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ABSTRACT

The self-assembly of a series of bisthiourea containing amino acid side chains has been studied in a large range of
organic solvents. Self-assembly is driven mainly by hydrogen bonding groups of thiourea and amino acids
moieties. Of all the synthesized compounds, only bisthiourea with alanine side chains, 3.5 formed thermoreversible
gel in 50:3 dichloromethane:water mixture at minimum gel concentration of 0.5%. SEM micrographs of the gel
showed the formation of entangled cross-linked fibres. The addition of anions such as CI', F and AcO ™ disrupted
the gel network of 3.5 thus inducing the gel-sol transition. To investigate the ability of the bisthiourea to form
metallogel, metal ions such as Co?*, Cu?", Ni?* and Pb?* were introduced, however, none of them induce the
formation of metallogel. In particular, the gels show good performance in the absorption of bromocresol green and
Eriochrome black-T at 75% and 61% efficiency, respectively within 24 hours. The good dye absorption properties
of gel 3.5 render the potential of bisthiourea gels as new dye absorption materials, which show significant benefit
for water pollution treatment.
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INTRODUCTION

Supramolecular gels are viscoelastic materials
that are made of small amount of gelators and
large volume of solvents (Dastidar & Mondal,
2018). The formation of the gels, solid-like
materials are due to the surface tension or
capillary force action of the immobilized
solvents. Supramolecular gels are formed
through numerous supramolecular
(noncovalent) interactions such as hydrogen
bonding, m-m stacking, van der Waals
interactions, halogen interaction, and charge
transfer interactions which contribute to the
tunable properties of the gel. In contrast,
chemical or polymer gel such as silica gels are
formed through covalent interactions, thus are
not readily tunable as it requires a significant
amount of energy to break the bond (Dastidar et
al., 2016). The supramolecular gel can be
reversible upon the heating and cooling process.
In addition, the self-assembly properties of
supramolecular gel can also be triggered through
multiple stimuli such as pH, light and chemical
species like metal cations and hydrogen bond
acceptor anions (Hooper et al., 2016).
Supramolecular gel with a high aspect ratio and
high loading capacity is found to be useful for

the absorption of toxic cationic, anionic dyes and
heavy metal ions from contaminated water
(Christoff-tempesta et al., 2018).

Removal of toxic metals, anions and organic
dyes from wastewater requires remediation prior
disposal to water or lands. Organic dyes in
particular have now appears in thousands of
different formulations which make them stable
and hard to biodegradable (Han et al., 2019).
Various methods such as biological treatment,
the use of dispersants, solidifiers, sorbents and
skimmers have been developed over the years
for wastewater treatments. However, all the
methods described have their own limitations
(Chetia et al., 2020). Gel-based adsorption
technique is one to be looking forward to in
environmental remediation (De & Mondal,
2018).

Sengupta and co-workers (2014) have
proposed an adsorption technique with the aid of
supramolecular gels. The gels consist of larger
surface areas and porous nature as well as the
synthesized ligand which comprised of
hydrophilic and hydrophobic group capable to
provide the interaction with organic dyes. In dye
absorption experiment, it was shown that this gel
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can absorbed up to 94% of methyl orange dye. In
other work, Baddi and co-workers (2016) have
reported supramolecular gel consists of amide
and urea with anion tunable properties. The
addition of anions has disintegrated the gels
possibly due to the disruption of hydrogen
bonding networks in the gel.

Thiourea compounds, for examples a series
of N-benzoyl thiourea derivatives have been
shown to possess gelation properties due to the
presence of N-H as hydrogen bond donor and
C=0 and C=S as hydrogen bond acceptors
(Staicu et al., 2018). In addition, p-nitrobenzene
thiourea derivatives also formed stable
organogel resulted from hydrogen bond
interactions and Van der Waals forces (Cao et
al., 2018). Inspired by the availability of
hydrogen bond donor wunit in thiourea
compounds, herein, we sought to study the
gelation properties of bisthiourea compound that
were synthesized from the reaction of 3 amino
acids (glycine, alanine, phenylalanine) with two
acid chlorides namely isophthaloyl dichloride
(3.1-3.3) and terephthaloyl dichloride (3.4-3.6).
Amino acid side chains are added to the
bisthiourea derivatives purposely to increase
more hydrogen bonding sites that would aid the
formation of supramolecular gel as seen in the
work published by Hooper and co-workers
(Hooper et al., 2016). In this study, we also
reported the effect of metal cations such as Co?",
Cu?*, Ni**, Pb* and anions such as CI~, AcO,
F  to the gel network and the ability of the gel to
absorb organic dyes such as bromocresol green,
Eriochrome black-T and xylenol orange.

MATERIALS AND METHODS

All chemical purchased is of reagent grade and
used without purification. The characterisation
of ligand and metal complexes was performed
via CHN analyses, FTIR, *H NMR spectroscopy
and *C NMR spectroscopy. By using DMSO-ds
solution as a solvent, the *H NMR and *C NMR
spectra were recorded using a JEOL 500 MHz
FT-NMR  spectrophotometer at  FSTS,
UNIMAS. The CHNS analyses were recorded
with FlashEA 1112 Series CHNS elemental
analyzer at FSTS, UNIMAS. Infrared spectra
were recorded using Elmer Spectrum GX
Fourier-Transform Spectrometer (4000-370 cm’
1y as KBr disc. The characterisation of metal
complexes was performed using CHNS analyses
and FTIR spectroscopy. The morphology of the
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gels was examined using scanning electron
microscopy (SEM) on a Nova NanoSEM 230
(FEI) Scanning Electron Microscope. The
percentage of the organic dye absorption by the
gel was measured using Ultraviolet-visible (UV-
vis) spectroscopy model Perkin Elmer/Lambda.

Synthesis of Bisthiourea Compounds

Isophthaloyl  dichloride or terephthaloyl
dichloride (0.507 g, 2.5 mmol) and potassium
thiocyanate (0.480 g, 5.0 mmol) were added into
a round bottom flask containing 120 mL of
acetone. The solution mixture was stirred for one
hour at room temperature. The white precipitate
(KCI) formed from the reaction was filtered out
and removed. Amino acids (glycine 0.375 g, 5.0
mmol; alanine 0.445 g, 5.0 mmol; phenylalanine
0.826 g, 5.0 mmol) were added as rapidly as
possible into the filtrate and the resulting mixture
was stirred and heated for 18 hours (70 °C-80 °C)
under reflux condition. The mixture was allowed
to cool to room temperature and the resulting
solid product was filtered out. The filtrate was
added into a beaker and allowed to dry out at
room temperature. The resulting precipitate was
washed with distilled water for several times and
recrystallized with ethanol to give pure product.
The structure of the synthesized compounds was
confirmed using CHNS elemental analysis, FT-
IR and *H and *C NMR spectroscopy.

Compound 3.1. Yield 0.863 g, 86.65%.
Yellowish solid. Analytical Calculated for
C14H14N406S; (398.41 g/mol): C 42.20; H 3.54;
N 14.06; S 16.10. Found: C 41.73; H 3.84; N
13.45; S 15.67. *H NMR (DMSO-ds, 500 MHz),
d (ppm): 4.36 (4H, t,J4.5),7.69 (1H, t,J 8), 8.14
(2H,t,J 45),8.49 (1H,d,J 7.5) 11.09 (2H, d, J
5.25) 11.47 (2H, s). *C NMR (DMSO-ds, 500
MHz), & (ppm): 47.37 (CH), 129.57, 131.78,
132.42, 133.58 (C aromatic), 167.60 (C=0),
170.19 (COOH), 180.98 (C=S). IR (v): v(N-H)
amide 3213 cm™, v(C=0) carboxylic 1714 cm™,
¥(C=0) amide 1666 cm™, v(C=C) aromatic 1506
cm™, »(C=S) 1210 cm™, v(C-N) 1169 cm™.

Compound 3.2. Yield 0.866 g, 81.24%. Pale
yellowish solid. Analytical Calculated for
C16H18N4O6S, (426.47 g/mol): C 45.06; H 4.25;
N 13.14; S 15.04. Found: C 45.39; H 3.87; N
12.84; S 15.63. *H NMR (DMSO-ds, 500 MHz),
d (ppm): 1.51 (6H, d, J 6.5), 4.85 (2H, t, J 7.25),
7.69 (1H,t, J 7.75), 8.14 (2H, d, J 8), 8.50 (1H,
s), 11.26 (2H, d, J 7.5), 11.47 (2H, s). ®*C NMR
(DMSO-ds, 500 MHz), & (ppm): 17.54, 17.80
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(CHs), 53.18, 54.30 (CH), 129.30, 129.51,
132.32, 133.47, 133.72 (C aromatic), 167.91
(C=0), 173.35 (COOH), 180.03 (C=S). IR (v):
v(N-H) amide 3222 cm™, v(C=0) carboxylic
1725 cm™, v(C=0) amide 1690 cm™, v(C=C)
aromatic 1502 cm™, v(C=S) 1210 cm™, v(C-N)
1172 cm™.

Compound 3.3. Yield 1.093 g, 75.54%.
Yellowish solid. Analytical Calculated for
Ca2sH26N406S; (578.66 g/mol): C 58.12; H 4.53;
N 9.68; S 11.08. Found: C 57.65; H 4.09; N
10.01; S 11.36. *H NMR (DMSO-dg, 500 MHz),
d (ppm): 3.21 (2H, m, J 6.5), 3.37 (2H, t, J 6.75),
5.16 (2H, m, J5.5), 7.26 (10H, m, J 7), 7.66 (1H,
d, J 8), 8.10 (2H, d, J 7.5), 8.49 (1H, s), 11.18
(2H, d, J 7.5), 11.53 (2H, s). *C NMR (DMSO-
de, 500 MHz), & (ppm): 36.65 (CH,), 58.60,
58.87 (CH), 126.93, 127.87, 128.43, 129.26,
129.36, 130.19, 132.15, 136.68 (C aromatic),
167.85 (C=0), 171.80 (COOH), 180.53 (C=S).
IR (v): v(N-H) amide 3222 cm?, v(C=0)
carboxylic 1716 cm™, v(C=0) amide 1689 cm™,
v(C=C) aromatic 1506 cm™, v(C=S) 1204 cm™,
v(C-N) 1167 cm™,

Compound 3.4. Yield 0.866 g, 86.95%.
Yellowish solid. Analytical Calculated for
C14H14N40582 (398.41 g/mol): C 42.20; H 3.54;
N 14.06; S 16.10. Found: C 41.64; H 3.07; N
13.56; S 16.41. *"H NMR (DMSO-ds, 500 MHz),
d (ppm): 2.67 (1H, m, J 6.5), 3.03 (1H, m, J 10),
3.78 (4H, d, J 13), 5.54 (1H, m, J 5), 6.23 (2H,
m, J6),7.42 (2H, m, J 8), 7.51 (2H, d, J 6.5). °C
NMR (DMSO-ds, 500 MHz), 6 (ppm): 45.20
(CHy), 126.74, 127.15, 128.69, 129.26 (C
aromatic), 162.23 (C=0), 164.69, 165.87
(COOH), 188.11 (C=S). IR (v): v(N-H) amide
3223 cm?, »(C=0) carboxylic 1716 cm™,
v(C=0) amide 1666 cm™, v(C=C) aromatic 1518
cm?, »(C=S) 1249 cm™®, v(C-N) 1172 cm™.

Compound 3.5. Yield 0.808 g, 75.80%.
Yellowish solid. Analytical Calculated for
C16H1sN406S; (426.47 g/mol): C 45.06; H 4.25;
N 13.14; S 15.04. Found: C 45.42; H 3.77; N
12.88; S 14.64. '"H NMR (DMSO-ds, 500 MHz),
d (ppm): 1.31 (6H, t, J 6.75), 4.53 (2H, m, J 7.5),
7.98 (5H, s), 8.04 (1H, t, J 10.25), 12.11 (2H, s).
3C NMR (DMSO0-ds, 500 MHz), & (ppm): 13.89
(CHs), 67.81 (CH), 128.88, 129.78, 134.77,
137.02 (C aromatic), 164.88 (C=0), 166.99
(COOH), 189.74 (C=S). IR (v): v(N-H) amide
3172cm?, v(C=0) carboxylic 1715 cm™, v(C=0)
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amide 1665 cm™, v(C=C) aromatic 1501 cm™,
v(C=S) 1255 cm™, v(C-N) 1152 cm™.

Compound 3.6. Yield 1.130 g, 78.09%.
Yellowish solid. Analytical Calculated for
C28H26N40682 (578.66 g/mol): C 58.12; H 4.53;
N 9.68; S 11.08. Found: C 57.63; H 4.06; N 9.83;
S 11.45. 'H NMR (DMSO-ds, 500 MHz), §
(ppm): 3.20 (2H, m, J 6), 3.36 (2H, t,J 7),5.14
(2H, m, J 6), 7.26 (4H, m, J 7.5), 7.94 (2H, d, J
13), 8.01 (10H, m, J 10.5), 11.15 (2H, d, J 7.5),
11.71 (2H, s). *C NMR (DMSO-ds, 500 MHz),
d (ppm): 36.54 (CHy), 59.25 (CH), 127.40,
127.92, 128.91, 129.64, 129.77, 129.97, 136.26,
136.75 (C aromatic), 168.14 (C=0), 171.86
(COOH), 180.56 (C=S). IR (v): v(N-H) amide
3026 cm?, ¥(C=0) carboxylic 1717 cm™,
v(C=0) amide 1667 cm™, v(C=C) aromatic 1499
cm™, »(C=S) 1256 cm™, v(C-N) 1159 cm™.

General Procedure for the Synthesis of Metal
Complexes

Bisthiourea ligand (0.30 mmol) was dissolved in
30 mL of ethanol in round bottom flask with
addition of potassium hydroxide (0.034 g, 0.60
mmol). The mixture was stirred for 30 minutes.
Next, immediately added the metal (cobalt(ll)
chloride-6-hydrate  0.072 g, 0.30 mmol;
copper(ll) chloride-2-hydrate 0.052 g, 0.30
mmol; nickel chloride-6-hydrate 0.072 g, 0.30
mmol; lead(ll) nitrate 0.10 g, 0.30 mmol) into
the resulting mixture based on ratio of 1:1
(ligand: metal). The mixture was stirred again
for two hours at room temperature. The solid
formed from the mixture was filtered, washed
and dried to afford the product. The solid formed
was washed with distilled water for several times
and recrystallized with methanol to give pure
product. The structure of the synthesized
compounds was confirmed using CHNS
elemental analysis and FTIR spectroscopy.

Compound 3.1a. Yield 0.110 g, 74.83%. Purple
solid. Analytical Calculated for
C28H32NgC02016S4 (982.73 g/mol): C 34.22; H
3.28; N 11.99; S 13.05. Found: C 34.53; H 3.07;
N 11.75; S 13.26. IR (v): v(N-H) amide 3222 cm"
! y(C=0) amide 1668 cm™, v(C=C) aromatic
1502 cm™, v(C=S) 1227 cm™, v(C-N) 1166 cm™.

Compound 3.1b. Yield 0.104 g, 75.36%. Green
solid. Analytical Calculated for
CogH24NgCu201,S4 (919.89 g/mol): C 36.56; H
2.63; N 12.18; S 13.94. Found: C 36.38; H 2.38;
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N 12.25; S 14.01. IR (v): v(N-H) amide 3252 cm’
! v(C=0) amide 1674 cm™, »(C=C) aromatic
1506 cm, w(C=S) 1228 cm™®, w(C-N) 1178 cm™.

Compound 3.1c. Yield 0.106 g, 77.37%. Orange
solid. Analytical Calculated for
CasH24NgNi2012S4 (910.19 g/mol): C 36.95; H
2.66; N 12.31; S 14.09. Found: C 37.08; H 2.83;
N 12.54; S13.91. IR (v): v(N-H) amide 3216 cm
! y(C=0) amide 1667 cm™, »(C=C) aromatic
1501 cm™, v(C=S) 1226 cm™, v(C-N) 1166 cm™.

Compound 3.1d. Yield 0.139 g, 72.40%. White
solid. Analytical Calculated for
CasH32NgPb2016S4 (1279.26 g/mol): C 26.29; H
2.52; N 8.76; S 10.03. Found: C 25.98; H 2.38;
N 8.93; S 10.19. IR (v): v(N-H) amide 3228 cm’
! ¥(C=0) amide 1671 cm™, v(C=C) aromatic
1506 cm™, v(C=S) 1229 cm™, v(C-N) 1174 cm™.

Compound 3.2a. Yield 0.112 g, 71.79%. Purple
solid. Analytical Calculated for
C32H40N8C0201684 (1038.83 g/mol): C 37.00; H
3.88; N 10.79; S 12.35. Found: C 36.81; H 4.16;
N 10.88; S 11.96. IR (v): v(N-H) amide 3211 cm’
! y(C=0) amide 1671 cm™, »(C=C) aromatic
1485 cm™, v(C=S) 1227 cm™, v(C-N) 1139 cm™.

Compound 3.2b. Yield 0.102 g, 69.86%. Green
solid. Analytical Calculated for
C32H32NgCu2012S4 (97600 g/mol): C 39.38; H
3.30; N 11.48; S 13.14. Found: C 39.80; H 2.98;
N 11.09; S 13.23. IR (v): v(N-H) amide 3255 cm
! v(C=0) amide 1665 cm™, »(C=C) aromatic
1460 cm™, v(C=S) 1235 cm™, »(C-N) 1153 cm™.

Compound 3.2c. Yield 0.108 g, 74.48%. Green
solid. Analytical Calculated for
C32H32N8Ni201284 (966.29 g/mol): C 39.77; H
3.34; N 11.60; S 13.27. Found: C 40.02; H 3.21;
N 11.54; S 13.18. IR (v): v(N-H) amide 3198 cm"
1 y(C=0) amide 1672 cm™, v(C=C) aromatic
1503 cm®, v(C=S) 1233 cm™, v(C-N) 1138 cm™.

Compound 3.2d. Yield 0.146 g, 73.00%. White
solid. Analytical Calculated for
C32H40N8Pb201684 (1335.37 g/mol): C 28.78; H
3.02; N 8.39; S 9.60. Found: C 28.44; H 3.09; N
8.52; S 9.48. IR (v): v(N-H) amide 3222 cm™,
v(C=0) amide 1675 cm™, v(C=C) aromatic 1512
cm™, v(C=S) 1242 cm™, v(C-N) 1177 cm™.

Compound 3.3a. Yield 0.160 g, 79.60%. Purple
solid. Analytical Calculated for
Cs6Hs6NsC02016S4 (1343.22 g/mol): C 50.07; H
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4.20; N 8.34; S 9.55. Found: C 49.86; H 4.24; N
8.25; S 9.50. IR (v): v(N-H) amide 3226 cm™,
v(C=0) amide 1669 cm™, v(C=C) aromatic 1501
cm?, v(C=S) 1234 cm™, v(C-N) 1166 cm™.

Compound 3.3b. Yield 0.137 g, 71.35%. Green
solid. Analytical Calculated for
Cs6HasNgCu2012S4 (1280.38 g/mol): C 52.53; H
3.78; N 8.75; S 10.02. Found: C 52.38; H 4.02;
N 8.78; S 10.21. IR (v): v(N-H) amide 3261 cm’
! y(C=0) amide 1681 cm™, v(C=C) aromatic
1506 cm™, v(C=S) 1231 cm™, v(C-N) 1171 cm™.

Compound 3.3c. Yield 0.149 g, 78.01%. Green
solid. Analytical Calculated for
C56H48N8Ni201284 (127068 g/mol): C 5293, H
3.81; N 8.82; S 10.09. Found: C 52.85; H 4.03;
N 8.62; S 10.12. IR (v): v(N-H) amide 3228 cm"
! y(C=0) amide 1672 cm™, »(C=C) aromatic
1499 cm™, v(C=S) 1234 cm™, v(C-N) 1164 cm™.

Compound 3.3d. Yield 0.176 ¢, 71.54%. White
solid. Analytical Calculated for
Cs6Hs6NgPb2016S4 (1639.75 g/mol): C 41.02; H
3.44; N 6.83; S 7.82. Found: C 40.88; H 3.45; N
6.62; S 7.87. IR (v): v(N-H) amide 3186 cm™,
v(C=0) amide 1675 cm™, v(C=C) aromatic 1512
cm™, ¥(C=S) 1205 cm™, v(C-N) 1152 cm™.

Compound 3.4a. Yield 0.117 g, 79.59%. Purple
solid. Analytical Calculated for
C2sH32NgC02016S4 (982.73 g/mol): C 34.22; H
3.28; N 11.40; S 13.05. Found: C 34.53; H 3.27;
N 11.54; S12.87. IR (v): v(N-H) amide 3216 cm
! y(C=0) amide 1666 cm™, v(C=C) aromatic
1512 cm™, v(C=S) 1243 cm™, v(C-N) 1163 cm™.

Compound 3.4b. Yield 0.099 g, 71.74%. Green
solid. Analytical Calculated for
C2sH22NgCu2012S4 (919.89 g/mol): C 36.56; H
2.63; N 12.18; S 13.94. Found: C 36.73; H 2.96;
N 12.23; S13.79. IR (v): v(N-H) amide 3195 cm"
! y(C=0) amide 1668 cm™, »(C=C) aromatic
1512 cm™, v(C=S) 1226 cm™, v(C-N) 1172 cm™.

Compound 3.4c. Yield 0.103 g, 75.18%. Orange
solid. Analytical Calculated for
C23H24N3Ni201284 (91019 g/mol): C 36.95; H
2.66; N 12.31; S 14.09. Found: C 36.79; H 2.63;
N 12.25; S 14.17. IR (v): v(N-H) amide 3201 cm’
! v(C=0) amide 1666 cm™, »(C=C) aromatic
1510 cm™, »(C=S) 1277 cm™, v(C-N) 1169 cm™.

Compound 3.4d. Yield 0.145 g, 75.52%. White
solid. Analytical Calculated for
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C28H32N8Pb201684 (127926 g/mol): C 26.29; H
2.52; N 8.76; S 10.03. Found: C 25.98; H 2.23;
N 8.62; S 10.12. IR (v): v(N-H) amide 3225 cm’
1 y(C=0) amide 1680 cm™, v(C=C) aromatic
1515 cm™, v(C=S) 1282 cm™, v(C-N) 1176 cm™.

Compound 3.5a. Yield 0.125 g, 80.13%. Purple
solid. Analytical Calculated for
C32H40N8C0201684 (1038.83 g/mol): C 37.00; H
3.88; N 10.79; S 12.35. Found: C 36.92; H 4.12;
N 10.71; S 12.40. IR (v): v(N-H) amide 3203 cm"
1 y(C=0) amide 1666 cm™, v(C=C) aromatic
1489 cm™, v(C=S) 1255 cm™, v(C-N) 1151 cm™.

Compound 3.5b. Yield 0.114 g, 78.08%. Green
solid. Analytical Calculated for
C32H32NgCu2012S,4 (976.00 g/mol): C 39.38; H
3.30; N 11.48; S 13.14. Found: C 39.57; H 3.59;
N 11.23; S13.21. IR (v): v(N-H) amide 3166 cm
! v(C=0) amide 1668 cm™, »(C=C) aromatic
1513 cm™, ¥(C=S) 1254 cm™, v(C-N) 1170 cm™.

Compound 3.5c. Yield 0.101 g, 69.66%. Green
solid. Analytical Calculated for
C32H32N8Ni201234 (966.29 g/mol): C 39.77; H
3.34; N 11.60; S 13.27. Found: C 39.47; H 3.52;
N 11.64; S 13.32. IR (v): v(N-H) amide 3224 cm
1 ¥(C=0) amide 1665 cm™, v(C=C) aromatic
1508 cm™, v(C=S) 1260 cm™, v(C-N) 1157 cm™.

Compound 3.5d. Yield 0.155 g, 77.50%. White
solid. Analytical Calculated for
C32H40N8Pb201654 (1335.37 g/mol): C 28.78; H
3.02; N 8.39; S 9.60. Found: C 28.64; H 2.92; N
8.23; S 9.67. IR (v): v(N-H) amide 3224 cm™,
v(C=0) amide 1671 cm™, »(C=C) aromatic 1510
cm™, »(C=S) 1261 cm™, v(C-N) 1171 cm™.

Compound 3.6a. Yield 0.148 g, 73.63%. Purple
solid. Analytical Calculated for
Cs6Hs56NsC02016S4 (134322 g/mol): C 50.07; H
4.20; N 8.34; S 9.55. Found: C50.24; H 4.32; N
8.26; S 9.57. IR (v): v(N-H) amide 3229 cm™,
v(C=0) amide 1674 cm™, v(C=C) aromatic 1501
cm?, »(C=S) 1259 cm™, v(C-N) 1161 cm™.

Compound 3.6b. Yield 0.144 g, 75.00%. Green
solid. Analytical Calculated for
C56H48N8CU201254 (128038 g/mol): C 52.53; H
3.78; N 8.75; S 10.02. Found: C 52.58; H 4.01;
N 8.67; S 10.10. IR (v): v(N-H) amide 3216 cm’
! y(C=0) amide 1673 cm™, »(C=C) aromatic
1515 cm™, »(C=S) 1255 cm™, v(C-N) 1168 cm™.

Compound 3.6¢. Yield 0.132 g, 69.11%. Green
solid. Analytical Calculated for
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C56H48N3Ni201284 (127068 g/mol): C 52.93; H
3.81; N 8.82; S 10.09. Found: C 52.67; H 3.87;
N 8.91; S 10.01. IR (v): v(N-H) amide 3228 cm"
! y(C=0) amide 1672 cm™, v(C=C) aromatic
1491 cm™, v(C=S) 1260 cm™, v(C-N) 1161 cm™.

Compound 3.6d. Yield 0.183 g, 74.39%. White
solid. Analytical Calculated for
Cs6HssNgPb2016S4 (1639.75 g/mol): C41.02; H
3.44; N 6.83; S 7.82. Found: C 41.05; H 3.41; N
6.75; S 7.93. IR (v): v(N-H) amide 3230 cm™,
v(C=0) amide 1672 cm™, v(C=C) aromatic 1503
cm™, »(C=S) 1263 cm™, v(C-N) 1160 cm™.

Gelation Studies of Bisthiourea Compounds

The bisthiourea derivatives synthesized were
tested for their gelation properties. Typically, 10
mg of ligand and 0.5 mL of the appropriate
solvent were placed in 2 mL sample vials (taken
to be 2 wt%) and gently heated for three minutes.
Then, the mixtures were immediately sonicated
for about 30s and allowed to cool to room
temperature. For DCM solvent, water was added
in portion by 10 pL each to the mixture and the
heating-cooling process was continued until it
reaches the gelation state. The formation of
precipitates, gels or crystals were observed
through its gravitational flow. A sample is
defined as a gel if there is no gravitational flow
upon turning the vial upside down. The critical
gelation concentration (CGC), defined as the
minimum concentration of gelator necessary for
gelation was determined experimentally. The
morphology of the gel was observed using
scanning electron microscope (SEM).

Cation Addition of Bisthiourea Compounds

The reaction was taken place in 2 mL sample
vials with addition of 10 mg of ligand and 0.5
mL solvent (taken to be 2 wt%). Subsequently,
10 pL of potassium hydroxide and metallic salts
were added into the vials. The mixtures were
gently heated and immediately sonicated for 30s
in which the solubility of the compound was
recorded. Samples were allowed to cool to room
temperature and the formation of precipitates,
gels or crystals were observed through its
gravitational flow upon turning vial upside-
down. The morphology of the gel was observed
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using scanning electron microscope (SEM).
Anion Addition of Bisthiourea Compounds

For the naked-eye sensing test of gelation with
different anions, a solution of the anions (F ,
ClI", AcO") as tetrabutylammonium salts with
appropriate ratio were added to the gel of the
respective solvents. The sample vials were
inverted after 24 hours to determine the gel-sol
transition.

Organic Dyes Removal

For organic dyes absorption tests, 0.5 mL of the
dye solution (bromocresol green, Eriochrome
black-T and xylenol orange) were introduced to
the 50:3 dichloromethane:water mixture gel. The
stock solutions of the respective dyes were
prepared by dissolving 1, 2, 3 and 4 mg of dye in
100 mL of water at room temperature. The
changes in the absorption bands were recorded
in timely manner (1h, 2h, 3h, 6h, 12h and 24 h)
using UV-Vis spectroscopy. The absorbance of
supernatant liquid at 400 nm (bromocresol
green) and 517 nm (Eriochrome black-T) was
used to estimate the concentration of the
remaining dyes. The morphology of the gels
after the addition of the dyes were observed
using scanning electron microscope (SEM) (Jeol

O@YO +—>2 KSCN oY@\fo
NCS NCS

Cl Cl
+

2 KCI

3.1, R = glycine
3.2, R = alanine

Scheme 1. Synthesis pathway of compounds 3.1-3.6

3.3, R = phenylalanine
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Ltd., Japan).
RESULTS AND DISCUSSION

Synthesis of Bisthiourea Compounds

The formation of bisthiourea compounds 3.1-3.6
were  accomplished by  reacting the
isothiocyanate intermediates with respective
amino acids (glycine, alanine and phenylalanine)
as shown in Scheme 1. The first step produced
isophthaloyl and terephthaloyl isothiocyanate
intermediates, which were then reacted with
chosen amino acids to furnish compounds 3.1,
3.2, 3.3, 3.4, 3.5 and 3.6 with the overall yield of
86.65%, 81.24%, 75.54%, 86.95%, 75.80% and
78.09%, respectively. Elemental analysis data
for the synthesized derivatives were found to be
in good agreement with the theoretical values.

The Fourier Transform Infra-Red (FT-IR)
spectra of compounds 3.1-3.6 shows all the basic
functional group peaks (Figure 1). The broad
peaks at 3400-3100 cm™ indicate the OH and NH
stretching peaks. The distinctive peaks at 1725-
1714 cm™ are attributed to v(C=0) carboxylic
while the peaks at 1690-1665 cm™ indicated
v(C=0) amide. The peak observed at 1256-1204
cm? are attributed to v(C=S) while peak
observed at 1172-1152 cm™ are of v(C-N)
functionality (Fakhar et al., 2016) (Table 1).

o ¢}
Cl +2KSCN SCN
—_—
Cl NCS
+
o ¢}
2 KCI
+2R
S (o}
RJ\N
H H
N R
3.4, R = glycine o) I]/

3.5, R = alanine
3.6, R = phenylalanine
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Figure 1. FTIR spectra of compounds 3.1-3.6
Table 1. Important FTIR stretching vibration of compounds 3.1-3.6
Compound Wavelength (cm)
v(C=0) carboxylic v(C=0) amide v(C=S) v(C-N)
3.1 1714 1666 1210 1169
3.2 1725 1690 1210 1172
3.3 1716 1689 1204 1167
34 1716 1666 1249 1152
35 1715 1665 1255 1152
3.6 1717 1667 1256 1159

Screening of Compounds for Gel Properties

The gelation behavior of 3.1-3.6 were examined
in 17 solvents including polar solvents such as
methanol, ethanol and propanol, non-polar
solvents such as hexane, toluene and petroleum
ether, and polar aprotic solvents such as ethyl

acetate, acetone and acetonitrile (Hooper et al.,
2016). The vial was turned upside down to
observe the formation of a gel. Table 2
summarizes the screening of those six
compounds in a range of common laboratory
solvents.
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Table 2. Gelation tests for compounds 3.1, 3.2, 3.3, 3.4, 3.5and 3.6

Observation (Compound)

Solvent

3.1 3.2 3.3 34 3.5 3.6
Methanol Ss S S Ss S S
Ethanol Ss S S Ss S S
Propanol Ss S S Ss S S
Hexane | | I I | |
Dimethyl sulfoxide (DMSO) S S S S S S
Acetonitrile | Ss I I | |
Distilled water | | I I | |
Tetrahydrofuran (THF) S S S Ss S S
Toluene | | I I | |
Ethyl acetate | | I I | |
Dichloromethane (DCM) | | I I G |
Chloroform | | I I | Ss
Acetone Ss Ss S Ss Ss S
Diethyl ether | | I I | |
Cyclohexanol S S S Ss S S

Petroleum ether |

Nitromethane |

*G=gel, S=soluble, I=insoluble, Ss=suspension

The synthesized compounds were found to be
soluble in polar solvent such as methanol,
ethanol and propanol and in polar aprotic solvent
such as acetone and DMSO possibly due to the
polarity of the solvent. However, the synthesized
compounds did not form any gel in these
solvents possibly because the hydrogen bonds in
the solvents competes with the hydrogen bonds
in compounds which prevent the formation of
hydrogen bond networks that are responsible for
the gelation (Liu et al., 2016). Interestingly, only
compound 3.5 formed opaque gel in polar
aprotic solvent, dichloromethane at room
temperature.  This is  possibly  because
dichloromethane is capable of forming balanced
gelator-gelator and solvent-gelator interactions
(Liu et al., 2016). However, the addition of 30
ml of distilled water in the dichloromethane gel
resulted a stronger gel which leads to a plateau
stability (Tatikonda et al., 2016). The addition of
water which involving one hydrogen atom
positioned between the two oxygen atoms could
possibly enhance the strong intermolecular
hydrogen bonding between the gelator

molecules as it attracted to other polar molecules
and to ions (Panja & Ghosh, 2018). The critical
gelation concentration of dichloromethane was
observed at 2% wi/v, 1% w/v and 0.5% wi/v.
Thus, it can be identified that the solvent is
immobilize when the gelator concentration
exceed a critical point (Bachl et al., 2017).

Supramolecular gels were found to be
responsive towards physical and chemical
stimuli which can control and modulate the gel
properties (Wezenberg et al., 2016). Since 50:3
dichloromethane:water mixture able to form
opaque gel, an experiment was further conducted
to evaluate its thermoreversibility property. The
transition of gel-sol was observed at 2% wi/v
upon sonication and heating due to mechanical
disturbances. When the solution was cooled
down, it reverted into gel phase due to the self-
assembly of the molecules. It can be concluded
that heating the gel would destroy the hydrogen
bonding interaction between the molecules since
the gel formation was induced from small
molecules assembly through interactions of m-n
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stacking, van der Waals forces interactions,
hydrogen bonding or hydrophobic/solvophobic
effect (Cheng et al., 2018). Often, high
temperature is needed to break the strong
intermolecular forces between the molecules.
Repeated heating and cooling showed similar
transition behaviour as shown in Figure 2.

To obtain further insight into solvent effect
on the self-assembly property of this gelator,
scanning electron microscopy (SEM) was used
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to investigate the micro-scale structures of the
gel formed in 50:3 dichloromethane:water
mixture. As evidenced by SEM images shown in
Figure 3, the gel revealed the formation of
entangled cross-linked fibres which worked as
the main microstructures to support the
formation of organogel. The mean of entangled
fibre is 0.16 um with the maximum and the
minimum width are 0.17 pm and 0.13 pm,
respectively.

Figure 2. Thermoreversible gel of 50:3 dichloromethane:water mixture

Figure 3. SEM images of 50:3 dichloromethane:water mixture gel
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Complexation Reactions of Bisthiourea

Compounds

To observe whether the bisthiourea compounds
can be used to extract metal ions through the
formation of metallogel, complexation reactions
have been carried out between compound 3.1-
3.6 with CoCly6H,0 (a), CuCl2H,O (b),

(a) =

[ =
O, l\yfﬁL O
2 S._ _NH HN___S 313 R=Hy M= Co
Q’,” 34b, R = H,, M= Cu®*
R _NH HN ¢ R 34c R=Hy, M= N2
/I 3.1d, R = Hy, M = Pb?*
Ho™ 0 o7 SOH 323, R=CHy M= Co®*
3.2b, R = CH,, M= Cu?*
+2M 3.2¢, R = CHy, M = Nt
+KOH 3.2d R =CH; M= Pb™
3.3a R = C7H;, M= Co™
3.3b, R = C;H7, M = Cu?*
Ho 3.3¢, R = CyHy, M = N2*
R o I: 0 R 3.3d R = CyH;, M = Pb®*
s, ) : blld)
o PwH 7| W4 o
S Ha HN4<_\
& (: ,-f>
o W
NH H HN—{,
N— O
A ’P‘wﬂ L0, ! N—Q_\S
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NiCly6H.0 (c) and Pb(NOs3). (d) as shown in
Scheme 2 The gelation test was conducted in 17
different solvents. In each of the vials, equimolar
potassium hydroxide was added to aid the
deprotonation of the OH group of carboxylic
acid moiety for the complexation reactions to
occur.

>—NH /f II;N ? r!-i

Scheme 2. Synthesis pathway of metal complexes (a) 3.1-3.3 (a-d) and (b) 3.4-3.6 (a-d)

The addition of the metal salts has caused
colour changes to most of the ligand solutions
indicating complexation reactions between the
ligands (3.1-3.6) and the metal salts. However,
none of the metals were able to form metallogels
as anticipated. It is suggested that the addition of
the metal salts which contain counter anions (CI
and NOs ) has possibly interrupted the hydrogen
bond interaction between the thiourea
molecules, thus the formation of metallogel was
not observed. This observation is in agreement
with the published work of Tatikonda and co-
workers which shows that the presence of anion
(CI") leads to complete loss of gelation attitude
(Tatikonda et al., 2016). From another
perspective, the presence of amide group in the
structure could also form competitive hydrogen
bonding with anion that inhibit the formation of
agel (Lietal., 2019).

To confirm the formation of metal
complexes, the precipitates obtained from the

f—NH HN—{ 3da R=H, M=Co®
Ho—<\ }on 34b, R =Hy, M=Cu™
o} 0 3dc R=H, M= Ni¥*

+2M 3.4d R=H; M=Pb*

+ KOH 35a, R = CH;, M = Co®
3.5b, R = CHy, M = Cu™
3.5¢, R = CHy, M = Ni?*
3.5d, R = CHy, M = Pp?*

0, - O 3.6a, R = C;Hy, M = Co™®
S \‘—{—\—< 5 38b, R = C7Hy, M =Cu®
A 7 h R i WAL
R >“—N \ —( R 3.6¢, R = C;Hy, M = Ni®*
NH HN—( 36d, R = CrHy, M= Pb?
Q- —0
% Vs
"y Lo
M M
4
OHy \O D“ *\H:-C'
i/ W
0 o)
A&Nn HN—
R NH HN—{ R
/i ¥ / \)
s ) .S
o = 0
gelation tests have been subjected to

characterization using elemental analysis and
FTIR spectroscopy. Elemental analysis data for
the synthesized metal complexes were found to
be in close accordance with the theoretical
values.

The Fourier Transform Infra-Red (FTIR)
spectra (Figure 4) of complexes have been
compared with their respective ligands. There is
a broad band between 3400-3100 cm™, indicates
OH stretch due to incorporation of water
molecules towards the central metal atom. The
shifting of v(C=0) carboxylic peaks at 1725-
1714 cm™* and the appearance of v(C=0) amide
at 1681-1665 cm™ proved that the metal atoms
were coordinated to the carboxylate group as
shown in Figures 4-9. The absorption
frequencies at 1263-1226 cm™ represented
v(C=S) shows an increase in the wavenumber
due to the reactions of ligands with metal ions
(Table 3).
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Figure 9. FTIR spectra of metal complexes of compound 3.6
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Table 3. FTIR stretching vibration of compound 3.1(a-d)-3.6(a-d)

Compound Wavelength (cm™)

v(C=0) carboxylic v(C=0) amide v(C=S) v(C-N)
3.1 1714 1666 1210 1169
3.1a - 1668 1227 1166
3.1b - 1674 1228 1178
3.1c - 1667 1226 1166
3.1d - 1671 1229 1174
3.2 1725 1690 1210 1172
3.2a - 1671 1227 1139
3.2b - 1665 1235 1153
3.2c - 1672 1233 1138
3.2d - 1675 1242 1177
3.3 1716 1689 1204 1167
3.3a - 1669 1234 1166
3.3b - 1681 1231 1171
3.3c - 1672 1234 1164
3.3d - 1675 1205 1152
3.4 1716 1666 1249 1152
3.4a - 1666 1243 1163
3.4b - 1668 1226 1172
3.4c - 1666 1277 1169
3.4d - 1680 1282 1176
3.5 1715 1665 1255 1152
3.5a - 1666 1255 1151
3.5b - 1668 1254 1170
3.5¢ - 1665 1260 1157
3.5d - 1671 1261 1171
3.6 1717 1667 1256 1159
3.6a - 1674 1259 1161
3.6b - 1673 1255 1168
3.6¢ - 1672 1260 1161
3.6d - 1672 1263 1160

Anion Addition Studies

Thiourea compounds have been shown to bind
anions such as sulphate and carboxylate by
forming hydrogen bonds with the anions (Ha et
al., 2019). In recent literature, it is shown that
some anions can either induce gel-sol transition

or sol-gel transition. In the work of Bai and co-
workers (2015), the addition of F and AcO to
the hydrazide gels has induced the gel-sol
transition due to the disruption of the hydrogen
bonding networks by the anions (Bai et al.,
2015). Similarly, in our work, we found out that
the addition of chloride, fluoride and acetate ions
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(as tetrabutylammonium salts) to 50:3
dichloromethane:water mixture gel (3.5) also

Multi-stimuli-responsive organogel for the removal of organic dyes 120

has induced the gel-sol transition as shown in
Figure 10.

Figure 10. Gel-sol transition due to the addition of tetrabutylammonium fluoride to 50:3 dichloromethane:water
mixture gel (3.5)

The gel-sol transition of  50:3
dichloromethane:water mixture gel (3.5) is
possibly due to the disruption of hydrogen
bonding between the thiourea molecules (Figure
11) as observed in the previous works of Baddi
and co-workers (Baddi et al., 2016). Addition of
highly basic anion such as F and AcO lead to
the deprotonation of thiourea NH and cause

R’ R'
/
HN

HN
\
R'

disruption of hydrogen bonding. In some cases,
where the receptor is highly acidic, the
deprotonation does not totally take place when
only one equivalent of anion is added. In that
case, addition of the second equivalent of anion
is required to deprotonate the receptor and hence
induced the sol-gel transition (Blazek Bregovic¢
etal., 2015).

R R
HN N HN _-HN
>:S: >:s ——> =5 A_ s
HN HN HN,
" - -

Figure 11. The plausible mechanism of hydrogen bonding disruption of thiourea by anion

Dye Absorption

Apart from cations and anions addition to the
gel, we also examined the ability of the gel to
absorb organic dyes such as bromocresol green,
Eriochrome black-T and xylenol orange. Toxic
organic dyes that were disposed into the
environmental would cause detrimental effect to
human surrounding organisms (Okesola &
Smith, 2016). It is widely known that dye
molecules can be effectively captured and
immobilised in the organogel matrix by self-
assembling three-dimensional networks (Liu et
al., 2016; Yang et al., 2021). Dye absorption
studies were performed on 50:3
dichloromethane:water mixture gel (3.5). After
24 hours of contact time, it was found that both

Eriochrome black-T and bromocresol green dyes
shows gradual increase of absorption in the gel
matrix. In contrast, xylenol orange, although it
was not absorbed by the gel, it still causes some
disruption to the state of the gel as shown in
Figure 11. This might be due to the hydrogen
bonding interaction that formed between the
COOH group of the xylenol orange with the
hydrogen bond acceptor units (C=S and C=0) of
the gel compound which subsequently
compromise the stability of the gel (Panja et al.,
2019).

The effectiveness of dye absorption was
determined by comparing the absorbance values
before and after the addition of dye solution
using UV-Vis spectroscopy. The decolorization
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of bromocresol green and Eriochrome black-T
was consistent with the decreasing in the
absorbance values at 400 nm and 517 nm,
respectively (Figure 12). Within the first 3 hours,
the absorption rates of the bromocresol green
and Eriochrome black-T were observed to be at
similar rate. However, after 3 hours, the
absorption of bromocresol green dye was faster
compared to Eriochrome black-T dye. As an
anionic dye, both dyes interacted primarily
through electrostatic attraction with absorption
sites (Yang et al., 2021). It is possible that the
difference in absorption capacity between
bromocresol green and Eriochrome black-T is
attributed to the difference in electrostatic force
of attraction between the two compounds
towards 50:3 dichloromethane:water mixture
gel. Difference in the functional groups of both
bromocresol green (-SOs, -Br and —-OH) and
Eriochrome black-T (-SOs;, N=N, -NO; and —
OH) could influence the exchange of electrons
between the absorbents and absorbates in
addition to the synergetic effect of hydrogen
bonding, n-n stacking and acid-base complexes
(Yangetal., 2021). The dye absorption rates also
could be possibly influence by the length of the
molecules (the length of the bromocresol green
and Eriochrome black-T is about +9 A and +14
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A, respectively) (Liu etal., 2016). In comparison
to prior studies by Khan and co-workers (2019),
acid-treated charcoal and additive cobalt acid-
treated charcoal absorbs approximately 16.85%
and 40.5% of bromocresol dye solution in 12
hours respectively (Khan et al., 2019). Our
bisthiourea gel shows better absorption of
bromocresol green dye (50%) within 12 hours.

To get an insight on the dye absorption effect
on the morphology of 50:3
dichloromethane:water mixture gel, scanning
electron microscopy (SEM) has been used to
examine the micro-scale structures of the gel
after the absorption took place. Figure 13 shows
that both dyes cause predominantly interwoven
fibrous structures which aggregate together. The
width of the fibre after the absorption of
bromocresol green and Eriochrome black-T do
not shows any drastic change which ranging
from 0.17-0.11 pm and 0.18-0.15 pm,
respectively. Likewise, Kyzas and co-workers
(2015) also observed the same finding in which
there is no significant different of SEM images
after the absorption of basic dye using grafted
chitosan material (Kyzas et al., 2015).

Figure 11. Colour change of (a) bromocresol green, (b) Eriochrome black-T and (c) xylenol orange with respect
to the time taken
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Figure 12. The time (hour) vs. absorption rate (%) of (a) bromocresol green and (b) Eriochrome black-T solution
taken after the reaction at 24 hour time interval

CONCLUSION

To conclude, bisthiourea derivatives bearing
amino acid chains (3.1-3.6) have successfully
been synthesized and coordinated with
CoCl;6H0 (a), CuCI-2H20 (b), NiCl>6H20 (c)
and Pb(NOs); (d) to form complexes 3.1(a-d)-
3.6(a-d). Bisthiourea compound, 3.5 has been
shown to form a thermoreversible gel in 50:3
dichloromethane:water mixture at minimum gel
concentration of 0.5%. In contrast, the addition
of cations such as Co®*, Cu?*, Ni**, Pb?* did not
induce the formation of metallogel. Addition of
anions F, AcO  and Cl  as
tetrabutylammonium salts induced the gel-sol
transition due to the disruption of hydrogen
bonding between the sulfur and hydrogen atoms
in the compound. The dichloromethane:water
gel of 3.5 showed excellent absorption of
organic  dyes, bromocresol green and
Eriochrome black-T with the percentage of
absorption at 75% and 61%, respectively after 24
hours. The good dye absorption properties of

Figure 13. SEM images of gel after the absorption of a) bromocresol green and b) Eriochrome black-T

bisthiourea gel have shown promising potential
for the development of environmental pollutants
absorbents.
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