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candidate to formulate supramolecular
organogelsy
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Molecular self-assembly is a fascinating process which has become an area of great interest in
supramolecular chemistry, as it leads in certain cases to molecular gels. Organogels formulated from low
molecular weight compounds (LMWOGs) have attracted much interest in the past decades due to their
applications as new soft materials. Herein, we report on the ability of the cyclic pseudopeptide cyclo-
[-(b-Phe-azaPhe-Ala);-] (2) to self-assemble in some aromatic solvents and to form organogels driven
by non-covalent forces, mainly hydrogen bonding and m-stacking interactions. Comprehensive FTIR and
NMR studies emphasized that this cyclic aza-peptide adopts a B-turn conformation at low concentration
in toluene, while an equilibrium between the monomeric states (intramolecular forces) and the
supramolecular structures (intra- and intermolecular forces) is established at high concentration (gel
state). Rheological investigations of the organogels highlight the dependence of their stiffness (up to ~4
kPa) and sol/gel transition temperatures (up to 100 °C) as a function of the solvent and concentration of
gelator used. The formulation of fibrous structures confirmed the phenomenon of self-assembly. Finally,
we found that cyclo-[-(p-Phe-azaPhe-Ala),-] is an effective organogelator for application in phase
selective gelation (PSG) of organic solvents from agueous/organic mixtures with recovery percents up to

rsc.li/rsc-advances 96%.

Introduction

Recently, gels have experienced a great growth in interest from
the scientific community as they have been involved in various
applications due to their promising physical, mechanical and
morphological properties.”* Over more than 150 years, many
attempts have evolved to define and describe a “gel”, started by
Graham,’ and then Dorothy Jordon Lloyd,® Hermans,” and Ferry.?
Recently, Weiss and Terech have reported general criteria to clas-
sify a substance as a gel, namely a continuous microscopic struc-
ture with macroscopic dimensions and a substance showing solid-
like properties in its rheological behavior.” Gels can be classified in
several ways based on their origin (natural or synthetic), consti-
tution (polymeric or molecular), the type of cross-linking that
creates the 3D network (chemical or physical), and the medium of
gelation (hydrogels, organogels, xerogels, or aerogels).*

Firstly, gels were obtained from polymers' and in the last
two decades authors have reported molecular gels obtained
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from low molecular weight gelators (LMWGs). Molecular gels,
which are achieved through self-assembly process to yield
highly ordered 3D hierarchical structures, have attracted much
interest in the field of supramolecular chemistry due to their
promising applications as new soft materials.'** In contrast to
the polymeric gel, LMWGs monomers must first self-assemble
before entanglement and eventually gel the solvent.** The
behaviour of physical gels are controlled by weak non-covalent
interactions such as hydrogen bonding, m-stacking, electro-
static interactions, metal coordination, ion-ion interactions,
dipole-dipole interactions, van der Waals interactions,
etc.>'>152? These weak forces control the ability of a gel to readily
interconvert between the gel-sol states under the influence of
external stimuli such as pH, ionic strength of the medium,
temperature, ultrasound, magnetic field, light, etc.>>**

Low molecular weight organogelators (LMWOGs) have been
derived from various systems including hydrocarbons, fatty
acids, saccharides, steroids, amides, amino acids, ureas,
aromatic molecules, metal complexes and dendrimers.*"*>%-2%
Recently, LMWGs from peptides, pseudopeptides or their
cyclic analogs have revealed greater advantages as they: (i) can
easily be synthesized, (ii) can multi-responsive, (iii) may be
controlled over their physical and chemical properties, and
(iv) exert higher mechanical and thermal stabilities.'»>*3°
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Serendipitously, our group reported their first low molecular
weight organogelator in 2010 after cooling a refluxed solution of
an amino acid derivative in toluene.** Subsequently, Moussodia
et al. developed a series of pseudopeptides of the cyclo 1:1-[a/a-
N*-Bn-hydrazino]-mers family able to self-assemble into supra-
molecular ordered structures through a network of intermo-
lecular hydrogen bonds which immobilize organic solvent
molecules to form organogels.*

In a previous study®® we overviewed in details the synthesis
and structural studies of homo- and heterochiral cyclo hexamer
2:1-[o/aza]-(L- or p-Phe-azaPhe-Ala), in solid and solution states.
Afterwards, both molecules were tested for their ability to form
gels in various solvents. Interestingly, only heterochiral
analogue cyclo 2:1-[p-Phe-azaPhe-Ala], (2) could self-assemble
in some solvents, precisely aromatic solvents to form thermor-
eversible organogels in which the gels exhibit the phenomenon
of gel-to-sol phase transition reversibly by the influence of
temperature.

In the current work, the characterizations of the LMWOG (2)
have been established by studying its molecular and supramo-
lecular structures, morphology, chemical and physical behav-
iors using several sophisticated techniques including NMR,
FTIR, SEM and TEM in order to emphasize the existence of
certain conformations (e.g. B-turn, a-helix, B-sheet, etc.) and to
obtain a virtual image for the 3D hierarchical structures of the
gel system. Furthermore, rheological measurements have been
carried out to assess the mechanical and thermal stabilities of
the organogels formulated in different organic solvents.

Experimental
Synthesis

The general stepwise strategy used to synthesize homo- and
heterochiral cyclo 2:1-[a/aza]-(1- or p-Phe-azaPhe-Ala), hexamers
(1) and (2), respectively (Fig. 1) with all the characteristic spec-
troscopic, X-ray diffraction and HRMS features were described
and reported in the previous studies.**?*

Organogels formation, gelation tests and minimum gelation
concentrations (MGCs) measurements

The gelation ability of both cyclic pseudopeptides (1) and (2)
were tested in various organic solvents (e.g. n-hexane, CCl,,

2:1-[o/aza]-(D-Phe-azaPhe-Ala),

2:1-[o/aza]-(Phe-azaPhe-Ala),
1 2

Fig. 1 Molecular structures of homo- and heterochiral cyclo 2:1-[o/
azal-hexamers.
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toluene, etc.) by “stable-to-inversion of test tube” method.*
Gelation experiments were performed by weighing 10.0 mg of
the compound in a transparent glass tube in which the solvent
was subsequently added dropwise to reach final weight of 1.0 g
mixture, and a final concentration of 1.0 wt%. Then, the
suspension was refluxed to form clear solution which was
cooled down to room temperature. The results of gelation tests
were recorded for all tested solvents.

The minimum gelation concentration (MGC)

It refers to the lowest concentration that leads to gel formation.
The MGCs were determined in all the gelled solvents (benzene,
chlorobenzene, toluene and p-xylene) using the “stable-to-
inversion of test tube” method. It involves the continuous
dilution for a gel sample until a concentration below which
a gravitational flow of the gel occurs in the inverted glass vial:
this concentration is defined as the minimum gelation
concentration (MGC).*

Gel-to-sol transition temperature (T,) measurement

The gel-to-sol transition temperature (7y) at the MGC for each
solvent was determined by the “falling ball method” through
placing the gel-containing glass vial in a thermostated oil bath
and slowly raising the temperature of the bath at a rate of
2°C min~'. The T, was defined by the temperature at which the
gel melted and the ball breaks through the gel.***®* The value of
the T, at the MGC was the average of a triplicate measurements.
Additionally, in this study, the T, in the different gels were
measured using physico-chemical techniques®
including NMR, FTIR and rheological measurements.

several

NMR spectroscopic studies

All NMR spectra (*H, ROESY) were recorded using a Bruker
Avancell NMR spectrophotometer (300 and 600 MHz) in
benzene-ds, chlorobenzene-ds, toluene-dg, and p-xylene-d;, as
solvents. The chemical shifts are reported in ppm (¢) relative to
tetramethylsilane (TMS) used as an internal standard (6 =
0 ppm). Additionally, concentration and temperature depen-
dent NMR experiments for the organogels from the different
gelled solvents were performed.

FTIR spectroscopic studies

The FTIR spectra were recorded with Bruker Tensor 27 and
referenced to the residual solvent resonances. The device is
equipped with thermostated controlled heating unit by which
temperature-dependent FT-IR experiments were performed. In
addition, attenuated total reflectance (ATR-FTIR) measure-
ments were operated on solids, xerogels (air-drying) and aerogel
(CO,-drying), in which each solid was loaded over a trough plate
comprising of a germanium single crystal. All the spectra were
acquired in the 4000-400 cm ' range with a resolution of
4.0 cm™! over 128 scans, taken into consideration the back-
ground subtraction from each spectrum to correct for atmo-
spheric interferences.

This journal is © The Royal Society of Chemistry 2020
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Rheological measurements

The rheological experiments were carried out on Advanced
Rheometer-AR2000 (TA instruments) operating in oscillatory
mode with a 20 mm parallel plate geometry with serrated
surfaces to prevent sliding due to the liquid film expelled by
certain dilute samples® (diameter gap was adjusted to 1000
pm). In order to determine the linear viscoelastic region (LVR)
at which the oscillatory experiments were operated, each gel
sample was subjected to an oscillatory stress sweep experiments
(0SS); (G and G” were measured as a function of oscillatory
stress®* (0.6-6366 Pa) at a constant angular frequency of 0.628
rad s™'). Then a dynamic oscillatory time sweep (OTS)** was
performed for 15 minutes with an angular frequency of 0.628 rad
s ', and applied stress of 1.5 Pa which has been chosen within
the LVR from the OSS. After that, each sample was subjected to
an oscillatory frequency sweep experiment (OFS)* over a range of
frequencies (0.1-62.83 rad s~ ') and applied stress of 1.5 Pa ob-
tained from OSS step at 25 °C. Finally, in order to obtain the sol-
to-gel transition temperature (thermal properties of the gel), G’
and G” for each gel sample were studied over a range of
temperatures sufficient for melting the gel to solution through
oscillatory temperature sweep experiment, from which T, can be
determined at the cross point between the G’ and G” curves."

Morphological study

Removal of toluene solvent from the organogel of (2) using
a supercritical CO, drying process led to the formation of the
corresponding aerogel,** while xerogels from (2) were obtained
by slow evaporation of the trapped solvent molecules (benzene,
toluene, chlorobenzene or p-xylene) from gel samples in air.*®
To get a visual insight into the aggregation and morphology of
the formed gels from (2) at a nanoscale, high-resolution scanning
electron microscopy (HRSEM) (Environmental Quanta FEG 600-
FEI, high vacuum, acceleration voltage of 15 kV, large field
detector), and transmission electronic microscope (TEM) (Philips
CM200 microscope, 200 kV, equipped with an EDXS spectrom-
eter) were employed. While the dried samples (aerogel and
xerogels) for SEM analysis were coated with gold (15 A) during
2 min by physical vapor deposition,*® TEM images for the aerogel
sample from toluene were recorded without pre-treatment.

Phase selective gelation strategy (PSG), potential application

Mixture of the organic solvents of interest (benzene, toluene,
chlorobenzene and p-xylene; 1.2 mL each) was poured into salty
water (NacCl 3.5 w/v%, 10 mL) which was stained with CuSO, for
better visualization of the two-phases.”** The entire organic
layer from the biphasic mixture could be efficiently gelled by
adding a highly concentrated solution (12.5 w/v%) of gelator (2)
from ethanol as a co-solvent at room temperature (25 mg of
compound (2) in 200 pL ethanol). By taking the advantages of
the thermo-reversibility of the physical organogels from (2)
(maintained by weak non-covalent interactions): the organic
phase was separated from aqueous phase by simple filtration
and then the gel melts upon heating, and the organic phase is
subsequently distilled off in a round bottom flask.****

This journal is © The Royal Society of Chemistry 2020
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Results and discussion
Gelation behaviors

It has been reported that the gelation phenomenon is the
equilibrium state between solubility and phase separation.®® It
is achieved when the intermolecular forces (repulsion and
attractive) in the gel system are balanced.*” Tests of gelation
propensity for each diastereoisomers (1) and (2) in various
organic solvents were done, which reflected that only compound
(2) exerted gelation properties. Results of gelation tests are re-
ported in Table 1. Compound (2) was found to be soluble in
alcohols (e.g. methanol, ethanol, pentan-3-ol), dimethyl sulfoxide
(DMSO), N,N-dimethyl formamide (DMF) and no gelation was
observed even after several hours in a refrigerator. The insolu-
bility of the cyclopseudopeptide (2) in non-polar solvents like n-
hexane or carbon tetrachloride (CCl,), suggests unbalanced
forces (hydrophobic interactions < hydrophilic interactions)
essential to trigger the gelation process. Finally, transparent gels
were observed with compound (2) in some aromatic solvents
including benzene, chlorobenzene, toluene and p-xylene (Table 1
and Fig. S1). However, by increasing the concentrations the gels
become less transparent which can be attributed either to the
aggregation phenomena, or to a change of the size and/or the
shape of objects formed by the gelator molecules (2).

The minimum gelation concentrations (MGCs), which refer
to the minimum concentrations that lead to gelation,* are
summarized in Table 1. The MGCs of (2) vary from 0.30 to
0.41 wt% in the different gelled solvents. The highest gelation
efficiency for (2) was observed in toluene (MGC = 0.30 wt%) for
which a single molecule of (2) can gel about ~2640 toluene
molecules. The T, values of organogels from (2) at their MGCs
were determined by the “falling ball” method®****® and reported
in Table 1 with temperature range = 38.3-45.3 °C, depending of
the solvent. All gels maintain their stabilities over a period of

Tablel Minimum gelation concentration (MGC,* wt%), and gel-to-sol
transition temperature (Tg, °C) of (2) in different organic solvents

Solvent MGC Wt%) T, (£2°C) T/ (°C) Tf(°C) T, (°C)
Benzene G? 0.41 38 65-70  55-60 47.8
Toluene G 0.30 45 70-75 70-75 67.4
p-Xylene G 0.34 40 70-75  75-80  87.2
Chlorobenzene G 0.38 39 70-75  55-60  52.9
Solvents State
n-Heptane/n-hexane/n-dodecane/carbon tetrachloride/ I
carbon disulfide/diethyl ether/nitrobenzene
Chloroform/dichloromethane/dichloroethane/ethyl acetate/ s?

methanol/pentan-3-ol/dioxane/THF/DMF/DMSO

“0.5 wt% = 5.95 mmol L' (toluene); 6.01 mmol L™" (benzene);
5.91 mmol L™* (p-xylene); and 7.62 mmol L™" (chlorobenzene). * G =
gel. °1 = insoluble. ¥S = soluble. © Gelation temperature at MGC
determined by “falling ball” method. / Gelation temperatures at (¢ =
0.5 wt%) determined by NMR. # Gelation temperatures at (¢ =
0.5 wt%) determined by FTIR. " Gelation temperatures at (¢ =
0.5 wt%) determined by rheology.

RSC Adv, 2020, 10, 43859-43869 | 43861
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months at room temperature. Thus, the gelator (2) obeys the
criteria of a stable gel as reported by Abdallah and Weiss.*

Formation of LMW organogels is an evidence of the self-
assembly of the gelator molecules to form interconnected three-
dimensional network which entrap solvent molecules, leading to
gel formation that stabilized via non-covalent interactions.>”***~*

To achieve a comprehensive understanding of the structural
behavior of compound (2) both in its gel and soluble forms (i.e.,
in its self-assembled and monomeric forms), we performed
a series of NMR and FTIR investigations at different tempera-
tures (above and below the T,) and different concentrations
(above and below the MGC). As discussed herein before, gelator
(2) demonstrates the best gelation efficiency for toluene, one of
the most common solvents used practically compared to the
other gelled solvents.*® Moreover, the physico-chemical prop-
erties (e.g., boiling temperature) of toluene are adequate and
moderate for most of the analyses and has been consequently
selected as the solvent for all our experiments.

NMR spectroscopic studies at low concentration

"H NMR spectrum of compound (2) was recorded in toluene-dg
at low concentration (1.0 mmol L™, 293 K) to avoid the inter-
molecular interactions.

The spectrum of the molecule (2) in toluene-dg shows well
resolved signals with at least two conformers, suggesting that
the molecule behaves as previously observed in CDCl; (equi-
librium between more than one conformers at low concentra-
tion).*® The duplicated signals reveal the presence of an
equilibrium between two conformers (2A) and (2B) (Fig. S27).
Moreover, the chemical shifts of the NH protons of Ala residues
are around ~6.3 ppm, supposing the involvement of these NHs
in hydrogen bonds. This is confirmed by following the
concentration effect using NMR and FTIR studies (discussed
below). In toluene-ds, it is also observed that the protons of
methylene groups of the benzyl moieties are magnetically non-
equivalent. All these data suggest that B-turn conformations,
previously been observed in CDCl;,** might occur in toluene. In
order to confirm the existence of B-turn, 2D NMR (ROESY) in
toluene-ds (1.0 mmol L™, 293 K) was operated for compound
(2), (Fig. S31). In case of conformer (2A), the NH (p-Phe) signal is
superimposed and overlapped with the aromatic protons of
toluene and it is difficult to determine all the dipolar coupling
constants associated with this proton. Conformer (2A) reveals
moderate correlation between C*H (p-Phe) and NH (azaPhe) and
strong correlation between NH (azaPhe) and NH (Ala).

Similarly, the protons of the C*H (p-Phe), NH (azaPhe), and
NH (Ala) of conformer (2B) are well separated from conformer
(2A) showing strong correlation between C*H (p-Phe) and NH
(azaPhe) in addition to moderate correlation between NH
(azaPhe) and NH (Ala).

These correlations are characteristic of the presence of BII-
turn conformation (Fig. S31).***> In a previous work and from
the structural studies of acyclic series,* it was noticed that
changing the absolute configuration of the Phe residue to (R)
instead of (S), has led to a change in the conformation from BII
to BII', so both conformers (2A) and (2B) adopt PBII'-turn
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conformation (Fig. 2) which supports the 3D supramolecular
organization. Based on X-ray results and NMR studies in chlo-
roform* or in toluene (this study), authors could suggest that
molecule (2) adopts majorly two PII'-turn conformations in
solid and solution states.

Concentration-dependent "H NMR

It has been reported that the NMR signals of the gelator mole-
cules completely disappear in the gel state and the signals are
only detected in the liquid state in case of “dry gel”. Indeed, the
fibers formed by the gelators in the gel can be considered as
crystals and, consequently, the molecular motion of the gelator
molecules within the fibers becomes very limited and the
solvent molecules are excluded from the fiber.*

Concentration-dependent NMR study of (2) was performed
at 25 °C in toluene-dg from 0.1 mmol L™" (solution state) to
6.0 mmol L' (gel state) (Fig. 3a). The spectra show that the
signals of the gelator molecules are still visible even in the gel
state, which suggests that the gelator molecules are in equilib-
rium between their free and self-assembly (i.e. in fibers) states.
This behavior is consistent with the principle of “wet gel” as
described by Sakurai et al. in which the solvent molecules are
incorporated into the gel fibers.’"**>¢

One can notice that the signal of the NH proton (p-Phe) of
conformer (2B) is deshielded from 5.76 ppm to 6.15 ppm and the
signal becomes broad when the concentration exceeds 3.0 mmol
L™, due to the sol to gel transition (Fig. 3a). These observations
confirm that the gel state of (2) corresponds to molecules assem-
bled by intermolecular hydrogen bonds.?*%* Unfortunately, the
signal of the NH (p-Phe) of the conformer (24) is overlapped with
the toluene signals and it therefore not possible to predict its
contribution in the organogel formation. In addition, no chemical
shift variations for the signals of the NH or the aromatic protons of
the (azaPhe) moieties have been observed for both conformers
which mainly stabilize the 3D supramolecular structure in case of
CDCl; through m-stacking in the previous study.*

Temperature-dependent "H NMR

Studying the property of thermal reversibility of a gel provides
more detailed information about the physical changes and the

Ph
ROE BIturn H ROE BI'- or BII'-turn
\ N
Ph— ", \< H
/
HN CHs
o CSRand 25 0

Fig. 2 ROE correlations of B-turn conformations in the two
conformers (2A) and (2B) from ROESY experiment in toluene-dg
(1.0 mmol L™, 293 K).

This journal is © The Royal Society of Chemistry 2020
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Fig.3 (a) Concentration-dependent 'H NMR (600 MHz, 300 K) spectra show chemical shift (5 ppm) of NH protons for compound (2) in toluene-
dg (c = 0.1to 6.0 mmol L™, and (b) temperature-dependent *H NMR (300 MHz) of gelator (2) in toluene-dg (c = 0.5 wt% = 5.95 mmol L 7).

mechanism of the supramolecular formation.*® Temperature of
gelation (T) is the most often reported parameter which can be
determined by multiple methods, including the “falling ball”
experiment, differential scanning calorimetry (DSC), rheolog-
ical measurement, as well as spectroscopic techniques such as
nuclear magnetic resonance (NMR), UV-vis, circular dichroism
(CD) and Fourier transform infra-red (FTIR).**** The transition
temperatures determined by spectroscopic techniques are often
different from those determined from rheology, since the
former detect changes in primary rather than tertiary organi-
zations.***” Accordingly, studying the thermal behaviors of the
gels from (2) in all of the gelled solvents (toluene, benzene,
chlorobenzene and p-xylene) were investigated using
temperature-dependent NMR spectroscopy from gel state to
solution state (Fig. S4a-ct). The "H NMR spectra for gelator (2)
in the different gelled solvents reflected similar behaviors upon
raising temperature, and the gels show close T, at the same
concentration (Table 1).

In the case of toluene-dg, temperature-dependent *H NMR
spectra of (2) at (c = 0.5 wt%, 5.95 mmol L™ ') were recorded in
the temperature range from 27 °C to 100 °C in order to follow
the evolution of the proton signals in transition from gel to
solution state. Although the signals of the molecule in the gel
state are less visible in the "H NMR spectrum (Fig. 3b), the peaks
are still detected. This result suggests that some of the gelling
molecules still keep good mobility in the fibers.?!4749335556
When increasing the temperature, gradual improvement of the
spectral resolution and sharpness of signals are observed just
after 65 °C which reflects the liquid behavior of the gelling
molecules (Fig. 3b). In addition, the NH (azaPhe) protons’
signals of conformers (2A) and (2B) are shifting linearly upfield
with the increase of the temperature. This shielding reflects the
impact of broken hydrogen bonds with temperature and then
destruction of the supramolecular structure. So, we could
suppose that the NH (azaPhe) protons are directly involved in
the supramolecular construction. The protons of NH (p-Phe)
were less influenced by the temperature increase from 27 °C to
100 °C, which means that these NH protons are not involved in
intermolecular hydrogen bonds. Interestingly, coalescence of
CH, (azaPhe) protons for conformers (2A) and (2B) is observed

This journal is © The Royal Society of Chemistry 2020

when the temperature rises over 65 °C and they become
chemically equivalent in the solution state (Fig. 3b) which can
be interpreted as the fast equilibrium between the two
conformers. Finally, NH (Ala) protons chemical shift is not
impacted by the variation of temperature, strongly suggesting
that NH (Ala) is involved in intramolecular hydrogen bonds as
in the crystalline state.*

Thus, NMR studies of (2) at low concentrations (solution) in
toluene suggested that the two conformers are structured in
a BII'-turn conformation (Fig. 2), while at high concentrations
(gel), the gelator molecules are organized into supramolecular
structures stabilized by intermolecular hydrogen bonds (Fig. 3a
and b). However, NMR is not a method of choice to evaluate the
contribution of m-stacking interactions in the self-assembly
process. To study such phenomenon, FTIR experiments were
subsequently carried out.

FTIR spectroscopic studies

In order to identify the role of the driving forces particularly
hydrogen bonds in the formation of the gels, concentration-
dependent and temperature-dependent FTIR measurements
were performed on gel samples from (2) in the different gelled
solvents. In the next sections, we will present in details the
behaviors of gels formed with toluene-ds.

Concentration-dependent FTIR analysis

The experiments were carried out on gelator (2) using the
concentration range (0.8 mmol L™ to 3.0 mmol L™ ") in toluene-
dg at 25 °C (Fig. 4). The spectra showed two characteristic
domains corresponding to the NH and CO stretching regions.
At low concentration (0.8 mmol L '), the NH region reveals the
presence of free NH band around 3408 cm ™" belongs to the two
free NH from p-Phe and azaPhe. In addition, a broad band
around 3340 cm ™', corresponding to the bound NH protons of
Ala, confirms the presence of intramolecular hydrogen bonds at
the monomeric state, as previously observed in chloroform
(Fig. 4a).** Interestingly, the presence of an additional band (not
observed in chloroform) around 3390 cm ™" might be related to
the solvation effect by toluene molecules inducing NH-7
interactions.®*
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Regarding the CO region at 0.8 mmol L, four bands were
observed and assigned according to the FT-IR wavenumbers of
the linear precursor (Fig. 4b).**** The CO of the Ala residues are
involved in intramolecular hydrogen bonds at » = 1655 cm ™,
while the other CO groups are in free states in toluene solution, as
noticed from their higher wavenumbers: 1721 cm™*, 1704 cm ™,
and 1680 cm ™' corresponding to the free CO of p-Phe, Ala, and
azaPhe residues, respectively (Fig. 4b). Moreover, a small band
around 1629 cm ™ * characteristic of a B-turn conformation in small
peptides has been observed.® The spectrum of (2) in toluene-ds is
similar to spectra obtained in CDCl; in previous work, suggesting
that the conformation of (2) in toluene-ds at low concentration
might be close to conformations observed in CDCl;.****

An increase of the concentration from 0.8 mmol L' to
3.0 mmol L ™" leads to an increase of the intensity of the band at
3340 cm ™" (bound NH) and the rising of one new NH band at
3288 cm ™! (corresponding to more bound NH) (Fig. 4a). These
observations are consistent with the NMR studies which reveal
the deshielding of the NH protons of p-Phe in conformer (2B)
when increasing concentration. According to these results, we
can suppose that this NH proton is involved in intermolecular
hydrogen bonds. Additionally, the band at 3408 cm ™", assigned
to unbound NH protons (free state) of (p-Phe) and (azaPhe),
increases with increasing the concentration (Fig. 4a). The exis-
tence of the signals at high concentration confirms the NMR
hypothesis that our gelator molecules are still mobile within the
fibers (“wet gel”, see above). In contrast, the band at 3390 cm™*
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(bound NH) has no significant changes when increasing the
concentration, suggesting the confinement of the toluene
molecules when increasing the concentration (gel state) since
NH-7 interactions have no much variations.

When the concentration of (2) increases from 0.8 mmol L ™"
to 3.0 mmol L7, the intensity of all the CO bands increases,
which indicates that most of the CO groups are involved in
intra- and intermolecular hydrogen bonds (Fig. 4b). Unfortu-
nately, we have not observed any decrease in the intensity of the
free CO bands from which we cannot predict which CO group is
bound intermolecularly with the NH (p-Phe). Furthermore, at
3.0 mmol L' the intensity of the band at 1629 cm ™" increases,
which may be assigned to the self-assembly of the gelator
molecules via intermolecular hydrogen bonds at gel state
(Fig. 4b). Consequently, concentration-dependent FTIR studies
suggested the presence of equilibrium between the monomeric
state and the supramolecular structure at the gel state.

Interestingly, comparison of the ATR-FTIR spectra of the
aerogel, xerogel and the crystal of (2) demonstrate similar IR
signatures for the three states (Fig. S5a and b¥). Accordingly, we
could suggest that molecules (2) self-assemble in a close
manner in gel and in the solid states and they have almost the
same molecular packing.>®3!53:67,68

Temperature-dependent FTIR studies

The thermal behaviors of gelator (2) in the different gelled
solvents were studied following the wavenumber evolution of
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Fig. 4 (a, b) Concentration-dependent FTIR of (2) in toluene-dg (c = 0.8 to 3.0 mmol L™, and (c, d) temperature-dependent FTIR spectra from
25 °C to 90 °C of toluene-dg gel from (2) at (c = 0.5 wt%; 5.95 mmol L™%); (c) NH stretching region, and (d) CO stretching region.
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amide CO and NH groups during raising temperature high
enough to break the intermolecular interactions and recover the
solution state.

IR spectra were recorded for gelator (2) in gelled solvents
(benzene, chlorobenzene, toluene and p-xylene) at 0.5 wt%. The
gel was heated until it turned into solution state (Fig. S6a—ct).
This method was also used to determine the sol-to-gel transi-
tion temperature which corresponds to the collapsing of the
physical interactions.*® The T, values of the different gels at
0.5 wt% are summarized in Table 1.

Heating the toluene-dg gel from 25 °C to 90 °C leads to
a gradual collapse of all three NH bands at 3286, 3325 and
3410 cm™ ' in addition to the band at 3202 cm ™' that may be
related to other intermolecular forces formed in the gel state, in favor
of one band located at 3345 cm™ " (Fig. 4c). This observation could be
interpreted as the consequence disruption of the intermolecular
hydrogen bonds, NH- interactions and other intermolecular forces
responsible for the gel formation.* The band at 3345 cm™" (bound
NH) is close to the ones obtained in isotropic chloroform or toluene
solutions, and is characteristic for an intramolecular hydrogen
bound NH, which was assigned to Ala moieties.*

The NH and C=O stretching bands give rise to same
conclusions. The gel state showed four CO bands at 1629, 1655,
1683, and 1709 cm™ ' at 25 °C (Fig. 4d). Heating the gel from
25 °C to 90 °C resulted in almost disappearance of the band at
1629 cm ™' and the decrease of the intensity of the CO wave-
number at 1655 cm™ ' confirming the involvement of these CO
groups in intra- and intermolecular hydrogen bonds. Moreover,
the intensities of the bands at 1683, and 1709 cm ™' increase
with raising the temperature with the appearance of a new band
at 1725 em ™" which has a close value from what was previously
observed in isotropic solutions of chloroform and toluene (free
state).*® Since the spectra recorded at high temperatures are very
similar to the one obtained for (2) in isotropic solutions of
chloroform or toluene, we could propose that the bands located
at 1629 cm ' and 1655 cm ' result from intermolecular
hydrogen bonds in the gel state. It is important to note that by
crossing the T, around 72.5 °C, the band at 1656 em ™! still
exists even at 90 °C: this band must correspond to the CO (Ala)
involved in intramolecular hydrogen bonds in solution state.*

The T, at 0.5 wt% from toluene-d; was determined by
studying the change in the intensities of the NH free band at
3410 cm™ " and the bound CO band at 1628 cm ™" in which they
showed total disappearance when heating (Fig. 4c and d). As
depicted in Fig. S7,t the intensities of these two bands decrease
sharply when heating from 25 °C to 65 °C. Then, the curves
show weak change in their intensities accompanied by semi-
steady state behavior, corresponding to the collapsing of most
of the physical intermolecular interactions in the gel. The sol-to-
gel transition can be considered at the inflection point of the
two curves, L.e. T, = 72.5 °C for 0.5 wt% from toluene-ds.

Temperature-dependent FTIR experiments suggest that all
formed gels from the different solvents are supported mainly by
intermolecular hydrogen bonds stabilizing the gel fiber orga-
nization. In addition, gelator (2) shows similar behaviors in the
different gelled solvents (Fig. S6a-ct), suggesting that the
mechanism of gelation is very similar from these solvents.

This journal is © The Royal Society of Chemistry 2020
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In addition to the structural studies using NMR and FTIR
techniques, further insight into studying the mechanical
properties and the morphology for the different gels from (2)
have gained our interests.

Rheological measurements

Rheological experiments provide information about the
mechanical strength and rigidity of the gels through measuring
two main parameters: storage (elastic) modulus (G') corre-
sponding to the ability of the deformed material to store energy,
and the loss (viscous) modulus (G”) which reflects the flowing
behavior of the gels upon applying external stress.”® Generally,
true physical gels reveal G’ > G” in gel state, and G” > G’ in the
solution state.®”> The thermal property of gels can also be
evaluated through an oscillatory temperature sweep experiment
in terms of the transition temperature (7).

In these experiments, organogels from (2) were prepared in
different organic solvents (benzene, chlorobenzene, toluene
and p-xylene) at different concentrations. All the oscillatory
experiments for all the gels were performed within the linear
viscoelastic region (LVR) which has been investigated through
two main experiments, namely oscillatory stress sweep (OSS)
and oscillatory time sweep (OTS) experiments (Fig. S8 and S97).
In the OSS experiments, all the studied organogels show higher
G’ values than G” at initial. By a gradual increase of the applied
stress, the values of both G’ and G” remain nearly unaltered and
get deviated from linearity beyond a certain stress. The stress at
which G” becomes higher than G’ is referred to the yield
stress.>>** All the gels at 0.5 wt% showed close yield stresses at
the crossover point in the range (38-48 Pa) (Fig. S87). In the OTS
experiments, the recovery of the gel represented by G’ from the
deformed state has been studied at as a function of time (15
minutes), and the data (Fig. S9f) show that all the gels are
mostly recovered within the time span of 100 seconds.

The oscillatory frequency sweep experiments (OFS) carried
out for gel samples at 0.5 wt%, show that the both G’ and G” are
regulated as a function of angular frequency (w) at a constant
applied stress.””* For all the organogels, ¢ is higher than G” by
at least two order of magnitude and the two curves do not cross
over the entire w range = 0.1-62.83 rad s~ * (Fig. 5). The storage
moduli of all the organogels G’ was in the order p-xylene >
chlorobenzene > benzene > toluene, and show moderate
mechanical strengths (10* > G’ > 10> Pa) in comparison with
other previously reported supramolecular gels.**7>-%°

Further elucidation of the thermal property of our gels from
(2) in the different solvents was investigated by measuring the
T, through the oscillatory temperature sweep experiments for
each gel sample at different concentrations (Fig. S10a-df).
Transition temperatures (T,) corresponding to certain concen-
trations could be obtained at the cross point between the G’ and
G" curves when plotting against temperature.** The T, for the
gel at 0.5 wt% from toluene reveals T, ~ 67 °C (Fig. S117). All the
Tgs at 0.5 wt% from the different gelled solvents are summa-
rized in Table 1.

We also examined the sol-to-gel transition temperature as
a function of concentration by operating oscillatory
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Fig. 5 Oscillatory frequency sweep experiments (OFS) for organogels
of (2); (c =05wt%, ¢ =15Pa, T=25°C).

temperature sweep experiment of each concentration for each
solvent individually (Fig. S10a-df). All the gels have the same
trend in which their Tgs increase with increasing concentration
(Fig. S127), in agreement with earlier reports.***>*® Regarding
the case study of the gel in toluene, the OFS experiment for
0.5 wt% gel from (2) was performed at the T, = 65 °C. The result
plotted in Fig. S137 reveals that both G’ and G” increase linearly
keeping G' > G” over the entire range of the applied angular
frequency supposing that the gel from toluene acquires the
behaviors of the true physical organogel and not the viscoelastic
fluid.*>"*

Rheological studies showed that all the organogels from (2)
have nearly similar thermal and mechanical properties.
Consequently, gelator (2) self-assembles by the same way in the
different gelled solvents leading to the formation of nearly
resemble supramolecular 3D arrangement which are almost
maintained by the same intermolecular interactions that keep
gel stability.

Morphological study

The gelation process of (2) reflects a great self-assembly ability
of this aza-family to form fibrous network through the combi-
nation of non-covalent interactions, Fig. 6.

SEM images of the aerogel of toluene from (2) exhibit an
interconnected network of thin fibers-like structure with
a thickness of a few tens of nanometers (Fig. 6a and b). The
morphology of the aerogel (2) from toluene was also confirmed
by TEM images (Fig. 6¢) which clearly show the formation of
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self-assembled interconnected fibrillar networks. The thickness
of the fibril ranges from 40-50 nm with variable lengths of
about several micrometers, are consistent with the results from
SEM. In the other hand, the SEM images of the xerogels of (2)
from p-xylene, benzene, chlorobenzene and toluene could not
show a clear fiber structure from which we let us easily suppose
that the xerogels could not conserve the self-assembly of
compound (2) (Fig. S151).

Phase selective gelation (PSG), potential application

In the recent decades, water pollution has become a serious
problem to mankind where the aquatic systems have suffered
from several hazardous, mainly the organic contaminants that
enter through several oil spill accidents and human activi-
ties.’®**8182 Separation of the oil phase, especially the aromatic
components which are hardly decomposed naturally,”®”® from
water is essential because of their toxicity which brings a huge
damage to aquatic ecosystems.*® In this context, bioremediation
is a commonly available process which has used to clean up an
oil spill.** Chemical treatment has also been suggested for oil
recovery by using several chemical materials such as disper-
sants,® sorbents,®%® and solidifiers.?

Unfortunately, some of these materials are toxic to aquatic
life and/or not biodegradable naturally, and in certain cases, the
recovery of the oil is really difficult.** Phase selective gelation
(PSG) of organic phase from organic/water mixtures is being
considered as a promising tool in water purification.**** The
ideal PSG treatment must fulfill some requirements: (a) the
gelator must exhibit efficient and selective gelation ability at
room temperature, (b) the gelator have to be easily synthesized
from cheap starting materials, (c) the gel must have high
mechanical stability to facilitate the separation of oil and
gelator from a biphasic mixture, (d) the oil have to be easily
recovered from the gel phase materials, and (e) the gelator
should be recyclable for reuse.***

One of the major drawback of some PSG described in the
literature is the heating-cooling protocol necessary to induce
gelation, which makes it inoperable for the removal of oil spills
due to the high flammability of most oil components.*

To overcome this problem, many methods have been re-
ported to trigger effective phase selective gelation process (PSG)
at room temperature by: (a) changing the pH of the medium,**
(b) mechanical shaking,”** or sonication,” (c) addition of
slightly pre-warmed concentrated solutions of the suitable
gelator to an oil/aqueous mixture,* and recently phase selective

Fig. 6
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(a, b) SEM images, and (c) TEM image of aerogel obtained from organogel of (2) in toluene.
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gelation at room temperature can be achieved by (d) addition of
pre-dissolved gelator in a co-solvent and it seems to be a prac-
tical procedure in real situation for water purification.**#%%**¢

In this regard, Bhattacharya and Ghosh in 2001 reported the
first phase selective gelation of oil by an alanine-based amphi-
philic gelator in the presence of water.”” Then, several other groups
have reported very interesting LMWGs with PSG ability.>*38808292,98
John and co-workers recently demonstrated model solidifiers for
oil spills by using an ethanolic solution of sugar-based gelators in
the oil/water mixture at room temperature.” In addition, sugar-
based gelators have also been used by Prathap and Sureshan for
phase selective gelation by addition of pre-warmed solution of
gelator into the biphasic oil/water mixture.*

In order to evaluate the potential application of PSG trig-
gered by (2) for natural polluted water with organic contami-
nants, comparative experiments using biphasic systems
containing pure water, and synthetic salty water (NaCl 3.5 w/v%)
have been done. Thus, gelator (2) was firstly solubilized in
ethanol and subsequently added to the organic/aqueous
mixture (Fig. S167) to trigger the gelation process. The results
show that gelator (2) has good gelation ability at low concen-
tration (~0.5 wt%), even in the presence of salts. Moreover,
gelator (2) able to gel the organic phase (aromatic solvents)
efficiently with good recovered percentages after a simple
distillation process (77-96%) (Table S1t). Interestingly, gelator
(2) was found to be an appropriate molecule for phase selective
gelation of several organic solvents, including benzene, toluene,
chlorobenzene and p-xylene, from an organic/aqueous mixture
within 2 minutes due to its: (i) excellent organogelation ability
at room temperature, (ii) water insolubility, and (iii) high
mechanical rigidity in the gelled organic solvents.

Conclusions

We have reported in this work the investigation of the confor-
mation of molecule (2) in toluene which behaves similarly as in
chloroform, i.e., self-assembling via the formation of a f-turn at
low concentration. At high concentrations or gel state, the
organogelator (2) containing peptide bonds, aza moieties, and
aromatic amino acids establishes non-covalent interactions to
self-assemble, mainly hydrogen bonds and NH-m interactions.
These interactions play a vital role in the stability of the self-
assembled 3D network fibrous structure that entraps solvent
molecules forming the gel at the macroscopic level. Further-
more, the organogels of (2) from the different gelled solvents
showed similar thermal and mechanical behaviors as observed
by rheological measurements. Finally, the gelator show high
gelation efficiency of organic solvents from organic/aqueous
mixture. This study emphasized the self-assembly phenom-
enon by azapeptides that may lead to the formation of soft
materials (organo-/hydro-/oleogels) and this will be our inter-
ests in the forthcoming studies to be involved in promising
applications.
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