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Gels of edible oils, also called oleogels, are developed as alternative products of solid fats to limit the
uptake of saturated and trans-unsaturated fats and lower the associated risk of coronary disease. The
gelation of oils can be achieved with a low molecular weight organogelator (LMWO), a compound that
self-assembles at low concentrations in a solid 3D network and provides the mixture its solid-like
behavior. We have studied N-palmitoyl-L-phenylalanine (Palm-Phe), an endogenous compound
(i.e. naturally present in the human body) as a model LMWO of rapeseed oil. Palm-Phe forms gels at a
concentration of 1 wt% in rapeseed oil. We have studied the thermodynamic and mechanical behavior

Received 14th December 2022, of the corresponding gels. As evidenced by DSC and rheology, this system exhibits two transitions upon

Accepted 13th May 2023 heating, in addition to the sol—gel transition, a gel—gel transition between two polymorphic gels. The
structural differences between both polymorphs were revealed using cryo-SEM, X-rays scattering, and

FTIR experiments. The metastability of one of the polymorphs was proven by ageing and annealing
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Introduction

Organogelators are a class of compounds forming physical gels
in various solvents at low concentrations.'™ They self-assemble
into aggregates most often with a high aspect ratio forming a
3D solid network and providing the solution its viscoelastic
properties. Organogels find applications in various domains,®®
for instance in the biomedical field'®™** or organic electronics.**>
In food chemistry, oleogels obtained by gelation of edible vegetable
oils by organogelators are developed as alternatives of solid
fats.">"” In many food products, solid fats provide the lipid phases
their firmness. But because they often contain trans-unsaturated
fatty acids (TFA), they increase the risk of coronary diseases and
have become a public health issue.'®>* Public health authorities
try to reduce TFA intake, and under the pressure of their regula-
tions, the food industry aims at replacing solid fats by products
with the same mechanical properties, but healthier; oleogels
formed with vegetable liquid oils, which are TFA free, are consid-
ered as promising alternatives of solid fats. A few oleogelators are
food grade or have no adverse effects such as vegetable waxes,**
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mixtures of fatty alcohol and fatty acid,”” 12-hydroxystearic acid
(12-HSA),**° y-oryzanol/sitosterol mixtures®' and ceramides.** We
have recently shown that palmitoylethanolamide, an endogenous
fatty amide sold as a nutraceutical, is able to gel edible oils.*®

For applications in food chemistry, it is necessary to know
and control the thermal stability of the gels, their mechanical
properties at different temperatures (e.g. at fridge and body
temperature) and their phase behaviors. Usually, oleogels and
organogels show one transition, a gel-sol transition. This leads
to simple phase diagrams with two domains: sol and gel.
However, organogels in synthetic organic solvents may exhibit
other types of transitions,® such as monotectic transfor-
mations®® and gel-to-gel transitions.>>**° The latter corresponds
to the transformation of the structure of the network from one
polymorph to another one: from worm-like micelles to fibrillar
crystals,* from a liquid crystal to a crystal,®” from a crystalline
form to another one,*® or from self-assembled nanotubes to
fibrillar crystals.>**' This polymorphism impacts the phase
diagram by adding another gel domain, as exemplified by the
few phase diagrams featuring gel-to-gel transitions.***° Poly-
morphic transformations also affect the rheological properties
of the organogels.**”*° Therefore it is legitimate to know if such
transformations exist in the oleogels developed to texture food
products.

In this paper, we have explored the possibility of N-palmitoyl-i-
phenylalanine (Palm-Phe, Scheme 1) to form oleogels. Palm-Phe
belongs to the family of N-acylaminoacids (N-AAA). These fatty
amides are endogenous molecules, ie. naturally present in
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Scheme 1 Chemical structure of Palm-Phe.
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human tissues.**** As such, their toxicity is limited and they
are easily metabolized and excreted. For instance, Ding et al.
have shown no adverse effects for mixtures of N-AAA in mice
diet at 5 wt%.** As proven by Perinelli,” N-lauroylserine or
N-lauroylproline is not cytotoxic at concentrations as high as
1.5 wt%. These facts show the lack of innocuity of these
compounds. Indeed, Luo et al. have already considered N-lauroyl-
r-alanine as a gelator of edible oils for food applications.*® In this
context, we have showed that Palm-Phe (Scheme 1) can gel edible
oils and we have investigated the properties of the gels in rapeseed
oil as model oleogels. We have studied their thermodynamic
properties by micro differential scanning calorimetry (p-DSC),
and their mechanical properties as a function of temperature.
From these measurements, we mapped out the ¢-T phase diagram.
We have evidenced a polymorphism between two forms of gels and
we have studied their relative stability. We have studied the
microstructures of the gels by cryo-SEM, by X-ray scattering and
FTIR, and correlated them with the thermal and mechanical
behaviour.

Materials and methods
Chemicals

Rapeseed oil (Vita D’or, refined oil) and olive oil (Carrefour)
were purchased from a local grocery shop, safflower oil was
obtained from Mon-droguiste. r-Phenylalanine was purchased
from Tokyo Chemical Industry, palmitoyl chloride was
obtained from Alfa Aesar, sodium hydroxide and magnesium
sulfate were obtained from VWR Chemicals, and n-hexane and
ethyl acetate were obtained from Carlo Erba.

N-Palmitoyl-i-phenylalanine (Palm-Phe)

N-Palmitoyl-L-phenylalanine (Palm-Phe) was synthesized in an
acetone/water mixture according to the method reported by Di
et al*’ In a solution of r-phenylalanine (1.00 g, 6.10 mmol),
NaOH (500 mg, 12.5 mmol) in H,O (120 mL) and acetone
(80 mL), palmitoyl chloride (1.73 g, 6.30 mmol, 1 eq.) was
added dropwise while the pH of the reaction mixture was
maintained above 12 with aqueous NaOH (2 M). The solution
was stirred at 25 °C for 48 h. The product was extracted with
EtOAc (100 mL) and washed with water (3 x 100 mL). The
organic phase was dried (MgSO,) and the solvent was evapo-
rated under vacuum. The solid was recrystallised from n-hexane
to afford Palm-Phe as a white solid (510 mg, 1.26 mmol, 21%
yield). "H NMR (500 MHz, DMSO-d¢): 6 (ppm): 12.70 (s, 1 H,
COOH), 8.09 (d, J = 8.2 Hz, 1 H, NH), 7.23 (m, 5 H, CH
aromatic), 4.41 (m, J = 5.4 Hz, 1 H, CH), 3.06 (dd, J = 13.8,
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4.7 Hz, 1 H, CHNHCO), 2.84 (dd, J = 13.8, 9.9 Hz, 2 H,
CH,CHCOOH), 2.02 (t, J = 7.3 Hz, 2 H, CH,CO), 1.37 (q, ] =
7.3 Hz, 2 H, CH,CH,CO), 1.31-1.04 (m, 24 H, CH,), 0.89 (t, 3 H,
CH3;). *C NMR (125 MHz, DMSO-dg): § (ppm): 173.7 (COOH),
172.6 (NHCO), 138.3, 129.5, 128.5, 126.8 (CH aromatic), 53.7
(CHNH), 37.2 (CH,CeHs), 35.5 (CH,CO), 31.8 (CH,CH,CHj),
29.53, 29.49, 29.4, 29.3, 29.2 28.9, 25.7 (CH,CH,CO), 22.6
(CH,CHj3), 14.4 (CHs). FTIR (ATR diamond, solid) em™': 3300
(¥NH), 3067-3030 (¥CH aromatic), 2957 (v,sCH3), 2919 (v,sCH,),
2870 (vsCH3), 2850 (vsCHy), 1729 (vC—O acid), 1647 (amide I),
1536 (amide IT), 1467 (3CH,). MS (ESI'): 404.32 (MH"). Analysis.
Found C 74.47, H 10.32, N 3.47; calc. for C,5H4,NO; C 74.40,
H 10.24, N 3.47.

Rheological measurements

The real and imaginary parts of the complex shear modulus
were measured in the oscillatory mode with a stress-controlled
rheometer Mars III from Haake, and a double Couette cell.
The apparatus applies a torque (i.e., a stress) and measures the
strain transmitted through the sample. The temperature was
regulated using a heating bath and controlled between 80 and
—10 °C, within £ 0.05 °C. The experiments consisted in
following the evolution of the complex shear modulus at a
given frequency (1 Hz) when temperature was decreased or
increased between 80 and —10 °C at a rate of 0.25 °C min .
This rate was selected, because it enabled the measurements at
the same rate with all the other techniques. For each sample,
the linear regime of deformation was previously determined by
a stress sweep, and the applied stress was set to ensure that the
response is in this regime. The aged gel was first formed at a
cooling rate of —0.25 °C min~* from 80 °C to —10 °C and rest
for 1 h at —10 °C. Then the sample was heated to 18 °C at a rate
of 0.25 °C min~". The sample was then aged for three days at
18 °C and the spectra upon heating to 80 °C at 0.25 °C min~"
were recorded. The thickness of the sample was ~400 um.
Prior to sample measurements, a blank experiment was con-
ducted without the sample to know the residual stress from the
apparatus, in phase with the strain, related to the experimental
limit of the device as described previously.*® This residual
stress has been subtracted from the rheological measurements
presented in this study. The experiments in rheology were done
twice. They were also repeated with different applied stresses.
We have used two different batches of compounds, but no
significant differences were observed between those batches.

Micro differential scanning calorimetry (p-DSC)

The thermograms were recorded with a MC-DSC (TA Instruments)
operating with three measuring cells and one reference cell. The
measuring cells were filled with different amounts of Palm-Phe
(between 3 and 15 mg). Rapeseed oil was added in the cells to
obtain the desired weight fraction of Palm-Phe. The final weights
of the samples were about 307 mg. The reference cell was filled
only with rapeseed oil. The full cells had equal weights within +
5 mg. The gels were formed by cooling the sample from 80 °C to
—10 °C at different rates (0.1, 0.25, 0.5 and 1 °C min "), let rest for
1 h and heated at a rate of 0.25 °C min~". The annealed gel was

This journal is © The Royal Society of Chemistry 2023
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formed by cooling the sample from 80 °C to —10 °C as mentioned
before. It was heated at 40 °C, annealed at this temperature for
15 h, cooled back to —10 °C, let rest for 1 h at —10 °C and heated
to 80 °C at 0.25 °C min . The solidification temperature is
measured at the onset of the exotherm. The melting temperatures
were measured at the inflection point following the maximum of
the endotherm, rather than at the maximum itself, as justified by
our previous work.”” The molar enthalpies were calculated by
integration of the peaks and their normalizaton to the number of
moles of the gelator.

Optical microscopy

The samples were observed with an optical microscope Olympus
BX51, equipped with a Nikon DXM 1200 camera. The studied
mixtures were first heated in an oven to yield a homogenous and
isotropic phase. Rectangular capillaries (CM Scientific, 0.5 mm X
2 mm) were filled with this solution by capillarity and sealed with
a UV-cured resin glue. The capillaries were placed in a hot stage
regulated at +0.1 °C and observed in brightfield. The sample
was cooled and heated between 19 °C and 75 °C at a rate of
0.25 °C min ', while the phase was observed and photographed at
regular intervals.

Fourier transform infrared (FTIR)

Mid-IR spectra of the samples were measured as a function of
temperature between 20 and 70 °C with a Bruker Vertex 70
spectrometer with a mercury cadmium telluride (MCT) detector.
The Palm-Phe/rapeseed oil mixture (2 wt%) was inserted in a
home-made liquid cell, between two NaCl windows spaced by an
indium flat O-ring (optical path 0.2 mm). The cell was inserted in
a thermoregulated Linkam heating stage. For each spectrum,
64 scans were taken with a 2 ecm™' spectral resolution. The
temperature was increased in steps of 2 °C, and held constant
during each acquisition of spectra. The overall cooling or heating
rate was the same as that for p-DSC and rheology experiments
(~—0.25 °C min™ ).

Scanning electron microscopy (SEM)

A gel of Palm-Phe in rapeseed oil (2 wt%) was formed by
heating the mixture and cooling it at 4 °C. Half of the sample
was immersed in n-hexane to exchange the oil with this solvent
as previously described.>® The other half was heated at 40 °C for
15 h, after annealing the solvent was exchanged in a similar way
to the previous half. The samples were frozen, fractured, etched
as previously described,*® and observed with a FEG-cryoSEM
(Hitachi SU8010) at 1 kv at —150 °C.

X-ray scattering experiments

X-ray scattering experiments were performed with a diffracto-
meter developed by the DiffériX facility at the Institut Charles
Sadron. The instrument works with a pinhole collimator and a
hybrid photon counting detector (HPC-Dectrics Pilatus™3 R
300 K). The monochromatic beam (4 = 0.154 nm Cu Kol,
resolution = 0.03 nm ™) was obtained by projecting the primary
beam from an X-ray generator (Rigaku, MicroMax 007HF)
onto a confocal mirror with a multilayer coating (Confocal
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Max-FluxTM Optic, Rigaku). The footprint of the beam on the
sample is about 800 pm wide. The distance between the sample
and the detector was set to probe scattering vectors ranging
from g = 0.4 to 10 nm ' (g = 4nsin(0/2)/4 where 0 is the
diffraction angle). Data reduction was performed following
the standard procedure for isotropic scattering. The scattering
vector was scaled with silver behenate. Counting times were
approximately 10 minutes.

A piece of a Palm-Phe/rapeseed oil gel (2 wt%) was intro-
duced in a home-made cell with two mica windows 1 mm apart.
The samples in their cells were subjected to different thermal
treatments in an oven to prepare samples in different states.
The fresh gels were formed by cooling the solutions from 80 °C
to —10 °C at a rate of —0.25 °C min~" and allowed to rest for 1 h
at this temperature. They were heated to 20 °C at 0.25 °C min ™"
and the spectrum was recorded. Another sample was prepared
in the same way, but allowed to rest for 48 h at 20 °C before
measuring the spectra. An annealed gel was formed by cooling
a solution from 80 °C to —10 °C at a rate of —0.25 °C min~" and
allowed to rest for 1 h at this temperature. It was heated to 35 °C
at 0.25 °C min~ " and allowed to rest for 15 h at this temperature
and cooled to 20 °C at 0.25 °C min~" and the spectra were
recorded.

Results and discussion
Gelation tests

Palm-Phe is insoluble at room temperature in rapeseed,
safflower and olive oil. It dissolves in these oils by heating
and forms gels by cooling, for concentrations above 1 wt%. The
formed gels are opaque and their visual aspect is stable with
time (Fig. S1, ESIT). For the detailed physicochemical studies,
we have selected rapeseed oil, because of its benefits for health,
especially due to its polyunsaturated fatty acids (PUFA).”
Moreover, rapeseed oil does not freeze at temperatures as low
as —10 °C, which enables the exploration of wide temperature
ranges.

Transitions of palm-Phe/rapeseed oil gels upon cooling

We have studied the transitions of these gels both by mechan-
ical measurements and calorimetry. Fig. 1 shows the results
for a sample of concentration 2 wt%. The elastic modulus G’
and the loss modulus G” is measured when the temperature
decreases (Fig. 1A). At high temperatures, G' < G”, reflecting a
liquid-like behavior and characterizing the sol phase. At lower
temperatures, G’ < G’, reflecting a solid like behavior and
characterizing the gel state. The sol-to-gel transition Tsg is
considered as the temperature where G’ and G” intersects (for
¢ =2 wt%, Tsg = 8.5 °C). The formation of the same gel was
followed also by p-DSC (Fig. 1B). The thermogram shows a
sharp exothermal peak resulting from the formation of the
solid fraction, with a minimum at 7.8 °C. From the thermo-
dynamical standpoint, the temperature of solidification Tcr of
the gelator, is the onset temperature at 10.5 °C. The enthalpy
of formation of the gel, measured from the area of the peak,
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Fig. 1 (A) Elastic and viscous moduli of Palm-Phe/rapeseed oil gels

(2 wt%) as a function of T upon cooling (rate: —0.25 °C min~Y). The
temperature of the sol-to-gel transition Tgs is given by the cross-over of
G’ and G”. (B) Thermograms upon cooling (rate: —0.25 °C min~Y). The
arrows in all the figures indicate the evolution of T with time (here a
cooling phase). The temperature of crystallization is the onset of the
exotherm.

is 27.3 £ 0.8 kJ per mol of the gelator. This value is on the same
order of magnitude as the energies of the involved H-bonds:
15 kJ mol ™" for the H-bond between two secondary amides,>”
30 k] mol™" for that between two carboxylic acids.>® The
rheological and calorimetric experiments have been repeated
for different concentrations, with the same cooling rates. They
all show single transition, from sol to gel. There is a good
agreement between the temperatures measured by both tech-
niques and the largest difference, 5 °C is observed for 1 wt%.
The measured temperatures are reported in the diagram upon
cooling (Fig. 2). This state diagram has the aspect of those
of classical organogels: it has two domains, a sol and a gel,
and the boundary between them a monovariant transition
temperature. The phase diagram upon heating is more complex,
as showed in the next section.

—~ 305 ® Rheology
O i O WDSC Sol
o 209
2 3
S 104
[ 3
s
04
S
-10:....|....|....|....|....,....l....|....|....|....|..
0 1 2 3 4 5

Concentration (wt.%)

Fig. 2 c-T State diagram of Palm-Phe/rapeseed oil. The cooling rate is
—0.25 °C min~! for all the experiments. The temperatures measured by
DSC correspond to the onset of the exotherms. The line is a guide to
the eye.
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Transitions and phase diagram upon heating

Samples at different concentrations are heated from —10 to
80 °C at a controlled rate (0.25 °C min~"). The phase behavior is
also monitored by p-DSC and rheology. The Fig. 3 shows the
measurements with a sample at 2 wt%. The crossing of G’ and
G" determines the temperature of the gel-to-sol transition Tgg =
48 °C (Fig. 3A). The mechanical curves show another event at
around 30 °C: when T increases, G’ and G” decrease while G’
remains higher than G”, showing the evolution of the gel
towards a weaker gel. Therefore, these curves clearly show a
gel-to-gel transition.

The thermogram (Fig. 3B) shows an endotherm (max at
25.6 °C) immediately followed by exotherm (min at 31.0 °C).
When T further increases, a second endotherm appears at a
temperature close to Tgs, the transition temperature measured
by rheology, which identifies the phase after transition as the
sol, this last endotherm corresponds to melting of the gel, at
the temperature of 55.3 °C. The thermal event between 26 and
31 °C can be interpreted in light of the mechanical behavior
observed at these temperatures. The first endotherm corre-
sponds to the partial melting of a solid phase, and the following
exotherm, to its subsequent recrystallization into another solid
phase. These events represent a transition of the solid network
from one polymorph to another. This transformation is
observed when the sample is subjected to several heating and
cooling cycles (Fig. S2, ESIt). The succession of endo and
exothermic peaks suggests a transition from a metastable
phase to a stable phase. This will be confirmed later.

Samples at different concentrations have been studied by
the same techniques and under the same conditions. They all
show two transitions: around 27 °C, the gel-to-gel transition,
and at a higher temperature, the gel-to-sol transition. All the
measured temperatures map the phase diagram in Fig. 4. In
this diagram, the gel-to-sol transition temperatures varies with
¢, as usually observed for organogels. The gel-to-gel transition

A - o
. 107 G’
SD“gm'1 .
o ]
-4
10
B
120
3
g —~ 80+
53 40]
I | endo up
I L L L |
0 20 40 60 80
Temperature (°C)
Fig. 3 (A) Elastic and viscous moduli of palm-Phe/rapeseed oil gels

(2 wt%) as a function of T upon heating (rate: 0.25 °C min~Y). The decrease
of G’ and G” at ~26 °C indicates the gel-to-gel transition. (B) Thermo-
grams of the same sample. The aspect of the curve between 26 and 31 °C
indicates a polymorphic transformation (see text for further details).
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Fig. 4 c-T phase diagram of palm-Phe/rapeseed oil; heating rate: 0.25 °C
min~! for the all the experiments. Tgel-to-gel IS the temperature of the
decrease of G’ and G” as observed in Fig. 3 around 27 °C; the 1st transition
in DSC corresponds to the endotherm/exotherm combination around the
same temperature. Gel 1 is metastable. The lines are guides to the eye. The
dotted line represents the gel-to-gel transition and its presence depends
on the thermal history of the sample (see the text for further details).

occurs at a constant temperature within experimental errors,
which shows that the equilibrium between both polymorphs is
non-variant. This invariance can be explained by Gibbs’ phase
rule: the variance or degree of freedom is v = ¢ — ¢ + p, where
¢ is the number of components, ¢, the number of phases in
equilibrium, and p the number of physical parameters. There
are two components, the solvent and the gelator (¢ = 2); the
pressure is constant, only temperature can be varied (p = 1),
therefore the variance writes v = 3 — ¢. The gel-to-gel transition
involves three phases, one liquid and two solids (¢ = 3), therefore,
v=0.

The lower transition is easily observed by p-DSC but is less
sharp by rheology. Calorimetry measures the temperature of
the transformation of a solid phase into another one; it is
sensitive to the enthalpic change during this transformation.
Rheology is sensitive to the overall structure of the solid net-
work: not only its molecular packing, but also the shape of the
solid aggregates and their connectivity. Hence, the transforma-
tion of solid 1 to solid 2 may have little impact on the
mechanical properties. This first transition is not always pre-
sent and its existence depends on the formation conditions and
on the history of the gel. This fact, along with the aspects of the
thermograms suggests the metastability of one form, which is
studied more in details below.

Relative stability of both gels

In order to investigate the stabilities of gels 1 and 2, the
transitions were studied in gels at 4 wt% with different thermal
histories. A first gel was formed by cooling the sample from
80 °C to —10 °C, at a rate of —0.5 °C min~ . It was kept for only
1 h at —10 °C before measuring the thermogram upon heating.
A second gel was formed under the same conditions, heated at
40 °C, annealed at this temperature for 15 h, cooled back to
—10 °C and its thermogram was measured upon heating. The
full sequences are monitored by DSC but only the final
endotherm is reported in Fig. 5 (see Fig. S2 and S3, ESIf for
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Fig. 5 Thermograms of Palm-Phe gels at 4 wt% with different thermal
histories. Only the final heating phases at 0.25 °C min~! are shown.
An example of a complete cycle for the annealing experiment is reported
in Fig. S3 (ESIT). The upper curve is shifted for clarity.

examples of complete measurements). The first sample, which
is not annealed shows both transitions (Fig. 5, top curve): the
first endotherm (23 °C) along with the next exotherm (26 °C)
correspond to the gel-to-gel transition; the second endotherm
at 54 °C, coincident with Tgg, corresponds to the gel-to-sol
transition.

The second sample was annealed above the gel-to-gel transi-
tion and below the fusion of the gel. It showed only the gel-to-
sol transition at 54 °C (Fig. 5, bottom curve) but no longer gel-
to-gel transition at around 26 °C. This proves that the gel below
the first transition (gel 1) is metastable. The solid fraction of
this gel transforms into another solid, but the reverse transition
is not observed on cooling. Consequently, the dotted line
representing the gel-to-gel transition in the phase diagram
(Fig. 4) delimits a metastable domain and is observed only if
the gel 1 is present and thus depends on the thermal history.

The metastability of gel 1 is also observed when it is aged.
A gel at 2 wt% was formed and allowed to rest at 18 °C for three
days and its elastic and viscous moduli were measured while
the temperature was increased (Fig. 6A). The decrease of the
elastic and viscous moduli at 25 °C, is visible in the freshly
prepared gel but no longer in the aged gel. In parallel, the
freshly prepared gel shows both transitions by p-DSC (Fig. 6B)
but no longer gel-to-gel transition after annealing.

We have studied whether slower cooling rates during the
formation of the gel favors the formation of the more stable
polymorph. Gels at 1 and 2 wt% were prepared at different
cooling rates: —1, —0.5, —0.25 and —0.1 °C min—". The thermo-
grams upon cooling showed one endotherm, with an onset
temperature which varies linearly with the cooling rate (Fig. S2
and S4, ESIf). The thermograms of the following heating
phases all showed both transitions (Fig. S5, ESIT). Therefore,
for low concentrations, slow cooling rates do not favor the
formation of the thermodynamically stable gel 2, unlike anneal-
ing or ageing. But when the gel at 4 wt%, is formed at a rate of
—0.25 °C min~ " instead of —0.5 °C min !, the first transition
disappears (Fig. S6, ESIt).

On the cooling curves, the temperature of crystallization
increases linearly when the cooling rate decreases from 1 to
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Fig. 6 (A) Elastic, viscous moduli of Palm-Phe/rapeseed oil gels (2 wt%)
with different thermal histories. (B) Thermograms of the same samples.

—0.25 °C, and increases abruptly at —0.1 °C min~" (Fig. S4,
ESIt), which indicates that for this low rate, only the solid 2
forms. These studies show that the formation of gel 1 is
kinetically favored. The rate of formation of the stable gel 2 is
slower, but increases faster with concentration than for gel 1.

Gel morphologies and structural studies

The samples were observed during their transitions by optical
microscopy to identify the nature and morphology of the
phases. During the cooling phase, large objects grow from
nucleation points (Fig. 7) to reach diameters of tens of micro-
meters. They are dendritic or spherulitic structures made of
fibers visible at the edges. When the sample is heated, the
spherulites start to decrease in size at ~51 °C and disappear at
57 °C, when the gel melts (Fig. S7, ESIt). No other structure is
observed although the existence of two different gels has been

Fig. 7 OM micrographs (x20 magnification) of Palm-Phe/rapeseed oil
4 wt% cooled from 70 °C to 19 °C (rate —0.25 °C min™%). Left panel:
At 70 °C, the sample is in liquid form. Right panel: At 20 °C formation of a
gel. The scale bar is the same for both pictures.
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Fig. 8 Cryo-SEM image of gels of Palm-Phe/rapeseed oil at 2 wt% after
exchange of oil by n-hexane and sublimation. (A) Large field of the gel
short after its formation. Arrow domain with large fibers; Arrow head:
dense domain. (B) Enlargement of the boundary between both domains.
Arrow head: thin fibrils composing the dense domain (avg. diameter 70 +
24 nm). Arrow: large fibers of the other domain (350 + 149), showing a
helical twist. (C) Large field view of the gel after annealing 15 h at 40 °C
showing only one domain. Arrows: large fibers (218 £+ 50 nm).

evidenced. However, the mixture is not homogeneous since the
visible objects do not fill the whole volume of the sample. The
interstices between the spherulites, tens of micrometers wide,
may contain other structures too small to be detected by OM.
For this reason, we have explored the structures of the gels
by cryo-SEM (Fig. 8) after exchange of the oil by n-hexane and
sublimation of the solvent. Two gels have been observed: a freshly

This journal is © The Royal Society of Chemistry 2023
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formed one and an annealed one (15 h at 40 °C). The gel observed
just after its formation is heterogenous with two kinds of domains
segregated by marked limits (Fig. 8A): the first one contains thick
fibers, visible at low magnification, the second one is a denser
area. Observation of both domains at higher resolution show that
the thick fibers have an average diameter of 350 + 149 nm and
are twisted (Fig. 8B, arrows). The dense phase is also made of
fibrils (Fig. 8B, arrow head), thinner than the previous ones with
diameters of ~70 £ 24 nm. When the sample is annealed for 15 h
at 40 °C, the thin fibrils disappear and when observed at large
field, the sample shows a uniform structure with only large fibers
(Fig. 8C). Both domains observed before annealing correspond
to both polymorphic solids previously described. The thin dis-
ordered fibrils disappear from the annealed gel, which identified
them as the metastable structures. The large fibers can be
identified as the thermodynamically stable population. Given
their sizes, they also constitute the large objects visible by OM.
The dense domains observed in Fig. 8A are likely the trans-
parent areas observed by OM. Both the observations by OM and
SEM show the difficulty to obtain a pure gel 1: there is an
amount of large fibers even at lower temperature. This suggests
that the transformation of the metastable solid 1 into solid 2 is
fast enough to have progressed significantly in the observed
sample. Annealing just brings it to completion. Therefore, the
transitions observed by p-DSC or rheology may correspond to
the transformation of only a fraction of the solid. The change of
the morphology during the transition may explain the change
in elastic modulus of the samples (Fig. 3). The elasticity depends
both on the density of the nodes of the network and on the
intrinsic stiffness of the aggregates. The fibrils in gel 1 are thinner
objects and probably less rigid than the fibers in gel 2. However,
a given amount of gelator forms more thin fibers than large one,
and may lead to a higher density in nodes.

The structural difference between gel 1 and 2 is evidenced by
analysis by X-ray scattering (Fig. 9). Gels of Palm-Phe (2 wt%)
were prepared with different thermal histories and their inten-
sities measured for g-values composed between 0.04 and
1.04 A™'. When the gel was freshly formed to afford gel 1,
it showed a peak at 0.131 A™* and a weak peak at 0.187 A™*

14— freshly formed
{—— after48 hat 20 °C

i
6]—— after15hat35°C  0.232A" A
4 : 0697

0.187 A™
0131A7

I(g) (m™)

AT ETTE 53
0.1 »
qA)

Fig. 9 X-ray scattering of palm-Phe/rapeseed oil 2 wt% when freshly
formed at 0.25 °C min~* (bottom curve), aged for 2 days at 20 °C (middle
curve) and heated at 35 °C during 15 h (top curve).

4 éé%éé;
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(Fig. 9, bottom curve). The large oscillation between 0.1 and
0.7 A7 is due to the scattering by the oil. After two days at
20 °C, the gel is totally transformed into gel 2 and additional
peaks are observed: a large one at 0.232 A" corresponding to a
repeat distance of 27 A, and a smaller one at 0.697 A~* (Fig. 9,
middle curve). A gel annealed at 35 °C for 15 h shows the same
peaks than the aged gel (Fig. 9, top curve). This evolution of the
spectra, shows that in gel 1 and gel 2, the solid networks are
polymorphs, with distinct crystalline forms.

We studied the evolution of the intermolecular interactions
in the gels by variable temperature FTIR. The spectra of the
mixtures of Palm-Phe and rapeseed oil were measured at
different temperatures, from 20 °C to 70 °C (Fig. 10A). In the
stretching XH area, the spectra at low temperature show a
major band at v; = 3305 cm ™', corresponding to the NH
stretching band (vNH). In the carbonyl stretching area, at low
temperatures, the amide I band is found at 1643 cm ™" (Fig. S8,
ESIT). These wavenumbers show that the majority of the amide
groups are H-bonded with each other.>* The wavenumber and
the intensity of the #NH band do not change significantly upon
heating up to 35 °C. When the gel is further heated, the ¥NH
band of the linked amides disappears gradually, while two
bands at 3388 and 3425 cm ™', minor at low temperatures,
increase and become preponderant. These bands can be attri-
buted to the OH bands of the acid group and to the vNH of
free amides. The vNH band of the free amides disappears at

A ] vNH vOH vNH 26100
0.4 free H-bonded =51°C
® E
[8) E
[ 0.34
@®© ]
0 7
[ 3
a 0.2 Do
< / V2 Vi
0-1:'"|'"'|""|""|""|""|'
3450 3400 3350 3300 3250 3200
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Wavenumber (cm )
B £o0%00, O Abs. at v
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Fig. 10 (A) VT-FTIR spectra of Palm-Phe/rapeseed oil (2 wt%) when
heated at 0.25 °C min™™. (A) NH stretching area. v;; maximum of the
vNH band; v,: shoulder. (B) Variations of the intensities at 14 and v, with
temperature.
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55 °C, which is the melting temperature measured by pu-DSC.
A similar evolution can be observed with the amide I and amide
II bands (Fig. S8, ESIf). The amide I band at 1643 cm
decreases and disappears when the gel melts. It is progressively
replaced by the band at 1682 cm™', characteristic of free
amides. This evolution shows that the aggregation is governed
by H-bonds between the amide groups. The apparition of
the vOH band at 2425 cm ™' suggests that H-bonds between
carboxylic acids are also involved in the aggregation.

The spectra were examined in detail between 21 and 35 °C,
where the gel-to-gel transition occurs. The spectra show no
evolution except a shoulder at v, = 3326 cm ™" which decreases
and disappears at about at 35 °C (Fig. 10A). The intensity at
v, decreases linearly and faster than the intensity at v, =
3305 cm ™" below 35 °C (Fig. 10B). At 35 °C, after a change of
slope, it decreases with a different regime. The first step
coincides with the disappearance of gel 1, while the second
one corresponds to the evolution of gel 2.

The transformation upon heating results in very slight
spectroscopic changes. But, as shown by OM and SEM, even
at low temperatures, the gel contains a mixture of both forms;
therefore, the spectra at low temperature represent already a
mixture of both forms. Therefore the small changes observed
between 21 and 31 °C represent the conversion of only the
remaining form 1. Below 29 °C, the spectra show one isosbestic
point at 3264 cm " and above 29 °C, and a second one at
3335 cm . This evolution is consistent with two successive
transformations. The shoulders in gel 1 corresponds to amides
linked with weaker H-bonds than the other amides.

Conclusions

Palm-Phe, an endogenous N-acylaminoacid, is able to gel edible
oil at a concentration of ~1 wt%. The study of the transitions
of these gels revealed two kinds of transitions. A classical gel-to-
sol transition, at a temperature varying with concentration, and
at a lower temperature a gel-to-gel transition, which is non-
variant. The latter corresponds to a polymorphic transforma-
tion of the solid network. The gel-to-gel transformation impacts
the rheological properties of the oleogels and their thermal
stability. The knowledge of their phase diagram can explain
and predict the change of their properties when processing
them. The polymorphism, and the stability or metastability of
the polymorphs also explain how the properties of the gels
depend on the thermal treatments.
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