
Chapter 7
A Primer on Gels (with an Emphasis
on Molecular Gels)

Richard G. Weiss

Abstract This chapter describes structural, kinetic, thermodynamic and viscoelastic
aspects of how dispersions of small molecules (essentially 0-dimensional objects)
aggregate into thermally reversible or thixotropic networks that immobilize large
volumes of a liquid. When possible, the different properties of these molecular gels
are correlated. The data are considered at different time and distance scales during
the lives of the gels. A short history ofmolecular gels and challenges to advancing the
field are also presented. The properties of some molecular gels with simple gelator
structures, including long n-alkanes and derivatives of them, are described as well.

Keywords Hansen parameters · Schröder-van Laar equation · Ostwald ripening ·
Storage and loss modulus · Viscoelasticity · Critical gelator concentration ·
Avrami equation

7.1 Introduction: General Classifications

Gels are a part of almost all aspects of our materials world [1]. The processes by
which gels form from particle structures are only one type of self-assembly. Others
lead to a myriad of different phases which will not be discussed here, although
each type depends on the relative magnitudes of enthalpic and entropic factors that
are time-dependent [2]. Examples of hydrogels (i.e., gels based on aqueous liquid
components) include aggregates of collagen (themost abundant protein in our bodies;
when denatured, it can take the form of aspic or, as sold commercially with different
additives in the US and elsewhere, Jell-O ©), amyloids (that have been linked to
Alzheimer’s disease), and other protein-based gels with actin, clathrin, and tubulin
as the non-aqueous component. Other common hydrogels are in human and other
mammalian bodies and jelly fish, and in jellied sandworms.Many types of toothpaste,
deodorants, cosmetics, soaps, pharmaceutical delivery agents, and foods [3] are gels,
as are many non-edible materials such as silly-putty, paints, inks, dental materials
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and other adhesives, materials for producing new morphs of pharmaceuticals [4],
and aluminum soaps that gelate hydrocarbons for ‘fracturing’ in oil wells [5] and for
producing napalm [6].

When the liquid components are aqueous or organic, the gels are referred to
hydrogels or organogels, respectively. IUPAC defines a gel as “a non-fluid colloidal
network or polymer network that is expanded throughout its whole volume by a
fluid” [7]. This definition not very useful and is incomplete because it does not
address the viscoelastic properties of gels. Also, it does not provide insights into the
gel network structures of molecular gels and responses to stress at different length
scales, from the macroscopic to the nanometric. Additionally, it avoids important
questions concerning how adaptable are gel systems to changes in their component
structures and environments. Only some of the factors listed belowwill be considered
here:

(1) How amenable is a class of molecular gelators to small structural modifications
and what are the consequences of those changes to the properties of the gels?

(2) How wide a range of liquid types can be gelated by a single gelator?
(3) What is the lowest concentration of a molecular gelator that can gelate success-

fully a liquid at or near room temperature [i.e., the critical gelator concentration
(CGC)]?

(4) How long can agel bemaintained at room temperaturewithout phase separation?
(5) What is the temperature range over which a gel phase can be maintained?

Specifically, at what temperature does a gel ‘melt’ (Tg) and revert to its sol
phase?

(6) How strong or malleable is a particular gel? That is, what are its viscoelastic
properties?

Common features of ‘gels’ are their compositions, at least two components—one
ofwhich is a solid and the other a liquid—their solid-like rheological behavior despite
being mostly liquid [8], (i.e., they are non-Newtonian fluids), and their continuous
microscopic structures with macroscopic dimensions that are permanent on the time
scale of an analytical experiment [9]. Mechanical damping in gels is small: tanδ =
G′′/G′ � 1, where G′ is the storage modulus and G′′ is the loss modulus. The moduli
are, respectively, measures of the energy stored and dissipated in a material in which
a deformation has been imposed. Also, the oscillatory frequency dependence of the
viscosity of a viscoelasticmaterial under shear stress (i.e., the complexviscosity,η*=√
(G′2 +G′′2)/ω) is a useful parameter to assess the viscoelasticity of a soft material.

In fact, each of these is useful in assessing quantitatively whether a sample meets
the viscoelastic criteria to be called a gel. A typical response of a gel to oscillatory
frequency changes is shown in Fig. 7.1 [10]. Although cavitational rheology is a
newer and potentially more useful method for assessing whether a sample is a gel
[11], it has not been used extensively.

It is important to emphasize that microscopically the liquid component maintains
many of its bulk viscosity and diffusion properties in the gel phase. The diffusion
constant of the liquid or of a solute dissolved in the liquid portion is slower than in
the absence of the gelator, but it is not inconsequential [12]. Only a small fraction



7 A Primer on Gels (with an Emphasis on Molecular Gels) 301

Fig. 7.1 Typical frequency
responses of the complex
viscosity (η*, �), storage
modulus (G′, ●) and loss
modulus (G′′, ◯) of a gel.
Reprinted with permission
from J Am Chem Soc 2006,
128, 15341. Copyright
(2006) American Chemical
Society

100101

100

1000

10000
.

G
',

G
"(

Pa
) a

n d
η*

(P
a 

s)

frequency (rad/s)

of the liquid molecules is in contact with the gelator network at any given time,
and the liquid molecules are able to diffuse from one part of the gel to others. In
addition, a constant fraction of the gelator molecules that are in the liquid phase
(i.e., the aforementioned CGC) is also able to diffuse within the liquid component
and exchange over time with molecules residing within the gelator networks. This
equilibration and a thermodynamic preference for larger aggregates leads to Ostwald
ripening over time that is observed in many gels. In fact, the liquid does not undergo
macroscopic phase separation. Thus, destruction of a molecular gel, is principally
a result of a lack of long-term balance between attractive and repulsive capillary
and other interfacial forces; intrinsically, molecular gels are thermodynamically less
stable than their phase-separated liquid and solid phases [13], although it may require
years in some cases (and less than minutes, in others) to observe macroscopic phase
separation A simple semi-quantitative method for determining the CGC and Tg of
gels is the ‘falling drop’ method, in which a metal ball is placed on the surface of
gel and the concentration of gelator or temperature at which the ball falls is recorded
[14].

As a result, identifying gels can be complicated because the name also encom-
passes a number of other ‘soft matter’ materials (e.g., microgels, colloids [15], emul-
sions, liquid crystals, and micelles) [2], each with different properties that gener-
ally do not meet all of the criteria noted as requisite in this chapter, although there
are specific examples that do. Specifically excluded is ‘hard matter’ with inelastic
networks, such as aluminosilicates. special formulations of some of the other soft
materialsmay adopt all of the characteristics of and be gels. Of these, the general class
of materials that are microgels are closest to ‘true’ gels: although lacking a contin-
uous network that permeates the material, they do possess small gel-aggregates that
are separated by a non-gel medium. An edible example of a microgel is bubble tea
made from gelled seeds of Hyptis suaveolens (L.) Poir [16]. In addition, aerogels
and xerogels are not gels although they are produced from them by removing the
liquid component, leaving behind a solvent-free 3D or collapsed network.
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7.2 A Short (Prejudiced) History of Gels

Although materials known to be gels have been mentioned for more than 3 millennia
[17], the time span during which gels have been studied scientifically is much
shorter. The author’s prejudiced view of some of themost important observations and
advances is summarized briefly below. In 1841, Lipowitz reported the first formal
scientific molecular hydrogel ‘sighting’–the gelation of aqueous solutions by lithium
urate [18]. In 1864, Thomas Graham, who became Master of the Mint in England,
began his studies of sol-gel chemistry; although these are not true gels as noted above,
mention of this work is seminal because the pathway leading to them can involve
‘true’ gels. In addition, he made some very important (and unusual!!) pronounce-
ments, such as his support for the theory of ‘vitalism’: “While the rigidity of the
crystalline structure shuts out external expressions, the softness of the gelatinous
colloid partakes of fluidity, and enables the colloid to become a medium for liquid
diffusion, like water itself …. The colloid possesses energia. It may be looked upon
as the probable primary source of the force appearing in the phenomena of vitality.”
[19].

In 1871, Maddox used ‘dry’ gelatin plates with silver salts for photography. In
1888. Eastman made silver halide dispersions in gelatin on cellulose nitrate rolls of
film placed in a camera. In 1891, Meunier made gels with 1,3:2,4-di-O-benzylidene-
D-sorbitol as the gelator. In 1896, Liesegang reported reactions of molecules, as well
as their diffusion and crystallization, in gels. In 1899–1900, Hardy employed gel
electrophoresis and recorded microscopic images of gel networks. In 1907, Foster
and Jackson made organogels using camphoryl thioisemicarbazide as the gelator. In
1907, Cotton and Mouton performed studies of thixotropy in gels. In 1912, Zsig-
mondy and Bachmann reported gelation of aqueous and alcoholic liquids by fatty
acid salts. Notably, in the same year, Hardy synthesized thermally-reversible gels
with small organic molecules as the gelators and made serious attempts to formulate
a theoretical basis for how rod-shaped objects aggregate into colloids and, in some
cases, result in gels.Many discoveries havemade in the field of gels, includingmolec-
ular gels, in the intervening century [3, 20–25, 29]. They have been driven in part by
advances in instrumentation which allows processes and structures to be interrogated
at increasingly short time and length scales [26]. Despite these advances, some of the
frustrations noted by Dorothy Jordon Lloyd nearly a century ago [27]—“The colloid
condition, the gel, is one which is easier to recognize than to define”—persist today,
and the field of molecular gels remains an active area of inquiry. Unfortunately, part
of the reason for even greater progress is a lack of standardized, accepted methods
for preparing and analyzing gels [28].
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7.3 Molecular Gels and Approaches to Their Analyses

In this chapter, we focus on the structures and properties of molecular gels; the tech-
niques for obtaining the structural information, usually indirect methods such, as
neutron and X-ray scattering, or direct methods such as atomic force and electron
microscopies will not be discussed here. For an excellent coverage of methods to
determine gel structures at different distance scales, see Ref. [29]. Only in a very
limited number of examples have the molecular packing arrangements of gelator
molecules within their gel networks been determined. The difficulties to obtain this
information arise from several factors: (1) many molecular gelators are polymor-
phous, so that the phase within a gel may be different from that obtained from single
crystal X-ray analyses, even if an appropriate crystal can be grown; (2) the gels
networks are dynamic, so that the molecules within them are not fixed ‘permanently’
in space; (3) the habit within the crystalline network may differ depending on the
liquid from which it is grown; (4) objects within the network may include disordered
liquid molecules; (5) removal of the liquid from a gel risks changing the morph of
the xerogel left behind; (6) intrinsically, the individual gelator objects within the gel
network are very small, despite the gelator molecular sizes, shapes and conforma-
tional labilities varying over a wide range. An example of the latter is the family of
acyclic to pentacyclic triterpenes whose structures and gelation properties have been
compared [30]. Despite these difficulties, methods for determining the crystalline
organization of gelator molecules within the gel networks are being developed and
there is promise of others [31]. They rely on solid state (magic-angle) NMR tech-
niques [32], synchrotron radiation analyses [33], and correlations between powder
diffraction patterns from intrinsic gels and derived from single crystal data [34]. Also,
the orientation of gelator molecules within a single gel fiber can be determined, in
principle, from linearly polarized radiation and knowledge of the direction of the
transition dipoles of the chromophores or lumophores [35]. Although this method
holds great promise, it is still in a state of development and will not be applicable to
all molecular gelator assemblies.

The structural analyses have been and continue to be aided by calculations at
different levels of sophistication on single gelator molecules and ensembles of them.
In that regard, density functional theory (DFT), molecular dynamics, statistical
mechanical, and other types of calculations are being used to discern details of asso-
ciation between molecular gelators at the early and latter stages of aggregation, and
to correlate the results of those calculations with experimental observations [36–39].

Even with these data, additional structural challenges will remain. By necessity,
gelator networks must be 3-dimensional in order to immobilize the liquid component
(usually by attractive short-range interfacial and capillary forces and longer-range
repulsive interactions [23, 40]). Those networks rely on a fusion of the objects at
‘junction zones’ (i.e., at the intersection points between the constituent objects).
Even though more information is forthcoming about the shapes and properties of the
objects within the gelator networks, and they constitute the vast majority of the mass
of the networks, very little is known about the nature of the molecular organizations
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within zones, despite their playing a crucial role in determining the strength, elastic
properties and longevity of the gels. Unfortunately, there does not appear to be a
general means to assess the molecular packing within junction zones at this time,
and it will be difficult to do so in the future because of their low concentrations and
(presumably) greater disorder than within the gelator objects.

Their gel networks are comprised of molecules in which the networks responsible
for providing the viscoelastic properties are linked physically through non-covalent
interactions (usually, ionic, H-bonding and/or molecular dispersion forces). Many of
them can be cycledwith their corresponding sol/solution phases by heating above and
cooling below their characteristic gelation temperatures; they are reversible thermally
even if the non-covalent bonds are broken. Of course, there is a critical gelator
concentration, usually defined at ambient temperqature, below which percolation of
the gelator molecules into fibrillar or other objects does not lead to a 3D network and
gelation of the liquid component. Polymer gels, inwhich the networks responsible for
providing the viscoelastic properties are from monomers held together by covalent
bonds (i.e., linked chemically), will not be discussed except as needed to provide
context for molecular gels. As opposed to many molecular gels (i.e., physical gels),
polymer gels are not reversible thermallywith their corresponding sol/solution phases
if the covalent bonds of the polymer network are broken. In fact, Flory included
molecular gels almost as an afterthought, presumably in his fourth class of gels [41]:
(1) well-ordered lamellar structures; (2) cross-linked polymeric networks swollen
with solvent; disordered polymer chains; (3) polymer networks in which the chain-
chain interactions are physical; (4) particulate disordered structures.

7.4 Making Molecular Gels

Asmentioned above, the most commonmethod to make molecular gels is by cooling
their sols/solutions and by heatingmolecular gels tomake sols/solutions. However, in
each case, the shapes and sizes of the objects constituting the gel network depend on
the rate of cooling of the sol phase (Fig. 7.2) [42] and critically on the detailed nature
of solvent-gelator molecular interactions during the aggregation process leading toD
in Fig. 7.3 [43]. The potential sensitivity of the gelator aggregation mode to cooling
rate and liquid composition is clearly displayed by 1.5 wt% 3β-cholesteryl 4-(2-
anthryloxy)butanoate (CAB) gels (Fig. 7.4) [44, 45]: they exhibit Tg values and
fluorescence maxima at ~39 °C and 421 nm, respectively, in hexadecane and ~60 °C
and 427 nm, respectively, in 1-octanol; the hexadecane-like or the 1-octanol-like
gel network can be formed repeatedly and reproducibly when the sol phases are
fast–cooled or slow-cooled and then reheated to the sol phase and re-cooled within
a specific, intermediate range of liquid compositions. Neutron diffraction and X-ray
scattering studies demonstrate that the packing arrangement of the CAB molecules
and the shapes of the constituent fibers are different in the networks prepared by the
different cooling protocols [46].
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Fig. 7.2 Polarized optical micrographs of gels at room temperature comprised of 2 wt% N,N′-
dimethylurea in carbon tetrachloride that were formed by rapidly (spherulites; left) and very slowly
(rods; right) cooling the sol phase. The scale bars are 200 μm. Reprinted with permission from
Chem Euro J 2005, 11, 3243. Copyright (2005) Wiley

Fig. 7.3 Cartoon representation of bullet-shaped molecules in a sol phase (a) aggregating to effect
bulk crystallization (b) in competition with selective growth into a rod-like 1D structures (c) and
then into 3D (d) networks. The liquid is represented by the squiggly-shaped lines. Adapted from
Schoonbeek, Ph.D. Thesis, Univ. Groningen, The Netherlands, 2001

CAB

O(CH2)3CO2

Other physical methods [47] include relieving or imposing a mechanical stress
on thixotropic sols (vide infra), shining light on photoresponsive sols [48] (Fig. 7.5
[49]), effecting chemical changes to potential gelators by in situ enzymatic reactions
[50], and placing sols under ultrasound to promote aggregation by conformational
changes [51]. Thixotropic gels become fluid when disturbed (as by shaking) and
then recover their viscoelasticity when left at rest. Some other chemical and physical
methods to make or destroy molecular gels—some of which are reversible and some
are irreversible–include changing the pH, adding or removing metal or other ions,
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Fig. 7.4 Freeze-fracture electron micrographs of CAB in 1-octanol (twisted fibers; left) and in
n-dodecane (fibers with rectangular, untwisted fibers; right). Reprinted with permission from J Am
Chem Soc 1989, 111, 5542. Copyright (1989) American Chemical Society

Fig. 7.5 Influence of UV
radiation on the formation of
gels in sols composed of the
surfactant EDAB to which
some OMCA has been
added. Reprinted with
permission from Soft Matter
2009, 5, 797. Copyright
(2009) Royal Society of
Chemistry
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initiating host-guest complexation, effecting redox processes, applying magnetic
fields, and inducing in situ reversible or irreversible chemical reactions [52].

7.5 How Do Aggregation and Growth of Molecular Gelator
Networks Occur?

The actual shapes of themicron-scale objects constituting the gelator network depend
on the shape, chirality [53], and solubility of the gelator molecules [54] and kinetic
factors (such as the rate of super-cooling) [10, 55], along the kinetic pathway leading
to aggregates and their epitaxial growth into axially symmetric objects with large
aspect ratios. The objects may have uniform or poly-disperse cross-sections as rods,
straight or helically twisted tapes and fibers, tubules, spherulites, etc. In fact, helically
twisted tapes can be produced even by achiral molecular gelators [56]! Several types
of gelator networks, including those comprised of tetraoctadecylphosphonium salts,
have been used as templates to make silicate objects [57] with tetraethyl orthosilicate
(TEOS) precursors [58].

In fact, one can envision several mechanisms by which small molecules in sol
phases aggregate into the 3D networks requisite for gel formation. A cartoon repre-
sentation of one possible mode from a sol phase is shown in Fig. 7.3. The bullet-
shapedmolecules prefer to associate along one axis, leading to preferential 1Dgrowth
of rod-like objects shown in C. A macroscopic analogy is how Lego blocks interact
preferentially along only their crenelated surfaces. Rather empirical treatments of
the formation and structures of gel networks based on kinetic parameters have been
devised by Avrami (Eq. 7.1) [59] and Dickinson (Eq. 7.2) [60]. The original articles
describe the specific conditions for applying them to molecular gels. X is the volume
fraction of the gelator participating in the gel network at time t, K is a type of rate
constant, n is the ‘Avrami exponent’ which characterizes the type of object growth,
Df is the fractal dimension of the gelator network, and C is a constant. The variable
X has been measured as a function of time by absorption and fluorescence spectro-
scopies, as well as by rheological and small angle neutron diffraction measurements;
any technique which measures rapidly the changes in gelator aggregation may be
employed. Other, more detailed approaches to aggregation/nucleation/growth mech-
anisms are based on isodesmic and cooperative modes of aggregation [61] and a
combination of kinetic and thermodynamic considerations [62].

ln[ln(1 − X)−1] = ln K + n ln t (7.1)

ln X = C + (3 − D f )/D f ln t (7.2)



308 R. G. Weiss

7.6 Experimental Determination of What Is and Is Not
a Gel

A simple and preliminary (but sometimes inaccurate) method to determine what is
and what is not a gel is ‘the inverse flow method’ [63] in which a sample consisting
of a liquid and a small fraction of solid is inverted with respect to gravity. If no flow
is observed after a protracted period, the sample may be assumed to be a gel. A
more accurate and detailed assessment of the gel status of a sample is available from
measurements of endotherms and exotherms in differential scanning calorimetry
thermograms. An example is the thermal behavior of 1 and 3 wt% n-dotriacontane
(C32H66) in safflower oil rich in trioleins [64]. From the thermograms obtained on
cooling the sol (Fig. 7.6a) and heating the gel (Fig. 7.6b) at 1 or 10 °C, it was
possible to calculate the initial crystallization and melting temperatures, the temper-
atures of maximum heat flow for crystallization/melting (TCr and TM, respectively),
and the heats of crystallization/melting (�HCr and �HM, respectively). These data
allow interesting and mechanistically informative comparisons between thermody-
namic and rheological changes (the latter obtained in separate experiments). They

Fig. 7.6 Cooling (a) and
heating (b) thermograms at 1
or 10 °C/min of
dotriacontane (C32H66) in a
triolein-rich safflower oil.
The arrows in A indicate the
initial (TCr = 45.7 °C)
crystallization and maximum
heat flow (TCr = 40.0 °C)
temperatures. The heat of
crystallization, �HCr, is
obtained from the area under
the exotherm. In B, the
arrows show the melting
temperatures (TM), and the
areas under the
corresponding endotherms
provide the heats of melting,
�HM. Reprinted with
permission from European
Journal of Lipid Science and
Technology, 2009, 111, 207.
Copyright (2009)
Wiley-VCH
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also provide insights into the validity of applying the Schröder-van Laar equation
[65] (Eq. 7.3), which assumes ideality in melting-nucleation phenomena during the
sol-gel phase transitions (i.e., the interactions between gelator and liquid molecules
is the same in the sol and gel phases) over a range of concentrations). In Eq. 7.3, x
is the gelator solubility under conditions of ideal solution behavior, T is the equi-
librium temperature, R is the ideal gas constant, and ΔHM and TM–available from
DSC measurements—are, respectively, the molar melting enthalpy and the melting
temperature of the neat gelator. Because the assumption of ideality is frequently not
valid, the use of this equation is useful in a limited number of gel systems.

ln x = (�HM/R)(1/TM − 1/T ) (7.3)

Thixotropic gels are especially interesting because they can be destroyed by appli-
cation of excessive stress and reformed when the sample is left under conditions
within the linear viscoelastic region, which is determined by oscillatory rheolog-
ical measurements of the moduli as a function of oscillation frequency and applied
stress. The values of the moduli, as a sample is cycled periodically between the
linear viscoelastic (LVR) and the destructive strain (DS) regions, can yield valu-
able insights into the dynamics of the isothermal reformation step and the degree
(if any) of irreversible destruction of the gelator structure upon repeated application
of destructive strain. In the example shown in Fig. 7.7 with the gelator (R)-12-
hydroxy-N-(2-hydroxyethyl)stearamide (HS–2–OH), there is no discernible loss of
gel structure after repeated exposure to destructive strain [66]. That is usually not the
case: the magnitudes of the moduli decrease as the number of cycles or the magni-
tude of the applied strain increases. The recovery time constant τ after cessation of
destructive strain can be calculated from Eq. 7.4 (where m is a constant that depends
on the gel being examined).

ln

[
− ln

G ′(∞) − G ′(t)
G ′(∞) − G ′(0)

]
= m ln t − m ln τ (7.4)

7.7 The Role of the Liquid Component

Despite the gelator being amuch smaller portion of a gel than the liquid, the properties
of the latter are frequently given less attention. To discern how to characterize the
properties of the liquid, it is necessary to consider the interactions between the two
components at various stages during gel formation. Unfortunately, methods to assess
gelator-liquid interactions in sol phases, for example, are not well developed. Thus,
most approaches concentrate on whether a particular liquid is gelated by a specific
gelator molecule and comparisons of the properties of the two.

Several of those approaches have been compared recently [67b]. Here, the one
of Hansen will be discussed as it applies to gels [67], comparing it with the more
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Fig. 7.7 G′ (�) and G′′ (▲) versus time and application of different strains and frequencies (LVR
= linear viscoelastic region; DS = destructive strain region) of a 2.0 wt% HS–2–OH in isostearyl
alcohol sample at 20 °C. Reprinted with permission from Soft Matter 2015, 11, 5010. Copyright
(2015) Royal Society of Chemistry

traditional Hildebrand solubility parameter [Eq. 7.5, where �Ev
i is the energy of

vaporization and Vi is the molar volume; includes dispersion forces and polar inter-
actions (includingH-bonding)] that emphasizes enthalpywithout considering equally
entropy. Then, Eq. 7.6 applies for a mixture containing 2 different components (e.g.,
a solvent and a gelator) where is the volume of the mixture and φi is the volume
fraction of component i.

δi =
(

�Ev
i

Vi

)1/2

(7.5)

�Hm = V

(
φ1

[
�Ev

1

V1

]1/2

− φ2

[
�Ev

2

V2

]1/2
)

(7.6)

Hansen solubility parameters (HSPs) consider specific intermolecular interactions
as 3 separate components for the energy of vaporization as the cohesive energy. They
are London (atomic) dispersion forces (Ed), (molecular) permanent dipole-dipole,
quadrupole-quadrupole, ion-ion etc. forces (Ep), and (molecular) hydrogen bonding
(Eh) and Etotal = Ed + Ep + Eh Then, Etotal/V (in J/cm3 = MPa) is a pressure and
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the sum of squares of the individual HSP components (i.e., the Hildebrand solubility
parameter) is δ2total = δ2d + δ2p + δ2h . From this, one can calculate Hansen spheres by
calculating δd , δp and δh as the center of a sphere Ri j (Eq. 7.7; where i is a solvent
and j is a gelator) on a group summation basis, using data from Hansen’s book [67]
or empirically if a sufficient number of gelated and non-gelated liquids have been
employed.

Ri j =
√
4
(
δdi − δd j

)2 + (
δpi − δpj

)2 + (
δhi − δh j

)2
(7.7)

An attractive alternative to the Hansen solubility parameters is Teas plots, another
empirical relationship between liquid properties and gelator (or other species)
solubilities, [67a, 68], from which triangles of solubility can be constructed [69, 70].

7.8 Organic Gelator Molecules and Their Assemblies.
Starting from the Simplest Molecular Structures
and Increasing the Complexity

A short synopsis of a limited number types of molecular gelators and their aggregate
gel structures are presented below. The examples have been selected to give the
reader a ‘flavor’ of the myriad of known molecular gels. Two of the most efficient
molecular gelators, in terms of the range of liquids gelated and the CGCs (~ .03 to
.05 wt%) required, are methyl 4,6-O-p-nitrobenzylidene-α-D-galactopyranoside and
methyl 4,6-O-benzylidene-α-D-mannopyranoside [71]. For a more comprehensive
treatment of this topic, see the books and reviews cited.

7.8.1 n-Alkanes and Their Simple Derivatives

Very short n-alkanesmelt to their isotropic liquid phases at sub-ambient temperatures
and, therefore, are inappropriate candidates to form useful assemblies for gelation
of other liquids. However, longer n-alkanes exhibit neat solid phases with more
than one type of organization and super-ambient melting temperatures [72]. For
example, n-heneicosane (C21H44) undergoes transitions from orthorhombic (Phase
I) to hexagonal-rotator (Phase II) layers at 32.5 °C and from Phase II to its isotropic
(liquid) phase at 40.2 °C [73]. Even in solid Phase II, due to thermal fluctuations,
there is some disordering and gauche chain conformations which are less probable
in a layer middle than at the layer ends [72]. In fact, very long n-alkanes are able to
gelate short n-alkanes and a variety of liquids by forming networks consisting of 2D
platelets [74].

The added disorder caused by inserting a carboxy group between carbons 4 and 5
of the n-heneicosane chain, yielding n-butyl stearate, induces formation of a smectic
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Fig. 7.8 Atomic force microscope images of a 2 wt% HS–2–OH in silicone oil gel. The blue
triangle is the tip before (a) and after (b) it was used to cleave one of the ropes. Reprinted with
permission from Soft Matter 2015, 11, 5010. Copyright (2015) Royal Society of Chemistry

B liquid-crystalline phase between 15 and 26 °C [75]. Addition of a carboxylic acid
group to a chain end of a long n-alkane reduces the disorder, and layered surfactant
hydrogels are formed when water is added to the salts. For example, stearic acid (mp
~157 °C) is the carboxylic acid derivative of octadecane (mp 28 °C). Its potassium
or rubidium salt or mixtures of potassium stearate and 1-octadecanol form well
organized lamellar hydrogels [76].

In fact, a large number of other end groups have been appended to long alkyl chains
as a means to modify the melting temperature (i.e., making them well above room
temperature) and solubility of potential gelators [77]. They, especially in combination
with addition of a hydroxyl [78] or carbonyl group [79] near the chain middle (N.
B.: at C12), have been shown to yield molecules capable of gelating a wide variety
of liquids.

Whereas HS–2–OH [66] gelates several liquids by creating twisted ropes whose
the pitch = 130 ± 30 nm in silicone oil (Fig. 7.8), and 60 ± 5 nm in isostearyl
alcohol, [66] the shape of the objects responsible for the network of carbon tetra-
chloride gels supplied by the smallest molecular organogelator known to date, N,N′-
dimethyl urea (MW 88), can be changed from spherulites (fast-cooling of sols) to
rods (slow-cooling of sols) (Fig. 7.2) [42]. Even more surprising is the observation
that the gel networks of achiral oligoureas can be various types of braided fibers. For
example, the pentaurea 5UR has been shown to form a variety of chiral braids in
N,N-dimethylformamide (Fig. 7.9) as its sols are cooled to room temperature [80].
A detailed explanation for the different motifs has been reported, along with a caveat
that an excess of one of the handedness within the braids can be attributed to traces
of chiral species advertently (or inadvertently!) present in the sols. The gross aspects
of their formation can be explained by a mathematical model reported more than
70 years ago [81]. Similar approaches have been employed to explain the change
from fibers of sodium oleate/oleic acid in buffered aqueous media that are <100 mm-
long helices to >1 cm long helical assemblies with a regular pitch and radius when
small amounts of N-decanoyl-L-alanine are added to the initial solutions/sols [82].
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Fig. 7.9 SEMmicrographs of braid topologies observed in gels of 5UR. Reprinted with permission
from Nature Chemistry 2019, 11, 375. Copyright (2019) Springer Nature

Less dramatic (but clear) elongation of the fibers was also found when some shorter
saturated alkanoate salts were added in place of the N-decanoyl-L-alanine.

7.8.2 Some Tubule Assemblies of More Complex
Alkane-Derived Surfactants

Nanotubules can offer an especially interesting mode of aggregation and growth
leading to gel networks [53]. For example, the modes of growth and detailed struc-
tures of nanotubes from L-dodecanoylserine, a structurally simple molecule with
a long alkyl chain and a polar head group, are very dependent on the liquid from
which they are grown (Fig. 7.10) [83]. In water, aggregation proceeds from micelles
and helical ribbons, leading eventually to tubules (mp 17–20 °C) in which the polar
head groups pointed outward. When grown from toluene, the progression is from
inverted micelles and vesicles and the lipophilic tails are pointed outward in the
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Fig. 7.10 Progression of
aggregation modes for
L-dodecanoylserine into
tubules grown from toluene
and water. Reprinted with
permission from Langmuir
2001, 17, 873. Copyright
(2001) American Chemical
Society

eventual tubules (mp 60–62 °C). Also, the ribbons are not twisted if the dode-
canoylserine is racemic. Another detailed example uses cryo-TEM to follow the
sequential transformation of aqueous dispersions of N-α-lauryl-lysyl-aminolauryl-
lysyl-amide (LLALA), amolecule comprised of two dodecyl chains and two charged
lysine groups, into 1D objects—from thin fibers/ribbons to twisted ribbons to coiled
ribbons to closed nanotubes (Fig. 7.11) [84]. The observations of the separate objects
are made possible by the very different rates for the transformation steps.

Fig. 7.11 Temporal
progression of LLALA to
nanotubes (B5) by
self-assembly in aqueous
media at 25 °C: B1—thin
micrometer-long fibrils;
B2—twisted ribbons of
various widths;
B4—alternating arrowheads
highlight a cylindrical
curvature. Bars = 100 nm.
Reprinted with permission
from J Am Chem Soc 2011,
133, 2511. Copyright (2011)
American Chemical Society
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7.8.3 Some Tubule Assemblies of Steroidal Surfactants

Tubules with monodisperse diameters have been made by adding a simple bile acid,
lithocholic acid, to an aqueous sodiumhydroxide solution [85]. Single-walled tubules
(52 and 49 nm outside and inside diameters) can be observed from the closure of
twisted ribbons shortly after mixing (Fig. 7.12a). They are easily aligned and become
multi-layered over longer times (Fig. 7.12b). They have been transformed into silica
and titanium oxide objects with very large aspect ratios via sol-gel processes and
calcination using tetraethyl orthosilicate (TEOS) and titanium(IV) isopropoxide
(Ti(OiPr)4), as the precursors [86].

Fig. 7.12 Single-walled (a;
cryo-TEM) and multi-walled
tubules (b; freeze-fracture
replicas) of sodium
lithocholate that were formed
in water. Bars = 100 nm.
Reprinted with permission
from Langmuir 2002, 18,
7240. Copyright (2002)
American Chemical Society
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7.9 Final Thoughts About the Scope and Intent of This
Chapter

Unapologetically, this chapter relies more heavily on reports from research in the
author’s laboratory than abalanced renderingof the referenceswarrants. That reliance
is a result only of the author’s familiarity and is not intended to be a balanced
assessment of the importance of the contributions of others to the field.

With that in mind, this chapter is intended to describe what molecular gels are
structurally andmechanically, and the known limits of both properties, and to describe
the clear challenges to advancing the field; it is not intended to be a comprehensive
treatise. It presents a description ofwhatmolecular gels are and howone can ascertain
the difference them and other phases that depend on aggregation. It also describes
some of the challenges confronting our ability to characterize them and, more impor-
tantly, how to design molecular gelators a priori and their interactions with the
liquid components along the pathways starting from sols. Although molecular gels,
comprised of (‘0-D’) gelator molecules, are intrinsically weaker mechanically than
their polymeric gel analogues (in which at least one-dimension of the gel structure
is always present through covalent intermolecular interactions among ‘monomers’),
they offer some potential advantages and opportunities. Foremost among these is
their ease of reversibility that makes possible many interesting applications, some of
which are described in several of the references cited here.
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