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ABSTRACT

Stearic acid and nine other derived long and fatty low molecular weight oleogelators were tested to
gelate two different vegetable and edible oils, liquid paraffin and methyl oleate. In these liquids,
among all gelator candidates, three of them expressed remarkable Critical Gelation Concentration
(CGC) values found in a range of 0.6 and 2 wt % Their gelation ability were apparently dependent on
their intrinsic molecular structure and evolved function of their lipophilic balance. To understand the
phenomenons reported here, microscopic observations of the gel samples were carried out to study
the gel texture. The FT-IR analysis of each sample also afforded detailed information about the
molecular assembly of the additives and their potential role in the host liquids. Differential Scanning
Calorimetry (DSC) measurements demonstrated the potential for our best oleogelators candidates to
form strong gels in the hydrophobic liquids, and the possible direct interactions with the TAGs
included in the edible oils. The study of the viscoelastic behavior confirmed also the importance of
two long alkyl chains grafted on a small and rigid spacer and the need of a non negligible lipophilic
level of these gelators to get a strong and stable gel at the lower concentrations.

Key-words: long fatty oleogelators, self-assembly, oil polymorphism modulation, lipophilic balance

1. Introduction

Lipids and vegetable oils are edible raw materials widely used in the food industry and molecular
gastronomy [1-3]. For defined purposes, catalytic hydrogenation of oil products leads to the
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formation of fatty solid material displaying improved mechanical and physical properties more
suitable for food applications such as processing of margarine or ice-cream. Unfortunately, during the
process, a certain amount of trans insaturated fatty acid is generally formed. Nowadays, this category
of lipid by-products is known for its undesirable and bad effects on the consumer health such as an
elevation of the low-density lipoprotein cholesterol (LDL) and the associated cardiovascular diseases.
Besides, trans fatty acids are also suspected to promote endothelial dysfunction and supposed to be
also carcinogenic species.

To replace the catalytic hydrogenation process, some alternative strategies could be employed such
as the addition of a low molecular weight organogelator (LMWOs) to the liquids, polysaccharide such
as ethylcellulose mixed with surfactants [4], or extracted natural products [5]. Usually, at
concentrations inferior to 2 wt %, this kind of additive could ensure that oils can get features and
rheological properties near to solid material at ambient temperature. Finally, a thermally semi-solid
gel stable for several months is formed upon cooling.

Oleogels and especially molecular gels are a solid-like form of soft matter comprised for the majority
of liquid and a small amount of a gelator introduced at very low concentration. The formation of a
physical gel results from the gelator self-assembly induced by non-covalent forces such as Van der
Waals interactions, dipole-dipole or London interactions and more often by hydrogen bonding. Thus,
oleogels are now studied as new materials for their physicochemical and organoleptic properties
similar to those of fatty material rich in trans saturated fatty acids. In the most recent literature, only
a few example of fatty compounds are recognized for their potential to gelate edible oils: lecithin,
sorbitan tristearate [6-8], monoacyl glycerides [9, 10], mixture of phytosterol, oryzanol or other
steroide-type compounds [11], ricinelaidic acid [12, 13], fatty acids [14, 15], fattyl alcohols [16, 17],
12-hydroxystearic acid (12-HSA) and derivatives [18-22], simple waxes and wax esters [23-26] and
lipopeptides [27, 28]. This category of soft materials are typically developed to obtain suitable
properties for applications such as ointment in cosmetics, drug delivery system (DDS) [29] or oil spill
remediation [30].

Furthermore, for applications in the field of lithium-ion battery or energy, scientists try to make effort
to produce aprotic LMWOs able to gelate solvents such as propylene carbonate or liquid paraffin. For
this purpose potent 12-HSA or stearic acid based lipopeptides [31] are not suitable materials due to
the existence of hydroxyl group or amide functions in their structures, too reactive in presence of
lithium metal. Thus, as a passive thermal management system, liquid paraffin gels or solid wax could
be useful to modulate the temperature of the batteries in a multi-layered device. Besides, from an
industrial point of view, compounds displaying ester functions are easier to produce and cheaper than
their amide counterparts.

As depicted on Figure 1, a series of 9 bio-based hydrophobic oleogelator candidates were designed
and synthesized in our laboratory. For each compound the self-assembly was investigated in liquid
paraffin and edible oil with different techniques such as rheology, FT-IR spectroscopy, differential
scanning calorimetry (DSC) and polarized light microscopy. All results were compared to those
expressed by stearic acid (SA) that became our reference in this present work.
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Fig 1. Chemical structure of stearic acid (SA) and and oleogelator candidates 1-9.

2. Experimental

2.1. Materials

Cholesterol (95 %), ethanol absolute (99.5 % extra dry), stearic acid (97 %), octadecyl mercaptan
(96 %), isososorbide (98 %), succinic acid and triethylamine (TEA) were purchased from Acros Organics.
Other reagents such as 1-octadecanol ReagentPlus (99 %), maleic acid ReagentPlus (= 99,0 %),
stearoyl chloride (= 90 %) and triethylene glycol ReagentPlus (TREG ; 99 %), succinic acid (for
synthesis), soy bean oil, dichloromethane analytical standard (CH2Clz), methyl oleate (99 %), rapeseed
oil (natural rapeseed oil from Brassica Rapa) and Paraffin (liquid, pure) were obtained from Sigma
Aldrich. p-toluene sulfonic acid monohydrate (PTSA-98 %) was furnished by Alfa Aesar.

2.2. Organic synthesis

Diester 6 was produced simply by heating at 120°C for one day 2 equivalents of stearic acid in
presence of one equivalent of isosorbide and 5-10 % of PTSA. Other esters 4, 8 and the monoester 9
were synthesized by stirring at room temperature, defined amount of the stearoyl chloride in
presence of sufficient amount of cholesterol or a diol dissolved in CH2Cl; solution containing TEA.
Other compounds, thioesters 1, ketone 2, ether 3 were produced according the procedures found in
the literature [32]. Diesters 5 and 7 were both obtained by reaction of maleic or succinic acid
respectively with 2 equivalents of octadecanol in presence of 5-10 % of PTSA in neat condition. Then,
to isolate each target compound, the crude material was solubilized in CH2Cl; if necessary and the
organic layers were successively extracted with aqueous NaHCOs solution, the two phases were
separated, the organic layer was dried on MgS0Oaand evaporated under reduced pressure. After being



isolated, all materials were recrystallized from ethanol to afford compounds 1-9 as white crystals. (For
the respective 'H NMR charts, see ESI Figure S1)

2.3. Instrumentation

Nuclear magnetic resonance (*H and 3C NMR) spectra were recorded on a Bruker avance Il 400
spectrometer equipped with a BBFO probe operating at room temperature using CDClz or DMSO-ds as
solvent.

Differential Scanning Calorimetry (DSC) was conducted on a DSC 8 MC Mettler Toledo using
aluminium pans. Scans were conducted under nitrogen atmosphere with a heating rate of 2°C/min in
the temperature range of -100 to 150°C.

FT-IR (ATR) spectra were recorded on a FT-IR 4000 Jasco in a range of 600 to 3800 cm™. Number of
scans: 32 or 64.

Viscosity measurements were carried out using a Physica MCR 301 (Anton Paar) rotational rheometer
equipped with a double gap measuring system that can regulate the temperature in a range from - 40
to 200°C. Measurements were monitored by Rheoplus software. All experiments were performed at
20°C and the viscoelastic behavior was checked for shear rates ranging from 0.1 to 10 Hz. Two
replicates were performed for each sample. Usually, 0.5 g of a selected robust gel sample was
uniformly laid between the two discs forming the measuring cone with 2.5 mm of diameter. The
storage and loss were plotted as a function of stress at 20°C. The viscoelasticity of each sample was
characterized in terms of the elastic modulus (G’) and the loss modulus (G”).

Cross-polarized light microscopy observation was carried out on a LEICA DM 2700 M. A drop of
melted gel samples has been deposited on a glass microscope slide and the morphology of the gel
sampling was observed in real time with a digital camera. Usually, a gel deposit is heated to a
temperature slightly superior to its melting point, and then the observation of the resulted drop of
liquid is made directly while cooling the glass slide with metal plate thermostated by a water flow
system.

For the gel-sol phase transition temperature against gelator concentration measurements, a test tube
containing 1.0 g of each selected gel sample was introduced in a thermostated water bath. The
temperature increased at a rate of 2°C per minutes.

2.4. Gelation ability examination

The gelation ability of SA and each oleogelator candidate 1-9 was measured in a chosen liquid. In a
typical gelation procedure, 10-60 mg of a selected compound was introduced in the liquid (0.94-0.99
g) and 1.0 g of the resulted sample was heated up until a quite clear solution was obtained. Then, the
resulted translucent or turbid solution was allowed to return to the room temperature forming a gel
in a short period of time. At the higher concentration, the oleogels were stable for up to 6 months.



3. Results and discussion

Usually, when a mixture of fatty alcohols and fatty acids such as octadecanol or stearic acid are added
in a triglycerides (TAGs) rich vegetable oil in a sufficient ratio, it is possible to observe the formation of
needle-like crystals involved in the rheological behavior variation of an entire gelated system. For
example, in edible oil or even in a “TAGs-free” fatty liquid such as liquid paraffin, stearic acid was
subject to a self-assembly into a supramolecular structure driven by two additional interactions [33].
First, as illustrated in Figure 2, the fatty acid can form some kind of dimer through a “head to head”
packing, then a well-ordered interdigitated network could be generated and reinforced due to the
hydrophobic nature of the alkyl tail of SA. Our original idea was to replace here the “head to head”
packing stabilized by H-bondings with a covalent and conformationally restricted structure displaying
different lipophilicity degrees in order to enhance the physico-chemical properties of the oleogels.
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Fig 2. Molecular model of “head to head” packing of generated from SA in oil or liquid paraffin.
3.1. Formation and characterization of various supramolecular gels

In the first stage of our study, the gelation ability of SA and each other oleogelator candidates were
examined in four different liquids: liquid paraffin, soybean oil, rapeseed oil and methyl oleate. The gel
ability and the respective Critical Gelation Concentration (CGC) of all additives were initially
investigated in commercial liquid paraffin as reference and soybean oil and were finally summarized
in Table 1.

Table 1. Gelation ability of SA and gelators 1-9 in liquid paraffin and soybean oil.

CGC (%)
Gelator Liquid paraffin Soybean oil
SA 2 2(G)-1(PG)
1 4 2
2 0.4 0.9
3 6 4
4 3 2



7 6 6
8 6 6
9 6 6
G : strong gel ; PG : partial gel ; | : Insoluble or recrystallization in the medium.

According to these results, the best candidates were apparently the compounds 2 and 6. The first one
is a simple long and fatty ketone chemically produced from SA which is structurally close to a natural
wax. This compound was expected to exclusively promote hydrophobic interactions in a low polar
liquid such as edible oil. The second one is a derivative of isosorbide decorated with two long
hydrophobic C18 alkyl chains. Recently, a patent reported the ability of an enzymatically produced
mixture of long fatty mono and diesters of isosorbide to modulate the texture and improve the
viscosity of oils [34]. In this present work, a coherent decision was made to study only the pure
diester derivative. In the case of 2, by replacing the “head to head” packing with a simple carbonyl
group, it is possible to enhance the total length and the rigidity of the carbon backbone. Thus, the
molecular packing is supposed to be reinforced by dipole-dipole interaction between two nearest and
successive carbonyl groups inside the gel networks. On the other hand, for 1 and 4, after replacing the
dimeric structure of SA by a thioester function or its simple ester counterparts, it appears possible to
obtain gels in liquid paraffin, but at higher concentration of 4 and 3 wt % respectively for 1 and 4.
These values were higher than those expressed by SA in the same medium. However in soybean oil,
the values were quite similar due to the multi-component nature of the liquid including TAGs and
other di- and monoglycerides in various ratios. Other compounds 3, 7, 8 and 9 required higher
concentration levels with 6 wt % in average to gelate both liquids. Besides, there were some
variations of gelation rates detected with the naked eye and the gel stability was clearly dependent
on the nature of the additive itself: for 7 the gelation phenomenon was very fast, by opposite the
gelation induced by 9 was slower, especially in the liquid paraffin. Herein, for 9 the introduction of a
steroid-type moiety had no positive effect on the gelation ability and expressed higher CGC. For the
compound 8, greater CGC and low stability of the gel could be explained by comparison with the
conformationally restricted structure of 6. The compound 8 is characterized by its TREG-based and
open-ring form which is at the origin of its molecular backbone flexibility. For this main reason, the
gelator 8 need being added at the higher concentration, about 6 wt % to afford a strong gel in both
studied liquids and after a short period of time, an undesired demixing of two phases is generally
observed in the vial. Compared to 2, the long fatty ether 3 also required high concentrations to give
gels and the compound 5 recrystallized from its hot solutions to give white needle crystals. Moreover,
the gel samples of 3 were easily and mechanically breakable.

On Figure 3, some pictures are given as representative photographs of our best gel samples formed at
their lower CGC. As depicted, despite the lower CGC of the sample, as suspected, the gels showed low
transparency and they are often opaque even in liquid paraffin.



Fig 3. From left to right : (a) gels from 2 wt % of SA in liquid paraffin and soybean oil ; (b) gels obtained
from 0.4 and 1 wt % of 1 in liquid paraffin and soybean oil respectively ; (c) gels formed from 2 wt %
of 6 in liquid paraffin and soybean oil.

By using our previous best gelator candidates 1, 2, 4 and 6, the tests were extended to two other
liquids as reported in Table 2.

Table 2. Gelation ability of gelators 1, 2, 4 and 6 in rapeseed oil (RO) and methyl oleate (MO).

CGC (wt %)
Compound RO MO
1 2(Wa) 2
2 0.6 1
4 25 3
6 4 1

WG : weak gel

As supposed the best candidates remained the gelators 1 and 2. Interestingly, in rapeseed oil (RO) the
CGC measured for 6 was higher than the value obtained in soybean oil. For 4, the CGC did not change
drastically and was included in a range of 2 and 3 wt % If we consider that compounds 1 and 4 can
afford strong gel in a “TAGs-free” hydrophobic liquid such as methyl oleate for concentrations
superior to 2 wt % in average, the higher hydrophobic character of 1 could be responsible of its better
performance as a texturing agent, but gave weak gels in RO. Besides, when we tried to reduce its



concentration in methyl oleate (MO), a partial gel was generated for concentrations inferior to 2 wt %
Later, to remedy to this problem, when 1 was used as gelator in mixtures of RO and MO at different
ratio (see ESI, Figure S2), a strong gel was obtained at the constant concentration of 2 wt % in a
mixture of RO-MO (9:1, v/v). This phenomenon could be explained by the subtle balance existing here
in the poorer TAGs content of the liquid mixture. For 6 and 2, a CGC of 1 wt % was enough to give a
strong gel in methyl oleate (see also Figure S2, ESI). As reported before, all physic-chemical properties
of a supramolecular gel depend on the solvent polarity of the host liquid. Thus, the mechanical
strength, the viscosity and the thermal stability of the materials depend strongly on the characteristic
Hansen solubility parameters (HSPs), especially the hydrogen bonding parameters &u [35]. On the
Table S1 of the ESI, &u and others HSP descriptors of edible oils were investigated by means of
solubility tests in a large variety of organic solvents (results not shown here) and summarized for all
liquids studied in this work. Usually, it is well known that the thermal and structural stability of a
physical gel increased with the polarity in parallel with the value of du. Surprisingly, the lower value of
O was expressed by MO, but all other liquids showed a similar value of &around 6.0 MPa 2. In
regards to these values, it is possible to affirm that MO is surely the most lipophilic liquid and LP is
obviously our best second reference for our study in association to SA.

3.2. Gel microstructure observation

The result of the oleogels texture and morphology observations of oleogels obtained in soybean oil
from gelators 1, 2, 4 and 6 are given in Figure 4.




Fig 4. Polarized light micrographs of gel from : a) 2 wt % of 1 in soybean oil ; b) 1 wt % of 2 in soybean
oil ; c) 2 wt % of 4 in soybean oil ; d) 2 wt % of 6 in soybean oil. All concentrations were set up near to
the respective CGC of each gelator.

On the photographs, compared to 1, the gelator 4 is able to give in all liquids used in this work some
kind of elongated fiber-like crystals of 50 um of length source of the hardness and elasticity of the
sample. On the other hand, the gelator 1 has a behavior relatively close to those expressed by 6
proven by the generation of a finer network able to entrap the liquid in its physically stabilized
microstructure. In fact, the gel matrix shows well dispersed spherulitic crystalline units, even if the
shape of the crystals generated from 6 differed visually from those obtained with 1. In the case of 6,
the recrystallization phenomenon appeared to be very slow on the microscope. It is well known that
spherulitic structures have more time to diffuse at a low cooling rate and they are able to fuse with
more compatible elements or the nearest already nucleated species. Then, this mechanism leads to
the formation of huge clusters immobilizing the liquid. More interestingly, by using 2 in all liquids
reported in this work, apparently the gelator could self-assemble into broad and twisted fiber-like
structure. This shape is known as a typical feature of a self-assembled fibrillar network (SAFiN) often
observed with lipopeptides [36] employed as low molecular organogelators in organic solvents such
as toluene. It is also comparable to the behavior of 12-HSA and its derivatives [37].

Obviously, other additional interesting comments can be made for the not very powerful gelators 3, 7,
8 and 9 (pictures not shown here). In case of 3, the microscopic observation showed tiny fibers that
never grew anymore during the cooling. For 7, the sample morphology was characterized by large
platelet-like structures easy to separate under mechanical frictions. In the case of the TREG derived
gelator 8, despite the formation of the expected spherulitic structures in the edible oils, we obtained
the same morphology pattern in liquid paraffin. In parallel to the higher CGC expressed by 8 in both
liquids reported in Table 1, it is possible to imagine that the nuclei formed by gelator shows some
difficulties to interact with the TAGs found in the soybean oil. In case of 9, by returning progressively
to room temperature, the microscopic observation confirmed the presence in the hot medium of
insoluble droplets of the gelator turning into spherulites and slowing down their curses before being
immobilized in a gel matrix. For 9, this phenomenon should be interpreted exclusively as a multi-steps
and more complicated process. In summary, to obtain the most suitable matrix leading to the
formation of an oleogel, our study proved that a good gel texture requires common long fiber of
needle-like structures able to incorporate a large volume of the liquid components of oils such as non
crystallizable fatty esters. It is important to bear in mind that for the edible oils, the crystal growth is
clearly dependent on the mass transfer of the TAGs from the liquid to solid interface under the
influence of an additive but also of the removal of heat generated by the recrystallization process. The
additive must play the role of a promoter of nucleation seeds that is subject to some conditions
reported in the next paragraph.

3.3. FT-IR analysis

In the ESI, as depicted on Figure S3, for pure liquid paraffin, the characteristic signals of symmetric
and anti-symmetric CH; vibrational modes were located respectively at 2934 and 2852 cm™. Once the
gels were formed from the addition of 1, 2, 4, and 6 at their CGC, the signals are expected to evolve
into a sole broad band observed usually between 2923 and 2852 cm except for 4 showing the second



peak located at 2848 cm™. Besides, in liquid paraffin, the scissor mode of CH2 groups appears as a
strong doublet of two peaks located at 1458 and 1466 cm™. In addition, the difference of intensities
of these peaks indicated us that a 31’ inclined lamellar structure could be representative of the gel
networks with a more intense peek found at 1463 cm™ (see Figure S3d, ESI). Interestingly, for 6 in LP
the ratio was inverted. Furthermore, the additional rocking band was observed at 721 cm™ for all
samples, evidence of long “polymethylene chains”. All results are compatible with a typical
orthorhombic perpendicular subcell leading to the formation of the robust liquid paraffin gel samples.
In fact, this situation is said to be ideal when researchers try to develop new compounds as new
nucleation agents acting as modulator of crystallization kinetics in the vegetable oils.

In order to complete our study, the spectra of Figure S4 of the ESI could be useful. We compared the
previous gels samples with rapeseed oil gels obtained using the same previous gelators introduced at
their respective CGC. Thus, two distinct bands were clearly observed at 2852 and 2923 cm™. This
minor variation of the wave number often appeared from enhanced Van der Waals interaction
between the nearest hydrophobic chains. Besides, the characteristic bands of CHz scissor mode were
also observed at 1456 and 1463 cm™ associated to the CH: rocking bands recorded at 721 cm™ for
both 1 and 6. Curiously, the rapeseed oil gel of 2 gave a broad signal for the methylene rocking band.
Compared to liquid paraffin gel samples, the signal strength of both signal were in their best ratios
that could confirm the creation of a parallel lamellar structure and the gel assembly can first evolve
independently of the TAGs present in the liquid [38-41].

3.4. Results of the DSC analysis

Further oleogel samples formed in liquid paraffin (LP) and rapeseed oil (RO) were prepared and tested
at their CGC or at superior values for being evaluated by DSC in a range of temperature set up
between -90 and 100°C. Some representative features of the thermograms of gel samples of 1, 2 and
6 were given in the ESI, on Figure S5. The cooling rate of 2°C/min remained unchanged for all
experiments and the results are reported in the following Table 3.

Table 3. Summary of all exo- and endothermic events measured for both liquid paraffin and rapeseed
oil gels generated from the addition of gelators 1, 2, 4 and 6 at concentrations leading to the
formation of strong gels in both liquids.

LP RO
Gelator Tc (°C) Tm (°C) Tc Tmi Tca Tm>
1° 31.8 41.5 -41.5 -16.4 39.1 45.9
2° 45.9 58.2 -54.1 -45.8 48.1 61.3
4¢ 27.1 35.7 -54.2 -18.3 38.8 45.8

64 34.2 57.7 -53.8 -17.9 34.1 52.3




Gelator concentrations in both LP and RO: a) for 1 (4 wt %) ; b) for 2 (2 wt %) ; c) for 4 (3 wt %) ; d) for
6 (2 wt %).Tc1, Tmy, Tc2, Tm2 were all expressed in °C.

Without surprise, in a lipophilic and “TAGs-free” liquid such as liquid paraffin, the gelators could be
considered as a simple low molecular weight gelators (LMWGs), confirmed by the sole successive
exothermic and endothermic event seen on their thermograms. The LP gel samples obtained with the
gelator 2 appeared to be the most stable for temperature superior to 50°C and it gives the higher
value of recrystallization temperature of 58.2°C. This result could explain for 2 the non usual aspect of
the gel texture given in Figure 3b by a low rate of the gelation process. The same phenomenon was
observed for 6 with comparable value of undercooling (Tm-Tc), but this time with the formation of
network made of thinner fibers. Interestingly, despite the incorporation of a sulfur atom and its
resulting improved lipophilic character compared to the ester 4, 1 showed a Tc value of 31.8°C in LP
where it seems to be more soluble than 2 and 6 due to its lower undercooling, that could explain its
higher CGC. For 1, the increase of Tc2 and Tmz values could be coherent with the direct influence of
the medium composition on the gelator behavior. In the case of 4, the gel state was comprised in the
narrowest range of temperature. When 4 was compared with SA, if the acid was introduced at 2 wt %
in liquid paraffin, both values of Tc and Tm were recorded respectively at 24.8 and 41.2°C. This result
was directly closed to those of 4 when measured in the same liquid. It is also well-known that both
enthalpy peaks of melting and recrystallization increase linearly with the gelator concentration.
Herein, for a 4 wt % liquid paraffin gel sample of 4, Tm reached a value of 37.5°C remaining inferior to
the above Tm value of SA. It is important to notice that liquid paraffin gels made from the addition of
gelators 3 and 7 at 6 wt % of concentration gave similar feature for their thermograms with the
current Tc and Tm bands located in a typical range of temperature from 40 to 50°C.

RO is known to be oil rich in erucic acid with a specific crystallization behavior due to the exact nature
of its TAGs composition [42]. Usually, when a native oil sample is cooled at a temperature inferior to
-20°C, it should crystallize in o form at temperatures near to -60°C and could be converted in a 8’
form upon slow heating rate [43-45]. However, after the incorporation of one of our gelator, when
the measurements were carried out between 0 and -80°C, only two thermic events Tc: and Tm1 were
recorded for each RO gel samples of 1, 2, 4, and 6. Usually, these peaks were recorded in association
to the supposed normal peaks Tc2 and Tm2 of gelators included in the liquid. If we consider the initial
position of the Tci peak on each thermogram, it is possible to imagine the crystallization of the TAGs
under typical o form inside the gel cavities formed from the gelators at the ambiant temperature.
Surprisingly, there was no additional exothermic peak under 0°C possibly attributed to any [’ form.
Due to the supercooling effect, the phenomenon is stopped at some kind of nucleation state, maybe
to the presence of the gelator able to mimic the structure of TAGs. Our mimetic and lipophilic gelators
may delay the melting of the aggregates except for 2. Due the higher value of Tc: for 2, it is easy to
admit that the gelator has less affinity for the TAGs compared to the other candidates. In fact, nothing
indicates us that for temperatures superior to 0°C, the aggregates of gel incorporates or not in their
composition more or less of the TAGs present in the oil. In addition, by replacing RO by SO, the
resulted gel samples of 6 (4 wt %) and 2 (2 wt % of concentration) gave respectively Tm values of 53
and 65°C. Obviously, it seems to be evident that using our gelators, the oil nature does not affect the
gelation process for a range of temperatures comprised between 0 and 70°C.

3.5. Viscoelastic behaviour



The same previous oleogel samples were also tested to measure their viscoelastic behavior and
confirm the semi-solid nature of these soft matters [46]. In order to confirm the gelation ability of
each gelator 1, 2, 4 and 6, their corresponding gel samples in liquid paraffin and rapeseed oil were
employed for testing their rheological properties. In LP, all samples were observed as strong elastic
gels throughout the entire frequency range with higher G’ systematically upper than G”” and always
parallel with the respect of the angular frequency. The details of all experiments were depicted on
two different graphics a and b of the Figure 5.
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Fig. 5. Angular frequency dependence of (a) the storage moduli (G’) and (b) the loss stimuli (G”’) of LP
gels at their optimum concentrations : SA (2 wt %) ; 1 (4 wt %) ; 2 (2 wt %) ; 4 (3 wt %) ; 6 (2 wt %).

When introduced at the same CGC, 1 and SA had almost the same behavior and gave constant values
of G’ representative of the elasticity of the material at all frequencies. Also added at 2 wt %, the
gelator 6 confirmed its best performance to provide the more robust gel in LP with the higher values
of G’ located just under 10000. However, 4 gave intermediate values of storage modulus, even if a
concentrated sample of 4 wt % was employed during these experiments. Unfortunately, when the
gelator 4 was added at a concentration superior to its CGC, it gave values of G” starting from 100 and
increasing progressively from angular frequency of 1 Hz but remained too low. Regarding the values
of G”, for all above samples, they evolved in a range found between 100 and 1000. Surely, it is
possible to affirm that the type of morphology of the gels, especially for 2 and 6, is a decisive factor to
get strong gels in oil or liquid paraffin. From these results, the gelators 1, 2 and 6 were chosen to



measure by the same manner the viscoelastic behavior of rapeseed oil samples. The rheological
properties of the oleogels in rapeseed oil were compared in Figure 6.
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Fig.6. Angular frequency dependence of G’ and G” for rapeseed oil gels at different concentrations
(wt %) of gelators: (a) 1; (b) 2 and (c) 6.

As before, the storage modulus is independent of the angular frequency and remains much larger
than the loss modulus. First, according to the graphics, in all cases by enhancing the concentration of
each gelator, both values of G’ and G” increase in the same way. Surprisingly, by focusing on the 4 wt %
gel samples, in comparison to the previous results, the result was inverted and the best candidates
became the gelator 2. This result is in line with with the lower CGC obtained with 2 in this liquid.
Furthermore, in case of the gelator 1, for a concentration superior to 2 wt %, the compound is able to
give a stronger gel than a gel produced in RO from 6 when added at the same concentration. This
result could explain why the gelator 6 afforded rapeseed oleogels of high brittleness. This result could
also be connected to both lower value of Tm and undercooling expressed by 6 in rapeseed oil
compared to those of 2.

3.6. Influence of liquid nature on gelation rates and Tm of gels

For specific applications, it should be interesting to be able to modulate the melting temperature of
our gel samples, especially in case of LP gels. Indeed, these gels could become good precursors for
phase change materials (PCMs) in lithium ion batteries instead of paraffin waxes composites [47, 48].
During the discharge, the battery requires a rapid and efficient heat dissipation system with a Tm
found in a range of temperature between 45 and 50°C. In Figure 7a, the Tm of LP gel samples from
gelators 1, 2, 4 and 6 were recorded in function of their increasing concentrations. In LP, at different
concentrations of gelators 2 and 6, each Tm never exceeded 80°C despite the supersaturation of the
medium. In case of 1, the gel concentrations varied from 4 to 8 wt %, but from 6 wt % Tm was
observed near to 53°C. However for all concentrations, LP gel samples of 4, showed the lower Tm



values, always inferior to 52°C. From a kinetic aspect, for all LP gel samples of 1 and 2, the gelations
rates were higher but almost similar to those expressed by LP gel samples of 4 and 6 obtained at their
higher concentrations of 9 and 6 wt % respectively. As a potent component of a passive thermal
management system, the best and most rapid gelating candidate seems to be gelators 1 with the
lowest CGC included in the adequate rate of temperature.
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Fig. 7. Plot of Tm against gelator concentrations in: a) LP ; b) RO.

On the other hand, in order to investigate the impact of the medium itself on both Tm and gelation
rate, we pursued our study by using RO. Then, on Figure 7b, the Tm of LP gel samples of 1 increased
progressively in parallel with the concentration of the gelator to reach a final value of 70°C at 8 wt %
For 2, despite the triglyceride based nature of RO, the same evolution of Tm was observed. Like for LP
gels, gels from 1 and 2 are the most rapid to form, followed by 4 and 6 in this order, independently of
their concentration. Curiously, for 4 and 6, we observed a slight increase of the Tm values, but
respectively closed to 46 and 53°C. If we compare the gelators 1 and 4, obviously the enhanced
hydrophobic character of the sulfur containing compound can afford the most robust gel from edible
oils. In fact, it is recommended to bear in mind that the additives may interact directly with the
triglycerides to induce or accelerate their recrystallization in the edible oils promoted by the
hydrophobic nature of a nucleating agent.

4. Conclusion

After a short survey, three linear and rigid long fatty and hydrophobic gelators were identified for
their good performances to gelate edible oils and other lipophilic liquids at low concentrations.



Exclusively based on strong hydrophobic interaction these molecules expressed remarkable gelation
ability in various kinds of hydrophobic liquids. One of them, a thioester derivative could also become
a promising candidate as organogelator of liquid paraffin to create new type of thermal management
system for lithium ion batteries. In the edible oils, their gelation abilities were not only directly
connected to the oil composition and their capacity to incorporate the TAGs in the generated
supramolecular aggregates. In the next stage of our study, we intend to use our best oleogel
candidates loaded with hydrophobic drugs such as prednisolone for testing their stability and their
aptitude to release the bioactive material in-vivo condition.

Supplementary data

Supplementary data (*H NMR charts of each gelator 1-9, photographs of additional gels samples,
experimental values of HSPs of each studied liquid, FT-IR spectra, and DSC thermograms) associated
with this article can be found in the online version, at...
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