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KEYWORDS Abstract A single-component gelation system based on bis-cholesteryl appended curcumin deriva-
Curcumin derivatives: tive (BCC) and its corresponding two-component organogelation system with sodium stearate (SS)
Two-component gelators: was proposed. As a single component gelator, BCC forms gel with ethylene diamine (ED), through
Silver nanoparticle; hydrogen bonding between carbonyl group of BCC and amino group of ED as indicated by tem-
Cholesteryl derivatives; perature dependent solid state NMR (SSNMR) and X-ray diffraction (XRD) profiles. As two-
Self-assembly; component gelator, BCC forms gel with a variety of solvents in the presence of sodium stearate
Hydrogen bonding (SS). Replacing sodium stearate by other sodium and stearate sources failed to form gel, revealing

that both BCC and SS are crucial for effective gelation. The ion-dipole interactions between sodium
and keto group of SS and BCC respectively, as well as r-r interactions confers better gelation abil-
ities to BCC-SS system compared to the single component system. The morphology of the as-
formed organogels exhibited entangled fibrillated structures and can be regulated by changing
the composition of SS towards BCC and the type of organic solvents. Interestingly, our designed
gelator, BCC-ED demonstrates potential application as an effective template for the synthesis of
silver nanoparticles (AgNPs) at low temperatures as demonstrated by XRD and SEM analysis.
Replacing BCC or ED failed to form AgNPs, revealing the synergistic effect of BCC-ED.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Recently, self-assembly (SA) of small functional molecules into
supramolecular structures have become an established technology for
the bottom-up fabrication of new materials and nano scale devices
(van der Laan et al., 2002; Whitesides and Grzybowski, 2002;
Deindorfer et al., 2006; Fialkowski et al., 2006; Shevchenko et al.,
2006; Bishop et al., 2009). The self-assembly of large number of indi-
vidual particles of appropriately chosen properties into high ordered
structures such as self-assembled monolayers (Geissler and Xia,
2004), Langmuir-Blodgett films (Whang et al., 2003; Fialkowski
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et al., 2006; Tsai et al., 2006) and amphiphilic fibres (Hartgerink et al.,
2001) received great industrial applications such as ultrasensitive
biosensors (Nam et al., 2003; Bishop et al., 2009), conductive nano-
wires (Yan et al., 2003), multifunctional textile materials (Sangeetha
and Maitra, 2005; Di et al., 2013), drug release (de Loos et al., 2005;
George and Weiss, 2006), tissue engineering (Tsai et al., 2006; Zhang
et al., 2018), templates for inorganic/organic materials (Terech and
Weiss, 1997; Estroff and Hamilton, 2004; Yadav and Ballabh, 2012),
opto-electronic and preparation of nano-dimensional inorganic mate-
rials (Jung et al., 2003; van Bommel et al., 2003; Dzoli¢ et al., 2006).
Molecular self-assembly approaches, for example derivatives of pep-
tides used for shape controlled synthesis of metal nanoparticles due
to their special features provided by self-assembled templates as well
as kinetic aspects which control the formation of nanoparticles of
defined size (Slocik et al., 2005; Ray et al., 2006; Vemula and John,
2006; Sahoo et al., 2017. Especially, cholesterol-based low molecular
weight organo-gelators (LMWOGs) have attracted a considerable
amount of attention because of their versatility in gelation and the
diversity of their structures. In our previous report, we studied the
self-assembly of mono- and bis-cholesteryl-appended single gel system
based on isosorbide (Balamurugan et al, 2016), azobenzene
(Balamurugan et al., 2014; Kuo et al., 2017) and pyridine (Rizkiana
et al., 2015) conjugates. These gelators are based on single-gel system,
in which the gelator molecule immobilizes organic liquids. Hence, in
recent years, two-component or multicomponent gelling system
received great attention owing to their potential applications in the
fields such as pollutant collection (Trivedi and Dastidar, 2006;
Zhang et al., 2019), oil spill treatment (Yan et al., 2014; Okesola and
Smith, 2016) and advanced materials, due to the possibility of fine-
tuning of the gel properties. In detail, the two non-gelling molecules
are used to build two-component complex through hydrogen bonding,
metal-ligand coordination, acid-base interaction and donor-acceptor
interaction. This complex subsequently self-assembles into a fully
gelated network via inter-complex interactions (Ye et al., 2015). The
structural modification of either of the two components can be
adjusted, allowing a fine-tuning of materials behaviour (Hirst and
Smith, 2005). Several two or multicomponent gelators are reported
in literature, based on the interactions between phthalic acid-alkyl ami-
nes (Su et al., 2017), barbituric acid-pyrimidine (Hanabusa et al.,
1993), phosphorous based organic acid-amines (Fan et al., 2017), car-
boxylic acids of dendritic peptides-aliphatic diamines (Partridge et al.,
2001), crown ether-diamines (Jung et al., 1999), alkyl cholates-
isosorbide (Willemen et al., 2002), bile acids-pyrene (Babu et al.,
2003) and bile acids-trinirofluorenone (Maitra et al., 1999). Most of
the reported two-component gelators are based on the interaction
between carboxylic acids and amines. However, there is no reports
on single and two-component gel system based on curcumin-
cholesteryl conjugates, i.e. through diketone-amine and ester (linker)-
sodium carboxylate respectively.

In this report, we designed a hitherto unreported novel gelator
based on curcumin-cholesteryl conjugate (BCC) which act as both sin-
gle and two-component gelators. BCC can form gel only with ED.
However, in presence of sodium stearate (BCC), BCC can gel in a vari-
ety of solvents. The gelation ability and structure-property relation-
ships were studied. Curcumin has received considerable attention for
its low toxicity and favourable potential in clinical applications includ-
ing antioxidant, anti-inflammatory, anti-tumor, anti-mutational and
anti-HIV properties (Barik et al., 2005; Wu et al., 2010). In addition
to that, curcumin can also be used as sensors and reducing agents.
Therefore, it was expected that by combining cholesteryl and curcumin
unit, the resulting derivative will exhibit attractive properties and can
be used for optical or biomedical applications. Therefore,
cholesteryl-curcumin based conjugate was designed in this proposed
work. BCC can form gel with ethylene diamine (ED) and in presence
of sodium stearate, BCC forms gel with organic solvents such as
DMSO, DMF, amines, xylene, toluene, THF, m-cresol,

1,2-orthodichloro benzene. In addition, using this versatile gelator
BCC/BCC-SS as stabilizer, water in oil (W/O) gel- emulsions were
created, and their morphologies were studied. The morphological
and structural analysis of xerogel of BCC-ED and BCC-SS-DMF were
analysed by Scanning Electron Microscopy (SEM) and XRD analysis
respectively. The mechanism of aggregation as well as gel formation
were proposed. The application of BCC as template for synthesis of sil-
ver nanoparticle (AgNPs) are discussed in detail. BCC-ED gel system
play an important role as reducing agent as well as stabilizing/capping
agent for the efficient synthesis of pure AgNPs over the other gel sys-
tems studied. Reduction of AgNO3; to AgNPs by BCC-ED is hitherto
unreported. The pure AgNPs synthesized by using BCC-ED gel system
was characterized by XRD, FT-IR and SEM analysis and discussed in
detail.

2. Experimental

2.1. Instruments

All chemicals were purchased from Aldrich Chemicals and
were used without further purification. All solvents were puri-
fied before use. Fourier transform infrared (FT-IR) spectra
were recorded using a Jasco VALOR III Fourier transform
infrared spectrophotometer. Nuclear magnetic resonance
(NMR) spectra were obtained using a Bruker AMX-400
(Darmstadt, Germany) high-resolution NMR spectrometer,
and the chemical shifts were reported in ppm with tetramethyl-
silane (TMS) as an internal standard. The sample morpholo-
gies were characterized using field-emission scanning electron
microscopy (FE-SEM, JSM-7001, JEOL, Japan). The xerogel
for SEM analysis was prepared by vacuum freeze-drying of
the gel formed in the solvent at the critical gelation concentra-
tion (CGC) for 12-24 h. The dried samples held on glass sub-
strates were attached to a copper holder for SEM by
conductive adhesive tape and were coated with platinum.
The X-ray diffraction (XRD) measurements of the xerogel
were monitored by Rigaku RINT2000 with a scan rate
of 1°/min.

2.2. Gelation test

A pre-calculated weight of gelators (3 mg) and a measured vol-
ume of solvent (100 pL) were placed in a glass vial, and the sys-
tem was heated until all solid materials were dissolved. The
solution was then slowly cooled to room temperature, and
the test tube was inverted to investigate gel formation. Gel
was denoted by G and weak gel was denoted by WG. Systems
in which only solution remained throughout the tests were
denoted by solution (S). The systems in which the gelator
could not be dissolved even at the boiling point of the solvent
were considered to be insoluble systems (I). Systems where
heating resulted in the dissolution of the gelators and cooling
resulted in their precipitation were denoted by P. Unless other-
wise mentioned, two-component gels were prepared by mixing
2 mg of BCC, 3 mg of sodium stearate and dissolved in DMF.
Thus obtained mixture was heated to dissolve, followed by
cooling to form gel. For single gel system, 2 mg of BCC was
added to 100 pL of ED, followed by heating and cooling pro-
cess leads to form gel. These gels were used to study for the
effect of external stimuli such pH, UV, metal ion etc.



Curcumin-derived one-and two-component organogelators

5681

2.3. Preparation of Gel-Emulsion

Gel-emulsions were prepared according to the reported proce-
dure'’. In a typical preparation, 2 mg of the compound BCC
(and 3 mg of SS) was added to a mixture of 0.2 mL of styrene
and 0.8 mL of water at room temperature, and the resulting
mixture was stirred and slightly heated if necessary to dissolve
the compound. Then, the mixture was vigorously shaken by
hand for 2 min; finally, a viscous and light yellow emulsion
was produced. Formation of the gel-emulsion was confirmed
by inverting the test tube to observe whether the mixture inside
could still flow. A positive result was obtained when the mix-
ture inside showed no fluidity.

3. Results and discussion

The structure of the individual component used for the gela-
tion such as 1,5-bis (3-methoxy-4-(cholesteryloxycarbony
loxy)benzylidene)-2,4-diketopentane (BCC), SS and ED are
shown in Scheme 1.

The bis-cholesteryl appended curcumin derivative (BCC)
was synthesized by reacting curcumin with cholesteryl chloro-
formate in presence of 4-dimethylaminopyridine (DMAP) in
dichloromethane. The synthesis procedure and the spectro-
scopic characterization of BCC are provided in supporting
information. All spectral data for the synthesized BCC corre-
sponded with the structures of the compounds (Figs. S1 and
S2). The above synthesized BCC was found to be soluble in
polar solvents such as DMSO, xylene, toluene, DMF, chloro-
form and chlorobenzene as well as amines such as 1,3-diamino
propane, 1,5-diamino pentane and trioctyl amine. BCC was
found to be insoluble in alcohols of any chain length.

3.1. Gelation properties

The ability of BCC to self-assemble was first tested by the for-
mation of organogels in solvents of different polarity, and the
results are summarized in Table 1.

The design of BCC is structurally similar to A(LS), type
gelators which consists of cholesteryl (S), benzene (A) and ester

BCC

Scheme 1

groups (L). In the case of A(LS), type molecules, the choles-
teryl group at the terminal positions have a profound effect
on gelation. Therefore, it was expected that BCC would exhibit
gelation in a variety of solvents. However, BCC failed to form
gel in any of the organic solvents tested except ethylene dia-
mine (Table 1). Interestingly, BCC was found to form gel in
a number of solvents in the presence of the surfactant sodium
stearate (SS) in the ratio of 1:1.5 (BCC:SS) and 1:2. If the ratio
of BCC:SS increased over 1:3, it leads to precipitation. The
compound SS is a well-known hydrogelator (Zhang and
Weiss, 2016). The addition of SS to BCC enables gelation in
almost all of the solvents in which BCC was dissolved
(Table 1). Therefore, the structure property relationships of
BCC-ED and BCC-SS-solvents were studied separately and
compared.

3.2. BCC-ED gel system

BCC was found to be easily soluble in all amines such as hexyl
amine (HA), trioctyl amine (TOA), 1,3-diaminopropane
(DAPr), 1,5-diamino pentane (DAP) and diethyl amine
(DEA) except ED. However, BCC was found to be soluble
in ED upon heating. And, gelation was observed while cooling
to room temperature. The critical gelation concentration of
BCC-ED was found to be 20 gL™!. Repeated heating and cool-
ing cycles does not affect the sol-to-gel process. Moreover,
BCC failed to form gel in other amines due to the high solubil-
ity of BCC at room temperature. This indicates that BCC can
act as a sensor for the selective detection of ED by selective
gelation. The addition of amines to BCC leads to colour
change from brilliant yellow to reddish brown (Fig. 1). This
colour change is due to the keto-enol tautomerism of the cur-
cumin unit in BCC. In acidic solution (pH < 7), BCC exist in
diketone form whereas in basic solution (pH > 7) it exists in
enolate form (Fig. S3) (Supharoek et al., 2018).

To gain visual insights regarding the morphology of molec-
ular aggregation modes, BCC-ED gel was subjected to SEM
analysis, and the results are depicted in Fig. 2.

As observed in SEM images of the xerogels, BCC-ED
existed as self-assembled fibre-like aggregates with a length
of several micrometres and diameter of approximately 100—

Structure of the gel components.



5682

B. Rathinam et al.

Table 1
I = insoluble; GE = gel emulsion].

Gelation properties of BCC and BCC-SS in various solvents [G = gel; WG = weak gel; P = precipitate; S = soluble;

Solvents/compound BCC BCC + SS Solvents/compound BCC BCC + SS
Water 1 G DMF S G
Methanol 1 1 m-Kresol S G
Ethanol | 1 Chloroform S WG
Propanol | 1 Acetone S P
Butanol 1 1 THF S G
Octanol 1 1 Ethylene diamine G G
Oleyl amine 1 1 1,3-Diamino propane S G
Hexanol 1 1 1,5-Diamino pentane S G
Iso-propanol 1 I Trioctylamine S G
DMSO S G Styrene:H,O P GE
Xylene S WG MMA/-BMA 1 1
Hexylamine S G Silicone oil 1 1
Toluéne S WG Chlorobenzene S WG

intech Yuntech Yuntech

Fig. 1

The digital images of gel-sol process of BCC-ED gel.

Fig. 2

150 nm. The self-assembly of uniform sized nanoparticles and
fibrous textures can be observed for BCC-ED at CGC
(Fig. 2a). However, when increasing the BCC concentration
(above CGC), mostly entangled fibrous textures were observed
(Fig. 2b). These morphological images revealed that the
nanoparticles are interconnected to form fibrous structure at

Representative SEM images of xerogel of BCC-ED.

low concentration, which further entangled to form intercon-
nected fibrous structures at higher concentration. The gel-sol
transition temperatures (T,e) of the gelators were determined
and the concentration dependence T, values showed that Ty
increases with increase in the concentration of gelators (Fig. S4
and Table S1) (Haldar and Karmakar, 2015).
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Generally, in LMWGs gel system, temperature-dependent
"H NMR will be recorded in the solvent in which gelators form
gel in order to determine the driving forces for the aggregation
phenomena as well as the thermo-reversibility of the gels. Since
the gelling solvent (ED) could not be used as NMR solvent in
this case, solid state NMR was performed for BCC-ED at var-
ious temperatures and the results are merged in Fig. 3.

From the spectra, it was observed that the peak at 195 ppm
corresponding to carbonyl group (—C=—O0; carbon “a” in the
figure) of the curcumin unit is broad at 303 K. However, with
increasing temperature from 303 K to 323 K, the peak was
found to be sharp and sharpness increased when the tempera-
ture was further increased to 333 K. This indicates that
BCC-ED remained in gel state at low temperature (303 K)
and converted to solution state when increasing temperature
to 333 K. This revealed the occurrence of a gel-to-sol phase
transition with increase in temperature. It may be due to the
breaking of secondary forces, which in this case is the hydro-
gen bonding between amine of ethylene diamine and diketo
group of curcumin unit. Similar sharpness of the peaks was
observed along with slight shifting of peaks in almost all of
the peaks with increase in temperature. For example, the peak
at 165.3 ppm corresponding to —O—C(=—0)—0—Ch* was
shifted to 164.6 when increasing the temperature from 303 K
to 333 K, which indicated that carbonyl (in ester) group is
involved in gel formation. Similarly, the peaks at 142.6 ppm
corresponding to —C—CH— in curcumin unit, 134.7 ppm cor-
responding to ArC—O—C=0, 113.1 ppm corresponding to
ArC and 56.7 ppm corresponding to methoxy carbon were
shifted to 142.2, 134.4, 113.5 and 58.1 ppm, respectively
suggesting that these functional groups are involved in the
self- assembly of BCC in the presence of ethylene diamine.
Moreover, the peak at 75.1 ppm corresponding to cholesteryl
carbon attached to oxygen shifted to 74.6 ppm and then to
73.6 ppm while increasing the temperature to 323 K and
333 K respectively. These results indicated that the cholesteryl
unit is involved in gel formation. Based on these evidences, it is
understood that the aromatic carbons, cholesteryl carbons and
hydrogen bonding between curcumin diketo groups with ethylene
diamine are responsible for the gelation properties of BCC.

6500
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5500
5000
4500
4000
3500
3000
2500
2000
1500
1000

500

—— 303K
—— 323K
— 333K

intensity

-500

Fig.3 Temperature-dependent SSNMR spectra of BCC-ED gel.

Furthermore, it suggested that the cholesteryl-cholesteryl
interaction (van der Waals forces), m-n stacking as well as
hydrogen bonding between the amino groups of ED with the
carbonyl group of curcumin unit played an important role
for the formation of gel. Instead of diketo group of curcumin,
there is another possibility of hydrogen bonding between car-
bonyl group (ester; linker) and amine. However, the structure
and length of the molecule by XRD analysis and simulation
studies matches with the structure which undergo hydrogen
bonding through diketo group of curcumin. Based on these
results, the mechanism of gel formation of BCC with ethylene
diamine was proposed and the schematic representation of the
proposed mechanism was shown in Fig. 4.

To gain visual insights into the molecular packing, the xero-
gel of BCC-ED was subjected to XRD analysis, and the results
are depicted in Fig. 5. According to the Bragg lattice diffrac-
tion formula, nA = 2d sin0, where A is the wavelength and
n = 1. XRD was operated with a copper excitation wavelength
of 0.154 nm to determine the incident angle 6 and the layer
spacing d. Using the data, the formula produced an obvious
peak for BCC at 20 = 1.81 and d = 4.88 nm. BCC-ED exhib-
ited peak at 20 = 2.16, and d = 4.08 nm. These interlayer dis-
tances were found to coincide with the results obtained from
the molecular simulation software (Fig. 6).

3.3. BCC-SS gel system in different solvent

The compound BCC in the presence of SS formed gel in polar
solvents such as DMF, DMSO, m-cresol and low polar sol-
vents such as xylene, toluene, dichlorobenzene, THF etc.
(Table 1). Amines such as ethylene diamine, hexyl amine,
1,3-diaminopropane, 1,5-diaminopentane and trioctyl amine
also form gel with BCC-SS. Unlike BCC, BCC-SS can form
gel in all the amines studied, indicating that BCC-SS cannot
act as a sensor for ED. The gel colour varied from pale yellow
to dark yellow and reddish brown or brown depending on the
solvents. The colour of the gels had no apparent change during
repeated heating and cooling cycles (Fig. 7). Unlike other ami-
nes, trioctyl amine shows dark yellow colour, whereas all other
amines exhibited dark reddish brown. All the gels were found
to be semi-transparent except THF and trioctyl amine based
gels, which were opaque. All the gels exhibited excellent
thermo-reversibility, which means that the compounds could
be brought into solution by heating and the hot solution could
be converted back to the gels upon cooling to room tempera-
ture. This cycle could be repeated several times.

From the Table 1, it was observed that BCC-SS did not
form gel in alcohols, oleylamine and in monomers, such as ter-
tiary butyl methacrylate (+-BMA) and methyl methacrylate
(MMA). In addition to that, BCC-SS form gel emulsion in
water and styrene mixture after heating and cooling process;
whereas BCC forms precipitate in styrene. To investigate the
effect of the water content on the phase behaviour of the gel-
emulsions, BCC-SS/water/styrene with different water con-
tents, including 0, 20, 40, 60, 70, 80, 90 and 100% (v/v) was
studied. The systems with >50% water did not form gel,
whereas all other proportions of < 50% water formed gels.
In addition to that, styrene alone (100% styrene) did not form
gel in the absence of water (Fig. S5). This could be due to the
insoluble nature of BCC in water.
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Fig. 4 Schematic representations of aggregation of BCC in ED.
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Fig. 5 XRD diffraction patterns of (a) BCC and (b) BCC-ED.
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Fig. 6 The simulated molecular models of BCC and BCC-ED.

3.4. Morphological studies

To gain visual insights regarding the morphologies of the
molecular aggregation modes, all the gelators were subjected
to SEM analysis, and the representative images are depicted
in Fig. 8 and Fig. S6. As observed in the SEM images of the
xerogels, the BCC-SS gels in various solvents exhibited self-
assembled, one-dimensional, fibre-like aggregates with length
of several micrometres and diameter of approximately 100—

200 nm. These xerogels undergo further entanglement to form
bundles of fibrous aggregates. The nanostructures of the xero-
gels in different solvents are significantly different, and the
morphology of the aggregates vary from fibre and rod to wrin-
kled texture with the change of solvents. This morphology is
structurally similar to our previously reported morphology
for bis-cholesteryl appended isosorbide based gelator systems
(Balamurugan et al., 2016). It may be due to the fact that both
are structurally A(LS), type, in which only A is different.
For example, the xerogel of BCC in xylene and 1,2-
dichlorobenzene exhibited long range fibrous structures
whereas chloroform and 1,5-diamino pentane exhibited short
range dense fibrous structures (Fig. 8a-d). The structure of
xerogel of BCC in DMF resembles the structure of xylene
(Fig. S6c). In the case of 1,2-dichlorobenzene gel system, the
self-assembly of uniform spherical spheres connected to each
other in a linear fashion and formed a fibrous structure. The
arrangement of spherical spheres can be seen clearly in
Fig. 8b. The size of each sphere is roughly measured as
20 nm, and therefore nearly 4 to 6 nanoparticle join in a linear
way forming 100 nm length fibre as observed in Fig. 8b
(Fig. S8-d). Fig. 8e and 8 h corresponds to the gelation ability
of BCC and BCC-SS in styrene/water (1:1; v/v), respectively.
BCC fail to form gel or gel-emulsion in styrene/water (1:1; v/v),
and precipitation was observed. This was further supported
by morphological analysis of the same by SEM, which
exhibited uniform size spherical nano-spheres as shown in
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Fig. 7 Representative digital images of gels of BCC-SS in (1) hexylamine; (2) 1,5-diamino pentane; (3) 1,3-diamino propane; (4) m-
cresol, (5) Trioctyl amine; (6) Toluene, (7) Chlorobenzene; (8) xylene; (9) THF; (10) Acetone and (11) chloroform.

Fig. 8e. However, in the presence of SS, BCC can form gel-
emulsion in styrene/water (1:1; v/v), and resulted in randomly
arranged short-range dense fibrous structure as seen in SEM
images (Fig. 8h). Hence, increasing water content more than
50% in styrene/water mixture leads to turbidity, which may
be due to the non-aqueous solubility of BCC.

In order to determine the efficiency of sodium stearate, it
was replaced by other sources of sodium as well as stearate
and the gelation abilities with BCC was analysed. Replacing
sodium stearate by other stearates such as stearic acid and iron
stearate leads to precipitate formation. Similarly replacing
sodium stearate by other sodium sources such as sodium oxa-
late, sodium thiocyanate, sodium lauryl sulphate (SLS) and
sodium acetate were performed in DMF. Among these,
sodium thiocyanate forms gel (Fig. 8f and Fig. S7) whereas
others failed to form gel. However, sodium thiocyanate did
not form gel in the absence of BCC, which indicates that in
the BCC-SS gel system in DMF, the BCC is not just bound
by SS. The BCC and SS cooperatively combined and formed
gel.

In addition, the ratio of SS also affects the aggregation
mode of BCC-SS gel system. The gel system containing
BCC-SS (1:2) in xylene exhibited fibrous structure (Fig. 8a).
However, when increasing the concentration of SS in BCC-
SS (1:3 wt%) in xylene exhibited sheet like structure (Fig. S6e).

Heating of gel samples is known to result in an increase of
gelator "H NMR signals due to disaggregation of the gel net-
work into smaller, dissolvable aggregates observable by NMR
(Dzoli¢ et al., 2006). To study the formation and the thermos-
reversibility of the gels, the temperature-dependency of the 'H
NMR spectra was investigated for BCC-SS (1:1.5; wt %) in
DMSO dg and the results are presented in Fig. S8. As shown
in the spectra, when increasing the temperature from 303 K
to 363 K, a significant up field shifting occurred for the proton
signals at 7.3 ppm, corresponding to aromatic protons (cur-
cumin unit in BCC), which revealed that aromatic protons
are involved in aggregation.

Generally, in two component system, H-bonding plays an
important role in gel formation (Willemen et al., 2002; Hirst
and Smith, 2004). However, H-bonding is not commonly seen
in the case of sodium stearate (SS). SS [CH3(CH,);sCOONa] is
an ionic compound and its organic part contains polar groups.
Therefore, dipole-dipole, ion-dipole interactions as well as van
der Waals forces are the possible/available driving forces for
gel formation. So it is assumed that there is additional possibil-
ity of ion-pole interactions between sodium (SS) and carbonyl
group (—C=—=O0) of the curcumin unit. Therefore, the existence
of m-m interaction as well as ion-dipole interaction might be the
base for gel formation at room temperature (303 K). However,

the exact mechanism of gel formation is unclear since the non-
covalent interactions between molecules are subtle and some-
times hard to understand (Raeburn and Adams, 2015). When
increasing the temperature from 303 K to 363 K, the ge/ — sol
transition occurred, which may have been due to the breaking
of ion-dipole interaction, which in turn disrupted the gel state.
Increasing the temperature caused disruptions in the
supramolecular arrangement and decreased the effects of the
secondary forces (the disruption of intermolecular forces
between the two molecules).

3.5. Effect of external stimuli towards the stability of the gels

The stability of the gels over external stimuli such as pH (acid-
base reaction), sonication and UV irradiation were studied.
BCC/BCC-SS failed to form gel in any solvents in the presence
of sonication (without heating) as well as UV irradiation. Sim-
ilarly, the gel formed by heating and cooling process was not
affected by sonication/UV irradiation; instead, the gel became
stronger after sonication than freshly prepared gels. This result
indicated that the phase transitions could not be tuned by son-
ication. However, it improved the stability of the gel to some
extent. The addition of acid (acetic acid) to the BCC-ED or
BCC-SS gel in DMF turned the colour of the gel to yellow
with precipitation. However, addition of base (TEA) resulted
in colour change to brown, but failed to form gel. These results
indicate that gel-to-sol can be tuned by acid; hence gel cannot
be retained by addition of base.

Since curcumin forms complexes via its B-diketone moiety
with almost all the metal ions (Wanninger et al., 2015;
Cdlinescu et al., 2019), the influence of the metal ions for
example Cu®™, Fe**, Hg?", Pd®>*, Ni* and Zn>" towards
the stability of BCC-ED/BCC-SS (in DMF) gels were tested.
With progressive addition of approximately 10 equivalents of
these cations to the gels resulted in precipitation after heating
and cooling process. This may be due to the selective complex-
ation of these metal ions with the diketone group of BCC, sep-
arating/breaking the forces between BCC and ED or BCC and
SS, which leads to precipitation (Fig. S9).

3.6. Potential application of BCC based gelators as a template
for silver nanoparticles (AgNPs) synthesis

In general, the organo/hydro gelators can be used as a tem-
plate or support for the synthesis of nanoparticles such as sil-
ver nanoparticle (AgNP), gold nanoparticles (AuNPs) and
iron nanoparticles (FeNPs). Since the gelator possess 3D-
network structure, a large number of functional groups can
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Fig. 8 Representative SEM images of BCC-SS in (a) Xylene; (b) 1,2-dichlorobenzene; (c¢) Chloroform; (d) 1,5-diaminopentane;
(e) BCC + Styrene/H,O(1:1); (f) sodium thiocyanate (g) SS in dilute water (h) BCC-SS-styrene xerogel.

provide space for the nucleation and growth of the noble metal
nanoparticles (Wu et al., 2015; Zhu et al., 2019). Therefore, we
attempted to use our gelators as template/structure directing
agent for the synthesis of AgNPs.

Here, we used three different gel system as templates for
the synthesis of AgNPs as follows: (1) BCC-ED gel; (ii)
BCC-SS-DMF gel and (iii) SS-DMF gel. Once the above

gels were prepared, an equal amount of AgNO;3 was added
directly into the gel in each case and the resulting mixture
was heated again to 80 °C for 20-30 min and cooled to
room temperature. In all cases, gel state was retained. How-
ever, the colour of the gels turned to dark brown/ brownish
black along with formation of silver mirror (Zaier et al.,
2017) as shown in Fig. 9.
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Fig. 9 Digital images of gels obtained from (a) BCC-SS gel; (b)
BCC-ED + AgNO; and (c) SS-DMF-AgNO;,

From the Fig. 9, the deposition of Ag can be seen at the
bottom of the vials due to the presence of sodium metal
(Na™) which undergo reduction reaction with AgNO;
(Fig. 9). However, the stability of the gel was not affected by
metal ions (Fig. S10). The appearance of silver formation
can be seen in the vial by naked eye (Fig. 9). The resulting gels
were diluted by adding excess DMF and centrifuged. The
DMF was decanted and the deposits were washed by using
additional acetone and centrifuged. The acetone was decanted
and the resulting powder was allowed to dry at vacuum oven
at room temperature. AgNPs can be separated from the tem-
plate by dissolving template in chloroform/dichloromethane.
The samples were subjected to XRD analysis and the results
are merged in Fig. 10.

The XRD patterns for the synthesized AgNPs by different
templates are merged in Fig. 10. When comparing the XRD
pattern of BCC-ED, the templates containing SS such as
BCC-SS-DMF gel as well as SS-DMF gel system exhibited
peaks at the 20 value of <35°. These peaks are attributed to
the formation of silver stearate as shown in Fig. 11. The for-
mation of silver stearate was further verified by the morpho-
logical analysis by SEM, optical microscope and FT-IR

(111) BCC-ED-Ag

(200) - 1)

Intensity
if

20 30 40 60 70 80

50
20 (degree)

Fig. 10 The XRD patterns of synthesized AgNPs via different
template.

i + ﬁ‘ Ag*
/\/\/\/\/\/\/\/\/lLo-Na + 070"
SS l silver(l) nitrate
(o]
/\/\/\/\/\/\/\/\/lLo- Ag" + NaNO3
silver(l) stearate l
at 523K Need sintering
H0+ CO, + — at high temperature
sintering
Fig. 11  The formation of silver stearate.

analysis. The FT-IR spectra of AgNPs synthesized by different
templates are shown in Fig. S11 (see supporting information).
From the spectra, it was observed that the peaks around 1515
and 1415 cm™! corresponding to v (COO) and vy (COO)
vibration peaks for the ester present in silver stearate (Mao
et al., 2019). The morphological analysis of silver stearate by
SEM exhibited layered structures as shown in Fig. 12, which
resembles other reported structure (Lee et al., 2003). The silver
stearate exhibited platelet crystals of layer textures under opti-
cal microscope (Fig. S12), which is in accordance with the
reported textures (Lin et al., 2004). AgNPs can be seen clearly
from the top view of the sample BCC-ED-Ag placed over SEM
substrate/carbon tape (Fig. S12d) The synthesis of AgNPs
from silver stearate was reported previously (Mao et al.,
2019), in which silver stearate was subjected to sintering at
523k leading to partial decomposition of silver stearate, pro-
ducing silver stearate coated AgNPs. We can apply the same
protocol for the production of AgNPs, if necessary. This
means that, silver stearate, which is obtained from gels con-
taining sodium stearate should undergo high temperature sin-
tering and AgNPs thus obtained will be coated with silver
stearate (Mao et al., 2019). Therefore, obtaining pure AgNPs
is a tedious process and novel methods/reagents are in demand
for the efficient production of pure NPs.

Interestingly, without addition of sodium stearate and with-
out forming silver stearate, AgNPs were successfully synthe-
sized by using BCC-ED gel system, especially at very low
temperature (80 °C). The XRD pattern of thus obtained
AgNPs exhibited peaks at 26 values of 38°, 44°, 64° and 77°,
respectively corresponding to (1 1 1), (20 0),220 and (31 1)
planes (Fig. 10). This XRD pattern is in accordance with the
structure of Ag(0) reported in literature (Mu et al., 2013;
Anandalakshmi et al., 2016; Mao et al., 2019). However, the
gel system without ED (BCC-SS-DMF gel) and without
BCC (SS-DMF gel) failed to form well resolved XRD pattern
of Ag(0). These results indicated the importance of BCC as
well as ED for the successful formation of AgNPs.

The morphological analysis of thus obtained AgNPs exhib-
ited spherical nano-spheres with the size of 60-100 nm
(Fig. 13). The morphology of AgNPs were found to be in
accordance with the reported literature (Mu et al., 2013;
Anandalakshmi et al., 2016). These results suggested that the
template based on BCC and ED (BCC-ED gel) played an
important role in the formation of AgNPs. The silver nitrate
appears to be reduced by BCC-ED gel resulting in AgNPs
without adding any other reagents, indicating that BCC-ED
act as reducing agent as well as capping/stabilizing agent for
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Fig. 13  The representative SEM images of AgNPs obtained from BCC-ED gel (different magnifications).

the synthesis of AgNPs. It is acceptable since, curcumin was
reported as reducing agent (Tennesen and Greenhill, 1992;
Safavi et al., 2017) for the reduction of Fe** to Fe? " (Tennesen
and Greenhill, 1992) as well as for AgNO; (Yang et al., 2016).
The presence of the diketo-moiety in BCC structure seems to
be essential both in redox reactions and in the scavenging of
oxygen radicals (Tennesen and Greenhill, 1992).

Although BCC-SS-DMF gel contains the reducing agent
BCC, the reduction of AgNO; by sodium from SS takes place
predominantly over the reduction by curcumin unit of BCC.
Therefore, BCC-SS-DMF gel failed to produce AgNPs at this
stage. In order to produce AgNPs, it should undergo further
reaction such as sintering at high temperature and purification
steps are needed. These results revealed that BCC produce
AgNPs in the presence of ED. In addition, the reduction reac-
tion by BCC-ED used very low temperature (80 °C) and the
template can be effortlessly removed by non-gelling solvent
such as dichloromethane or chloroform and can be reused.
These results revealed that BCC-ED acts as the best reducing
agent/template for the synthesis of AgNPs from AgNO;.
Hence, BCC-ED gel system is a highly potential platform for
the efficient synthesis of AgNPs.

4. Conclusions

In summary, we successfully designed and develped a novel single and
two-component gelation system derived from curcumin-cholesteryl
conjugates (BCC). The driving force for gel formation in BCC-ED
and BCC-SS in solvents are thought to proceed with H-bonding and
ion-dipole interactions, respectively. Depending on the type of solvent

as well as changes in the composition of SS with respect to BCC, the
morphology can be tuned. Regarding the potential applications, BC-
ED can be used as an effective template for the synthesis of pure
AgNPs. Replacing BCC or ED in BCC-ED gel system by sodium stea-
rate or other solvents respectively failed to form AgNPs. These evi-
dences proved that the gel system BCC-ED acts as an efficient
reducing agent and stabilizing/capping agent for the synthesis of pure
AgNPs at low temperature. The present investigation is a perspective
to provide new clues about the designing of gelators for the fabrication
of nanomaterials for the potential application of conductive nanoma-
terials. This report may afford a specific approach to understand the
soft matter and design of new nanomaterials.
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