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Organogel formation rationalized by Hansen solubility parameters: dos

and don’ts

Julien Bonnet,™ Gad Suissa,” Matthieu Raynal*® and Laurent Bouteiller™ "
y

Some organic compounds gelate liquids by forming a network of anisotropic fibres. Hansen solubility

parameters can be used to predict the range of liquids that are likely to be gelled by any given gelator. We

critically review the various approaches recently proposed in the literature. In particular, we discuss the

shape of the gelation domain, the relevance of the Teas plot representation and use of group contribution

calculations. We also propose an improved scheme for the solubility tests, and a detailed procedure for

the determination of the gelation domain.

Introduction

Organogels are obtained when a limited amount of a low
molecular weight gelator (LMWG) is dispersed in a liquid where
it self-assembles into elongated fibrillar structures, that form an
entangled network.'” These gels are often thermally reversible
and show a rich variety of rheological properties going from a
purely elastic to a thixotropic or viscoelastic behaviour.>” Such
fibrillar structures are highly promising candidates for a wide
range of applications® such as drag reducing agents,"

biomaterials,'""' stimuli-responsive materials,'"*"® sensors,'*'*
18,2021 templating components for organic or inorganic
nanostructures,”> liquid crystalline materials,**% opto-

electronic materials,”*?’ host—guest systems,’ and in the field of
catalysis.“‘32 They can even be used to improve the mechanical
properties of soft solids. >

To date, a wide range of LMWGs are known, but most of them
have been discovered by serendipity. As a matter of fact, it is still
difficult to design a gelator de novo to yield a gel in a specific
liquid. In contrast, we now have guiding principles to predict if a
previously described LMWG will gelate an untested liquid, based
on the known ability of the LMWG to gelate a range of more or
less similar liquids. Early attempts to rationalize the gelling
power of a LMWG were proposed based on various solubility
indicators: dielectric constant,**>® Reichardt’s polarity scale
(ET),36 Hildebrand solubility parameter,“’37 Kamlet-Taft
parameters,”®*** Hansen solubility parameters (HSPs),>**
dissolution enthalpy and entropy.*' Each of these attempts was
focused on a particular LMWG family, and while the conclusions
are of interest, they cannot easily be applied to other LMWGs. In
contrast, we recently extended the HSP approach and showed that
it is possible to predict the gelling ability of any LMWG based on
its behaviour in a limited set of solvents.*’ Since then, several
groups have tested our approach with new LMWGs and have
confirmed the validity of the concept.43 46 However, some
concerns have been expressed about the mathematical difficulties
involved in the method,*”** while several studies have proposed
related approaches.*’*® Therefore, the objective of the present
report is both to better explain our approach to make it more
accessible and to critically discuss the recent developments in the

field.

General comments on the method
The basic principle

For several decades, HSPs have been successfully used in the
field of polymer science to select solvents for various
applications.’™® In this approach, molecular interactions are
categorized into three groups: dispersive interactions (J4), polar
interactions (8,) and hydrogen bonds (&). In practice, the
procedure consists in comparing the HSPs for the solvent (83, 85,
8j) to the HSPs for the polymer (84, 8,, ;). If the distance

between the two points in Hansen space (defined as R =

\/4(6d =82+ (8 — 85)% + (6, — 8;3)% ) is smaller than an

empirical and case specific value R, then the polymer and the
solvent have a high probability of being miscible. The values for
the HSPs of liquids can be found in the literature,””> and the
values for the polymer are determined by testing the solubility of
the polymer in a range of liquids and plotting the results in a 3D
representation, with &, 85 and 85 as axes (the Hansen space).
The points for the good solvents tend to cluster in a particular
region in space, thus defining a solubility sphere for the polymer,
with (84, 8p, Op) as its centre and Rg, as its radius.’”’

After dissolution of a LMWG in a liquid at an elevated
temperature and subsequent cooling, a gel may form rather than a
solution or a precipitate, if solute-solvent and solute-solute
interactions are suitably balanced.”® We can therefore guess
that in a favourable domain in Hansen space, the liquids are
gelated because they do not compete too much with inter-gelator
interactions, but still allow dissolution at high temperature. We
have actually proved through extensive literature data analysis
that there is a strong correlation between HSPs and gel
formation.”? The method consists in plotting the solubility data in
Hansen space, where each liquid is represented by a point of
coordinates (83, 8, 87) and labelled according to the group it
belongs to: S (solution forming), I (either insoluble or formation
of a precipitate after cooling) and G (gel forming). The good
solvents (S) tend to cluster in a particular region of space,
whereas the gelating liquids (G) tend to cluster in a distinct
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region of space (or sometimes two regions).
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Fig. 1 Solubility data from Jamart-Grégoire et al.*® for amino acid based
LMWG 1a (5g/L), represented in Hansen space. The gelated liquids (G)
are represented by blue points; both good solvents (S) and non-solvents
(1) are represented by red points. The gelation sphere is green and its
centre is light green. The plot is generated with the HSPiP software.”

In order to turn this plot into a predictive tool, a model is
needed. By analogy with the polymer solubility sphere, the centre
and the radius of a gelation sphere can be determined so that as
many G liquids as possible lie inside the sphere, but as many I
and S liquids as possible lie outside (see below for the practical
determination of the sphere). Fig. 1 shows the result of this
approach applied to the data from an amino acid based LMWG
recently reported by Jamart-Grégoire et al® When the
experimental data is comprehensive, as in this example, the
gelation sphere is unambiguously defined and it can then be used
to predict if an untested liquid (or liquid mixture®®) will be

gelated by this particular LMWG, according to whether its HSP
coordinates fall inside or outside the gelation sphere. This
straightforward approach considerably reduces the number of
trials usually involved during the identification of a suitable
gelator for a particular application, i.e. in a particular formulation.
Moreover, it allows using the extensive solubility data available
in the literature to predict if liquids of industrial interest can be
gelled by a particular LMWG that was only tested in usual
organic solvents.

Of course, as explained in our initial publication,* it is also
possible to determine a solubility sphere from the same data, but
we will not focus on this feature here, as the main purpose of
using LMWGs is to obtain gels.

The shape of the gelation domain

It is not clear to us whether the gelation domain should
theoretically be a sphere or not. However, most experimental data
available show compact and globular gelation domains,”> and
the sphere is the mathematically most simple object that can be
used to describe these domains. In a few cases however, a very
elongated or even two discontinuous gelation domains have been
identified.**** From a theoretical perspective, this is in fact not
surprizing because a given gelator may not necessarily form
fibres with the same crystalline structure in every tested
liquid.*"**%> Therefore, the functional groups of the gelator that
are exposed at the fibre surface can actually depend on the
gelated liquid,*® which obviously affects the interfacial energy. In
such cases, several gelation domains can be expected: one
gelation domain for each polymorphic form displayed by the
fibres (for an example, see Fig. S1). From a practical standpoint,
in these special situations, one can advantageously try to describe
the gelation domain with an ellipsoid shape or with a pair of
spheres.

The importance of using all three HSPs

Several authors have analysed their gel data in the light of HSPs
but have unfortunately considered each parameter (83, &5, 8, or

5% = J(65>2 F D2+ )

independently of the

others 430335 Eyen if some correlation with a particular
parameter exists, it is obvious that an improved description of the
data is possible if all three parameters are used.

For example, Jamart-Grégoire et al. noticed a better correlation
of the gelation behaviour of an amino acid based LMWG with 5,
than with any other parameter: with only a few exceptions,”’ the
liquids are gelled by LMWG 1a if and only if they are situated in
the range 0.4 < 85 < 2.9 MPa'2.>" While this is correct, Fig. 1
shows that the correlation is even better in a three dimensional
plot: without a single exception, the liquids are gelled if and only
if they are situated in the sphere of centre (64 = 18.8, §, = 2.8,
8, = 2.1 MPa"?) and radius R = 3.8 MPa"2. Fig. S2 shows that
the other gelator in this study is also perfectly described by a
gelation sphere. Interestingly, the slight variation in gelator
structure is translated into a slight shift of the gelation sphere,
whereas the one-dimensional analysis based on &; does not
capture this subtle effect.

While the use of a single HSP may be sufficient to describe a
particular system, it is obvious it cannot be universal. For
example, the hydrogen bond forming gelator of Jamart-Grégoire
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et al. was ruled (in a first approximation) by the hydrogen
bonding parameter &5 (see above), whereas the behaviour of
polar oxadiazole gelators reported by Li ef al. was reported to be
better correlated to a combination of the hydrogen bond and polar

parameters &, = ,(51,)2 + (6,)2.>" Unsurprisingly, both systems

can be advantageously rationalized if all three HSPs are used
(Figs. 1 and S3).

Even more eloquently, Fan et al. reported the absence of
correlation between the gelation ability of a two-component
LMWG in water/solvent mixtures and any HSP taken
individually.**** While this is apparently correct, Fig. 2 shows
that in a three dimensional plot all the gelled liquids are clustered
in a region of high §; and intermediate §j. In this particular
example, the determination of a reliable gelation sphere is not
feasible because of a lack of data; however, the correlation
between gelation and position in Hansen space is obvious.
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Fig. 2 Solubility data from Fan et al.*” for a two-component LMWG,
represented in Hansen space. The gelated liquids (G) are represented by
blue points; both good solvents (S) and non-solvents (1) are represented

by red points. The plot is generated with the HSPiP software.>

The traps of the Teas plot representation

The full HSP approach with three parameters is thus quite
successful but unfortunately requires the use of a software that
allows to generate 3D plots. In order to alleviate this graphical
representation drawback, several authors proposed to use a 2D
representation called Teas plot.**’**** The idea is to normalize
the HSPs to be able to plot them in a triangular 2D representation
with coordinates:
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Fig. 3 Solubility data from Shinkai et al.*® for cholesterol-based LMWG
2Me, represented in Hansen space (a) and in a Teas plot (b). The gelated
liquids (G) are represented by blue points; both good solvents (S) and
non-solvents (I) are represented by red points. The centre of the gelation
sphere and the projection of the sphere on the Teas plot are in green.

While this approach appears to be successful in cases when a
limited number of data points are available and while it is
undeniably simple to manipulate, one has to realize that the Teas
plot formula has no theoretical justification and that the
representation can be misleading. Indeed, two points that are
close to each other in the 3D Hansen space representation are also
close to each other in the Teas plot representation, but the reverse
is not true. For instance, diethyl ether (65 = 14.5, 6, = 2.9, §; =
4.6 MPa'?) and chloroform (8§ = 17.8, 85 = 3.1, 85 = 5.7 MPa'?)
are far apart in the 3D plot, which reflects their well known
solubility differences, but they are nearly at the same location in
the Teas plot (Fig. 3). Consequently, it is not surprizing that in
some cases the solubility data correlation visible in a 3D
representation is blurred in a Teas plot (Fig. 3). This example
clearly contradicts the claim that the gelation can be predicted
based on Teas plot representation of HSPs.*’




The gelation sphere and the solubility sphere do not
necessarily have the same centre

Organogel formation requires a suitably balanced solubility,
because the gelator should be soluble at high temperature and
should assemble without precipitating at room temperature.
Therefore it is reasonable to expect that the gelation domain is
situated close to the solubility domain in Hansen space. Several
authors went a step further and assumed that the gelation domain
and the solubility domain have the same centre.*****’ This leads
to a core-shell graphical representation with two concentric
spheres, where the solubility domain is in the core and the
gelation domain is in the shell. Although this particular
repartition of the solubility and gelation data might be observed
in some cases, the data presented up to now does not
unambiguously prove it because of the scarcity of data points (see
Figs. S4 and S5). Moreover, most of the examples described in
reference 42 can clearly not be modelled by two concentric
spheres, as shown in a particular example in Fig. 4. Therefore this
model cannot be generally valid.
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Fig. 4 Solubility data from Dastidar et al.*® for cinnamate-based LMWG 3-
BrCIN, represented in Hansen space. Blue: gel; magenta: soluble; orange:
insoluble.

The centre of the gelation sphere cannot be estimated from
group contribution

Several approaches have been developed to calculate the HSP of
compounds by a group contribution method.”””" These
approaches are very useful when the HSPs cannot be measured
experimentally. Therefore, it is tempting to calculate the HSPs for
a gelator from its chemical structure by a group contribution
method.****4>>* However, one should realize that the value that is
obtained may be a good approximation for the centre of the
solubility sphere, but has no reason to be related to the centre of
the gelation sphere, unless both domains are concentric, which
remains to be proved (see above). For example, Fig. 5 shows in
Hansen space the gelation data of reference 43 together with the
point calculated for the gelator (12-hydroxystearic acid) by a
group contribution method.* This point is clearly not situated
within the gelation domain. Therefore, the absence of correlation
(that was noted by the authors) between gelation and the distance
to the gelator is not surprizing. Another example, provided in Fig.
S6, shows that the point obtained by group contribution is
situated in the solubility domain, and not in the gelation domain.
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Fig. 5 Solubility data from Rogers et al.”’ for 12-hydroxystearic acid
LMWG, represented in Hansen space. Blue: gel; magenta: soluble. The
black point represents the coordinates calculated by Rogers et al. with a
group contribution method for the gelator (12-hydroxystearic acid: 6, =
17.59, 8, =2.86, 6, = 6.77 MPaW). The green point is the centre of the
gelation sphere determined by the present method (6, = 16.3, 6, =7.3,
8, =0.1MPa'?, R=7.5 MPa"?).

The importance of kinetics

In fact, one should be aware of an important difference when
applying the HSP approach (i) to describe the solubility of
polymers or (ii) to rationalize the gel formation of LMWGs.
Indeed, the (polymer) solubility is an equilibrium property,
whereas the gel formation is a kinetically controlled process.**
For instance, the viscosity of the liquid has been suggested to
influence the stability of gels because it affects the diffusion rate
of the gelator molecules in the liquid.*” Moreover, organogels are
known to be metastable objects that may evolve toward a more
stable precipitate or crystal characterized by a reduced interfacial
area between the LMWG and the liquid. Such kinetic effects are
definitely not taken into account in the HSP theory and may be
responsible for some discrepancies between experiment and the
HSP rationalization. Of course in order to minimize such effects,
it is of utmost importance to use consistent preparation conditions
within each study (i.e. the same concentration and cooling rate).
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The next step: rationalization of the gel stability (CGC and
Tgel)

The present HSP approach is quite successful in predicting if a
given LMWG should form a gel in a given liquid. It would be
highly interesting to be able to extend this yes/no information into
a more quantitative prediction of the gel stability. Although no
universal criteria is available yet, some interesting trends have
been reported between the gel stability and HSPs. Within
homologous series of liquids, the gelation temperature (Tg)
below which the gel is stable or the critical gelator concentration
(CGC) above which the gel is stable have been correlated to
HSPs 264453672 It remains to be seen if this approach can be
extended in order to be able to estimate the Ty or the CGC
without prior data on closely related liquids.

HSP in practice
The acquisition of the solubility data

Obviously, the robustness of the predictions that can be made
based on this HSP approach heavily rests on the
comprehensiveness of the solubility data available to determine
the gelation sphere. Therefore, the choice of the test liquids is
crucial. Ideally a high density of points in the Hansen space is
desired, and this is especially true in the initially unknown
regions where the behaviour switches from “gel” to “no gel”. In
order to acquire a comprehensive solubility data set at a
reasonable experimental cost, we suggest a two-step procedure.
In the first step, about 20 liquids of known HSPs are selected so
that they are homogeneously scattered in Hansen space. Table S3
provides such a list of liquids with HSPs in the following range
(14.7 < 85 <20, 0 < &5 < 18, 0 < §j < 42.3 MPa'?). Then gel
formation is tested in these liquids. 4 priori any concentration of
the gelator and any gel formation procedure can be selected, with
the obvious caveat that the predictions based on these tests will
only be relevant to the experimental conditions selected. Fig. 6a
shows a typical data set obtained for a member of a well-known
family of hydroxystearic amide based LMWG (C12).”* As
expected, the gel forming liquids are grouped in a particular
region of the Hansen space (low 83, 8, and &j;), but because of
the relatively large distance between the experimental points, the
determination of a gelation sphere (see below) cannot be precise.
However, based on this preliminary data set it is now possible to
select a second list of liquids focusing in the region in direct
contact with the initial group of gel forming liquids. For this
second step, it is possible to choose either new liquids or mixtures
of the former liquids. To illustrate this, we have selected from the
initial gelation data 5 gel forming liquids and 6 non-gel forming
liquids and mixed them in various proportions to generate 44 new
test liquids, the HSPs of which were calculated as the volume
average of the pure liquids (Table S4). Fig. 6b shows the
extended gel formation data obtained after the second step. We
now have a very precise picture of the gelation domain.
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Fig. 6 Solubility data for hydroxystearic amide based LMWG C12,
represented in Hansen space. The solubility was tested in the first step in
21 liquids (a) and in the second step in 44 additional liquid mixtures (b).
The gelated liquids (G) are represented by blue points; both good
solvents (S) and non-solvents (1) are represented by red points. The
gelation sphere is green. The plot is generated with the HSPiP software.”

The determination of the gelation sphere

The objective is to find the centre and the radius of a sphere, so
that as many G liquids as possible lie inside the sphere, but as
many S and I liquids as possible lie outside. This can be done
straightforwardly with any basic spreadsheet software as
exemplified in the Microsoft Excel spreadsheet provided in ESI.
First, a table is created containing the HSPs of the test liquids and
the results of the gelation test in the form of a column with values
of 1 or 0 depending on whether a gel is formed or not. Then




arbitrary values for the gelation sphere centre and radius are
chosen and the distance between this centre and each test liquid is
calculated. A mathematical criterion has to be applied to these
distances to quantify in what measure the guessed centre and
radius are suitable and to allow their optimization. Several such
criteria can be used, but we found the procedure proposed by
Gharagheizi et al.” to be particularly simple and effective, and
we implemented it in the Microsoft Excel spreadsheet provided in
ESI. The optimization of the gelation sphere can then be done
manually or more conveniently with a minimization routine (the
Solver function in the case of Microsoft Excel spreadsheet). This
step is technically very simple but requires some critical
evaluation, as is the case for any numerical minimization. In
particular, the procedure should be repeated several times with
distinct initial guesses to check the robustness of the final result.
For instance, if the procedure is applied several times to the
limited data of Fig. 6a, one realizes that several gelation spheres
are possible and therefore that the uncertainty is high. In contrast,
the same procedure applied to the extended data of Fig. 6b,
reproducibly yields the same gelation sphere (64 = 15.9, §, = 6.2,
8, =0.3 MPa'?, R = 6.8 MPa'?). Finally, a visualization software
is needed to plot the HSPs of the test liquids and the gelation
sphere in a 3D plot.”

Alternatively, one can use a specialized software dedicated to
this task (HSPiP).” This software contains a comprehensive list
of HSPs for the test liquids and allows to perform both the
numerical determination of the gelation sphere and its 3D
visualization.

Conclusion

Based on solubility tests of a LMWG in a set of liquids, it is
possible to define one (or more) gelation spheres. If the HSPs of
an untested liquid (or of an untested mixture of liquids) fall in the
gelation sphere, then this liquid or mixture of liquids is likely to
be gelled by the LMWG. Of course, the reliability of the
prediction will critically depend on the quality of the solubility
data set, that can be significantly improved by a two-step
procedure. This straightforward method should become a useful
data mining tool, allowing to considerably reduce the number of
trials usually involved during the identification of a suitable
gelator for a particular application. Although the use of a Teas
plot representation or of only one or two HSPs out of the three
has been proposed to simplify the analysis, we stress that
significant information is lost in the process. Moreover, the
calculation of the gelator HSPs by a group contribution method
cannot yield the centre of the gelation sphere.
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