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Inclusion complex (IC) of p-cyclodextrin (B-CD) with biphenyl-3,3',4,4'-tetraamine (BPT), and 4,4'-dia-
minobiphenyl-3,3’-diol (DABD) are prepared and investigated in both solution and solid state. The effect of p-CD
on the enhancement of solubility, stability, and antibacterial activity of poorly water-soluble BPT and DABD.
Ultraviolet (UV), Fluorescence (FL), and Cyclic Voltammetric (CV) methods are particularly useful for deter-
mining stoichiometric ratios and binding constants in liquids. The prepared solid-phase ICs between host and
guest are confirmed by powder XRD, SEM, DTA, FT-IR, and 'HNMR results. These results revealed that both BPT

and DABD molecules formed ICs with p-CD with the stoichiometric ratio of 1:1.In this case, structurally
confirmed ICs are required for investigating antibacterial activity, and their biological properties are as expected.
It is widely acknowledged that these ICs recommended to the pharmaceutical and food industry due to their
effective solubility, stability, and antibacterial activity.

1. Introduction

Biological activity is an important term, that describes the interac-
tion of chemicals with the human body [1]. The biological activity is
derived from the chemical structure, its physicochemical properties,
bioavailability unit, and mode of treatment. Furthermore, the majority
of chemical substances exhibit a wide range of biological action [2].
While some of them are beneficial in treating particular disorders, others
may be poisonous and have several negative side effects. Additional
research also revealed that polyphenol [3] and amine-type compounds
[4] are available for the treatment of fungal infection compounds and
their derivatives possess important biological properties, including
those related to antiviral, antimalarial, anticancer, anti-tumor, anti--
mycobacterial, anti-convulsant, anti-analgesic, anti-inflammatory, an-
ti-platelet, and anti-tumoral activities [5-7]. The biphenyl-3,3',4,
4'-tetraamine (BPT), and 4,4'-diamino biphenyl-3,3'-diol (DABD)
(Scheme 1) both are typical amino functional organic compounds so,
they can be applied in various chemical and biological industries.

* Corresponding authors.

Unfortunately, it’s low water solubility and chemical stability so
improve their solubility purpose, focused on supramolecular chemistry.

A more important thrust research area in photochemistry is the
origin of supramolecular chemistry based on molecular recognition and
molecular interactions, which are the host molecules recognizing their
guest molecules. In the inclusion complexation process, Zeolites [8,9],
Octa acids [10-12], Cyclodextrins [13,14], Cucurbiturils [15,16] Cal-
ixarene [17], Crown Ethers [18], and Cyclophanes are more important
hosts. a-cyclodextrin (a-CD), p-cyclodextrin ($-CD), and y-cyclodextrin
(y-CD), a family of cyclic oligosaccharides, have been implicated in
host-guest ICs via hydrophobic interactions and allow the formation of
ICs with organic and drug molecules [19-23]. $-CD, in particular, has
made a greater contribution to their inclusion complexation in research
development [24-27]. Because B-CD is connected to seven glucose
subunits via 1,4 glycosidic bonds (Scheme 1), it is both hydrophilic and
hydrophobic. This property primarily influences the formation of
organic ICs (Scheme 1) or partial ICs with larger molecules. These types
of inclusion complexation can improve the physicochemical properties
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such as solubility, stability, and, more importantly, the antibacterial
activity of the IC [28-30]. The experimental and theoretical approaches
also contributed to the proposed mechanism for the ICs, which is critical
for improving dissolution and phase solubility in pharmaceutical ap-
plications [31-37]. One of the future investigations involving solid in-
clusion complexes in supramolecular chemistry is to analyze or regulate
the temperature of phase-change, release, and breakdown of the guest.
Not only does it have practical relevance for $-CD inclusion complexes
for cyclodextrin chemistry, but it is also one of the most significant and
fascinating topics at the moment. Because it has consequences for how
we should interpret the distinctions in the intermolecular interactions
among free, complex, and survivable molecules, as well as for applica-
tions in medicine, food additives, cosmetics, and biological products.
Recent investigations have published a lot of papers in the field of in-
clusion complexes with electrospun nanofibers [38-42].

In addition to ICs, CDs form head-to-tail dimers [43]. Furthermore,
the encapsulation of CDs in liposomes has a promising activity against
all Gram-negative bacteria [44] and the Cucurbit[6]uril bridged
Cyclodextrin dimer mediated stable ICs with intramolecular fluores-
cence resonance energy transfer (IFRET) behavior [45]. There are a
number of reports in the literature that are specific to understanding the
ICs, but none for the following BPT and DABD with $-CD. The incor-
poration of B-CD into their compound enhances the solubility and
thermal stability of BPT and DABD. This prompted us to investigate the
complexation of these molecules in the liquid and solid states. Electronic
spectroscopy and the cyclic voltammogram are used to analyze the
binding ability of the host and guest molecules in the liquid state of ICs.
For the preparation of ICs as solids, a number of techniques have been
developed, including co-precipitation, freeze-drying, kneading, and
solid-state grinding. Additionally, the ICs would be proven as active
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materials for antibacterial activity.

2. Materials and methods
2.1. Instruments

The UV-visible spectra for the absorption measurements are made
with a Shimadzu UV-2401PC double-beam spectrophotometer with
wavelength ranges between 800.0 and 200.0 nm and a scan speed is
about 400.0 min . Fluorescence measurements are made by the Jasco
FP-550 fluorescence spectrophotometer. The instrument is conventional
to make a measurement at every 0.5 nm interval in the particular
wavelength range. A standard quartz cuvette with a light path of 1.0 cm
is generally used for the complete measurements. The pH values are
measured on Elico pH meter LI-120.FT-IR spectra are made using Nicolet
380 Thermo Electron Corporation Spectrophotometer using KBr pellets
and the ranges between 4000.0 and 400.0 cm™'.'H NMR spectra are
taken with BRUKER-NMR 500 MHz. The solutions for 'H NMR are
prepared by dissolving analytes and their ICs in DMSO-dg solvent to
obtain the final concentration of 20 mM. Powder X-ray diffraction
spectra are taken withXPert PRO PANalytical diffractometer (2
Theta:0.001; Minimum step size Omega: 0.001). Thermal analysis is
measured in SDT Q600 V8.0 Build 95. The surface morphology of the
samples is made with an SEM instrument with Hitachi S 3000 H.

2.2. Chemicals

B-CD is obtained from Himedia Chemical Company and used as such.
Biphenyl-3,3',4,4'-tetraamine (BPT), and 4,4’-diaminobiphenyl-3,3'-
diol (DABD) are obtained from Alfa-Aesar, Shore Road, Heysham,

ZHN

Z
I

1:1 1:2
(BPT:B-CD-ICs)

1:1 1:2
(DABD:B3-CD-ICs)

Scheme 1. Structures of BPT, DABD, p-CD, and schematic representation of the ICs.
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England. Throughout our research, we used ultra-pure water.

2.3. Preparation of solutions of -CD and biphenyl compounds

The highest stock solution of p-CD (12x10~> M) and guest 2.0 x
1073 M, are prepared using Millipore water and ethanol, respectively.
0.2 ml of both the guest BPT and DABD are accurately added into 10.0
ml volumetric flasks and adjusted to the concentration of f-CD solutions
of 0, 2.0, 4.0, 6.0, 8.0, 10.0, and 12.0 M. To obtain a homogeneous so-
lution, all flasks are thoroughly shaken. As a result, the final concen-
tration of BPT and DABD in each flask is approximately 2 x 1075 M. At
room temperature, all absorption and fluorescence spectra are recorded.
The absorbance and emission information were completely observed
with the assistance of the Jasco V-670 Spectrophotometer within the
range extending 400 to 800 nm with the time 120 s per one spectral
measurement.

2.4. Determination of stoichiometric ratio and binding constant

The BH equation [34] yields the ICs’ stoichiometric ratio and binding
constant, which are related to changes in absorbance and fluorescence
intensity. Even though the changes in absorbance or emission intensity
of the guest molecules are very small after the addition of $-CD, the
values are obtained with the help of BH equations. The 1:1 ICs’ Eq. (1) is
given below.

1 1 1

A0 (KA " KA A D) @

In this equation, A indicated the intensity of the guest’s absorbance
in the absence of $-CD, A indicated the absorbance with a specific
concentration of p-CD, A’ indicated the absorbance at the maximum
concentration of f-CD used, and "K" is the binding constant. The plot of

m Vs ﬁ for the 1:1 ICs shows linearity and the K is calculated as per

Eq. (2).

1

K:m ........ @

For fluorescence spectra, the BH Eq. (3) for 1:1 ICs is given by Eq. (3)

R — ! 3
(I-L) (T-L) KI-I)p-cp "

In the above equations, Iy represents the emission intensity of the
guest without the addition of p-CD, I represents the emission intensity
with a specific concentration of -CD, I’ represents the emission intensity
at the highest concentration of p-CD used for the study, and K represents
the binding constant. Linearity is obtained in the ﬁ Vs m plot for the
1:1 complex (Eq. (3)). Using Eq. (4), the binding constant K is calculated
by the use of Eq. (4).

1
" slope(I' — I )

..... 4

2.5. Preparation of ICs in solid state

One gram of p-CD is accurately weighed and placed in a 250 mL
conical flask, to which 30 mL of Millipore water is added and thoroughly
stirred. The equimolar weight of biphenyl derivatives (guest, BPT &
DABD) is then placed in a 100 mL beaker, and 20 mL ethanol is added
and allowed to stir over an electromagnetic stirrer. The guest solutions
are gradually poured into the aqueous solution of $-CD. The above-
mixed solutions are continuously stirred at room temperature for 48 h.
The reaction mixture is refrigerated for about 48 h. At this point, a white
precipitate of BPT and DABD with -CD has formed. The precipitate is
washed with Millipore water after being filtered by a G4 crucible. The
precipitate is placed in a Petri dish and spread thinly over the surface
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before being dried in an oven at 50 °C for 12 h. The solid ICs are obtained
after drying in the oven. The ICs are also prepared physically, with the
B-CD and guest molecules ground for two hours without any solvent in a
mortar and pestle, and the finely divided particles of the complex are
taken for analysis. Similarly, for the kneading method, we ground the
guest and host in a mortar and pestle with a small amount of solvent for
two hours until they formed a paste and dried at room temperature. The
ICs are employed in the analysis. These are the standard techniques for
characterizing the ICs of biphenyl derivatives with the p-CDincludes FT-
IR, 'H NMR, powder XRD, DSC, and SEM analysis.

2.6. Preparation of stock solutions for antibacterial activity studies

In all the cell lines procured from ATCC, the procured cells were
inoculated in a 10 ml test tube and incubated in an orbital incubator
shaker overnight at 37 °C (120 rpm). The nutrient broth was used for
culturing different microbes. The viability of the cells is checked by
further plating and found to be viable. The antibacterial activity of the
samples is made using a stock solution of the ICs (2.0 x 10~* M) which
was tested against gram-positive bacteria (s. aureus) and gram-negative
bacteria (E. coli) using the in-vitro disc agar diffusion method. The bac-
teria growth was done for 24 h and incubated at RT.

3. Result and discussion

3.1. Concentration-dependent UV-visible and fluorescence spectral
studies

The absorption maxima and relevant spectra of BPT and DABD (2 x
10~*M) in pH 7.0 solutions containing different concentrations (0, 2.0,
4.0, 6.0, 8.0, 10.0, and 12.0 M) of B-CD are shown in Fig. 1 and the data
is consolidated in Table 1. BPT and DABD exist in a neutral form at pH 7.
In the absorption spectra of both molecules, no isosbestic point is
observed due to no covalent bond being possible between the p-CD and
BPT or DABD molecules. In the pristine BPT exhibit, the two absorbance
bands such as 315 and 229 nm owing to n-1* and n-t* transition. In the
presence of $-CD, the BPT exhibits a significant blue shift in both the
longer wavelength (315.0 to 302.0 nm) and shorter wavelength (229.0
to 231.0 nm) may be possible to hydrogen bonding between the BPT
containing an electronegative atom of nitrogen and ($-CD hydroxyl
group. Moreover, shifts at higher wavelengths are blue-shifted, while the
shifts at lower wavelengths are red-shifted, demonstrating the mole-
cule’s inclusion behavior, and the increase in absorbance at the wave-
lengths is revealed the guest molecules entrapped in the host molecule.
When the concentrations of p-CD exceed 12.0 x 10~3 M, the absorbance
and fluorescence intensities remain unaltered. It is worth noting that the
DABD molecule exhibits a remarkable red shift, and the intensity is
greatly increased by the gradual addition of B-CD concentration evident
for the formation of ICs.

The enhanced solubility of BPT and DABD molecules due to the
hydrophobic interaction with p-CD has been attributed to this behavior.
These findings suggested that BPT and DABD molecules are included in
the cavity of f-CD and formed ICs. In the UV spectra of DABD and BPT,
the peaks broaden as the concentration of -CD increases, and the peaks
almost disappear at high concentrations; these peaks correspond to the
formation of ICs with 1:1 and 1:2 stoichiometric ratios. Thus, the stoi-
chiometric ratio of the ICs might be varied concerning the concentra-
tion. Both the guest molecules form ICs with a 1:1 ratio at lower
concentrations (up to 8.0 x 1073 M of $-CD) and a 1:2 ratio has been
found at higher concentrations of $-CD. The binding constant for the
formation of DABD:B-CD-ICs and BPT:$-CD-ICs in absorption spectra has
been determined by analyzing changes in absorbance at a wavelength
and fluorescence intensity with the influence of p-CD in terms of
concentration.

The equilibrium of an IC formed for biphenyl compounds (BPT and
DABD) with $-CD can be written as:
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Fig. 1. UV spectra of BPT (a) and DABD, (b) (4.0 x 10~* M) at different concentrations of B-CD in M. (1) Without $-CD, (2) 2.0 x 10’3, (3) 4.0 x 10’3, (4) 6.0 x

1073, (5) 8.0 x 1073, (6) 10.0 x 102 and (7) 12.0 x 103,

Table 1
Absorption and fluorescence spectral data of BPT and DABD at different con-
centrations of -CD in pH~7.

S.No.  Conc. of §-CD BPT DABD
D uv Flu uv Flu
Amax loge  Amax Amax loge  Amax
(nm) (nm) (nm) (nm)
1 Without 315 3.34 278 3.11
278 3.62 400 394
229 4.81 229 4.82
2 2.0 x 1072 316 3.43 473 278 3.39
276 3.64 349 229 4.82 396
229 4.82
3 4.0x10°3 308 3.56 475 278 3.53
276 3.69 350 229 4.83 398
230 4.83
4 6.0 x 1072 302 3.65 476 279 3.65
275 3.71 351 230 4.83 398
230 4.84
5 8.0x 1073 302 3.72 477 279 3.75
274 3.82 355 230 4.84 363
230 4.84
6 10.0 x 1073 302 3.80 477 279 3.83
273 4.12 354 230 4.84 351
230 4.85
7 12.0 x 1073 302 3.87 478 279 3.90
272 4.32 354 229 4.86 349
228 4.86
K:1:1 MY 40.1 93.52 54.4 704
K:1:2M™ Y 24,061 56,110 37,537 50,324
AG for 1:1 complex (kJ. -9.3 -11.43  -10.07 —16.52
mol 1)
AG for 1:2 complex (kJ. —25.42 —27.55 —26.5 —33.08
mol 1)
*Conc. : Concentration, Flu: Fluorescence.
p—CD
DABD + p — CD=DABD : f — CD — ICs=DABD : 2 — CD — ICs.......
(1 : Iratio) (1 : 2ratio)
5
p—CD
BPT + f — CD=BPT: f — CD — ICs=BPT : 2 — CD — ICs....... (6)
(1 : lratio) (1 : 2ratio)

The BH equation [46] can be used to calculate the binding constant
’K’ and the stoichiometric ratios of the ICs of BPT and DABDwith p-CD.
Figs. 2 and 3 depict a plot of 1/(A-Ap) as a function of 1/[p-CD] and
1/[p-CD]? for the complexes with 1:1 and 1:2 ratios, respectively. The

formation of 1:1 and 1:2 ICs is confirmed by a good linear correlation.
The binding constant for the formation of ICs has been determined in
both cases by analyzing changes in absorbance with respect to -CD
concentrations. K is calculated at room temperature (303.0 K) from the
slope of BH plots and the values are provided in Tablel.

The free energy change (AG) for the ICs can be calculated using the
following equation from the values of 'K’ (7),

AG = —RTInK ....... (@]

According to the ICs for the thermodynamic parameter, AG is
negative, indicating that the inclusion process occurred spontaneously
at 303.0 K, and the values are provided in Table 1.

The fluorescence intensities of BPT and DABD at pH 7.0 with various
concentrations of p-CD are shown in Fig.4. The intensities in the fluo-
rescence spectra of BPT are increased at the spectral maximum of 475.0
nm with respect to the concentration of $-CD. It suggested the formation
of ICs [47-49]. The complexation is completed at a concentration of
12x1073 M, and the fluorescence intensity does not change further. The
BH [50] plot can be used to analyze the p-CD dependence spectra of BPT
and DABD.

The linear plot is obtained by plotting 1/(I-Ip) Vs 1/[p-CD] for ICs
with a 1:1 stoichiometric ratio and 1/(I-I)) Vs 1/ [[3-CD]2 for ICs with a
1:2 ratio. The "K" value is calculated using the slope at the BH plots and
Eq. (4). The BH plot (Fig. 5A) supports a good linear regression
(r~0.989) for the ICs with a ratio of 1:1 (BPT:p-CD-ICs) and r ~0.988 for
the ICs with a ratio of 1:2 (BPT:23-CD-ICs). The fluorescence intensity
decreased at a concentration of 8.0 x 10~> M of p-CD, revealing an
unusual behavior in the fluorescence spectra at 350.0 nm. This is due to
the strain caused by the guest molecule’s bending in the exited state,
which causes the guest moiety to be expelled from the host molecule.
This behavior does not result in complete exclusion due to the formation
of a hydrogen bond between the substituent present in the third position
of the guest molecule and the secondary alcohol present in the ribs of the
host molecule. Because the 1:1 ICs predominate over the 1:2 complex at
lower concentrations of 3-CD, this effect is not observed.

The addition of p-CD increased the intensity of the DABD at the
emission wavelength 400.0 nm, implying the formation of ICs with -CD
[51-53]. The complexation is complete at a concentration of 12.0 x
103 M, and no further changes in intensity occur. The BH [54] plot of
1:1 and 1:2 complexes are used to examine the §-CD influenced fluo-
rescence intensities of the DABD. The BH plot (Fig. 5B) demonstrates a
good linear regression (r ~0.986) for the 1:1 (DABD:$-CD-ICs) and (r~
0.999) for the 1:2 (DABD:23-CD-ICs) at ~400.0 nm.

A similar trend is observed for the ICs of DABD with p-CD according
to the BPT:$-CD-ICs. The intensities at the concentration of f-CD (8.0 x
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Fig. 2. BH absorption plot of BPT (a) 1/(A-Ag) Vs 1/[p-CD], and (b) 1/(A-Ap) Vs 1/ [B-CD]Z.
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Fig. 3. BH absorption plot of DABD (a) 1/(A-Ag) Vs 1/[p-CD], (b) 1/(A-Ap) Vs l/[ﬁ—CD]z.
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Fig. 4. Fluorescence spectra of BPT (a), and DABD (b) (4.0 x 10~* M) in different concentrations of B-CD in M (1) Without $-CD, (2) 2.0 x 10’3, (3)4.0 x 10’3, 4)

6.0 x 1073, (5)8.0 x 1073, (6) 10.0 x 102 and (7) 12.0 x 1073

1072 M) show an unusual trend, with the peak position shifting from
400.0 to 350.0 nm. It provides the best linear regression plot for the
formation of ICs with 1:1 and 1:2 ratios at both wavelengths. As a result,
the shifts are caused by the expelling process within the aqueous me-
dium, and the guest moiety is released from the host molecule due to
strain caused by the guest molecule bending at the exited state. Because

of the hydrogen bonding between the substituent in the third position of
the guest molecule (DABD) and the secondary alcohol in the ribs of the
host molecule (-CD), this behavior does not result in complete exclu-
sion. This effect is not observed at lower concentrations of -CD; at these
concentrations, 1:1 predominates over 1:2. Instead, the peak shift re-
veals differences in fluorescence intensity, indicating the presence of
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Fig. 5. BH plot of BPT (A), and DABD (B) : (a) 1/(I-I)Vs1/[p-CD], (b) 1/(I-Ip)Vs1/[-CD]>.

intra and intermolecular hydrogen bonding in the DABD and the p-CD. 7.0 with adequate stirring. The CV is then completed. The CV graph is
shown for the BPT as well as various concentrations of $-CD. The con-
centration of the BPT is kept constant at 2.0 x 10~2 M. The oxidation
and reduction potentials of BPT are obtained in the absence of $-CD,
with a peak potential, Ep, at 0.226 V and Ep. at 0.075 V Vs SCE at pH 7.
The addition of p-CD shifts the electrode potential towards the higher
potential, confirming the formation of ICs. Peak current decreased with
increasing p-CD concentrations, which could be due to the formation of
ICs. Similarly, the CV analysis of DABD with B-CD is made and shown in
Fig. 6b, and the corresponding data is summarized in Table 2. In the
absence of -CD, both DABD potentials are observed, with Ep, at 0.334 V

3.2. Electrochemical studies

Electrochemical analysis confirms the formation of ICs of BPT and
DABD with p-CD, and a different electrochemical property is observed
for the guest molecules with the p-CD involved [55,56]. The interaction
of the p-CD with BPT as determined by (CV) analysis is depicted in Fig. 6
(a), and the relevant data is provided in Table 2. The electrochemical
properties would have been different if p-CD had interacted with the
guest molecule BPT. First, the BPT is placed in a solution of p-CD at pH

[ b]

1
7
. 0.0020- -
<
=
o
g 0.00154
0.0013 4 T T T T T 0.0010 ¥ \ \ v J
02 00 02 04 06 08 1.0 02 0.0 02 0.4 06 08 1.0
Potential (V) Potential (V)

Fig. 6. Cyclic Voltammetry (CV) for BPT (a), and DABD (b) (Conc. 2.0 x 10~* M) at various concentrations of B-CD in M. (1) Without B-CD, (2) 2.0 x 1073, (3) 4.0 x
1073, (4) 6.0 x 1073, (5) 8.0 x 1073, (6) 10.0 x 1072, and (7) 12.0 x 107>,
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Table 2
CV for BPT and DABD in pH~7 buffer, Scan rate 50 VS~!, BPT and DABD (Concentration 2.0 x 10~ 4 mol.dm3) solution at different concentrations of B-CD (0.0-12.0
x 1073 M).
S. No. Conc. of BPT DABD
-CD
[(SM) Ep, (V) Ipa (pA) Ep. (V) Ip. (A) Ep. (V) Ipa (pA) Ep. (V) Ip. (pA)
1 Without 0.226 93.02 0.0750 —-74.4 0.334 84.02 0.194 —50.02
B-CD
2 2.0 x 1073 0.265 86.83 0.0598 —66.71 0.294 47.49 0.153 —52.16
3 40 x10°3 0.283 71.32 0.0597 —66.7 0.309 25.24 0.152 —58.59
4 6.0 x 1072 0.311 68.21 0.0538 —63.63 0.312 23.89 0.149 —63.22
5 8.0 x 1073 0.331 59.03 0.0478 —54.25 0.316 14.95 0.148 —67.84
6 10.0 x 1072 0.341 54.25 0.0418 —38.72 0.319 14.65 0.146 —-72.15
7 12.0 x 1072 0.377 38.73 0.0388 -37.19 0.323 14.42 0.134 —81.67

and Ep. at 0.194 V Vs SCE at pH 7. The addition of B-CD shifts the
electrode potential towards the higher potential, revealing the forma-
tion of ICs.

BH relationships are used to calculate the stoichiometric ratios (1:1
and 1:2) and "K" for the two ICs & 10).

L1, 1 ©
(Ing — 1) AI " K AI[p—CD] ™"
1 1 1
= — ... 10)

(g —1) Al " KAI'[p— CDP

Here, I is the oxidation peak current of the BPT and DABD, Iy is the
oxidation peak current of (DABD:$-CD-ICs & BPT:B-CD-ICs), and (I-Ing)
is the difference between the oxidation peak current of the BPT, DABD,
and respective ICs with p-CD. I is the difference between the molar peak
current co-efficient of the guests, BPT and DABD, and ICs, [DABD]p&
[BPT]y, and [B-CD]y, respectively, are the initial concentrations of BPT,
DABD, and $-CD. A straight line plot of 1/(Ig-Ing) Vs 1/[p-CD] and 1/(Ig-

(A)

Ing) Vs 1/ [[3—CD]2 is shown in Fig. 7. The formation of ICs with 1:1 and
1:2 ratios is confirmed by good linear correlations.

K is calculated from the slopes for DABD:B-CD-ICs is 61.42 M~! and
BPT:p-CD-ICs is 478.93 M~ for 1:1. Likewise, the binding constants for
DABD:B-CD-ICs and BPT:p-CD-ICs are 30,708 and 28,735 M’l, respec-
tively. Beyond the maximum B-CD concentrations (12.0 x 107> M), the
oxidation peak current remains constant. These findings indicated that
the BPT molecule is included in the cavity of the p-CD and formed an ICs.
The free energy change is calculated using the 'K’ values as well. As can
be seen, the G value for the ICs with a 1:1 ratio of DABD:$-CD and BPT:f-
CD are found to be —10.37 and —15.55 kJ.mol !, respectively at pH7.0,
whereas the G value for the ICs with 1:2 ratio of DABD:f-CD and BPT:f-
CD is found to be —26.03 and —25.87 kJ.mol?, respectively at pH7.0,
indicating that the ICs.

Taking into account all of the above interpretations, a possible
mechanism for both ICs is now proposed. Naturally, the inclusion of the
biphenyl ring into the cavity of p-CD allows the formation of ICs of
biphenyl compounds with B-CD, and the functional group of guests

(B)

@ 1/[p-CD] @ 1/[B-CD]
0 200 400 600 0 200 400 600
0 001 L L )
0.03 - y=-3E-05x - 0.010
5 0.06 1 3 R?=0.962
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Fig. 7. BH voltammetric plots of BPT (A), and DABD (B): (a) 1/(Iyg-Ig) Vs 1/[p-CD], and (b) 1/(I6-Ig)Vs 1/ [[}—CD]z.
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interacts with the rim part of §-CD at pH 7.0. Scheme 1 clearly shows the
formation of ICs with ratios of 1:1 and 1:2. One phenyl moiety of BPT is
encapsulated into the cavity of p-CD in the 1:1 ICs, and the two amine
groups in a phenyl ring are fully entrapped inside the $-CD. Hopefully,
another phenyl ring with two amine groups is completely entrapped in
the cavity of -CD by ICs with a 1:2 ratio. The structure of ICs is further
stabilized by the continuous release of water molecules from the hy-
drophobic cavity of the $-CD. The binding constant values show that the
ICs are better in the exited state than in the ground state, which could be
due to the favorable environment created by the molecule flipping in-
side the cavity of $-CD.

The ICs of DABD are encapsulated in the cavity of the p-CD cavity in a
1:1 ratio, and the amine and hydroxyl groups of the guest molecule are
enclosed in the cavity of the p-CD. The IC structure gains additional
stabilization energy by releasing water from the hydrophobic cavity,
and the equilibrium can be notable for water replacement. The ICs of
DABD have a 1:2 ratio, both phenyl rings are possibly encapsulated, and
two numbers of $-CD are required. The binding constant also clearly
revealed the superior inclusion in the exited state over the ground state,
which could be attributed to the deeper inclusion of the guest molecule,
DABD, into the cavity of the host, -CD. Finally, when the ICs are made
with 1:2, both have better binding constants and are more stable and
favorable.

3.3. Characterizations of ICs in solid state

Powder XRD analysis is used to inspect the formation of ICs and is a
convenient method for confirming ICs. The nature of substances is
changing as a result of this formation. For example, the complete
disappearance or shift to some diffraction angles can transform crys-
talline to amorphous and vice-versa [57,58].

The powder XRD patterns of BPT, p-CD, and ICs prepared by the co-
precipitation method with a 1:2 ratio are shown in Fig. 8a. The XRD
patterns for the BPT revealed several sharp, high-intensity peaks at
different diffraction angles (20) of 17.1, 18.4, 27.6, 42.8, and 47.3,
indicating their nature as crystalline. The crystalline diffractogram and
ICs revealed a diffuse halo pattern, indicating that the product is
amorphous in nature, according to the p-CD. The ICs’ diffraction pat-
terns correspond to the exact position of pure BPT as well as the p-CD.
The low intensities in the respective diffraction peaks indicated that the
particle sizes had been reduced following the ICs.The XRD patterns of

10 20 30 40 50 60

10 20 30 40 S0 60
20 theata
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DABD and ICs are shown in Fig. 8b. The presence of several sharp peaks
with high intensity at different diffraction angles (26)of 15.5,17.1, 20.7,
28.2, 29.2, and 31.3 in DABD. XRD patterns suggested that DABD
existed as crystalline in nature. Individual molecules in ICs have lost
their crystallinity due to their amorphous nature. The lower diffraction
peak intensities indicate that particle sizes are reduced during the for-
mation of ICs. The typical diffraction pattern indicates that DABD in ICs
is completely amorphous. The ICs and crystalline nature of BPT and
DABD have vanished after they have undergone amorphization. The
typical diffuse pattern clearly demonstrates the formation of ICs.

SEM measurement is well suited for surface visualization, particu-
larly when surface feature sizes are far below three microns [58]. SEM
analysis is used to measure surface roughness and visualize surface area
at the nanoscale. The clear stone-like surface morphological structure of
B-CD is observed (Fig. 9a). Similarly, SEM images of BPT, DABD, and
respective ICs are shown in Fig. 9b-Oe. Images clearly show the
distinction between the ICs and raw materials of guests, BPT and DABD,
and host p-CD. The images show that the surface of the guest molecules
has been significantly modified after forming ICs [59,60]. As a result,
these modifications can be taken as proof of the formation of ICs.

The thermal analysis includes DTA and it provides further supportive
pieces of evidence for the ICs. When guest molecules are encapsulated
into the cavity of p-CD or in the crystal lattice, their melting, boiling, or
sublimation points are generally shifted or disappeared within the
temperature range where -CD decomposes [45,46]. The DTA of BPT
revealed a sharp endothermic peak at 179.95 °C (Fig. 10a), representing
the melting point of BPT, and a sublimation peak at 371.63 °C. In the
case of p-CD (Fig. 10a), a broad endothermic peak at around 90.86 °C is
observed, which may be the cause of the dehydration process. There is
also a continuous broad endothermic peak at 336.00 °C, which is
attributed to p-CD decomposition. There are three peaks visible in the
DTA of the ICs. The first peak appears at 98.48 °C and represents the
dehydration of water molecule from the sample ICs, the second one is an
endothermic peak for the BPT at 174.08 °C, and the third peak appears
at 352.20 °C and represents the -CD. The changes in temperature in-
dicates the formation of the ICs [61].

The DTA curves revealed a sharp endothermic peak at 302.17 °C
(Fig. 10b), indicating the decomposition of DABD. There are three peaks
noticeable in the DTA of the ICs. The first one is at 89.21 °C, repre-
sentingthe dehydration of water molecule; the second one is at
287.96 °C, representing the presence of DABD; and the third is at

29 Theata

Fig. 8. Powder XRD of (a) f-CD, BPT and its ICs, (b) p-CD, DABD and its ICs.
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Fig. 9. SEM photographs (Pt. coated) of (a) B-CD, (b) BPT, (c) ICs of BPT, (d) DABD, and (e) ICs of DABD.
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Fig. 10. DTA curves of (a) $-CD, BPT, and ICs, (b) $-CD, DABD and ICs.

327.02 °C, representing the presence of p-CD. The decomposition of the
ICs is revealed by a peak at 366.08 °C. The changes in temperature could
be physical evidence for the ICs [61].

FT-IR spectral interpretation is mainly used to characterize ICs in
terms of functional groups and also group frequencies. During the
analysis, some of the bands are generally shifted or else some of the
intensities changed to some extent, resulting in the formation of ICs and
providing information about the inclusion of the guest molecule into the
cavity of the host [48,49]. The selective stretching groups of BPT are
aromatic NH stretching, aromatic NH bending vibration, aromatic C—H
stretching, and aromatic C—=C stretching appear at 3354, 1496, 2990,
and 2870 cm ™, respectively (Fig. 11a). Furthermore, C—C stretching at

the phenyl group junction appears at 1628 cm™ !, and C—C bending
vibration appears at 1161 cm™*. The stretching frequencies mentioned
above are shifted to 3357 and 1499 cm ™! in the ICs. Peaks at 2879, 1634,
and 1156 cm ™! have vanished. The shift in wave number and disap-
pearance of the C—H stretching revealed that the BPT is entrapped in
the cavity of f-CD. The C—O-C bending at 1029 cm ! is not disturbed in
the ICs, indicating that the BPT is included in the axial within the cavity
of B-CD.

The aromatic C—H stretching is observed at 3001 cm™?, the aromatic
C=C stretching is observed at 2886 cm™, and the phenolic -OH
stretching are observed at 3355 cm™! for DABD. C—C stretching at the
phenyl group junction at 1596 cm ™!, aromatic OH bending at 1508
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Fig. 11. FT-IR spectra of (a) p-CD, BPTand ICs, (b) p-CD, DABD, and ICs in KBr.
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Fig. 12. 'H NMR spectra of $-CD, BPT, DABD, and its ICs.
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cm ™}, aromatic NH stretching at 3282 cm™!, C—C bending vibration at
1155 cm™!, and aromatic NH bending at 1508 cm ! are obtained
(Fig. 11b) and are shifted to broader, disappeared, 2926, 1606, 1509,
3284, 1156, and 1509 cm’l, respectively. The change in wave number,
decrease in intensity, and broadening of a few peaks indicate that the
DABD is encapsulated in the cavity of §-CD. The C—O—C bending vi-
bration appears at 1029 cm ™! and is not disturbed during complexation,
representing the DABD is included with the axial position in the -CD
molecule.

The most powerful technique for studying the interaction between
guest molecules and ICs is 'H NMR spectroscopy, which is also used to
confirm IC conformations. The 'H NMR analysis reveals the chemical
shifts of p-CD in the hydrogen atoms as well as the chemical shifts caused
by ICs. In general, in the ICs, -CD protons located within the cavity (H-3
and H-5) show remarkably large shifts. Although H-1, H-2, H-4, and H-6
on the outside of f-CD show a minor shift. The chemical shift data for the
ICs differs from that of the free components of the guest and host.

The details of the chemical shift of the BPT, $-CD, and ICs are shown
in Fig. 12 & Table 3. The chemical shift of BPT shows an up-field shift on
complexation except -NH; showing the presence of the guest molecule
inside the cavity of the p-CD. Considering the $-CD also shows an up-
field shift during complexation. The shift of H-3 is not observed in the
ICs but the shift of H-5 is remarkably high since they are present in the
interior of the cavity. This is solid evidence for the inclusion of guest
molecules in the cavity of the host. Similarly, the chemical shifts of the
DABD, p-CD and ICs are shown in Fig. 12 & Table 3. The chemical shift of
DABD shows an up-field shift during complexation which is evidence of
the formation of ICs. When the B-CD is considered, it also exhibits an up-
field shift during complexation. Because H-3 and H-5 are present in the
host’s interior cavity, their chemical shifts are remarkably high. This is
strong evidence that the guest molecule is trapped in the host’s cavity.
The B-CD’s up-field shift is caused by the host molecule’s conformational
rearrangement. The majority of the chemical shifts in the above-
specified signal are shifted by about 1 ppm towards the shielding region.

3.4. Antibacterial assay

The antibacterial assay [50] is used to detect gram-positive and
gram-negative bacteria pathogens. For the pathogenic study, Escherichia
coli (E. coli) and Staphylococcus aureus (S. aureus) are used as
gram-negative and gram-positive bacterial strains, respectively. For the
stock solution, the solid ICs are dissolved in DMSO at a concentration of
2.0 mg per 50 ml.

A few sterile petri dishes are filled with nutrient agar medium and
allowed to solidify. Swipe the E. coli and S. aureus microbes in the Petri
dishes and incubated for five hours. Bacterial lawns cover the surface of
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the nutrient agar plates. Five wells are made that are equidistant from
each other using a sterile gel puncher. Three identical concentrations
and volumes of ICs, analytes, and p-CD are added to the well and placed
in an incubator at 37 °C for 24 h. The zone inhibition around the well is
measured after 24 h. All of this is done in an aseptic environment.

The observations using BPT and ICs against gram-positive are shown
in Fig.13. From the figure, the ICs prepared by the solution method show
significant antibacterial activity against the gram-positive bacteria, and
the other ICs showed very low activity or no activity on the pathogen.
Whereas in gram-negative bacteria (Fig. 13), the ICs prepared by solu-
tion and PM show more predominant activity than the KM products. The
observations using DABDand ICs against gram-positive are shown in
Fig. 13. From the figure, clearly shows the ICs by solution method show
more significant anti-bacterial activity against the gram-positive bacte-
ria than the other products like PM and KM. Fig. 13 depicts the results of
the antibacterial assay using BPT and its respective ICs against gram-
positive and gram-negative bacteria. According to the figure, the SE
product has significant activity against gram-positive bacteria, whereas
the other ICs have very low or no activity. In gram-negative bacteria, SE
product and PM exhibited greater activity than KM product.

4. Conclusions

We successfully obtained the ICs of BPT and DABD with p-CD in the
aqueous and solid phases in this current research approach. The ob-
tained results are clearly explained using UV and fluorescence analysis,
and their respective changes by the addition of CD have been used to
calculate the binding constant and stoichiometric ratio. FT-IR, XRD,
SEM, DSC, and 'H NMR spectral techniques are used to characterize the
ICs. Furthermore, both ICs have better antibacterial activity against
gram-positive and gram-negative bacterial strains, implying that the
prepared ICs would be a better material for food packaging and phar-
maceutical applications.
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Table 3

'H NMR chemical shifts of the $-CD, BPT, and DABD protons in the presence and absence of p-CD.
B-CD Protons BPT DABD

BPT ICs Ad DADB ICs Ad
H1 4.824 4.8197 —0.0043 4.824 4.8271 0.0031
H2 3.4149 - - 3.4149 - -
H3 3.6066 - - 3.6066 3.6146 0.0080
H4 3.5375 3.5329 —0.0046 3.5375 3.5443 0.0068
H5 3.5704 3.5613 —0.0091 3.5704 3.5817 0.0113
Hé6 3.6298 3.6219 —0.0079 3.6298 3.6280 —0.0018
OH2 5.7754 5.7621 —0.0133 5.7754 5.7526 —0.0228
OH3 5.7024 5.6968 —0.0056 5.7024 5.6973 —0.0051
OH6 4.4914 4.4853 —0.0061 4.4914 4.4792 —0.0122
Proton BPT DABD
-NHy H2 HS5 H6 -OH -NHy H2 HS5 H6

Guest 4.3996 6.5075 6.4839 6.6678 9.0146 4.4700 6.7889 6.671 6.5863
ICs 4.4147 6.4989 6.4764 6.6583 9.0082 - 6.785 6.5863 6.5849
A3 0.0151 —0.0086 —0.0075 —0.0095 —0.0064 - —0.0039 —0.0847 —0.0014
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