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ABSTRACT

Preparation, characterization, and investigation of a novel organic charge transfer (CT) complex were
carried out, with a focus on exploring its antibacterial and antifungal characteristics. Theoretical ana-
lysis backs up the experimental findings. CT complex formed was synthesized between 8-hydroxyqui-
noline (8HQ) and oxalic acid (OA) at RT (room temperature). Different analyses were used to describe
the CT complex, including "H-NMR, FTIR, TGA/DTA, and UV-vis spectra (in different solvents). These
indicate that the CT interaction is linked to proton transfer from OA to 8HQ and the subsequent
development of ‘N*—H 0™ type bonding. On the basis of wave number, the CT complex and reac-
tants are distinguished in FTIR spectra. By using Thermo gravimetric Analysis/Differential Thermal
Analysis (TGA/DTA) tests, the thermal stability of complicated and thorough corrosion was examined.
Through UV-visible spectroscopy, physical characteristics like Ecr (interaction energy), Ry (resonance
energy), Ip (ionization potential), f (oscillator strength) and AG (free energy) were calculated. The &ct
(molar extinction coefficient), the Kcr (formation constant), and additional physical properties of this
complex were calculated by the Benesi-Hildebrand equation in order to determine its 1:1 stoichiom-
etry. The biological properties are also supported by theoretical study. The protein, Human Serum
Albumin (HSA), is observed to bind with CT complex, as shown by molecular docking and the
observed binding energy value is —167.04 kcal/mol. Molecular dynamics (MD) simulation 100ns run
was used to refine docking results and binding free energy was calculated using MM-PBSA. This study
introduces a novel CT complex, offering fresh perspectives on molecular interactions.
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1. Introduction et al, 1998). Charge transfer complexes find wide-ranging
applications in diverse fields, including surface chemistry
(Andrade et al, 2000), photocatalysis (Bhattacharya, 2007),
optoelectronics (Coleman et al, 1973; Khan et al, 2011;
Sathya et al.,, 2018; Singh et al., 2015), dendrimers (Jakubiak
et al., 2000), biosensors (Kahveci et al., 2017; Li et al, 2013),
and chemosensors (Khan & Shakya, 2019; Shakya et al., 2020;
Zhang et al., 2017; 2018). Notably, they have gained promin-

ence in biological systems, particularly in antibacterial activ-

In instances of partial charge transfer (CT) from an electron
source to an electron acceptor molecule, a CT complex is
formed by the interaction of these two molecules. The result-
ing electrostatic attraction plays a pivotal role in stabilizing
this complex, albeit being of non-chemical nature, and exhib-
iting weak binding. The stability of these complexes is pre-
dominantly conferred by hydrogen bonding (Khan et al,

2020; 2020; 2021; Oswald et al., 2005). These complexes are
notably characterized by their vivid coloration, a feature con-
tingent on the interaction between the Lowest Unoccupied
Molecular Orbital (LUMO) of the acceptor and the Highest
Occupied Molecular Orbital (HOMO) of the donor (Hamed

ities, protein/DNA binding (Khan et al, 2013; 2020; 2022;
Khan & Ahmad, 2010), anti-fungal and antimicrobial activities
(AlRabiah et al., 2019; Khan et al.,, 2017), insecticides, antitu-
mor properties, ion transfer across lipophilic membranes
(Gutmann et al.,, 1997; Kidwai et al., 2003), and drug-receptor
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binding mechanisms (Adam, 2012; Adam et al,, 2019; Islam
et al.,, 2022). The origin of CT complex molecules lies in weak
molecular interactions, a concept initially introduced by
Mulliken (Mulliken, 1950; Mulliken & Pearson, 1969), exten-
sively investigated later by Foster (Foster, 1969), and further
expanded upon by Pauling through the incorporation of
hydrogen bonding principles (Pauling, 1960).

8-hydroxyquinoline, an aromatic heterocyclic compound,
belongs to a class of compounds characterized by a conju-
gated system of both m- and n-electrons. Theoretically, this
system has the potential to generate two distinct forms of
charge-transfer complexes. The charge-transfer complexes of
8-hydroxyquinoline are particularly intriguing due to their
ability to shed light on the interaction between p- and n-
donor sites with various acceptors. The study of these
charge-transfer interactions can significantly contribute to
our understanding of a diverse array of chemical and bio-
logical phenomena. Moreover, it is well-established that 8-
hydroxyquinoline can form hydrogen-bonded structures akin
to the base-pairing process observed in RNA and DNA, and it
also exists in multiple tautomeric forms (Albert & Phillips,
1956; Forlani et al., 2002; Frank & Katritzky, 1976; Hammes &
Lillford, 1970). Extensive research has been conducted on
charge transfer complexes of 8-hydroxyquinoline, encom-
passing its interactions with various acceptors such as 1,4-
benzoquinone (Ibrahim, 2011), Citric Acid (Jado et al., 2014),
DDQ (Naveen et al., 2016), p-Nitrophenol (Khan et al., 2009),
and p-chloranil (Popov & Litvinov, 1979). Additionally, studies
have been conducted on the charge transfer complex of
Oxalic Acid with Imidazole (Khan et al., 2019) and 2,6-diami-
nopyridine (Khan et al., 2018). Various medications that dem-
onstrate the capacity to engage in charge-transfer
phenomena have been analyzed using Oxalic Acid (OA). The
interaction between medicinal chemicals and the electron
acceptor culminates in the formation of a highly colored
charge-transfer complex that primarily absorbs radiation
within the visual spectrum.

The binding of small molecules, known as ligands, to pro-
teins in the bloodstream serves as a valuable means to eluci-
date the effects and behaviors of these ligands upon
entering the circulatory system. The interaction between
serum proteins and ligands plays a pivotal role in enhancing
protein solubility. Human serum albumin (HSA), the most
prevalent protein in blood plasma, constitutes approximately
60% of the total plasma protein. HSA serves as a crucial car-
rier for drugs, fatty acids, hormones, vitamins, and various
other molecules (Khan et al., 2020). Numerous studies have
been conducted to explore the binding interactions of ligand
molecules with HSA, consistently indicating their propensity
to bind to specific sites, namely sites | and Il on the HSA pro-
tein (Khan et al., 2020).

In the present study, a novel charge transfer complex has
been synthesized employing methanol as the solvent in a
1:1 molar ratio between 8-hydroxyquinoline and oxalic acid.
The stability and stoichiometry of this charge transfer com-
plex have been evaluated utilizing the straight-line method
and the Benesi-Hildebrand method. Furthermore, the com-
plex has been comprehensively characterized through FTIR,

UV-Visible spectroscopy, 'H-NMR, TGA/DTA, and PXRD analy-
ses. Parameters including Kt (stability constant), € (absorp-
tivity coefficient), AG° (Gibbs free energy), Ry (resonance
energy), and other thermodynamic parameters have also
been determined. Antibacterial and antifungal activities were
explored for the synthesized CT complex and to further
explore its drug activity theoretical method (Molecular dock-
ing) is used to study the interaction between CT complex
and HSA. Additionally, molecular dynamics (MD) simulations
of the protein in the presence and absence of the ligand
were conducted over a period of 100ns at 300K, supple-
mented by MM-PBSA calculations to gain insights into the
interactions. Binding free energy calculations further support
its pharmaceutical potential.

2. Experimental
2.1. Materials required

Analytical grade of 8 -hydroxyquinoline (CgH;NO) (Merck,
purity >99%), and Oxalic acid (C,H,04 (Fisher Scientific, pur-
ity > 99%) were used for the synthesis of the complex.
Methanol (CHD, purity >99%) Acetone (CHD, purity > 99%),
and Distilled water (Laboratory prepared) was used as solv-
ent without doing several more purification.

2.2. Synthesis of charge transfer complex

A concentrated solution of 8-hydroxyquinoline (0.190gm,
2mmol) and oxalic acid (0.276 gm, 2 mmol) in methanol was
combined to create CT complex (Fig. S1). For two hours, the
mixture is stirred at room temperature. As a yellow-colored
ppt, the CT complex forms. Using Whattman filter paper, the
CT complex is filtered, washed with a small quantity of
acetonitrile, and dried under vacuum in a desiccator.

2.3. Standard stock solution preparation

The donor, 8-hydroxyquinoline, was dissolved in a 25ml
volumetric flask using methanol as solvent to dissolve
0.0238g of it at a 107> M concentration to create the stand-
ard stock solution. By diluting the stock solution in a 25ml
flask, several concentration solutions (1x10™* M to
35x107* M) are created. Oxalic acid was used as the
acceptor, and 0.0345g of OA was dissolved in a 25 ml volu-
metric flask using methanol and acetone as the solvents to
create the standard stock solution at 1072 M. The stock solu-
tion of the acceptor was diluted in a 25 ml flask to create a
107 M solution. Diverse solvents were used in a similar
method.

2.4. Instrumentation

2.4.1. FT-IR spectroscopy

Fourier-transfer infrared spectra (FTIR) for 8HQ, OA, and syn-
thesized complex were achieved using a Perkin Elmer spec-
trometer-version10.03.09 (Kyoto, Japan) through the KBr disc
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method. The spectra were collected in the range 400-
4000cm™".

2.4.2. "H-NMR study. "H NMR (Proton NMR) experiments
were carried out at 298K in a JEOL JNM ECZ4000S/
L1400 MHz spectrometer (Saudi Arabia) and the values are
described as chemical shift (5, ppm). Deuterated chloroform
(CDCl3) was used as a reference solvent.

2.4.3. UV-vis spectra

Using a Perkin Elmer Lambda- Perkin Elmer Lambda-365,
Serial Number-365K9011403, Operating Range 190-1100 nm,
Interface-Tungsten-halogen and Deuterium, Made in Korea
was used to study the UV-vis spectra of the 8-hydroxyquino-
line, Oxalic acid, and CT complex between 200 and 700 nm
at various concentrations. The spectrophotometer has all
optical parts and two detectors are included, which have a
dimension of 30 x 20cm. A UV-LED lamp with a continuous
light source of 280 nm was passed directly through the sam-
ples in order to minimize the loss of light, and the reduced
light source was sent to a 1 x 2 fiber coupler.

2.4.4. TGA/DTA analysis

Using an EXSTAR TGA/DTA 6300 modal equipment with a
heating rate of 20°C/min and a nitrogen environment, TGA
and DTA of 8-hydroxyquinoline, Oxalic acid, and CT complex
were obtained.

2.4.5. Spectrophotometric analysis

To create the stable CT complex, 3 mL of each solution of oxalic
acid and 8-hydroxyquinoline were combined in a 1:1 ratio and
kept overnight at room temperature. The absorbance of the
obtained solution was calculated. Spectrophotometric analysis
(Perkin  Elmer Lambda-365, Serial Number-365K9011403,
Operating Range 190-1100 nm, Interface-Tungsten-halogen and
Deuterium, Made in Korea) was used to determine the novel
complex’s peak wavelength.

2.5. Antimicrobial activities

2.5.1. Antibacterial studies

Through the disc diffusion approach, in-vitro antibacterial
tests against Staphylococcus aureus, Escherichia coli, and
Bacillus subtilis were created for the CT complex (Cruickshank
et al,, 1995). Bacterial growth was achieved using nutrient
agar. Muller Hinton broth, cultured for 18 h at roughly 37°C,
was utilized in 10 ml of the inoculum solution to standardize
the suspension. For the culture to be adjusted to 105 CFU/
ml, sterile saline solution was utilized. Different concentra-
tions of solutions, including 0.125, 0.25, 0.5, and 1.0 mg/ml of
CT complex, were made, and they significantly inhibited the
development of bacterial strains. An agar plate with the
required concentration was added, and the zone of inhib-
ition was looked for after 24 h of incubation at 37 0.5°C. The
subsequent comparison of the observed effect was made
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with gentamicin (a common antibiotic) at a concentration of
1 mg/ml.

2.5.2. Antifungal studies

By using the agar disc diffusion method, the synthesized CT
complex was also employed to treat Aspergillusniger,
Fusariumoxysporum, and Candida albicans in DMSO. Solutions
of CT complex were produced at several concentrations
(0.125, 0.25, 0.5, and 1.0 mg/ml) to increase activity. The zone
of inhibition (mm) was measured to evaluate the antifungal
activity.

2.6. Molecular docking investigation

For docking analysiss, HEX 8.0 software (Ritche &
Venkataraman, 2010) was employed. Through the online PDB
(Protein Data Bank), the structure of the Human Serum
Albumin (HSA) with PDB ID 1E78 was discovered. HSA was
prepared by removing native ligands, water molecules, and
adding polar hydrogen and Kollman charges through
Discovery Studio (DS) Visualizer. For docking, Grid: 52x70x86
was used. Chimaera software was used to visualize the
docked pose. Overall docking experiment was run on proces-
sor (Intel(R) Core(TM) i5-4200U CPU @1.60GHz 2.10GHz
2.30 GHz, 64 bit).

2.7. Molecular dynamics simulation (MDS)

Molecular Dynamics Simulation (MDS) plays a pivotal role in
investigating how the receptor undergoes structural changes
in response to interactions with small compounds over time.
Our analysis employed the GROMACS software package, ver-
sion 2019.2, utilizing the GROMOS96 43a1 force field.
CHARMM-GUI facilitated the generation of parameter files
and topology, integrating the latest CGenFF version
(Vanommeslaeghe et al., 2010; Yu et al., 2012).

The optimal protein-ligand complex selected after molecu-
lar docking and unbounded protein was subsequently sub-
jected to MDS investigations. To mimic physiological
conditions and achieve system neutrality, we introduced
58Na™ and 64 Cl ions, equivalent to a physiological salt con-
centration of 0.15M, into the solvated system, enclosed within
a triclinic box and using the SPC water model (Fig. S2)
(Jorgensen et al, 1983). Our simulation adopted periodic
boundary conditions under constant pressure (1.0bar) and
temperature (300K) for a duration of 100ns, employing a
Leap-frog MD integrator during both the NPT and NVT equili-
bration phases (Allen & Tildesley, 1987; Essmann et al.,, 1995).
Key structural parameters, including hydrogen bonding, gyr-
ation radius, solvent-accessible surface area, root mean square
fluctuations (RMSF), and root mean square deviation (RMSD),
were analyzed using the gmxhbond, gmx gyrate, gmxsasa,
gmxrmsf, and gmxrms tools (Steinbach & Brooks, 1994). Data
visualization and plots were generated using Grace Software,
with PyMol/VMD assisting in the visualization of the results
(DeLano, 2002; Humphrey et al., 1996).
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2.8. Binding free energy calculation using MM-PBSA

We employed the molecular mechanics Poisson-Boltzmann
surface area (MM-PBSA) method to compute the binding free
energies of the protein-ligand complexes. Specifically, we uti-
lized the stable 40 ns trajectories identified through the root
mean square deviation (RMSD) analysis. To enhance our
understanding of the structure-function relationship, we
selected frames at intervals of 200 ps, thus encompassing a
diverse range of trajectories and conformational states.

In the single trajectory approach, the following equation
represents the full process:

AGBinding = GCompIex_(GReceptor + GLigand)
AGMM—PBSA = EvdW + Eele + Glpolar + Gnonpolar

The Gcomplex represents the total MM-PBSA energy of the
protein-ligand complex, GreceptorandGyiganacorrespond to the
total solution free energies of the isolated receptor and lig-
and, respectively. The A Gmm-pssa Value of the protein-ligand
complex was determined from the sum of gas-phase electro-
static energy (Eqie), van der Waals (Eyqw), polar (Gpolar), and
nonpolar (Ghonpolar) COMponents (Lee et al., 2015).

3. Result and discussion
3.1. Comparative studies of FTIR

The FTIR spectra were determined using a frequency range
of 4500-500cm™". By comparing FTIR spectra of the donor
and acceptor, the formation of [(8-HQ)"(OX)] complex was
confirmed. As the donor and acceptor bands have been
observed at various frequency regions, the strong band’s
appearance in the newly created CT complex is in various
locations, showing the growth of CT complex. The intensity
of spectra changes when the symmetry and electrical struc-
ture of CT complex creation change. The donor, acceptor,
and CT complex FTIR spectra are shown in Fig. S3, and Table
1 lists the observed frequencies. In the FTIR spectra of CT
complex, a broad band of v(OH) was observed at 3386cm™",
whereas a broad band of v(OH) was observed 3486cm™" for
the free OH(COOH) of acceptor (Oxalic Acid) and at
3469cm™' peak appeared for donor (8-hydroxyquinoline).
The FTIR spectra for Ar-C-H stretching appeared at 2874 for
CT complex, whereas it was observed at 2849 cm™! for donor
molecule. It is anticipated that the proton transfer-related
stretching vibration v(O'-H-N"), depicted in Scheme 1, will
be present at the vibrational peak for the growth of the CT
complex, measured at 3051 cm™". This connection, O'-H-N",
demonstrates that OA and 8HQ formed a brand-new com-
plex. This link, which results from the passage of an electron
from the donor nitrogen to the acceptor hydrogen, shows
that hydrogen bonds are often weak. The strong peak was
seen at 1691 cm™' of C=0 for oxalic acid, which was absent
in the FTIR spectra of CT complex, hence, confirming the for-
mation of CT complex through hydrogen transfer from oxalic
acid to 8-hydroxyquinoline. The C=C stretching for donor
molecule was observed at 1440cm™' for donor molecule,
whereas it appeared at 1467 cm™' for CT complex. The peak

Table 1. FT-IR spectral band assignments (cm™) of OX and 8-HQ, and CT
complex.

Compound Frequency (cm™) Assignments
Oxalic Acid 3486 O-H str
1691 >C=0
1630 C-C str
1348, 1256 >C-0
1195 O-H bend
1087,986 C-O waggassym
878,777 O-H torr
734,699 C-C wagg
8- Hydroxyquimoline 3466 Ar-OH
2849 Ar-C-H str
2651 =C-H out of plane
1689 C=N medium
1440 C=Cinring
1344 C-N
1247 C-H in plane bending
1122 C-H out of plane
719 O-H torr, C-O wagg
CT complex 3386 O-H str.
3051,2935 ArO™- - -H-N*
2874 Ar-C-H str
2772 =C-H out of plane
1704 C=N medium, >C=0
1604 C-C str
1541 C=Cinring
1467 C-N
1398 >C-O str
1292 C-H in plane bending
1092 C-H out of plane
750,719 C-C Wagg, O-torr

for C-C and C-O was also shifted in the IR spectra of CT com-
plex, indicating the complexation of CT complex.

3.2. CT spectra studies

The UV-absorbance spectra 8-hydroxyquinoline, oxalic acid
(1 x 107%), and their 1:1 mixture (CT complex) was shown in
Figure 1. The Anax Value of the synthesized complex was
observed at 316nm, 230nm in acetone and methanol,
respectively. When the donor and acceptor solutions were
mixed, a noticeable color change occurred, accompanied by
the appearance of a novel charge transfer absorption peak,
which was not observed in either the acceptor or donor sol-
utions individually, thus confirming the complexation of CT
complex between 8-hydroxyquinoline and oxalic acid.
Absorption Band intensity of CT complex was observed is
shown in Table 2. The CT spectra of the complex in different
solvents are exposed in Figure 1. The Absorption band of CT
complex is studied by using The Gaussian function-

Where x=wavelength and y =absorption. Outcomes that
were obtained using Gaussian function for all the solutions
are shown in Table 4. Wavelength at maximum absorption
(Act = xc) are shown in Table 4. Due to a change in the
structure of the CT complex, it can be seen that the A, of
the CT complex is exactly proportional to the polarity of the
solvent. The K¢t (stability constant) and ect (molar absorptiv-
ity constant), which are given by the following equation,
have been obtained using the Benesi Hildebrand equation.

y=y"+
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Figure 1. Electronic absorption spectra of acceptor-donor complex (1 x 10™* M+ 1 x 107* M) in (a) methanol and (b) acetone, at room temperature.

Al 1 11

A o KG'ECT [D]O ecr

Where [A]p and [D]o, respectively, represent the starting
concentrations of oxalic acid and 8-hydroxyquinoline. A
is absorbance of CT complex at Acr in the reference
solvent, and the extinction coefficient ecr. The donor

between
mixtures,

8-hydroxyquinoline concentration was changed
1x107* M and 3x10™* M in several reaction
while the acceptor oxalic acid concentration was kept con-
stant at 1 x 10™* M in each reaction mixture. Only when the
acceptor concentration is greater than the donor concentra-
tion or the opposite of it will this equation be true.
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Table 2. At room temperature, absorption data for spectrophotometric determination of stoichiometries, absorption maxima (Acy), formation constants (Kcy),

and molar extinction coefficients (ecr) of the CT complex.

Concentration Concentration of Absorbance at Formation Molar extinction
of donor (M) acceptor (M) Act (nm) constant (Kcp)/ mol™ coefficient (gcr)/ cm™'mol™
In ethanol 1 %10 At 230 nm 3.54X 10* 2.17 X 10*
15x10™ 1421
20x10™ 1.567
2.5%x 10" 1.623
3.0x 10" 1.721
3.5x 10" 1.863
40x10" 2012
In methanol At 218 nm
15x 10 1x10* 1.562 3.00X 10* 2.09X 10*
20x 10" 1.691
25x10™ 1.785
3.0x 10" 1.723
3.5%x10™ 1.856
40x10™ 1.910
Table 3. Spectral and physical data of the CT complex.
Free
Wavelength loniozation Resonance Energy of Interaction  Oscillator strength energy Correlation
System Aer (nm) potential Ip(eV) energy Ry (Ect)(eV) fx 102 —AG(kj mol — 1) coefficient (r)
Methanol 230 12.49 0.86 0.86 0.096 23.46 0.9785
Acetone 316 11.06 1.23 5.59 0.112 23.13 0.9878
Table 4. Gaussian curve assessment for CT spectra of 8-HQ with OX in various solvents.
System Area of the curve (A) Width of the curve (w) Centre of the curve x, Yo
Acetone 187.35257 + 8.65721 59.0236 + 2.69421 316.021+ 1.51804 0.02825 +0.01285
Methanol 102.74018 +2.52853 38.1432+1.07751 230.14623 + 0.48455 0.3855+0.01036
0.000068 3.2.1. lonization potential of donor
el il s Aloisi and Pignatoro’s empirical equation, which is shown
0.000066 41 o (In Methanol) g p q . . .
N below, was used to calculate the ionization potential (Khan
) et al., 2022; Lee et al., 2015).
0.000062 4 4
= 5. 53 x 107
o] Io(eV) = 5.76 + 1.53 x 10™*vcr
= 0.000058 - Ip stands for ionization potential of the 8HQ molecule,
- — while ver stands for wave numbers in cm™' in a different
— solvent. The calculated ionization potential value is shown in
' Table 3. The ionization potential of CT complex increases as
— the polarity of the solvent decreases.
oowow T T T T T T T T
3000 4000 5000 6000 7000 8000 9000 10000
v[D],

Figure 2. Benesi-Hildebrand plots of the charge transfer complex of 8-HQ (8-
hydroxyquinoline) with OA (acceptor), [Alo/a vs 1/[D]o in methanol and acet-
one at room temperature.

By graphing [Aol/A versus 1/[Do] (Figure 2) in various sol-
vents, the complex’s stoichiometry was determined, confirm-
ing that the complex was formed in a 1:1 ratio. Kt and gcr
were calculated using the slope and intercept on the y-axis
of the graph. As the polarity of the solvent lowers, the stabil-
ity constant rises, indicating the creation of a stable CT com-
plex. The following expression can be used to obtain the
energy (Ecy) for the CT complex.

IECT = 1243.667/%CTnm'

where Act is the wavelength of complex spectra, the energy
drops with rise in the polarity of the solvent.

3.2.2. Determination of resonance energy (Ry) and free
energy (AG°)

As shown below, Brieglab and Czekalla (Aloisi & Pignataro,

1973) have constructed a relation that is utilized to calculate

changes in the resonance energy of CT complex.

ecr = 7.7 x 10%/[hvcr /Ry|- 3.5]

where gcr= molar extinction coefficient of CT complex at the
highest absorption, which is listed in Table 3 for various sol-
vents and also expresses about the stability of the complex,
and Ry is the resonance energy of the complex in the
ground state. The frequency of the CT peak is hvcr. The
value of the formation constant can be used to calculate the
standard free energy of the CT complex using the equation
below.

‘AG = —2.303RT log Kq;'
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Figure 3. "H-NMR spectra of CT complex.

The free energy of the CT complex, the gas constant
(8.314 Jmol™'K™"), the temperature in Kelvin (2734-°C), and
the formation constant (Kc7) of the CT complex in various
solvents at room temperature are all listed in Table 3. As the
polarity of the solvent increases, so does the value of AG.

3.2.3. Determination of oscillator strength and transition
dipole moment

The oscillator strength (f) value can be calculated using the

following calculation (Briegleb & Czekalla, 1960).

f =432 x10=° JSCTAW 12

Where ecr and Av1/2 represent, respectively, the extinc-
tion coefficient and band width at half the maximum extinc-
tion. The calculated values for the oscillator strength of the
CT complex are shown in Table 3. The transition dipole
moment and extinction coefficient are connected by the fol-
lowing formula (Kidwai et al., 2003).

‘Ugny = 0.0952 [SCTAV1/2/AV] 2z

where Av=v at gc1, Avy,; is the half-width of wave number
unit. ey is the dipole moment, displayed in Table 2.

3.3. "H-NMR analysis

'"H NMR spectra off 8HQ, OA and their CT complex were
measured in CDCl; solvent and are displayed in Figure 3.
The phenolic proton of the donor often shows up around
9.72 ppm. Given that a minor peak is seen in the "H NMR, it
appears to have shifted in the CT complex at 7.68 ppm. The
1:1 ratio of the 8HQ and OA is supported by the 'H NMR
integration of the CT complex. It is abundantly visible from a
new peak in the CT complex spectrum that is given a+ NH
proton at 2.50 ppm and indicates weak protonation of the
donor. The spectra of the CT complex contain all of the iden-
tified proton peaks from the initial reactant spectrum with a
slight upfield shift to lower ppm values. These fluctuations in
the (ppm) values of the donor, acceptor, and reaction

product provide strong support for the charge migration
from the acceptor (acid) toward the donor (base).

3.4. TGA/DTA analysis

TGA-DTA was used to evaluate the thermal degradation of
the synthesized CT complex with a temperature range of
20°C-800°C and a heating rate of 20°C/min. Figure 4
depicts the TGA/DTA curve for the CT complex, acceptor,
and donor. According to the DTA plot, oxalic acid exhibits
two endothermic peaks at 107 °C and 194 °C, which correlate
to the two stages of weight loss depicted by the TGA curve.
The 1.82% weight loss associated with the initial endother-
mic peak could be the result of the sample losing moisture.

Weight loss of 4.04% corresponds to the second stage of
decomposition. In contrast, the 8-hydroxyquinoline DTA
curve has two sequential endothermic peaks at 79.29°C and
195°C, which are indicative of the weight loss as depicted
by the TGA curve at 5.339%. The thermal decomposition of
[(8-HQ)"(OX)'] complex occurred in two stages at 135°C and
244°C, with weight losses of 0.243% and 5.631%, respect-
ively, at the decomposition step, according to the TGA/DTA
evaluation of the complex at close range (Figure 4). The sug-
gested stoichiometry was supported by the aforesaid data,
and the TGA/DTA results showed that heating had an impact
on the composition of the CT complex.

3.5. PXRD studies

Powder X-ray spectra were discovered using a P-Analytical
XPRT-PRO (Netherlands) diffractometer using the anode
materials Cu Koy, Ko, and Kgradiation at wavelengths 1.540,
1.544, and 1.392, respectively, with angle ranges of 50°-70°
at generator settings 35mA, 40kV. Compared to Koy, Koy is
more intense and has a somewhat shorter wavelength. The
PXRD pattern of the synthesized CT complex, OA, and 8HQ,
is shown in Figure 5. For the 8HQ, OA, and [(8HQ)(OA)]
complex, the strongest Bragg's peak was observed at diffrac-
tion angles 20 of 14.68°, 30.31°, and 14.04°, respectively. Due
to the sharp peak strength, this proves that the synthesized
CT complex is crystalline in nature. The structure of the
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recently synthesized complex and the data from the PXRD
pattern match up well. For molecules to self-assemble and
crystallize, charge transfer between the 8HQ and OA
hydroxyl groups is also essential.
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Figure 4. TGA-DTA curves for (a) oxalic acid, (b) 8-hydroxyquinoline, and (c) CT
of donor and acceptor.

Table 5. Antibacterial activity of CT- complex at various concentrations.

3.6. Antimicrobial investigation

3.6.1. Antibacterial study

The antibacterial activities are investigated using the common
medication Gentamicin. For the synthesized CT complex of 8HQ
and OA, significant growth inhibition of Bacterium subtilis,
Escherichia coli, and Staphylococcus aureus was observed. As
shown in Table 5, several CT complex solutions (0.125, 0.25, 0.5,
and 1.0mg/ml) significantly inhibited bacterial growth. The
activity against bacterial strain proliferation is depicted in Figure
6. Staphylococcus aureus caused the CT complex to exhibit
inhibitory zones as well, with Bacillus subtilis showing the largest
inhibition zone over Escherichia coli. Additionally, when CT com-
plex concentrations rise, so do the bacterial growth inhibitory
effects. Due to the combined effects of [(8HQ)+(OA)] complex
penetration into the interior of the cell and cell membrane
breakdown, which results in oxidative stress and cell damage,
growth inhibition is potentially feasible.

3.6.2. Antifungal study

The antifungal outcomes were compared using the reference
medication Nystatin. The 8HQ and OA CT combination dem-
onstrated effective antifungal properties. At a relatively low
dosage of 0.25mg/ml, the CT complex showed audible
growth inhibition. A rapid increase in the inhibitory action is
shown as the CT complex concentration is raised. Aspergillus
niger, Candida albicans, and Fusarium oxysporum all had
inhibitory effects in the test complex. Figure 7 and Table 6 in
the experimental data gathered demonstrate that CT com-
plex has superior antifungal capabilities to nystatin.

3.7. Molecular docking

The CT complex docked pose with the Human Serum
Albumin (HSA) protein was obtained using computational

350000 + 14.04
300000 —_“—‘—“JLJL—“‘JWUL
1 14.68
+ -
250000 | ——CT Complex(I8HQ] '[OA])
J — 8HQ(Donor)
:i 200000 — OA(Acceptor)
Q ]
%
§ 150000
= 2
- [ VE W
100000
] 30.31
50000 + L
0 IR l A oy
T T T T T r :
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2 Theta
Figure 5. PXRD pattern of the OA (acceptor), 8HQ (donor), and CT complex.

D1 (10 D2 (20 D3 (40 D4 (80 Gentamicin
pg/mL) pg/mL) pg/mL) pg/mL) (80 pg/mL)
Sl Bacterial strain Zone of inhibition (mm)
1. Escherichia coli 32+1.19 7.2+0.98 121+£1.14 15.8+0.62 35.0+£0.62
2. Bacillus subtilis 99+1.34 151£1.13 22.2+0.94 28.7+£1.25 32.0+1.04
3. Staphylococusaureus 10.5+0.92 11.9+£0.51 13.18+0.9 19.2+£0.72 20.01+0.92




molecular docking. To confirm our experimental findings and
provide predictions about the many kinds of interactions
between HSA protein-CT complex systems, the potential
binding site between the protein and CT complex was inves-
tigated. The HSA protein-CT complex system shown in Figure
8 had a free energy of binding (FEB) of —167.04 kJ/mol. The
greater interaction between proteins and the production of
CT-complex is indicated by the higher value of binding
energy. As shown in Figure 8(b), the HSA protein and CT-
complex have an estimated binding distance of Tyr
148 =3.7 A, His 146 =2.9 A, and Phe 149=4.8A. Tyr and aro-
matic residue interact to maintain the experimentally deter-
mined fluorescence outcome (Devasia et al., 2023; Shakya
et al, 2023). Along with Van Der Waals interactions, hydro-
gen bonds also show a significant role in the binding reac-
tion, as seen between the H of the OXA section of the CT
complex and the O of Asn 426 (2.9 A) and the H of the 8HQ
component of the CT Complex and the O of Ser 193 (3.6 A),
Figure 8(a) displays the molecular docking interactions
among the protein and CT-complex. The observed experi-
mental results are supported by the potential binding loca-
tion between the protein and CT complex.

35 4

30 | Bl Gentamicin
25 |
20 |
15 -

10 4

Zone of Inhibition (mm)

Escherichia coli Bacillus subtilis Staphylococus aureus

Figure 6. The growth inhibitions against the growth of bacteria at various con-
centrations are shown.

I Nystatin

20

10

Zone of Inhibition (mm)

[
Candida albicans

Aspergillus niger Fusarium oxysporum

Figure 7. The growth inhibitions against the growth of fungi at various con-
centrations are shown.

Table 6. Antifungal activity of CT- complex at various concentrations.
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Discovery Studio (DS) software was further used to
explore the docked complex to display the different surfaces
near the ligand (Khan et al., 2013). Aromatic, hydrophobic,
interpolated charge and hydrogen bond surfaces at inter-
action site of CT complex and HSA are represented in Fig.
S4. The aromatic face/edge surface (Fig. S4(a), orange/blue-
=face/edge) has been shown using the docking outputs.
The presence of hydrophilicity features of the receptor
around the ligand is confirmed by the hydrophobicity sur-
face (Fig. S4(b)). The ionization surface reflected the acidic
and basic propensity (Fig. S4(c)), blue colour=basic and red
color =acidic). The hydrogen atom acceptor area is repre-
sented with green color and donor area with pink color of
the amino acid residues in the hydrogen bond surface, as
shown in Fig. S4(d)) (Akram et al., 2022; Hassan et al., 2023).

3.8. MSD analysis

The starting structure for the 100 ns MD simulation run was
the best-docked complex with the highest docking score pro-
vided by HEX 8.0 software and unbounded protein. Fig. S1
shows 58 Na™* and 64 CI" ions, equivalent to a physiological salt
concentration of 0.15M, in the solvated system, enclosed
within a triclinic box and using the SPC water model. After
~40ns and ~50, the unbounded protein and protein-ligand
complex acquired stable conformations with an average RMSD
value of 2.01 and 2.58 A, respectively (Figure 9a) (Hasan et al.,
2023). This discovery demonstrates that the ligand forms sta-
ble protein-ligand combination. The lowest average gyration
(Rg) value of ~26.67 A was observed for protein-ligand com-
plex and ~27.58 A for unbounded protein. Rg for the protein-
ligand combination dropped with time, indicating that the
structure becomes more compact. (Figure 9b). Grid-search on
14x14x17 grid, rcut = 0.35, revealed the number of hydrogen
bond interactions between ligand and protein, which were
plotted against time (Figure 10a). On calculating hydrogen
bonds between ligand and proteins, 689 donors and 1548
acceptors were found. The average number of hydrogen
bonds per timeframe was observed to be 2.7494 out of
601709 possible. As shown in Figure 10(b), the SASA (solvent
accessible surface area) values decrease on binding of ligand
to protein, showing that the protein structure has changed
and that the pocket size has shrunk due to increasing hydro-
phobicity (Alsanie et al., 2022).

3.9. Binding free energy calculation using MM-PBSA

The binding free energy of the protein-ligand complex was
assessed by conducting a 40ns molecular dynamics (MD)
simulation to validate the inhibitor’s affinity, as initially pre-
dicted through docking simulations. We employed the MM-
PBSA method to calculate the cumulative nonpolar, polar,

D1 (10 pg/mL) D2 (20 pg/mL) D3 (40 pg/mL) D4 (80 pg/mL) Nystatin (80 pg/mL)
Fungal strain Zone of inhibition (mm)
Aspergillusniger 7.1+0.92 9+0.74 15.2+0.9 23.2+1.1 24.2+1.483
Candida albicans 8.5+0.96 16.1+0.44 19.2+0.81 21.5+0.91 22.6+1.140
Fusariumoxysporum 10.1+£0.73 15+£0.57 18.1+£0.72 23.3+0.89 24.6 +1.140
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Figure 8. (a) Docking pose showing interaction between CT complex and HSA (b) the 2D view showing different types of bonds between CT complex and HSA.

(a) 0.3 T T T Il‘. : (b) 29 ' T ' T . T ' T .

RMSD (nm)

0 k I : | 26 L | . 1 . | ) 1 §
0 50 100 “%o 20000 40000 60000 80000  le+05
Time (ns) Time (ps)

Figure 9. (a) The root mean square deviation (RMSD) during 100 ns MDS run for unbound protein (brown) and protein-ligand complex (black); (b) radius of gyr-
ation (Rg) for unbound protein (brown) and protein-ligand complex (black) during 100 ns simulation time.
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Figure 10. (a) Number of average hydrogen bonding interactions between protein and ligand during 100 ns simulation time and (b) SASA analysis for unbound
protein (brown) and protein-ligand complex (black) during 100 ns simulation time.



Table 7. Binding free energies (+ standard deviations) from MM-PBSA calcula-
tions for protein-ligand complex.

Protein-ligand complex energies in (kJ/mol)

—86.194 + 1.843
—43.501 = 4.043
—190.227 * 2.983
—61.006 = 5.187
208.840 = 2.999

Binding energy (Total)

Van der Waals energy(E,qw)
Electrostatic energy(Eejec)

Nonpolar solvation energy (Gnonpotar)
Polar solvation energy (Gpoar)

and non-bonded interaction energies; encompassing electro-
static and van der Waals forces, for both complexes (Table
7). The computed binding energy for the protein-ligand com-
plex was determined to be —86.194kJ/mol. Notably, these
MD simulation-derived binding energies corroborate the
favorable binding affinity predicted by the docking studies.
Specifically, the van der Waals energy of the protein-ligand
complex was —43.501 kJ/mol, with the electrostatic energy
exhibiting a moderate contribution. The solvent-accessible
surface area (SASA) energy and polar solvation effects mod-
erately influenced the overall binding energy. In summary,
these results collectively suggest the stability of the protein-
ligand complex (Alamri et al., 2022; Hasan et al.,, 2023).

4, Conclusion

This study presents a comprehensive investigation into the
formation and characterization of a novel charge transfer
complex between 8-hydroxyquinoline (8HQ) and oxalic acid
(OA) through N*-H—O" type of bonding between them. The
complex formation was confirmed through various spectro-
scopic techniques, including FT-IR, UV-visible, and "H-NMR.
The stoichiometry of the complex was determined to be 1:1.
TGA/DTA analysis revealed the thermal behavior of the com-
plex, confirming its stability. PXRD studies demonstrated the
crystalline nature of the complex, supporting the CT interac-
tions between the donor and acceptor molecules.
Antimicrobial studies indicated significant inhibitory effects
of the complex against both bacterial and fungal strains,
highlighting its potential in pharmaceutical applications.
Molecular docking analysis with Human Serum Albumin
(HSA) provided insights into the potential interactions
between the complex and a relevant protein target.
Molecular dynamics simulations further supported the stabil-
ity of the protein-ligand complex over a 100 ns period. Lastly,
binding free energy calculations using MM-PBSA reaffirmed
the favorable binding affinity observed in the docking stud-
ies, indicating the potential of the complex as a promising
candidate for further development in pharmaceutical applica-
tions. Overall, this study not only contributes to the under-
standing of CT complexes but also underscores the potential
of the synthesized complex for various applications in the
fields of pharmaceuticals and materials science. Molecular
interactions with HSA demonstrate strong affinity, indicating
potential drug-receptor interactions. Furthermore, in-vivo
assessments are essential for a comprehensive understanding
of the therapeutic potential of the CT complex and for
exploring additional biological activities beyond its antibac-
terial and antifungal properties.
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