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Objective: Monocarbonyl curcumin (MCC) analogues and those of pyrazole
derivatives were investigated in their structural and electronic features. Method:
Applying the Density Functional Theory (DFT) at B3LYP/6-311G++(d,p) level, it is
examined molecular geometry, electrostatic surface potential (ESP), frontier molecular
orbitals (FMO), and Mulliken charges. Results: Results show that although MCC

Keywords: compounds have a near-planar structure, the pyrazole derivatives develop non-planar
MCC geometries. Electronic absorption spectra, based on TD-DFT, display prominent
pyrazole transitions in UV-visible areas, where compound BPY yielded the lowest transition
DFT energy gap (2.8774 eV) and maximum absorption wavelength ($\lambda_{max}$ =
B3LYP 430.89 nm). Novelty: The results imply the effect of the formation of pyrazole rings on
Vibration electronic delocalization and charge transfer characteristic and provide knowledge for
Mulliken Charges designing more stable and biologically active curcumin-based heterocyclic systems.
HOMO

LUMO

INTRODUCTION

Curcumin (diferuloylmethane), a naturally occurring polyphenolic component
derived from the rhizomes of Curcuma longa, has attracted considerable interest due to
its wide pharmacological activity, including antioxidant, antiviral, anticancer, anti-
inflammatory, and antimicrobial activities [1], [2], [3]. Moreover, curcumin holds
tremendous therapeutic value in neurodegenerative disorders, cardiovascular diseases,
and metabolic syndromes owing to its capacity to regulate various cellular signaling
mechanisms [4], [5]. Although curcumin has several potential biological roles, few of
these are available for clinical or pharmacological applications due to its poor aqueous
solubility, rapid metabolism, low bioavailability, and chemical instability in
physiological conditions [6]. It is believed that the p-diketone moiety in the curcumin
structure predominantly accounts for its instability and rapid degradation in biological
media [7], [8]. For these limitations, a great effort has been done in the synthesis and
design of monocarbonyl curcumin analogues (MACs) (i.e., monocarbonyl linkers,
replacing [B-diketone group) [6], [9]. This structural modification greatly enhances
chemical stability, pharmacokinetic characteristics and biological activity without losing
the conjugated framework responsible for a pharmacological profile of curcumin
derivatives [10], [11]. Diverse biological activities of monocarbonyl curcumin in
antibacterial, anticancer, antioxidant, anti-inflammatory, antimalarial and antitubercular
activities are reported as their derivatives [9], [12]. In addition, the insertion of electron-
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donating or electron-withdrawing substituents in the aromatic rings significantly alters
the electronic distribution, molecular reactivity and biological activity of these
compounds [11], [13]. One of the nitrogen-containing five-membered heterocycles and
one of the most popularly used compounds in the field of medicinal chemistry and
material science are those derivatives of pyrazole [14], [15]. Pyrazole derived compounds
carry arange of biological properties such as: antimicrobial, analgesic, anti-inflammatory,
antioxidant, anticonvulsant or anticancer properties [16], [17]. Due to their favorable
electronic properties and high pharmacological activity, pyrazole analogues are
attractive scaffolds for their use as biologically active compounds [18]. The use of the
pyrazole ring as monocarbonyl curcumin analogues is also successful in enhancing the
molecular stability, biological activity, and electronic delocalization [19], [20]. Pyrazole
formation due to cyclization alters the conjugated electronic system and influence the
molecular geometry, charge transfer relations and optical behavior of the obtained
derivatives [21], [22]. As a result, pyrazole-functionalized monocarbonyl curcumin
compounds possess more robust cytotoxic, antioxidant and spectroscopic activities than
their original kinetics counterparts [23]. According to this view, DFT calculations offer
robust and reliable computational methods for chemical evolution of organic and
heterocyclic compounds [24], [25] in the past years. DFT methods are able to yield
theoretical data on optimized molecular geometry, total energy, dipole moment,
vibrational frequencies, molecular electrostatic potential, frontier molecular orbitals as
well as many other variables [26], [27]. Frontier molecular orbitals, especially the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO),
are a major class of molecular stability, chemical reactivity, intramolecular charge
transfer, and non-linear optical property characterization [28], [29]. The energy gap of
HOMO-LUMO is often used as an indicator of kinetic stability and electronic excitation
characteristics of molecular systems [30]. Furthermore, Mulliken atomic charge analysis
has been utilized for prediction of charge distribution and selection of electron-rich and
electron deficient area in the molecules that are significant in intermolecular interactions
and biological activity [31], [32]. Likewise, theoretical vibration spectral calculations
using DFT methodologies offer an accurate corroboration for direct assignment and
interpretation of FT-IR and Raman spectra [33]. Accordingly, our objective in this paper
is the theoretical DFT evaluation of monocarbonyl curcumin compounds (A, B, C, and D)
and pyrazole derivatives (APY, BPY, CPY, and DPY) (Figure 1) to appraise their
molecular structures and electronic characteristics, vibrational spectra, as well as
Mulliken charge distributions. The theoretical conclusions obtained by combining these
results should provide more detailed indications about the structure-property linkages
and physicochemical behaviour of these biologically important heterocyclic systems.
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Figure 1. The 2D structure of studied compounds

RESEARCH METHOD

The structures of the studied compounds are presented in GaussView 6. For
geometry optimization and frequency calculations, Gaussian 09 [34] was used to
implement geometrical optimization and frequency calculation in the gas phase. Density
functional theory (DFT) [13] and the Becke-style three-parameter functional with Lee-
Yang-Parr exchange-correlation functional (B3LYP) method [35] were used to optimize
the structures of MCC and pyrazole compounds. 6-311G++(d,p) was employed for
atomic orbitals. Frequency calculations were performed after geometry optimizations,
and no imaginary frequency was found. EHOMO and ELUMO are found as the frontier
molecular orbital energies by using the same level of study.

RESULTS AND DISCUSSION
The geometric structure Analysis

The electronic character and physicochemical properties of attached substituents
can have a significant influence on the geometry and physicochemistry of the synthesized
compounds, such as charge distributions, dipole moments, the energy gap (AE) between
frontier molecular orbitals (FMOs), and their overall molecular stability. The electronic
effect of substituents on reaction mechanism and rate is significantly determined by
dipole moment, molecular polarity, and optimized geometry [36]. In this paper, we
utilize the density functional theory (DFT) applied at the B3LYP level with the 6-
311G++(d,p) basis set in the gas phase to obtain the optimized geometric structures of the
studied molecules. The analytical results demonstrated that all the MCC compounds
were classified with respect to molecular structure of close to planar characters and that
the pyrazole compounds are not planar. However, differences to the planar structure
were observed with different ketone structure of the MCC derivatives. The optimal
shapes of the investigated molecules are shown in Figure 2.
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MCC

Figure 2. The 3D structures of MCC and pyrazole compounds.

Analyzing the electrostatic surface potential.

ESP mapping illustrates the electron-rich (negative) and electron-poor (positive)
regions of molecules (Figure 3). The red areas correspond to high electron density, while
the blue areas correspond to electron-deficient regions [37], [38], [39]. Compounds A-D
exhibit considerable variations in MEP measurement electron distribution,
fundamentally influencing their NLO and biological properties. Compound A has a
symmetric MEP that gives a strong negative carbonyl oxygen and moderately positive -
protons, leaving a weak donor-acceptor polarization, thus with weak ICT. Compound B
demonstrates a higher electrostatic asymmetry, which can promote charge separation
relative to compound A, and compound C presents a diffuse and weakly polarized MEP
owing to the chair conformation of cyclohexanone, so that the aromatic rings are distorted
from planarity and therefore impair charge separation. In compound C, where only
positively and negatively interspersed regions overlap, a lower dipole moment occurs
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and inhibits the ICT, thus generating weak NLO and also low biological activity.
Compound D possesses an optimal electrostatic composition with very strong negative
piperidine nitrogen and carbonyl oxygen atoms being located well away from the
positive (aliphatic) regions. The donor-m-acceptor configuration gives the highest
possible charge separation, and the highest potential difference. MCC compounds, as
pyrazole derivatives, have a chemical composition that includes electron density
redistribution with the replacement of the carbonyl by C=N moiety. APY retains
molecular planarity and ICT by extending conjugation, resulting in large
hyperpolarizability with similar effects to compound D. BPY is characterized by reduced
NLO due to electrostatic clutter and ring fusions that may have an effect on orbital
alignment. CPY features the lowest donor-acceptor separation and the most diffuse MEP
with the lowest hyperpolarizability and low biological activity. DPY has a semi-donor
character but weakened conjugation continuity and acceptor strength, which further
reduces NLO response and binding affinity. Overall, relatively strong NLO functions and
biological functions are responsible for good donor-acceptor separation and molecular
planarity, plus prolonged m-conjugation, and are exhibited predominantly for
compounds D and APY.

Figure 3. The ESP diagram of studied compounds (A, B, C, D, APY, BPY, CPY, and
DPY) at the DFT/B3LYP level of theory with the bases set to 6-311G++(d,p).
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Mulliken atomic charge analyses for the studied compounds.

The Mulliken atomic charge analysis detected large electron-density redistribution
of the monocarbonyl curcumin compounds and their pyrazole derivatives [40, 41]. For
the compound A, the largest positive charges were found at C4 (+1.5237) and C21
(+1.3767) and the lowest were found at C22 (-0.8988) and C3 (-0.8536). The subsequent
addition of pyrazole in APY balanced the charge distribution, making C4 (+1.3012) more
positive in center position and C24 (—0.8688) the more negative site. In compounds B, C,
and D, the oxygen atoms had the greatest number of negative charge (O34 (-0.5354) in B,
037 (-0.5376) in C, and O30 (-0.5369) in D), indicating an extremely electron rich
character (Figure 4). The pyrazole nitrogen atoms of the pyrazole derivatives BPY, CPY,
and DPY were the most negative-charged N28 (-0.6571), N48 (—0.6164) and N25
(—0.6127), while positive charges were found predominantly on the carbon atoms and
included C34 (+0.3679), C54 (+0.3223) and C40 (+0.3204) (Figure 5). In general, Mulliken
charge information reveals that the oxygen and nitrogen heteroatoms are the
predominant electron rich centers in all species to be studied and only several other
carbon atoms in conjugated systems are positively polarized. The addition of pyrazole
rings generally facilitated charge separation and led to electron delocalization suggesting
that heterocyclic substitution exerted a strong effect on the electronic characteristics of
the monocarbonyl curcumin compounds.
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Figure 4. The atomic charge distribution according to Mulliken of MCC compounds ( A,
B, C, and D)
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Figure 5. The atomic charge distribution according to Mulliken of Pyrazol MCC
derivative (APY, BPY, CPY, and DPY).

Theoretical electronic absorption spectra of studied compounds
The time-dependent self-consistent field (TD-SCF) technique was used to evaluate
the electronic spectra for B, C, BPY, and CPY compounds at the B3LYP/6-311G++ (d,p)
theoretical level in ethanol to estimate the singlet excited states. The calculated excitation
states, their oscillator strengths (f) , and the measured electronic spectra for the
analyzed compounds are shown in Table 1. The predicted absorption spectra obtained
from the studied compounds have been shown in Figure 6. The electron transfer between
HOMO and LUMO energy levels takes into consideration not only the transition energy,
(AE) , but also the strength of the oscillator {f) . Most electronic transitions took place
between the elevated HOMO levels and the lowered LUMO level, due to a small
transition energy, (AE) , between these two levels. Similarly, the {f) value indicated
a highly significant probability of these transitions occurring. The system is unsaturated
due to its properties, and thus there is a high correlation among n-i* transitions, resulting
in an increased probability of active charge transfer. The TD-DFT of B, C, BPY and CPY
exhibited notable electronic transitions at visible and ultraviolet regions. In addition,
compound BPY showed the greatest absorption wavelength (Amax = 430.89 nm) and the
lowest transition energy gap (2.8774 eV) corresponding to enhanced electronic
delocalization and enhanced intramolecular charge transfer across the molecular
structure. Compounds B and C exhibited absorption bands close to 416.97 and 414.32 nm,
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respectively, which were attributed to the HOMO—LUMO transition, yielding values
above 88%, supporting the dominant m—m* electronic excitation as their high oscillator
strength (f) values indicated. Weak transitions were also observed for these compounds
during excitation from H-1 and H-2 orbitals to the LUMO or from HOMO to LUMO+1,
which suggested that more than one molecular orbital was involved in the higher excited
state. Compound CPY showed a blue shift with the shorter wavelength (396.69 nm) in
comparison with BPY with an energy gap of 3.1254 eV, likely due to a reduced
conjugation efficiency in comparison to BPY. Relative high oscillator strength values
reported for each B, C, BPY and CPY compound indicate good electronic absorption
behaviour and also that an efficient electronic transition was realized in the conjugated
system. It was found that a pyrazole moiety added showed the electronic structure and
spectral response of them were adjusted, revealing the important structural modification
in tuning the optoelectronic properties of the studied compounds.
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Figure 6. The theoretical electronic spectra of B, C, BPY and CPY compounds

The frontier molecular orbitals (FMO) analysis

Frontier molecular orbital (FMO) analysis was applied to compounds A, B, C, D
and their pyrazole derivatives APY, BPY, CPY, and DPY based on the measured HOMO
and LUMO energy values in order to analyze the electronic characteristics, the charge
transfer modes, and the chemical reactive properties. The measured HOMO energies of
compounds A, B, C and D were —0.2226, —0.2134, —0.2195 and —0.2215 a.u., respectively,
as were LUMO energies of —0.0998, —0.0846, —0.0931 and —0.0948 a.u.; respectively the
energy gap (AE = ELUMO — EHOMO) was 0.1227, 0.1287, 0.1263 and 0.1267 a.u ( Figure
7). Compound A shows the lowest energy gap, reflecting higher chemical reactivity and
easier intramolecular charge transfer than the other monocarbonyl curcumin analogues;
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in contrast, compound B has the highest HOMO energy and larger energy gap, indicating
relatively lower electronic softness and higher kinetic stability. For the pyrazole
derivatives APY, BPY, CPY, and DPY, which were determined to have HOMO energies
-0.1941, -0.1789, —0.1950, and —0.1843 a.u. respectively, compared to the energy gap for
LUMO energies —0.0629, —0.0627, —0.0609, and —0.0557 a.u. In relation to pyrazole
derivatives, BPY exhibited the lowest AE value (0.1162 a.u.), reflecting higher electronic
delocalization, more favorable softness, and improved rate of charge transfer. In contrast,
CPY was found to have the highest energy gap (0.1341 a.u.) (Figure 8), which indicates
increased stability and reduced chemical reactivity. The distributions of HOMO of most
compounds were found to be predominantly on the bound regions of the conjugated m-
system and aromatic rings which would be considered the electron donating site. In
contrast, the LUMO orbitals were oriented along electron-accepting conjugated
fragments, indicating that electronics are mostly linked to m—m* transitions of internal
electron transfer. The orbitals of the pyrazole derivatives show that with the inclusion of
the pyrazole moiety electronic structure undergoes significant changes and the power
exchange within the molecules increases. The smaller the gap of energy between the two
HOMO-LUMO, the higher the polarizability, the lower the excitation energy and the
better the chance of having an electronic transition. Thus, compounds A and BPY might
show higher electronic and optical activity with their lower AE properties. On the other
hand, larger band gap compounds like CPY are predicted to have increased stability and
decreased reactivity. The FMO results demonstrate clearly that the functional structure
modification by pyrazole ring formation can lead to significantly different electronic
properties for the investigated compounds and regulate the reactivity and intramolecular
charge-transfer properties of the studied compounds.
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Figure 7. Frontier molecular orbital (FMO) of A, B, C, and D MCC compounds
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Figure 8. Frontier molecular orbital (FMO) of APY, BPY, CPY, and DPY MCC
derivatives

Table 1. Theoretical band maxima and intensities and transition levels of studied
compounds by using B3LYP/6-311G++(d,p).

Transition
Calculated energy gap e
Compound Amax (nm) (V) f Contributions
2.9735 1.3856 H->L (99.8 %)
B 416.97 3.1426 0.0011 H-2->L (94.3%), H-1->L
394.53 3.446 0.0553  (3.792%)
357.8 H-2->L (3.83%), H-1 ->
L(93.34%) , H-> L+1(2.44%)
c 41432 2,992 1.178 E; ~ II: %g'gg;’;' PII{'ZLL(SSJ”’)
397.6 3.117 0.201 (ﬁ 3'2?) (86.32%) , H-
366.5 3.382 0.0049 H-1 > L (97.91%)
R TR
BPY 314.95 3937 00006 112> L (8:569%) H-1->

L(87.62%)
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Transition
Calculated energy gap S
Compound Amax (nm) (V) f Contributions
H-2 ->L (3.97%), H->
L+1(94.39%)
H->L (9898 %)
CPY 396.69 3.1254 0.8398 H-1->L (4.68%), H->L+1

307.84 4.0276 0.0001  (93.24%)

304.09 4.0276 0.3148 H-2->L (6.33%), H-1 ->
L(80.95%) , H -> L+1(4.45%)

CONCLUSION

Fundamental Finding:

a. The molecular geometry of MCC was well established from its structure analysis
where MCC compounds had approximately planar structure for geometry
optimization, but if pyrazoles were added a non-planar arrangement can arise.

b. Mulliken charge identification and ESP mapping indicated that oxygen and
nitrogen heteroatoms are the main electron-rich centers.

c. Pyrazole replacement helps to better separate the charge and delocalize electrons.

d. Alower energy gap than MCCs, reflected on the basis of frontier molecular orbital
analysis, suggests higher chemical reactivity.

e. BPY exhibits the best electronic softness and intramolecular charge transfer
efficiency among pyrazole derivatives.

Electronic transitions dominated by m-ii* excitations, TD-DFT calculations.

g. Structural modifications, including addition of the pyrazole moiety, are successful

in tuning optoelectronic response and absorption wavelengths.
Implication:

a. Modulation of the functional structure with the generation of ring structures from
the pyrazole product plays a powerful role in controlling the reactivity, stability,
and intramolecular charge transfer properties of monocarbonyl curcumin
analogues.

b. The study provides guidance for designing more stable and biologically active
curcumin-based heterocyclic systems.

c. Improved charge separation and delocalization can enhance chemical reactivity
and optical properties for practical applications.

Limitation:

a. No explicit experimental validation is presented; the study relies on theoretical

DFT and TD-DFT calculations.
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b. Structural modifications and their effects are limited to the investigated MCC and
pyrazole derivatives; generalization to other analogues is not confirmed.

c. Availability of data is conditional, as datasets require request from the
corresponding author.

Future Research:

a. Experimental synthesis and validation of pyrazole-substituted MCC compounds
to confirm theoretical predictions.

b. Investigation of other heterocyclic modifications to explore broader structure-
property relationships.

c. Study of practical applications in optoelectronic devices or biological systems
based on the tuned properties of these compounds.
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