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Abstract
Polymeric species have been introduced to low molecular weight gelators to tailor their nucleation and rheological behavior.
This work combines polymers and molecular gels (MGs) in a different manner by using polymers as the major component in
a solution. Additionally, using polymers above their entanglement molecular weight is a step towards building polymer–MG
composite materials. Specifically, a cholesterol-pyridine (CP) molecular gel was introduced to poly(ethylene oxide-co-
epichlorohydrin) (EO-EPI) and poly(vinyl acetate) (PVAc), which have dissimilar chain conformations in anisole. Dynamic
light scattering, scanning electron microscopy, and temperature-dependent small- and wide-angle X-ray studies were utilized
to investigate the influence of the solution properties of high molecular weight EO-EPI and PVAc on the CP network
structure. The collapsed chain conformation and aggregation of EO-EPI led to isolated, branched CP fiber networks,
resulting in unexpectedly high dissociation temperatures. In contrast, PVAc gels displayed transient fiber networks, as
evidenced by fiber wrapping and bundling. Cooperative interactions between PVAc and CP resulted in gels with dissociation
temperatures higher than those of pure CP gels. These structural characteristics significantly influenced the gel mechanics.
The collapsed chain conformation of EO-EPI led to weaker, more viscous gels, and the freely extended PVAc chain
conformation led to interconnected, elastic gels independent of the molecular gel concentration.

Introduction

Material properties can be developed and refined through a
fundamental understanding of nanoscale assembly. For
example, self-assembling fiber structures have been utilized
to reinforce or introduce stimuli-responsive behavior to
polymer nanocomposites. Polymer nanocomposites can
incorporate nanoscale additives in polymer matrices in
order to enhance the properties of the matrix material.

Cellulose nanowhiskers, carbon nanotubes, and electrospun
nanofibers have all been employed as nanoscale additives
that result in mechanical reinforcement or switchability
[1–6]. For example, Cudjoe et al. recently fabricated bio-
mimetic, thermally driven polymer nanocomposites with
polymer-grafted cellulose nanocrystals (CNCs) as reversibly
responsive fillers in a poly(vinyl acetate) matrix [7]. The
lower critical solution temperature (LCST) polymers rever-
sibly controlled the assembly of the CNCs within the com-
posite, which strengthened or weakened the polymer
nanocomposite as a function of temperature. Additionally,
carbon nanotubes have been utilized to enhance the
mechanical and responsive properties of commodity poly-
mers, such as polyurethanes [8]. Though these rigid,
nanoscale fillers can produce mechanically enhanced mate-
rials, they are hindered by concentration and mixing
thresholds that induce aggregation and separation from the
polymer matrix [9, 10]. An alternative approach to pre-
formed fibers or particles is to utilize the non-covalent
interactions of self-assembling small molecules to generate a
structural hierarchy. The use of small molecules may combat
many of the challenges of aggregation and delamination
observed in traditional, fiber-reinforced composites.
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Small molecules that can form long-range assemblies can
be easily incorporated into a wide range of systems,
allowing complex behaviors to be achieved from simple
designs. Previously, our group developed a UV-
polymerizable diacetylene small molecule filler, which
was utilized to form a mechanically enhanced composite
[11]. Incorporation of diacetylene MG as a self-assembling
small molecule additive resulted in a 2-fold increase in
strength compared to that of the original polymer matrix.
Low molecular weight gels or molecular gels (MGs) can
reversibly trap solvents in their self-assembled networks
(Fig. 1a) [12]. A variety of MGs have been discovered
utilizing existing small molecules, such as amino acids and
sugar derivatives [13, 14], or have been synthetically
designed. The simplest method of gelation is thermally
driven [12], but gelation has also been induced via UV
exposure [15], pH [16], ionization [17], perturbation [18],
and solvent exchange [19]. In thermal gelation, the MG is
heated until it dissolves, and rather than recrystallizing
upon cooling, it forms a gel (Fig. 1a). Thus, the process

of gelation is a balance between solubilization and crys-
tallization. This process is driven by solvent-MG
interactions and the nucleation of the molecular gel into
long-range networks of fibers, platelets, or coagulated
spheres [12].

The structural requirements and assembly modes of
molecular gels have been extensively examined [20–25]. Li
et al. presented descriptions of nucleation modes that result
in either permanent or transient junctions connected by
fibers [26]. Realistically, a gel network rarely consists of
either purely permanent or purely transient junctions. Even
so, the predominately occurring junction type determines
the strength and rheological behavior of the entire network.
Permanent junctions are evidenced by branching from either
the sides or tips of growing fibers, and this process results in
materials that behave as elastic soft solids (Fig. 1b). Tran-
sient networks present themselves as fibers that are entan-
gled or bundled, and they form gels that are more fluid in
nature (Fig. 1c). Thus, tailoring these initial nucleation
modes by altering the amount or type of junction in the
network can be utilized to develop materials with unique
properties or mechanical behavior.

The incorporation of low molecular weight polymeric
species as additives is useful for tuning the nucleation of
MGs due to the ability to incorporate complementary
functional groups and simultaneously provide structural
reinforcement [27–30]. The most effective polymers are
rigid in nature; thus, they are either short-chain polymers
and/or structures with a rigid backbone conformation [26].
Additionally, structure matching has been used to facilitate
interactions between the polymer and MG such that the
polymer would effectively absorb along the nucleated net-
work. For example, Rowan et al. utilized a guanosine
derivative to form core-sheath fiber networks via
polymer–MG interactions [31]. The guanosine-based poly-
mers formed a cooperative assembly with the guanosine
molecular gels, and both the gel modulus and shear sensi-
tivity could be tuned via the polymer concentration. To a
certain extent, polymers introduced in small quantities were
able to interrupt the natural growth of the MG network. For
example, an ethylene-vinyl acetate copolymer was utilized
to cause mismatched branching in a lanosterol molecular gel
by absorbing on the edges of the growing fiber networks
[32]. Though polymer additives exist as a minority com-
ponent, their presence in solution guides the nucleation of
self-assembling small molecules, resulting in significant
changes in the gel structure and mechanics.

However, guidelines are needed for the development of
MGs as additives in composites, which have composition
requirements that differ from those in original polymer-
additive-based molecular gels. For example, the polymers
must exist as the major component or matrix in order to
fabricate the composites. Additionally, the polymer chains

Fig. 1 Schematic representations of the molecular gel formation and
network structures. a Molecular gel formation, b fiber network with
permanent junctions, and c fiber network with transient junctions
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must be above their entanglement molecular weight to
achieve a sufficient mechanical robustness [33]. By utilizing
high molecular weight polymers and incorporating the
polymers as additives at higher concentrations than those in
the molecular gel, the polymer chain conformation will
have a significant effect on MG nucleation. Thus, generat-
ing MG-reinforced composites requires a re-examination of
solution-state polymer–MG interactions with a focus on
polymer-solvent properties.

Our group strives to fundamentally examine the intro-
duction of long-chain polymers (above the entanglement
MW) to MGs in the gel state. In this work, the effects of
long-chain polymers (poly(ethylene oxide-co-epi-
chlorohydrin) (EO-EPI) and poly(vinyl acetate) (PVAc)) on
the nucleation and mechanics of MG (cholesterol-pyridine
(CP)) are examined. Additionally, two scenarios are
explored: one in which gelation occurs in a poor solvent for
the polymer chain and another in which gelation occurs in a
good solvent. A polymer introduced to a poor solvent will
result in a more viscous solution and will have a collapsed
chain conformation (Fig. 2), while the polymer in a good
solvent will form a low viscosity solution comprised of
extended chains that can freely interact with the molecular

gel (Fig. 2) [26]. It is expected that these chain behavior
differences will influence the solution properties and tailor
the interactions between the polymer and the CP molecular
gel. Thus, this investigation probes the fundamental inter-
actions between long-chain polymers and MGs through the
lens of polymer chain conformation.

To simplify this study, a known cholesterol-pyridine
supergelator [34] or an MG capable of gelling a wide
variety of solvents at low concentrations and a single sol-
vent (anisole) were chosen to assemble our MG networks
(Fig. 2). Changes in the gelation solvent can result in
variations in the MG structure; [25] therefore, two poly-
mers (EO-EPI and PVAc) were utilized to demonstrate
poor and good solvent conditions in the same gelation
solvent. In this work, we explore the changes in MG
nucleation in solutions with long-chain polymers and the
influence of those changes on the structural and rheological
behaviors of the resultant gels. Investigating the solution-
state behavior of these systems is expected to expand the
understanding of polymer-MG materials and inspire the use
of molecular gels as mechanical reinforcements or as
stimuli-responsive elements in solid-state polymer
composites.

Fig. 2 Chemical structures, schematic representation of polymers in a good vs. a poor solvent, and gel network structure as a function of polymer
chain conformation
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Materials/experimental/characterization

Materials

All chemicals, except for EO-EPI (67% epichlorohydrin),
were purchased and used as received from Sigma Aldrich.
EO-EPI was obtained from Scientific Polymer Products.

Synthesis of cholesterol-pyridine gelator

A cholesterol-pyridine (CP) gelator was synthesized using a
previously described procedure [34]. Briefly, dichlor-
omethane (300 mL) and cholesterol chloroformate (5 g,
0.011 mol) were added to a 500-mL round bottom flask.
Then, 4-aminopyridine (2.09 g, 0.022 mol) was added to the
flask, and the reaction was stirred at room temperature
overnight. The product was then filtered and dried under
rotary evaporation to yield an off-white solid. The solid
filtrate was rinsed first with acetone and then with hexanes.
The remaining product was filtered and dried using vacuum
filtration to yield a white solid (4.118 g, 74% yield). The
product was characterized using a 600MHz 1H nuclear
magnetic resonance spectrometer (NMR) (Figure S1). 1H
NMR (600MHz, CDCl3) δ= 0.68 (s, 3 H), 0.86–0.87 (m,
6 H), 0.92–2.44 (m, 34 H), 4.60–4.66 (m, 1 H), 5.41–5.42
(m, 1 H), 6.74 (s, 1 H), 7.32 (d, J= 5.8 Hz, 2 H), 8.46 (d, J
= 5.8 Hz, 2 H).

Molecular gel fabrication

The desired amount of CP gelator was added to an empty
vial. Then, 2 mL of anisole (control) or a polymer (EO-EPI;
PVAc) solution (50 mg mL−1 in anisole) was added to the
vial. The mixture was heated to 100 °C and stirred until the
gelator was fully dissolved. The vial with the gelator solu-
tion was then placed on a benchtop to cool under ambient
conditions (room temperature, approx. 21 °C). Upon cool-
ing, a loss of solvent flow was observed, and the gel was
allowed to equilibrate overnight before testing.

Characterization

Dynamic light scattering (DLS) was conducted on a Wyatt
Mobius DLS. The acquisition time was set at 5, 10, and
20 s to ensure that large aggregates were observed. Then,
15 data sets with 5 acquisitions per set were utilized to
ensure consistency in the DLS results. The solvodynamic
radius with anisole as the selected solvent was calculated
utilizing DYNAMICS V7 software, and the
autocorrelation functions were exported and replotted using
Origin.

Scanning electron microscopy was conducted on either
an FEI/Philips XL30 FEG environmental scanning electron

microscope (ESEM) or a JSM-7400F high-resolution
scanning electron microscope. The ESEM samples were
dried in an ambient environment and then imaged without
coating. Samples imaged on the JSM-7400F were allowed
to dry in an ambient environment and then sputter-coated
with an Au/Pd mixture for 15 s before imaging.

Small- and wide-angle X-ray scattering (SAXS/WAXS)
experiments were conducted simultaneously in Sector
12ID-B at the X-ray Science Division beamlines at the
Advanced Photon Source, Argonne National Laboratory.
Static SAXS/WAXS data were acquired from gel samples
sealed in an ambient environment in quartz capillaries. In
situ gel dissociation data were collected by heating the gel
samples in the sealed quartz capillaries in five-degree
increments (2 min equilibration) until the diffraction peaks
were no longer observed. The sample-to-detector distance
and beam size were 1.9 m and 0.08 mm(V) × 0.20 mm(H),
respectively, with a wavelength of 0.8856 A (energy 14
KeV). 1D scattering profiles were acquired via azimuthal
integration and are presented as the intensity vs. scattering
vector (q), where q= (4π/λ) sin θ. The domain spacing was
calculated using Bragg’s law (nλ= 2dsin θ). Small Angle
Scattering View (SASView) was utilized to further analyze
the gel structures (Figs. S7-S9).

Gel rheological data were collected using a TA Instru-
ments ARES G2 rheometer with parallel plates. Amplitude
sweeps were conducted to determine the linear regime for
oscillatory frequency sweeps. Frequency sweeps (0.1–100
rad/s) were conducted with an amplitude of 0.01 in order to
verify and investigate the gel-like behavior of each system.

Results and discussion

Poor solvent vs. good solvent-polymer choice and
chain conformations in anisole

To utilize high molecular weight, preformed polymers in
molecular gel fabrication, the gelation solvent must be able
to dissolve the polymers and promote gel formation. Ani-
sole was selected as the gelation solvent due to its low
toxicity and ability to solubilize a wide variety of polymers
[35]. This study focused on molecular gels rather than
polymers as additives; thus, utilizing a single polymer
concentration reduced the number of variables influencing
self-assembly and was sufficient for these preliminary
investigations. An EO-EPI or PVAc concentration of 5 wt%
(50 mgmL−1) was selected to fabricate solution-cast com-
posites based on prior work [11] and allowed the use of
molecular gels with concentrations ranging from 1–3 wt%
as the minor component.

It is necessary to understand the solution-state con-
formations of EO-EPI and PVAc prior to the formation of a
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gel network. Their conformations in anisole influence the
accessibility of the cholesterol-pyridine gelator and the
potential for polymer–MG interactions. Higher molecular
weight polymeric species have a greater influence on the
solution properties than their rigid, short-chain precursors
and are expected to have additional effects on CP nuclea-
tion. Additionally, their solubility in the gelation solvent
guides the chain conformation and, as a result, affects the
ability of the CP molecular gel to interact with EO-EPI and
PVAc. Both EO-EPI and PVAc have been utilized as
versatile matrices for mechanically enhanced fiber-
reinforced composites, inspiring exploration in this inves-
tigation [36–40]. Anisole is anticipated to function as a
poor solvent for EO-EPI but should readily dissolve PVAc.
Both polymers were utilized at the same molecular
weight (100,000 g/mol) at a concentration of 5 wt% in
anisole.

Dynamic light scattering was utilized to examine the
chain conformation of EO-EPI and PVAc at the chosen
concentration (5 wt%). Figure 3 shows the intensity auto-
correlation function plotted vs. the delay time. The solution
containing EO-EPI exhibits long delay times, indicating that
the EO-EPI chains form large, microscale aggregates in
solution. In contrast, the PVAc solution exhibits very short
delay times, signifying that there are little to no aggregates
in solution, and the PVAc chains are well-dissolved and
extended. Therefore, DLS confirms that anisole is indeed a
good solvent for PVAc and a poor solvent for EO-EPI. The
aggregated and collapsed chain conformation of EO-EPI is
expected to lead to a solution with a higher viscosity, which
will likely influence the ability of the molecular gel to form

a long-range, interconnected assembly. Conversely, the
extended PVAc chains result in a solution with a low
viscosity, allowing interactions between the polymer and
CP gel. Due to their contrasting solution properties, the
solutions of PVAc and EO-EPI were expected to result in
dissimilar CP self-assembled fiber networks. To confirm
this hypothesis, microscopy was utilized to visualize the CP
fiber assemblies resulting from the incorporation of PVAc
and EO-EPI.

Formation and visualization of gel-polymer
networks through microscopy

To fabricate the gels, either EO-EPI or PVAc was dissolved
in anisole at a concentration of 50 mgmL−1, and then, the
CP molecular gel was added to the solution. Gelation was
achieved by heating the solution until CP dissolved and
then cooling the solution to room temperature under
ambient conditions. To simplify the discussion of specific
samples, the following nomenclature was utilized: E (EO-
EPI) or P (PVAc)-CP concentration. For example, a gel
sample with EO-EPI and 1 wt% CP is described as E-CP1,
and a sample with PVAc is denoted as P-CP1. A summary
of the sample nomenclature is included in Fig. 4a.

Changing the CP molecular gel concentration allowed us
to examine the influence of EO-EPI or PVAc interactions
with the MG content on the network formation. All the
formulations withstood the vial inversion test (Fig. 4a),
indicating that EO-EPI and PVAc did not impede the for-
mation of the gel network at the chosen concentrations.

Scanning electron microscopy (SEM) was utilized to
visually examine the changes in the cholesterol-pyridine
self-assembled network. Solution properties can sig-
nificantly influence the structure of a MG self-assembled
network because the solvent actively guides its nucleation
[41, 42]. Therefore, differences due to the behavior of
PVAc and EO-EPI in anisole are expected to lead to dis-
similar fiber networks.

As shown in Fig. 4, SEM revealed fiber networks with
significant variations in the long-range network formation.
In the absence of EO-EPI or PVAc, the CP gels exhibit
highly interconnected fiber networks with significant
branching (Figure S2), which is characteristic of fiber net-
works with permanent nodes, where branching is observed
from the tips of the fibers [26]. E-CP gels also exhibit
significant branching behavior indicative of assemblies with
permanent junctions. However, unlike the nucleation cen-
ters in neat CP gels, those in E-CP gels are isolated
(Fig. 4b). According to the DLS results, EO-EPI has a
collapsed, aggregated structure in anisole; thus, direct
interaction of the polymer chains with the small CP mole-
cules is unlikely. Instead, the isolation is likely due to
spatial restrictions resulting from the aggregation of EO-EPI

Fig. 3 Dynamic light scattering (DLS) of 50 mgmL−1 EO-EPI and
PVAc solutions in anisole. EO-EPI exhibits long relaxation times
characteristic of large aggregates and PVAc exhibits minimal aggre-
gation, signifying that anisole is a good solvent for PVAc and a poor
solvent for EO-EPI
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in the poor solvent. The collapsed chains of EO-EPI favor
polymer–polymer interactions rather than polymer–anisole
attraction, leading to a viscous solution that forces the CP
gel molecules to assemble in the space between the aggre-
gates. Therefore, instead of the highly interconnected fiber
networks seen in the CP-only gels, isolated branched
assemblies are observed.

In contrast, the CP fiber network observed in the PVAc
gels exhibits little to no fiber branching. Rather, the P-CP
gels show unraveled individual fibers from large bundles.
These bundles are composed of individual fibers that appear
to be attracted to and overlap with one another (Fig. 4c).
This behavior is indicative of the formation of a MG net-
work with transient junctions, which is characterized by
overlapping and interconnected or entangled fibers [26].
Anisole is a good solvent for PVAc, signifying that the
chains are extended and the solution has a low viscosity.
However, although the CP molecules do not have spatial
restrictions, the P-CP network is not the same as the
cholesterol-pyridine network without any polymer. The
change in the assembly could be due to interactions between
PVAc and CP molecules during nucleation. PVAc has been
shown to directly affect molecular gel networks by

adsorbing along the surface of the nucleating gel [32]. To
induce this effect, the PVAc chains must be extended and
interact favorably with the molecular gel structure via non-
covalent interactions. Thus, in addition to molecular design,
solvent choice can play a significant role in polymer–MG
interactions, especially when utilizing high MW polymers.
For this study, both the PVAc chain conformation in anisole
and non-covalent interactions between PVAc and the CP
gel led to the evolution of transient junctions in the self-
assembled fiber network.

For all systems, as the concentration of the CP molecular gel
increases, so does the fiber density in the network. For
example, the P-CP3 network is so dense that distinguishing
between individual fibers was difficult (Figure S2). Addition-
ally, SEM images at lower magnification exhibit directionality
in the P-CP3 gels (Figure S5). Interestingly, for the E-CP
systems, as the CP concentration increases, so does the inter-
connectivity and appearance of transient junctions (Figures S2
& S4). This assembly transition indicates that the concentration
ratio between EO-EPI and CP can be utilized to influence the
nucleation behavior of the self-assembled network. Increasing
the CP concentration allows the gel network to overcome the
physical barriers produced by EO-EPI aggregates.

Fig. 4 Sample nomenclature, the formation of E-CP and P-CP gels,
and the visualization of their self-assembled fiber networks. a
Demonstration of vial inversion test confirming the formation of gels,
and a table summarizing the sample nomenclature. b SEM of the E-
CP1 gel exhibiting an isolated, highly branched fiber network char-
acteristic of gels comprised of permanent nodes. c SEM of the P-CP1

gel exhibiting an interconnected fiber network with fiber wrapping and
bundling that is characteristic of gels with transient nodes. Additional
SEM images of solution-cast EO-EPI and PVAc, E-CP, and P-CP gels
are available in the supplemental information (Figs. S3–S5)
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Investigation of assembly modes through in situ
SAXS/WAXS

SEM qualitatively confirmed that EO-EPI and PVAc chain
conformations influence the self-assembled fiber network of
the cholesterol–pyridine gelator. However, obtaining
quantitative descriptions of variations in the gel structure
utilizing small- and wide-angle X-ray scattering (SAXS/
WAXS) is possible. Several researchers have utilized
SAXS/WAXS as tools to understand the molecular assem-
bly of gelators [13, 15, 20, 43–46]. Utilizing these techni-
ques, it is possible to identify the packing arrangements of
molecular gels via domain spacing. Additionally, synchro-
tron beamlines enable the exploration of molecular gels
without requiring solvent removal. The ability to observe
solvent- swollen polymer-MGs was essential to this inves-
tigation because EO-EPI and PVAc may exhibit different
conformations in the solid-state vs. in solution.

To quantifiably describe the networks observed via SEM,
simultaneous SAXS/WAXS was performed on each gel
system (Fig. 5). For SAXS, neat CP gels displayed q spa-
cing ratios of 1:2:3, indicating that the assemblies exist as
ordered, lamellar aggregates [25, 47, 48]. Additionally,
SASView analysis using a lamellar fit qualitatively agrees
with the experimental results (Figure S7). 1D WAXS pro-
files of solution-state fiber assemblies are not easy to
quantify due to the large amorphous halo. However, WAXS

can be utilized to qualitatively describe the angstrom-scale
molecular structure. For pure CP gels, the area of the
amorphous halo decreases with an increase in CP con-
centration. At higher CP contents, more fiber assembly is
observed, which leads to more molecular packing and
organization.

The 1D SAXS profiles of E-CP have much lower
intensities than those of the pure CP gels; however, the 1
and 2 wt% CP gels also exhibit a ratio of 1:2:3 that is
characteristic of lamellar aggregates. In contrast, the E-CP3
gel displays q-spacing ratios of approximately 1:√2:2,
representing a disordered rectangular columnar structure
[20, 22]. Fitting with SASView qualitatively reveals a
mixture of lamellar and columnar structures as the CP
concentration increases (Figure S8). This modulation in
assembly behavior is induced by the high CP concentration,
where the CP molecules overcome the physical barriers of
the EO-EPI aggregates and form long-range assemblies.
However, the presence of EO-EPI assemblies serves as a
physical guide to gelation, leading to columnar structures
rather than the lamellar structures observed in neat CP gels.
The 1D WAXS profiles of the E-CP gels indicate that the
nanoscale molecular organization increases with the
increasing CP concentration. The E-CP1 and E-CP2 gels
have diffraction peaks that shifted to slightly higher q
values, signifying smaller assemblies than those observed in
neat CP gels. However, the E-CP3 gel exhibits diffraction

Fig. 5 Static SAXS/WAXS of neat CP, E-CP, and P-CP gels. SAXS
reveals changes in assembly as a function of CP concentration for E-
CP gels, while the P-CP gels differ from the neat CP gels at all con-
centrations. WAXS depicts an increase in molecular organization with

CP concentration for all samples. P-CP gels exhibit a structural con-
sistency that the other two systems do not, signifying that cooperative
interactions between PVAc and CP guide gel nucleation
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peaks identical to those of the neat CP gels. This observa-
tion supports the hypothesis that EO-EPI aggregates spa-
tially restrict the cholesterol–pyridine fiber networks until
the CP concentration is high enough to escape the physical
boundaries.

At all concentrations, PVAc gels exhibit a 1:√2:2
columnar structure (Fig. 5). This columnar structure is
confirmed qualitatively via SASView, but it deviates in the
low-q region due to scattering from the PVAc solution
(Figure S9). Sharp peaks in the 1D SAXS profiles indicate
well-defined domains. PVAc chains are freely extended in
anisole and do not act as a spatial barrier to gelation.

Therefore, PVAc chains are more likely to have favorable
interactions with the CP molecules and actively participate
in gel nucleation. This result is supported by the 1D WAXS
profile observations (Fig. 5). Unlike neat CP and E-CP gels,
the location of the amorphous halos of the P-CP gels are
consistent at all CP concentrations, suggesting that the
molecular organization of PVAc and CP does not change.
Thus, it is inferred that PVAc and CP have some degree of
interaction on the molecular level that guides nucleation
across multiple length scales.

The dissociation behavior of molecular gels is directly
related to their self-assembled network. In situ SAXS can be
utilized to observe how a fiber network changes or dis-
sociates as function of temperature. In SAXS, the structure
observed is due to the long-range fiber network formed
from the molecular assembly of CP gel because EO-EPI and
PVAc solutions do not display diffraction peaks in anisole
(Figure S6). CP, E-CP, and P-CP gel samples were heated
to a temperature at which domains were no longer observed
in the 1D SAXS profile, which indicates their dissociation
temperature (Tg,dis).

First, it is necessary to establish the dissociation
behavior of the CP gel independent of polymer
additives. Temperature-dependent SAXS curves of
cholesterol–pyridine MGs in anisole displayed expected gel
dissociation trends. Both the gel dissociation temperature
and peak intensity increase proportionally to the CP gel
concentration (Tg,dis CP1= 40 °C, Tg,dis CP2= 65 °C, Tg,dis

CP3= 85 °C) (Fig. 6).
Despite similarities in packing structure between neat CP

gels and E-CP gels, the EO-EPI gels display unexpected
fluctuations in their dissociation behavior as the CP con-
centration changes. The E-CP1 gel exhibits an unchar-
acteristically high dissociation temperature with structural
features visible up to 125 °C (Fig. 7). The E-CP2 gel, which
has a higher CP content, exhibits a much lower dissociation
temperature than its 1 wt% counterpart, matching the Tg,dis

of the 2 wt% neat CP gel (65 °C). Additionally, the E-CP3
gel has a higher dissociation temperature than the 3 wt%
neat CP gel (95 °C) (Fig. 7). Thus, in addition to visual
confirmation through SEM, the concentration ratio of EO-
EPI to CP is shown to greatly affect the self-assembled fiber
network. The concentration ratio influences gel formation to
the extent that a dissimilar dissociation behavior is observed
compared to the pure CP gels despite both systems exhi-
biting similar domain spacings. These observations are
particularly interesting because the E-CP gels have lower
scattering intensities, but in two instances, they exhibit
higher dissociation temperatures than pure CP gels. It is
hypothesized that the cause for the high dissociation tem-
perature of the E-CP1 gels is due to the solution behavior of
EO-EPI, which causes a confinement effect [49]. At lower
CP concentrations, the CP gel molecules are concentrated

Fig. 6 Temperature-dependent SAXS of neat CP gels

782 S. L. M. Alexander, L. T. J. Korley



into isolated fiber arrangements due to spatial restrictions
imposed by EO-EPI aggregates. These arrangements lead to
assemblies of highly concentrated CP fiber networks,
resulting in higher dissociation temperatures. The isolated
fiber networks displayed in the microscopy (Fig. 4b) sup-
port this conclusion. However, at higher CP contents, the
cholesterol–pyridine gel network overcomes the spatial
restrictions imposed by the EO-EPI chains, leading to a
long-range assembly. When the CP concentration increases,
the confinement effect no longer exists, and the dissociation
temperature of the E-CP2 gel matches that of the CP2 gel.

In E-CP3 gels, the EO-EPI aggregates are beneficial to the
network stabilization. The EO-EPI spatial boundaries cou-
pled with the highest CP concentration result in a self-
assembled structure similar to that of the P-CP gels (Fig. 5).
Thus, both changes in the peak ratio and an increase in the
dissociation temperature are observed.

Despite the difference in the network structure evidenced
by the domain spacing in the static SAXS/WAXS profiles,
P-CP systems also exhibit the expected trend of increased
dissociation temperatures proportional to the CP con-
centration. However, the P-CP gels have significantly
higher dissociation temperatures compared to those of the

Fig. 7 Temperature-dependent SAXS of E-CP gels
Fig. 8 Temperature-dependent SAXS of P-CP gels
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pure CP gels (P-CP1= 65 °C, P-CP2= 75 °C, P-CP3=
105 °C) (Fig. 8). We propose that this stabilization, which is
reflected as a fourth-order peak in the 1D SAXS profile,
represents a synergistic interaction between the CP mole-
cular gel and PVAc. This synergism should result in
structural reinforcement via absorption on the nucleating
fiber surface [26, 32, 50]. As shown in Fig. 5, the P-CP gels
exhibit sharp peaks in the 1D WAXS profile, indicating
significant crystallographic order even in high-q regions,
corresponding to angstrom-scale molecular interactions.
Additionally, even the amorphous halo remains largely
consistent, increasing in peak intensity proportional to the
CP concentration (Fig. 5). In contrast to the type of inter-
actions in EO-EPI gels, this evidence indicates cooperation
between PVAc polymer chains and the self-assembled CP
fiber network.

Rheological investigation of solution-state
mechanics

Qualitative and quantitative descriptions of the effects of the
solution behavior of PVAc and EO-EPI on CP gel network
structures were achieved utilizing light scattering, micro-
scopy, and X-ray scattering techniques, and these structural
characteristics are expected to influence the mechanical
behavior of the gels. Rheological investigation of the
polymer-infused gels was utilized to correlate the CP net-
work structures to the gel mechanics. Rheological gel-like
behavior (G′>G″) was observed for all sample formulations.
For the neat CP gels and E-CP gels, the gel strength
increases with increasing concentration (Fig. 9). However,
the separation between G′ and G″ is less for the EO-EPI
gels, indicating the gel network is more viscous in nature
(Fig. 9). In these molecular gel networks, the polymer
solution is the major component. Thus, the high viscosity of
an EO-EPI solution in anisole leads to a gel network with a
high loss modulus. The E-CP1 gel exhibits the highest
separation of G′ and G″, which is evidence of a more elastic
gel network [51, 52], supporting the hypothesis that CP

molecules are concentrated in isolated areas of the gel
network. While the isolated CP fibers result in a high
elasticity and dissociation temperature, as shown in the
temperature-dependent SAXS, the formed gels are much
weaker due to the lack of interconnected fiber assemblies.
Visualization of these assemblies via SEM depicted iso-
lated, densely branched structures separated by the polymer
matrix (Fig. 5). Therefore, there is a distinct interfacial
boundary between the EO-EPI aggregates and the CP gel
structures, where the EO-EPI chains act as viscous barriers
that prevent additional reinforcement via fiber connectivity.

In contrast to the characteristics of neat CP and E-CP
gels, the strength of the P-CP initially increases with
increasing CP and is identical for 2 and 3 wt% CP (Fig. 9).
This trend is characteristic of gels with polymer additives
that follow the path of the gel assembly or that directly
interact with the self-assembling small molecule [31, 51].
The separation between G′ and G″ is consistent despite the
changes in concentration, which is also evidence that
polymer–MG interactions guide the nucleation process.
Although the dissociation temperature increases with
increasing CP concentration, the same is not true of the gel
strength, which likely indicates that the materials reach a
saturation limit beyond which the PVAc chains can no
longer be incorporated into the entire CP network structure.
As shown in the SEM and SAXS/WAXS results, the P-CP
gel networks do not change structure but increase in their
overall fiber content. Past a certain point, the fibers become
nearly indistinguishable from each other, and the addition of
more CP molecules has no significant effect on the
mechanical behavior.

Conclusions and future outlook

In this work, high molecular weight polymers were intro-
duced to low molecular weight gels to explore the effect of
the polymer chain conformation on the solution properties
and gel formation. While anisole served as a good solvent
for PVAc, it was a poor solvent for EO-EPI, leading to a

Fig. 9 Rheological behavior of neat CP, E-CP, and P-CP gels
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viscous solution consisting of large EO-EPI aggregates.
These large aggregates produced isolated fiber networks in
contrast to the highly interconnected fiber assemblies shown
in neat CP gels. Though the E-CP gels originally exhibited
the same permanent network structure, the CP concentration
could be utilized to overcome the spatial boundaries and
introduced more transient junctions. The change in structure
was confirmed by SAXS/WAXS, highlighting a transition
from lamellar aggregates to columnar arrangements. The
imposed spatial restrictions on the nucleating CP molecules
in the E-CP gels also led to unexpected dissociation beha-
vior. While EO-EPI beneficially enhanced the dissociation
temperature by concentrating and guiding the CP networks,
it negatively influenced the gel mechanics, resulting in
highly viscous gels with lower moduli than the gels without
polymer additives.

At all concentrations, the P-CP gels exhibited via SEM a
fiber network comprised primarily of transient junctions.
Since PVAc displayed an extended chain conformation
behavior in DLS, the difference in structure was likely due
to cooperative interactions between the PVAc chains and
the assembling CP molecules. Favorable interactions in the
P-CP gels were confirmed through columnar arrangements
in SAXS and structural consistency in WAXS and resulted
in gels with higher dissociation temperatures. Additionally,
the elastic modulus of the P-CP gel remained the same for
composition ranging from 2 to 3 wt%, signifying that no
additional structural benefit was provided by increasing the
CP concentration. SEM confirmed that the materials were
reaching a saturation limit because the gels did not change
their structure but instead formed a denser network until the
fibers were nearly indistinguishable. Despite the saturation
of the fiber network, the P-CP gels exhibited a higher
elasticity than the E-CP gels due to the lower viscosity of
the PVAc solution compared to that of the EO-EPI solution.

From this work, it is evident that polymer chain con-
formation plays a significant role in molecular gel network
formation. Polymer solution behavior affects the permanent
or transient nature of the MG, the crystallographic structure,
and the dissociation behavior of a molecular gel. As a result,
these structural characteristics influence the gel mechanics.
Since the hierarchical structure of an additive in a polymer
composite significantly influences the mechanical proper-
ties, the impact of the polymer chain conformation on gel
nucleation should be considered when designing
MG–polymer composites. In future work, we intend to
explore the characteristics of the E-CP and P-CP gel
structures and mechanics in solid-state polymer
nanocomposites.
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