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ABSTRACT: Through the utilization of a mixed solvent system, consisting of a good solvent (DMSO) with
either a nonsolvent (water) or a poor solvent (ethylene glycol), the morphology and properties of a class of
stimuli-responsive metallo-supramolecular gels can be systematically tailored. These gels are formed via self-
assembly of a ditopic ligand, consisting of a 2,6-bis(1'-methylbenzimidazolyl)-4-oxypyridine moiety attached to
either end of a penta(ethylene glycol) core, in the presence of a transition metal ion (Zn'). In each solvent system,
a composition window is located in which gels, varying in turbidity from highly opaque (water- or ethylene
glycol-rich) to highly transparent (DMSO-rich), are formed. Morphological observations suggest gelation occurs
by a common mechanism throughout the composition range, i.e., via the flocculation of semicrystalline colloidal
particles. Increase of DMSO content leads to a reduction in the particle size, accompanied by an increase in sol
concentration. WAXD and SAXS analysis indicates that the degree of crystallinity of the colloidal particles is
dramatically decreased compared with those formed in a previous study using acetonitrile as solvent but that a
new lamellar organization develops as the DMSO content increases, evidently reflecting incorporation of the
good solvent into the network structure. These structural changes are accompanied by an increase in the shear
storage modulus of the gel up to a maximum value, beyond which the modulus decreases. Thus, by tailoring the
solvent composition, it is possible to produce highly transparent gels that, while very strong, are highly mechano-

responsive; i.e., they exhibit pronounced yielding and thixotropic behavior.

Introduction

In recent years there has been an enormous growth of interest
in the field of supramolecular polymers,' which typically consist
of chains of small molecules held together by weak reversible
noncovalent interactions. The properties of such self-assembled
polymers depend on factors such as degree of polymerization
(DP), architecture (e.g., linear or branched), and the lifetime of
the aggregate, which can be controlled by the binding strength,
stoichiometry, and binding kinetics of the supramolecular motif.>
The dynamic nature of supramolecular polymeric materials
allows their behavior to be influenced by external conditions,
such as monomer concentration, temperature, and the presence
of external fields, in a way that is not possible for traditional
covalent macromolecules. Supramolecular polymers thus com-
bine many of the attractive properties of conventional polymers
with distinctly new properties that result from the reversibility
of the noncovalent bonds between monomeric units and have
potential for use as stimuli-responsive materials in fields as
diverse as bulk engineering, microscale medicine, and nano-
technology.’

A wide range of noncovalent interactions, from simple
hydrophobic interactions* and —s stacking interactions® to
more complex hydrogen-bonding® and metal—ligand interac-
tions,”*® can be utilized to build supramolecular polymers. We
have focused our attention on metal—ligand interactions that
are not only thermodynamically stable but also kinetically labile.
The advantages of such metal—ligand interactions, in part, lies
in the large catalog of accessible ligands, along with applicable
metal ions comprising nearly half the periodic table, which
means there are a vast range of metal—ligand complexes that
can be easily accessed. The characteristics of a particular
metal—ligand supramolecular motif can change dramatically
depending on the combination of metal ion and ligand utilized.
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Significant variations in motif structure (geometry, metal—ligand
stoichiometry), dynamics (kinetic lability), and thermodynamic
stability can all easily be achieved. Moreover, metallo-organic
hybrid polymers offer the attractive possibility of imparting the
functional properties of the metal ion,*° e.g., catalysis, light
emission, ionic conduction, and gas binding, to the resulting
material.

Recently, we have demonstrated that 2,6-bis(1'-methylben-
zimidazolyl)-4-oxypyridine (O-Mebip) ligands attached to the
ends of a penta(ethylene glycol) core (1) result in the formation
of metallo-supramolecular gels in acetonitrile upon the addition
of transition metal and lanthanide metal ions.'® These gels were
shown to exhibit multiple stimuli-responsive behaviors, includ-
ing photo-, thermo-, chemo-, and mechanical responses. Under
appropriate conditions, transition metal ions such as Zn'' or Co!'
can bind two O-Mebip ligands and thus act as a chain extender
to generate linear (or macrocyclic) polymers (or oligomers) of
1 (see Figure 1). Lanthanide ions (e.g., Lall, Eu) can bind
one or three O-MeBIP ligands, depending on the binding nature
of the counteranions, and thus potentially act as a chain stopper
or a trifunctional cross-linker. Therefore, gel properties can be
tailored by manipulation of metal ion combinations and taking
into account the role of counterion coordination.

Prior studies demonstrated that, in acetonitrile, the gel pro-
perties are the result of a phase separation and crystallization
process, which produces a dispersion of spherulite-like globular
colloidal particles.'®"* The interactions between these particles,
which may reflect electrostatic forces and metal ion—ligand
binding, in addition to the usual van der Waals interactions,
give rise to the formation of a network structure. The disruption
of this network by mechanical shear, and its facile reformation
when shear is removed, are the origin of the pronounced
thixotropic behavior of the gels. Here, we are interested in the
fact that the 1:Zn supramolecular polymers are polyelectrolytes
in nature and therefore dissolve well in highly polar, coordinat-
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Figure 1. Schematic representation of the formation of metallo-supramolecular polymeric aggregates (1:Zn) using ditopic ligand end-capped monomers

1 with metal salts, Zn(ClOy),, in various solvents (mixtures).

ing solvents."' By adding a cosolvent of different solvation
ability, the quality of the solvent can be readily adjusted, offering
the ability to tune the phase separation and crystallization
process and consequently allow tailoring of the gel formation
behavior and stimuli-responsive properties. Mirkin et al.'* and
others'? have previously reported the preparation of colloidal
particles of different metal-containing polymers using controlled
precipitation methods. Crystallization and particle fusion and/
or flocculation were observed to accompany the precipitation
process in some cases. However, in none of these reports was
either gel formation or thixotropic behavior reported. Described,
herein, is the rational control of the gel morphology, and
consequently the properties of these metallo-supramolecular
polymers, by simply adjusting solvent quality.

Results and Discussion

Gel Formation in Solvent Mixtures. As mentioned above,
all our previous studies on these metallo-supramolecular gels
were carried out in acetonitrile.'® The ligand monomer 1
dissolves fairly well in acetonitrile, with a solubility of ~1 mM.
Furthermore, as a consequence of the coordination and solvation
effects of acetonitrile, the metallo-supramolecular aggregates
1:Zn, which form on addition of Zn(ClOy),, exhibit enhanced
solubility (around 10 mM based on the molar mass of 1).
Increase in 1:Zn concentration in acetonitrile leads, on cooling
from the hot sol, to the formation of precipitate-like materials
and eventually strong, opaque gels. Optical microscopy indicates
that these gels are composed of relatively large globular particles
(ca. 1 =50 um, depending on thermal and mechanical history).
As this gel system is based on crystallization of the supramo-
lecular material, it seems reasonable to assume that changing
the solvent should lead to dramatic changes in the properties
of the gel. Not surprisingly, both the ligand monomer 1 and its
metal complexes 1:Zn are much more soluble in the more polar
solvents, dimethyl sulfoxide (DMSO) and dimethylformamide
(DMF), and as a consequence no gels could be formed in these
solvents. We reasoned that the introduction of a cosolvent,
miscible with DMSO or DMF but possessing poorer solvation
ability for 1:Zn, would adjust the solvent quality, which in turn
would induce the phase separation/crystallization behavior of
the metallo-supramolecular polymer and result in gelation.
Furthermore, the different solvents systems may also influence
the gel morphology along with the gel’s optical and mechanical
properties.

In these studies DMSO was chosen as the good solvent for
1:Zn with the cosolvents being either water (a nonsolvent
for 1:Zn) or ethylene glycol (a poor solvent for 1:Zn). A series
of 1:Zn gels were prepared using different combinations of
DMSO/water and DMSO/ethylene glycol mixtures. Figure 2
shows the gels (concentration of 50 mg/mL) formed at three
different solvent compositions for the two mixed-solvent
systems. As can be seen in both cases, increasing the ratio of
DMSO to the cosolvent leads to decrease in opacity. In addition,
an increase in gelation time, the time required for a gel to form

Figure 2. Gelation of 1:Zn metallo-supramolecular polymers in mixed
solvents: (a) from left to right, DMSO/water in ratios of 60/40, 70/30,
and 80/20 (v/v); (b) from left to right, DMSO/ethylene glycol in ratios
of 40/60, 50/50, and 60/40 (v/v). Gel concentration is 50 mg/mL.

from a clear hot sol while being cooled to room temperature
under ambient conditions, as the DMSO fraction is increased
is also observed. Specifically, for the DMSO/water system, the
gelation time increases from a few minutes to around a half-
hour as the DMSO/water ratio is increased from 60/40 to 80/
20 (v/v). Similarly for the DMSO/ethylene glycol systems the
gelation time increases from a few minutes to around one and
half hours as the DMSO/ethylene glycol ratio is increased from
40/60 to 60/40 (v/v). It should be noted that the gelation time
is dependent on the thermomechanical history, and the higher
the DMSO content, the stronger this dependence appears to be.
Quenching (by placing the sample vial in an ice bath) and/or
shaking the sample leads to faster gelation. Such effects were
observed in our previous studies of gelation of 1:Zn in
acetonitrile'® and may be accounted for by a thermomechanical
history-dependent nucleation process.'*

At a specific 1:Zn concentration, gelation occurs only over
an intermediate range of solvent combinations. For example,
for the DMSO/water system, at a concentration of 50 mg/mL,
if the DMSO fraction is lower than 50% only precipitate is
obtained, while if the DMSO fraction is larger than 82.5% only
clear sols are formed. Similar results are observed for the
DMSO/ethylene glycol system, at 50 mg/mL, with the lower
and upper bounds for gelation occurring at DMSO fractions of
30% and 65%, respectively. In addition, gelation is concentration
dependent; i.e., it is possible only at sufficiently high concentra-
tions for a specific solvent composition (see Supporting
Information). For example, when a 50/50 (v/v) DMSO/ethylene
glycol mixture is used, gels with a concentration as low as 20
mg/mL can be obtained with the gelation time and gel
transparency increasing as concentration is decreased. On the
other hand, the lowest concentration at which a gel is obtained,
when a 60/40 (v/v) DMSO/ethylene glycol mixture is used, is
around 40 mg/mL. The solubility of 1:Zn in DMSO could not
be determined because of sample limitations but is in excess of
200 mg/mL. On the basis of these experimental observations,
it is possible to construct portions of a schematic phase diagram
for the 1:Zn/DMSO/ethylene glycol system (Figure 3) in which
the solid lines delineate known sol—gel boundaries, and broken
lines denote hypothetical boundaries, drawn by extrapolation
from the experimental results. Thus, by adjusting solvent quality,
using a combination of a good solvent with a nonsolvent or a
poor solvent, the gelation process can be readily manipulated
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Figure 3. Ternary phase diagram for the 1:Zn/DMSO/ethylene glycol
system: the lower portion indicates solid lines, which connect points
based on experiments described in the text; the upper portion is
speculative. As a consequence of sample limitations, it was not possible
to locate the solubility limit of 1:Zn in DMSO, which is greater than
20% wiv.

to control a range of gel properties, such as the gelation time,
gel transparency, and, as we will show, gel morphology and
thermomechanical response.

Optical Microscopy of Gels. Microscopic analysis of gel
morphology can yield insight into the gelation mechanism and
origin of the gel properties.' Previous microscopy studies have
shown that the gels formed by 1:Zn in acetonitrile consist of
semicrystalline globular colloidal particles.'®** As mentioned
above, the use of the mixed solvents to adjust the solvent quality
resulted in a dramatic change in the optical properties and
formation kinetics of these gels. To investigate the reason for
this change, as well as to see whether the gelation mechanism
is similar to that previously observed in acetonitrile, a series of
microscopic studies using differential interference contrast (DIC)
and polarized (POM) optical microscopy techniques were carried
out on the gels.

Figure 4 shows the DIC and POM images of three gels in
DMSO/water mixtures of compositions 60/40, 70/30, and 80/
20 v/v. These images span the concentration window which
defines the gelation regime in the 1:Zn;DMSO:water system,
which, as noted above, ranges from 50 to 82.5 vol % DMSO.
Globular particles are clearly apparent, particularly in the opaque
gels (compositions 60/40 and 70/30 v/v). The particle sizes
decrease from an average diameter of around 70 um to smaller
than 5 um, as the DMSO/water ratio is varied from 60/40 to
80/20 (v/v). As seen by comparing with Figure 2a, this trend
coincides with a decrease in the opacity of the gel samples;
i.e., less opaque gels with higher DMSO fractions have smaller
particle sizes (vide infra). Polarized optical microscopy reveals
distinct Maltese cross figures associated with the globular
particles, indicative of a spherulite texture. These are particularly
evident in Figure 4b and to a lesser extent in Figure 4d but are
not seen in the most transparent sample (Figure 4e), although
some birefringent areas are apparent. The trend suggests a loss
of order as the solvent quality improves. Similar features were
observed in the microscopic images of gels in DMSO/ethylene
glycol mixtures (see Supporting Information). These microscopic
studies indicate that the gelation mechanism in the more turbid
gels is similar to that in the acetonitrile gels;'**< i.e., gelation
occurs on cooling from the hot sol, through formation of
colloidal particles via crystallization of the supramolecular
polymer.
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Figure 4. Optical microscopy of three gel samples of 1:Zn formed in
various DMSO/water mixtures as shown in Figure 2a. Differential
interference contrast (DIC) images of (a) 60/40, (c) 70/30, and (e) 80/
20 (v/v) and their corresponding polarized images (b), (d), and (f).

Figure 5. Laser scanning confocal microscopy (LSCM) images (a)
z-projection image, (b) 3D image of the 1:Zn gel formed in 60/40
(v/v) DMSO/water mixture as shown in Figure 2a, and (¢) LSCM and
(d) polarized images of the 1:Zn gel formed in 70/30 DMSO/water
mixture (v/v) showing the coexistence of regular and irregular particles.

The three-dimensional structure of the gels in these mixed
solvents can be observed by taking advantage of the fluorescent
properties of 1:Zn and using laser scanning confocal microscopy
(LSCM). Thus, for the gel formed in 60/40 (v/v) DMSO/water,
from either the z-projection image (Figure 5a) or the 3D image
(Figure 5b), an interconnected colloidal microstructure is
exhibited, consisting of globular particles in contact with each
other and permeated by solvent channels. In some cases, it
appears that the globular particles are deformable and able to
interpenetrate at the area of contact. This further exemplifies
that gel formation is the result of flocculation of the globular
particles. It should be noted that the extraction of a sample of
the gel for microscopic examination involves mechanical
perturbation of the sample, and so the observed structure may
not fully reflect the nascent network organization of the gels.
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Figure 6. Possible mechanisms for formation of particles of metallo-
supramolecular polymers from solution. (a) Large uniform particles
via growth from a single nucleus. (b) Small particles form initially,
subsequently aggregate into clusters, which then slowly anneal into
single uniform spherical particles through intraparticle fusion. (c)
Nucleation and growth of primary particles, followed by secondary
nucleation of particles on the growth surface of primary particles,
resulting in large irregular particles.

Previously, we observed that, in the acetonitrile gels, the
particles are often very irregular in shape, sometimes with sharp
edges, and appear to be composed of very small primary
particles.'® Close examination indicates that, in the mixed
solvent systems, some particles are also irregular in shape. As
an example, higher magnification images from the 70/30 DMSO/
water (50 mg/mL) gel are shown in Figure Sc,d. In these gels
uniform and irregular particles coexist, and the latter clearly
seem to be composed of multiple smaller particles (Figure 5c).
In addition, the regular particles appear to be more crystalline,
as indicated by the stronger birefringence in the POM images
(Figure 5d). In general, simultaneous formation of uniform and
irregular particles can be visualized to occur in several ways as
depicted in Figure 6. Large uniform particles could clearly form
via radial crystal growth from a single nucleus (Figure 6a).
Alternatively, such particles could form through agglomeration
of primary particles, which subsequently anneal into a single
uniform spherical particle via intraparticle fusion, as proposed
by Mirkin and co-workers'** (Figure 6b). If the fusion process
is quenched in an intermediate state or if it occurs very slowly,
then irregular particles would be observed. Finally, secondary
nucleation and growth of small particles directly on the surface
of a primary particle is also possible (Figure 6c).

In an attempt to gain more insight into the particle formation
process, time-resolved optical microscopy was carried out on a
gel formed in 70/30 DMSO/water (50 mg/mL). In a typical
experiment, a gel sample was loaded into a planar glass cell
and heated to dissolution. On removal of the heat source, the
specimen was immediately imaged at an acquisition rate of 24
frames/s for a prolonged period of time. For simplicity, the
starting point was set at the time when the first image was
acquired, although it takes ca. 10 s to mount the sample on the
stage and to adjust the stage position after removal from the
heat source. After a very short induction period of ~8 s (see
Supporting Information), a few globular particles were observed
to nucleate and increase rapidly in size during the subsequent
10 s. Within 1 min, a metastable morphology of dense particles
is attained, corresponding to a space-filling gel network, with
cluster sizes (of around 30 um) comparable to that of the large
particles (both regular and irregular) grown in a sample vial.
After 1 min, very little noticeable change in the morphology
can be discerned. The time elapsed during the induction period
and formation of a mature gel network is much shorter than
when the same gel is formed in a sample vial, which usually
takes ca. 10 min. Particles which have uniform spherical shapes
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Figure 7. Laser scanning transmission microscopy images of a 1:Zn
gel (50 mg/mL) formed in 60/40 (v/v) DMSO/ethylene glycol mixture
as shown in Figure 2b. (b) is the zoom-in of the rectangular region
highlighted in (a).

predominate only at the earliest stages of phase separation and
subsequently are observed as rare, isolated particles in the later
stages of phase separation. This contrasts with gels grown in a
sample vial, in which such particles are more frequently
observed in mature gels. The uniform particles at early stages
of gelation have sizes of the order of 5 um, comparable to the
small particles which agglomerate into the very large irregular
particles seen in gels grown in a sample vial (Figure 4) and
thus could be regarded as primary particles. The short induction
time, rapid particle growth, and predominance of irregular
particles are likely the result of the more efficient heat transfer
in the thin cell used in the optical microscopy experiments (depth
of ca. 200 um and small sample volume (ca. 20 uL)). This
results in a very rapid quench, and very fast nucleation and
growth of particles, on removal from the heat source.

It is unclear from the time-resolved microscopy observations
(see Supporting Information) whether the process of particle
fusion, envisaged by Mirkin et al.,'** occurs in these gels.
Certainly, no such events were identified in these time-resolved
experiments. However, such a two-step fusion mechanism could
occur between nanoscale particles in the very early stages of
the gelation process and would not be observed because of the
limited resolution of the optical microscopy technique. Never-
theless, it seems clear that two of the processes visualized in
Figure 6a,c are present at the micron scale, i.e., (i) nucleation
and growth of large spherical particles and (ii) nucleation and
growth of primary particles, followed by secondary nucleation
of particles on the growth surface of primary particles. The first
process will be more prevalent under conditions where the
nucleation rate is relatively slow and will lead to large uniform
spherical particles, while the second process will be more
prevalent under conditions where rapid nucleation and growth
occurs and will result in large irregular particles. Parenthetically,
another path to irregular particles, observed in the time-resolved
microscopy throughout the gelation process, involves the
impingement of growing near-neighbor particles.

It seems likely that the gelation mechanism in the more
transparent gels is also colloidal in nature, but this cannot be
confirmed based on optical microscopy. For example, as shown
in Figure 7, the laser scanning transmission images at highest
resolution of the highly transparent gels (50 mg/mL) formed in
82.5/17.5 DMSO/water mixture and 60/40 DMSO/ethylene
glycol indicate small particle sizes of around 500 nm. No
colloidal structure can be revealed by optical microscopy for
even more transparent samples, e.g., 40 mg/mL in 60/40 DMSO/
ethylene glycol, 50 mg/mL in 65/35 DMSO/ethylene glycol,
and 50 mg/mL in 82.5/17.5 DMSO/water. In an attempt to
address this issue, a series of dynamic light scattering (DLS)
experiments were carried out. For example, DLS studies on a
sol, prepared from a 50 mg/mL 1:Zn gel in 60/40 DMSO/
ethylene glycol which was diluted to 20 mg/mL and
sonicated,' contained 523 £ 82 nm particles (comparable to
the size estimated from optical microscopy), while a similar
experiment on a sol (same solvent) formed from a gel containing
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Table 1. 1:Zn Gel Melting Temperature Obtained from Differential Scanning Calorimetry Study®

DMSO/water DMSO/ethylene glycol
ratio (v/v) 60/40 70/30 80/20 40/60 50/50 60/40
T (°C) 82.6 £6.2 70.1 £04 50.9 £ 0.7 729 +2.1 57.0 £ 0.6 473+ 1.7
“ The results are the average of at least three runs.
el
40 mg/mL 1:Zn yielded a particle size of 143 4+ 32 nm upon 10 a . '

dilution to 33 mg/mL, suggesting that preparation of gels with
particle sizes comparable to or smaller than 100 nm seems
highly possible.

An important point to be noted here is that the particle sizes
in the turbid gels can be decreased dramatically, to values
comparable to those obtained in the DMSO-rich mixed solvents,
by sonicating the sample during cooling of the hot sol.'°* While
this substantially enhances the mechanical strength of the gels,
it does not decrease significantly the turbidity. This strongly
suggests that the increased optical clarity of the gels with a larger
DMSO content is on account of a reduction in the refractive
index contrast between the gel particles and the mixed solvent
systems, presumably originating in the incorporation of the good
solvent DMSO into the gel particles.

Differential Scanning Calorimetry and Wide-Angle X-
ray Diffraction Analysis. A key question in these studies was
how the use of mixed solvents influences the crystallinity of
the 1:Zn gels and to see whether any effects could be correlated
with the morphological changes observed in the microscopy
studies above. First, the melting temperatures, Ty, of the gels
were determined as a function of the solvent composition, using
differential scanning calorimetry (DSC) performed in hermeti-
cally sealed DSC pans. The maxima of the DSC melting peaks
are identified as the gel melting temperatures, T, and the
resulting values are listed in Table 1. Clearly, Table 1 indicates
that, for both mixed-solvent systems, increase in DMSO content
leads to a decrease in Tj,. A more careful examination of the
DSC data (Supporting Information) shows that, for the opaque
gels (in 60/40 DMSO/water and 40/60 DMSO/ethylene glycol),
the melting peaks are small but quite sharp. However, upon
increasing the DMSO content, the peaks become much broader
and appear to occur at lower temperatures. In general, these
features reflect the low concentration (50 mg/mL) and/or low
crystallinity of the gels and further suggest a decrease in
crystalline order with increase of DMSO content. Wide-angle
X-ray diffraction (WAXD) patterns for gels with different
solvent compositions are essentially identical and feature
prominently an amorphous halo, centered at a d-spacing of 0.45
nm, together with a very weak peak at a d-spacing of 0.96 nm
(see Supporting Information), seen in earlier studies of 1:Zn in
acetonitrile and suggested to relate to the stacking of O-Mebip:
Zn complexes.'® Comparison of the WAXD patterns obtained
in the mixed solvents versus those obtained in acetonitrile'*
indicates the degree of crystallinity is drastically reduced in the
presence of DMSO. Thus, taken together the data suggest that
enhanced solvent quality, through addition of DMSO, results
in gels with increased transparency (tied to lower refractive
index contrast), a decrease in Ty, a broadening of the melting
peak, and reduced crystallinity, which are all reflective of
increased structural disorder in the gels.

Small-Angle X-ray Scattering (SAXS) Analysis. To gain
further insight into the structural changes in the metallo-
supramolecular gels, which accompany the addition of a good
solvent, SAXS studies were performed on the six gel systems:
1:Zn in DMSO/water at ratios of 60/40, 70/30, and 82.5/17.5
v/v and 1:Zn in DMSO/ethylene glycol at ratios of 40/60, 50/
50, and 60/40 v/v, in each case the gel concentration being 50
mg/mL. For each solvent system, the three compositions reflect
changes in optical quality from opaque, to translucent, to
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Figure 8. Small-angle X-ray scattering (SAXS) of samples formed in
(a) DMSO/water and (b) DMSO/ethylene glycol mixtures, at different
solvent compositions. The ratio of DMSO to cosolvent (v/v) is indicated
in the figure; the gel concentration is 50 mg/mL.

transparent (cf. Figure 2) and morphological changes in optical
microscopy from large spherulites to smaller spherulites to
featureless. In Figure 8, we show the SAXS results, which
indicate evolution of a lamellar structure as the DMSO content
of the solvent increases. This is indicated by the appearance in
both solvent systems of two peaks located near ¢ = 0.8 and
1.6 nm™!, i.e., a peak spacing of 1:2, corresponding to a lamellar
d-spacing of ~8.0 nm."®

The nature of this lamellar structure is not clear, but noting
that the periodicity is ~3 times the length of a fully stretched
ditopic monomer, it appears to involve nanosegregation of the
metallo-supramolecular polymer. Several possibilities can be
envisaged. One recognizes that the chain ends of the polymer
are relatively hydrophobic, and so segregation may occur into
metallo-supramolecular polymer layers, in which water or
ethylene glycol may be segregated into the pentaethylene oxide
cores, separated by layers of the more organophilic solvent,
DMSO. Another possibility may be chain-folded metallo-
supramolecular polymer layers, in which the lamellar surfaces
are pentaethylene oxide folds, again separated by solvent layers.
A third possibility relates to the fact that increasing the DMSO
content of the solvent leads eventually to the formation of a sol
phase. Thus, it seems possible that the lamellar organization
might consist of phase-separated metallo-supramolecular gel
layers, separated by layers of a dilute sol phase.

Linear Viscoelasticity of the Gel Network. Studies were
next carried out to elucidate how the mechanical properties of
the 1:Zn gels are affected by the solvent content, beginning
with the linear viscoelastic behavior. Efforts were made to
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Figure 9. (a) Frequency-dependent storage and loss moduli of a clear
1:Zn gel formed in 60/40 (v/v) DMSO/ethylene glycol mixture
(concentration: 50 mg/mL). (b) The storage modulus values, taken at
a frequency of 1 Hz, of various 1:Zn gels from the frequency sweep
measurements. The shear strain applied is 0.2%, and the gel concentra-
tion is 50 mg/mL.

correlate the mechano-responsive behavior with the variation
in particle size and particle volume fraction of the gels."”
Specifically, the goal here was to examine how gel strength
can be tailored by varying solvent quality. Measurements of
storage and loss moduli, G'(w) and G" (w), respectively, were
carried out as a function of the oscillatory deformation
frequency, w. A transparent gel sample in 60/40 DMSO/ethylene
glycol was loaded in the rtheometer as a clear sol and subjected
to oscillatory shear (strain y = 0.2%, deformation frequency @
= 1 Hz) for 4 h to allow for completion of gelation; then G’
and G" were determined as a function of frequency at a fixed
strain amplitude of 0.2%, well within the linear viscoelastic
regime. As shown in Figure 9a, the measured values of G’ (open
symbols) are essentially constant at low frequency and are
approximately an order of magnitude larger than G" (solid
symbols) over the entire frequency range, confirming that this
transparent gel has a highly elastic network.'® Similar overall
behavior was observed for the other solvent compositions. Figure
9b shows the storage modulus values, taken at room temperature
and a frequency of 1 Hz, of the various 1:Zn gels in DMSO/
water and DMSO/ethylene glycol, as a function of solvent
composition. In both systems, the gel modulus increases with
DMSO content to a point where a maximum value is obtained.
At that point a slight increase in DMSO ratio results in a
decrease in the gel modulus, and finally, at even higher ratios
of DMSO, a transparent sol is obtained. It is observed that for
each mixed-solvent system the maximum in modulus occurs
where the gels are highly transparent. These observations are
consistent with the colloidal nature of the gels and the fact that
the particle size decreases with increasing transparency, al-
though, based on the SAXS and DLS evidence, a transformation
from spherical (onion-like) to an exfoliated lamellar organization
cannot be excluded.'® Colloidal gels composed of smaller
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Figure 10. Strain sweeps showing the crossover from linear to nonlinear
viscoelasticity of the transparent 1:Zn gel formed in a 60/40 (v/v)
DMSO/ethylene glycol mixture (concentration: 50 mg/mL). The shear
frequency applied is 1 Hz.

particles typically have a higher modulus because they have a
larger specific surface area, and hence more interparticle
interactions are expected, leading to higher gel strength.'® The
decrease in gel strength upon further addition of DMSO is
presumed to reflect a decrease in particle volume fraction as a
consequence of a higher sol content. At the gel concentration
(50 mg/mL) under investigation, the range of DMSO content
at which a gel can form at room temperature is 50—82.5 vol %
for the DMSO/water system and 30—65 vol % in the case of
DMSO/ethylene glycol. This is consistent with the difference
in solvent quality between water, a nonsolvent, and ethylene
glycol, a poor solvent, for 1:Zn.

From the above studies, it is clear that, by manipulating the
solvent quality, it is possible to tailor the microscopic structures
as well as the optical, thermal, and mechanical properties of
these metallo-supramolecular gels. Specifically, it is possible
to prepare highly transparent gel samples which are mechani-
cally strong. Such properties could be important for potential
applications as stimuli-responsive optical coatings.

Nonlinear Viscoelasticity of the Gel Network. Also im-
portant to potential coatings applications of these gel systems
are the nonlinear viscoelasticity and thixotropy associated with
respectively the breakup and reformation of the gel network
under large mechanical deformations. Figure 10 shows double-
log plots of the storage and loss moduli for the transparent gel
formed in 60/40 (v/v) DMSO/ethylene glycol mixture as a
function of the strain amplitude at a deformation frequency of
1 Hz. The results show a distinct linear viscoelastic region is
present at low strains, where log G' and log G" remain
essentially constant up to a critical strain of around 0.5%, beyond
which log G' decreases abruptly, while log G" increases slightly
to a maximum value and then decreases albeit less rapidly than
log G'. Thus, a crossover of G" is observed at a strain of
~0.91%, after which G" becomes increasingly larger than G,
indicative of the onset of viscous flow at large strains. The high
equilibrium modulus, narrow linear viscoelastic regime, and
small strain at which onset of viscous flow occurs exemplify
that this transparent gel is very strong, but brittle. Similar
behavior has been documented in a variety of colloidal gel
systems.?0” >

In a thixotropic material, when subjected to shear deformation,
one expects a competition between bond breaking, which occurs
as a consequence of the action of shear forces, and bond
formation, which occurs on account of convective collisions
between separated elements.*>> The initial increase of G” with
strain in the low strain range, evident in Figure 10, is thus
attributed to breakdown of agglomerates into smaller-sized units,
resulting in a more dissipative system. At higher strains, further
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breakdown of the structure leads to shear-thinning viscous flow
behavior. Indeed, the maximum in loss modulus and the
thixotropic behavior is consistent with a model proposed by
Yziquel et al.,?! in which the competition between breakdown
and buildup of the microstructure is attributed to hydrodynamic
forces and Brownian motion, respectively, which results in the
characteristic nonlinear behavior under shear deformation as
seen in Figure 10.

It is of interest to determine the yield stress of the gel, which
provides a measure of the force needed to break down the gel
microstructure. For a colloidal gel formed by flocculated
particles, the yield stress has been related to the maximum force
per unit area that the network can withstand before rupturing.®®
A number of different methods are available to ascertain the
yield stress of a gel. One approach utilizes a yield criterion
introduced by Bingham?®’ which allows one to acquire an
estimate of the yield stress from steady shear experiments.'®
Alternatively, the yield stress can be estimated from creep
experiments, as detailed below. Also, from the oscillatory strain
sweep experiments (Figure 10), one expects that the shear stress
stored by the network will increase with strain magnitude up
to the yield point, after which it will decrease because some
portion is expended in disrupting the network. Thus, a distinct
maximum should be observed in the elastic stress, as the strain
is increased, the value of which may be equated to the yield
stress.?2%?® Indeed, such behavior is observed for the metallo-
supramolecular gels by plotting the elastic stress, 0" = G'y, vs
shear strain (Figure 10). Thus, it can be deduced (see the dashed
lines in Figure 10) that the yield point occurs at a yield stress
(0y) of 47 Pa and a yield strain (yy) of 0.69%, the latter being
slightly smaller than the strain where the crossover in G' and
G" occurs.

To gain further insight into the origin of the nonlinear
viscoelastic response of the transparent gel, creep experiments
were also performed, and the corresponding creep and creep
recovery data (as a function of the applied stress, 0¢) are shown
as time-dependent strain, y(¢) (Figure 11a) and shear compliance,
J(t) = y(t)loy (Figure 11b), respectively, plotted against elapsed
time, 7. In these experiments, the specified stress was applied
for 120 s, and the strain recovery after removal of the stress
was monitored for a further 120 s. As an aid to interpreting
these data, Figure 12 illustrates schematically the creep and
recovery curves for a typical nonlinear viscoelastic material.
The time dependence of shear strain () can be expressed as
follows:

y() =y, + vy + v, )

where ¥, is the instantaneous strain, y4(f) a retarded elastic strain,
and y(7) the viscous flow. For nonlinear viscoelastic materials,
the instantaneous strain ys may, in principle, consist of an elastic
component, ¥, and a plastic component yp. y. and yq4(f) are
fully recoverable upon unloading the stress; yy(f) and y, are
not recoverable after unloading.

Comparing Figures 11a and 12, it can be seen that, at small
applied stresses, up to 10 Pa, the 1:Zn clear gel, formed in 60/
40 (v/v) DMSO/ethylene glycol, exhibits a highly elastic
behavior, as indicated by the fact that ys ~ y., y\(f) and y, ~
0, and there is a negligible amount of permanent set in the
recovery phase, y; ~ 0. The total strain reaches a constant value
after 120 s, from which the equilibrium compliance J. may
be determined, J. = 0.189 kPa~!. The corresponding value for
the equilibrium shear modulus, G. = 1//,, is thus estimated to
be 5.30 kPa, a value very consistent with values of the storage
modulus (5.25 kPa) in Figure 9a at lowest frequency. Thus, the
controlled-strain and controlled-stress experiments are self-
consistent. As the stress is increased up to 40 Pa, small amounts
of viscous flow develop and permanent set increases. When the
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Figure 11. Creep and recovery curves of the 1:Zn clear gel formed in
60/40 (v/v) DMSO/ethylene glycol mixture (concentration: 50 mg/mL)
for various applied stress values as indicated: (a) time-dependent strain
deformation, y(z); (b) time-dependent shear compliance, J(7). The stress
was applied for 120 s, and the recovery after removal of the stress was
monitored for a further 120 s.
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Figure 12. Schematic illustration of the creep and recovery behavior
of a nonlinear viscoelastic material.

applied stress is increased from 40 to 45 Pa, a striking change
occurs, as seen in Figure 11. At the higher stress, the sample
flows as a viscous fluid with deformation and compliance dra-
matically increasing with time. Note from Figure 11a that the
applied stress level of 45 Pa is very close to the yield stress, oy
= 47 Pa, and the strain at yield (0.73%) is essentially identical
to the yield strain yy = 0.69%, estimated from the oscillatory
strain sweep experiment (Figure 10), again indicating self-
consistency between the controlled-strain and controlled-stress
experiments. The viscosity associated with the initial flow
accompanying yield can be estimated to be around 310 kPa-s
corresponding to a constant shear rate of around 1.4 x 1074
s~L. Also interesting to note in the creep curve for 45 Pa is a
distinct flow transition at a strain of around 0.90%, where the
rate of deformation increases enormously, and the viscosity
drops significantly. This indicates strongly that shear-thinning
flow occurs at a strain comparable to that where the G'—G"
crossover occurs in the oscillating strain sweep measurements
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Figure 13. Thixotropic loop experiment plotted as viscosity against
shear rate for the transparent 1:Zn gel formed in 60/40 (v/v) DMSO/
ethylene glycol mixture (concentration: 50 mg/mL). The loop test was
conducted by ramping shear rate from 107 to 100 s™! and then back
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(Figure 10). In summary, the picture that emerges from these
viscoelastic studies is that the gels are strong but highly
responsive, in the sense that they fail at a relatively small yield
stress and yield strain. In concluding this section, we note that
the clear gels formed in DMSO/water demonstrated similarly
elastic behavior in creep tests and, moreover, that the turbid
gels, obtained at lower DMSO content in both solvent systems,
show essentially identical creep responses, exhibiting large
recoverable strains (see Supporting Information). Thus, we
observe no change with variation of solvent composition in the
essential character of the viscoelastic response of these materials,
despite the manifest changes in structural organization and
optical clarity. It is pertinent to note here that Daniels et al.*
have suggested on the basis of a compressive creep test that
gel-like systems containing spherulitic particles cannot be
considered true thermoreversible gels since they do not show
elastic recovery in a compressive creep test. Our shear creep
results definitively show that such systems do exhibit elastic
recovery when they are subjected to strains below the yield strain
and therefore are indeed true gels.

Thixotropic Behavior. As seen above, and akin to the 1:Zn
gels in acetonitrile,'® the gels formed in mixed solvents show
pronounced thixotropic behavior; i.e., application of shear or
shaking leads to the formation of a free-flowing liquid, which
rapidly reforms into the gel state upon standing. To quantita-
tively evaluate this behavior, a shear rate loop test was applied
to the transparent gel (50 mg/mL in 60/40 (v/v) DMSO/ethylene
glycol mixture), and the resulting viscosity—shear rate relation-
ship is shown in Figure 13. The low-shear viscosity is very high,
in the range of 250 kPa*s, which is comparable to the steady
shear viscosity estimated from the creep experiments in Figure
11 (310 kPa-s). An apparent flow transition is observed on the
ascending shear curve, which could be a result of a yield
occurrence or, alternatively, to the onset of wall slip between
the rheometer plates and the sample,>® which is a common
problem encountered in rheology of concentrated colloidal
dispersions.*’ ** It should be noted in Figure 13 that, prior to
the transition, the magnitude of the shear stress increases to a
level higher than the yield stress and that the stress remains
higher at ~100 Pa on the ascending part of the loop, after the
transition. Before this critical transition point only a limited
amount of flow occurs, whereas when the shear rate is increased
beyond this point, the gel thins catastrophically, as indicated
by the power-law decrease in viscosity. Upon reversing the
stress, the viscosity increases with decreasing shear rate, but
with a significant hysteresis, reflecting a time lag in reformation
of the gel network structure. This thixotropic behavior is similar
to the acetonitrile gel,'* except for the apparent flow transition
observed here. The use of a mixed solvent system allows the
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Figure 14. Plot of gel network restoration after preshear, of the clear
1:Zn gel formed in 60/40 (v/v) DMSO/ethylene glycol mixture
(concentration: 50 mg/mL). Inset shows the immediate reformation of
gel network and the effective preshear treatment.

systematic tailoring of the yield behavior (vide supra), and thus
the details of the thixotropic loop can be manipulated by varying
solvent composition. Thixotropic behavior can be important for
coatings applications, where low viscosity is required to allow
ease of application, but a delay in recovery of viscosity allows
for film leveling and consolidation.

Gel Recovery Kinetics. Having explored the yield behavior
and thixotropy of the transparent gel formed by 1:Zn in 60/40
DMSO/ethylene glycol, an investigation of the kinetics of gel
recovery was undertaken. The recovery process was monitored
by a rheological experiment conducted under oscillatory shear.
A gel sample, formed in the rheometer by a procedure identical
to that used for the frequency sweep experiment, was subjected
to a large-strain preshear, 500% strain at a frequency of 1 Hz,
for 30 s, following which the recovery was monitored in the
linear viscoelastic regime by immediately stepping down to a
small oscillatory strain of 0.2%, also at a frequency of 1 Hz.
The resulting time evolution of storage modulus (G") and loss
modulus (G") are shown in Figure 14. Consistent with visual
observation, reconstitution of a partially developed network
occurs within 30 s, as indicated by the crossover of storage
modulus and loss modulus (G' > G"), and the equilibrium
storage modulus value characteristic of the fully developed
network is almost reached (G' ~ 5.6 kPa) after 45 min. The
initial storage modulus at 30 s after cessation of preshear is
around 3.0 kPa, corresponding to about 54% of the equilibrium
modulus. Also, during the preshear at large strain (inset in Figure
14), both G and G" are small, with G' < G", and are essentially
constant, confirming that dynamic preshear at large strain
amplitude is effective in breaking the gel network. The fast
breakdown under shear and rapid reformation of gel state could
be of great importance to the processing of the material into
complex shapes using colloidal processing techniques such as
gel casting,® injection molding,*® direct writing,>’ and so on.

Gel Formation Kinetics. It is also important to know the
kinetics of gel formation from the sol state. Again, the
transparent gel formed by 1:Zn in 60/40 DMSO/ethylene glycol
was used as an example for this study. The gelation process
was monitored by a rheological experiment conducted under
oscillatory shear at a strain (0.2%) well within the linear
viscoelastic regime of a full developed gel. Typically, a clear
gel was dissolved by heating at 120 °C for 150 s to ensure
complete dissolution of the colloidal particles and then loaded
onto the rheometer after being cooled down to room temperature
at ambient conditions for 5 min. The storage and loss moduli
were monitored by a time sweep as in the study of gel recovery
kinetics. Within 30 s after the time sweep started gel network
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Figure 15. Kinetics of formation of a transparent 1:Zn gel from a clear
sol in a 60/40 (v/v) DMSO/ethylene glycol mixture at a concentration
of 40 mg/mL, monitored by following the increase in shear moduli.

formation has occurred, as indicated by the fact that G' > G"
(Figure 15), and an equilibrium state is reached in ~90 min.

Since crystallization accompanies gelation, it follows that
there are at least four processes involved in gel formation, i.e.
nucleation, particle growth, flocculation, and coalescence to form
a three-dimensional network. The gel recovery study discussed
above suggests that once particles are formed, flocculation is
very fast. Thus, it appears that nucleation and particle growth
must be the rate-determining processes. Shorter nucleation
(induction) times and/or faster particle growth rates will
therefore lead to faster gelation from the sol state.*® The loading
and gap setting procedure in rheometric measurements takes
around 2 min; therefore, the first set of data points, where gel
network formation has been observed, is obtained at around 7.5
min after the dissolved gel (clear sol) has been removed from
heat. This implies that nucleation and particle growth are very
fast under these specific conditions, viz. cooling under ambient
conditions, gentle shaking, transference from the sample vial
to the rheometer, and preshear using large oscillatory strain at
a frequency of 1 Hz for 30 s. Gelation times determined by
inverting the sample vial (the gel time is estimated visually as
the time at which the sample is unable to flow when the vial is
inverted) are usually substantially longer than 10 min. This
discrepancy is presumed to be a consequence of the large
difference in sample volumes between the two experiments and
the fact that the precise thermomechanical history has a profound
effect on the gelation kinetics, particularly the nucleation rate.
Indeed, this presumption is supported by visual observations
and time-resolved dynamic light scattering experiments (vide
infra). This strong dependence on thermomechanical history is
also the origin of the poor reproducibility in kinetic experiments
from run to run. To minimize such effects, it is paramount to
follow precisely the same procedure for sample cooling and
loading into the rheometer. In addition, gels formed via the
mechanism described above, viz. nucleation, particle growth,
flocculation, and coalescence, are intrinsically inhomogeneous
systems, in which a supercooled, macroscopically homogeneous
equilibrium sol phase is transformed into a metastable, micro-
scopically inhomogeneous phase. The time course for such a
transformation involves complex kinetics, since all four mecha-
nistic processes discussed above may occur simultaneously
during most of the gelation process. Therefore, after the initial
formation of an immature gel network, the maturation process
may involve further nucleation of particles as well as growth
and flocculation of existing particles, all contributing to the
overall evolution of interparticle bonding. It therefore seems
inevitable that, even if the thermomechanical history is perfectly
reproduced, the end result will be a gel network with intrinsically
variable morphology and properties. By controlling the forma-
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tion history, it is hoped that the resulting structure and properties
can be specified within narrowly defined limits.

Time-Resolved Dynamic Light Scattering. Light scattering
is a powerful technique to probe the structural changes occurring
during the sol—gel transition and the kinetics of gelation.
Analysis of the temporal fluctuations in scattered intensity
(dynamic light scattering) probes the motion of the particle
clusters and local network relaxation.*® In time-resolved static
and dynamic light scattering, several discrete phenomena,** such
as an increase in the scattered intensity (occurrence of speckle
patterns), a suppression of the initial amplitude of the intensity
correlation function, and an increase in the relaxation time,
typically signal the transformation of a sol into a gel. Here,
time-resolved dynamic scattering was performed in an attempt
to probe the sol gel transition point and the kinetics of the
gelation as well as their dependence on thermomechanical
history.

We found that the gelation times, measured from the onset
of an increase in scatered intensity, are exceptionally sensitive
to the sample history. Filtration, preshaking, and rotation of the
sample cell during the gelation process all influence the gelation
time. For example, studies examining the variation in scattered
intensity (Supporting Information), L] during gelation of a
sample, after passage through a 450 nm membrane filter, were
carried out. With preshaking applied for 5 min, a long induction
period of about 12 h was observed, after which [AJincreased
abruptly. In contrast, when an identical sample was preshaken
for 15 min, UOwas observed to increase without a detectable
induction period. This is consistent with prior rheological and
morphological evidence that the gelation kinetics, which depends
on the crystal nucleation rate, is very sensitive to the thermo-
mechanical history. Increased mechanical perturbation tends to
result in faster nucleation rate and gel formation.'* In the case
of light scattering analysis, prior filtration of the sample may
remove particulate impurities as well as nascent nuclei and
consequently lead to a decrease in nucleation rate because of a
decrease in the number of nucleation sites.

Thus, these light scattering experiments show that the
nucleation rate, presumed inversely proportional to the induction
period, is very dependent on the thermomechanical history of
the samples and increases with increased mechanical agitation
applied to the sample. Rheologically, the gel point appears to
occur at some time after the initial increase in L] but a precise
correlation could not be made. However, after the initial increase
in [IL) a discrete change in dynamic light scattering properties
is also observed, i.e., a suppression of the initial amplitude of
the correlation function relative to the baseline, indicating the
appearance of static inhomogeneities in the gel structure which
increase in concentration with time. This event has been
identified as the gel point by previous investigators.>**® The
precise nature of these inhomogeneities is not clear, but it seems
likely that they correspond to agglomerates of growing particles
which reach a size where Brownian motion ceases.

Conclusions

Utilizing mixed solvent systems consisting of a good solvent
(DMSO) with either a nonsolvent (water) or poor solvent
(ethylene glycol), a systematic variation in the morphology of
a class of stimuli-responsive gels, formed by a metallo-
supramolecular polymer, 1:Zn, was achieved. In each solvent
system, a composition window is located in which gels are
formed, varying in turbidity from highly opaque (water- or
ethylene glycol-rich) to highly transparent (DMSO-rich). Outside
this window, either precipitation (poor solvent-rich) or solubi-
lization (good solvent-rich) occurs. Morphological and dynamic
light scattering evidence suggests gelation occurs by a common
mechanism throughout the composition range, i.e., via the
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flocculation of semicrystalline colloidal particles. Increase of
DMSO content leads to a reduction in the particle size, refractive
index contrast, and degree of crystallinity, accompanied by an
evolution to a lamellar organization as well as an increase in
sol concentration and in gel transparency. These changes
in structure and morphology are accompanied by an increase
in the shear storage modulus of the gel up to a maximum value,
beyond which the modulus decreases. Thus, by tailoring the
solvent composition, it is possible to produce highly transparent
gels, which are very strong but which are also highly mechano-
responsive; i.e., they exhibit pronounced yielding and thixotropic
behavior. Both uniform (spherical) and irregular colloidal
particles can be observed in opaque gel samples. On the basis
of time-resolved optical microscopy of the evolution of particle
morphology during gelation, it seems likely that the uniform
particles result primarily from nucleation and growth of a single
particle, although a particle fusion mechanism cannot be
completely discounted, whereas the irregular particles are formed
via secondary nucleation on primary particles and/or impinge-
ment of growing primary particles. Rheological analysis shows
that on application of sufficient mechanical stress these gels
exhibit brittle failure to form a transparent free-flowing liquid,
and that the gel state reforms essentially instantaneously upon
removal of the stress. Gelation kinetics was found to be very
dependent on thermomechanical history of the samples; i.e.,
mechanical perturbation and thermal quenching each lead to
much faster gel formation.
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