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ABSTRACT ARTICLE HISTORY
A new series of polyurea derivatives and its nanocomposites were synthesised by the Received 5 February 2020
solution polycondensation method through the interaction between 4(2-aminothiazol- Accepted 5 May 2020

4-ylbenzylidene)-4-(tert-butyl) cyclohexanone and diisocyanate compound in pyridine. The KEYWORDS
PU,_3 structure was confirmed using Fourier transform-infrared (FTIR) spectroscopy and Polyurea derivatives;
characterised by solubility, viscometry, gel permeation chromatography (GPC), and X-ray nanocomposites; TiO5;
diffraction (XRD) analysis. In addition, PU,_3 was evaluated by TGA. Polyurea-TiO;nano- antibacterial activity;
composites were synthesised using the same technique as that of PU;_s by adding TiO, as molecular docking
a nanofiller. The thermal properties of PU,TiO,a-d were evaluated by TGA. Moreover, the

morphological properties of a selected sample were examined by SEM and TEM. In addi-

tion, PU;_3 and PU,TiO,a-d were examined for antimicrobial activity against certain bac-

teria and fungi. The PU,_3; showed antibacterial activity against some of the tested bacteria

and fungi, as did PU,TiO,a-d, which increased with the increase in TiO, content.

Furthermore, molecular docking studies were displayed against all PU;_3 derivatives against

two types of proteins. The results show that the increase in the strength of m-H interac-

tions and H-donors contributed to improved binding of PU2 compared to PU1 andPUs The

docking of 1KZN against the tested polymers suggests an increase in the docking score of

PU,, then PU,;, and PUs;, which is in agreement with the antibacterial study.

1. Introduction Several techniques have been used to synthesise
polyurea, but the most effective technique is to react
diamine with diisocyanate. This reaction is a step-
growth addition reaction of amine across the carbon-
nitrogen double bond, and there is no by-product.
The essential components for a compound to be an
efficient inhibitor are [9]: (i) it should be chemisorbed
onto the metal surface, (ii), it should form a defect-
free compact barrier film, (iii) it should be polymeric
or polymerise in situ on the metal, and (iv) the barrier
thus formed should increase the inner layer thickness.
Compounds containing nitrogen, sulfur, and oxygen
have been established as good inhibitors for iron in
acidic media [9]. The m bonds inorganic compounds
are found in corrosion inhibition of steel by being
adsorbed through electron sharing on the electrode
surface [10]. The presence of functional groups, for
example, NH,N = N, CHO, and R-OH, in the inhibitor
molecule [11], steric factors, aromaticity, and electron

Polyurea derivatives are important polymers obtained
by the interaction between a diisocyanate and an
amine. Polyurea is an extremely rough material and
exhibits high hardness and good chemical resistance,
which enable it to have many applications, for example,
in corrosion protection and coating systems [1]. Many
efforts to synthesise a new class of thermally stable
polyurea to achieve different properties have been
reported, such as phosphorus-containing heterocyclic
polyurea [2-5]. Heterocyclic-based PU derivatives or by
another wards, metal-containing PU with an ionic link in
the main chain was synthesized and received great
attention [6,7]; meanwhile, the introduction of a metal
into heterocyclic polyurea, to achieve a versatile number
of variable properties, has been studied, and the poly-
mer chain was reported as a possible cause for their
increased thermal stability [2,3,5,8].
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density of the donor atoms are found to influence the
adsorption of the inhibitor molecule over the corrod-
ing electrode surface.

Recently, some polymers [12-14] have received
intensive attention because of their wide application
range. This work continues our previous studies
regarding the preparation of various types of
organic polymers and/or polymer nanocomposite
materials having interesting properties and thus
can find widespread applications in different fields
of study [15-31].

According to our best of knowledge, there are no
previous reports for PU derivatives reinforced by TiO,
nanoparticles in the form of nanocomposites.
A general understanding which describes the role of
reinforced inorganic material throughout the nano-
composite formation and about how organic polymer
interacts with inorganic particles in the nanoscale to
form a composite material has been reported in the
literature [32-36]. In this study, we address the synth-
esis and characterization of new polyurea derivatives
containing diarylidenecyclohexanon moiety in the
polymer and prepare the polymer nanocomposite
using TiO, nanoparticles. TiO, is a commonly used
material because it is inexpensive, is non-toxic, has
a high refractive index, can be used as a broadband
UV filter, is chemically inert, exhibits biological activ-
ity against bacteria via photo-irradiation, is corrosion-
resistant, and has high rigidity [37].

The main goal of the present work is to synthesize
a new series of polyurea derivatives and its related
TiO,nanocomposites. The prepared materials are
characterized by investigating their crystallinity, ther-
mal stability, solubility, viscometry, morphology.
Moreover, the GPC measurement is also used to
determine the molecular weight of the synthesised
polyurea. Finally, investigate their antimicrobial prop-
erties as well as molecular docking studies.

2. Experimental method
2.1. Measurements

IR spectra were recorded on an IR-470, infrared spec-
trophotometer. The ' HNMR spectra were obtained on
GNM-LA (400 MHz) spectrophotometer at room tem-
perature in CDCl; using TMS as a reference. Inherent
viscosities of polyurea solutions were measured in
dimethyl sulfoxide (DMSO) at 30°C wusing an
Ubbelohde suspended-level viscometer. The polymer
solubility was tested for powdery samples at room
temperature under the same conditions with different

solvents: formic acid, chloroform (CHCIls), dichloro-
methane (CH,Cl;), benzene, dimethylformamide
(DMF), sulfuric acid, and DMSO. The molecular weight
of polyurea was evaluated by GPC using an Agilent-
GPC from Agilent Technologies in Germany. The
refractive index detector was G-1362A with 100-104-
105 A° Altrastyragel columns connected in series. The
eluent used was DMF at a flow rate of T mL/min and
in the presence of PS as a reference polymer. The GPC
apparatus was run under the following conditions:
flow rate = 2.000 mL/min, injection
volume = 100.000 pL, and sample concentra-
tion = 1.000 g/L. X-ray diffraction (XRD) measurements
of polyurea derivatives and polyurea-TiO, nanocom-
posites with different TiO, nanoparticle contents (2%,
5%, 10%, and 20%) were recorded on an XRD D8
Discovery model manufactured by the Bruker
Company in Germany. XRD measurements were con-
ducted at 40 kV and 40 mA over a scanning range
from 5° to 90°at a scan speed/duration time of 4.0000
deg/min. Thermal analysis was performed by thermo-
gravimetric analysis (TGA) using the Shimadzu-D50
thermal analyser model manufactured by the
Shimadzu Company (Japan). The rate of temperature
increase was 10°/min, holding temperature 800°Cusing
platinum cell and air atmosphere. Transmission elec-
tronic microscopy (TEM) measurements were recorded
using an EM-2100 High-Resolution model at 25X mag-
nification and 200 kV. TEM images were taken only for
polyurea-TiO, nanocomposites with 20% TiO, nano-
particles. SEM images were taken on a Jol 2000
(Japan) model for polyurea-TiO, nanocomposites
with 2% and 20% TiO, nanoparticles.

2.2. Reagents and solvents

TiOznanoparticles with a size of <50 nm and 4-tert-
butylcyclohexanone (Merck, Germany) were used as
purchased. Chloroacetyl chloride and thiourea
(Merck, Germany) were wused as received.
Anhydrous aluminium chloride (Aldrich, Germany)
was used as purchased, while hexamethylene diiso-
cyanate, 4,4'-diphenylmethane diisocyanate, 1,4-phe-
nylenediisocyanate (all from Aldrich, 97%), and
pyridine (Merck, Germany) were dried using sodium
hydroxide pellets for three days. Methanol (absolute,
99.8%), ethanol (absolute, 99.9%), and acetone
(Merck, Germany) were used as purchased. Carbon
disulfide (Merck, Germany) was dried overnight by
calcium chloride, and then distilled under reduced
pressure.



2.3. Monomer synthesis

2.3.1. 2,6-bis-(benzylidene)-4-(tert-butyl)
cyclohexanone (M1)

New monomer, namely, 2,6-bis-(benzylidene)-4-(tert-
butyl)cyclohexanone (M1), was synthesised accord-
ing to the following general procedure. A mixture of
0.02 moles of benzaldehyde and 0.01 mole of
4-(tert-butyl) cyclohexanone in warm ethanol
(10 mL of ethanol per gram of the mixture) was
prepared. To this was added 10% potassium hydro-
xide solution dropwise until a yellow solid precipi-
tate was formed. The precipitate was collected, and
the remaining solution was stirred for 3-4 h. The
precipitate was collected by filtration and then
washed with cold water and recrystallized from
ethanol, as shown in Figure 1. The FTIR spectra of
the monomer showed the absorption bands at
2959 cm'(CH aliphatic), 1661 cm™'(C = O of cyclo-
hexanone), and 1604 cm™'(C = C). Additional details
are found in Figure S1." HNMR spectrum of
2,6-dibenzylidene4-tert-butyl-cyclohexanone (CDCl3)

9 CHO
+ 2

EtOH
—_—

KOH
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showed peaks at & = 1.26 (s, 9 H, 3CH3), 2.4-2.62
(m, 1 H, CH), 3.15-3.19 (m, 4 H, 2CH, of cyclohex-
anone), and 7.25-7.78 (m, 12 H, 2CH = C &10Ar-H).

Additional details can be found in Figure S4.
>CNMR (CDCI3): & = 27.29, 32.58, 44.44, 128.84,
128.56, 130.36, 136.06, 136.19, 136.87, 190.65.

Additional details can be found in Figure S8.

2.3.2. Bis (4-chloroacetylbenzylidene)-4-(tert-butyl)
cyclohexanone (M2)

In a conical flask, 0.02 mole of M1and 0.04 mole of
chloroacetyl chloride were added and the mixture
dissolved in 80 mL of carbon disulfide. Then, anhy-
drous aluminium chloride (0.08 mole) was added
dropwise. The mixture was stirred in an ice bath
for 6 h, then the carbon disulfide was evaporated
and the residue poured into cold hydrochloric acid.
The yellow-precipitated product was collected by
filtration, washed with water, and recrystallized
from an appropriate solvent as shown in Figure 2.
The IR spectra of this monomer showed absorption
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Figure 1. Synthesis of 2,6-bis-(benzylidene)-4-(tert-butyl)cyclohexanone monomer.
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Figure 2. Synthesis of diarylidenecyclohexanone monomers M2 and M3.
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bands at 1735 cm™'(C = O of chloroacetyl group),
with the original absorption bands of 1660 cm™
(C = O of cyclohexanone) and 1602 cm™ (C = Q)
(further information is in Figure S2). T HNMR spectra
(in CDCl3) showed peaks at 6 = 6.82-7.85 (m, 10 H,
2CH = C & 8 H of aromatic), 4.15 (s, 4 H of CH,
chloroacetyl), 3.14-3.18 (m, 4 H, 2CH, of cyclohex-
anone), 2.41-2.64 (m, 1H, CH), and 0.97 (s, 9 H,
3CH5). Additional details are in figure S5. *CNMR
(CDCI3): & 27.29, 29.30, 29.53, 32.58, 44.44, 53.85,
69.53, 12847, 12856, 130.31, 136.18, 136.87,
190.66, 210.79. Additional details can be found in
Figure S9.

2.3.3. Bis (2-aminothiazol-4-ylbenzylidene)-4-(tert-
butyl) cyclohexanone (M3)

A mixture of 0.02 moles of M2 and 0.04 moles of
thiourea was dissolved in 40 mL of ethanol and
then stirred under reflux for 5 h. The clear solution
was poured into cold sodium acetate solution (10%;
25 mL), and the precipitate formed was collected
filtered, and re-crystallized using a proper solvent,
as shown in Figure 2. The IR spectra showed
absorption bands at 3370-3333 cm™', attributed to
the primary amino group, and at 1630 cm™(C = N),
together with the original bands of the parent

monomer at 1660 cm™'(C = O of cyclohexanone),
1604 cm '(C = (), and phenylene at 1580 cm™'
(additional information is in Figure S3). THNMR
spectra (in CDCl3) showed peaks at 6 = 6.80-7.84
[m, 12 H, 8 H of aromatic and 2 H(CH = C) and 2 H
(CH-S)1, 5.30 (s, 4 H of NH, exchangeable with D,0),
3.18-3.20 (m, 4 H 2CH, of cyclohexanone), 2.47-2.64
(m, 1H, CH), and 0.977 (s,9 H of butyl). More infor-
mation can be found in Figure S6 and Figure S7
before and after adding the D,0O respectively.
3CNMR (CDCI3): 6 26.90, 27.30, 27.97, 29.34, 29.84,

29.52, 29.68, 29.71, 32.56, 40.95, 44.38, 103.79,
125.99, 128.48, 128.57, 128.59, 130.33, 130.84,
134.71, 13533, 136.03, 136.07, 136.20, 136.67,

136.84, 136.92, 150.64, 167.60, 190.62. Additional
details can be found in Figure S10.

2.4. Polymerization process

In a three-necked flask equipped with a condenser
and dry nitrogen inlet and outlet, a mixture of 0.002
moles of M3 was dissolved in 30-40 mL of dry
pyridine. The different aromatic and aliphatic diiso-
cyanates (0.002 moles) dissolved in 15 mL of dry
pyridine, were added in a dropwise manner while
stirring. After complete addition of the diisocyanate,

6]
H H
N C— _C N
/< \ / >\ + Diisocyanate
HNT g s NHg

PU, 3

0
< > H H i >
NN s TNTCNHRNH-C—
H
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1

Figure 3. Synthesis of polyurea derivatives PU;, PU,, and PUs;



the reaction mixture was heated under reflux for
15 h and cooled to room temperature.
Subsequently, the mixture was poured into ice
water, forming a white-brownish precipitate (PU,,
PU,, and PU;3) as shown in Figure 3. Then, the
solid polymers were separated out, filtered, and
washed with water. The IR spectra of the polymers
showed absorption bands at 3340 cm™(NH of urea
derivative) and 1680 cm™ (C = O of urea
derivative).

2.5. Polyurea-based TiO,nanocomposites
fabrication process

The PU,TiO,a-d were synthesised by adding TiO,
nanoparticles in different contents (2%, 5%, 10%,
20%) to the solvent (dry pyridine). The mixture
was poured into ice water, to remove any excess
of pyridine. The same procedure was repeated to
synthesise polyurea (see previous section). The poly-
mer data are shown in Table 1. The IR spectra of
PU,TiO,a-d show absorption bands at 3330 cm™'

Table 1. Polymers its related TiO, doped nanocompositesymbols
and codes.

Code TiO, nanoparticles (%) TiO, nanoparticles wt. (g)
PU, 0 0
PU, 0 0
PU; 0 0
PU,TiO,a 2% 0.036
PU,TiOb 5% 0.071
PU,TiOxc 10% 0.18
PU,TiO,d 20% 0.36
a 130 7/
120 4 3343
8
§ 110 4
.
E 3339
7}
5
£ 100 e ——
T ey
3340
——Pu1
90 4}——Pu2
—— PU3
T T //I, T T T T
4000 3500 3000 2000 1500 1000 500

Wavenumber/cm™!
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(NH of urea derivative) and 1660 cm ' (C = O of
urea derivative).

2.6 Antimicrobial activity

Antimicrobial activity was tested for the new
synthesised polyurea and polyurea-TiO, nanocom-
posites by using the agar diffusion method with
different bacterial species and fungi: gram-positive
bacteria strains (Bacillus subtilis and Staphylococcus
aureus) and gram-negative  bacteria  strains
(Pseudomonas aeruginosa and Escherichia coli), and
fungus (Candida albicans). All organisms were kept
in the microbiology lab at King Abdulaziz University
in Jeddah, Saudi Arabia. The technique used to
determine the antimicrobial effect for the new poly-
mer has been described previously [38]. In brief,
a 90-mm Petri dish was filled with 25 mL of
Muller-Hinton agar; then, 200 pL bacterial cultures
were autoclaved for 20 min and were spread on the
agar plate surfaces by using sterile swabs. Next,
50 pL of the polymer was added to the agar plates
and incubated at 37°C for 24 h. The size of the
growth inhibition zone was measured and deter-
mined as shown in Table 5.

2.7. Molecular docking method

All docking studies were performed using the MOE
program. Structural optimization of compounds 3a
and 3b was performed using ChemBioDraw ultra,
and their 3D structures were constructed using
ChemBio3D ultra 13.0 software Molecular Modelling

b s ——PU2TiO2d
7/ ——PU2TiO2¢
——PU2TiO2b
——PU2TiO2a
130 —ﬁ/—ﬂf
3300
1204 N\
= '
3
@
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; /
c
o 3310
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Figure 4. (a) FTIR spectra of polyurea derivatives PU;, PU,, and PUs. (b) FTIR spectra of Polyurea-TiO, nanocomposites PU,TiO,a-d.
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and Analysis, Cambridge Soft Corporation; they were
then energetically minimised using MOPAC and saved
as MDL Mol File (*.mol). The target crystal structures
were retrieved from the Protein Data Bank (http://
www.rcsb.org/pdb/). All bound water ligands and
cofactors were removed from the protein, and the
water molecules around the duplex were also
removed before adding the hydrogen atoms. The
parameters and charges were assigned with the
MMFF94x force field. After alpha-site spheres were
generated using the site finder module of MOE, the
structural model of complexes was docked on the
surface of the interior of the minor groove using
the DOCK module of MOE [39-41]. All calculations

Table 2. Solubility characteristics of PU;, PU,, and PUs;
Polymer Code DMF HCOOH CHCI; CH,Cl, DMSO H,SO, Benzene

PU, + + + + - + + + -
PU, + + + + - + + +-
PU; + + + + - + + + -

+Soluble at room temperature.
+—Partially soluble.
—Insoluble.

Table 3. Inherent viscosities and GPC results for PU,, PU,, and PU;.

were performed on an Intel(R) core (TM)i7, 3.8 GHz-
based machine with MS Windows 10 as the operating
system. The Dock scoring in MOE software was done
utilizing the London dG scoring function and has
been upgraded using two unrelated refinement
methods. In addition, auto rotatable bonds were
allowed; the ten best binding poses were directed
and analysed to achieve the best score. To compare
the docking poses to the ligand in the co-crystallised
structure and to obtain the RMSD of the docking
pose, the database browser was used. To rank the
binding affinity of the synthesised compounds to the
protein molecule, the binding-free energy and hydro-
gen bonds between the compounds and amino acid
in the receptor were used. Evaluation of the hydro-
gen bonds was done by measuring the hydrogen
bond length, which did not exceed 3.5 A. In addition,
RMSD of the compound position compared to the
docking pose was used in ranking. Both RMSD and
the mode of interaction of the native ligand within
the structure of the receptor were used in the stan-
dard-docked model.

GPC data
Code M. Formula Mw °Mn Pw DPI Ninn(dL/g)
PU, (C3gH36N6035)n 38,863.22 35,538.32 ~ 56 1.09 0.93
PU, (C45H42N603S5)n 42,678.09 37,998.56 ~55 1.12 0.97
PU; (C3gH42N6035,)n 39,945.45 34,708.21 ~ 58 115 1.06
*Weight-average molecular weight
PNumber-average molecular weight
“Average number of repeating units
a 4000 — PU2TI02d
—— PU2TI02¢
b 4500 —— PU2TI02b|
3500 —— PU2TI02a
——PU2
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Figure 5. (a) X-ray diffraction patterns of PU,, PU,, PUs_ (b) X-ray diffraction patterns of Polyurea-TiO, nanocompositesPU,TiO,a-d.
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3. Results and discussion

Three new series of polyurea derivatives containing dia-
rylidenecyclohexanone moiety and its related TiO,-
doped nanocomposites with different ratios (2%, 5%,
10%, 20%) were synthesised using in situ polycondensa-
tion methods. The new polymers and their nanocompo-
sites were characterised by common characterization
techniques. In addition, the biological screening for all
the products has been studied. Furthermore, the mole-
cular docking studies of PU,_3 derivatives were also dis-
played against ‘5FSA’ and ‘1KZN'proteins.

3.1. Chemistry and characterization tools

M1 was synthesised using potassium hydroxide as cata-
lysed in the mixture of 0.02 mol benzaldehyde and 0.01
mol 4-(tert-butyl)cyclohexanone in ethanol, as shown in
Figure 1. The monomer structure was confirmed by FTIR
and "H NMR as presented in the experimental section.
M2 was synthesised by the interaction between M1 and
chloroacetyl chloride in carbon disulfide using anhy-
drous aluminium chloride via the Friedel-Crafts reaction
as shown in Figure 2. The monomer structure was con-
firmed by FTIR and '"HNMR as presented in the experi-
mental section. Finally, M3 was synthesised thought the
interaction between M2 and thiourea in absolute etha-
nol then stirred under reflux and poured onto sodium
acetate as shown in Figure 2. The monomer structure
was confirmed by FTIR and 'HNMR as presented in the
experimental section. Subsequently, a new series of
polyurea derivatives PU,, PU,, and PUswas synthesised
using the solution polycondensation procedure [42]
through the interaction of M3 with diisocyanate com-
pounds in pyridine as presented in Figure 3. The IR
spectra of the polymers showed absorption bands at
3340 cm '(NH of urea derivative) and 1680 cm™
(C = O of urea derivative), as shown in Figure 4(a).

The new polymers were characterised by solubility,
viscosity, and GPC molecular weight determination as
follows. The solubility of polyurea derivatives PU;, PU,,
and PU;z was examined at room temperature using many
solvents including formic acid, CHCl;, CH,Cl,, benzene,
DMF, concentrated sulfuric acid A5% (w = v), and DMSO.
All solutions were prepared under the same conditions,
and the polyurea derivatives were soluble in concen-
trated H,SO,4, giving a red colour. In addition, they
were soluble in polar aprotic solvents like DMSO and
DMF, formic acid, and CHCls. However, they were only
partially soluble in other solvents like methylene chlor-
ide and benzene. Table 2 presents the solubility charac-
ter for the synthesized PU derivative in different
solvents.

DESIGNED MONOMERS AND POLYMERS . 65

The inherent viscosities were determined for PU;,
PU,, and PUs in DMSO at 30°C with an Ubbelohde sus-
pended-level viscometer. The value is defined as

Ninh = 2.3 [|°9'7/’lo]-

Solution concentrations were 0.5 g/100 mL and the
viscosity ratio is n/n.. Table 3 shows the viscosity
value of PU;, PU,, and PUs. All polymers show visc-
osity values in the same range due to their very
near M. Wt. values. This observation has been con-
firmed by the GPC measurement. Additionally, it
shows that PU; had a low viscosity (0.93 dl/qg)
among PU;.3. The inherent viscosity (ni,n) values
for polyurea derivatives were different for each deri-
vative, which may result in small differences in their
molecular weights.

The chromatographs have different techniques
used to determine the molecular weight of polymers
such as column chromatography, paper chromatogra-
phy, high-performance liquid chromatography (HPLC),
and GPC or by other wards size exclusion chromato-
graphy (SEC) [43-45]. These different techniques pass
the solution for the tested sample through a medium

Figure 6. SEM images of PU,TiO,b at higher and lower magni-
fications, respectively: (a) X = 100,000, (b) X = 13,000.
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that selectively absorbs the different components in
the tested sample solution. GPC is extensively used
for molecular weight determination. The value of the
molecular weight was computed using a computer

a — ——PU1
—— PU2
——PU3
80
3
8 60
o
=
2 40
s 40
=
20 -
0 -
T

v —¥ 777
100 200 300 400 500 600 700 800
Temperature (C)

program. The value of average number, weight-
average molecular weights, and polydispersity index
(Mn, Mw, and PDI) of polyurea were determined and
their data are presented in Table 3.

200 nm
—

200 nm

Weight loss%

— 7T . T r r T _r T T T 7T
100 200 300 400 500 600 700 800

Temperature (C)

Figure 8. (a) TGA curves of PU;, PU,, PU3 in airflow at a heating rate of 10°C/min. (b) TGA curves of polyurea-TiO, nanocomposites PU,

TiOya-d in airflow at a heating rate of 10 °© C/min.



3.2. Polyurea-based TiOnanocomposites
fabrication

The same procedure was used to synthesise polyurea
PU, using the solution polycondensation technique by
first dissolving TiO, with different ratios (2%,5%,10%,
and 20%) in dry pyridine and then dissolving one mole
of M3 with one mole of 4,4'-diphenylmethane diisocya-
nate compound. The pyridine polymer and nanocompo-
sites information are presented in Table 1. The polyurea
and nanocomposite structures were confirmed by FTIR
as presented in the experimental section. The IR spectra
of PU,TiO,a—-d show absorption bands at 3330 cm™'(NH
of urea derivative) and 1660 cm~'(C = O of urea deriva-
tive), as shown in Figure 4(b).
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The resulting polyurea derivatives and nanocompo-
sites were characterised using XRD and TGA to deter-
mine the thermal stability of polyurea derivatives and
nanocomposites and the influence of variable TiO,
nanoparticles concentration on their thermal stability.
The morphology exhibits features associated with
agglomeration and concentration of TiO, nanoparticles
on the polyurea surface as seen in SEM and TEM images.

The fabricated nanocomposites were characterised
by XRD, SEM, TEM, and TGA. First, polyurea derivatives
were measured as shown in Figure 5(a). PU;had four
characteristic peaks at 2-theta values of 20.91°, 21.94°,
26.37°, and 42.8°, and d-space values of 4.5 A, 4.2 A,
351 A, and 2.5 A. PUhadfour characteristic peaks at
2-theta values of 19.72°, 21.18° 26.15° and 41.18° and

Table 4. TGA analyses for PU, and its related PU,TiO,a-d nanocomposites.

Temperature (°C) for various percentage decompositions*

Code IDT? PDTrmax” FDT? Tio Tao Tzo Tao Tso

PU, 363.41 567.9 612.3 3329 3741 441.8 496.7 531.1
PU,TiOsa 364.4 5713 614.2 3382 3746 444.2 489.2 5216
PU,TiO5b 366.34 587.5 622.3 343.2 374.9 451.6 501.6 532.9
PU,TiOxc 367.48 556.3 602.3 3331 3742 4341 4741 500.6
PU,TiO,d 368.25 596.2 650.2 350.2 4214 491.9 530.1 556.6

The values were determined by TG curves at heating rate of 10°C/min
PThe values were determined by DTG.

Table 5. Antimicrobial and antifungal activity of tested polyurea derivatives PU;_; and its related nanocom-

posites PU,TiO,, 4.

POLYMER S. AUREUS B. SUBTILIS P. AERUGINOSA E. COLI C. ALBICANS
PU, 3 - 2 - -
PU, 2 2 3 2 3
PU; - - 2 - 2
PU,TiO,a 8 5 8 6 4
PU,TiOb 9 8 10 7 6
PU,TiO,c 1 10 9 12 8
PU,TiO,d 12 10 12 14 10
16
~ 14
=
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=
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Figure 9. Antibacterial and antifungal activities of tested polyurea derivatives and polyurea-TiO, nanocomposites.
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d-space values of 4.242 A, 4.048, A3.332 A, and 2.11 A.
PUshad two characteristic peaks at 2-theta values of
19.72°and 37.42° with d-space values of 3.78 A and 2.4 A.
PUs was crystalline or semi-crystalline, possibly because
of the six methylene groups, which might be the result
of increasing polyurea chain flexibility in adjacent chains
[46]. Additionally, the presence of the high C = C band
and C = O band, which represent polar groups arranged
between the adjacent polyurea chains, could have
caused the extended crystallinity [47]. The XRD patterns
for polyurea-based TiO, nanocomposites with different
percentages of TiO, nanoparticles (2, 5, 10, and 20%)
were measured as shown in Figure 5(b). The XRD

patterns showed that polyurea with TiO, nanoparticles
had characteristic peaks at 2-theta values of 25.25°
36.96°, 37.93° 38.61° 48.1°, 53.89°, 55.30°, 63.2°, and
69.6°, andTiO, peak indices (101), (104), (200), (105),
and (211) Compared to a standard card (00-002-0387),
the TiO, nanoparticles peaks match those of anatase.
Moreover, the XRD results for these nanocomposites
also indicate a gradual decrease in the PU, related
peaks as a result from the increase in the TiO,
loading percent from PU,TiO,a to PU,TiO,d.

The morphology of selected samples PU,TiO,b and
PU,TiO,d were examined as shown in Figure 6(a). At
magnification X = 100,000, thePU,TiO,b surface was

Figure 10. Antimicrobial activity images of tested polyurea-TiO, nanocomposites against B. subtilisand C. Albicans.

Table 6. Docking score and energies of PU;, PU,, and PUs with 5fsa receptor.

mseq S rmsd_refine E_conf E_place E_refine h_logD h_logP h_logS
PU, -11.90 2.39 -127.14 -102.13 —66.30 8.70 9.25 -11.71
PU, -11.89 2.82 —131.02 —105.91 —63.60 8.70 9.25 -11.71
PU, -11.87 1.79 -123.67 —-79.06 —67.66 8.70 9.25 -11.71
PU, -11.71 2.92 —134.36 —83.77 —68.96 8.70 9.25 -11.71
PU, -11.54 1.83 —95.81 —47.29 —64.98 8.70 9.25 =-11.71
PU, -12.92 3.98 —97.54 —84.27 —72.99 10.78 11.33 -13.71
PU, -12.78 3.10 -117.60 -90.28 —-79.61 10.78 11.33 -13.71
PU, -12.75 2.59 -109.11 -57.11 —63.60 10.78 11.33 -13.71
PU, -12.49 1.92 -127.03 —87.50 -73.70 10.78 11.33 -13.71
PU, —12.43 1.91 -115.05 -111.26 —65.02 10.78 11.33 -13.71
PU; -12.11 2.13 -132.83 —-97.56 —-70.86 7.81 8.37 -10.87
PUs -11.86 1.88 —-119.59 -116.25 —67.15 7.81 8.37 -10.87
PUs -11.80 3.56 -123.73 —84.80 —61.64 7.81 8.37 -10.87
PUs -11.70 2.08 -109.67 -139.36 -52.77 7.81 8.37 -10.87
PU3 -11.70 1.84 —106.54 —65.27 -52.11 7.81 8.37 -10.87
PU,TiO,c PU,TiO,d
Table 7. Distance and energy between PU,, PU,, and PUs with 5fsa receptor.

Product Ligand Receptor Interaction Distance E (kcal/mol)
PU] - - - - -
PU, N 71 O SER 378 (A) H-donor 3.29 =21
PU; S42 O SER 378 (A) H-donor 3.68 -0.5

N 43 SD MET 508 (A) H-donor 4,07 -2.7

5-ring CD1 LEU 376 (A)

pi-H 3.86 -1.0




comprised of fibrous structures and the addition of 5 wt.
% TiO, to the polymer caused agglomeration on the sur-
face of the polymer. Additionally, in Figure 6(b), at magni-
fication X = 13,000 in PU,TiO,d, the fibre morphology of
polyurea and spherical morphology of 20 wt.% of TiO,
nanoparticles showed excellent homogenous size distri-
bution of TiO, nanoparticles on the polyurea surface.

The TEM image for PUTIO,d (TiO, nanoparticles 20%)
in Figure 7 shows the spherical TiO, nanoparticles dis-
persed in polyurea (fibre shape) with homogenous size,
shape, and distribution without any agglomeration or
concentration in certain areas. TiO, nanoparticles are
approximately 25 nm.

The thermographs of polyurea derivative samples are
given in Figure 8(a), which shows the same decomposi-
tion curve for all samples with multi-step processes, start-
ing with conformable removal of the (OH) group due to
the removal of moisture content and/or entrapped sol-
vents that cause weight loss; however, this step starts at
room temperature and ends at approximately 160°C for
PU,, PU,, and PU; with mass losses 0.338, 0.245, and
0.025 mg, respectively. The thermographs also show
that polyurea derivatives decompose in two stages. The
first stage is the partial decomposition of polymers, which
starts at 160 C° and ends at 368°C, 345°C, and 337 C° for
PU;, PU,, and PUs;, with mass losses of 2.40, 3.261, and
3.50 mg, respectively. The second stage of decomposition
starts at 350°Cand ends at 612°C, 595°C, and 580°C for
PU,;, PU,, and PUs. The total mass loss of polyurea
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derivatives shows higher stability for PU, than other poly-
urea derivatives with total mass loss at 800°Cof 4.44 mg
while PU; and PU; are 16.06 and 8.063 mg, respectively.
Additionally, the TGA of polyurea-TiO, nanocomposite
with different percentages of TiO,, as shown in Figure 8
(b), was performed to compare the thermal stability of
each nanocomposite and explain the effect of TiO, nano-
particles on the thermal resistance of polyurea. The TGA
curves for PU, and PU2TiO2a with different percentages
of TiO, nanoparticles illustrate the effect of TiO, nanofiller
on the thermal stability of polymers as shown in Figure 8
(b). The TGA data analysis shows the high thermal stability
for PUTiIO»d (20% TiO, nanofiller) with total mass loss of
71% compared to PUTIO,a, PUTiO,b, and PUTIO, ¢, which
has losses of 94.66%, 94.54%, and 90.44%, respectively.
The thermal properties are enhanced for all samples due
to the high thermal resistance of the TiO, nanofiller. The
initial decomposition temperature (IDT) at which the
initial degradation may occur [48,49] was found to be in
the range between 300°C and 560°C. T,o was considered
as the polymer decomposition temperature (PDT) with
a range from 333°C to 350.2°C. Therefore, the data in
Table 4 indicate the high thermal stability of PUTIO,, 4
compared to individual polyurea. PDT,,, represents the
maximum temperature at which the decomposition pro-
cess occurs [49,50]. PDT,,,4 results show that all the poly-
mers have similar PDT,,4 values in the range from 531°C
to 560°C. The final decomposition temperature (FDT) is
the temperature at which the amount of degradation that

Table 8. Docking score and energies of PU;, PU,, and PUs with 1KZN receptor.

mseq S rmsd_refine E_conf E_place E_refine h_logD h_logP h_logS
PU, -10.12 1.52 —135.34 —-102.54 —60.59 8.70 9.25 -11.71
PU, -9.61 242 —142.01 -105.79 -63.16 8.70 9.25 -11.71
PU, -9.46 2.50 —-140.00 —82.31 —59.95 8.70 9.25 -11.71
PU, -9.43 3.01 —139.54 —78.94 -60.70 8.70 9.25 -11.71
PU, -9.19 2.02 -142.39 —89.25 -59.09 8.70 9.25 -11.71
PU, -10.38 2.21 -119.74 -70.35 —58.54 10.78 11.33 -13.71
PU, —-9.94 2.29 —127.41 —46.42 —63.84 10.78 11.33 -13.71
PU, -9.82 2.14 —133.69 -73.17 —68.89 10.78 11.33 -13.71
PU, —8.81 243 —126.65 —36.69 —51.48 10.78 11.33 -13.71
PU, —8.69 1.94 —133.67 -87.72 -50.66 10.78 11.33 -13.71
PU3 —-8.24 2.23 —134.24 —79.43 —47.01 7.81 8.37 -10.87
PU3 -8.17 393 —139.43 —60.48 —47.30 7.81 8.37 -10.87
PU3 -8.17 1.88 -133.60 —70.42 —49.44 7.81 8.37 -10.87
PU3 —8.06 249 -136.33 -55.69 -46.41 7.81 8.37 -10.87
PU; —-7.99 5.07 —138.08 —76.02 —54.55 7.81 8.37 -10.87
Table 9. 2D Docking structures and Distance between PU;, PU,, and PU; with 1KZN receptor.

Product Ligand Receptor Interaction Distance E (kcal/mol)
PU, - - - - -
PU, N 97 O TYR 26 (A) H-donor 3.01 —4.1

N 48 NH1 ARG 136 (A) H-acceptor 3.09 -0.9

6-ring CD1 ILE 90 (A) pi-H 4.24 -0.8
PUs 6-ring CD PRO 79 (A) pi-H 4.55 -0.8
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Figure 11. 3D Docking structures of PU;, PU,, and PUs with 5fsa
receptor.

may occur is nearly completed [8,51]. The TG curves show
that the FDT for all polymers is almost completed at
around 600-650.2°C. By comparison, at the T4 and Tsq
values, the thermal stability increased with the
increased percent of TiO, nanoparticles.

3.3. Antimicrobial Evaluation

The antimicrobial activity of the polyurea derivatives
and TiO,-based nanocomposites was determined
through the disk diffusion system with different

® 3 PU;

Figure 12. 2D Docking structures and Distance between PU;, PU,,
and PU; with 5fsa receptor.

gram positives of B. subtilis and S. aureus, and gram
negatives of E. coli and P. aeruginosa bacteria as well
as the fungus C. albicans samples. The antimicrobial
activity was evaluated by the inhibition zone dia-
meters as presented in Figures 9 and 10 and Table
5. The tested polyurea derivatives showed activity
against some of the microbial strains but the antibac-
terial activity against B. subtilis, S. aureus, E. coli,
P. aeruginosa, and the fungusC. albicanswas enhanced
after addition TiO, nanoparticles. However, in some
previous studies, the addition of TiO, to composites
reduced bacterial attachment to the polymer surface
[52-55]. But in most other cases it is reported as
a good candidate which promotes the biological
screening of materials [56-61]. The increase in added



Figure 13. 3D Docking structures of PU,, PU,, and PU; with 5fsa
receptor.

TiO, (2%, 5%, 10%, and 20%) showed increased anti-
bacterial activity against all the microbial strains. The
maximum antibacterial activity was observed against
E. coli, with an inhibition zone of 14 mm for PU,TiO,
d; therefore, the nanocomposites were more active
against E. coli than other types of bacteria, so it is
clear that with the increase in TiO, concentration, the
zone of inhibition increased.
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Figure 14. Distance and energy between PU;, PU,, and PUs with
1KZN receptor.

3.4. Molecular docking study

The docking studies have been applied to PU;, PU,, and
PUs compounds against the ‘5FSA’ protein [62,63] and
"1KZN'’ [64,65] to highlight the possible acting functional
groups. 5FSA is the sterol 14-alpha demethylase (cyp51),
which is a cytochrome P450 enzyme that is employed for
the biosynthesis of sterols in cells and is the major target
of clinical drugs in fungi [62]. 1KZN is a code for the 24
kDa gyrase fragment; DNA gyrase is a primary protein
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involved in replication and transcription of bacterial cir-
cular DNA [64]. Many antibacterial drugs are known to
target DNA gyrase, inducing bacterial death [64];
a similar docking study was undertaken on the clinically
approved drugs Gentamycin for the 1KZN protein and
Fluconazole for 5FSA. The docking of 1KZN against the
compounds and the antibacterial reference suggest an
increase in the docking score of PU,over PU; and PU;
(Table 6-9). The docking score of PU, compared to PU,
and PUs (Figures 11-14) can be attributed to both elec-
tronic interaction and its orientation inside the protein
sites. Similarly, the docking study of 5FSA against the
compounds and the antifungal reference ‘Fluconazole’
revealed similar observations. The docking scores are in
good agreement with the antimicrobial effectiveness of
the compounds against E. coli and the antifungal capa-
cities of the compounds against S. aureus, B. subtilis, and
P. aeruginosa.

4. Conclusions

A series of polyurea derivatives and polyurea-TiO; nano-
composites were successfully synthesised in pyridine
using the polycondensation technique. The structure
was confirmed by FTIR, and characterised using XRD,
TGA, and SEM. TGA showed a high thermal stability for
polyurea-TiO, nanocomposites with the increase in TiO,
nanoparticles. The synthesised TiO, nanocomposites
emerged as good antimicrobial agents. TEM images for
PU2TiO,d showed the spherical TiO, nanoparticles dis-
persed into polyurea (fibre shape), also SEM images for
PU,TiO,b and PU,TiO,d showed a fibrous polymer struc-
ture with spherical morphology for the TiO,. The poly-
urea derivatives showed slight antibacterial activity and
after adding TiO, nanoparticles showed activity against
all the microbial strains; the activity increased with the
increase in TiO, present.
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