Hydrophobic eutectogels: a new outfit for non-ionic eutectic solvents
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ABSTRACT

Hydrophobic non-ionic eutectogels (HEG) are prepared for the first time from hydrophobic non-ionic
(type V) eutectic solvents (HES) in a simple one-pot procedure with a low-cost low molecular weight
gelator. Stable and homogeneous gels were obtained in a matter of minutes at a very low loading, with a
preparation process ranked as “excellent” in the EcoScale metrics. We illustrate that the liquid-like na-
ture of the hydrophobic mixture is retained upon gelation. From a physicochemical viewpoint, the major
finding is the unexpected increase of the diffusive motion of the components in the HEG compared to
pure HES. In one case, two populations corresponding to fast and slow diffusion components have been
detected. These features of HEG overall open up new horizons toward technological applications
requiring solid-like, yet mobile systems, and could promote their usage on a large scale.

1. Introduction

Deep eutectic solvents (DES) are eutectic mixtures of (at least)
two components showing significant negative deviations from
thermodynamic ideality, mainly ascribable to a hydrogen bond
network between the components [1]. DES are classified into five
different types (I—V) according to the nature of their hydrogen bond
donors (HBDs) and acceptors (HBAs) (Table S1) [2]. Recently, the
fascinating subclass of type V hydrophobic DESs [3], composed only
of neutral compounds with a high degree of hydrophobicity, have
stepped into the spotlight of materials science [1,2,4,5]. Given the
misconception of the (D)ES definition, we use here the catch-all term
hydrophobic eutectic solvents (HES, see the SI for a disambiguation
on terminology) [6]. HES share the convenient synthesis and low
ecological footprint of DES, being easily prepared with 100% atom
economy from readily available, low-cost and mainly non-toxic and
biodegradable precursors such as terpenes and fatty acids [2]. The
lower viscosity of HES compared to conventional DES is an added
value [2,7]. Structurally, this stems from the presence of weaker in-
teractions compared to ionic DES, that lead to slight — or even

negligible — deviations from the eutectic temperature of an ideal
mixture [8]. All in all, this makes HES an economically and envi-
ronmentally sustainable choice for many technological applications
[1,5,9—11]. Yet, various specific fields, from biomedical to electro-
chemistry, require the immobilization of the solvent in a solid-like
scaffold, while keeping its properties of liquid phase [12,13]. To this
purpose, a suitable strategy is the formation of gels, where a three-
dimensional solid-like network permeates throughout the liquid-
like medium [14]. Widely employed for ionic liquids [15,16], this
approach has been recently applied also to DESs — mainly type III
and IV — forming so-called eutectogels [17—21]. Structured, gel-like
systems have been prepared immobilizing DESs in silica matrices,
biopolymers, or other cross-linked/entangled polymers [18,21].
Colloidal gels have also been reported after dispersion of nano-
particles in DES [18]. Conceptually different strategies consist in
polymerizing deep eutectic monomers [22,23], or using DES itself as
a supramolecular gelator [24,25], but both methods alter consider-
ably — chemically or physically — the DES structure, hence the
intrinsic properties of the liquid phase are not preserved.

A particularly promising approach to confine a eutectic solvent in
a supramolecular gel is based on the ability of low-molecular-weight
gelators (LMWGs) to form self-assembled nanostructures under-
pinned solely by reversible noncovalent interactions [26—36]. Most
notable among them is 1,3:2,4-dibenzylidene-D-sorbitol (DBS), a
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low-cost, commercially available building block, whose versatility
makes it the closest example to a universal gelator [37,38]. DBS has
been reported to self-assemble into nanofibrils through self-
complementary H-bond and = stacking in hydrophilic type III DES
composed of an organic salt (choline chloride, ChCl) and alcohols/
urea as the HBD [39]. Unfortunately, loadings of at least 3% w/v were
required in all systems to promote the DBS self-assembly [39]. As
chloride anion is known to establish H-bonds with hydroxyl groups
[40], the presence of the ionic species ChCl likely suppresses the gel
formation due to interaction of chloride anion with the hydroxy
groups on DBS [39]. Halogenated DBS (X-DBS) have been recently
synthetized to improve the gelation ability in ChCI-DES [41].

In this Communication, we introduce the hydrophobic eutecto-
gels HEG as a novel class of fully non-ionic supramolecular gels based
on HES. The choice is motivated by (i) the non-hygroscopic nature
and water-immiscibility of HES, beneficial features for actual tech-
nological applications [2,18], and (ii) the absence of ionic species,
which may either interfere strongly with the gelator (e.g. chloride) or
be potentially toxic and hazardous (e.g. metal salts) [18,39]. We
selected seven systems as a paradigmatic set (Table 1 and S4),
including the prototypical hydrophobic DES menthol:thymol [3,8],
and various already reported hydrophobic eutectic mixtures ob-
tained combining menthol, thymol and long alkyl chain carboxylic
acids [42,43]. Albeit the formation of a gel stable up to 41 °C has been
reported in menthol:lauric acid 1:1 after addition of 0.9 w/v¥% of the
ionic liquid crystal 1-hexadecyl-3-methylimidazolium bromide [44],
to the best of our knowledge there is no systematic report of su-
pramolecular gels formed in hydrophobic non-ionic eutectic systems
by self-assembly of a non-ionic LMWGs to date. The model set of
HEG is evaluated at the macroscopic and microscopic level, con-
firming that all systems are gels and showing that the liquid-like
nature is retained within the gel scaffold. As a major finding, we
show that the diffusivity of the components is surprisingly enhanced
with respect to the pristine HES, which is totally counterintuitive and
highly advantageous for future applications. The correlation between
diffusivity enhancement and strength of interactions is discussed. A
peculiar diffusive behavior emerges for one system, where two
populations — corresponding to fast and slow diffusion components
— are detected after gelation.

2. Materials and methods

The systems selected for the present study are listed in Table 1.

The simple one-step HEG preparation consists in dissolving the
proper amounts of DBS in the HES under stirring at a specific
temperature until the mixture turns transparent, indicating the
entire solubilization of the gelator. Experimental details on the
preparation protocol, including a summary of all the HES and HEG
here discussed, are given in the ESI.

3. Results and discussion
The gelation of the non-ionic HEG takes less than 10 min, hence
more than six times faster than ChCl-based eutectogels under the

Table 1
Selected systems used for the preparation of the hydrophobic eutectogels.

Eutectic mixture Molar ratio Abbreviation
menthol:thymol 1:1 Men:Thy
menthol:stearic acid 1:1 Men:SteA
menthol:lauric acid 2:1 Men:LauA
menthol:caprylic acid 1:1 Men:CapA
lauric acid:caprylic acid 1:3 LauA:CapA
thymol:lauric acid 0.55:0.45 Thy:LauA
thymol:caprylic acid 1:1 Thy:CapA

same conditions [39]. The absence of chloride anion in the matrix
favours the self-assembling [39], making HES excellent media for
supramolecular eutectogels. For most HES, gelation successfully
occurred with only 1% w/w of DBS — exceptions being Men:Thy and
Thy:CapA — hence even better than most gels of X-DBS in ChCI-DES
[41]. For all systems, stable homogeneous gels were formed at 2%,
5% and 8% of DBS loading (Fig. S2), as assessed by the tube inversion
method [33]. A systematic study of DBS gelation in HES is crucial, as
species are held together by noncovalent interactions that may
interfere with self-assembly of the gelator into a nanoscale network
[39], and such behavior is not easily predictable in unconventional
solvents (see SI) [37].

The sol-gel transition temperatures (Tgel, Fig. 1a) of all HEG,
measured via the tube inversion method [33], are in line or higher
than DBS-eutectogels in ChCl-based DES [39,41]. As expected, the
Tger value increased with DBS content, indicating that a more
effective self-assembling network is established with increasing
gelator concentration [39]. For the systems containing 8% of DBS,
the Tge followed the order Men:SteA (153 °C) > LauA:CapA
(142 °C) > Men:LauA = Men:CapA (140 °C) > Men:Thy
(125 °C) > Thy:LauA (119 °C) > Thy:CapA (110 °C). The lower
hydrogen bond donor ability of Men-based HES — as expressed by
the value of Kamlet-Taft parameter o (0.68—0.85) [42] — can
explain their more efficient gelation ability when compared to the
Thy-based HES (¢ in the range 1.05—1.10) [42] (see the SI for a
discussion on the correlation between gelation ability of DBS and
Kamlet-Taft parameters of HES) [37].

The series of HEG with the highest Tge, that is containing 8% of
DBS (Fig. 2), was the model set for physico-chemical characteriza-
tion. For clarity, the gelator content (% w/w) is indicated after the
composition (e.g. Men:CapA-DBS8).

To investigate the mechanical properties, rheological measure-
ment were performed on the seven HEG molded into disk-shaped
samples. All HEG were confirmed to be gels with the storage
modulus G’ larger than the loss modulus G” (a representative fre-
quency sweep experiment is displayed in Fig. 3a). The measured G’
values were not dependent on the angular frequency, thus further
confirming the formation of a gel. Gels with comparable G’ and G”
values were obtained after heating-cooling cycle, confirming their
thermoreversibility (Fig. S4). The G’ values at 60 °C ranged from
1.8x10° Pa in LauA:CapA-DBSS8 to 1.7x107 Pa in Men:SteA-DBSS
(Fig. S5), indicating overall stiff gels. Gels broke down with
increasing shear strain amplitude, as shown by the G’-G” crossover,
but they could reform when shear strain amplitude was reduced,
showing self-healing properties (Fig. 3b).

Thermogravimetric analysis (TGA) was performed on HEG-DBS8
and the corresponding pristine HES. TGA and DTG thermograms are
displayed for all samples in Fig. 1b and Figs. S6—S13, and the cor-
responding degradation temperatures are listed in Table S5. All
HEG, but Men:SteA-DBS8, presented a similar degradation profile
with a two-step weight loss (Fig. 1b), the first corresponding to the
degradation of the HES, and the second representing the thermal
degradation of the DBS. As expected, no weight loss due to water
evaporation is observed. Thy:LauA and Thy:CapA show the highest
operational temperature limit (Tq = 257 °C and 226 °C, respectively,
Table S5), in agreement with previous findings [45]. Comparing the
thermograms of each pair HES/HEG, it emerges that the formation
of a supramolecular gel lowers the thermal stability of Thy:LauA
and Thy:CapA (reduction of 25—30 °C), whereas substantially it
does not affect the degradation temperature of the other systems.
Men:SteA stands out, as an additional plateau is observed in the
thermograms of both HES and HEG (Fig. S8). The first two plateaux
may be interpreted as separate degradations of the two HES com-
ponents [8], due to the weak Men-SteA interactions [42], flanked by
the rather intense SteA-SteA dispersive interactions. Application-
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Fig. 1. (a) Ty values (with lines as guide to the eye) of the studied HEG determined via reproducible tube inversion experiments. (b) TGA thermograms of the model set of HEG-

DBSS. The thermogram of DBS is also reported as reference.

wise, all systems are stable up to 150 °C, in line with (or even higher
than) state-of-the-art DES-based gels [46,47], establishing then
relatively high boundary limits for a large usage.

The promising macroscopic properties of the novel HEG moti-
vated a study of the molecular organization and intermolecular
interactions. A first insight was achieved via ATR-FTIR of the
selected HEG and comparison with both the corresponding HES
and the pure components (Figs. S14—S20). Two main spectral re-
gions — the hydroxyl stretching region (3000—3700 cm™') and
carbonyl stretching region (1600—1800 cm ') — were found to be
particularly subjected to variations (Fig. 4). In all Men- and Thy-
based HES, the band corresponding to O—H stretching (observed
at 3304 cm~! and 3169 cm~! in the pure components, respectively)
broadens and shifts to higher wavenumbers. Additionally, a minor
hypsochromic shift is observed for the C=0 stretching peak of fatty
acids in most HES, except for Thy:CapA and LauA:CapA. Overall,
these observations indicate the occurrence of hydrogen bonds in
the vicinity of these functional groups [24,25]. Noteworthy, the
ATR-FTIR spectra of HEG are very close to those of the corre-
sponding HES, indicating that the overall intermolecular network is

Fig. 2. (a) Set of HEG with 8% DBS (HEG-DBS8); (b) photograph of Men:Thy-DBS8; (c)
photograph of Men:CapA-DBSS8.

not remarkably affected by the gelator. As expected, the spectral
regions at 900-1200 cm~! and 600-900 cm™!, attributed to the
C—0—C and aromatic groups of DBS [48], are preserved in the FTIR
spectra of the eutectogels (Figs. S14—S20).

Liquid state and high-resolution magic angle spinning (HRMAS)
NMR spectroscopy were then applied to the neat HES and the
corresponding HEG, respectively. The NMR studies in the pure
components are a fingerprint of the structural and dynamic fea-
tures of the HES/HEG with no interference from solvent and/or
dilution effects. No relevant changes of the spectral profile of the
HES were detected in the 1D 'H NMR spectra after gelation
(Figs. S21—-S27), in agreement with previous results on ChCl-based
DBS self-assembled gels [39]. This supports the view of HEG as a
physical gel retaining the liquid-like nature of its parent HES. A
closer inspection reveals, however, that some samples showed the
exchangeable proton signal slightly shifted upfield (i.e., at lower
chemical shifts) on passing from the HES to the corresponding HEG
(Fig. 5a, Fig. S28). According to the magnitude of such gelation-
induced chemical shift variation A3, Thy:CapA, Thy:LauA and
LauA:CapA would be ranked as “responsive” to DBS interference
(Ad > 0.35), while Men:LauA, Men:SteA and Men:Thy as “robust”
(Ad < 0.1). It is known that the upfield shift of 'H resonances is
symptomatic of the weakening of the H-bond to electronegative
atoms, which translates into an increase in the shielding of corre-
sponding proton [49]. Indeed, the chemical shift variation of the
exchangeable proton signal in a given ES is a very strong indicator
of weakening of the H-bonds in the network and their replacement
with relatively less strong interactions [50,51]. Similarly, Ad
measured here can be correlated with the strength of the H-bond in
the system, indicating that “responsive” HES, i.e. those more sus-
ceptible to perturbation, have a less stable network of intermo-
lecular interactions than the “robust” HES. This partially overlaps
the TGA results, with the Tq of Thy:CapA, Thy:LauA most affected by
the presence of the gelator.

Given the importance of having favourable transport properties
in view of potential applications of HEG, the apparent self-diffusion
coefficients (D;) of the different species (individual HES compo-
nents and exchangeable proton) were measured via PFG-NMR
(Table S6). Note that the self-diffusivity of the fast more abundant
component is displayed for Men:SteA-DBS8 (vide infra). For a
prompt comparison among the HES and HEG systems, averaged
diffusivities D& were calculated by weighting on the mole frac-
tions of the components (see SI) and are displayed in Fig. 5b.
Remarkably, the diffusivity observed for HEG is in the typical range
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of liquid systems (2x1071° - 2x10~"" m? s~1), despite the quasi-
solid appearance of the samples. Overall, Thy-based HES and HEG
display higher D; than the corresponding Men-based ones, due to
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Fig. 4. ATR-FTIR spectra of all HES and HEG-DBS8. None of the signals were scaled but
plotted as obtained after subtraction of the baseline.

D]‘\’/‘[’fn:CapA and D'Cll%gy;LauA>DK;I/§n:LauA for both HES, empty symbols,

and HEG, filled symbols). A similar trend can be seen when
considering the three systems containing the same fatty acid (LauA

or CapA): in both the HES and the HEG systems
avg avg avg . . .
DL;uA:CapA>DT]t/1y;LauA(CapA) >D1\;1/en:LauA(CapA)' indicating an overall

strength of intermolecular forces following the reverse order
Men:LauA(CapA) > Thy:LauA(CapA) > LauA:CapA.

Somehow counterintuitively, diffusivities of both components
are higher in the HEG than in the HES (Table S6), except for
Men:SteA where almost equal values were obtained. Apparently,
the presence of a self-assembled gel-like network does not inhibit
but indeed enhances translational motion of the molecules into the
system, with an increase ranging from ca. 40% in Men:LauA (from
D =3.9x10"" m?s ™! to D{jE. = 5.5x10""" m*s~!) to almost 90%
in Men:CapA (from D = 72x100" m? s to
D% =1.4x10" " m?s~!). An increase in the apparent diffusion has
been observed also after confinement of the hydrophilic DES
ChCl:glycerol 1:2 in bacterial cellulose [52]. In that case, authors
proposed an explanation based on a partial migration of chloride
anions from the bulk to the polymer surface, with consequent
reduction of interactions with choline and glycerol and displace-
ment of residual water. In our case — HEG composed of non-ionic,
chloride-free hydrophobic species — it can be hypothesized that,
even if the HES components are only weakly interacting with DBS
(see previous TGA and ATR-FTIR measurements), the sample-
spanning network established by the supramolecular gelator
reasonably acts as a perturbation on the local inter-HES in-
teractions, resulting in an overall increased mobility of the HES
species in system. A rearrangement of supramolecular networks
has also been described in eutectogels of hydrophilic type III DES
and xanthan gum [53]. Notably, both in Zeng et al. [53] and here,
the effect of the gelator (xanthan gum and DBS, respectively) is
inversely proportional to the strength of the interactions: HES
having more unstable supramolecular network are more suscep-
tible to interference from the self-assembling compound. Indeed,
comparing Men- and Thy-based HES (i.e. Men:LauA vs Thy:LauA
and Men:CapA vs Thy:CapA), it emerges that the enhancement in
the translational motion induced by gelation (i.e., the gap between
empty and filled symbols for a given system, indicated as an arrow
in Fig. 5b) correlates with the strength of the H-bond network: due
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corresponding populations (P, and Pggy)-

to the highest hydrogen bond donor ability of Thy, the difference in
the averaged diffusivities of HEG and HES is higher for Thy-based
HES (D{{%. — D{% equal to 3.5x107"" m? s™! for Thy:LauA and
1.7x10""" m? s7! for Men:LauA; D{%. — D% is 7.2x10 "' m? 5!
for Thy:CapA and 6.4x10~"" m? s~! for Men:CapA). Notably, in-
teractions other than H-bonds seem to play a role in explaining the
diffusivity enhancement upon gelation. This effect is clearer if the
experimental points of Fig. 5b are grouped in subsets. Looking at
the Men-fatty acids systems (green triangles, red circles and black
squares in Fig. 5b), it is observed that the enhancement in trans-
lational motion induced by gelation decreases with the increase of
the alkyl chains, as it can be quantified using the ratio of the
averaged diffusivities in HEG and HES systems: D{{5./ D{{% is in the
order Men:CapA = 1.9 > Men:LauA = 1.4 > Men:SteA = 1.0. The
trend may be ascribed to the dispersive interactions, which get
more pronounced with the increasing alkyl chain length from C8 to
C18 [42]. The same holds true for Thy:CapA and Thy:LauA (Dg%./
Dl‘fl"fs equal to 1.7 and 1.5, respectively). Overall, this picture matches
that derived from the gelation-induced shift of the exchangeable
protons in Fig. 5a, supporting the idea of an interference of DBS
gelation upon HES-HES interactions inversely proportional to
either the strength of the pre-existing H-bond interactions or the
number of C atoms of the alkyl chains, in turn related to the
strength of the dispersive forces. Drawing definite conclusions on
the effect of the DBS on the mobility of the species needs further
investigations and it is not trivial to disentangle the contribution
coming from intermolecular network (including both H-bonds and
dispersive forces) from the inherent size-dependent motion. The

main indication here is a non-random enhancement of the diffu-
sion after gelation, which would be beneficial in applications where
promotion of transport is desirable.

Finally, Men:SteA-DBS8 deserves special mention. In general,
when running PFG-NMR experiments to extract the apparent
diffusion coefficient, the signal intensity decays are fitted by a
mono-exponential function, obtaining a single self-diffusion coef-
ficient. In the case of Men:SteA-DBSS8, the intensity decays of all
signals surprisingly showed a bi-exponential profile (Fig. 5¢ and
Fig. S31). Such a behavior is consistent with the co-presence of two
diffusivity components (Dgg and Dy ), in turn related to two
different populations experiencing different physical and chemical
environments in the gel sample. The relative populations of roughly
70% and 30% for the fast and slow components, respectively, were
obtained for Men:SteA-DBS8, with a small standard deviation
(Table S8). The two populations do not correspond to the individual
components Men and SteA (note for instance that even the signal at
3.0 ppm corresponding to H1 of menthol showed a bi-exponential
decay, Fig. S31), but are rather the result of confinement/hetero-
geneity effects. Moreover, a mono-exponential model satisfactorily
reproduced all signals of HES Men:SteA, indicating that a single
pool of molecules exists in the eutectic mixture. Further in-
vestigations are currently in progress to unveil the molecular pic-
ture responsible for such diffusive behavior, and whether this is
related to some extent to the three-step degradation profile of
Men:SteA-DBSS.

After discussing the characterization of the HEG, we briefly
address the sustainability based on the EcoScale metrics [54,55].
The detailed calculation of the ranking associated to each HEG



preparation is reported in Table S9. Briefly, and with reference to
the original Van Akel paper, the categories Yield, Price, Technical
setup, Workup and Purification did not introduce penalties. This is
simply related to the absence of by-products, solvent and, conse-
quently, solvent removal steps. Penalty points were only intro-
duced for Thy-based systems due to its moderate toxicity and
aquatic hazard. The energy consumption (heating < 1 h for the
whole HEG set) introduced 2 penalty points for each HEG. Overall,
the EcoScale ranking spanned the 93—98 points, thus placing the
preparation process of the HEGs here considered at the “excellent”
grade.

4. Conclusions

Hydrophobic non-ionic eutectogels are introduced as a new
class of environmentally friendly and cost-effective materials ob-
tained from the facile and effective immobilization of type V (deep)
eutectic solvents by the gelator DBS. Prepared through a highly
sustainable procedure (ranked as “excellent” in the EcoScale green
metrics), the novel HEG reshape the unique economic and envi-
ronmental benefits of the eutectic systems into quasi-solid gel-like
materials, which do not suffer from water sorption and water
miscibility issues. This makes them of potential interest for medical
and biotechnological applications, as well as separation, extraction
and purification processes. Due to weak interactions with the
scaffold, the liquid-like phase of the gel remains highly dynamic.
Unexpectedly, the translational motion is strongly enhanced, being
the diffusion constants measured in the HEG between 40% and 90%
higher than in the pure HES at the same temperature. The joint
analysis of diffusion data and gelation-induced chemical shift var-
iations is compatible with a scenario where the sample-spanning
DBS network perturbs the local inter-HES interactions, and such
interference is inversely proportional to either the strength of the
pre-existing interactions or the number of C atoms of the alkyl
chains. This enhanced mobility opens up new horizons toward
applications requiring mobile systems, from synthesis and catalysis
to drug delivery. In perspective, the thermoreversible gel-sol
transition can also be exploited for 3D orienting applications. The
insights gained here trigger more fundamental studies and pave
the road for further improvements and development to the
systems.
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