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ABSTRACT: A Perspective is presented on the history
and current understanding of molecular gels and the
factors that must be considered to characterize them. The
abilities of the most important structural, dynamic, and
rheological tools available currently to provide the
information necessary to follow the formation of a
molecular gel from its initial sol phase and then to define
it at different distance and time scales are discussed.
Approaches to determining a priori when a molecule will
gelate a selected liquid, as well as possible methodologies
for overcoming current limitations in understanding
molecular gels, are presented. Finally, some of the many
potential and realized applications for these materials are
enumerated.

his Perspective presents a personalized assessment of the

state-of-the-art of molecular gels—a burgeoning field of
soft matter science. It will identify current problems and
speculate on future developments within the field. At the
outset, the author declares that there is no paradigm for
discerning when a selected liquid will be gelated by a particular
molecule (i.e, a gelator) or even the properties of a molecular
gel after it is formed. The prospects for creating such a
paradigm in the foreseeable future are slim, despite the
enormous efforts that have been made in the past several
decades to understand the basic principles governing this type
of self-assembly." Although the first molecular gel of which the
author is aware, lithium urate in water,” was reported in 1841,
little progress was made to understand such materials until
fairly recently. Figure 1, a plot of the number of annual citations
to “molecular gels” in the Web of Science database between
1970 and 2013, attests to both the significant efforts to exploit
and understand molecular gels and the growing interest in this
field; note the explosive increase in citations starting in 1991.
The range of structures known to act as molecular gelators is
very broad, spanning very simple molecules (such as long
n-alkanes®) and very small molecules (such as
N,N'-dimethylurea* and D-sorbitol’) to complex, elegantly
designed ones (such as complex peptide amphiphiles,
represented by 16(VGA)n, with n = 2, 4, or 6,° Figure 2).
Some of the identified impediments to progress in the field may
be overcome by instrumental advances that will allow temporal
and spatial aspects of molecular gels to be interrogated without
significantly disturbing their native states; examples of some of
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Figure 1. Histogram of citations by year to “molecular gels” in the
Web of Science.

OH HO
(H3C)HN(CO)NH(CHs) o H ;
N,N’-dimethylurea : OH
HO  OH
D-sorbitol
Os_OH
H O
N\)L” OH
16(VGA)n o\ . 0

n

Figure 2. Structures of two structurally simple and one more-complex
self-assembling molecules.

the popular techniques that can lead to large changes to gel
structures during analyses are discussed herein.

First, molecular gels will be defined.” Even if not universally
accepted, the definition given will be used for the purposes of
this Perspective. In the remaining sections, the state of the art
and future challenges will be discussed critically from the
viewpoint of what we know and what we need to learn in order
to advance the field:

1. What is a molecular gel?
2. Classification of molecular gel properties and problems
associated with controlling them

Received: April 3, 2014
Published: May 16, 2014

dx.doi.org/10.1021/ja503363v | J. Am. Chem. Soc. 2014, 136, 7519-7530


http://thomsonreuters.com/thomson-reuters-web-of-science/
http://thomsonreuters.com/thomson-reuters-web-of-science/
pubs.acs.org/JACS

Journal of the American Chemical Society

3. Gel structures at different distance scales: sample
structural interrogation using different instrumental
approaches

Perspectives for a priori design of molecular gelators
Perspectives for following the early stages of self-
assembly of molecular gelators into 3D networks
Potential and realized applications of molecular gels

6.
7.

As mentioned above, many challenges stand between our
knowledge today and our ability to create reliable a priori
methodologies to make molecular gels, the goal addressed in
section 4 and the “holy grail” of this field of science. Being able
to predict definitively that a selected liquid will be gelated by a
particular molecule remains out of our current grasp. Gelation
of this type is, for now, an empirical science, and the vast
majority of new structural types are discovered serendipitously.®
The reasons are related to factors mentioned in sections 1 and
2. Although seemingly trivial, documentation of the steps
leading to gel formation and storage is frequently inadequate,
leading to ambiguities and inabilities to relate directly data from
different laboratories.

Conclusions and challenges

1. WHAT IS A MOLECULAR GEL?

A relatively large number of reviews,” 2% as well as some books

and book chapters,””>° have been devoted to aspects of
molecular gels. The interested reader is directed to them for in-
depth studies and summaries of various aspects of gel
properties. This is not a review, and there will be no
comprehensive citation of even the seminal articles relating to
the different aspects discussed. However, molecular gels rely on
many of the same principles of self—assemblz that have been
investigated elegantly in crystalline materials.”"**

More than 80 years ago, Dorothy Jordon Lloyd stated for all
gel types that “..the colloid condition, the gel, is easier to
recognize than to define.” ** Although Loyd’s pragmatic dictum
may seem enigmatic, it is true even today because the
composition and structure of the matrix of a viscoelastic
material, as well as its rheological properties, must be
considered when defining properly a gel (whether it be
molecular or any other type). Regardless, all gels (including
polymeric gels®*), except inorganic sol—gels,*> which are not
within the class of materials discussed here, have a liquid
component and a microphase-separated component, a gelator.
Although microgels do have at least two components, they lack
a continuous network,>*%” and they will not be discussed here
for that reason. Most of the molecular gel systems undergo
microphase separation by nucleation phenomena rather than by
spinodal decomposition mechanisms.*® At least a part of the
gelator molecules are in the form of a continuous structure—a
three-dimensional (3D) network, commonly referred to as a
self-assembled fibrillar network (SAFiN), although the
elements of the SAFIN are not fibrillar in some molecular
gels. Regardless, the network must permeate the liquid and,
although dynamic, be permanent on the time scale of an
analytical experiment. As a result, the material is “solid-like” in
its rheological behavior:*® the storage modulus (G’) must
remain larger than the loss modulus (G”) over a large
frequency range (including low frequencies) within the linear
viscoelastic region; the mechanical strength of a gel is related to
the absolute magnitudes of the moduli and their ratio, G’/ G'*
It must be emphasized that some systems meet all or nearly all
of the structural criteria for being gels but fail the rheological
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requirements. For example, many dispersions of partially
hydrolyzed poly(vinyl acetate)s with borate cross-linkers do
not flow perceptibly over periods of minutes and have 3D
microstructures (i.e., they meet the structural criteria for being
called “gels”), but they do not meet the rheological criterion
that their G’ remain larger than their G” over a large frequency
range (including low frequencies) within their linear
viscoelastic regions.*' Although frequently ignored, such
systems involving molecular gelators should be considered in
studies directed to gaining a basic understanding of molecular
gels, because they too can provide important insights into the
mechanisms of 0D—1D self-assembly (i.e., single molecules
aggregating into objects with very large aspect ratios).

Unlike polymer gels, in which the basic elements of a 3D
network are one-dimensional (1D) objects,** molecular gels are
composed of zero-dimensional (0D) objects on the micrometer
scale that self-assemble through non-covalent interactions into
1D objects; rarer are molecular gels in which the self-assembly
is 0D—2D (i, platelets)=3D objects.” As a result of the
nature of the intermolecular interactions among the gelator
molecules as well as among the gelator molecules and the liquid
component, these gels are almost always thermally reversible
with their sol phases. The sols consist of individual gelator
molecules or their aggregates without a continuous network. An
important exception to the reversibility is when heating or
otherwise perturbing the sol phase results in chemical changes
to at least one of the gel components.

2. CLASSIFICATION OF MOLECULAR GEL PROPERTIES
AND PROBLEMS ASSOCIATED WITH
CONTROLLING THEM

Gel stability can be defined in several ways: the melting
temperature of a gel (Tgs) in the “plateau” concentration regime
(i.e., where the gel-to-sol and sol-to-gel transition temperatures,
Ty and T, respectively, are nearly independent of gelator
concentration, usually >2 wt %), the lowest gelator
concentration at which gels form at room temperature (critical
gelator concentration, cgc), the gel lifetime at room temper-
ature, the heat of gel melting or formation from differential
scanning calorimetry (DSC), and the moduli from rheological
measurements. Gelator efficiency depends on some of the same
criteria (ie, cgc values and lifetimes of gels at room
temperature) as well as the range of liquids gelated.”

As alluded to above, molecular gels are typically prepared by
heating a (solid) gelator and a liquid component until an
apparent solution/sol obtains, and then cooling it to below Tj,.
The degree to which the gelator molecules remain aggregated
in the sol phase and the rate at which the cooling occurs can
influence the nature of the gel that is formed. A drastic example
of how the difference between T, and the temperature at which
a sol (composed of 1 wt % Sa-cholestanyl-3f-yl N-(2-naphthyl)
carbamate (CNC) in octane is incubated can influence the

CNC

structure of a SAFiN is shown in Figure 3. Also, the sol-to-gel
transitions are susceptible to hysteresis effects, and even the gel-
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Figure 3. Optical micrographs of 1.0 wt % CNC/n-octane gels formed upon thermostatting sols at different temperatures (top left to right and
bottom left to right): 0.0, 15.6, 25.1, 31.6, 37.4, and 42.3 °C. The sample at 42.3 °C is not a gel; Ty is ca. 40 °C. Reprinted with permission from ref

44. Copyright 2005 American Chemical Society.

to-sol transitions can be sensitive to the rate of heating and the
history of the gel.** Thus, molecular gels can undergo Ostwald
ripening®® or even a complete phase change over time because
the gel state is inherently less stable than its macro phase-
separated state.

An additional characteristic of molecular gels, their
thixotropy, is not well understood either. Although several
reasonable hypotheses have been advanced to explain the
structural requirements for a molecular gelator to lead to gels
with a high degree of thixotropy and the time for such gels to
re-form after suffering destructive shear,* they remain without
a general explanation. Both of these thixotropic properties are
important to application of gels for many purposes and to
understand (this author believes) the nature of chain
entanglements and junction zones, some of which are
“permanent” (in that they are retained in the SAFiNs for
periods of several minutes) and others of which are “transient”.
Currently, it is possible to synthesize molecules that are derived
from known thixotropic molecular gelators, but the degree of
thixotropy of their gels (including the classes of liquids they will
gelate) and the kinetics of recovery of their viscoelasticity
cannot be predicted. Molecular gels showing almost complete
recovery of their viscoelastic properties*”*® or almost
instantaneous recovery after application of destructive
shear*”® have been reported. A challenge for future
investigations will be to learn the details of how and why
some SAFiNs are capable of such behaviors while others are
not.

These and other variables, which will be discussed below, are
symptomatic of the complexity of molecular gel systems—
caveat emptor when attempting to reproduce a molecular gel
using a recipe from the literature! To correlate data collected in
different laboratories (or even by different researchers in one
laboratory!), very detailed descriptions of the steps taken to prepare
and store molecular gels should be included in the experimental
sections of articles. The current lack of standardized protocols is
a serious impediment to exploiting the large number of
compendia on gel compositions that could be used to advance

the field.
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3. GEL STRUCTURES AT DIFFERENT DISTANCE
SCALES: SAMPLE STRUCTURAL INTERROGATION
USING DIFFERENT INSTRUMENTAL APPROACHES

Bulk samples can be viewed with the naked eye to determine
crudely whether a gel has been formed. On the several
micrometer distance scale, optical and other microscopes can
provide useful information about the supramolecular arrange-
ment of the SAFiN, such as the approximate sizes and shapes of
the fibers or whether they are in the aggregated form of
spherulites, rods, etc. These observations can be made easily on
unadulterated gel samples. For more detailed spatial
information, techniques with higher magnifying power are
needed. Although indirect methods such as small-angle neutron
scattering and small-angle X-ray scattering (SAXS; especially
with synchrotron radiation) can yield very useful information
about SAFiNs in pristine gels, they rely on data analyses with
models that may be difficult to apply, and the availability of
appropriate solvents can be a problem in some cases.

Even with those difficulties, these scattering techniques have
yielded very valuable and detailed information about molecular
gel structures.>”> A recent example follows the kinetics of
formation of SAFIN elements and their sizes and fractal
dimensions upon pulsed synchrotron SAXS interrogation of
sols of 7—10 wt % (R)-12-hydroxystearic acid in aromatic and
saturated hydrocarbon solvents, immediately after quenching
them to below their gelation temperatures.* It was found that
the cross-sectional dimensions of the fibers remained constant
after nucleation at ~82 and ~100 A and the fractal dimensions
(using Dickinson’s approach®*) were 2.0~2.3 and 1.4—1.6 in
toluene and dodecane, respectively. Perhaps more importantly,
some of the events preceding nucleation could be followed.

A common practice within the gel community, when
preparing samples for X-ray diffraction (XRD), atomic force
microscopy (AFM), scanning electron microscopy (SEM), and
transmission electron microscopy (TEM) measurements, is to
place a dab of the gel into a tube or onto a substrate or grid and
remove the liquid at room temperature. Then, the dried xerogel
or semidried residue is examined. Although born of necessity in
many cases, this manner of sample preparation is fraught with
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danger if the intent is to associate network structures of
molecular gels and their xerogels. Unfortunately, fiber bundling
and morphology changes can accompany the removal of the
liquid component because the gelator molecules and their fibers
are given ample time to diffuse and rearrange; many gelators are
polymorphous, and the crystalline packing arrangement within
the gel fibers is not necessarily the thermodynamically most
stable one! Also, some molecular gel networks are not
crystalline, but removal of the liquid leads to crystallization.

A method for obtaining information about molecular packing
in fibers of some gels that does not require sample cooling or
liquid removal is available.®®> A crude subtraction of the
amorphous XRD background from the liquid component of a
gel can be made using the neat liquid. Provided the remaining
signals from the gel diffraction pattern are detectable, they can
be analyzed as the fiber packing arrangement. Indexing of this
pattern produces the unit cell parameters. Additional
information—the molecular packing of gelator molecules at
the atomic resolution level—can then be obtained if the
theoretical powder diffraction pattern of a single crystal of the
gelator matches the diffraction pattern of the gel. Unfortu-
nately, suitable crystals for structural analyses of gelators are not
common, and even when solved, they may be of a different
morph than the one within the gel!

If extremely benign methods to remove the liquid
component of a molecular gel can be employed, the pristine
SAFiN structure in the form of an aerogel (or even a xerogel)
can be retained with relatively good confidence. Extraction of
the liquid with supercritical carbon dioxide is one method to do
so. It has been applied in a limited number of cases® because
the actual conditions of temperature and pressure release must
be controlled very carefully and the range of liquids that can be
removed in this way is limited. Regardless, supercritical
extraction is a promising procedure to isolate fibers of
molecular gels without initiating morphological changes. It
has been used with dichroic infrared and fluorescence spectral
data, in conjunction with ab initio calculations, to determine the
packing arrangements of 2,3-dialkyloxyanthracene molecules in
aerogel and xerogel fibers.”’

Methods that freeze the samples exceedingly rapidly, at rates
of ca. 100000 °C/s (i.e., cooling to cryogenic temperatures,
below —170 °C in milliseconds), minimize the possibility of
morphological changes at the intermolecular and interfibrillar
distance scales. Subsequent partial or complete removal of the
liquid component at low temperatures does not alter the
sample morphology because the kT available to the gelator
molecules is very small. However, such methods have not been
tully developed for flash-freezing gels with organic liquids; most
cryo-studies have been conducted on aqueous gels because the
common coolants (e.g., liquid ethane) can dissolve organogels
while cooling them.>**® However, liquid nitrogen slushes and
other cooling techniques are available for preparing molecular
organogel samples for SEM and TEM analyses, and they will
undoubtedly become more prevalent in the future.

A variety of additional techniques can be used to freeze-
fracture and etch the sample surfaces and then to sputter on a
layer of a heavy metal if SEM contrast is problematic. TEM
measurements on cryo-prepared gel samples are very difficult
because the samples are usually too thick to ensure that single
fibers along one plane orthogonal to the electron beam are
being imaged. To avoid this complication, cryo-tomography
methods are being developed, and depth resolution less than 10
nm is now possible.’” Although it has been exploited
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predominantly by biologists to investigate the structures of
cells, proteins, etc., cryo-tomography is certainly possible for
molecular gel samples. A very nice example for a (polymeric)
pectin gel made by Andrew Leis can be seen at http://
csironewsblog.com/2013/10/14/. Development of future
instrumental and sample preparation techniques®~® should
make imaging of gel networks in cryo-gels more routine. The
information accessible from such studies will enhance
enormously our understanding of the actual gel networks.

Although it is unlikely that cryo-SEM or cryo-TEM
measurements will attain sufficient resolution in the near future
needed to obtain the molecular packing arrangements within
the fibers of a gel, sub-nanometer resolution is possible from
analyses of single-wavelength and synchrotron XRD studies.
Recent demonstration of “single-crystal” (i.e, atomic reso-
lution) structural information from synchrotron-derived
diffraction data on multiple, unoriented, sub-micrometer-sized
crystals suggests that detailed structural packing within fibers
may become possible in the near future. Also, cryo-
crystallization techniques that allow aggregates of sub-micro-
meter-sized crystals to be analyzed by single-crystal techniques
may also permit atomic-level resolution of gelator structures in
SAFiNs to be determined more easily.”* Although this
technique has not been used to date to investigate gel
structures, it should be possible to do so if appropriate
precautions in data interpretation are exercised.

Radiation from pulsed synchrotrons offers a very powerful
tool to interrogate the organization of molecular gelators in
their fiber networks at or near atomic resolution. This capability
with micrometer-sized crystals of biological interest has been
demonstrated,®~% and report of an example with molecular
gels should be just a matter of time—and instrument
availability! Also, related techniques may make it possible to
view fiber growth. Pulsed excitation to excited states of
molecules, coupled with pulsed synchrotron probing of
structural changes, has been achieved.®®*’

Pulsed X-ray free electron lasers’®~”* are now being used to
attain near atomic resolution of structures in micrometer-sized
crystals. For the time being, the studies have focused on
molecules of biological interest. However, the same techniques,
with minor modifications, should be applicable to fibers of
molecular gel networks, if not the intact networks. At this time,
the financial and human resources necessary to perform these
studies are enormous. Thus, access to the instrumentation for
solving the crystalline structures of gel fibers will be possible
only when technological advances reduce the costs. Also,
because the primary cross-sectional dimensions of many
molecular gel fibers are in the sub-micrometer and few
nanometer range, only bundles of such units would be
amenable to the current technologies. Because the high energy
of the X-rays used for these purposes normally damages the
materials being interrogated, the microcrystals are flowed across
the electron beams, and their femtosecond-pulsed duration is
sufficiently short to avoid most radiation damage. This
arrangement may create additional difficulties in interpretation
of SAFiN structures because they will not be intact. A diagram
of the experimental arrangement for structure analysis using a
free electron laser is shown in Figure 4.

Even with atomic-resolution fiber-packing information, two
key pieces of structural information are missing, and better or
more easily applied techniques to determine them would be
very welcome. The first piece is the orientation of the
molecules with respect to the axes of the fibers. Only in a
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Figure 4. Crystallite materials are flowed in a jet perpendicular to the
pulsed X-ray beam. The inset shows an environmental scanning
micrograph image of the nozzle with a focusing gas and the crystallites
in a liquid. Low- and high-angle diffractions from single pulses are
recorded by the pairs of CCD cameras at right that are synched to the
laser rep rate. Reprinted with permission from ref 71. Copyright 2011
Macmillan Publishers Ltd.

few cases has this information been retrieved. One approach,
that is not applicable generally, has been to examine the optical
birefringence of the network objects and assign packing
orientations on that basis. Perhaps the most elegant approach,
and a prototype for future investigations, is the use of polarized
radiation to interrogate the directions of the transition dipoles
for absorption and emission in a gelator with UV—vis active
chromophore.73 In principle, it should be possible to employ
polarized IR absorption and Raman as well, although the author
is unaware of any such examples.

The second piece of “missing” information is the modes of
packing at junction zones (ie., at the intersection points
between fibers). There does not appear to be a useful means to
examine these junction zones at this time. Although they
represent a small mass/volume fraction of the overall network,
they probably play an important role in determining the
macroscopic elastic properties of a molecular gel because they
are considered to be more disordered and weaker than than the
fibers themselves. Despite these complications, some interest-
ing approaches to the structures of other materials may lead
eventually to methods for analyzing the structures of junction
zones.”* In that regard, one report of high-resolution CP-MAS
spectra of a gel has appeared.”® It was achieved using a
microbore rotor with a screw cap to keep the liquid component
from being ejected (Figure S). Even at S kHz spinning speeds,
the gel phase was able to withstand the centripetal force exerted
on it. The potential power of this technique was demonstrated
by the fact that, consistent with X-ray data, two distinct sets of
ethyl cholate signals could be discerned. Although weak gels
may not be able to survive under these conditions, many others
should be able to. With appropriate pulse-sequencing and
spinning rates, it may be possible to extract the spectral
component at junction zones when the SAFiNs are highly
branched, even though the spectra will be dominated by the
more crystalline and better ordered molecules within the fibers!
Even if that information cannot be obtained, the CP-MAS
spectral data, combined with information from other
techniques, should enable researchers to unravel some of the
mysteries about molecular packing within SAFiNs.

Learning how the gelator molecules are arranged at junction
zones is extremely important if one wishes to design gels that
melt at high temperatures, are thixotropic, and are rheologically
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Figure 5. Schematic of the rotor and gel sample used to record the
BC{'H} CP-MAS NMR spectra of ethyl cholate gels in benzene-dg at
(a) S and (b) 4 kHz spinning rates and (c) in benzene at 4 kHz.
Reprinted with permission from ref 75. Copyright 2010 Royal Society
of Chemistry.

strong: it is reasonable to assume that the junction zones melt
before the bulk of the fibers, and that they “break” first and re-
form first when a gel is subjected to high mechanical strain.
Clearly, more attention to the junction zones is needed in order
to design gels with specific properties.

New methodologies for these structural measurements that
do not require liquid removal and are minimally invasive are
beginning to appear. The NMR study mentioned above is an
excellent example that should be expanded upon by others.
Another is AFM measurements on self-assembled materials that
are immersed in a liquid. A pioneering example by Whitten and
co-workers followed in situ the aggregation of a stilbene-linker
steroid gelator in a l-octanol sol into fibers (Figure 6).” More
recently, in the amplitude modulation mode, a tip has been
shown to be able to distinguish the force exerted by the liquid
and by a stearic acid monolayer assembly.”” In addition, it has
been possible to image the network of a molecular gel using a
similar approach (Figure 7).”® As these techniques become
more developed and more generally applicable, a wealth of
information about pristine gel network structures will become
available. Thus, atomic resolution has been achieved by AFM
imaging of dry samples.””*® Hopefully, future instrumental
improvements will allow similar resolution with wet samples!
Even with that, there are potential problems with AFM
techniques for viewing SAFiNs—the manner in which the
substrate (surface) on which a sample is placed and how the
fibers of the gel network interact with it have not been explored
as they need be; the surface interactions may alter the shapes,
distributions, and connectivities of the fibers.

4. PERSPECTIVES FOR A PRIORI DESIGN OF
MOLECULAR GELATORS

Both stability and efficiency of gels must be correlated with
structural information at different distance scales in order to
develop specific design criteria, with general applicability, for
new molecular gelators. Current models for predicting whether
a molecule that is not a homologue or isomer of a known
molecular gelator will be able to gelate a particular liquid are
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Figure 6. Amplitude-mode AFM images of the sol-to-fibrous network
transition of a 1.6 wt % stilbene-linker-steroid gelator in 1-octanol. The
images were acquired after the sol phase was cooled to room
temperature for (2) 0, (b) 10, (c) 15, (d) 18, (e) 21, and (f) 31 min.
The size of each image is 12 ym X 12 um. Reprinted with permission
from ref 76. Copyright 2000 American Chemical Society.

very limited in scope.*' ~®* Serendipitous discoveries of new
structural classes of molecular gelators still dominate the field!

Some new approaches, especially those applying state-of-the-
art computational techniques, may be able to decipher the
important aggregation and packing factors that lead to the
needed aggregation, nucleation, and 1D growth for SAFiN
formation. Any of these computational approaches must yield
hypotheses that can be tested by experimentalists. In this
regard, both coarse-grained and fine-grained calculations will be
useful, as will both quantum mechanical and statistical
mechanical treatments.

For example, combining powerful multiprocessor clusters
and grid resources with computational and modeling
approaches, such the so-called Kitaigorodskii—Aufbau Principle
(KAP),*>%¢ to study how molecular gelators associate at
different stages of their self-assembly, may yield important
insights. In that regard, density functional theory (DFT),
molecular dynamics, and other types of calculations are being
used to discern details of association between molecular
gelators at the early stages of their aggregation and to correlate
the results of those calculations with experimental observa-
tions.>”**

Statistical mechanical models that differentiate spherulitic
and rod-like growth patterns should be exploited as well. For
example, Douglas and co-workers®” " have studied self-
assembly in model systems that exhibit chain self-assembly by
Monte Carlo methods, the formation of thermally reversible
gels of flexible chains with associating groups, the dynamics of
chain growth by self-assembly following a temperature quench,
and phase field modeling of the origin of spherulitic growth
forms starting from fiber crystal growth. The latter is very
important to understanding the overall nature of the SAFiNs
observed after the gels have formed, but it does not address
another challenge for future investigations: Why do some
molecular gelators and liquids form SAFiN fibers with
rectangular cross sections, others are tapes or ribbons, and
still others are tubular or other shapes?”>™"* Very few examples
have been able to unravel the complexity associated with
following the development of such SAFiNs.”>~*®

A 116.4nm

1
20um

00 1: Height

-124.1nm

1
2.0 um

-90.0 nm

Figure 7. AFM images at 23 °C of hydrogels containing 2 wt % of (A) N-propyl-n-(R)-12-hydroxyoctadecylammonium chloride and (B) N-propyl-
n-(R)-12-hydroxyoctadecylammonium bromide. Scale bar is 200 nm. Reprinted with permission from ref 78. Copyright 2013 American Chemical

Society.
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Empirical approaches are being developed as well. They rely
upon detailed comparisons of the thermodynamic properties of
a gelator and each of the solvents in which gelation is sought.”
An example is the Schroder—van Laar equation.'® However,
interpretation of results from it are not always reliable because
some users do not correct the gelator concentrations within the
SAFiNs for the cgc’s (that remain dissolved within the gel
phase). More importantly, it assumes that melting of the
SAFiNs leads to ideal solutions when, in fact, most melting
processes lead to aggregated molecular gelators in the sol
phases. Despite this recognized “caveat”, the simplicity of the
equation has sparked its use in many literature examples
(including some from the laboratory of the author). It does
have qualitative value in establishing the degree to which the
molecular gelators are solvated by the liquid component as the
fibrous networks are lost. A better approach may be to correlate
gelation (or lack thereof) with the enthalpies and entropies for
dissolving molecular gelators in their liquid components.'®"

Among the most promising of these are Hansen solubility
parameters,'®>~'% which dissect the energetic properties of the
molecules involved into dispersive (J3), polar (5,), and
hydrogen-bonding (8,) interaction components.'®® Other
approaches include the use of Hildebrand and Flory—Huggins
interaction pararneters,lm_109 which may not treat entropic
aspects of gelation correctly; the original equations should be
reexamined and modified. Solvatochromic treatments are easier
to apply but are much more limited in the information they
provide. Regardless, in all of the approaches, there are several
possible properties of gels/solutions which can be used. They
include the dynamics of gelation''® and rheology of the gels,'"!
gel melting temperatures,“?"113 cgs’s,112 etc. At this point, the
one(s) which is (are) most appropriate has not been
established. For now, the Hansen parameters for many
structurally complicated molecular gelators must be calculated
using an additive functional group approach that does always
yield reasonable values. In addition, because some of these
treatments have been developed for polymer aggregation and
crystallization, they may require modifications to be truly
applicable to predicting when, if, and why molecular gels will
form. Perhaps these treatments will be most informative when
they are applied to one molecular gelator and a series of
homologous liquids containing the same functional group.

One of those modifications may be difficult to implement in
a general way. It may be inappropriate to treat systems with
mixtures of miscible liquids as homogeneously distributed
solvents if interactions between functional groups on the
molecular gelator and one of the liquid components are very
strong with respect to the interactions with the other. In those
cases, the solvation shell around the gelator molecules, and
even around specific parts of them, can be enriched in the more
favorably interacting component. As a result, the bulk solvent
parameters will not be appropriate measures. In spite of this
problem, some examples with mixtures treated as homoge-
neously distributed solvents have yielded very interesting
insights into how gelation occurs. In one case, Hansen
solubility spheres (see, for example, Figure 8) were used to
understand why glucono-appended 1-pyrenesulfonyl molecules
containing @,@-diaminoalkane spacers (Pn) can form gels in
some water/tetrahydrofuran mixtures even though the Pn are
insoluble in both water and tetrahydrofuran, and the molecular
structure of the Pn should favor selective solvation at its
different parts by water or tetrahydrofuran.''> The number of
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Figure 8. Hansen solubility spheres for 2.0 wt % P7 in mixtures of
water and tetrahydrofuran with spheres/shells: blue, soluble; green,
gel; and red, insoluble. Reprinted with permission from ref 112.
Copyright 2013 American Chemical Society.

examples of this sort is currently too small to state the
limitations of this form of analysis.

Pn

The most commonly employed approaches to predict
molecular gelation have been summarized recently in a “user-
friendly”, instructive format'® that should be a good starting
point for further development of such treatments. It
demonstrates the need for such developments and the potential
wealth of information that they may provide. However, totally
unexpected molecular gelator systems that open new
perspectives and possibilities are being discovered constantly.
For example, it is doubtful that anyone could have predicted
that mixing NiCl,-6H,0, a variety of simple amines, and
methanol would yield molecular gels''* or that a simple salt,
dicyclohexylammonium tert-butyloxyglycinate (GLY-C), in
nitrobenzene would be capable of yielding very strong, self-
healing, and moldable gels (Figure 9)!'"®

" L
N 'i. /
S
GLY-C (R=H, R’=cyclohexyl)

Another, much more complex example of the construction of
a shape-persistent, elastic gel involves stringing together
molecules containing dialkylammonium, benzocrown ether,
and 1,2,3-triazole groups. First, intermolecular, reversible
complexation of the ammonium and crown groups produces
1D chains. Then, the SAFiN is produced and gelation is
accomplished by cross-linking the chains with Pd(II) ions that
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Figure 9. (A) 7.0 wt % GLY-C-in-nitrobenzene gel. (B) Gel from
panel A under ca. 117 g of weight. (C) Gel from panel A carved into a
sculpture of a mother holding a child. The author saw this sculpture in
a hermetically sealed case (to avoid solvent loss) in Kolkata ca. 2 years
after it was made; it was still in good condition. Reprinted with
permission from ref 115. Copyright 2012 Wiley-VCH Verlag.

interact with the triazole moieties."'® Such examples of clever
“engineering” to pass from 0D to 3D self-assembled systems are
becoming more prevalent in the literature. They may be useful
because they can be tailored for specific applications by
combining properties of simple molecular gelators, as one
would elements in a toolbox.

5. PERSPECTIVES FOR FOLLOWING THE EARLY
STAGES OF SELF-ASSEMBLY OF MOLECULAR
GELATORS INTO 3D NETWORKS

Although much has been learned during the past decade about
the supramolecular assembly of polymeric chains (topologically
1D objects) into a variety of 2D and 3D objects,”""”~""* much
less is known about the initial steps that take small molecules
(topologically 0D objects at even sub-micrometer length scales)
to (topologically) 1D objects. In fact, the manner in which 1D
objects, especially those composed of polymeric chains, >
convert to 2D and 3D objects has received much more
attention than the 0D—1D transformations because exper-
imental observations of the events using IR, NMR, ESR,
fluorescence, circular dichroism, light scattering, various
microscopies, diffraction, and other tools become much easier
as the degree of aggregation and, thus, the size of the objects
under scrutiny increase. For example, some SAFiNs may form
as depicted in Scheme 1,°° while in others, new growths may
develop on the sides of fibers or by tip-splitting (i.e., branching
at the ends of growin% fibers), giving rise to branched networks
or spherulites.'*'7'*° Surfactant molecules not leading
necessarily to crystalline SAFIN structures may follow a yet
different pathway.'”® Unraveling the dynamics of these
intermediate steps is critical to understanding the final network
structures.'”’

Significant advances have been made to interpret these
various modes of aggregation from their inception using data
sets for any of several parameters that are sensitive to the
degree of molecular gelator aggregation. One, alluded to above,
is the model devised by Liu and co-workers to account for the
presence or absence of fiber branching during SAFiN
growth."”" The Avrami treatment,'**'* a power-law-depend-
ent equation, has been found to yield useful insights into the
modes by which molecular gelators nucleate and grow in a
number of liquids.***° Another power-law-dependent approach
has been applied to the slow gelation of di-O-benzylidene
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Scheme 1. Cartoon Representation of the Steps in the
Evolution of LMOGs (0D Objects, Teardrops) to Fibers (1D
objects) and, in Some Cases, to SAFiNs (3D Objects) in
Liquids (Wavy Lines); Shown at the Lower Left Is a Freeze-
Fracture Electron Micrograph of a SAFiN®*
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“Reprinted with permission from ref 30. Copyright 2013 Wiley-VCH
Verlag GmbH & Co. KGaA.

sorbitol in organic liquids using NMR data."*® The recent

isodesmic and cooperative classifications for these processes
hold even greater promise for revealing how gelator molecules
assemble.””! In isodesmic processes, molecular gelators add to
(and are lost from) an aggregated/nucleated assembly with a
rate constant that does not change as a function of the progress
toward complete SAFIN formation (ie., the change in free
energy for fiber growth is constant); in cooperative processes,
the growth of fibers can be separated into steps involving
aggregates that are intrinsically less stable than the growing
fibers that emanate from them. As a result, initial aggregation is
the rate-determining step in SAFiN formation. These two types
of growth are analogous to the continuous and spontaneous
nucleation designations used by Avrami, but they are capable of
yielding more-detailed information than available from the
Avrami constants. The three approaches rely on analyses of
experimental data and, therefore, require very good and
extensive data sets. In a recent example, the latter model has
been applied elegantly, in combination with DFT calculations,
by George and co-workers to conclude that a coronene
bisimide derivative aggregates into 1D fibers via an isodesmic
process."*> With a sufficiently large body of examples, it may be
possible to discern fundamental patterns relating molecular
structure and aggregation growth characteristics.

Even with the aid of KAP and DFT types of calculations, the
initial aggregation events remain elusive. Currently, it is
possible to observe the rates of aggregation and orientations
of only two molecular gelator molecules uniquely if the pair
possesses a unique physical feature, such as an excimer
fluorescence.** However, from that point forward, until the
aggregate reaches a size amenable to observation by one of the
methods mentioned in section 3 (i.e, many thousands of
molecules), there is a blind spot in our knowledge. Even then,
the aggregates are not monodisperse—there is a distribution of
aggregate sizes along the temporal path to SAFiN growth.

Mass spectrometry may offer the means to view
experimentally the rates at which two molecular gelator
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molecules “aggregate” and then follow their growth and
distribution as a function of time into larger aggregates,
consisting of as many as hundreds of molecules. The basic ideas
and equipment for this approach have been laid out by Cooks
and co-workers."*® If a stream of microdroplets consisting of a
dilute solution of a molecular gelator and a gelatable liquid is
directed toward the inlet of an orbitrap time-of-flight (or
functionally similar) mass spectrometer, the degree to which
the gelator molecules have aggregated can be determined. The
selection of the liquid and the droplet temperature can be
varied to probe different degrees of aggregation using m/z
ratios of the isotopic peaks. It may also be possible to follow the
kinetics of gelator aggregation from the initial stages,'>*
although some instrumental advances may be needed to do so.

6. POTENTIAL AND REALIZED APPLICATIONS OF
MOLECULAR GELS

The introduction sections to most articles on molecular gels
cite many potential applications for them. However, few have
been realized as of yet due to a number of factors. One of these
is that many molecular gels have limited lifetimes at ambient
temperatures and must be kept in sealed containers to avoid
evaporation or changes in the composition of their liquid
components. In some cases, this problem can be overcome by
using very high-boiling and moisture-insensitive liquids. Other
problems are more difficult and expensive to overcome; for
example, if molecular gels are to be used for medical purposes
(e.g, as drug delivery agents), all of their components must be
approved by an authorized health agency, such as the Food and
Drug Agency in the United States.

Despite these hurdles, several interesting uses of molecular
gels have been realized. For example, dibenylidene sorbitol has
been used to strengthen polymeric materials; it retains its
fibrous networks even when cooled from polymer melts."*®
Several ingenious uses of enzymes to make or destroy gels in
cells have been developed."**'*” They may lead to new and
very specific therapies involving spatially specific drug release.
Many other exciting new applications can be envisioned,” and
there is every reason to believe that many of them may find
their way into our daily lives eventually. Some are mentioned
here. The list is not inclusive; let the reader’s mind wander into
new ones!

Can the use of sonication and microwave irradiation be
expanded to make gels in situ in molecular gelator/liquid sols
that are not gels when cooled?'**™*° Can UV—vis radiation be
used more broadly to construct or destroy molecular gels either
reversibly' *'** or irreversibly'* for specific purposes? Can
magnetic'** and electric'*® fields be used more generally to
align fibrillar networks? Can molecular gels with magnetic
nanoparticles,'* catalytic sites,"*” or liquids consisting of liquid
crystals'*® be adapted for industrial uses? Can molecular gels
become a viable means to clean oil and chemical spills?**~'**
Can molecular gels be used to reveal details about more
complex systems related to blood clotting, the onset of
Alzheimer’s disease,">* and silk fiber extrusion?'®*7'*% Can
molecular gels be used as templates to fabricate more robust
materials on a commercial scale?'*®'>” Can the use of
molecular gels in the food industry be expanded?'**~'®' Can
luminescent gels be employed in real-world analytical
applications as sensors and light guides?'**'®*7'%" Can
molecular gels supplant polymeric ones for some cleaning/
restoration projects in conservation science with works of
cultural heritage?'®™'*® Can “recipes” be found for synthesiz-
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ing very strong or weak molecular gels, and ones with reversible
adhesion or fast thixotropic recovery? Currently, such materials
are discovered by chance, although they may be useful as dental
adhesives.'®

7. CONCLUSIONS AND CHALLENGES

With so many questions awaiting answers, the prospects should
be bright for imaginative scientists to make important inroads
to understanding the basic properties of molecular gels and
devising methods to enhance their applications. However, the
solutions will require inputs from scientists with a wide range of
interests—soft matter, self-assembly, thermodynamics, rheol-
ogy, structural techniques, theory, etc.—working together,
because molecular gels is a field of study that epitomizes
interdisciplinarity. The author hopes that this Perspective will
stimulate others to join the hunt for answers and to formulate
additional questions.
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