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To gel or not to gel: correlating molecular
gelation with solvent parametersy

Y. Lan,® M. G. Corradini,® R. G. Weiss,” S. R. Raghavan® and M. A. Rogers*“

Rational design of small molecular gelators is an elusive and herculean task, despite the rapidly growing
body of literature devoted to such gels over the past decade. The process of self-assembly, in molecular
gels, is intricate and must balance parameters influencing solubility and those contrasting forces that govern
epitaxial growth into axially symmetric elongated aggregates. Although the gelator—gelator interactions
are of paramount importance in understanding gelation, the solvent—gelator specific (ie., H-bonding)
and nonspecific (dipole—dipole, dipole-induced and instantaneous dipole induced forces) intermolecular
interactions are equally important. Solvent properties mediate the self-assembly of molecular gelators
into their self-assembled fibrillar networks. Herein, solubility parameters of solvents, ranging from
partition coefficients (logP), to Henry's law constants (HLC), to solvatochromic parameters (E+(30)), and
Kamlet-Taft parameters (B, « and =), and to Hansen solubility parameters (6, dq, d), are correlated with
the gelation ability of numerous classes of molecular gelators. Advanced solvent clustering techniques
have led to the development of a priori tools that can identify the solvents that will be gelled and not
gelled by molecular gelators. These tools will greatly aid in the development of novel gelators without
solely relying on serendipitous discoveries. These tools illustrate that the quest for the universal gelator
should be left in the hands of Don Quixote and as researchers we must focus on identifying gelators
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www.rsc.org/csr capable of gelling classes of solvents as there is likely no one gelator capable of gelling all solvents.

What is a molecular gel‘) disperse systems of at least two components that exhibit
mechanical properties characteristic of the solid state” and
“both the dispersed component and dispersing medium extend

themselves continuously throughout the whole system”.’ Due to

Gels are comprised of chemically diverse systems that are
frequently easier to recognize than to define."” Since the intro-

duction of a gel theory by Thomas Graham in 1861, the definition
of what is a gel has been evolving.> Among the numerous attempts
made to define gels, Dr Dorothy Jordan Lloyd proposed that gels
must be composed of two components with one being liquid at
the temperature of consideration and the other one being solid
(e, the gelator). As well, the system must have mechanical
properties of a solid.” This definition is useful in determining a
gel but, imprecise because not all colloids are gels and not all gels
are colloids.” Over several decades, the definition of a gel evolved
to the point where Hermans depicted gels as “coherent colloid
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the exclusivity of this definition, Ferry provided a less vigorous and
more descriptive one: “A gel is a substantially diluted system
which exhibits no steady state flow.”® In order to link the micro-
scopic and macroscopic properties, a substance can be classified
as a gel if it: (1) has a continuous microscopic structure with
macroscopic dimensions that is permanent on the time scale of an
analytical experiment and (2) is solid-like in its rheological beha-
vior despite being mostly liquid." Depending on the continuous
structures of gels discussed, Flory proposed a scheme and classi-
fied gels into four categories: (1) well-ordered lamellar structures,
including gel mesophases; (2) covalent polymeric networks, com-
pletely disordered; (3) polymer networks formed through physical
aggregation, predominantly disordered, but with regions of local
order; (4) particulate, disordered structures.” Herein, molecular
gels reside in category three and perhaps four.

Unlike polymeric gels, molecular gels are comprised of
low molecular weight gelators (LMOGS) (arbitrarily limited to
<3000 Da). The molecules self-assemble via highly specific,
non-covalent interactions that lead usually to elongated fibrillar
structures resulting in the formation of an entangled self-
assembled network (a SAFIN).®° The thermally-activated formation
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of molecular gels follows a multi-step process. The initial step
of gelation involves dissolution of LMOGs under specific condi-
tions, such as elevated temperature, to obtain a solution or sol.
Upon cooling, super-saturation drives the aggregation of LMOGs
via stochastic nucleation." Unlike common ecrystallization pro-
cesses where macroscopic phase separation occurs and bulk
solids and liquids are visible, the gelation here involves micro-
scopic phase separation. The nucleation event requires highly
specific interactions that promote preferential 1-dimensional
(1D) growth. These interactions include hydrogen-bonding,'®*
n-7 stacking, electrostatic interactions, van der Waals interactions™
and so on. The consequent fibers formed from 1D growth can
be described in many cases as ‘“crystal-like” and they play the
same role as polymer chains in polymeric gels. The morphology
of these fibers may be tubules, strands, tapes, chiral ribbons or
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any aggregate with a large aspect ratio.' The junction zones
and branching between these SAFiN strands are responsible for
the rigidity of the microstructure of the gel matrixes."® The
junction zones serve as the “glue” that combines 1D fibers into
3-dimensional (3D) networks that pervade the whole system
and entrap the liquid component macroscopically via capillary
forces and surface tension."

Practically, it is sometimes difficult to determine experi-
mentally whether a material is a gel. For the purpose of this review,
it is extremely important to be as inclusive as possible when
defining gelation ability. The advantage of advanced rheological
techniques in defining gels is that they are able to differentiate
weak and strong gels. However, these determinations are very
time consuming. Given the extremely large number of materials
to be screened, the authors here have elected to use a simpler
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rheological technique, the inverted tube method.'* Specifically,
a solid-liquid mixture in a glass vial was heated above the
sol-gel transition temperature (i.e., where all of the solid was
dissolved) and allowed to cool to room temperature. After being
stored at room temperature for 24 h, it was inverted for 1 h to
observe flow. If no flow was detected, it was classified as a gel.

An arising question in the expanding
field of molecular gels

Rational design of small molecular gelators has remained elusive,
despite the vast and rapidly growing body of literature devoted to
such gels over the past decade (Fig. 1)."> Determining gelation
by small molecules is still an empirical science, and the vast
majority of new gelators are discovered serendipitously.'® In
polymer gels, the basic elements of the 3D network are 1D objects
(i.e., chains with covalent links between monomer units); con-
versely, the 3D network for molecular gels are composed of zero-
dimensional (0D) objects (i.e., molecules that must self-assemble
through non-covalent interactions initially into 1D objects and
then into 3D networks)."”"*® The fibrillar networks (SAFiNs) form
spontaneously via aggregation-nucleation-growth pathways of the
small molecule gelators.™®3!
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Fig. 1 Histogram of citations by year to ‘organogel(s)’ in the web of science.
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At this time, the research community is faced with more
questions than answers concerning molecular gels: (1) why do
some molecules self-recognize and orient into supramolecular
networks while others do not? (2) Why do these fibrillar
aggregates grow without minimizing the surface area between
the liquid and crystal interface, and hence have an excess of
interfacial free energy? (3) Why do slight variations in mole-
cular structure frequently have drastic consequences in the
nanoscopic, microscopic and mesoscopic properties of the
gels? (4) How does each molecule of these building blocks
immobilize macroscopically up to one thousand (or more) liquid
molecules? The intricate nature of SAFiNs lies in their hier-
archical assembly process that must arise as a consequence of
weak non-covalent interactions that include hydrogen-bonding,
n-n stacking and van der Waals interactions.*> However, the
possibility of creating, a priori, or discovering serendipitously
a ‘universal’ gelator for all solvents seems impossible given
the importance of the solvent-gelator interplay in directing
self-assembly.

The quest for rational design criteria in
creating new gelators

Each class of molecular gelators can gel a limited set of solvents.
No universal law may be applied to all gelator-solvent systems.
As an example, originating with the simplest reported molecular
gelators, n-alkanes, we have incrementally increased the com-
plexity of the structures in an attempt to identify the features
that lead to the most efficient gelators.** % Alkanes are driven to
assemble via van der Waals interactions. By inserting an oxygen
at various positions along the carbon chain, other interactions
such as dipole-dipole and hydrogen-bonding come into play,
leading in some cases to SAFiNs and gels. Further addition of a
terminal carboxylic acid to a C18 hydrocarbon chain leads to one
of the most widely studied, highly efficient molecular gelators
known to date, R-12-hydroxystearic acid (HSA).>!>%33:31:36,37,39-55
The efficiency of gelation in silicone oil and aromatic solvents
can be improved by modifying the carboxylic acid of HSA. Thus,
the efficiency of gelation is in the order - primary amide >
carboxylic acid > secondary amides > amines - while impeding
gelation of more polar solvents such as water (Fig. 2).*® Therefore,
the molecular features that make up an ideal gelator for silicone
oil are clearly not the same as for water.

Without exception, every study has shown only select sol-
vents are capable of being gelled by a given gelator! Thus, it is
our opinion that the quest for the universal gelator should be left
to Don Quixote. The diversity of attractive and repulsive forces
that can operate between gelators and solvents is enormous.
In that regard, a recent meta analysis of 50 individual gelators,
with an extremely diverse set of molecular structures, has been
conducted.”® None was capable of gelling all of the solvents
examined. However, analyses of solvent parameters and the
gelator structures do provide an understanding of why certain
gelators form gels in specific solvent types and others do not.
For example, the molecules that act as gelators of benzene have
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Fig. 2 Gelation efficiency of HSA deriveratives in silicone oil.

strong hydrogen-bonding interactions, whereas molecules that
form solutions/sols tend to interact mainly through dispersive
forces. Therefore, the “holy grail” of this field of science may not
be to develop a universal gelator; but, instead, to create reliable
a priori methodologies to understand why molecular gels form in
specific classes of solvents and not in others.

What role does solvent play in
molecular gel formation?

The role of solvent chemistry on the capacity of small molecules
to assemble into SAFiNs is as important as the gelator structure!
The first pioneering work on the influence of both solvent and
gelator structure on the formation of SAFiNs showed that the
gelation number (i.e., the maximum number of solvent mole-
cules gelled per gelator molecule) correlated with Hildebrand
solubility parameters when the primary functional group of the
solvent remained constant.”” In that study, various primary
alcohols were gelled by trehalose-based gelators. The authors
found that when the substituent R group was short (either a
diacetate or dibutyrate) the capacity to gel solvents was inversely
proportional to the Hildebrand solubility parameter of the
solvent.?” Since this finding, similar observations have been
reported for HSA,*® derivatives of HSA,** 1,3:2,4-dibenzylidene
sorbitol (DBS),*° two component dendritic gels,®" 1-lysine based
gelators,®* and di-peptides®® (among others).

Changing the solvent can alter the morphology of the SAFiN.
In a study with dipeptide (diphenylalanine) gelators, changing
the solvent from toluene to ethanol led to a change in gel
morphology from fibers to microcrystals (Fig. 3). Solvent-induced
morphological changes have been observed with morphs of
cholesteryl 4-(2-anthryloxy)butanoate (CAB) gelators® and
HSA.>>®>%¢ HSA gels in various alkanes and thiols have fibrous
SAFiNs, with a hexagonal sub cell spacing and a multi-lamellar
morphology in which the distance between lamellae is greater
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Fig. 3 Schematic illustration of the structural transition of diphenylalanine
induced by varying the ethanol content in the mixed solvents, and the
proposed molecular packing in the gel and in the microcrystal. SEM images
are of samples formed in toluene and ethanol. Adapted from ref. 63.

than the length of 2 molecules of HSA. HSA in solvents with
nitriles, aldehydes and ketones as functional groups, assemble
less effectively due to the formation of sphereulitic objects with
a triclinic, parallel sub cell, and interdigitation in the lamellar
arrangement.”® It is clear that solvent properties are central in
dictating non-covalent interactions driving self-assembly.®” "

Correlating molecular gelation to
global solvent properties

Attempts have been made to correlate solvent parameters with
gelation ability.”>””” Important considerations include: (1) can
the solvent be considered as a macroscopic continuum char-
acterized only by bulk physical properties? (2) Can the outcome
of all gelator-solvent systems, capable of forming a gel, be
predicted by a universal set of solvent parameters? (3) What
solvent parameters are most crucial in predicting the likelihood
of gel formation?

In that regard, Parker established three primary classifica-
tions of solvents: protic, dipolar aprotic and apolar (low polarity)
aprotic.”® Although, solvent ‘polarity’ seems intuitively simple,
Katrikzky et al. stated that “. . .the simple concept of polarity as a
universally determinable and applicable solvent characteristic is
a gross oversimplification”.”® Reichardt and Welton point out
that solvent polarity may be interpreted as a permanent dipole
moment of a solvent, its relative permittivity, or a sum of all of
the molecular properties responsible for all interaction forces
between a solvent and solute (i.e., coulombic, directional, inductive,
dispersion, and hydrogen-bonding forces).?* To assess the correla-
tion between gelation and solvent parameters, we have conducted
studies and meta-analyses covering a total of 22 molecular gelators
that were obtained from a combination of literature and from
our laboratories. The gelators are sub-classified into azobenzene

This journal is © The Royal Society of Chemistry 2015



Chem Soc Rev

Scheme 1

Sesang
Coo™
A\
° ALS-8
ALS-10

Scheme 2

gelators (Scheme 1),"®5! ALS gelators (Scheme 2),%* 1-O-methyl-
4,6-O-benzylidene derivatives (MBD gelators) (Scheme 3),5%%*
and miscellaneous highly efficient gelators (Scheme 4)."'%3%°0:8>
The studies were conducted in 34 to 80 solvents, including
protic, dipolar aprotic and apolar aprotic solvents! Data for all
80 solvents with every gelator were not obtained.

In this section, we discuss studies that have correlated
molecular gelation with global solvent parameters, i.e., where a
single parameter is used to characterize the solvent as a macro-
scopic continuum. These are further subdivided into (1) physical
properties, (2) solvatochromic properties, and (3) thermodynamic
propetties.

1.1 Global physical solvent properties

1.1.1 Dielectric constant. The dielectric constant ¢ (i.e., static
relative permittivity)®® is routinely used to assess the ‘polarity’ of a
solvent. Studies have attempted to correlate this parameter with

This journal is © The Royal Society of Chemistry 2015
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molecular gelation, but the results have been mixed.’®°" Only

in limited cases have correlations between gel properties (e.g:,
sol-gel transition temperature®®” or critical gelator concen-
tration (CGC)*®) and the dielectric constant been reported, and
that too is only within a class of solvents with the same
functional groups (e.g., alcohols of differing alkyl chain length).
Here, we take a closer look at the correlation between gelation
and &, for the gelators shown in Schemes 1-4.

AZO gelators rely on n-rn stacking and are unable to donate
hydrogen bonds.®' In the case of these gelators, there is no
differentiation of solvents capable of being gelled and those that
cannot, based simply on the ¢, (Fig. 4 and Fig. S1, ESIt). ALS gelators
have similar cholesterol derivatives as the AZO gelators; however,
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Fig. 4 AZO-ME (Scheme 1), ALS-1 (Scheme 2) and MBD-1 (Scheme 3)
capacity to form gels, precipitates or solutions as a function of static
relative permittivity.

the more polar azobenzene group is replaced with the less polar
2-anthraquinonyl group (Scheme 2).°%% ALS gelators are limited
to gelling solvents with lower ¢, compared to AZO gelators (Fig. 4
and Fig. S2, ESIT). Again, dielectric constants are insufficient to
differentiate the nature of the gelator-solvent phases.

Gelators based on 1-O-methyl-4,6-O-benzylidene derivatives
(MBD-1 through MBD-10) (Scheme 3) are more polar compared
to ALS and AZO, and hence form gels in lower polarity solvents
(typically, & < 20). When comparing the vastly different
gelators in Scheme 4, some intuitive insights may be drawn
from the dielectric constants (Fig. 4 and Fig. S3, ESIt). DBS,
N,N’-DBU and N,N’-DCHU have both the ability to form hydro-
gen bonds as well as undergo n-n stacking and van der Waals
interactions; thus, these gelators are able to gel a range of
solvents with varying dielectric constants. HSA, on the other
hand, relies mainly on hydrogen bonding and gels solvents
with lower ¢, values. Conversely, CAB gelators rely on m-m
stacking and tend to gel solvents with higher ¢, values. How-
ever, differentiation of outcomes based on ¢, is not possible for
any of these gelators when the solvent structure varies greatly
(Fig. sS4, ESIY).

6040 | Chem. Soc. Rev., 2015, 44, 6035-6058
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1.1.2 Refractive index. The refractive index n of a solvent
increases with both the molecular mass and polarizability, where
the larger the dipole moment the more efficiently the solvents
respond to an applied electric field. n is related to its molar
polarizability P, by the Lorenz-Lorentz equation (eqn (1)):

_(m=1

R )

It has been well established that the refractive index increases
with the polarizability of the molecule, where the larger the
dipole moment the more efficiently the molecule responds to
an applied electric field.

Correlations between gelation and n or Py, for the gelators
shown in Schemes 1-4 are now examined. For the AZO gelators,
although n and Py, cannot differentiate gels from sols, impor-
tant insights can once again be garnered (Fig. S5, ESIT). First, it
is clear that an increase in the acyl chain length on the gelator
increases the range of solvents (in terms of n and P,,,) that are
capable of being gelled. AZO-ME ( ~ CH3;) gels solvents between
1.3 < n < 1.4 while AZO-DE (~ C;oH,,) gels solvents between
1.3 < n < 1.65 (Fig. S5, ESIT). For ALS gelators, n and Py, are
fairly useful in differentiating sample states (Fig. S6, ESIT).
Empirically, it is shown that the linker (L) group in these
gelators affects gelation.®” For example, ALS-1 gels solvents
with 1.38 < n < 1.45; in this case, the linker group has both an
ester and an ether. In comparison, ALS-8 has a shorter linker
group with only an ester, and it gels solvents with 1.41 < n < 1.45.
These effects are amplified when comparing the polarizability
P,, instead of n.

The relation of the MBD gelators with #n and P, is plotted in
Fig. S7 (ESIY); here, we include the different isomers of the
same sugar-based MBD gelators. For MBD-1, gels are found for
1.5 < n < 1.6; while the other MBD gelators gel solvents over a
much wider range of n, i.e., 1.4 < n < 1.65. Comparing MBD-1, -2,
and -6, we see that even though the gelators are very similar
structurally, a conformational modification of the sugar radically
changes their ability to form gels. Numerous other studies have
illustrated the importance of chirality and geometric isomeriza-
tion on gelation ability, so albeit not a surprising finding, it points
to the complexities in designing gelators,**?637:52734,89-95

Finally, Fig. 5 depicts correlations with n and P, for the
gelators in Scheme 4. DBS is capable of gelling the broadest range of
solvents with regard to n; however, differentiation of sample out-
comes (gel vs. sol) based on 7 or P, does not appear to be possible.
N,N-DCHU and N,N’-DBU are both derivatives of the smallest
known organogelator, N,N'-dimethylurea, where the methyl groups
are replaced with cyclohexyl or benzyl groups, respectively. Among
the two, N,N’-DBU gels solvents that have relatively higher n, i.e., are
more polarizable. Also, in the case of N,N’-DCHU, the gel and
precipitate states can be differentiated to some extent based on
n and P, Overall, we conclude that n and P,, do not permit
significant differentiation of sample outcomes across a range of
solvents for any of the gelators in Schemes 1-4.

1.1.3 Octanol/water partition coefficients and Henry’s law
constants. The distribution of a pure substance between
two partially miscible solvents, such as 1-octanol and water,

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 The capacity of DBS, N,N’-DBU and N,N'-DCHU to form gels, pre-
cipitates or solutions as a function of the refractive index and polarizability.

which are in intimate contact is the basis of the partition
coefficient parameter log P (eqn (2)).%°

Xgrganico
log P = log [dxHH} (2)
[X queous]

H,0

X is the mole fraction of the substance in each phase. Overall,
the log P is related to the lipophilicity of the substance. Henry’s
law constants (HLCs) are influenced by the same factors associated
with the log P constants.”® Instead, HLCs measure the volatility
of the substance or the water-to-air partition. This becomes a
measure of the intermolecular interactions between molecules
within the mixture.’”%®

We have examined the correlation between gelation of
the compounds in Schemes 1-4 with log P and HLC. Examples
are shown in Fig. 6 for the AZO gelators, MBD (Fig. S8, ESIT),
ALS (Fig. S9, ESIt), and other gelators (Fig. S10, ESIt). Neither
of these parameters is useful in differentiating the sample
states (i.e., gel vs. sol vs. precipitate). The lack of differentia-
tion is not surprising because log P and HLC are global para-
meters that cannot distinguish specific types of intermolecular
interactions.

1.2 Global solvatochromic solvent properties

1.2.1 Reichardt’s E;(30) solvent parameter. The notion that
solvatochromic dyes are sensitive measures of solvent polarity
was introduced nearly 70 years ago.’® It was quickly realized
that the solvent can alter absorption bands of a dye because
of: (1) dipolar interactions between the solvent and dye;
(2) changes in the dipole moment of a dye arising from an
optical transition; and (3) the Franck-Condon principle.'®
Solvatochromic techniques rely on a pronounced change in
the position of UV/VIS absorption bands of a solvatochromic
dye caused by the solvent in which it is dissolved.'®" Reichardt’s

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 The capacity of AZO derivatives to form gels, precipitates or
solutions as a function of partition coefficients and Henry's law constants.

Er(30) parameter corresponds to the molar transition energy for
the long wavelength electronic transition of diphenyl-4-(2,4,6-
triphenylpyridinio)phenolate dye (Dimroth-Reichardt’s betaine
dye) in a solvent at 25 °C and at 0.1 MPa (Fig. 7). This parameter
accounts for all possible (specific and nonspecific) intermolecular
forces between solvent and solute molecules.®™'®> The E{(30) para-
meter is calculated (eqn (3)) using the shift in the longest wave-
length (Vmax) absorption band of the dye."®

Ex(30) = ActmaxNa 3)

Here, A is Planck’s constant, c is the speed of light and N, is the
Avogadro number.

The E1(30) parameter has been correlated with gel properties in
very small sample sets and for some simple gelators.”” However,
our results for AZO (Fig. S11, ESIt) and ALS-based gelators
(Fig. S12, ESIt) show that E1(30) has limited utility for explain-
ing gel formation. AZO gelators gel solvents with E1(30) values
from 30 to 55 keal mol ™. For the ALS gelators, the Ef(30) values
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Fig. 7 Chemical structure and ground-state properties of 2,6-diphenyl-
4-(2,4,6-triphenylpyridinium-1-yl)phenolate, and the influence of solvent
polarity on its intramolecular charge-transfer transition with the electronic
transition energies; adapted from Reichardt.*°® Reproduced by permission
of The Royal Society of Chemistry.

tend to cluster for the higher polarity solvents and again with
very low polarity solvents (i.e., alkanes).

For the MBD-gelators (Fig. 8), some patterns emerge. In
the case of MDB-1 and MBD-6, gels, precipitates and sols are
differentiated based on Ey(30). However, for MBD-9, the dis-
tinction between sols and precipitates is lost. Generally, a better
correlation is seen when the gelator mainly exploits hydrogen-
bonding for self-assembly. This can also be noted by comparing
the results for N,N'-DCHU (with cyclohexyl groups) to those for
N,N'-DBU (with benzyl groups). For N,N'-DCHU, which relies
mainly on hydrogen bonding, the gel and sol states are well

MBD-1 HSA
Sol{aa ama N 4 -,
Precipitate
Gel e eme {ecem® ®@e oo @ ° we
30 40 50 60 7030 35 40 45 50 55 60
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E,(30) (kcal/mol) E,(30) (kcal/mol)

Fig. 8 The capacity of MDB, HSA and urea gelators to form gels, precipi-
tates or solutions as a function of E1(30).
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separated based on E(30) (Fig. 8). However, for N,N’-DBU, which
has the capacity for both hydrogen bonding and n-r stacking,
the Er(30) parameter is insufficient to differentiate the different
states of the samples.

1.2.2 Pyrene fluorescence solvent parameter. Two pyrene
scales (I;/I3) are obtained as the ratio of I; and I5 vibronic band
intensities in absorbance or fluorescence spectra.'®*'°

The changes in the I; and I; band intensities are theoretically
attributable to: (1) dipolar interactions between the transition
moment of the pyrene and the permanent dipole moments of the
solvent molecules in the immediate solvent sphere; (2) inductive
interactions with the quadrupole moment of the solvent; (3)
dispersive interactions; (4) hydrogen bonding interactions.'®*
The I,/I; scale is much less sensitive to hydrogen bonding effects
than to dipolarity-polarizability of the solvent.'®* Also, the I,/I;
scale has been linearly correlated to the E(30) parameter.'®
Correlations with the I;/I; scale for the AZO (Fig. S11, ESIt) and
ALS gelators (Fig. S12, ESIt), do not provide additional informa-
tion than the E-(30) parameter. Similarly, for the MBD gelators,
the same correlations are found with the I;/I; scale (Fig. 9) and
the E1(30) scale. In the case of HSA, both the E(30) and I,/I;
scales show a region of sols with gel regions flanking it.

1.3 Global thermodynamic solvent properties

1.3.1 Hildebrand solubility parameter. For a solute-solvent pair,
the molar Gibbs energy of mixing AG,, is related to the enthalpy of
mixing AH,, and an entropy term TAS,,. The Hildebrand solu-
bility parameter, as proposed by Hildebrand and Scott'®” and
Scatchard,'*® relies solely on the enthalpy AH,, (eqn (4)).

v11/2 v11/2
AHm—Vqull} —[AVEj ></>1¢>2 (4)

Here V is the mixture volume, AE] is the energy of vaporization, V;
is the molar volume, and ¢); is the volume fraction of component .
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Fig. 9 The capacity of MDB, HSA and urea gelators to form gels, pre-
cipitates or solutions as a function of the Py scale.
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Under conditions of isothermal vaporization of saturated
liquid, the cohesive energy density (AE;) is the negative of the
energy of vaporization per cm® of sample, corresponding to the
Hildebrand parameter, J; (eqn (5)).'%

AEN'?
5 = ( Vl}) 5)

The cohesive energy combines the dispersion forces and polar
interactions (including hydrogen bonding). The cohesive
energy density has been shown to be important in determining
whether a solvent will or will not promote self-assembly of
amphiphiles.'*® It is related to the extent of intermolecular
forces required to overcome solvent-solvent interactions.'**

Previous studies have shown only weak correlations between
gelation outcomes and J;; and only for small subsets of
solvents.>”°»''> For the gelators in Schemes 1-4, the same
results hold. In the vast majority of gelators examined here (ie.,
HSA, DBS, N,N'-DBU, N,N'-DCHU (Fig. 10), and ALS (Fig. S13,
ESIY), AZO (Fig. S14, ESIt), and MBD (Fig. S15, ESIY)), correlations
between ¢, and gelation outcomes are very poor. The reason is that
0; is only useful for low polarity solvents without hydrogen bond-
ing.""® CAB, a non-hydrogen-bond donating molecule, is the only
gelator for which we see fairly good discrimination between sols,
gels and precipitates (Fig. 10).

1.4 Conclusions derived for global solvent parameters

It is clear that global solvent parameters lack the specificity to
predict gelation capabilities of a range of organogelators. While
individual parameters may correlate well with individual gelators,
global perspectives may not be derived from this class of solvent
parameters. Considering a solvent as a macroscopic continuum
characterized by a single physical constant (e.g., dipole moment,
dielectric constant, refractive index, etc.), solvatochormic shift,
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Precipitate-{ 1
GelH aumED e © oo oo ° amn ® @ ®e °
10 20 30 40 50 15 20 25 30 35 40
DBU DHCU
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GelH == en ° [ ] 4 o am®e o
10 20 30 40 10 20 30 40
cAB 3; (MPa0®5
Solq Aa
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Gel{ wes o ee o oo
15 20 25

5, (MPa®5)

Fig. 10 The capacity of MDB, HSA and urea-based gelators to form gels,
precipitates or solutions as a function of the Hildebrand solubility parameter.
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or Hildebrand solubility parameter is insufficient in predicting
gelation behavior. Next, multi-term solvent parameters are con-
sidered, which can distinguish individual types of interactions
and have been reported as better predictors of gelation.

Multi-term solvent parameters

Numerous multi-term parameters have been developed to define
accurately solvent properties. These parameters attempt to separate
the contributions of individual interactions such as ion-dipole,
dipole-dipole, dipole induced-dipole, hydrogen bonding, electron
pair donor-electron pair acceptor interactions (EPD/EPA), and
solvophobic interactions. Examples include Kamlet-Taft,"**"**°
Catalan™*?® and Swain*®*?* solvatochromic parameters, as well
as the Hansen,*®”>'*>™%° Flory Huggins'**™"** and Modified
Separation of Cohesive Energy Density Model (MOSCED)"**%°
thermodynamic models.

1.5 Multi-term solvatochromic solvent parameters

1.5.1 Kamlet-Taft solubility parameters. Kamlet-Taft para-
meters characterize a solvent with regards to its polarizability =,
hydrogen-bond donating (the acidity parameter, «), and hydrogen-
bond accepting (the basicity parameter, f§) terms.”®*'73%137 The
polarizability parameter originates from electrostatic and dis-
persive interactions.”®"'7"**"37 It is obtained using the spectra
of either p-nitroanisole or N,N-dimethyl-p-nitroaniline (NNDN)
(Fig. 11A) along with eqn (6).

p—28.18 ©
"TTT 3%

The f parameter is specific to solute-solvent interactions where
the solute plays the role of an electron-pair acceptor and the
solvent is an electron-pair donor, while for the o parameter, the
solute plays the role of an electron-pair donor and the solvent is
an electron-pair acceptor.”® The  parameter is determined using
the difference in wavenumbers of the intensity maximum of the
absorption bands between p-nitrophenol (1,) (Fig. 11B) and the
non-hydrogen-bond accepting molecule, NNDN (v4) (eqn (7))."*°

09841y +3.49 — 1,

b 2.759

(7)

The constants (in cm™ ") arise from a standardized value of
1 for hexamethylphosphoramide.*®® v, is the frequency maxi-
mum of the NNDN UV-Vis absorption band (cm™'), and the

A B N "
ne /% N % N4 o
| i
i
-scale H
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s & Nou N
. i
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|

Fig. 11 Kamlet-Taft solvatochromic dyes in their solvent interacting forms, to
determine the dipolarity/polarizability (= parameter) using N,N-dimethyl-p-
nitroaniline (A), the hydrogen-bond accepting parameter using p-nitroaniline
(B parameter) (B), and the hydrogen-bond donating parameter (x parameter)
using the Dimroth—Reichardt betaine dye (C). Adapted from ref. 60.

C
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constants (cm ') arise from normalization of the 7 parameter
between 0.0 for cyclohexane and 1.0 for DMSO." The o para-
meter is determined by the difference in the wavenumbers for the
maximum intensities of the absorption bands for the Dimroth-
Reichardt betaine dye (v3) (Fig. 11C), and for NNDN (1) (eqn (8)).

1.8730; — 74.58 + 13
= 8
* 5.47 8)

The constants are based upon a standardized value of 1 for
methanol.'*

Kamlet-Taft parameters have been applied to r-lysine bis-urea
gelators to understand their capacity to form molecular gels.”
The o parameter was correlated with gelling ability, while the
f and © parameters had subsidiary roles: the magnitude of f
affected the stability of the gel and = indicated the influence of
fiber—fiber interactions."®” More recently, Kamlet-Taft parameters
have been used to show that 2,3-dihydroxycholestane-based steroids
are incapable of gelling solvents with large o parameters while 7 is
less important since solvents with both high and low polarizability
could be gelled."**

In the present work, we have correlated the gelators from
Schemes 1-4 with the Kamlet-Taft parameters. For DBS (Fig. 12),
these parameters are quite effective at demarcating sol and gel
regions. For example, sols fall in an intermediate range of polariz-
ability = and electron-donating ability . Also, when the « para-
meter of the solvents is close to 0, DBS forms a sol, whereas DBS
gels the solvent when o > 0. Similar to DBS, N,N’-DBU forms gels
in solvents whose o parameters are sufficiently high (>0.7). Good
demarcation is also seen for N,N-DCHU: gels form in solvents
with n parameters close to 0.75, intermediate f parameters

Chem Soc Rev

The difference is that DBS and N,N’-DBU are capable of n-nt
stacking interactions, whereas N,N'-DCHU is not. ALS gelators
also show strong correlations with Kamlet-Taft parameters
(Fig. 13). Much like DBS, gels are found in solvents of either low
7 (<0.5) or high n (>0.8). For 0.5 < n < 0.8. For MBD gelators
(Fig. S16, ESIt) and AZO gelators (Fig. S17, ESIt), outcomes were
not well distinguished based on Kamlet-Taft parameters.

1.5.2 Catalan’s solubility parameters. Catalan’s multi-term
solvatochromic parameters are similar to Kamlet-Taft’s o, f,
and n parameters, differing only in the use of an alternate
series of probes/homomorphs.'**'*> Here, the three solvent
parameters characterize solvent polarizability (SPP), solvent
acidity (SA) and solvent basicity (SB). SPP is determined using the
long wavelength absorption of 2-(dimethylamino)-7-nitrofluorene
(DMANF) and its homomorph, 2-fluoro-7-nitrofluorene (FNF).'*°
DMANTF is sensitive to the polarizability while the homomorph FNF
has a similar structure with much lower dipole moment because of
the strong electron withdrawing fluorine atom. The difference
between the maxima of the lowest energy absorption bands for
DMANF and FNF (Av) is determined for the solvent and with
DMSO and cyclohexane as references SPP is then calculated
using eqn (9).

SPP = AV(SOWem) - AV(cyclohexane)

©)

AZ’(DMSO) - AV((:yclohcx'«mc)
The SB parameter is determined using the acidic molecule,
5-nitroindoline (NI), and its ‘non-acidic’ analogue, 1-methyl-5-
nitroindoline (MNI), which lacks the amino group.'*' The SB
parameter for a solvent is determined by eqn (10).

. AV(solvem) - Al/(gas)

(0.15 to 0.5) and « parameters close to 0. This is stark different SB — (10)
from DBS and N,N'-DBU, where gels form in solvents when o > 0. Avirve) — AV(gas)
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6044 | Chem. Soc. Rev., 2015, 44, 6035-6058

The capacity of DBS and urea gelators to form gels, precipitates or solutions as a function of Kamlet—Taft parameters.
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Fig. 13 The ability of ALS gelators to form gels, precipitates or solutions as a function of Kamlet—Taft parameters.

Here, Avsonvent) is the difference between the maxima of the
lowest energy absorption bands between 350 and 400 nm for NI
and MNI, Ay(ryg) is the difference between the lowest energy
absorption bands for NI and MNI in tetramethylguanidine
(TMG), and Ay(g.g) is the lowest energy absorption band in a
series of n-alkanes and extrapolating the Lorenz-Lorentz function
f(#®) = (@ — 1)/(n* + 1) n = 0.”°%" Finally, the SA parameter is
measured using a basic probe (o-tert-butylstilbazolium betaine,
TBSB) and its ‘non-basic’ analogue (o,0-di-tert-butylstilbazolium
betaine, DTBSB). The SA scale is set at 0.2 for ethanol (eqn (11)).

AV(so]vem) x 0.4

SA =299

(11)
Catalan’s parameters show some trends similar to those of
the Kamlet-Taft parameters for the gelators in Schemes 1-4,
although the demarcation into distinct sol, gel, and precipitate
regions is not as good. Among the gelators in Fig. 14 (DBS, N,N'-
DBU and N,N’-DCHU), the best demaracation is for N,N'-DCHU
when examined with the SB parameter. That is, N,N'-DCHU gels
are confined to solvents with an SB between 0.2 and 0.4; for both
lower and higher SB, precipitates (or sols) form. MBD gelators do
not show as convincing trends (Fig. S18, ESIT), and neither do the
AZO (Fig. S19, ESIt) and ALS gelators (Fig. S20, ESIt).

1.6 Multi-term thermodynamic solvent parameters

1.6.1 Hansen solubility parameters. Hansen solubility
parameters (HSPs) were devised to overcome the limitations
of the Hildebrand solubility parameter that do not include the
effects of specific intermolecular interactions such as polar and
hydrogen-bonding."® To derive the HSPs, it is assumed that
the energy of vaporization of a species, which is a measure of its

This journal is © The Royal Society of Chemistry 2015

total cohesive energy E, is the sum of three individual energetic
components, ie., due to dispersion interactions (E4), dipole-
dipole interactions (Ep,) and hydrogen-bonding interactions (Ey,)

(eqn (12)).
E=Eq+E,+Ey,

(12)

The dispersive component E4 dominates for simple, low polarity
solvents such as saturated hydrocarbons. The second component
E,, accounts for interactions due to polar groups on the solvent.
Nitroparaffins, propylene carbonate, and tri-n-butyl phosphate
are examples of solvents that are polar, but immiscible with
water.'?® The third component E,, arises from hydrogen bonding
interactions. Dividing eqn (12) by the molar volume (V) gives the
square of the total HSP (which is identical to the Hildebrand
solubility parameter) as the sum of squares of the individual HSP
components (eqn (13) and (14)).

E_Eqy

Eq | Ep  En
4

+ % (13)

5,;2 = 5512 + 5p2 + 5h2 (14)

HSPs have been commonly used to select solvents for dissolving
polymers.’***! However, their importance in new fields is
rapidly emerging and they were first introduced to the field of
molecular gels by Raynal and Bouteiller’> in 2011. When con-
sidering a gelator in a given solvent, the HSPs of the solvent are
typically known (e.g., from Hansen’s book);'*>'*® however, the
HSPs of the gelator are typically not known. The HSPs of the
gelator may be estimated, e.g., using the group contribution
method, where it is assumed that the different functional groups
that affect the energy of vaporization are additive. However,
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Fig. 14 The capacity of DBS, CAB, N,N’'-DBU, N,N’-DCHU gelators to form gels, precipitates or solutions as a function of Catalan's SPP, SA,

and SB parameters.

this method is seldom applicable for complex types of molecules
such as most of the gelators shown in Schemes 1-4 because it
does not differentiate among positional of stereo isomers."*® We
now discuss the correlation between sample outcomes (sol, gel,
or precipitate) for gelator-solvent pairs versus each of the HSPs.
This was done for the gelators in Schemes 1-4 and the results are
shown in Fig. 15 and Fig. S21-S23 (ESIt). The dispersive HSP d4
did not correlate with sample behavior for any gelator investi-
gated. The correlation was better in the case of the polar HSP J,
and the hydrogen-bonding HSP dy, i.e., sample outcomes clus-
tered over different regions of these parameters. For example,
consider MBD-6 and MBD-9 (Fig. 15). These molecules form gels
in solvents with low J;, and precipitates in solvents with higher
0p. Similar trends were observed in Jy, also, with minor excep-
tions. Also, AZO-ME and AZO-BU form sols or gels in solvents

6046 | Chem. Soc. Rev., 2015, 44, 6035-6058

with low J;, and precipitates at high J;, (the two points in the
precipitate side refer to water and glycerol) (Fig. S21 and S22,
ESIT). Note, however, that none of the HSPs is able to distinguish
sols from gels.

1.6.2 Determining Hansen space. Although the correlation
with individual HSPs is marginal, their key utility is manifested
when they are examined in their entirety. Note that the three
HSPs can each be treated as the three axes on a 3D plot, which
is referred to as Hansen space. Each solvent is represented as a
point in this space. In the context of polymer-solvent miscibility,
the closer a polymer and a solvent are in Hansen space, the
higher the probability that they are miscible.’*® To extend this
approach to gelators, it is necessary to examine gelator-solvent
outcomes in Hansen space. The idea was first proposed by Raynal
and Bouteiller.”> They noted that when data for a given gelator

This journal is © The Royal Society of Chemistry 2015
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Fig. 15 The capacity of MBD derivatives to form gels, precipitates or solutions as a function of the dispersive Hansen solubility parameter (d4), polar
Hansen solubility parameter (d,) and hydrogen-bonding Hansen solubility parameter (dy,).

are plotted in Hansen space, one can discern clusters corre-
sponding to solvents in which sols, gels, and precipitates are
formed. The vast majority of the LMOG data sets analyzed so far
have shown compact and globular domains."® Therefore, the
observed clusters of points can be enclosed in spheres, follow-
ing the methodology proposed by Hansen. For example, the sol
sphere (S) encloses all (or most of) the solvents in which the
gelator forms a sol, while excluding the solvents in which the
gelator gives rise to a different outcome.

The parameters of the estimated spheres, i.e., center loca-
tion and radius, have been extensively used to improve the
analysis and predictive ability of LMOG datasets, e.g., calcula-
tion of the distance between the center of the sphere and
particular solvents to optimize solvent selection.>®%%7%129142
Different approaches have been employed to obtain meaningful
spheres that adequately characterize each domain. In this
section the main features of the available methodologies will
be discussed.

This journal is © The Royal Society of Chemistry 2015

The HSPiP software, developed by Hansen, Abbott and
Yamamoto, allows for the numerical determination of solution
(or, alternatively, gel and precipitate) spheres and also provides
2D and 3D visualizations of the enclosed region.'*® This soft-
ware was originally envisioned to find adequate, i.e., effective
and safe, solvents or solvent mixtures that solubilize specific
polymers. It calculates the sphere that includes all the “good”
solvents (defined in HSPiP as “inside” the sphere) and excludes
all the “bad” solvents by implementing a minimization algo-
rithm coupled with a desirability function that, in principle,
reduces the likelihood of misclassifications. This specialized
software does not allow the simultaneous estimation of several
spheres. Therefore, estimations for different gelation outcomes
have to be independently performed. For the estimation to run,
the data set should include at least one outside (“bad”) solvent.
It should be noted that the selection of outside (“bad”) solvent(s)
from different domains during the single estimation of the sphere
domain might yield different results depending on whether the
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outside solvent is selected from an overlapping or distant loca-
tion. The HSPiP software allows easy identification of wrongly
classified data points (a feature provided only in this software).
Thus, sequential running of this software aids in the identifi-
cation of “outside” data sets and in obtaining reliable results.
A reference value, e.g., HSP parameters of the gelator, can be
included during the estimations so that concentric spheres can
be determined.

Bonnet et al.'*® have implemented a similar approach to the
one provided by Hansen’s HSPiP software using the Nelder-Mead
optimization algorithm'* and a default minimization routine,
the Solver function, in Microsoft Excel (Microsoft Corporation,
Seattle, WA). Although the parameters of the gelation sphere can
be estimated using this simple method, only a 2D rendition of the
distance to the center of the sphere is automatically plotted in this
application. Additionally, and as the authors have pointed out, the
robustness of the estimates highly depends on the completeness
of the data set.'*

Following the principles described by Hansen'*® and Bonnet
et al.,’*® Lan et al.*® have applied a global constrained optimization
procedure programmed in Mathematica 9 (Wolfram Research,
Champaign, IL) to calculate minimal enclosing spheres that
contained all the points pertaining to each outcome, i.e., solution,
gel, and precipitate. This program uses the “NMinimize” built-in
function in Mathematica to obtain the location of the center of
each sphere while solving for the smallest possible radius. The
NMinimize function was combined with a direct search
method, namely differential evolution, to reach a numerical
global optimum solution. The selection of this direct search
method was based on its robustness despite being computa-
tionally more expensive. Any proficient user of this software can
easily implement this program in Mathematica. It allows the
simultaneous estimation of independent and concentric spheres
and 2D and 3D plots can be included. Similar procedures can be
programmed and implemented in alternative mathematical
softwares.

The UMD Complex Fluids and Nanomaterials Laboratory’s
Hansen Solubility Parameter Data Fitting Software, developed by
Diehn et al,"*® is comprised of a user-friendly, self-explanatory,
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Fig. 16 Spherical regions corresponding to solution (blue), and gel (red) do
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graphical interface that facilitates LMOG data analysis and visua-
lization. Although this program has been coded using MATLAB
(MathWorks, Natick, MA), no programing knowledge is needed
and its use requires only the installation of the MATLAB Compiler
Runtime (MCR - Version 8.1). The LMOG solubility data, dis-
played following a pre-set format, can be directly input from Excel
spreadsheets, which facilitates its use. The UMD Complex Fluids
HSP Program offers three fitting methods.

The “concentric sphere shell fit” method fits all categories
radiating out from a center sphere (the solution sphere). This
method first optimizes the fit of the solution sphere. The center
of the solution sphere is then fixed as the optimal center and is
used to estimate the radii of the subsequent classifications
(gels, precipitates, etc.). The “non-concentric sphere shell fit”
recalculates an optimal center for every data class. Finally, the
“independent sphere fit” treats each sub-classification inde-
pendently, optimizing the radius and center for each sphere.
As in the case of the Hansen parameters, the UMD Complex
Fluids HSP Program implements a desirability function that
allows for the optimization of the radii of the spheres so that
most of the data of a single category are included within the
enclosed region at the same time that most of the data points
corresponding to other categories are excluded.

Hansen’s HSPiP software, Lan et al’s approach and the
UMD Complex Fluids HSP Program, have been used to obtain
the individual spheres of 4 LMOG types—DBS, AZO-ET, ALS-10,
and MBD-10. It should be pointed out that the same premises
were employed when performing the estimations to facilitate
the comparison of the outcomes. Although similar 3D plots for
all tested LMOGs were obtained using the described methods
(Fig. 16), the radii estimated using the UMD program are, in
most cases, smaller than the ones reported using the two other
approaches (Table 1). The implementation of the desirability
function narrows the scope of the sphere, providing tighter
regions where prediction reliability will be high. This feature
will be extremely useful to predict the behavior of constrained
data sets such as solvent mixtures. However, certain regions of
the HSP 3D space might be mischaracterized if the data set is
not sufficiently comprehensive. In the particular case of DBS,

n et al.

5, (MPa'2)

mains for DBS calculated using 3 different applications.
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Table 1 Hansen coordinates for the center of the solution, gel and precipitate spheres and the radii of the spheres for the independent Hansen space

plots estimated using the three described approaches

Parameters
Gelator Sphere Method dp (MPa"?) dp (MPa"?) oy (MPa'?) Radius (MPa'’?)
DBS SOLUTION Hansen 18.3 17.5 7.8 5.5
Diehn et al. 18.3 16.9 8.8 6.5
Lan et al. 18.1 17.5 7.9 5.4
GEL Hansen 14.1 4.8 15.5 17.0
Diehn et al. 15.5 6.3 9.0 14.8
Lan et al. 15.4 10.9 12.0 17.8
AZO-ET SOLUTION Hansen 18.5 8.6 4.1 10.1
Diehn et al. 17.5 3.9 1.0 9.1
Lan et al. 18.5 7.9 5.1 9.9
GEL Hansen 15.3 7.0 10.7 12.8
Diehn et al. 14.3 5.1 8.5 9.4
Lan et al. 15.2 6.3 11.1 12.7
PRECIPITATE Hansen 16.5 14.0 35.8 7.1
Diehn et al 17.9 13.0 30.5 7.4
Lan et al. 16.5 14.1 35.8 7.1
ALS-10 SOLUTION Hansen 17.1 2.5 4.8 4.6
Diehn et al. 17.1 1.1 6.4 4.7
Lan et al. 17.1 2.7 4.6 4.5
GEL Hansen 14.9 3.3 6.5 8.1
Diehn et al. 16.0 3.7 7.5 6.4
Lan et al. 16.1 3.0 7.0 7.6
PRECIPITATE Hansen 15.0 6.6 10.9 12.8
Diehn et al. 15.9 7.5 13.8 6.2*
Lan et al. 15.0 6.3 11.1 12.7
MBD-10 SOLUTION Hansen 14.6 20.1 23.0 19.6
Diehn et al. 16.4 16.5 21.3 15.8
Lan et al. 16.5 12.7 23.6 19.1
GEL Hansen 17.6 4.1 5.1 8.5
Diehn et al. 18.0 0.2 5.3 8.1
Lan et al. 17.6 4.2 5.0 8.4
PRECIPITATE Hansen 15.1 4.8 10.2 7.8
Diehn et al. 15.3 4.9 11.8 8.1
Lan et al. 15.2 4.9 10.1 7.7

the approach taken by Lan et al. provides a gel sphere almost
20% larger than the one estimated by the UMD Program. The
points corresponding to DBS in polyols are not included in the
gel sphere estimated by the UMD program, which might be a
result of the scarcity of data points in that region or a hint of a
gel sub-class that should be further differentiated or a subset
that should be excluded from the analysis. Different approaches
to analyze the data will provide important and equally valuable
information, such as the identification of broad regions for each
domain to further scout solvent-gelator combinations versus
identification of regions with extremely high predictability.
Therefore, the data analysis tool should be selected based on
the user’s needs.

From the presented data, it can be inferred that not only
magnitude but also directionality can play a role in predicting
the behavior of an LMOG. It is reasonable to expect a progres-
sion from solutions to gels to precipitates which will be well-
characterized by a concentric shell approach. However, relying
a priori or solely on this assumption might result in loss of
relevant information. Regardless of the approach selected,
continuous efforts to increase the comprehensiveness of the
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data sets will result in more robust and reliable predictions.
Until then, a careful and critical examination of the data sets to
be fit should be conducted to obtain meaningful results.

1.6.3 Vector distance in Hansen distance. In turn, we can
calculate Ry, the vector distance in Hansen space from a solvent
(j) to the center of the sol sphere (7). We refer to this as the
Hansen distance, and it is calculated by eqn (15).

R = \/ 4(84; — 84j) >+ (Op — Opy) +(Ons — Ory)’ (15)
Note that the factor of 4 for d4 comes into play because typically
the axis with the dispersive HSP is plotted as 2d4 for reasons of
convenience described by Hansen.'?*1%¢

The relevance of R;; is as follows: the greater the similarity in
HSPs between a solvent (j) and a gelator (i), the shorter the
Hansen distance Rj;. This implies a greater likelihood that a
gelator will form a sol in a solvent with a short R;. Conversely,
if the HSPs of the gelator and solvent are very different, it implies
a long Ry, and a precipitate is likely to be obtained. By extension
then, a gel is formed when the gelator and solvent are moderately
incompatible, i.e., for moderate values of R;. Thus, R;; allows us to
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quantify the intermolecular interactions between a solvent and
a gelator. We should point out that the gelator-solvent scenario
is more complicated than that for polymers and solvents. This
is because there are at least three possible outcomes in the
gelator-solvent case: sol, gel, and precipitate. For the polymer-
solvent case, the only outcomes considered are soluble vs.
insoluble. The related complication for the gelator-solvent case
arises when drawing the best-fit spheres in Hansen space for the
various outcomes. The spheres corresponding to sol (S), gel (G),
and precipitate (P) are typically not concentric. For the polymer-
solvent case, only one sphere needs to be drawn, encompassing
the soluble points, and so this complication is absent.

We now examine the sample outcomes (sol, gel, precipitate)
for the gelators in Schemes 1-4. They are shown in Hansen
space, ie., as 3-D plots, and the outcomes are also plotted on
2-D plots against R;. They were created using the software
application developed by the Rogers group; the other software
packages give similar results for the most part.

An excellent confinement of solutions was found within
solubility sphere for DBS, HSA and CAB (Fig. 17). For DBS,
none of the gel points was found in the solubility sphere. This
can also be graphically represented using R;;. Similar phenomena
were observed for HSA where only 2 gel points were found within
the solubility sphere. The gelation spheres appear to be less
effective in determining the ability to cluster points in Hansen
space. Only in the gelation sphere of CAB were all the solution
points excluded. The other two gel spheres fail to exclude
solution points and precipitate points. We offer three possible
explanations: (1) few solvents formed solutions, resulting in
poorly defined solution spheres; (2) the gelation ability is not
equally sensitive to the three individual HSP components;
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(3) the presence of outliers or data pertaining to additional
subsets not excluded during estimations might have caused
overlapping. Similar observations have been found in a pre-
vious study where the magnitude of R; of two urea gelators is
about the same, while yielding completely different material
states in the same solvent:>* 1,3-dibutylurea (R; = 11.5 MPa’";
dq = 17.1 MPa*®, §, = 9.5 MPa’?, gy, = 7.9 MPa"®°) formed a
solution in benzene while N,N'-dibenzylurea (R; = 11.3 MPa"%
dq =19.2 MPa®?, 5, = 9.2 MPa"®, §;, = 8.3 MPa’®) formed a gel.

Good confinement for the solubility spheres of the ALS
gelators was also observed (Fig. S24, ESIt). For ALS-8, the
solubility sphere limits the inclusion of all gels and precipitates
and for ALS-10, a few exceptions of gel and precipitate were
found inside the solubility sphere. It was observed that ALS-1
was able to dissolve in a broader range of solvents and the size
of its solubility sphere is three times bigger than those of ALS-8
and ALS-10. This comportment may be a result of the different
linker groups; for example, ALS-1 has an ether and an ester
groups and ALS-8 has an ester group only.®” By removing the
ether group, the radius of the solubility sphere is decreased
from 12.9 MPa%® (ALS-1) to 4.5 MPa%® (ALS-8). Additionally,
ALS-1 could be dissolved in aromatic solvents such as benzene,
toluene and styrene (which also dissolved ALS-8 and ALS-9),
as well as in more polar solvents including 2-ethanolamine
and hexanoic acid.*” For MBD gelators, no good confinement
within the solubility or gelation spheres was observed; however,
comparisons can still be made between different MBD isomers
(Fig. S25, ESIT). Unlike AZO gelators, where solubility spheres,
gelation spheres and precipitation spheres were similar in size
and position between different derivatives (Table 2), those of
MBD gelators varied significantly, revealing the importance and
challenges that chirality and geometric isomerization pose to
gelation ability.

From the data presented, it can be inferred that not only
magnitude but also the directionality of R; can play a role in
predicting the behavior of an LMOG. This is clear for DBS
and MBD-10 (Fig. 18) where both gelators have excellent con-
finement in Hansen Space using the UMD software; however,
for MDB-10 this does not translate to a clear correlation
with Ry It is reasonable to expect a progression from solutions
to gels to precipitates, which will be well characterized by a
concentric shell approach. However, and as it was mentioned
before, relying a priori, or solely, on this assumption might
result in loss of relevant information. Regardless of the
approach selected, continuous efforts to increase the compre-
hensiveness of the data sets will result in more robust and
reliable predictions.

1.6.4 Modified Separation of Cohesive Energy Density
Model (MOSCED) model. MOSCED (MOdified Separation of
Cohesive Energy Density) is a thermodynamic model that was
first proposed to predict limiting activity coefficients (7*'s)
using only pure component parameters.'*> Several versions of
MOSCED models have been reported."**'*®'*” The most updated
revision and extension of the parameters was done in 2005 to
include binary systems of low polarity, polar and hydrogen-
bonding compounds.*** MOSCED utilizes 5 adjustable parameters

This journal is © The Royal Society of Chemistry 2015



Chem Soc Rev

Review Article

Table 2 Hansen coordinates (MPa®®) for the center of the solution, gel and precipitate spheres as well as the radii of the spheres for AZO and ALS

gelators
Solution Gel Precipitate
Gelator Zéd 517 5h Rsphere ijd 5p 5h Rsphere 25(1 (51) (51’! Rsphere
AZO Me 36.9 7.7 5.4 10.0 30.4 6.3 11.1 12.7 32.9 14.1 35.8 7.1
AZO Et 36.9 7.9 5.1 9.9 30.4 6.3 11.1 12.7 32.9 14.1 35.8 7.1
AZO Pr 36.9 7.9 5.1 9.9 30.4 6.3 11.1 12.7 32.9 14.1 35.8 7.1
AZO Bu 37.0 7.9 5.1 9.9 31.7 6.2 11.1 12.9 32.9 14.1 35.8 7.1
AZO Pe 37.0 7.9 5.1 9.9 31.7 6.2 11.1 12.9 32.9 14.0 35.8 7.1
ALS 1 34.8 7.8 10.9 12.9 31.3 3.4 8.7 9.4 31.9 5.6 13.0 14.3
ALS 6 35.2 4.4 4.6 6.0 32.3 3.4 8.7 9.4 31.9 5.6 13.0 14.3
ALS 8 35.6 2.7 4.2 3.6 34.3 3.2 6.9 7.9 30.0 6.3 111 12.7
ALS 9 34.2 2.7 4.6 4.5 32.2 3.0 7.0 7.6 30.0 6.3 11.1 12.7
ALS 10 34.2 2.7 4.6 4.5 32.2 3.0 7.0 7.6 30.0 6.3 111 12.7
DBS DBS
Sol{ & a o 293K\" o 293K\™ . /193 K\*
o = T B = T , TO= T (19)
Precipitate g
£
Gel| oewmowms o o ° @1 = POL + 0.0002629(o1 f7) (20)
— & = 0.68(POL — 1)
o 5 10 15 20 (093 K /TP
Ry (MPa09) + [3.24 - 2.4exp(—o.ooz687(a1ﬁ1)'-5)] 1)
MBD-10 MBD-10
Sol 3
Gl el N POL = gi*[ 115 — 115 exp(-0002337(e]) ") | + 1 (22)
Precipitate{ = = = = &
= The adjustable parameters for each molecule are the dispersion
Gel{ oo0 o ocoeme| parameter /, the polarity parameter t, the induction parameter
- g, the hydrogen-bond acidity « and the hydrogen-bond basicity
& » 1 R parameter . Eqn (17) is the combinatorial Flory-Huggins
R; (MPa®5)
ij

Fig. 18 Rj; and UMD software groupings in Hansen space for DBS and
MBD-10.

(4, 7, g, @ and f3) to characterize the energy of interaction of a
solute in solution. These 5 parameters are partly derived from
experimental values and partly fitted to experimental data. The
original formulations of MOSCED are shown below (eqn (16)-(22)).
MOSCED parameters can be considered as modifications of
Hansen solubility parameters, which divides the regular solubi-
lity parameters into three components—dispersion, polarity and
hydrogen bonding. Analyses of sample outcomes by MOSCED
improved the poor performance of the Hansen model for
associated and solvating systems."**

2, e’ (- d)” (o - ) (6] - 1)

Inyg :ﬁ((/” — )"+ s 2
+di>
(16)
dy = 1n<”£) +1- (”i) (17)
U1 103}
aa = 0.953 — 0.002314((t3)* + 03 63) (18)
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expression with the empirically derived exponent aa calculated
from eqn (18). Eqn (19) describes the temperature dependence
of o, f and 7. The ¢, and ¢; are empirical asymmetry terms
calculated from eqn (20)-(22)."**

The dispersion parameter 4 describes the polarizability of a
molecule. The polarity parameter t measures the fixed dipole of
a compound in a solution. The induction parameter g measures
the dipole-induced dipole and induced dipole-induced dipole
interactions that can be found in molecules with large dispersion
(polarizability) parameters, such as halogenated compounds and
aromatic compounds. The strong interaction of dispersion forces
tends to lessen the dipolar interaction, leading to decreased
values of ¢ (i.e., <1). For aromatic compounds, ¢ is arbitrarily
set to 0.9; for halogenated compounds, g is varied for best fit. The
acidity and basicity parameters o and f account for specific
interactions from hydrogen bond formation through both asso-
ciation and solvation."**

The MOSCED parameters are effective at discerning solvents
that resulted in different material states (Fig. 19). For DBS,
albeit the differentiation of dispersion parameter / is not perfect,
useful trends can still be observed: solvents with relatively higher
A values or higher polarizability are more likely to form sols.
Similar conclusions were drawn from the Kamlet-Taft = para-
meter and Catalan’s SPP parameter as noted previously. It appears
that both the acidity and basicity are important in determining
the final states formed upon cooling for DBS. Gels tended to form
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Fig. 19 Ability of DBS, HSA and CAB to form gels, precipitates or solutions as a function of the MOSCED parameters.

in more acidic solvents, while solvents that formed sols resided
at very low a values (« < 2). There is a stark difference between
the basicity parameter of solvents that formed gels vs. sols.
Gels clustered at low and f values (f < 13), while solvents
that formed solutions resided at relatively higher region when
f > 13. MOSCED parameters also predict the gelation behavior
of HSA very well. The dispersion parameter /. differentiated gels
from precipitates but not from sols, and « seems to be an
important parameter. All gel points clustered at « < 1, where
solvents have very low acidities. This behavior is interesting
when compared with DBS, whose gels formed in both very low and
high acidity ranges. The enhanced gelation capability of DBS is a
result of its ability to form a wider variety of non-covalent interac-
tions than can HSA (whose primary driving force for aggregation is
hydrogen bonding and van der Waals interactions). In solvents
with high acidity, aromatic groups promote insolubility and n-n
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interactions aid formation of SAFIN structures. Although some
correlations were also found with CAB, convincing conclusions
could not be drawn due to the small number of data points.
Similar trends involving acidity and basicity parameters o and f
were observed for the two urea gelators (Fig. 526, ESIT). For both,
gels were observed in weakly acidic solvents; precipitates formed in
more acidic solvents. The basicity parameter § seems to be more
promising at differentiating material states for N,N'-DBU. At
low (f < 2.23) and intermediate (7.8 < f < 12) regions of the
p scale, precipitates formed. All gels clustered between 2.23 <
f < 7.8 and solutions formed in very basic solvents (i.e., f > 14).
The same trend for the basicity parameters was obtained with
N,N’-DCHU except that no solution data was available.

For the AZO gelators, the hydrogen-bond acidity and basicity
parameters o and f are most important (Fig. S27, ESIT). Solvents
that resulted in solutions clustered at low « and f values.
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Good separation between gels and solutions was observed for
AZO-ME and AZO-BU based on the f§ scale where the cut off
points are 7 and 5, respectively. When comparisons were made
within AZO groups, it was found that when the length of the
aliphatic side chain was increased, the homologue was able to
gel a broader range of solvents based on the « and f scales. This
behavior is ascribed to the decreased solubility in high acidity
and basicity solvents in the presence of longer aliphatic side
chains that promote epitaxial growth of fibers.

Compared to AZO gelators, the replacement of more polar
azobenzene group to less polar anthraquinonyl group (ALS deri-
vatives) limits the gelation ability of ALS derivatives, and more
precipitates were also observed (Fig. S28, ESIt). MOSCED para-
meters showed some evidence in predicting gelation behaviors of
ALS derivatives. Solvents with lower polarizability tended to form
precipitates and either gels or sols formed in highly polarizable
solvents. Good separation of points for precipitates from the other
two material states was observed with /, but not between gels and
sols. Gels also tended to cluster with low values of g when dipolar
interactions in solvents are weaker. The hydrogen-bond acidity
parameter o seemed able to separate gels from other material
states only for ALS-10. Although the differences among the beha-
viors of the ALS derivatives may involve the natures of the C-17
alkyl side chains,” the reason is not yet clear.

For MBD-based gelators, only the hydrogen-bond acidity and
basicity parameters o and i have good correlations with gelation
behaviors (Fig. S29, ESIt). Solvents with low acidity (« < 4.2) tended
form gels for all MBD derivatives, and solvents with high acidity
(o > 4.2) were more likely to form precipitates. Solvents that resulted
in gels tended to cluster at low /3 values for gluco (MBD-1) and manno
(MBD-6) isomers. The galacto isomer (MBD-10) was able to gel
solvents with both low (f < 3.3) and intermediate (7 < f§ < 9.5)
f values. The enhanced gelation ability is attributed to the geometric
isomerization; however, details of the reason are unclear. From these
observations, it is clear that MOSCED parameters can be useful tools
to predict the gelation behaviors of different gelators, and that
hydrogen-bond acidity and basicity of solvents are especially impor-
tant in determining whether SAFIN structures will be formed in a
particular solvent.

1.7 Conclusions derived from multi-term solvent parameters

The ability to differentiate solvents capable of being gelled by a
particular gelator, remaining as solutions or forming precipitates
is better when using multi-term solvent parameters than when
using global solvent parameters. Although the most significant
insights gleened involve the ability to accept or donate a hydrogen
bond, other important conclusions and insights are available
from analyses of other parameters.

General classification of solvents using
a multivariate statistical treatment of
quantitative solvent parameter

Organic solvents have been classified by a Fage nonhierarchical,
multivariate, statistical method using eight solvent variables that

This journal is © The Royal Society of Chemistry 2015

Review Article

include the Kirkwood function, molecular refraction, dipole
moment, the Hildebrand parameter, index of refraction, boiling
point, and HOMO and LUMO energies.**® Using this approach, 83
solvents were categorized into 9 classes: aprotic dipolar, aprotic
highly dipolar, aprotic highly dipolar and highly polarizable,
aromatic low-polarity, aromatic relatively polar, electron pair
donating, hydrogen bonding, strongly-associated hydrogen bond-
ing, and others that do not fit into one of the categories men-
tioned.'*® Because the solvents are classified using their physical
properties rather than their chemical structure, some oddities are
observed, such as CCl, being classified as an ‘aromatic polar
solvent’. This statistical approach is not intended to develop an
all-encompassing and rigid classification, but, instead, a quanti-
tative, logical approach to solvent classification.'*® Using it, we
have identified solvents that were included in their analysis and
with the data sets which have been the focus of this review. Thus,
parameters that are insensitive to predicting self-assembly of
molecular gels, when combined, become useful in grouping
material states. For example, DBS is incapable of crystallizing
only in aprotic highly dipolar solvents and in all other solvent
categories DBS will form gels (Table 3).

In the case of HSA, similar groupings are observed: it remains
in the solution state in aprotic highly dipolar, hydrogen bonding
and hydrogen bonding self-associating solvents (Table 4). In
comparison, it is likely that DBS relies on n-n stacking in the
hydrogen bonding and hydrogen bonding self-associating sol-
vents. HSA is capable of gelling the aromatic apolar, aromatic
polar, electron pair donor and most of the aprotic dipolar
solvents. In a similar manner to DBS, the only category to have
overlapping results is the aprotic dipolar solvents, where both
precipitates and gels are observed.

For the MBD gelators, the ability to differentiate gel states is
less apparent (Table 5). It is clear that MBD-1 forms solutions in
both aprotic dipolar and aprotic highly dipolar solvents and
gels in aromatic apolar and aromatic polar solvents. However,
in the electron pair donor, hydrogen boding and hydrogen
bonding self-associating solvents, either sols or precipitates are
observed. With more advanced clustering tools or more refined
solvent categories, predictability may be enhanced, allowing for

Table 3 DBS solution (blue), precipitate (green) and gel (red) states
clustered using a Fage nonhierarchical multivariate statistical method
using eight solvent variables*®

Aromatic Aromatic

Benzene

Aprotic
Acetonitrile

Aprotic highly
DMSO

DMF

NMP

Pyridine

Aprotic highly

Benzyl

Butyronitril Toluene 1-Octanol
Propionitrile

Acetone

Xylene

3-Pentanone
Ethyl

Electron Hydrogen
Ethanol
Butanol
Isopropanol

1-Propanol

Hydrogen
Formamide
Glycol
Diethylene

Dioxane

Isobutanol

1-Pentanol
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Table 4 HSA solution (blue), precipitate (green) and gel (red) states
clustered using a Fage nonhierarchical multivariate statistical method
using eight solvent variables*®

Aromatic Aromatic
Benzene CCl,

Toluene

Aprotic Aprotic highly

Pyridine

Aprotic highly

Acetonitrile
Butyronitrile
Propionitrile

Xylene

Acetone

3-Pentanone

Electron pair Hydrogen Hydrogen
NMF

Diethylene

Hexane Ethanol

Cyclohexane Butanol
Triethylamine

Dioxane

Isopropanol
Isobutanol

2-Pentanol

1-Pentanol

Table 5 MBD-1 solution (blue), precipitate (green) and gel (red) states
clustered using a Fage nonhierarchical multivariate statistical method
using eight solvent variables*®

Aprotic Aromatic Aromatic

Acetonitrile

Aprotic Aprotic highly

Benzene Diphenyl

Acetone Toluene CCly

Butanone Xylene

Acetic

Methyl acetate
Ethyl acetate
CH-Cl,

Misc.
Glycol Carbon

Electron pair Hydrogen
Ethanol

Butanol

Hydrogen

Hexane
Cyclohexane

Triethylamine
Diethyl ether

1-Propanol

Chem Soc Rev

very useful a priori tools which provide deeper insights into the
structure-function mechanisms that govern the formation of
fibrillar aggregates in different organic solvents.

Cluster analysis of dual solvent
parameter data to assess their
combined predictive ability

The use of cluster analysis of dual solvent parameter data sets
has been proposed as a means to pinpoint synergistic parameter
combinations with enhanced predictive ability. This approach
provides, in principle, a way to assess the relevance of pair
(or higher order) parameter combinations in the design of
novel molecular gels.

As has been presented in previous sections, individual solvent
parameters, including physical solvent properties and thermo-
dynamic solvent parameters can predict gelation outcomes only
to a limited extent. The availability of larger data sets on organo-
gelators will allow additional data analyses to extract important
information that is difficult to attain using limited databases.
Cluster analysis is an unsupervised learning technique that
allows the organization of a collection of data points, in our
case solvent parameter combinations, into clusters based on a
distance or dissimilarity function. The capability of the combi-
nations to predict gelator behavior can be evaluated based on
their probability to group data points pertaining to a single type
of outcome (solution, gel or precipitate) into distinctive clusters.
This technique requires some minimal data pre-processing. For
example, to avoid larger-scale parameters to dominate others,
each parameter is commonly normalized by mean removal and

Table 6 Classification of DBS—solvent mixtures based on cluster analyses using two solvent parameters and the degree of their predictability as %

sa sb spp Et30 Py FH Rij dtotal  d h p HD/A A HD alpha  beta pi Henry Rl DI Dipole logP
sa 0 8 &£ N 9 4 4 O 33\ 6B &5 4o » 48 48 5 0 48 0 %
sb ¥ ¥ & 4 4 M ¥ BN ¥ 5 ¥ LN B M 5 4 &5 %K n M
spp o o s % 4% 4% ¥ 4@ 3 B & 0 6 @ 45 ¥ 5 &5
Et30 s s o 0®s 4 » 4 4 4o 4 4 4 s S0 455 3
Py S 4 48 % 4 2 6 4 0 0 M e 4 8 48 &5
FH | &6 4 4 3 60 9 4 5 5 % 60 4 50 5 6 4
Rij s s oW e 0 @ s o s e A 8 0
dtotal 66 60 % 4 w0 & w» 8 H N % 6 B 5
d 8 6 4% 4 8 0 4 % 8B % % 50 6
h s o« & o o o 5 6 % &8 0 s
P s el s w8 s e & %M
HD/A 0 & % ® % B % 4 6 o«
A 8 4 8 4 &8 6 51008
HD 0T ST 7 R R T SR
alpha % 48 8 02 N &R
beta 0 o 8 8 4 ou
pi 6 s % 50
Henry 51 62 55 4
Rl T -
Dl 5 0P
Dipole 50
logP

SA, SB and SPP are Catalan parameters; E(30) is Reichardt’s parameter; Py corresponds to the shift in pyrene absorbance; FH is the Flory Huggins
Parameter; R; is the distance in Hansen space; Dy, is the total Hansen solubility parameter; d, h and p are the individual HSPs; HD/A is the
hydrogen bond donor/acceptor ratio; alpha, beta and pi are Kamlet-Taft parameters; Henry is Henry’s law constant; DI is the dielectric constant;
Dipole is the dipole moment of the solvent; log P is the octanol/water partitioning coefficient.
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variance scaling prior to the classification stage. Cluster analysis
then can be performed using, for example, a k-medoids algorithm
(related to k-means algorithm). This clustering technique can be
programmed in most mathematical software, such as Mathematica,
which through an iterative approach finds a local optimum cluster-
ing. Several distance functions can be used to reflect dissimilarity
between two data points. Although the Euclidean distance (ie.,
square root of the sums of the squares of the differences between
the coordinates of the points in each dimension) is often used,
other distance functions such as Canberra or Chebyshev’s functions
are commonly implemented. It should be noted that utilization of
centroid based algorithms, such as the k-medoids, for classification
requires specification in advance of the number of output
clusters. In our case, the number of output clusters was set
to 3, which accounts for all possible outcomes—solution, gel or
precipitate for our samples.

The predictive ability of the solvent parameter pair combina-
tions for DBS, evaluated based on the percentage of correct
grouping, is presented in Table 6. As can be observed, several
of the solvent parameter pairings did not cluster the solvents
effectively into their appropriate group, producing values slightly
above those that can attributed to random grouping. That is the
case for all the combinations of the Kamlet-Taft f parameter
with any of the Hansen solubility parameters; values are 40-43%.
This analysis also corroborates findings reported in previous
sections, in which the performance of R; as a classification
criterion was enhanced by its pairing with additional parameters
such as Flory-Huggins, HLC and dielectric constant. These
pairings consistently placed >60% of the solvents into their
appropriate cluster. The results also point out that parameters
that do not allow an appropriate classification alone, such as
most of the physical properties parameters, might produce better
outcome estimations when combined with other parameters. The
combinations may reflect polarity and/or the gelation mecha-
nism more completely than individual solvent properties.

The effectiveness of this kind of statistical data analysis relies
on the availability of comprehensive, well-curated data sets.
However, the preliminary results presented here suggest that the
applicability of particular combinations might not be universal
since parameters that are better related to the mechanism of
gelation will also have a better performance on the classification.

Conclusions

It is apparent that without consideration of the solvent proper-
ties, the ability to develop a priori tools for designing new and
unique molecular gels, as well to gain truly fundamental under-
standing of the driving forces for epitaxial growth, will continue
to be unsuccessful. Clearly, global solvent parameters lack the
specificity to predict gelation capacity for organogelators with
diverse structures. Although individual parameters may correlate
well with individual gelators, global perspectives may not be
derived from this approach. Considering a solvent as a macro-
scopic continuum, characterized by a single physical constant
(e.g., dipole moment, dielectric constant, refractive index, etc.),

This journal is © The Royal Society of Chemistry 2015
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solvachormic shift, or Hildebrand solubility parameter is insuf-
ficient in predicting gelation behavior. Although multi-term
solvent parameters drastically improve the predictive abilities
of solvent gelator states, they are far from perfect; however, they
greatly aid in understanding the mechanism of assembly. True
insights into developing a priori tools will only be garnered
when developing complex relationships between numerous
solvent parameters. However, the benefits of greater accuracy
afforded by this kind of analysis must be considered in terms
of the additional analytical procedures that must be applied
and the balance will have to be determined by the informa-
tion sought.
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Figure S1: The capacity of the AZO derivatives (scheme 1) to form gels, precipitates or solutions as a function of the
static relative permittivity of the solvents.
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Figure S2: The capacity of the ALS gelators (Scheme 2) to form gels, precipitates or remain as solutions as a function
of the static relative permittivity of the solvents.
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Figure S3: The capacity of the MBD gelators (Scheme 3) to form gels, precipitates or remain as solutions as a function
of the static relative permittivity of the solvents.
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Figure S4: The capacity of the miscellaneous highly efficient gelators (Scheme 4) to form gels, precipitates or remain
as solutions as a function of the static relative permittivity of the solvents.
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Figure S5: The capacity of the AZO derivatives to form gels, precipitates or solutions as a function of the refractive
index and polarizability of the solvents.
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Figure S6: The capacity of the ALS gelators to form gels, precipitates or solutions as a function of the refractive index

and polarizability of the solvents.
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Figure S7: The capacity of the MBD derivatives to form gels, precipitates or solutions as a function of the refractive
index and polarizability of the solvents.
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Figure S8: The capacity of the MBD derivatives to form gels, precipitates or solutions as a function of partition
coefficients and Henry’s law constants of the solvents.
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Figure S9: 15: The capacity of the ALS derivatives to form gels, precipitates or solutions as a function of partition
coefficients and Henry’s law constants of the solvents.
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Figure S10: The capacity of DBS, HSA, N,N’-DBU and N,N’-DCHU to form gels, precipitates or solutions as a
function of partition coefficients and Henry’s law constants of the solvents.
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Figure S11: The capacity of the AZO derivatives to form gels, precipitates or solutions as a function of Ex(30) and the

Py scale of the

solvents.
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Figure S12: The capacity of the ALS derivatives to form gels, precipitates or solutions as a function of E(30) and the
Py scale of the solvents.
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Figure S13: The capacity of the ALS derivatives to form gels, precipitates or solutions as a function of the Hildebrand
solubility parameter of the solvents.
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Figure S14: The capacity of the AZO derivatives to form gels, precipitates or solutions as a function of the Hildebrand
solubility parameter of the solvents.
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Figure S15: The capacity of the MBD derivatives to form gels, precipitates or solutions as a function of the Hildebrand
solubility parameter of the solvents.
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Figure S16: The capacity of the MBD gelators to form gels, precipitates or solutions as a function of Kamlet Taft
Parameters, m, B, and a, of the solvents.
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Figure S17: The capacity of the AZO gelators to form gels, precipitates or solutions as a function of Kamlet Taft
Parameters, 7, 3, and a., of the solvents.
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Figure S18: The capacity of the MBD gelators to form gels, precipitates or solutions as a function of Catalan’s SPP,

SA, and SB s

olvent parameters.
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Figure S19: The capacity of the AZO gelators to form gels, precipitates or solutions as a function of Catalan’s SPP, SA,
and SB solvent parameters.
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Figure S20: The capacity of the ALS gelators to form gels, precipitates or solutions as a function of Catalan’s SPP, SA,
and SB solvent parameters.
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Figure S21: The capacity of the AZO derivatives to form gels, precipitates or solutions as a function of the dispersive
Hansen solubility parameter (84), polar Hansen solubility parameter (8,) and hydrogen- bonding Hansen solubility
parameter (Sh) of the solvents.
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Figure S22: The capacity of the ALS derivatives to form gels, precipitates or solutions as a function of the dispersive
Hansen solubility parameter (84), polar Hansen solubility parameter (8,) and hydrogen- bonding Hansen solubility
parameter (Sh) of the solvents.
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Figure S23: The capacity of the DBS, N,N’-DBU, N,N’-DCH to form gels, precipitates or solutions as a function of the
dispersive Hansen solubility parameter (84), polar Hansen solubility parameter (8,) and hydrogen- bonding Hansen

solubility parameter (Sh) of the solvents.
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Figure S24: 3D Hanson space and distances in Hansen space to the centers of the sol and gelation spheres for ALS
gelators. The blue horizontal line represents the radius of the solubility sphere, and the red line represents the radius of
gel sphere. The x-axes of the gelators are comprised of arbitrary values to aid in the visualization of differences in R;;.
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Figure S25: 3D Hanson space and distances in Hansen space to the center of the sol and gelation spheres for MBD
gelators. The blue horizontal line represents the radius of the solubility sphere, and the red line represents the radius of
the gel sphere. The x-axes are comprised of arbitrary values to aid in the visualization of differences in R;;.
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Figure S26: The capacity of the urea gelators to form gels, precipitates or solutions as a function of the MOSCED
(MOdified Separation of Cohesive Energy Density) parameters (A, T, g, o and ) of the solvents.
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Figure S27: The capacity of the AZO gelators to form gels, precipitates or solutions as a function of the MOSCED
(MOdified Separation of Cohesive Energy Density) parameters (A, T, q, o and ) of the solvents.

28



ALS-1 ALS-10

Sol 1 A A AMa e A A AL
Precipitate - 1
Gel emme oo oo 4 e oo oo
13 14 15 16 17 1813 14 15 16 17 18
Dispersion Parameter () Dispersion Parameter (i)
ALS-1 ALS-10
Sol 1 A AAA A E AA
Precipitate +
Gel® oo . + @
0 5 10 15 0 5 10 15
Induction Parameter (q) Induction Parameter (q)
ALS-1 ALS-10
Sol - A A A E A A
Precipitate - .
Gel- . . .

08 090 095 100 105 1108 090 095 1.00 1.05

Polarity Parameter (t) Polarity Parameter (t)
ALS-1 ALS-10
Sol {am 4 a da A
Precipitate 4
Gel+ '] e o ° . L) L oo
0 5 10 15 20 0 5 10 15 20
Hydrogen-Bond Acidity Parameter (a) Hydrogen-Bond Acidity Parameter (o)
ALS-1 ALS-10
Sol pm a E S
Precipitate ¢
Gel o -e o r -
0 5 10 15 20 0 5 10 15 20
Hydrogen-bond basicity parameter (§) Hydrogen-bond basicity parameter (8)

Figure S28: The capacity of the ALS gelators to form gels, precipitates or solutions as a function of the MOSCED
(MOdified Separation of Cohesive Energy Density) parameters (A, T, g, o and 3) of the solvents.
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Figure S29: The capacity of the MBD gelators to form gels, precipitates or solutions as a function of the MOSCED
(MOdified Separation of Cohesive Energy Density) parameters (A, T, g, o and ) of the solvents.
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