vCH 2 3192 3138 6 3188 3134 5 3188 3134
vCH 14 3190 3136 5 3187 3133 25 3182 3128
VasCH 22 3184 3130 20 3182 3128 1 3178 3124
VasCH 4 3179 3125 9 3176 3122 9 3176 3122
VasCH 10 3174 3120 10 3172 3118 10 3172 3118
VasCH 0 3170 3116 0 3162 3108 0 3162 3108
VasCH 0 3164 3110 10 3154 3100 19 3153 3099
vCH 4 3111 3058 1 3149 3095 1 3144 3091
vC=0 + vCC 173 1713 1684 138 1719 1690 158 1714 1685
vC=0 + vCC 8 1652 1583 208 1651 1582 1 1654 1585
vC=0 + vCC 204 1639 1570 126 1644 1575 185 1638 1569
vC=0 + vCC 296 1628 1560 61 1634 1565 255 1629 1561
vCC + ipb HCC 86 1613 1545 167 1617 1549 75 1616 1548
vCC + ipb HCC 28 1610 1542 85 1613 1545 365 1610 1542
vCC + ipb HCC 2 1521 1457 56 1521 1457 190 1541 1476
vCC + ipb HCC 47 1512 1448 0 1520 1456 0 1520 1456
ipb HCC + ipb COH 46 1492 1429 25 1490 1427 10 1475 1413
vCC + ipb HCC 10 1476 1414 7 1475 1413 7 1467 1405
vC-O +ipb HCC 56 1276 1222 415 1285 1231 169 1291 1237
ipb HCC + ipb COH 170 1225 1174 78 1209 1158 185 1225 1174
Ph breathing + opb HCC 3 1016 973 2 1016 973 2 1016 973
opb HCC 0 960 920 10 962 922 0 969 928
opb HCC 10 888 851 11 882 845 2 886 849

Abbreviations; Iir: IR intensity, v: symmetric stretching, vas: asymmetric stretching, ipb: in plane bending, opb: out of plane

bending,

FMO (Frontier Molecular Orbital) and MEP

(Molecular Electrostatic Potential) Analyses

The outputs obtained from the analysis of frontier
molecular orbitals provide valuable information about the
distinct chemical characteristics of the molecule of
interest by allowing the determination of chemical
reactivity parameters. Herein, Table 4 represents the
computed DFT-based reactivity parameters of studied
isomers. HOMO and LUMO energy values were obtained
from calculation outputs performed using density
functional theory. The difference between HOMO and
LUMO energies (AE) is an important merit in determining
some properties of a molecule, such as its kinetic stability,
chemical reactivity, and chemical hardness. In addition to
gas phase, ACN, DMSO, and water phase calculations
were also performed using the IEFPCM solvent model to

peruse solvent effects. Accordingly, the energy gap values
in the gas phase were calculated as: 4.013 eV (m-) > 3.898
eV (p-) > 3.832 eV (0-). For the solvent phases, the highest
AE values were also obtained for the meta-substituted
derivative as 3.835 eV (ACN) > 3.832 eV (DMSO) > 3.829
eV (water). The larger the energy gap value indicates
lower chemical reactivity and higher kinetic stability. The
same trend was followed in chemical hardness values, and
the highest values were obtained for the meta- derivative:
n, eV, 2.006 (vacuum) > 1.918 (ACN) > 1.916 (DMSO) >
1.915 (water). The electrophilicity index (w) parameter
describes the electrophilic power of the molecule. For all
phases studied, the highest electrophilic index values
were calculated for the ortho-substituted derivative as
5.689 eV (water) > 5.684 eV (DMSO) > 5.682 eV (ACN) >
5.431 eV (vacuum). Therefore, the 0-OH derivative is
expected to exhibit slightly more electrophilic character.

84



Cumhuriyet Sci. J., 46(1) (2025) 79-90

Table 4. The computed chemical reactivity parameters of studied isomers

0-OH Enomo Eiumo AE n H X w w* w ANmax AEpack
Vacuum -6.478 -2.646 3.832 1.916 -4.562 4.562 5.431 3.390 7.9516 2.381 -0.479
ACN -6.511 -2.743 3.768 1.884 -4.627 4.627 5.682 3.604 8.2308 2.456 -0.471
DMSO -6.512 -2.744 3.768 1.884 -4.628 4.628 5.684 3.606 8.2338 2.456 -0.471
Water -6.513 -2.746 3.767 1.884 -4.630 4.630 5.689 3.610 8.2397 2.458 -0.471
m-OH Enomo Erumo AE n H X w w* w ANmax AEpack
Vacuum -6.531 -2.518 4.013 2.006 -4.525 4.525 5.104 3.092 7.617 2.256 -0.502
ACN -6.545 -2.710 3.835 1.918 -4.628 4.628 5.584 3.510 8.137 2.413 -0.479
DMSO -6.545 -2.713 3.832 1.916 -4.629 4.629 5.592 3.517 8.146 2.416 -0.479
Water -6.546 -2.717 3.829 1.915 -4.632 4.632 5.602 3.526 8.157 2.419 -0.479
p-OH Enomo ELumo AE n 1] X w w* w ANmax AEpack
Vacuum -6.281  -2.383 3.898 1.949 -4.332 4.332 4.814 2.892 7.224 2.223 -0.487
ACN -6.307  -2.587 3.720 1.860 -4.447 4.447 5.316 3.325 7.772 2.391 -0.465
DMSO -6.308  -2.589 3.719 1.860 -4.449 4.449 5.321 3.329 7.778 2.392 -0.465
Water -6.309  -2.594 3.715 1.858 -4.452 4.452 5.334 3.340 7.792 2.397 -0.464

Besides, DOS (density of states) diagrams and 3D
pictorial presentations of the HOMO & LUMO densities of
studied isomers are introduced in Figures 6 and 7,
respectively. Through DOS diagrams, the number of
molecular orbitals of each isomer at different energy
levels can be figured out. Based on Figure 7, it is evident
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Figure 6. DOS diagrams of 0-, m-, and p-substituted chalcone derivatives
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Figure 7. HOMO & LUMO densities (isoval: 0.02 a.u.) of studied isomers
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that the HOMO and LUMO densities of all three isomers
are quite similar to each other. While LUMOs are spread
throughout the molecule, HOMOs are located on the
remaining part except the unsubstituted phenyl group.
LUMOs exhibit antibonding character. The red and green
colors designate negative and positive lobes.
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The molecular electrostatic potential (MEP) mapping
was put account to forecast the electrophilic and
nucleophilic regions of OH-substituted isomers. Color
codes are employed to easily understand the charge
distribution [42]. Figure 8 displayed the MEP and ESP
surfaces visualized at B3LYP/6-311++G (d, p) theory level.
The potential values of MEP and ESP maps of studied
isomers are in the range of -006705 a.u (deepest red) /

+0.006705 a.u. (deepest blue) and -0.01286 a.u. (deepest
red)/ 0.01286 a.u. (deepest blue). Accordingly, it is
obvious that the electron density is higher around
aromatic rings (because of m-electron cloud) and oxygen
atoms, and there is predominantly red coloration (V<0).
Apart from, blue coloration (V>0) is mostly observed
around hydrogen atoms.

MEP (Solid Form)

MEP (Transparent Form)

Figure 8. MEP and ESP maps of 0-OH (A), m-OH (B), and p-OH (C) substituted derivatives

UV-vis Characterization

The absorption wavelengths of the studied chalcone
derivatives were determined by performing TD-DFT
calculations in the ACN, DMSO and water phases using the
IEFPCM solvent model. Table 5 summarizes possible
electronic transitions with relevant data. It is observed for
each isomer that the absorption peak values are not
significantly affected by the solvent environment. For all
three compounds, the studied solvents revealed three
distinct wavelengths and oscillator strengths. For ortho-
OH derivative, water phase wavelengths were computed
as 376.91 nm, 325.36 nm, and 288.35 nm, with oscillator
strengths (f) of 0.3821, 0.3645, and 0.1041, in that order.
In ACN and DMSO phases, the wavelengths of the
obtained peaks were 377.03/325.32/288.39 nm and
377.94/325.93/288.80 nm, respectively. It has been
determined that the following transitions contribute to

the transitions with wavelengths 376.91/325.36/288.35
nm: HOMO-4-LUMO (20%), HOMO->LUMO (66%),
HOMO-1->LUMO (66%), HOMO-4->LUMO (52%), HOMO-
3->LUMO (34%). It can be seen from Table 5 that the same
orbitals contribute to the electronic transitions in
acetonitrile and DMSO environments. Although the
calculated wavelengths for meta-OH and para-OH
substituted derivatives differed relatively, similar
electronic transitions were observed. In the literature
review, experimental UV-vis results were found only for
ortho- and para- derivatives. While the Amax value was
reported as 345 nm for the ortho- derivative [43], it was
recorded as 395 nm for the para- derivative [44].
Additionally, for the ortho- derivative, plots of the orbitals
contributing to electronic transitions in the DMSO phase
are shown in Figure 9. With respect to Figure 9, absorption
wavelengths can be qualified as n—>n* and n->n*
transition type.
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Table 5. The computed Amax, AE, and oscillator strength values of studied isomers in different solvent phases

Medium Symmetry Acale. (nm) AE (eV) f Major Contributions
Water Singlet-A 376.91 3.2895 0.3821 H-4->L (20%), H>L (66%)
Singlet-A 325.36 3.8106 0.3645 H-1->L (66%)
Singlet-A 288.35 4.2998 0.1041  H-4-L (52%), H-3->L (34%)
5 ACN Singlet-A 377.03 3.2885 0.3806 H-4->L (20%), H>L (65%)
_g Singlet-A 325.32 3.8112 0.3637 H-1->L (66%)
£ Singlet-A 288.39 4.2992 0.1045  H-4->L (53%), H-3->L (33%)
DMSO Singlet-A 377.94 3.2805 0.4027  H-4->L (19%), H>L (66%)
Singlet-A 325.93 3.8040 0.3614  H-1->L (66%)
Singlet-A 288.80 4.2931 0.1086 H-4->L (53%), H-3>L (33%)
Medium Symmetry Acale. (nm) AE (eV) f Major Contributions
Water Singlet-A 366.28 3.3850 0.1357 H->L (53%), H-2->L (31%)
Singlet-A 324.04 3.8262 0.6309 H-1->L (68%)
Singlet-A 287.00 4.3201 0.0807  H-4->L (55%), H-3->L (30%)
55 ACN Singlet-A 366.36 3.3842 0.1045 H->L (47%), H-2->L (36%)
é Singlet-A 323.93 3.8275 0.6307 H-1->L (68%)
3 Singlet-A 286.99 4.3202 0.0809  H-4->L (56%), H-3->L (28%)
DMSO Singlet-A 366.71 3.3810 0.1498  H-SL (54%), H-2->L (30%)
Singlet-A 324.84 3.8168 0.6334 H-1->L (68%)
Singlet-A 287.41 4.3138 0.0843 H-4->L (55%), H-3->L (29%)
Medium Symmetry Acale. (nm) AE (eV) f Major Contributions
Water Singlet-A 364.56 3.4009 0.7226  H-SL (66%)
Singlet-A 358.82 3.4553 0.1251  H-1->L (55%), H-3->L (29%)
Singlet-A 282.97 4.3816 0.1539 H-3->L (61%), H-1->L (26%)
g ACN Singlet-A 364.51 3.4014 0.6988 H->L (65%)
s Singlet-A 359.22 3.4515 0.1510  H-1->L (54%), H-35L (27%)
Sl Singlet-A 282.98 4.3814 0.1538  H-3->L (62%), H-1->L (26%)
DMSO Singlet-A 365.99 3.3877 0.7705  H-SL (68%)
Singlet-A 359.25 3.4512 0.0944 H-1->L (56%), H-3>L (29%)
Singlet-A 283.38 4.3752 0.1585 H-3->L (61%), H-1->L (26%)

H=HOMO; L =LUMO

HOMO HOMO-1 HOMO-2
HOMO-3 HOMO-4 LUMO

Figure 9. FMO plots contributing to the electronic transitions of 0o-OH isomer in DMSO

NBO Analysis

NBO theory analysis of a particular molecule provides
an exhaustive insight into the electron density
delocalization from Lewis’s donor to non-Lewis’s acceptor
NBOs. In order to peruse all possible intramolecular
interactions of mentioned isomers, the stabilization
energy values were computed using the 2"-order
perturbation theory. The findings obtained are listed in
Table 6. Interactions with a stabilization energy value of
10 kcal/mol and above were taken into account. As

expected, the types of interactions (m - n*, LP - ¢* and
LP - m*) and energy values are quite close for all three
isomers. Some different interactions were determined for
the o0-, m-, and p-substituted isomers, with energy values
ranging from 9.99-28.77, 12.06-26.58, and 11.62-28.67
kcal/mol, respectively. The intramolecular
hyperconjugative interactions were observed between 1
(C-C) and m* (C-C) bond orbitals and this generated
intramolecular charge transfers that resulted in the
stabilization of the studied molecules. Moreover,
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according to Table 6, it can be concluded that the lone
electron pairs (LP) existing on oxygen atoms are involved
in intramolecular interactions and largely participate in
the stabilization of all three isomers. Namely, for the 0-OH
isomer, the stabilization energies of the LP (2) O1(EDi =
1.88793e) > o* C2-C4 (ED; = 0.06445¢), LP (2) O1(EDi =
1.88793e) - o* C2-C5 (ED; = 0.05825¢), and LP (2) 028
(EDi=1.86528e) - m* C23-C27 (ED; = 0.42508¢€) transitions

were calculated as 18.65, 18.69, and 28.77 kcal/mol,
respectively. On the other hand, while the energies
corresponding to LP = o* transitions in m-OH and p-OH
derivatives were calculated as 18.88, 18.02 kcal/mol and
18.96, 18.55 kcal/mol, respectively, the stabilization
energy values of LP - nt* interactions were determined as
26.58 and 28.67 kcal/mol.

Table 6. NBO analysis results of possible interactions for o-, m-, and p-substituted isomers

0-OH Donor(i) EDi/e Acceptor(j) EDj/e E®@ kcal/mol E(j)-E(i)/a.u F(i.j)/a.u
nt C3-C5 1.84726 n* 01-C2 0.20829 19.96 0.30 0.070
n* C23-C27 0.42508 9.99 0.30 0.052
n C10-C21 1.70219 n* C16-C18 0.31525 21.40 0.29 0.070
n* C23-C27 0.42508 16.30 0.28 0.062
n C14-C19 1.65123 n* C4-C12 0.36761 19.46 0.28 0.066
n* C6-C8 0.32176 21.73 0.28 0.070
nt C16-C18 1.69247 n* C10-C21 0.30386 16.88 0.29 0.062
n* C23-C27 0.42508 22.73 0.28 0.073
n C23-C27 1.60589 n* C3-C5 0.11620 16.21 0.29 0.066
n* C10-C21 0.30386 21.02 0.29 0.071
n* C16-C18 0.31525 15.88 0.29 0.062
LP (2) 01 1.88793 o* C2-C4 0.06445 18.65 0.69 0.103
o* C2-C5 0.05825 18.69 0.70 0.103
LP (2) 028 1.86528 n* C23-C27 0.42508 28.77 0.35 0.097
m-OH Donor(i) EDi/e Acceptor(j) EDj/e E®@ kcal/mol E(j)-E(i)/a.u F(i.j)/a.u
n C4-C27 1.97110 n* C7-C9 0.10068 16.25 0.29 0.066
n* C14-C25 0.31180 17.16 0.28 0.063
n* C20-C22 0.38293 22.08 0.28 0.071
n C7-C9 1.83860 n* 03-C6 0.20097 20.35 0.30 0.070
n* C4-C27 0.37425 12.06 0.30 0.057
mnt C8-C18 1.63947 n* 03-C6 0.20097 17.22 0.28 0.064
n* C10-C23 0.32298 19.02 0.28 0.066
n* C12-C16 0.28689 19.45 0.29 0.068
n C10-C23 1.65314 n* C8-C18 0.36581 21.46 0.28 0.070
n* C12-C16 0.28689 17.77 0.29 0.065
n C12-C16 1.65158 n* C8-C18 0.36581 19.50 0.28 0.066
n* C10-C23 0.32298 21.69 0.28 0.070
nt C14-C25 1.69361 n* C4-C27 0.37425 20.61 0.29 0.070
n* C20-C22 0.38293 16.77 0.29 0.063
n C20-C22 1.65027 n* C4-C27 0.37425 17.08 0.30 0.064
n* C14-C25 0.31180 21.22 0.30 0.072
LP (2) 01 1.87841 n* C20-C22 0.38293 26.58 0.36 0.094
LP (2) 03 1.88822 o* C6-C8 0.06548 18.88 0.69 0.103
o* C6-C9 0.05888 18.02 0.70 0.102
p-OH Donor(i) EDi/e Acceptor(j) EDj/e E®@ kcal/mol E(j)-E(i)/a.u F(i.j)/a.u
mnt C4-C13 1.64301 n* C5-C15 0.38628 23.27 0.30 0.075
n* C9-C19 0.28792 15.07 0.30 0.061
1t C5-C15 1.62414 n* C4-C13 0.38565 18.38 0.27 0.062
n* C7-C21 0.12120 18.26 0.30 0.070
n* C9-C19 0.28792 20.84 0.28 0.070
mnt C6-C23 1.63948 n* 01-C3 0.21011 17.08 0.28 0.064
n* C11-C27 0.28864 19.49 0.29 0.068
n* C17-C25 0.32442 19.22 0.28 0.066
n C7-C21 1.83728 n* 01-C3 0.21011 21.06 0.30 0.071
n* C5-C15 0.38628 11.52 0.29 0.055
nt C9-C19 1.71275 n* C4-C13 0.38565 22.37 0.28 0.072
n* C5-C15 0.38628 16.14 0.29 0.063
n C11-C27 1.65204 n* C6-C23 0.36458 21.80 0.25 0.066
n* C17-C25 0.32442 24.32 0.25 0.070
n C17-C25 1.65433 n* C6-C23 0.36458 23.89 0.25 0.070
n* C11-C27 0.28864 19.96 0.26 0.065
LP 2 (01) 1.88850 o* C3-C6 0.06564 18.96 0.69 0.103
o* C3-C7 0.05800 18.55 0.69 0.103
LP 2 (02) 1.86766 n* C4-C13 0.38565 28.67 0.35 0.096
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Conclusion

This paper presents the main findings of quantum
chemical calculations performed on ortho-, meta- and
para-substituted chalcones in order to study the effect of
substitution position on molecular properties. The bond
parameters of the DFT-optimized structures of the
relevant isomers were compared with the data available
in the literature, and the vibrational allocations of the
frequencies were performed by creating theoretical FT-IR
spectra. It was observed that the substitution positions of
the studied OH-substituted chalcones affected their
physicochemical properties and reactivity parameters.
With a polarizability value of 296.193 a.u., it was
determined that the para substitution on the aromatic
ring made the molecule more polarizable. However,
substituent position variation did not create a
considerable distinction in the enthalpy, total energy, and
free energy values. Considering the energy gap values,
which are an important measure in FMO calculations, the
highest values for both vacuum and solvent phases were
obtained for the meta isomer. Accordingly, in gas phase
the chemical reactivity order is predicted as m-OH < p-OH
< 0-OH. According to results of excited state calculations
for the isomers, ortho-OH derivative exhibited maximum
absorption at 378 nm, while energy required for
predominant HOMO -> LUMO electronic transition was
computed as 3.2805 eV. As a result of meta- and para-
substitution, the Amax value was detected to shift towards
slightly lower wavelengths, such as 366.71 and 365.99 nm,
respectively. Natural bond orbital analysis was performed
to peruse the stabilization energies of various
intramolecular interactions of the studied isomers. It is
anticipated that the findings obtained in the present study
will provide the data needed for future studies. Also, the
research outcomes are significant in terms of providing
new insights into the effects of the substitution position.
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