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Abstract Recent advances in understanding the underlying
mechanisms of self-assembly in molecular gels using Hansen
solubility parameters (HSPs) have focused on gelator-single
solvent mixtures. Linear correlations between critical gelator
concentration (CGC) and polar HSP formed in specific re-
gions where each region has the same proportion of octane
with different ratios of either 1-octanol and 1-octylamine.
CGC increases with an increasing proportion of 1-octanol
and a decreasing proportion of 1-octylamine as the polar
HSP increases within each region. Both G’ and breaking
points decrease in a log-linear fashion as each individual
HSP or total HSP increases, suggesting that 1-octanol-rich
gels do not form strong gels because of hydrogen bonding
between 1-octanol and 12HSA which is capable of impeding
fiber growth. The interaction between 12HSA and 1-octanol is
more disruptive to fiber growth than 1-octylamine which
arises because of the solvents ability to accept or donate a
hydrogen bond.

Keywords Molecular gels - Hansen solubility parameters -
Critical gelator concentration - Low molecular weight
organogelators - Self-assembled fribrillar network

Introduction

Molecular gels, comprised of low molecular weight
organogelators (LMOGs), are thermally-reversible, semi-
solid materials where the solvent is immobilized on a macro-
scopic scale by the three-dimensional (3D) self-assembled
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fibrillar network (SAFiN) [1-3]. LMOGs aggregate onto the
SAFiN by physical, non-covalent interactions including hy-
drogen bonding, [4-7] pi-pi stacking, [8] dipole-dipole inter-
actions, [9, 10] and London dispersion forces. [11] A precise
balance between gelator-gelator interactions and gelator-
solvent interactions is required for SAFiN formation; exces-
sive gelator-gelator interactions interfere with unidirectional
fibrillar growth leading to thicker fibers and eventually im-
pede fibrous structures from forming. [12, 13] LMOGs have
become a major topic of interest over the past decade because
of their wide range of potential applications pertaining to
photovoltaics, [14] light harvesting, [15] controlled drug re-
lease, [16] and trans and saturated fat replacement. [17].

The capacity of LMOGs to result in SAFiNs, and ultimately
molecular gels, has been widely studied. [18-20] Numerous
attempts to correlate solvent parameters to gelation have been
meet with mixed success. Bielejewski et al. showed that the
hydrogen-bonding network of 1,2-O-(1-ethylpropylidene)-o-D-
glucofuranose and their thermal stability were both affected by
solvent polarity. [21] Later, solvent chemistry was tailored using
ethanol as a co-solvent with toluene to control polarity and
hydrogen-bonding interactions of diphenylalanine (L-Phe-L-
Phe, FF). [22] Of the solvent parameters studied, Hansen solu-
bility parameters (HSPs), which consists of dispersive interac-
tions (9 g), polar interactions (4 ), and hydrogen-bonding inter-
actions (0 ), have been the most useful at predicting 12HSA
gelation ability and it appears that J |, correlates most strongly
with gelation ability and solvent chemistry [1, 13, 18, 23-29]. It
is has been shown that the § 1, has a positive linear correlation
with critical gelation concentration (CGC) for 12HSA [12, 13].

The majority of research with regards to HSPs and mole-
cule gels has focused on a gelator mixed in a single solvent. To
date, only a handful of studies have been completed on a
mixed dual solvent systems using HSPs [27, 30-33] One such
study included the properties of Pyrenyl-Linker-Glucono
gelators in tetrahydrofuran-water mixtures were examined
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[30]. They found the composition of the liquid mixtures had
an effect on the solubility, gelation ability, crystallite size,
CGC, microstructure, thermal, and mechanical stabilities of
the gels, etc. [30]. The likelihood of gel formation depends on
the HSPs of gelator and solvent combinations; the rheological
properties of the gel illustrate the importance of the hydrogen-
bonding interactions and mechanical stability [30]. Strong
correlations found between 9, and gel formation, for
12HSA, where § ;,<4.7 MPa'”? forms a clear gel, 4.7<6 <
6.5 MPa'”? results in opaque gels or precipitate gels, and when
8 1>6.5 MPa'?, it remains a solution [13]. The hydrogen-
bonding HSP seems to be a more predictive parameter than
other solvent polarity measures for determining gelation be-
haviors for 1,3:2,4-dibenzylidene sorbitol (DBS) [34].

12HSA molecular gels have two different polymorphic
forms depending on the solvent employed to make the gel:
hexagonal subcells (~4.1 A ) in non-polar (alkanes and thiols)
and triclinic parallel subcells (~4.6, 3.9, and 3.8 A ) in polar
solvents (nitriles, aldehydes, and ketones) [24]. The hexagonal
polymorphic form corresponded to the SAFIN with CGC less
than 1 wt%. The triclinic polymorphic form corresponds to a
less effective spherulitic supramolecular crystalline network
and a corresponding CGC greater than 1.5 wt% [24]. In this
study, the effect of ternary solvent mixtures using octane, 1-
octanol, and 1-octylamine were employed at different ratios to
investigate the effects on structure, thermal, and rheological
properties of a 12HSA/solvent blend.

Methods
Materials and gel preparation

Octane, 1-octanol, 1-octylamine, and 12HSA were obtained
from Sigma-Aldrich (St. Louis, MO) with purities greater
than 0.95 % and were used without further purification. The
solvents were selected because 12HSA in octane, forms a
transparent gel, in 1-octylamine 12HSA forms an opaque
gel or a precipitate gel and 12HSA in 1-octanol remains a
solution at concentrations as high as 5 wt% [1, 13, 24, 25].
Using a ternary phase diagram, and varying the solvent
ratio in 10 % increments, generated 66 solvent combina-
tions. Initially, 1-g sample with 3 wt% 12HSA/solvent was
prepared in 8 ml vials. Samples were heated to 100°C for
20 min and stored for 24 h at 25°C . The tube inversion
method was used to determine if it was a gel; upon inverting
the vial for 1 h if no flow was observed under its own
weight, then the sample was classified crudely as a gel. If
no flow was observed, the sample was diluted in by 0.5 %,
reheated to 100 °C and cooled to 25°C , and re-tested until
flow was observed; the last concentration that impeded
flow was noted to be the CGC.
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Polarized light microscopy

Polarized light micrographs were obtained for each
3 wt% 12HSA gels in each of the 66 solvent combina-
tions using a Linkham imaging station (Linkham, Sur-
rey, England) equipped with a Q imaging 2560x
1920 pixel CCD camera (Micropublisher, Surrey, Cana-
da) and a 10x Olympus lens (0.25 NA) (Olympus,
Tokyo, Japan). Samples were placed on a glass slide
and covered by a glass coverslip. All the samples were
observed at ~25°C under polarized light.

Rheological measurements

A discovery hybrid rheometer (TA instruments, New Castle,
DE) was used to assess the rheological properties of the gels
using an 80-mm flat peltier plate (TA instruments, New Cas-
tle, DE). An oscillatory stress sweep at 1 Hz was conducted
between 0 and 5000 Pa to determine the linear viscoelastic
region (LVR). Samples were prepared in aluminum molds
comprised of Swagelok compression fittings, which acted as
gas-tight seals to prevent the volatilization of the solvent
during heating. The gels, obtained from the aluminum molds
were 8 mm in diameter and 5 mm thick. The yield stress was
determined when the G’ decreased from the LVR by 10 %.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) (Q2000, TA Instru-
ments, New Castle, DE) was used to determine the melting
point of 6 to 10-mg sample sealed in hermetic aluminum pans
(TA Instruments, New Castle, DE). The DSC chamber was
maintained at 20°C and flushed with nitrogen (0.5 ml/min).
The sample was then heated to 100°C at 2°C /min.

Results and discussion

Individual HSPs for the solvent combination are calculated
using their weight percent distribution:

5): = Z ((Sx)j@i (1)

where x stands for the dispersive, polar, or hydrogen-
bonding component of i/ solvent where i represents octane,
l-octanol, or 1-octylamine. ¢; is the weight percent of com-
ponent 7 in each mixture [35]. The HSP of 12HSA have
previously been calculated using the group contribution meth-
od [36-39]. Hansen space was used to observe if the different
states (i.e., sol, gel, or precipitate) of the 3 wt% 12HSA/
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Fig. 1 2D and 3D Hansen space for the different gel, solution, and
precipitate states of 12HSA/solvent combinations (i.e., octane, 1-octanol,
and 1-octylamine). Yellow points represent solutions, blue points

solvent combinations clustered in different regions (Fig. 1).
Each of the pure solvents have similar dispersive components
(i.e., 0 4 octane=15.5 MPa'?, § 4 octano=17.0 MPa'’?,
OpOctylamine=15.6 MPa'”?); therefore, it appears as though the
points align within the spheres on the Hansen plot (Fig. 1).
12HSA precipitates occupied the smallest region of Hansen
space, while the gel and solution spheres were similar in size

but not location. The center (204, 8, On,) of precipitate sphere
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represent gels, and orange points represent precipitates. The blue mesh
sphere corresponds to the solutions HSP and the green mesh sphere to the
gel HSP

is 31.7, 3.5, 8.4 MPa'?, and the radius (Rpre) is 1.94 MPa'?;
the center of solution sphere is 31.6, 3.0, and 7.14 MPa'"? and
the radius (Ry) is 5.18 MPa"?. Finally, the center of gel
sphere is 31.4, 2.2, and 5.23 MPa'? with a radius (Rger) of
5.67 MPa'”?. However, with this system of solvent, the 3D
Hansen space is unable to discern the different sols, gels, and
precipitates. Thus, we were interested to study if there are any
correlations with individual HSPs.
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The HSPs for 12HSA, calculated using the group contri-
bution method (5;=17.59 MPa'’?, 0,=2.86 MPal'’?, §,=
6.77 MPa'”? [13]), was used to calculate the distance between
12HSA and the solvent combinations, in Hansen space and
were plotted versus the total HSP (4,) (Fig. 2a). It is important
to note that other methods may be advantageous over deter-

mined Hansen coordinates for 12HSA including the center of

the solubility sphere [27]. Bonnet et al., [27] showed that the
values for 12HSA, determined using the center of the solubil-
ity sphere, differed from the group contribution methods. For
R calculations, the 12HSA coordinates were calculated using
the group contribution mentions (A, C) and the center of the
solubility sphere from previous works (B, D) [27]. The vector
distance (Rj;) was calculated using Eq. 2:

Rj = (4(am0)" + (is) + (hi—hj)z)l/z

Below &,~18.0 MPa'” gels formed at lower d, irrespective
of the distance between the solvent and gelator and sols
remained at higher &, (i.e., the solutions are located on the
right side of the distributed data, while gels are concentrated
on the left side) (Fig. 2a, b). When $,<18.0 MPa'?, no
precipitates formed. Above a total HSP of 18.0 MPa'?, the
solutions tended to lie on the right side of the data and the sols
were not differentiated, in &, from the precipitates (Fig. 2a).
This explains why R;; is not the only factor in predicting gel
behavior and is unable to define clear trends between CGC
and Rj; (Fig. 2c, d) [13]. The total HSP, related to the

directionality in Hansen space, is crucial in determining
organogel formation due to the fact that a strong hydrogen-
bonding component or polar component may interfere with
gelator-gelator interactions resulting in solutions or
precipitates.

In order to better typify the gelation behavior of
12HSA in complex solvent mixtures, the CGC was
assessed as a function of each individual HSP and the
total HSP (Fig. 3). Solvent mixtures that contained a
majority of octanol (i.e., above 50 wt%) (i.e., Fig. 3,
red square) correspond to the highest CGC values. Pre-
viously, it has been shown that 12HSA in 1-octanol
remains a solution; [13] therefore, the octanol-rich
(octanol> 50 %) solvent mixtures tend to require higher
concentrations of 12HSA due to the strong gelator-
solvent interaction. Even though 1-octylamine is capable
of hydrogen bonding, the relative strength is lower than
I-octanol and is insufficient to impede fibrillar growth
of 12HSA. Therefore, the I-octylamine-rich gels (i.e.,
Fig. 3, green diamonds) correspond with lower CGC
compared with 1-octanol-rich gels (red square). Further-
more, the capacity to donate and accept a hydrogen
bond is very different between these two solvents.
HSPiP software dissects the 0; into the energy associ-
ated with a hydrogen bond donor and acceptor. In the
case of l-octanol, the hydrogen bond donor energy
versus acceptor ratio (&, psa) is 6.9/8.7; for 1-
octylamine, the &, psa is 0.1/7.4. Since these solvents
have similar energies associated with the acceptance of
hydrogen bonds, the solvation of 12HSA in 1-octanol is
probably due, in part, to the high hydrogen bond
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contributions method (a, ¢) and S5 - % .x'v
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(b, d) [27] and the mixed solvent \2,_ ‘::.v .'°x" =3 ,.0..;-7
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donating energy. Interestingly, several gels rich in oc-
tane (octane>50 %) also correspond with high CGC. For
example, the gel with 90 % of octane and 10 % of 1-
octylamine has a CGC of 2.8 wt% while the CGC of
pure octane is only 0.3 wt%. The vast change of CGC
shows that small amounts of polar and hydrogen-
bonding solvents are capable of disrupting the 12HSA
fiber growth. Overall, there is no clear isolation among
gel, solution, and precipitate according to the HSP.
However, all of the solutions and precipitates are rich
in l-octanol (= 50 %) with the exception of three that
are solutions rich in 1-octane (=50 %).

Certain regions within 0, show linear correlations
with CGC. Within each region, where linearity is ob-
served, has the same proportion of octane and varying
ratios of both 1-octanol and 1-octylamine (i.e., region 1,
60 % octane, (1.12<4,<1.22 MPa'?); region 2, 50 %
octane (1.4<4,<1.55 MPa'’?); region 3, 40 % octane
(1.68<5,<1.88 MPa'?), region 4, 30 % octane (1.96
<9,<2.16 MPa'?); and region 5, 20 % octane (2.24<6,
<2.54 MPa'’?). As 0, increases within each region,
CGC increases with an increasing proportion of 1-
octanol and a decreasing proportion of 1-octylamine
(Fig. 3b). A meticulous balance between gelator-gelator
interactions and gelator-solvent interactions is obtained
when §,=1.4 MPa'?, §,=3.55 MPa'? (octane=50 %,
octylamine=50 %) which requires CGC<0.4 wt%. As
the concentration moves away from this ratio, more
gelator is required to gel the solvent mixtures. This

trend becomes more evident when the data is plotted
onto a ternary contour plot (Fig. 4). The CGC gradually
increases as the proportion of 1-octanol increases (i.e.,
shown with a color change from purple to red).

The rheological behavior of 12HSA/mixed solvent gels is
also quantified in terms of the HSPs, which are correlated with
storage modulus (G') (Fig. 5) and yield stress/breaking point
(Fig. 6). The yield stress was experimentally defined as the
stress where G’ deviates by 10 % from the average G’ obtained
within the LVR. Gels rich in 1-octanol correlated to lower G’
and yield stresses compared with octane-rich or 1-octylamine-

CGC

0 3000
06125
09280

12

Octanol

Fig. 4 2D ternary contour plot of solvents mixture systems. Blank area
represents solutions and precipitates. Color scale represents the critical
gelator concentration
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Fig. 5 Storage modulus (G')
versus the dispersive component
of the HSP (a), the polar
component of the HSP (b), the
hydrogen-bonding component of
the HSP (c), and the total HSP (d)
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rich solvents. This matches with the previous findings that
12HSA in 1-octanol remains a solution and the gels rich in 1-
octanol correspond with high CGC [13]. As each individual
HSP or total HSP increases, both G' and breaking points
decrease in a log-linear fashion, suggesting that 1-octanol-
rich gels do not form strong gels because of hydrogen bonding
between 1-octanol and 12HSA which impedes fiber growth .

Fig. 6 Breaking point versus the
dispersive component of the HSP
(a), the polar component of the
HSP (b), the hydrogen-bonding
component of the HSP (¢), and
the total HSP (d)
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To further probe the effects of mixed solvents on gelation
ability of 12HSA, the onset temperature of melting, as a
function of each individual HSP, total HSP and CGC, was
plotted (Fig. 7). There are no obvious trends found between
melting temperature and solubility parameters nor between
melting temperature and CGC. 12HSA in pure octane is not
represented on these figures because it skews the axis as it is
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Fig. 7 Melting temperature as a e Octane=50% ¢ Octylamine=50%
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Fig. 8 2D ternary contour plot of solvents mixture concentration. Blank Fig. 9 Polarized light micrographs of the 12HSA organogels,
area represents solutions and precipitates precipitates, and solutions at each proportion of mixed solvents
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the only system that melts above 60°C. However, the five data
points that have a melting temperature above 45°C all have
octane concentration equal to, or greater than the concentra-
tion of both 1-octanol and 1-octylamine.

It is obvious that the melting temperature drops sig-
nificantly when the solvent changes from a pure octane
to a solvent mixture (Fig. 8). When octane was blended
with 1-octanol and/or 1-octylamine, the melting temper-
ature dropped to between 52.83 and 32.12 °C indicating
that the crystal size is decreased and/or that more im-
perfect crystals are present, which associated with an
increase in the surface area of the crystalline structure
of the molecular gel [1]. This can be explained by using
Gibbs free-energy curves [40].

For the samples that remained as solutions, no fibers
or spherulites were found, only a few small aggregates
(Fig. 9 bottom right). The macroscopic precipitates are
visually represented with images from the supernatant
and precipitate as shown in the lower right side of
Fig. 9. It is obvious that the morphology of the samples
vary with changing solvent blends, which accounts for
the changes in melting temperature. When 90 % octane
was mixed with 10 % 1-octylamine, large aggregates of
thick fibers were formed. As the l-octylamine ratio in-
creased from 10 to 50 % (15.69<6,<16.44 MPa'’?), the
size of the aggregates decreased and the number of the
aggregates increased. Beyond 50 % Il-octylamine
(16.63<8,<17.37 MPa'’?), the size of aggregates in-
creased resulting in thick fibers. This result correlates
with observations made in the changes to the CGC. At
low CGC, the crystal morphology maintains large aspect
ratio with thin fibers. In binary mixtures of 1-octanol and
octane, at 10 % 1-octanol, large aggregates were formed.
Beyond 10 % l-octanol (16.6<8,<21.01 MPa'?) in the
binary mixtures solutions formed. This again proved that
the interaction between 12HSA and I-octanol is more
disruptive to fiber growth than 1-octylamine which may
arise because of the solvents ability to accept or donate a
hydrogen bond.

In this work, HSPs have been used to explain the
changes observed in CGC and melting temperatures
using thermodynamic arguments based on the crystal
size and crystal perfection. These factors clearly play a
role in the mechanism of self-assembly; however, it is
important to note that this is not an exhaustive thermo-
dynamic argument. For example, several studies have
shown that addition of polar solvent, in our case 1-
octanol and 1-octylamine compared to octane, will shift
the phase diagram and the liquidus line of the gel
between the gelator and solvent [41, 42]. Theoretically,
this shift in the liquidus line will have significant effects
on the solubility and hence CGC as well as the melting
temperature.
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Conclusion

The idea of designing this experiment on a mixed ternary
solvent system provides a better understanding of the solvents
effects on the 12HSA gel. Gels rich in 1-octanol (=50 %) tend
to have a higher CGC compared to gels rich in 1-octylamine
(=50 %) and gels rich in octane (>50 %) due to the strong
gelator-solvent interaction. It is clear that the hydrogen-
bonding interaction (i.e., donor versus acceptor) is crucial in
determining the 12HSA gel formation. Even though 1-
octylamine is capable of hydrogen bonding, it is less effective
in impeding fibrillar growth of 12HSA than 1-octanol. 1-
Octanol-rich gels do not form strong gels because of hydrogen
bonding between the gelator and solvent which impedes fiber
growth.

Author contributions The manuscript was written through contribu-
tions of all authors. All authors have given approval to the final version of
the manuscript.
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