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Synthesis of dicholesteryl
organogelator as a green
sorbent nanomaterial for oil spill
remediation
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In the field of global water purification, the issue of marine oil spills represents a significant challenge.
The use of phase-selective organogelators (PSOGs) as sorbent materials in oil spill remediation is a
promising solution due to their environmental adaptability and high absorption capacity. However,
there are limited reports on PSOGs that can be used in powder form for rapid phase-selective

gelation of crude oils. In this context, the development of innovative dicholesteryl derivatives as low-
molecular-weight organogelators (LMOGs) offers a promising solution in powder form. These gelators
are synthesized through a one-pot multi-component reaction as green synthesis method, which
ensures high purity and eliminates the need for harsh conditions. The incorporation of cholesterol into
the gelator structure demonstrate environmental adaptability. The exceptional sorption capacity was
attributed to the structured 2D/3D networks observed through scanning electron microscopy (SEM).
The hydrophobic properties of these gelators, as evidenced by a water contact angle of 118 degrees,
enable them to efficiently gel various organic solvents at low concentrations (1% w/v) at ambient
temperatures, without the need for heating—cooling cycles or co-solvents. The eco-friendly nature
and efficient oil-water separation capabilities of these gelators in powder form represent a significant
advancement in global water purification efforts.

Keywords Marine oil spill, Water purification, Dicholesteryl gelator, Low-molecular-weight organogelators,
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The pollution of aquatic ecosystems due to oil and petrochemical spills and leaks has become a global issue, with
increasing accidents during various operations such as extraction, loading, and transport, posing a threat to
aquatic life'. Consequently, the removal of these oil pollutants, which consist of hydrocarbons, benzene, toluene,
crude oil and its derivatives (such as gasoline, diesel, and kerosene) from the aquatic environment has emerged
as a crucial concern worldwide. Oil spill treatment strategies encompass in-situ burning, mechanical methods,
chemical treatments, bioremediation, and adsorption®. Among these approaches, adsorption using oil sorbents is
considered the most effective due to its cost-efficiency, high performance, and minimal secondary pollution. Easy
regeneration and recyclability are also essential factors for an ideal sorbent®. Oil sorbents are typically classified
into three main categories: inorganic mineral sorbents, synthetic organic sorbents, and natural organic sorbents*.
Each type has its advantages and limitations. For instance, mineral sorbents have low oil absorption capacity and
buoyancy, making them unsuitable for oil spill treatment. Synthetic organic sorbents exhibit excellent oil sorp-
tion capabilities but degrade slowly compared to mineral or natural options. Natural sorbents have limitations
such as low capacity, poor hydrophobicity, selectivity, and reusability*. To overcome the drawbacks of existing
materials, innovative sorbents have been developed. In recent years, low-molecular-weight organogelators have
gained significant attention as phase-selective sorbents with optimal sorption properties®”’.
Low-molecular-weight organogelators (LMOGs) are organic molecules that form fibrillar three-dimensional
networks through self-assembly, trapping organic solvent or liquid between the strands. Self-assembly results
from the strong non-covalent interactions such as electrostatic, van der Waals forces, n effects and hydrophobic
effects between molecules®. These supramolecular gels have gained attention for solidifying oil. They are gaining
attention for solidifying oil due to their ability to rapidly and feasibly gelate without the need for co-solvents or
heat-cool cycles, stability at low temperatures and against shear forces, thermal reversibility for easy oil recovery,
recyclability and reusability, cost-effective synthesis, and environmental friendliness®. These supramolecular gels
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have been utilized by researchers to combat oil pollution effectively’=?, as they remain on the water surface due
to their organic nature, unlike mineral-based adsorbents that sink and release absorbed materials back into the
environment over time?. Organogelators effectively solidify oil spills and petrochemical products, preventing
their further dispersion in liquid form. Additionally, a small quantity of organic gelator can absorb a large volume
of oil, facilitating easy collection of solidified oil from water surfaces. Upon application of heat, the solidified oil
becomes soluble again, releasing the contained materials. However, while organogelators do not interfere with
crude oil refining processes and can burn alongside collected petrochemical products like kerosene, their organic
composition may pose environmental challenges as they do not decompose naturally'. To address these envi-
ronmental concerns, it is crucial to develop organogelators based on natural molecules that not only effectively
mitigate pollution issues but also demonstrate compatibility with the environment.

In 1987, Weiss and colleagues highlighted the significance of the cholesteryl motif in the gelation process''.
Their findings indicated that the oxygen motif in cholesteryl derivatives facilitates hydrogen bonding, while
van der Waals interactions of alkyl rings and chain residues drive their assembly into a three-dimensional
network, resulting in unique organogel properties'*™*>. Cholesteryl derivatives, as a class of Low-molecular-
weight organogelators (LMOGs), show promise in encapsulating and removing oil pollutants® from water or
other environments, offering a sustainable and eco-friendly solution due to their biodegradable and renewable
nature'®"”. However, current gelators for treating oil spills often require a heating—cooling process or a co-solvent
to address solubility issues, making them impractical on a large scale and potentially introducing additional pol-
lutants. Therefore, there is a need to explore alternative solutions that do not rely on these methods to effectively
address oil pollution'>'8-2,

The use of cholesterol as a natural and non-toxic material for creating absorbents to combat oil pollution
offers eco-friendly solutions for environmental cleanup and sustainable industrial practices'”?>. Enhancing the
synthesis methods for cholesterol-based gelators is crucial for practical and cost-effective large-scale applica-
tions. Traditional synthetic approaches have been complex, multi-step processes with low yields, limiting their
feasibility”'*-?.. Our research has successfully developed a cholesterol-based gelator using an environmentally
friendly, straightforward, and single-step multicomponent method at room temperature without the need for a
catalyst. Multicomponent reactions (MCRs) are considered environmentally friendly reactions as they efficiently
produce complex molecules from simple starting materials in a single step, reducing waste, energy consumption,
and purification steps. MCRs can be carried out under mild reaction conditions, aligning with green chemistry
principles and sustainable development goals. This approach offers a promising option for environmentally
friendly synthesis of complex molecules with potential wide-ranging benefits. Notably, only 1% (w/v) of the
powder gelator is required to create a robust nano-sorbent at room temperature without the need for heat-
ing-cooling cycles or co-solvents.

Experimental section

Materials

All reagents needed for the synthesis of the gelators were purchased from Merck, Acros, and Alfa-Aesar com-
panies and used without any further purification. All solvents (=99% purity) were obtained from commercial
sources and used without further purification.

Characterization

Differential scanning calorimetry (DSC) analysis was conducted on DSC131-SETARAM (France) device over
the temperature range of 0-250 °C with a heating and cooling rate of 5 °C min™'. Fourier transform infrared
spectroscopies were directed on Jasco-Japan 6300. For the preparation of KBr pellets, a small amount of each
powder gelator was mixed with anhydrous KBr powder. The liquid or gel samples were examined directly as a
thin film, “neat”, between two plates of NaCl. To observe the surface structure of the gel, optical microscopic
images were taken on an OLYMPUS U-AN360P. For this regard, the prepared gel was put on the surface of the
microscope slide and seen by the microscope with proper magnification. The xerogel surface was prepared by
exposing the slide containing the gel to air for three weeks and then seen by microscope. AFM measurements
were performed on a Brisk Inspect Nanoscope-Iran system. Scans were performed using silica probes with a tip
radius of 8 nm in tapping mode. The force constant was approximately 40 N/m. As in the optical microscopy
procedure, the prepared gel was loaded onto microscope slides and exposed to air for drying. SEM images of
the xerogel of dicholesteryl gelator 5a were taken on a MIRA3TESCAN-XMU, FE-SEM instrument to study the
morphology of these samples. The xerogel was prepared by freeze-drying the gel in liquid nitrogen, and then
evaporating by a vacuum pump. To determine the strength of the gel against the exerted strain and/or stress, the
rheological properties of the gel were obtained. These properties were measured by Physica MCR 301 (Anton
Paar) instrument. For our measurements, this rheometer was equipped with two stainless steel-coated parallel
plates (25 mm diameter) with a 1000 pm gap distance. All measurements were carried out at room temperature
(25 °C). For investigation of the linear viscoelastic region (LVER) of the gel, stress sweep measurements at a
constant frequency of 10 rad/s were conducted in the stress range of 1.0-100.0 Pa. A frequency sweep was con-
ducted in a 0.1-500 rad s angle frequency range at a definite strain of 1%. A temperature sweep was conducted
at4to 180 °Cin a 6.28 rad s™! angle frequency under a certain strain of 1% to record the gel-sol transition tem-
perature. The powder X-ray diffraction (XRD) data of the xerogel of the gel was collected on a DBADVANCE
diffractometer with Cu Ka X-ray created (A=1.540598 °A) under a voltage of 40 kV and a current of 40 mA.
The scan rate was 0.5° min~". The xerogel was prepared by using a liquid nitrogen freeze-dryer for the gel and
then evaporating by a vacuum pump. Water contact angle (CA) was obtained by the pendant drop contact angle
method using CA-ES10. In this method, by introducing a water droplet via a micro syringe on the dried gel on a
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microscope slide, the contact angle of a water droplet is measured. The water contact angle photos were recorded
with a camera equipped with a microscope.

Synthesis of the gelators

The dicholesteryl derivatives of malonoester as gelator and stabilizer were prepared through a multi-component
reaction which has been reported by our group?. These compounds were synthesized via a one-pot five-com-
ponent reaction by different isocyanide derivatives at room temperature in the absence of any catalyst (Fig. 1).
In this way, a well-magnetically stirred solution of 2-oxo-2-aryl acetaldehyde 1 (1 mmol) as a-ketoaldehyde
and Meldrum’s acid 2 (0.144 g, 1 mmol) in dichloromethane (5 mL) was prepared. A solution of cholesterol 4
(2 mmol) in dichloromethane (2 mL) was added to the reaction mixture. After 10 min, a solution of an isocyanide
derivative 3 (1 mmol) in dichloromethane (2 mL) was added dropwise at 0 °C in an ice bath over 10 min. After
the addition of isocyanide to the reaction mixture, the final mixture was stirred at room temperature for 24 h.
The product was obtained as a concentrated solution which is extracted by adding methanol. The obtained pre-
cipitate was washed completely with methanol to remove impurities to reach a white precipitate. The synthesized
products were characterized through FT-IR, 'H-NMR, and *C-NMR spectra.

Preparation of organogel

To prepare a gel, a specific quantity of a gelling agent (5a-5d) as per Table 1 is added to a specified volume (0.2 ml)
of solvent and then wait until the sample dissolves spontaneously. As the gelator dissolved, the viscosity of the
oil on the water’s surface increased until complete gelation occurred. For the samples that were unable to be
dissolved in the used solutions by themselves, they were dissolved by the application of heat. When the sample
is completely dissolved, it is left to cool to room temperature. In this case, the sample may appear as a solution,
partial gel, complete gel, or as a precipitate. If the sample has gelled or partially gelled, when the sample container
is inverted according to the inverse tube test method, if no fluidity is observed and the sample has taken a solid
form, it is considered as a gel. If a small amount of flow is observed in the sample, it is considered partially gelled.
When the sample forms a gel, determining the minimum gelling concentration (MGC) is crucial for assessing
its gelling ability. Through successive gelation tests, it was determined that n-dodecane is the most effective
solvent for gelation, as it completely gelled two of the samples and had the lowest MGC for all. This solvent was
able to form gel with 1% (w/v) as the MGC for dicholesteryl gelator 5a and 2% (w/v) for dicholesteryl gelator
5d. According to the literature, a concentration of 1% (w/v) of the gelator in n-dodecane is considered suitable.
The term (w/v) represents weight/volume, indicating the weight of the solute (in this case, the gelator) per unit
volume of solution.

S5¢c: R=
5d: R=

S5a: R= Cyclohexyl

Sb: R=#Butyl
2,4,4-Trimethylpentane
n-Butyl

Fig. 1. The multicomponent reaction for synthesizing dicholesteryl organogelators.
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Solvent 5a 5b 5¢ 5d
Xylene S S S S
n-Hexane S P S G (2%)
n-Heptane PG PG S PG
n-Octane G (2%) S S PG
n-dodecane G (0.5%*, 1%) S G (2%)
Petroleum G (1,2%) S N PG (2%)
Petroleum ether G (1,2%) In G(3%) |In
Diesel G (1,2%) S S PG (2%)
Kerosene G (1,2%) S S PG (2%)
Silicone oil G (1,2%) S N PG (2%)
Toluene G (2%) G(2%) |G(2%) | G(2%)
Xylene S S S S

corn oil PG S N S

Table 1. Gelation behavior of dicholesteryl derivatives in non-polar solvents. G gel, PG partial gel, S soluble, P
solution upon heating and precipitate at room temperature, In insoluble even with heating. *Gel was formed at
5°C.

Results and discussion

Design of the gelators

It has been proved in our previous work that malonoester structures possessing amide groups can act as low-
molecular-weight organogelators and efficiently gel organic solvents®. Cholesteryl derivatives, known for their
ability to gel organic solvents including oils, are promising for environmental applications such as pollutant
remediation due to their biodegradable and renewable nature?. Introducing cholesteryl units into the malo-
noester structure is expected to lead to robust supramolecular gel formation, leveraging multiple non-covalent
interactions. This approach aligns with green chemistry principles and sustainable development. The synthesis
of the cholesteryl-containing malonoester structure is described as feasible through a simple and efficient multi-
component reaction, expected to result in enhanced gelation properties due to the combined effects of cholesteryl
units and existing non-covalent interactions.

Gelation behavior of the compounds

The gelation behaviors of compound dicholesteryl gelator 5a were investigated in non-polar organic solvents
found in petroleum as oil pollutants, detailed in (Table 1). The compound was found to form stable gels with a
lower minimum gelation concentration (MGC) value, making it the preferred gelator. At just 1% (w/v) MGC,
this compound effectively gels n-dodecane, petroleum, diesel, kerosene, and silicone oil solvents, as depicted
in. Additionally, a stable gel was achieved in n-dodecane at 5 °C with only 0.5% (w/v) MGC. However, the com-
pound resulted in an unstable gel in n-octane and a partial gel in n-heptane. These findings position compound
dicholesteryl gelator 5a as an excellent candidate for gelation in a range of petroleum-based solvents, with poten-
tial implications for various practical applications. Indeed, incorporating cholesterol into the gelator structure
aligns with the principles of green chemistry due to its renewable and biodegradable nature. The ability to form
stable gels without the need for additional solvents further supports its environmentally friendly profile. These
characteristics make the gelator a promising candidate for applications such as absorbing crude oil in seawater,
where minimizing environmental impact is crucial. Furthermore, the addition of an oily solvent in conjunction
with water and the powder of a gelator resulted in the observation of phase-selective gelation (Fig. 2). Further
observation revealed that the majority of the resultant gels exhibited thermostable characteristics, maintain-
ing their gel state for several weeks. Additionally, as illustrated in Fig. 3a, the gels formed in oil products were
found to be thermo-reversible, meaning that they could be liquefied by heating the gel above its T, and then
solidified below T, (the gel-to-solution transition temperature, Tgel, is 58 °C). This transition can be repeated
at least ten times (Fig. 3b). This behavior is attributed to the reversible interactions, such as hydrogen bonding
and 7t-t stacking, which are responsible for the gelation process®. Dicholesteryl gelator 5d forms weaker gels
compared to dicholesteryl gelator 5a when used with the same solvents. The similar intramolecular interactions
between the amide and ester groups, van der Waals interactions between cholesteryl moieties, and m-m stacking
interaction of the phenyl groups in these four structures indicate that the difference in gelation behavior is due
to the van der Waals interactions of the different R groups in the isocyanide derivatives. It is concluded that the
cyclohexyl group in dicholesteryl gelator 5a and the n-butyl group in dicholesteryl gelator 5d lead to networked
assemblies that enclose alkyl solvents through capillary forces and interface tensions*. However, the t-butyl
and the 2,4,4-trimethyl pentane groups in dicholesteryl gelator 5b and 5c¢ do not lead to networked assemblies
due to their branching. The difference in gelation ability between the cyclohexyl and n-butyl groups is related to
conformational freedom. The larger and bulkier nature of the cyclohexyl group compared to the n-butyl group
restricts conformational freedom, resulting in better preorganization of the gelator structures, which improves the
gelation process®. The data in Table 1 indicates that as the solvent becomes less polar and heavier, gel formation
increases due to the growing van der Waals interactions. The derivatives were tested in a range of polar solvents,
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(b)

Fig. 2. The phase-selective gelation behavior of dicholesteryl gelator 5a in petroleum in the presence of
seawater. The gelator is in its (a) solution state, (b,c) gel state. (A video file (Video-Fig. 2) in appendix supports
this Figure).
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Fig. 3. The thermo-reversibility behavior of the gel 5a in petroleum (a) solidification by cooling below T, and

liquefication by heating the gel above its T,;, (b) The gel-to-solution transition cycle.

including aprotic (DMSO, DMEF, THF) and protic solvents (acetonitrile, ethyl acetate, ethanol, methanol), but
none of them demonstrated the ability to form an appropriate gel (Table S 1). This suggests that these gelators
are selectively able to form gels in nonpolar aliphatic solvents, such as those found in petroleum.

The ability of dicholesteryl gelator 5a as oil spill treatment

One of the reported applications of low-molecular-weight organogelators is in the treatment of oil spills. In this
context, the organogelator needs to have the capability to solidify oil products. The gelation ability of dicholesteryl
gelator 5a was investigated in non-polar organic solvents commonly found in petroleum (as shown in Table 1).
The results indicated that dicholesteryl gelator 5a can effectively gel oil products at low concentrations of the
gelator (1 and 2% (w/v)). To simulate the collection of oil from the water surface, the organogelator should be
insoluble in water, as it is unable to enter the water and selectively immobilize oil in biphasic oil-water mixtures®®.
Some petroleum as oil phase was poured onto the surface of seawater (Fig. 4a), after which the powdered gelator
was applied on top (Fig. 4b). The container was then agitated gently to simulate the sea waves, after which the
dissolution of the gelator in the oil was observed at room temperature. As the gelator dissolved, the viscosity of
the oil on the water’s surface increased until complete gelation occurred (Fig. 4c). Accordingly, by solidifying the
leaked oil and separating it from the water surface (Fig. 4d,e, the gelator can be separated and reused. This dem-
onstrated that the organogel can be formed at the seawater surface at room temperature without heating—cooling
and co-solvent and stably remain on the water surface without absorbing water due to its hydrophobic nature.
The hydrophobicity was confirmed using the water contact angle method in Sect. “Poor wetting”. By distilling
the solvent from the removed gel layer, the gelator was recovered and found to be reusable.

Prior to utilization of the synthesized derivative as an absorber for oil spillage remediation, it was necessary
to ascertain its biocompatibility, which is defined as the lack of toxicity to organisms. For this purpose, a fish
species was selected as the test organism and 12 mg of gelator was added to water to test for toxicity. The lack of
mortality among the fish over the 40-day test period indicates that the gelator does not exhibit toxic effects on
aquatic organisms (Figure S17).
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Fig. 4. Selective gelation of petroleum in the presence of seawater (a) biphasic solution of 20 ml water and
2 ml petroleum, (b) adding gelator 5a on the water surface, (c) waiting for gelation after dissolving at room-
temperature, (d) collecting the gelled oil by spatula in one side, (e) removing the gel from the water surface
(cleaning the surface of the seawater from petroleum). (A video file (Video-Fig. 4) in appendix supports this
Figure).

Thermal stability of the gel
The thermal properties of gels, particularly organogel, are important for understanding their behavior and poten-
tial applications. One of the key thermal properties of gels is gelation temperature (T,). This is the temperature
at which the gel-sol transition occurs. It indicates the thermal stability of the gel, which determines the range of
temperatures over which the gel remains stable. One of the simplest and quickest techniques for determining T
is the ’tube inversion’ method. This method involves visually observing the point at which a sample begins to flow,
and is based on the principle that as the strength of the network increases, the temperature of the gel transition
to solution increases, and eventually the gel becomes capable of flowing. In this study, different concentrations
of dicholesteryl gelator 5a were prepared, ranging from 4 to 50 mg/ml. The T, was obtained by heating each
sample at a rate of 2 °C per minute and using the inverted test tube technique. As depicted in Figure S18a, it
was observed that as the concentration of the gel increased, the Tgel also increased. This trend continued until
the concentration reached 30 mg/ml, after which the T, value remained constant. This behavior is consistent
with previous findings in the literature for organogel, indicating a saturation point in the relationship between
gel concentration and T

Another method for investigating the transfer of gel to solution is using differential scanning calorimetry
(DSC) technique. DSC thermal curves provide valuable information about phase transfer, stability, and energy
storage/release properties, indicating the behavior of gels under thermal changes. In general, the peaks in the DSC
curve, which are created due to temperature changes, indicate changes in the system’s structure. In DSC curves,
two types of peaks appear: endothermic peaks that occur due to an increase in temperature and exothermic peaks
that are created during the temperature decrease stage?s. Multiple endothermic peaks indicate the conversion of
gel to solution or reflect the polymorphism resulting from temperature changes in the network. This phenomenon
occurs when a substance exhibits different crystalline structures at different temperatures. On the other hand,
multiple exothermic peaks in DSC curves indicate gel formation or crystallization. In some cases, the peaks in
DSC curves become very broad. The broadening of the endothermic peaks can be interpreted by considering
an organogel as a binary system. The broadening of the peak reflects the distribution of energy required for the
transition from the gel phase to the solution phase, which may be due to the presence of gradient compositions
in the binary system. This phenomenon results in a range of temperatures for gel melting instead of a single
temperature. The multiple endothermic peaks shown in Figure S19 clearly demonstrate these aspects. The first
endothermic peak observed indicates the beginning of molecular mobility in the gel network, representing the
transition from a glassy state to a rubbery state?”. At this stage, with the weakening of the weakest hydrogen
bonds, the stable gel network begins to lose its rigidity and becomes more fluid. If the onset temperature (result-
ing from the corresponding peak) of the first endothermic peak is assigned to T, this temperature corresponds
to what is observed in the “tube inversion” method. According to DSC curves, increasing the concentration of
the gelator from 2 to 8% (w/v) leads to an increase in the value of T,. This result indicates an increase in the
strength of the gel network with the increase in gelator concentration up to 8% (w/v). Furthermore, based on
the DSC curves shown in Figure S19-S21, with the increase in gelator concentration, the intensity of the second
endothermic peak decreases, and this peak merges with the first endothermic peak. This can be attributed to
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a decrease in the probability of polymorphism®**!. Because as the gelator concentration increases, the space

between fibrils becomes more restricted, reducing the gel’s ability to reform multiple crystalline structures (so-
called thermotropic polymorphism). Therefore, these two endothermic peaks appear as a very broad and exten-
sive peak. Another key property of gels, in addition to T,, is the temperature of the highest endothermic peak,
known as T, where the solid phase completely dissolves. Literature studies indicate that the reported values for
T, and T,, using DSC method differ from those obtained using tube inversion method and rheological measure-
ments. This difference is mainly attributed to different heating rates, signal-to-noise ratios, and experimental
conditions (such as sample weight or volume)*’. As shown in Table 2, the DSC technique shows a higher value
for T, compared to other techniques (around 10 degrees Celsius).

In addition to the mentioned properties, investigating the thermal reversibility of organogel, which is achieved
by reducing the temperature of the sample in the solution phase, can also help in describing the behavior of
gels. In this process, the first endothermic peak is related to the freezing process®. This temperature is called T,
another important feature of the gel. As shown in Figure S19, the T, temperature obtained from the endothermic
peak in the cooling process is lower than both endothermic peak temperatures in the heating process. This phe-
nomenon is called hysteresis heat and is observed in many reversible heat systems®. In gels that are thermally
reversible, there are crystalline and amorphous regions. Therefore, it can be assumed that the formation of a new
ordered structure with stable heat transfer zones is the reason for the existence of hysteresis heat.

Reports indicate that the temperature at which the rheology shows the transition of a gel system to a solution
(T,,) is between two temperatures, T, and T,,*". This temperature is the same temperature at which the rheology
analysis shows G’ and G” to be equal*. Figure S18b confirms this phenomenon quite well.

The interactions between the organogelator and the solvent during self-assembly

One of the powerful tools for studying the intermolecular interactions between the organogelator and the solvent
in the self-assembly process is FT-IR spectroscopy™. Therefore, to achieve an internal view of the self-assembly
process and investigate the intermolecular interactions in our organogelator molecule, the FT-IR spectroscopies
of the original powder of dicholesteryl gelator 5a were compared with the gel state and the solution state of this
compound in the n-dodecane solvent. The FT-IR spectroscopy of pure n-dodecane solvent (Fig. 5a) was also
compared with other FT-IR spectrums. The FT-IR spectrum of the original powder (Fig. 5e) shows the stretch-
ing vibration of NH and C=0 functions of the amide group in 3387 and 1675 cm™’, respectively. These amounts
shifted to 3299 and 1639 cm™ in the spectrum of the gel state with 10% (w/v) and 25% (w/v) concentrations of the
gel (Fig. 5¢,d). Furthermore, other shifts to 3299 and 1637 cm™ in the spectrum of the solution state are observed
(Fig. 5b). These observed shifts represent the participation of the NH and C=0 groups of the amide structure
in hydrogen bonding. Other spectral shifts are observed for C=0 groups of the ester and the ketone in the
structure (Table 3), which approve the participation of these groups in the assembly process. As seen in Table 3,
another piece of evidence for forming the gel state is a vibration shift of the CH, group of n-dodecane solvent
from 2958 in the solvent to 2962 in the gel state. The reason for this spectral shift is related to the vibrational free-
dom, that is lower energy is needed for the vibration of solvent molecules in a liquid state than in the gel state®.

The self-assembled nano-fiber structures

The microstructures of the surface of the gel network of dicholesteryl gelator 5a was studied by optical micro-
scopic images taken on an OLYMPUS U-AN360P (Figure S22) in a petroleum and #-dodecane solvent. As shown
in Figure S22a,b, the xerogels show a uniform texture.

The morphology of the gel was also characterized by atomic force microscopy (AFM). As shown in Figure S22,
the presence of the entangled network inclusions of fibrous or tubular structure shown by the AFM images of
the xerogel is in agreement with the SEM images.

To obtain a more detailed understanding of the microstructure of the gel 5a, xerogel was studied by SEM
observation. Figure 6 illustrates SEM images of the xerogel. As depicted in Fig. 6, a three-dimensional network
was created by aggregating vigorous self-assembled nano-fiber structures with fiber diameters of 32-116 nm
which trapped the solvent molecules in their three-dimensional spaces. Nano-structured gels have a high surface
area which leads to closer contact with the liquid phase and quick internal diffusion kinetic. Therefore, nano-
structured gels are superior to micro-structured gels®. Furthermore, because of the importance of nanofiber

Rheological
Heating DSC curve (first and second measurements versus
endotherm peaks) Cooling DSC curve (exotherm peak) Tube inversion method temperature
Concentration T, (°C) T,, (°C) T,y (°C) T,, (°C) T (°C) T,7(°C) T, (°C) o (°C)
66.5 98.2 107.3
2% (wiv) 80.9 63.9 514 58 713
110.2 127.8 135.3
80 116.4 129.5
4% (w/v) 84.1 65.6 58.6 60 -
167.7 174.5 179.8
8% (W/v) 142.3 181.6 213.8 83.8 65.8 55.1 79 -
Table 2. Summary of the thermotropic properties of 2% (w/v), 4% (w/v), and 8% (w/v) organogels in
the n-dodecane solvent. T, = the temperature of the onset, T, = the temperature of the maximum, T.=the
temperature of the crystalline, and T g=the temperature of the offset points of the transition measured peak by
DSC.
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Fig. 5. FT-IR spectra of (a) solvent, (b) solution, (c) gel 10% (w/v), (d) gel 25% (w/v), (e) powder of
dicholesteryl gelator 5a.

CH, n-dodecane solvent
NH stretch (cm™) C=0 amide (cm™) C=0 carbonyl (cm™) C=0 ester (cm™) (cm™)
Solvent - - - - 2958
Solution 3299 1637 1644 1747 2957
Gel 10% (w/v) 3299 1639 1682 1747 2962
Gel 25% (w/v) 3299 1638 1691 1747 2962
Powder 3387 1675 1695 1743 -

Table 3. FT-IR data of dicholesteryl gelator 5a in gel, and solution states in n-dodecane solvent and powder.

SEM HV: 5.0 KV WD: 6.05 mm MIRA3 TESCAN SEM HV: 5.0 KV WD: 6.05 mm | MIRA3 TESCAN
SEM MAG: 75.0 kx Det: SE 500 nm SEM MAG: 20.0 kx Det: SE
View field: 2.77 ym Date(mid/y): 08124/16 RMRC View field: 10.4 ym  Date(m/dly): 08/24/16 RMRC

a) 500 nm b) 2 um

Fig. 6. SEM images of the micro and nanostructures of xerogel of 2% (w/v) of gelator 5a in n-dodecane solvent.
(a) 500 nm, (b) 2 pm.
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structures in biomedical applications such as wound dressings, drug delivery systems, enzyme immobilization,
and carriers for cell cultivation, a large number of studies have been dedicated to these structures®. It is interest-
ing to note that one of the methods for producing nanofiber structures is the molecular self-assembly technique®.
Referring to Table 4, having a nanofiber structure is a significant property of our gelator rather than the micro-
structures reported in the literature. Further investigation of the SEM images shows that the morphology of the
xerogel is characterized by thin ribbons which makes an entangled network structure. This morphology of the
xerogel is consistent with the structures of organogels'®. Since these gels are obtained by low-molecular-weight
organic molecules with non-covalent interactions, they can be considered supramolecular gels.

XRD analysis

The structure of the xerogel was studied by PXRD analysis. According to the FT-IR and SEM results and the
chemical structure of the compound, it can be said that there are interactions that are responsible for assembling
the plane of the compound. These interactions are caused by the aromatic groups stacked over each other by
n-t stacking interaction and the amide and ester groups of each molecule which interact with another molecule
by hydrogen bonding interaction. Referring to Figure S23, the d spacing of the most intense peak in the PXRD
pattern of xerogel is 32.91489 A°, which appear in 2.6820 [°2Theta]. The amorphous peak, which continues as a
broad hump, indicates a decrease in the crystallinity of the interlayer distance of the xerogel®. As shown in the
SEM images, the 3D entangled network which is the result of the interconnection of thin fibers in the interlayer
causes to amorph peak.

The solid-like viscoelastic behavior of the gel
Having no regular stereochemical configuration rather than perfect regular spheres leads to specific rheological
properties as reported in the literature*"*. Therefore, rheological properties were carried out on the gel in the
n-dodecane solvent. The storage modulus G, related to the energy storage, and the loss modulus G", associated
with the loss of energy, were measured as functions of stress amplitude at room temperature. Firstly, stress
sweep measurements at a constant angular frequency of w=10 rad/s and varied shear stress T were performed
to determine the linear viscoelastic range of the organogel. As the figure shows, both G’ and G" values for gel
are nearly constant until a critical stress value called dynamic yield stress. After this stress, an abrupt decrease in
both G’ and G" occurred that represents the destruction of the gel network structure. Figure 7 also shows that
the storage modulus G’ is greater than the loss modulus G" below the critical stress value. This demonstrates that
the samples under study mainly exhibit elastic behavior!.

To detect the tolerance performance of the gel against external forces, a frequency sweep test was conducted'®.
A frequency sweep was conducted in a 0.1-500 rad s™! angle frequency range at a definite strain of 1%. The results
are shown in (Fig. 7). The storage modulus G’ was greater than loss modulus G” in the entire frequency range.
This observation is another confirmation that the networks of the gel show solid-like viscoelastic properties.
Moreover, there is almost weak dependence on frequency, specifically, within a range of frequencies from ~ 0.1
to ~ 100 rad/s. This behavior suggests that samples have powerful physical junctions in the frequency range.
Therefore, this leads to showing good endurance against external forces.

The role of the concentration of the gelator in the rheological properties was studied. For this purpose, the
behavior of the G’ value for different concentrations of 1 and 2% (w/v) of dicholesteryl gelator 5a versus the
angular frequency was investigated (Figure S24). The used solvent was n-dodecane. It can be understood that the

(n=1-4)"

Gelator MGC% (W/V) Ty (°C) Forming gel temperature | Scale of SEM images
Diacid zimidesmof dicholesteryl L-phenylalani- 0.28-2% (2.5% used) _ With heat—cool cycle 5-20 um

nate (n=1-4)

Diacid amides of dicholesteryl L(D)-Alaninates 0.16-1.67% (2.5%used) 65-120 °C With heat-cool cycle 5-20 pm

Cooling to reach r.t

Mono- and disubstituted cholesterol-appended | stituted)

3.4 mM (mono substituted), 7.0 mM (disub- 42-58°C With heat—cool cycle B

OPVs'?

for 2-12 mg/ml Cooling to reach r.t
Dicholesteryl derivative with a ferrocenyl 2% - With heat-cool cycle 20 pm
structure appended to its linker?! Cooling to reach r.t
5R-cholestan-34-yl N-(2-naphthyl)- carbamate 1%, 2% in n-dodecane solvent 25-75 °C for With heat—cool cycle -
(CNCY™ 0.7-1.5% Wt Cooling to reach r.t
One cholesterol-based ALS and two dimeric 2.5% in n-dodecane solvent - With heat-cool cycle 2 um
cholesterol-based A(LS),* Cooling to reach —10 °C
Dicholesteryl terephthalate'® 7-10% - With heat-cool cycle 10-20 um
Tricholesteryl trimesate'® 4-10% Cooling to reach 5 °C
NDS, containing diacetylene and naphthalim- | 2-50% - With heat-cool cycle 1-10 pm
ide and dicholesteryl units*® Cooling to reach r.t
Dicholesteryl-based (current work) 1% 60-110 °C for 2-25% (w/v) | Without heat-cool cycle 500 nm-2 um

Table 4. Gelling performance of various cholesteryl-based gelators reported in the literature.
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Fig. 7. Variation of storage modulus and loss modulus with applied (a) shear stresses (Pa), and (b) angular
frequency (rad/s).

G’ value for the gel with a 2% (w/v) concentration is higher than that of a 1% (w/v). This observation states that
the gel with a 2% (w/v) concentration of the gelator is elastically stronger. This influence of the concentration of
the gelator on the stability of the gel network is reported in the literature'®*%. Furthermore, the storage modulus
of the gel of 1% (w/v) gelator concentration shows more dependency on the frequency change, rather than that
of 2% (w/v), which is nearly constant in the frequency range shown.

Poor wetting

Surface wettability is a critical property in the context of oil/water separation processes®. In this regard, the
surfaces of oil absorbents utilized for oil/water separation need to be lipophilic, meaning they should attract oil
while repelling water, making them hydrophobic. Soft materials like gels exhibit varying surface wettabilities due
to their diverse nanostructures®. To investigate this, a gel composed of dicholesteryl gelator 5a in n-dodecane was
applied onto glass and dried under laboratory conditions. Subsequently, the pendant drop contact angle method
was employed to assess the wettability of the dried gel surface. The contact angle of a water droplet on a flat
surface was found to be 118°, as illustrated in (Fig. 8). In accordance with the literature, a contact angle between
90 and 150° indicates a hydrophobic surface. Therefore, our xerogel surface can be classified as hydrophobic.

The superiority and efficiency of the dicholesteryl gelator 5a compared to the other
reported cholesteryl-based gelators

A notable aspect of the proposed gelators is that they are synthesized through a one-pot multi-component reac-
tion, without the need for temperature or catalyst, with high efficiency and purified through simply purification.
Since complex and multi-step synthesis methods for producing gelators consume various resources such as
time, cost, and energy, providing simple and high-yielding synthesis methods for these materials is crucial. By
developing efficient synthesis methods, the performance and efficiency of these gelators in oil-water separation
processes can be improved. This research contributes to the development of green and sustainable technologies,
addressing environmental issues caused by oil pollution in water and soil. Comparing the gelling performance of
the dicholesteryl gelator with other cholesteryl-based gelators in existing literature (Table 4), our gelator stands
out for its ability to form a gel at room temperature without requiring a heating—cooling cycle or co-solvent. Its

"A-HIUE= 118.120469634034 Deg

Fig. 8. Water contact angle test of xerogel of dicholesteryl gelator 5a in n-dodecane solvent.
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minimum gelation concentration (MGC) value is lower than several counterparts. The minimum gelation con-
centration (MGC) value of our gelator is lower than several counterparts. Scanning electron microscopy (SEM)
images show the presence of nanofibers and intricate networks at the nanoscale, distinguishing our gelator from
others that form gel networks at the microscale. In conclusion, the novel dicholesteryl-based gelator proposed in
this research offers competitive advantages over other cholesteryl gelators. Its straightforward synthesis method
and favorable properties for establishing stable gels make it a promising candidate for various applications.

Conclusions

In conclusion, to solve the environmental issues posed by oil spill, new and efficient cholesteryl-based low-
molecular-weight organogelators have been designed and synthesized. A simple and one-step synthesis of these
cholesteryl-based derivatives by multi-component reaction without any catalyst and harsh conditions, suggest
the green and applicable process for synthesizing absorbent practical and cost-effective real-scale usage. The
capacity of these gelators to self-assemble in organic solvents with only 1% (w/v) of these derivatives in powder
form, without the need for heating and cooling cycles and the addition of any co-solvent, makes these deriva-
tives an excellent choice for oil spill remediation in real-scale applications. These properties render this gelator
superior to other gelators reported in the literature. The intermolecular interactions between organogelator and
organic solvent in the self-assembly process leading to stable organogel are confirmed by FT-IR spectroscopy.
The solid-like viscoelastic behavior and good thermo-reversibility properties of the synthesized gel confirmed
by rheological studies and DSC measurements, respectively. These properties lead to easy separation of crude
oil from the water surface and after separation, oil recovery and gelator reuse can be achieved. To the best of our
knowledge, these cholesterol derivatives are the first LMOGs synthesized by the multi-component reaction which
exhibit the unique ability to gel leaked oil simply by pouring the powder onto the surface of the sea.
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