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Insights into organogelation and its kinetics from
Hansen solubility parameters. Toward a priori
predictions of molecular gelation†

Kevin K. Diehn,a Hyuntaek Oh,a Reza Hashemipour,a Richard G. Weissb

and Srinivasa R. Raghavan*a

Many small molecules can self-assemble by non-covalent interactions into fibrous networks and thereby

induce gelation of organic liquids. However, no capability currently exists to predict whether a molecule

in a given solvent will form a gel, a low-viscosity solution (sol), or an insoluble precipitate. Gelation has

been recognized as a phenomenon that reflects a balance between solubility and insolubility; however,

the distinction between these regimes has not been quantified in a systematic fashion. In this work, we

focus on a well-known gelator, 1,3:2,4-dibenzylidene sorbitol (DBS), and study its self-assembly in

various solvents. From these data, we build a framework for DBS gelation based on Hansen solubility

parameters (HSPs). While the HSPs for DBS are not known a priori, the HSPs are available for each

solvent and they quantify the solvent's ability to interact via dispersion, dipole–dipole, and hydrogen

bonding interactions. Using the three HSPs, we construct three-dimensional plots showing regions of

solubility (S), slow gelation (SG), instant gelation (IG), and insolubility (I) for DBS in the different solvents

at a given temperature and concentration. Our principal finding is that the above regions radiate out as

concentric shells: i.e., a central solubility (S) sphere, followed in order by spheres corresponding to SG,

IG, and I regions. The distance (R0) from the origin of the central sphere quantifies the incompatibility

between DBS and a solvent—the larger this distance, the more incompatible the pair. The elastic

modulus of the final gel increases with R0, while the time required for a super-saturated sol to form a gel

decreases with R0. Importantly, if R0 is too small, the gels are weak, but if R0 is too large, insolubility

occurs—thus, strong gels fall within an optimal window of incompatibility between the gelator and the

solvent. Our approach can be used to design organogels of desired strength and gelation time by

judicious choice of a particular solvent or a blend of solvents. The above framework can be readily

extended to many other gelators, including those with molecular structures very different from that of

DBS. We have developed a MATLAB program that will be freely available (upon request) to the scientific

community to replicate and extend this approach to other gelators of interest.
Introduction

Molecular organogels are a fascinating class of materials that
are attracting wide interest among chemists, physicists and
engineers.1–3 They are formed by the non-covalent self-assembly
of small molecules in organic liquids. The molecular assembly
results in long one-dimensional objects (“bers”), which
entangle and interconnect into a three-dimensional (3-D)
network.4 Upon formation of such a self-assembled brous
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network (SAFIN), the liquid solvent (sol) is entrapped within the
network, and the sample is transformed into an elastic gel.
Molecular organogels are being explored for a variety of appli-
cations such as for treating oil spills,5 art conservation,6 plasma
and serum separation,7 and as functional materials in solar
cells or lithium-ion batteries.8

Despite the wide interest in molecular gels, a fundamental
understanding of self-assembly-based gelation is lacking. Most
known organogelators have been discovered by serendipity, and
trial-and-error experiments are still necessary to determine
which solvents they can gel.2,9,10 It would be invaluable to have a
framework that could be used to predict whether a given gelator
could gel a new solvent of interest. For various solvents,
important physical properties such as the dielectric constant,
Hamaker constant, surface tension, Hildebrandt solubility
parameter, and Hansen solubility parameters, are either tabu-
lated or can be calculated. Can gelation be correlated with one
This journal is © The Royal Society of Chemistry 2014

http://dx.doi.org/10.1039/c3sm52297k
http://pubs.rsc.org/en/journals/journal/SM
http://pubs.rsc.org/en/journals/journal/SM?issueid=SM010015


Paper Soft Matter

Pu
bl

is
he

d 
on

 1
4 

Fe
br

ua
ry

 2
01

4.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
M

ar
yl

an
d 

- 
C

ol
le

ge
 P

ar
k 

on
 0

7/
04

/2
01

4 
22

:5
7:

11
. 

View Article Online
or more of these physical properties? This question has gener-
ated much research,11–15 but the eld still awaits a framework
that has applicability across a wide range of molecular gelators.

An important advance in connecting gelation with solvent
properties was recently reported by Raynal and Bouteiller16 who
performed a meta-analysis of eight earlier studies on organo-
gelators. They interpreted these results in terms of the solvents'
Hansen solubility parameters (HSPs).17,18 The same approach
has also been subsequently used by other researchers.19–23 HSPs
quantify the cohesive energy density d of a solvent in terms of
contributions from three types of weak interactions:17 van der
Waals or dispersive interactions (dD), dipole–dipole or polar
interactions (dP), and hydrogen-bonding interactions (dH). Each
solvent is thus a point on a 3-D plot in which the axes represent
the three HSPs (dD, dP, and dH). The distance from the origin to
that point represents the total cohesive energy density d of the
solvent.17 In the present study, we develop a new HSP-based
framework for interpreting gelation that offers important
insights and useful predictive capabilities.

The focus of our studies is the well-known model organo-
gelator 1,3:2,4-dibenzylidene sorbitol (DBS). DBS is a buttery-
shaped molecule with a hydroxylated center and benzyl groups
on either side (Fig. 1) and it is capable of gelling many organic
solvents at low concentrations (<5 wt%).21,24–31 We examine DBS
in a wide range of solvents with known HSPs and we plot our
observations on 3-D Hansen plots. (Note that the precise HSPs
of DBS are not known a priori. Group contribution methods do
exist to determine HSPs from the functional groups present in a
given molecule;17,21 however, these can be reliably applied only
Fig. 1 Schematic of the experimental setup (left) and the corresponding
to various organic solvents and heated to 125 �C, followed by cooling to r
samples as soluble or sols (S, blue), slow gels (SG, green), instant gels (IG,
these outcomes are shown on the right. These outcomes were then plot
three Hansen solubility parameters (dD ¼ dispersive, dP ¼ polar, and d

schematic figure on the right, is that the four regions radiate out as conc
and I spheres.

This journal is © The Royal Society of Chemistry 2014
to simple molecules, not to complex structures like DBS.) Our
central nding is a consistent, logical progression in 3-D Han-
sen space with spherical shells of solubility, gelation, and
insolubility radiating out in order. This pattern offers insights
into both the nature and the kinetics of gelation. In addition, we
are also able to correlate the rheology of DBS gels with the
solvent properties based on HSPs.

Results and discussion
Procedure and classication of outcomes

The HSPs for hundreds of neat organic solvents are collected in
the book by Hansen.17 We studied DBS in many of these
solvents, with some candidate solvents identied from the
previous literature.21,25–31 Our procedure employed visual
observation of DBS-solvent mixtures and is schematically
depicted in the le panel of Fig. 1. First, DBS was added to the
solvent at a desired concentration and the mixture was heated
to 125 �C while being stirred. This typically resulted in a low-
viscosity, transparent solution (sol). The vial containing the hot
sol was then cooled to room temperature using running water
(22 �C) for 90 s. From this point onwards, the vial was placed on
the countertop and observed visually. Vial inversion was used to
infer the formation of an organogel, i.e., a sample was termed a
gel if it held its own weight in the inverted vial.32

Sample outcomes were categorized in the following manner.
A sample was classied to be insoluble (I) if: (a) DBS could not
be dissolved even aer heating and stirring, or (b) it was soluble
at high temperature (T) but formed a solid precipitate upon
results in 3-D Hansen space (right). The organogelator DBSwas added
oom temperature (22 �C). Visual observations were used to classify the
red) and insoluble (I, yellow). Photographs of samples corresponding to
ted for the various solvents on a 3-D plot where the axes represent the

H ¼ hydrogen-bonding interactions). Our key finding, shown by the
entric shells: i.e., the central sol (S) sphere, followed in order by SG, IG,

Soft Matter, 2014, 10, 2632–2640 | 2633
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cooling to room temperature. Photo 4 in Fig. 1 is an example of
such a sample. Next, a sample was classied as a sol or solution
(S) if it remained a thin, clear liquid indenitely aer cooling to
room temperature (photo 1). That is, sols remained so regard-
less of time; they did not subsequently convert into gels or
become unstable and precipitate. Next, concerning the samples
that did transform from sols at high T to gels at ambient
temperature, we further distinguished two cases depending on
the relative kinetics of gelation. If the sample was already a gel
(as indicated by vial inversion) by the time it was cooled to room
temperature (time t ¼ 0), it was classied as an instant gel (IG).
On the other hand, if the sample was not a gel at t ¼ 0 but it
formed a gel at some nite time tgel aer reaching room
temperature, it was classied as a slow gel (SG) and the corre-
sponding tgel was recorded. The distinction between IG and SG,
although qualitative, is important because gelation is usually a
non-equilibrium process and there is a kinetic aspect to it.2,33

For example, many gels, including those of DBS, form by the
nucleation and growth of brils. Thus, a simple either-or
approach to gelation (i.e., gel or no gel) could produce different
results depending on the procedure employed and the time at
which the sample is observed. The use of the four-pronged S–
SG–IG–I scheme mitigates against these issues.
Plotting outcomes in 3-D Hansen space

To visualize the regions of DBS outcomes, each solvent was
plotted as a point in 3-D Hansen space where each axis repre-
sents one of the HSPs (dD, dP, dH). The solvent points were color-
coded based on the outcome of the sample, with blue for
soluble (S), green for slow gel (SG), red for instant gel (IG), and
yellow for insoluble (I). Next, color-coded spheres were drawn
around each of these regions on the 3-D plot. The use of
spherical regions mirrors the method used by Hansen for
polymer–solvent interactions.17,18 In our approach, we have
made a few critical choices that depart from previous work on
HSP-gelator correlations. First, we begin by focusing on the blue
sphere corresponding to the soluble (S) region in Fig. 1. The
criterion for this sphere is that it must encompass all the
solvents in which DBS gives a sol (the “good” solvents) while
excluding all other solvents (the “bad” solvents). The size of the
S sphere (i.e., its radius RS) and its location (i.e., its origin in 3-D
space) are the two variables. We used aMATLAB program to nd
the location and size of the optimal S sphere that satised the
above criterion. The algorithm and tting procedure are dis-
cussed in Section 2 of the ESI† and screenshots of the program
are shown in Fig. S1.† Briey, we make an initial guess for the
location of the origin and an initial value of the radius based on
our data. Taking cues from Hansen's work, we employ a desir-
ability function (DF) to determine the goodness-of-t for this
radius and origin (see Section 2, ESI†).17,18 We then iterate the
location and size of the S sphere until the DF is maximized.

Once the soluble (S) sphere is correctly sized and placed, we
then use the same origin for the subsequent SG, IG and I spheres.
This is a crucial distinction from previous studies and we
believe it leads to a simpler and more intuitive framework. The
resulting plots are shown schematically in Fig. 1. Considering
2634 | Soft Matter, 2014, 10, 2632–2640
the SG (green) sphere, we x its origin as that of the S (blue)
sphere and iterate its radius RSG such that it encompasses the
solvents in which DBS forms a slow gel while excluding the
solvents corresponding to the IG and I outcomes. Similarly, we
draw the IG (red) sphere under the criterion that it includes the
solvents in which DBS forms an instant gel while excluding the
solvents in which DBS is insoluble. Finally, we plot the I (yellow)
sphere by extending it up to the solvent points corresponding to
DBS insolubility. Our central result is that the four regions
radiate out as concentric shells (Fig. 1): i.e., the central soluble
(S) sphere is followed in order by spheres corresponding to the
SG, IG, and I regions. We will discuss the implications of this
result aer rst presenting the actual data.
3-D plots for DBS

DBS sample outcomes were determined and plotted by the
above procedure for three DBS concentrations: 1%, 5% and 10%
(weight/volume). A total of 35 solvents were tested and their
HSPs are provided in Table S1 that is part of the ESI le.† The
plots in 3-D Hansen space are shown in Fig. 2. Note also that
these results pertain to room temperature (�22 �C). For
convenient representation, the vertical axis is not extended to
the origin and its values correspond to 2dD; the other two axes
correspond to dP and dH. The use of 2dD is per the recommen-
dation of Hansen as it is conducive to spherical ts.17,18

The plots in Fig. 2 clearly reveal the key result mentioned
above, which is the presence of a central solubility (S) sphere in
blue followed by radiating spherical shells corresponding to SG
(green), IG (red) and I (yellow) regions. The concentric spheres
reect our analysis procedure, but they are derived from the
empirical observations. To emphasize this aspect, we show the
empirical outcomes in the various solvents as discrete color-
coded points. Enlarged versions of these three plots are
provided in the ESI (Fig. S2†). Note that the blue points are
clustered in the center of the blue (S) sphere and as one moves
radially outward, a number of green (SG) points appear, then
several red (IG) points and nally some yellow (I) points. (As an
aside, viewing the 3-D plots in 2-D can sometimes be
misleading; i.e., points that appear to be inside a given sphere
may actually be outside it.) The underlying result in terms of a
progression in Hansen space from solubility to gel to insoluble
is in accord with the seminal paper by Raynal and Bouteiller,16

although they did not separate out the SG and IG regions.
Several trends are evident from the plots in Fig. 2. First, note

that the blue sol (S) sphere is relatively large at 1% DBS (Fig. 2a)
and then shrinks to a constant size as the DBS concentration is
increased to 5 and 10% (Fig. 2b and c). This result reveals the
concentration-dependent nature of molecular gelation: i.e.,
samples that are sols at low gelator concentrations may become
gels at higher gelator concentrations. Note also that the origin
of the S sphere in the three above plots has a nearly constant
location. The co-ordinates of the origin in terms of HSPs (dD�,
dP�, dH�) are (17.8, 13.6, 6.4) for 1% DBS, (17.6, 15.7, 9.3) for 5%
DBS and (17.6, 15.7, 9.3) for 10% DBS (all numbers have units of
MPa1/2). The origin of the S sphere is signicant because it
provides an estimate for the HSPs of DBS itself. Interestingly,
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 Results for DBS in various solvents, plotted in 3-D Hansen space: (a) 1%; (b) 5%; and (c) 10% DBS. The axes represent the three Hansen
solubility parameters (dD ¼ dispersive, dP ¼ polar, and dH ¼ hydrogen-bonding interactions). Each solvent is represented as a color-coded point
on these plots. The results show a pattern of concentric spheres, i.e., the central sol (S) sphere in blue, followed in order by spheres corre-
sponding to slow gel (SG) in green, instant gel (IG) in red, and insoluble (I) in yellow. The co-ordinates for the center of the S sphere and the radii of
each sphere are indicated. Enlarged versions of the same plots are provided in Fig. S2 (ESI).†
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however, the above estimates are quite different from a recent
calculation of the HSPs of DBS by a group contribution method,
which determined (dD�, dP�, dH�) to be (15.9, 3.9, 18.3) (again in
MPa1/2).21 We believe this discrepancy indicates the difficulty of
using group contribution methods to calculate HSPs for
complex molecules. Note that the HSPs of DBS are expected to
be close to those of the solvents in which it is most soluble.
Empirically, we nd that DBS is highly soluble (even at 10%) in
polar aprotic solvents such as N-methylpyrrolidone (NMP),
dimethylsulfoxide (DMSO), and dimethylformamide (DMF). All
these solvents fall near the center of the S sphere and in turn,
their HSPs are close to the values for the origin.

Next, we discuss trends in the SG, IG and I regions. At a low
concentration (1%) of DBS, many gels form slowly aer cooling
and therefore the green SG region is large. Correspondingly,
only few solvents reveal a gel as soon as the sample is cooled,
and thus the red IG region is just a thin shell. As DBS is
increased to 5%, the SG region shrinks while the IG region
substantially expands. Finally, at 10% DBS, the SG region is a
very thin, almost non-existent shell surrounding the S sphere
and most of the gels are instant gels, falling in the IG region. In
other words, when the concentration of gelator is high, gels
form rapidly regardless of solvent. Note also that the boundary
of the IG region, i.e., the radius RIG of the sphere, shrinks with
increasing DBS. This means that some solvents are unable to
completely solubilize high concentrations of DBS, which leads
to a classication of these samples as insoluble (I). In turn, the I
region expands with increasing DBS.

We will now mention a few trends regarding the chemical
nature of the solvents tested and its impact on DBS gelation. As
mentioned, DBS is highly soluble and non-gelling in polar
aprotic solvents like NMP25 and DMF. Conversely, in non-polar
aliphatic liquids like n-alkanes, DBS is insoluble, as noted by
previous studies.21 DBS forms strong, instant gels even at low
concentrations in aromatic solvents such as toluene and xylene,
as well as in short-chain alcohols like 1-propanol and 1-butanol.
In diols such as ethylene glycol as well as in glycol ethers, DBS
shows slow gelation at low concentrations and instant gelation
at higher concentrations. Based on these ndings, DBS gelation
appears to be a complex process mediated by several weak
interactions, which may include van der Waals, H-bonding, and
possibly p–p stacking.29 One cannot attribute the gelation
ability of DBS simply to H-bonding26 even though the molecule
has two primary –OH groups. Indeed, DBS is able to gel solvents
like the diols, which also have –OH groups that can compete for
H-bonding.
Fig. 3 Correlation of gelmoduluswithHansenparameters.The elastic
modulusG0 of 5% DBS gels in various solvents is plotted as a function of
the distance R0 of the corresponding solvent from the center of the
solubility (S) sphere in Fig. 2b. The values of R0 at the boundaries of the S
and SG regions are shown for reference. The data reveal an increasing
trend in G0 with R0. The line is drawn to guide the eye.
Signicance of the S–SG–IG–I concentric shells

The 3-D plots for DBS shown in Fig. 2 and illustrated in Fig. 1
provide a logical framework for gelation. Researchers have
recognized that gelation requires a balance between solubility
and insolubility.1–3 If a gelator is too soluble in a solvent (i.e., if it
is too similar or compatible with the solvent), a sol is formed.
The HSPs allow us to quantify this intermolecular similarity.
That is, if the HSPs of the gelator and a solvent are nearly equal,
then the mixture will fall in the solubility (S) sphere and will
2636 | Soft Matter, 2014, 10, 2632–2640
correspond to a sol.16,19 In the other extreme, if the gelator and
solvent are too incompatible, i.e., if their HSPs are widely
different, the gelator will be insoluble and the sample will fall in
the I region. The incompatibility between solvent and gelator is
proportional to the distance R0 in 3-D space from the solvent
point to the origin of the S sphere.17 When R0 is small such that
R0 < RS, it corresponds to the soluble (S) region and when R0 is
large such that R0 > RIG, it corresponds to the I region. Note that
R0 can be calculated for a given solvent j (of known HSPs) if we
know the HSPs at the origin of the S sphere (eqn (1)):17

R0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4
�
d
j
D � dD�

�2 þ �
d
j
P � dP�

�2 þ �
d
j
H � dH�

�2q
(1)

Between the above extremes, if the gelator is in a solvent that
is moderately incompatible (RS < R0 < RIG), it forms a gel.
Moreover, if the HSPs of a solvent are such that it falls just
outside the sol (S) sphere (i.e., if RSz R0), then the gelator forms
a slow gel (SG) in this solvent, at least at low gelator concen-
trations. On the other hand, if the HSPs of the solvent place it
far from the S sphere and close to the I boundary (i.e., if RS � R0

z RIG), the gelator forms an instant gel (IG) in this solvent even
at low concentrations. There is a continuum between the SG
and IG regions: increasing the gelator concentration causes the
SG region to shrink and the IG region to expand. Conversely, the
reverse (expansion of SG, shrinking of IG) is expected on
increasing temperature.

Gel properties as a function of R0

The above analysis implies a systematic variation in gel prop-
erties with the distance R0 from the center of the S sphere. That
is, gels near the S boundary should take longer to form and
should be weaker than those that are farther away from this
boundary. To test these predictions, we have measured the
elastic modulus G0 from dynamic rheology for 5% DBS in a
variety of solvents corresponding to the SG and IG regions.
Fig. 3 plots G0 vs. the R0 of the solvent. Note that the R0 axis is on
This journal is © The Royal Society of Chemistry 2014
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a linear scale while the G0 axis is on a log scale. We conrmed
that all the samples showed the signature of gels:4,32 i.e., in
frequency sweeps, both the elastic modulus G0 and the viscous
modulus G00 were independent of frequency and G0 exceeded G00.
(In the case of the slow gels, wemeasured the rheology well aer
the gelation was complete.) For reference, the values of R0 at the
boundaries of the S and SG regions are indicated in Fig. 3. The
plot does show an increasing trend in gel modulus G0 with
increasing R0, indicating that gels farther from the S boundary
are stiffer. The trend is not perfect and many slow gels have
moduli that are comparable to those of the instant gels. The
slow gel that lies closest to the S boundary has the lowest G0. We
should mention that G0 does exhibit a more systematic depen-
dence on R0 than on the differences between any of the indi-
vidual HSPs (dD, dP, dH), as shown in Fig. S3 (ESI).†

Next, we explored the relationship between gelation time
tgel and R0, and this is presented in Fig. 4. These measure-
ments were done in various solvents corresponding to the SG
and IG regions for 5% DBS. Again, note that the tgel axis is on
a log scale while the R0 axis is on a linear scale. For the
instant gels, we have arbitrarily designated a low value of
tgel ¼ 10�1 min. The plot shows a decreasing trend in tgel
with increasing R0 within the SG region. Again, this trend is
not perfect and moreover, the distinction between slow and
instant gel regions is not always clear-cut. Nevertheless, the
limiting behavior is revealed by this plot. That is, at the edge
of the soluble (S) region (R0 ¼ 4.6), tgel / N as the favorable
solvent–gelator interactions strongly interfere with the
assembly of bers. As the distance from the S region
increases, tgel decreases and, at the other extreme, the plot
reaches a plateau at tgel / 0 in the IG region.
Fig. 4 Correlation of gelation time with Hansen parameters. For the
case of 5% DBS gels in various solvents, the time to form a gel after
cooling to room temperature (tgel) is plotted as a function of the
distance R0 of the corresponding solvent from the center of the
solubility (S) sphere in Fig. 2b. For each of the instant gel (IG) points (red
circles), a gelation time of 10�1 min is arbitrarily assigned. The slow gel
(SG) points are shown as green circles. Note that some SG points
occur in the IG region and vice versa; this is unavoidable with the fitting
algorithm employed. The values of R0 at the boundaries of the S and
SG regions are shown for reference. At the boundary of the S region,
tgel diverges. As one moves away from this boundary, tgel tends to
decrease with increasing R0. The curve is drawn to guide the eye.

This journal is © The Royal Society of Chemistry 2014
Prediction of gelator behavior in solvent mixtures

Based on the above analysis, we can offer a few predictions and
test them. For example, consider mixtures of two miscible
solvents with known HSPs. The HSPs of the mixtures can be
estimated by linear interpolation based on the HSPs of the pure
solvents and their volume fractions (assuming ideal mixing).17

On the 3-D plot, this corresponds to straight lines between the
two solvent points. Can the outcomes for DBS in such mixtures
be predicted based on the locations of the mixture points on the
3-D plot?

To test this, we have considered DMSO as one of the solvent
components of the mixture. DBS is highly soluble in DMSO and
thus its point occurs in the middle of the S region (Fig. 5). We
then considered ve solvents as the second component of the
mixture: 1-decanol, 1-octanol, 1-butanol, ethylene glycol, and
toluene. These solvent points fall in the I or IG regions. We
examined 5% DBS in blends of DMSO with these ve solvents.
The points corresponding to these mixtures fall along ve lines
on the 3-D plot, as shown in Fig. 5, and the color-coded
empirical outcomes for each of these mixtures is indicated. A
different view of the same data is shown in Fig. S4 (ESI).† For
each solvent pair, we see a progression from sols (blue points) in
DMSO to slow gels (green points) to instant gels (red points). For
the three 1-alkanols and toluene, insolubility (yellow points)
occurs at high volume fractions. Note that the blue points fall a
bit outside the solubility (S) sphere determined previously for
neat solvents; however, the correct trend is seen in all cases. The
differences may be related to non-ideal mixing of the solvents or
to selective solvation of DBS. We can conclude from Fig. 5 that
our analysis based on HSPs has reasonably good predictive
power: for a given gelator, once the center of the S sphere and
the radii of the S, SG and IG spheres are determined, the
behavior of the gelator in an untested solvent can be predicted
to a rst approximation based only on the solvent's HSP
values.22,23

One adaptation of the above approach has been reported in a
recent study co-authored by some of us involving pyrenyl-linker-
glucono gelators.23 The unusual result in this study was that a
gelator was insoluble in two neat solvents, tetrahydrofuran
(THF) and water, but it formed a gel in THF-water mixtures.23

How to explain this result? The logic behind this is indicated in
Fig. S5 (ESI†): if the gelator is insoluble (I) in two solvents that
fall on either side of the solubility (S) sphere, then a line drawn
between the two solvents can cut through the S, SG and IG
regions. For example, taking the case of DBS, two such solvents
could be nitromethane and 1-octanol. Depending on the ratio of
these two solvents, DBS samples are predicted based on Fig. S5†
to range from sols to slow gels to instant gels.
Thumb rules and outlook

In terms of thumb rules (independent of concentration) for the
distance R0 from the center of the S sphere, we estimate that R0

< 5 MPa1/2 results in solubility; R0 � 10 MPa1/2 results in gela-
tion; and R0 � 15 MPa1/2 results in insolubility. It will be
interesting to apply this analysis to other gelators and to test the
validity of the above thumb rules. Note that all three HSPs need
Soft Matter, 2014, 10, 2632–2640 | 2637
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Fig. 5 Outcomes for DBS in solvent blends, plotted in 3-D Hansen space. DBS was studied at a concentration of 5% in mixtures of DMSO and
the following solvents: toluene (TOL), 1-decanol (DOH), 1-octanol (OOH), 1-butanol (BOH) and ethylene glycol (EG). On the Hansen plot, solvent
mixtures fall on straight lines between the points corresponding to the individual solvents, as shown above. DBS is highly soluble in DMSO, and
the pure DMSO point is near the center of the solubility (S) sphere (this sphere is identical to that in Fig. 2b). For the mixtures, the sample
outcomes are color coded as: sols (S, blue), slow gels (SG, green), instant gels (IG, red) and insoluble (I, yellow). A systematic progression in
sample outcomes is seen for all the solvent pairs. A top view of the above plot (along the dP–dH plane) is shown in Fig. S4 (ESI).†
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to be used to calculate R0 by eqn (1). That is, the difference in
total cohesive energy density between gelator and solvent is
what is predicted to dictate gelation behavior.

To facilitate the application of our approach to other gela-
tors, we have developed a standalone program and graphical
user interface (based on underlying MATLAB code) that will be
made available on the Internet at no cost (upon request). Our
program enables a user to input data for their gelator of interest
in different solvents in the form of a Microso Excel spread-
sheet. The spreadsheet has to adhere to a set template, which
includes a list of solvents with their HSPs and the outcomes
with the gelator (sol, slow gel, instant gel, insoluble) for each
case. The program then generates 3-D Hansen plots similar to
those shown in Fig. 2. Screenshots of the program are shown in
Fig. S1 (ESI).† Twomodes of tting are offered. In onemode, the
user may t the regions as shells radiating from a central
solubility sphere, as was done in Fig. 2. In the other mode, the
user may t the regions as discrete spheres in Hansen space.
The program calculates the centers and radii of the spheres
corresponding to optimal goodness-of-t values. Our method
enables simple benchtop data on gelators to be visualized and
analyzed for insights.

We should note that the approach of tting concentric
spheres with the same center point is clearly the simplest and
most intuitive approach, but it remains to be seen whether this
would apply to gelators with more complicated molecular
structures. For example, gelators with large, well-separated
hydrophobic and hydrophilic parts could be solvated
2638 | Soft Matter, 2014, 10, 2632–2640
inhomogeneously in different solvents as well as in solvent
mixtures. In such cases, there will be a need for renement of
the approach presented here. Sacricing the simplicity of the
approach for better predictability will be a decision that must be
made by each scientist for their gelators of interest. In the
future, it is possible to modify and expand the above MATLAB
program to account for various types of complications that
occur for specic gelators.

Conclusions

We have applied a simple methodology to characterize
systematically the self-assembly of a model organogelator DBS
in a number of organic solvents. Gelator behavior was classied
initially by benchtop experiments and the various outcomes
were placed on 3-D plots where the axes correspond to the three
Hansen solubility parameters (HSPs). The results follow a
pattern of concentric spheres with a central solubility (S) sphere
surrounded by spherical regions corresponding to slow gelation
(SG), instant gelation (IG), and insolubility (I). The pattern
suggests that gelation requires a moderate extent of incom-
patibility between the gelator and solvent. The latter can be
quantied by the distance R0 from the center of the S sphere.
The modulus of the organogels increases with R0 while the time
to form the gels decreases with R0. Our approach gives
reasonable predictions of gelator behavior in untested solvents,
such as solvent blends. Thumb rules based on the above
approach can be tested by experiments with other gelators. A
This journal is © The Royal Society of Chemistry 2014
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MATLAB program and an associated graphical user interface
(GUI) have been developed to allow other researchers to apply
the same approach to their gelators.
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I. Experimental Section:

Materials. DBS (1,3:2,4-divinylbenzylidene sorbitol) was obtained from Milliken Chemicals. 
Solvents were acquired from Sigma-Aldrich and TCI America and used without further 
purification. 

Preparation of DBS Gels. DBS was added to solvents at desired weight-by-volume percent. 
Samples were heated to 125°C until a transparent sol was obtained. For solvents with boiling 
points near or below 125°C, airtight, high pressure vials from Ace Glass Inc. (Vineland, NJ, p , g , g p ( , ,
USA) were used to prevent evaporation of the sample. If samples could not be dissolved, they 
were classified as insoluble. Samples were cooled with running water (22°C) for 90 seconds 
until they reached room temperature. They were then placed on the countertop for further 
observation. The classification scheme is further described in the main text. 

Rheological Studies. Dynamic rheological experiments were performed on an AR2000 
stress-controlled rheometer (TA Instruments). Samples were run on a parallel-plate geometrystress controlled rheometer (TA Instruments). Samples were run on a parallel plate geometry 
(25 mm plate, 0.5 mm gap). Dynamic frequency spectra were obtained in the linear 
viscoelastic regime of each sample, as determined by dynamic strain-sweep experiments

II. Description of Fitting Procedures and Algorithm:

In order to visualize the regions of DBS outcomes, each solvent point is plotted in 3-D g p p
Hansen space, where each axis represents one of the HSPs ( D, P, H). The solvent points are 
color-coded based on the outcome of the sample (Soluble, S = blue; Slow Gel, SG = green;
Instant Gel, IG = red; Insoluble, I = yellow). Next, spheres are drawn around these regions in 
3-D space as prescribed by Hansen for polymer solubility studies. The spheres are defined by 
their center point ( Dcenter, Pcenter, Hcenter) and their radius R. To determine the best placement 
and size of the sphere, the sphere must be drawn such that “good” solvent points lie inside it 
and “bad” solvent points are excluded from it. We start with the sphere for the sol (S) region. p p ( ) g
In this case, soluble points should be inside the S sphere and all other points should be 
outside. A desirability function is used to determine the goodness-of-fit for a given radius and 
center point of the sphere. The desirability function (DF) is defined as:

 
1

1 2Desirability Function (DF) ... n
nA A A  

where Ri is the distance in 3-D Hansen space from the solvent point i to the center of the S
sphere and RS is the radius of the S sphere. n is the total number of solvent points. 

S

        1           for good solvent inside sphere

        1           for bad solvent outside sphere

          for all other casesiR R
e
 

where    iA 



II. Description of Fitting Procedures and Algorithm (cont’d):

We use an algorithm based on Hansen’s work in which the center of the S sphere is guessed 
based upon the soluble points, the optimal value of the radius RS is determined via value of 
the DF, and the process is repeated for nearby values of the center point. The initial guess for 
the center of the S sphere is based on the average HSP of each of the solvents in which DBS 
is soluble. With this initial center point, the radius RS of this sphere is varied from very small 
values (RS,min = 1) to very large values (RS,max = 25). Based on the DF value at each of these 
radii, the optimal radius is selected. , p

Next, a cube (usually of side length L = 1) is drawn around the initial guess of the center 
point. For each corner of the cube, the optimal value of the sphere radius is determined by 
varying the radius and calculating the value of the DF. From these nine points (eight points at 
the cube corners and one point in the cube center), the point with the highest value of the DF 
is selected. If the point with the highest DF is the cube center, the algorithm repeats the cube 
iteration with a cube of a smaller length (L= 0.5, then L = 0.3) until the best center and radiusiteration with a cube of a smaller length (L  0.5, then L  0.3) until the best center and radius 
combination is determined. If the point with the highest DF is one of the cube corners, the 
cube iteration is repeated. Ultimately, we determine the combination of center point and 
radius RS that maximizes the DF. This fixes the solubility S sphere. 

For the remaining 3 outcomes (SG, IG and I), the center point of the corresponding spheres is 
fixed to be identical to that of the S sphere (see main text). The iteration is then done only to 
optimize the radii of these spheres It should be noted that our analysis procedure is generaloptimize the radii of these spheres. It should be noted that our analysis procedure is general 
enough and can account for each outcome having distinct sphere centers as well as radii. The 
MATLAB program written for this study allows the user to choose between the two options. 



III. Table S1. Solvents tested and DBS sample outcomes in these solvents

Species Abbr. P H 2 D
1 wt% 
DBS

5 wt% 
DBS

10 wt% 
DBS

Acetone ACT 10.40 7.00 31.00 S IG IG
Triethyl phosphate TEP 11.40 9.20 33.40 S SG IG
Cyclopentanone CPN 11.90 5.20 35.80 S SG IG
N-methyl-2-pyrrolidone NMP 12.30 7.20 36.00 S S S
Chloroacetonitrile CAN 13.60 2.00 34.80 S IG IG
Dimethyl formamide DMF 13.70 11.30 34.80 S S S
Caprolactone (epsilon) CAP 15.00 7.40 39.40 S SG SG
Dimethyl sulfoxide DMSO 16.40 10.20 36.80 S S S
2-pyrrolidone PYR 17 40 11 30 38 80 S S S2-pyrrolidone PYR 17.40 11.30 38.80 S S S
Ethylene glycol butyl ether EGBE 5.10 12.30 32.00 SG IG IG
Diethylene glycol butyl ether dEGBE 7.00 10.60 32.00 SG IG IG
Cyclopentanol CPOH 7.60 15.60 36.20 SG IG IG
Acetophenone ATP 8.60 3.70 39.20 SG IG IG
Diethylene glycol ethyl ether dEGEE 9.20 12.20 32.20 SG IG IG
Ethylene glycol ethyl ether EGEE 9.20 14.30 32.40 SG IG IG
Dimethyl phthalate DMPH 10.80 4.90 33.20 SG IG IG
Ethylene Glycol EG 11.00 26.00 34.00 SG IG I
Methanol MOH 12.30 22.30 30.20 SG IG IG
Triethylene glycol TEG 12.50 18.60 32.00 SG SG IG
Hydroxyethyl acrylate HEA 13.20 13.40 32.00 SG IG IG
Propionitrile PPN 14.30 5.50 30.60 SG IG IG
Acetonitrile ATN 18 00 6 10 30 60 SG IG IGAcetonitrile ATN 18.00 6.10 30.60 SG IG IG
Xylene XYL 1.00 3.10 35.20 IG I I
Toluene TOL 1.40 2.00 36.00 IG I I
1-decanol DOH 2.60 10.00 35.00 IG I I
1-octanol OOH 3.30 11.90 34.00 IG I I
1-butanol BOH 5.70 15.90 32.00 IG I I
n-butyl methacrylate BMA 6.40 6.60 31.20 IG I I
Methyl methacrylate MMA 6.50 5.40 31.60 IG I I
1-propanol POH 6.80 17.40 32.00 IG I I
Isooctanol iOOH 7.30 12.90 28.80 IG IG I
Ethanol EOH 8.80 19.40 31.60 IG IG I
Nitromethane NM 18.80 5.10 31.60 IG IG I
Decane DEC 0 0 31.4 I I I



Figure S1. Overview of MATLAB HSP 3D Plotting and Fitting Program
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Figure S2 (a). Enlarged version of the 3D plot for 1% DBS. This is the same as Figure 2a 
in the main text. The larger size allows the individual solvent points to be seen. Abbreviations 

d t th i T bl S1correspond to those in Table S1.
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Figure S2 (b). Enlarged version of the 3D plot for 5% DBS. This is the same as Figure 2b 
in the main text. The larger size allows the individual solvent points to be seen. Abbreviations 

d t th i T bl S1correspond to those in Table S1.
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Figure S2 (c). Enlarged version of the 3D plot for 10% DBS. This is the same as Figure 2c 
in the main text. The larger size allows the individual solvent points to be seen. Abbreviations 

d t th i T bl S1correspond to those in Table S1.
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Figure S3. Correlation of gel modulus with Hansen parameters: Comparing various options. 
Plots of G’ for 5% DBS gels are shown against differences in the individual Hansen solubility 

t (δ δ δ ) Thi i d ith th l t f G’ R hi h t d i Fi 3parameters (δD, δP, δH). This is compared with the plot of G’ vs. R0, which was presented in Figure 3 
in the main text. 
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Figure S4. Outcomes for DBS in blends of various solvents with DMSO: Top view. 
This is a different view (projection onto the δP- δH plane) of the data that was presented in 
Fi 5 Th d t d t 5% DBS i i t f DMSO d th f ll iFigure 5. The data correspond to 5% DBS in mixtures of DMSO and the following 
solvents: toluene (TOL), decanol (DOH), octanol (OOH), butanol (BOH) and ethylene 
glycol (EG). the pure DMSO point is near the center of the solubility (S) sphere (in blue). 
For the mixtures, the sample outcomes are color coded as: sols (S, blue), slow gels (SG, 
green), instant gels (IG, red) and insoluble (I, yellow). 
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Figure S5. Predicted behavior of DBS in blends of two solvents in which it is insoluble. 
As an example, for the case of 10% DBS, we consider nitromethane (NM) and 1-octanol 
(OOH) t l t i hi h it i i l bl A b l th t l t(OOH) as two solvents in which it is insoluble. As seen below, the two solvents occur on 
either side of the solubility (S) sphere. Thus, a line drawn between the solvents is expected to 
pass through all the 4 regions, i.e., sol (S, blue), slow gels (SG, green), instant gels (IG, red) 
and insoluble (I, yellow), depending on the ratios of the solvents.
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