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ABSTRACT: Minor changes in molecular structure aﬀect the ability of
racemic hydroxyoctadecanoic acids (nHSA, where n is the position of
the hydroxyl group) to form molecular gels in a low polarity liquid,
mineral oil, and inﬂuence their supramolecular structures. The activation
energy and energy released during crystallization of 2HSA and 3HSA
from solutions or sols are signiﬁcantly lower than those of 6HSA, 8HSA,
10HSA, 12HSA, and 14HSA. The lower activation energies are
associated with the ease of molecules of 2HSA or 3HSA to add to a
face of a growing crystal lattice or the ease in which the critical nuclei are reached; the change in the activation energies appears
to be related, in part, to the critical size of the crystallites, which, in turn, depends on the energy associated with the creation of
the new phase and the interfacial free energy of the nucleated species with the liquid component. When the polar groups are
close in proximity, the crystal packing arrangements are able to sequester these groups away from an interface and reduce the
contact with the low polarity solvent. As well, the energies released upon the formation of the new phases with 2HSA and 3HSA
are less than those for the other nHSA isomers studied here because the former are unable to form strong carboxylic acid dimers.

■

INTRODUCTION
Molecular organogels are thermally reversible, quasi-solid
materials comprised mainly of an organic liquid (usually
≥95%) and a molecule that self-assembles noncovalently into a
three-dimensional network of ﬁbrillar objects (SAFiNs) or, less
frequently, of platelets, nanotubes, etc.1−3 The networks
prevent macroscopic ﬂow of the liquid and even can improve
the mechanical properties of some solids.4,5 The unique
physical properties of SAFiNs have led to investigations
focused on possible applications related to photovoltaics,6
light harvesting,7 templating reactions,7 controlled drug
release,8 and reversible photoisomerizations.9
Self-assembly of molecular gels is an intricate and complex
process that must balance contrasting parameters, including
solubility and those intermolecular forces that control epitaxial
growth into axially symmetric elongated aggregates.2,10−13
During the assembly process, individual molecules assemble
into oligomers driven by molecular self-recognition and
intermolecular noncovalent interactions; subsequently, these
oligomers assemble into ﬁbril aggregates immobilizing the
solvent via capillary forces.14,15 In general, optimal gelation
occurs when the solvent and gelator are unable to form
intermolecular noncovalent bonds and the SAFiN is comprised
of thin entangled ﬁbers.16 Typically, the intermolecular forces
that drive aggregation include hydrogen-bonding,17−20 π−π
stacking,21 dipole−dipole,22,23 and London dispersion forces;24
however, hydrogen-bonding is a very important component of
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the self-assembly driving force in a large fraction of reported
organogelators.9,18,25
On a molecular level, the required structural characteristics
for self-assembly into molecular gels are not well understood.
For instance, chiral and enantiopure 12-hydroxystearic acids (D12HSAs) assemble into drastically diﬀerent networks, one
being platelets and the other ﬁbrillar, respectively.26−28 With
minor molecular diﬀerences aﬀecting the crystal physics, it is
extremely important to understand how these physical
interactions aﬀect the formation of supramolecular architectures; they are the key to reaching rational design strategies for
developing new classes of low molecular weight organogelators
(LMOGs).
Here, we present an investigation of the molecular
characteristics required to promote self-assembly and gelation
within a group of positional isomers of racemic hydroxyoctadecanoic acid (nHSA, where n is the position of the hydroxyl
group along the polymethylene chain). D-12HSA, a structurally
simple, highly eﬀective LMOG, has been studied extensively for
gelation kinetics18,29−31 and supramolecular structure formation,19,32−36 as well as to monitor surface properties,37 solvent
polarity,11,38 the inﬂuence of minor components,39 and eﬀects
of chemical structure.26,38,40−43 Within this report, we explore
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Figure 1. Polarized light micrographs of positional isomers of 2 wt % gels and dispersions of nHSA in mineral oil at 30 °C. The magniﬁcation bar
applies to all panels.
s. Single-channel traces were obtained using the fast Fourier transform
algorithm without any zero-ﬁlling, after applying a Blackman-Harris
three-term apodization function.
Ten to twelve milligrams of 2% nHSA in mineral oil was placed in
Alod-Al hermetic DSC pans and heated to 100 °C and then
subsequently cooled at 2 °C/min to 10 °C and held there for 10 min
using a Q2000 diﬀerential scanning calorimeter (DSC) (TA
Instruments, New Castle, DE). Following the temperature hold, the
samples were heated to 120 °C at 2 °C/min while the chamber was
continually ﬂushed with nitrogen (0.5 mL/min), and the melting
temperature, melting enthalpy, crystallization temperature, and
crystallization enthalpy were calculated by integrating the peak area
using the sigmodal baseline integration technique, which is part of the
TA Instruments analysis software package. Each sample was run in
triplicate.

how the gelating kinetics and crystallization activation energy
are aﬀected when the position of the hydroxyl group of nHSA is
moved. The aim of this study is to identify factors that inﬂuence
self-assembly and organogelation of a series of racemic nHSA in
which the carboxyl headgroup is unchanged but the position of
the hydroxyl group is moved along the alkyl chains.

■

EXPERIMENTAL SECTION

Materials. Light mineral oil (Aldrich), synthetic DL-2-hydroxystearic acid (Matreya, 98%), DL-3-hydroxystearic acid (Matreya, 98%), DL6-hydroxystearic acid (Materya, 98%), D-12-hydroxysteaic acid
(Aldrich, 99%), ethyl acetate (Fischer, HPLC grade), dichloromethane
(Fischer, HPLC grade), tetradecanedioic acid (Aldrich, 99%), sebacic
acid (Aldrich, 99%), suberic acid (Aldrich, ≥98%), cyclohexane (EMD
chemicals, ACS grade, >99%), hexane (Aldrich, HPLC grade), ethanol
(The Warner-Graham Company, 190 proof, 95%), ethanol (Aldrich,
anhydrous), NaHCO3 (Aldrich, ReagentPlus, ≥99.5%), KOH
(Aldrich, ACS reagent, >85%), and conc. hydrochloric acid (EMD
chemicals, 36.5−38%) were used as received. Syntheses of the other
positional isomers of hydroxyoctadecanoic acids employed here were
reported by Abraham et al.44
A mixture of an nHSA in mineral oil was heated to 110 °C and held
there for 20 min (to ensure loss of “crystal history”). The melting
temperatures of the neat nHSA and their gels/dispersions were based
on diﬀerential scanning calorimetry measurements. Unless stated
otherwise, the nHSA concentrations were 2.0 wt %.
Instrumentation. A Nikon Eclipse E400 light microscope
equipped with a Nikon DS-FiL color camera and a long working
distance 10× lens and condenser (Nikon Instruments Inc., Melville,
NY, USA) were used to acquire polarized light micrographs. A
temperature-controlled stage (LTS120 and PE94 temperature
controller; Linkam, Surrey, U.K.) was used to control the
crystallization temperature of the solutions/sols that were varied
from 10 to 35 °C in 5 °C intervals. The image resolution was 2560 by
1920 pixels. Samples were prepared by adding a drop of the melted
sample onto a glass microscope slide, and a 25 mm × 25 mm coverslip
was applied.
Fourier transform infrared spectroscopy (FT-IR) spectra were
collected using the end station of the mid-IR beamline (beamline
01B1-01) of the Canadian Light Source, Saskatoon, SK. The end
station is comprised of a Bruker Optics IFS66v/S interferometer
coupled to a Hyperion 2000 IR microscope (Bruker Optics, Billerica,
MA, USA). A drop of sample was placed between two 2 mm thick, 25
mm diameter, CaF2 disks separated by a 15 μm Teﬂon spacer. Light
was focused on it using a 15× magniﬁcation Schwarzschild condenser,
collected by a 15× magniﬁcation Schwarzschild objective with the
aperture set to a spot size of 40 μm by 40 μm and detected by a liquid
nitrogen-cooled narrow-band MCT detector utilizing a 100 μm
sensing element.
A KBr-supported Ge multilayer beam splitter was used to measure
spectra in the mid-infrared spectral region using molten hydroxyoctadecanoic acid in mineral oil as the background. Measurements
were performed using OPUS 6.5 software (Bruker Optics, Billerica,
MA). The measured interferograms were an average of 32 scans and
were recorded by scanning the moving mirror at 40 kHz (in relation to
the reference HeNe laser wavelength of 632.8 nm). Scans from 690 to
7899 cm−1 with a spectral resolution of 4 cm−1 were recorded every 10

■

RESULTS AND DISCUSSION
At 2.0 wt % of 6HSA, 8HSA, 10HSA, 12HSA, or 14HSA in
mineral oil, molecular gels form allowing the glass vials in which
they were placed to be inverted without detectable ﬂow.44
However, 2HSA and 3HSA did not immobilize the mineral oil
and exhibited properties similar to a viscous solution. Under
polarized light (Figure 1), the 2HSA and 3HSA crystal
morphologies diﬀer dramatically from those of the other
nHSA capable of self-assembling into molecular gels (i.e.,
6HSA, 8HSA, 10HSA, 12HSA, and 14HSA).
2HSA and 3HSA mineral oil dispersions have few nucleated
sites and the supramolecular structure develops mainly via
radial crystal growth, occurring in a ﬁbril fashion from
nucleating centers (Figure 2). Very little interpenetration of
the crystal domains is observed; neither continuous crystal
networks nor organogels are formed. When the hydroxyl group
is at or beyond position 6 on the fatty acid backbone, the
resulting crystals are orthorhombic platelets (Figure 1). These
HSAs have many more individual crystals, indicating that more
nucleating sites form during the initial stages of SAFiN growth
and less subsequent crystal growth. The large number of small
platelets interpenetrate, forming a three-dimensional network
capable of entrapping the liquid component. The presence of
platelets for these systems is expected because the synthesis
occurs from the reduction of a keto group, which is not
stereoselective: previous work has shown that DL-12HSA results
in platelets, whereas D- or L-12HSA provide ﬁbers.26,41
In an attempt to quantify the microstructure, the individual
nuclei on polarized light micrographs were counted as a
function of area and the longest crystal axis was measured using
Image J software (Figure 2). As can be seen in Figure 3A, the
number of nucleation sites diﬀers drastically depending on the
position of the hydroxyl group. For 2HSA and 3HSA, the
number of crystals on a micrograph (approximate area 125 μm
× 125 μm) is between 50 and 75. As the position of the
hydroxyl group is moved farther from the carboxylic acid
moiety, the number of nucleation sites steadily increases until it
B
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not clear, it must be related to the possible motions of the
aliphatic chains of the molecules.
Assembly of individual nHSA molecules into ﬁbril aggregates
is an exothermic process. The amount of heat per gram of
gelator released during the self-assembly of nHSA in mineral oil
depends on the energy of the new noncovalent interactions.33,44 The ﬁbril crystals formed by 2HSA and 3HSA have a
lower corresponding energy than those of 6HSA though
14HSA (Figure 3A). The lower energy associated with the
transition from sol to dispersion of 2HSA and 3HSA is
consistent with the lack of their formation of cyclic carboxylic
acid dimers and the inability of their secondary hydroxyl groups
to interact eﬃciently.44 The transition temperatures for 2HSA
and 3HSA dispersions are higher than for the positional
isomers that form organogels (Figure 3B).
Crystallization temperature (T) and crystallization enthalpy
(ΔH) have been used to calculate the change in the entropy
(ΔS = ΔH/T) (Figure 3C) during the sol-to-gel/dispersion
transitions that are reversible. A similar trend to that of the ΔH
was observed in the ΔS changes as a function of n: the
entropies of 2HSA and 3HSA are signiﬁcantly lower than those
of the 8−14HSA isomers. This diﬀerence is associated with the
polar carboxylic acid head groups and secondary hydroxyl
groups of 2HSA and 3HSA being in proximity on the
molecules. Such a molecular arrangement allows the polar
head groups to be more eﬀectively shielded from the low
polarity solvent, mineral oil, in the sol. Hence the 6−14HSAs
have stronger interactions between the low-polarity solvent and
the polar entities of the molecules. Furthermore, the lower ΔS
for 2HSA and 3HSA are consistent with the smaller number of
distinct peaks observed in their X-ray diﬀractograms44 and
suggest again greater conformational freedom for these fatty
acid chains compared with those of the other nHSA examined.
The diﬀerence between the crystallization and melting
temperatures was used to calculate the degree of undercooling

Figure 2. Number of nuclei (A) and length of ﬁbers (B) obtained from
polarized light micrographs.

exceeds 500. Conversely and as expected, as the number of
distinct crystals increases, the crystal length decreases (Figure
2B). There is a distinct drop in the crystal size corresponding to
the large increase in the number of crystals when the position
of the hydroxyl group is moved beyond carbon 6. Previously, it
was found that the X-ray diﬀractograms of the nHSAs with n ≥
6 have diﬀraction peaks representative of both long and short
spacings while 2HSA and 3HSA only have a long spacing.44
Although what drives this diﬀerence in molecular packing is still

Figure 3. Crystallization enthalpy (A), temperature, (B) entropy (C), and degree of undercooling (D) for the positional isomers of nHSA−mineral
oil gels from diﬀerential scanning calorimetry. Adapted in part from ref 44.
C
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Figure 4. Vertically oﬀset FT-IR spectra focusing on the hydroxyl region, using the molten sol as the background, for the mineral oil gels of 2HSA
(A), 3HSA (B), 6HSA (C), 8HSA (D), 10HSA (E), 12HSA (F), and 14HSA (G) quench cooled to 30 °C. Spectra were collected every 10 s, and the
time between displayed spectra is 1 min.

(Figure 3D). The degree of undercooling for 2HSA and 3HSA
is approximately 4 °C lower than for the nHSA molecules that
form organogels. The lower degree of under cooling suggests
that when the nHSA have a high polarity end and a low polarity
end, the molecules more easily phase separate to form a critical
nucleus. Classical crystal theory states that a phase change, such
as crystallization, occurs when the overall free energy, ΔG, goes
from positive to negative or at the instant that ΔG = 0. In the
case of a spherical cluster, eq 1 holds at the transition
temperature when ΔG = 0.
4
ΔG = − πr 3Gν + 4πr 2σ
3

r* = −

2σ
Gν

(2)

Therefore, there are two components that aﬀect the early stages
of nucleation: the interfacial free energy and the energy
associated with the new phase (i.e., the enthalpy released during
the assembly/crystallization process). As the hydroxyl group is
moved farther from the carboxylic acid moiety, we hypothesize
that the aliphatic nature of the molecule may make it more
diﬃcult to phase separate because the interfacial free energy of
the new phase is higher, thus resulting in a larger critical radius
because the hydrophilic components are more diﬃcult to
exclude from the solid−liquid interface. Another possible
explanation is that the energy for the new noncovalent
interactions for 6−14HSA is greater than for 2HSA and
3HSA. Previous work supports molecular interactions being
much stronger for 6HSA, 8HSA, 10HSA, 12HSA, and 14HSA
(which are capable of forming very strong cyclic carboxylic

(1)

Then, the embryonic critical radius, r*, is given by eq 2 where
Gν is the energy released during the formation of the crystal
phase and σ is the free energy associated with the formation of
a new surface from a spherical cluster with radius r.
D
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Figure 5. Integration of the FT-IR signal at 3450 cm−1 for the mineral oil gels of 2HSA (A), 3HSA (B), 6HSA (C), 8HSA (D), 10HSA (E), 12HSA
(F), and 14HSA (G) at 10, 15, 20, 25, 30, and 35 °C.

dimers) than for 2HSA and 3HSA (which form only acyclic
carboxylic dimers or remain monomeric). This observation is
also supported by the diﬀerence in energy released during
crystallization (Figure 3A). If this hypothesis is correct,
diﬀerences should be observed in the activation energy for
crystallization, and there are.
Previously, we have shown that the relative increase in the
area of the IR peak at 3200 cm−1, corresponding to nonspeciﬁc
hydrogen bonding that occurs during self-assembly, correlates
well with the increase in the volume of the new crystal phase
(Figure 4).18,26,31 Here, spectra were collected every 10 s for
each crystallization temperature and integrated to determine
the peak areas between 3200 and 3600 cm−1 (Figure 5). The
sigmoidal curves observed for the self-assembly process were
ﬁtted to the Avrami equation (eq 3) where Y is the phase
volume (i.e., the area under the peak), k is the reaction rate
constant, x is time, and n is the Avrami exponent.45−47
n

Y = 1 − e−k(x)

The Avrami exponent is a measure of the type of nucleation
(i.e., sporadic or instantaneous) and dimensionality of crystal
growth. It typically has an integer or half-integer value between
1 and 4.48 For example, an Avrami exponent of 1 corresponds
to instantaneous nucleation and linear crystal growth, while an
exponent of 2 may correspond to either sporadic nucleation
and linear growth or instantaneous nucleation and platelet-like
growth.31 Upon ﬁtting the Avrami equation to the sigmodial
curves, the Avrami exponent for 2HSA and 3HSA was
calculated to be 1, while for 6−14HSA, the value was 3.
From this data treatment, we conclude that 2HSA and 3HSA
undergo instantaneous nucleation and linear growth; the mode
of crystal growth is conﬁrmed by the polarized light
micrographs (Figure 1). On the other hand, 6−14HSA undergo
either sporadic nucleation and platelet-like growth or
instantaneous nucleation and spherulitic growth. It is obvious,
from the polarized light micrographs that a platelet crystal
morphology is present and, therefore, nucleation must be
sporadic. A possible explanation for the diﬀerence in the modes
of nucleation is that instantaneous nucleation is favored over

(3)
E
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step, may be related to the ease of phase separation in the sol
state, the ability of gelator molecules to accrete onto the early
nuclei surface, or the ability of a gelator molecule to adapt the
ideal molecular conformation to add to a crystal face. The
decision to form platelets or ﬁbers must be made at the early
stages of phase separation, nucleation, or growth. Both 2HSA
and 3HSA have activation energies below 10 kJ/mol, while the
remaining HSAs have activation energies between 40 and 80
kJ/mol. It is obvious from the mode of nucleation (Figure 6A)
and the activation energy (Figure 6C) that minor changes in
the molecular structure aﬀect nucleation and crystallization at
the earliest stages, which most likely occur at or around the
formation of the subcritical nucleated species.

sporadic nucleation when the free energy of nucleation is
lower.48 This explanation seems to be supported by the
nucleation component of the Avrami exponent (Figure 6A).

■

CONCLUSIONS
Minor structural changes to hydroxyoctadecanoic acids,
eﬀected by altering the position of the hydroxyl group along
the polymethylene chain, cause enormous changes in the
SAFiNs of the molecular gels and dispersions formed by these
molecules in mineral oil, a low-polarity, high-viscosity liquid.
The nHSAs have two polar entities, which when placed near
each other (i.e., as in 2HSAand 3HSA) result in the activation
energy and energy of crystallization of the dispersions being
much lower than when the two groups are separated by ≥5
carbon atoms (i.e., as in 6−14HSA). The reduced activation
energy may be associated with the ease with which the
molecules incorporate into the growing crystal lattice or the
ease with which the critical nucleus is reach. Probably, a
combination of these factors is responsible because the critical
radius is a balance between the energy associated with creating
a new phase and the interfacial free energy of the new surface.
Hence, when the two polar groups are close, the crystal
arrangement is able to remove these groups from the liquid
interface and reduce the contact with the low polarity solvent.
Also, the energy of the new phase is lower for 2HSA and 3HSA
because of their inability to form strong carboxylic acid dimers.

■

Figure 6. Avrami exponent (A) and rate constants (B) calculated by
ﬁtting Figure 4 to the Avrami equation and the activation energy (C)
calculated using an Arrhenius model of the rate constants determined
for the positional isomers of nHSA−mineral oil gels. Bars represent
one standard error.
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Furthermore, if the free energy barrier is lower, as in the cases
of 2HSA and 3HSA, the degree of undercooling (Figure 3D)
should also be lower than those of 6−14HSA. To determine
whether this is the case, the rate constants determined at
diﬀerent crystallization temperatures were plotted in Figure 6B
using the Arrhenius model (eq 4) where ln A is the frequency
factor, Ea is the activation energy, R is the ideal gas constant,
and T is the crystallization temperature.
ln k = ln A +

Ea
RT
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The activation energy may only be calculated in this fashion
if the dimensionality of growth, n, is the same at each
incubation temperature (as it is here). A linear regression
between ln k and the inverse of temperature yielded a
correlation coeﬃcient, R2, values greater than 0.89 for all ﬁts
(Figure 6B). Interestingly, the calculated activation energies for
nucleation were lower for ﬁber formation than for platelet
formation. The activation energy, a measure of the rate-limiting
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