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Abstract: Utilizing metal-ligand binding as the driving force for self-assembly of a ditopic ligand, which
consists 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 (ZnII) and a lanthanide metal ion (LaIII), we
have achieved formation of stimuli-responsive metallo-supramolecular gels. We describe herein a series
of experimental studies, including optical and confocal microscopy, dynamic light scattering, wide-angle
X-ray diffraction, and rheology, to explore the properties of such gels, as well as the nature of the gelation
mechanism. Morphological and X-ray diffraction observations suggest gelation occurs via the flocculation
of semicrystalline colloidal particles, which results in the gels exhibiting pronounced yielding and thixotropic
behavior. Application of mechanical stress results in a decrease in the particle size, which is accompanied
by an increase in gel strength after removal of the stress. Moreover, studies show that the presence of
lanthanide(III) perchlorate increases the mechano-responsiveness of the gels, as a consequence of reduced
crystallinity of the colloidal particles, presumably due to the different coordination ability of lanthanide(III)
and zinc(II), which changes the nature of the self-assembly in these materials.

Introduction

Stimuli-responsive polymers, which are a class of “smart”
materials,1 exhibit a dramatic change in their properties in
response to the application of an environmental stimulus, such
as temperature, ionic strength, pH, solvent polarity, electric or
magnetic fields, biological and chemical analytes, etc. According
to the kind of stimulus that they respond to, such materials can
be classified into photo-, chemo-, electro-, mechano-active
polymers, etc. Examples include liquid crystal polymers,2

polymer solutions and gels capable of undergoing phase
transition,3 electro- and magnetorheological fluids,4,5 and electro-
active polymers (EAPs).6 Polymers of this type are being
developed for potential uses in fields as diverse as bulk
engineering and microscale medicine, while specific examples

range from smart films,7,8 sensors,9,10 electro-optic devices,11

microfluidic devices,12 pulsatile drug release systems,13 bioad-
hesion mediators,14 and actuators,15,16 etc.

Supramolecular chemistry, which utilizes reversible nonco-
valent interactions, has been applied by a number of groups in
recent years to bind monomeric units together into larger
structures and polymeric aggregates.17 The properties of such
self-assembled polymers will depend on factors such as degree
of polymerization (DP), architecture (e.g., linear or branched),
and the dynamics/lifetime of the aggregate, which can be
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controlled by the binding strength, stoichiometry, and kinetics
of the supramolecular motif. The dynamic nature of these
supramolecular polymeric materials allows external conditions
to influence their behavior in a way that is not possible for
traditional covalent macromolecules. For example, if an increase
in temperature results in a decrease in the strength of the
noncovalent interaction, depolymerization of the polymeric
aggregate will occur.17 Polymers based on this concept thus hold
promise as stimuli-responsive materials that combine many of
the attractive features of conventional polymers with properties
that result from the reversibility of the noncovalent bonds
between monomeric units. One of the easiest conceptual ways
of accessing such systems is the placement of “sticky” nonco-
valent binding motifs on the chain ends of a bifunctional core
unit. Consequently, the interactions between these end groups
can result in self-assembly of the monomer units into supramo-
lecular polymers in which noncovalent bonds are an integral
part of the polymeric backbone.

The properties of such noncovalently bound aggregates have
a strong dependence not only on their core components but also
on the nature (stability and dynamics) of the supramolecular
interactions, which control the self-assembly process. A wide
range of noncovalent forces, from simple hydrophobic interac-
tions18 to more complex hydrogen bonding,19 have been utilized
to build such supramolecular polymers. Of particular interest
here are metal-ligand interactions that are not only thermody-
namically stable, but, depending on the metal ion and ligand
used, can also be kinetically labile. Thus, simple addition of
metal ions to a bis-ligand functionalized ditopic monomer should
result in the self-assembly of metallo-supramolecular poly-
mer.20,21 The thermodynamic stability of the metal-ligand
interactions will determine the size (or DP) of the aggregate,

while their kinetic lability22 should result in “dynamic” polymers
that are in continual equilibrium and are responsive to envi-
ronmental factors. Furthermore, the incorporation of metal ions
opens up the possibility of imparting the functional properties
of the metal ion,23 for example, catalysis, light-emitting,
conducting, gas binding, etc., to the resulting materials.

2,6-Bis(1′-alkylbenzimidazolyl)pyridine is a versatile terden-
tate ligand that has not only been shown to bind a range of
metal ions, but it is also synthetically accessible in large
quantities.24 In addition, synthetic avenues to a range of
derivatives of this ligand are known, which allows tailored
functionalization of the binding unit.25 Recently, some of us26

have demonstrated that 2,6-bis(1′-methylbenzimidazolyl)-4-
oxypyridine (O-Mebip) ligands attached to the ends of a penta-
(ethylene glycol) core (1) result in the formation of metallo-
supramolecular gels27,28 upon the addition of transition metal
and lanthanide metal ions (Figure 1). These gels were shown
to exhibit multiple stimuli-responsive behaviors, including
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Figure 1. Schematic representation of the formation of metallo-supramo-
lecular polymeric aggregates using ditopic ligand end-capped monomers
with metal salts:A, Zn(ClO4)2, B, Zn(ClO4)2 and La(NO3)3, andC, Zn-
(ClO4)2 and La(ClO4)3, mixed with monomer1 in acetonitrile as solvent
(percentages of metal ion salts are calculated as mol % relative to1).
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thermo-, chemo-, and mechanical responses. The purpose of
the research reported herein was to develop a better understand-
ing of the mechanism of gel formation in these materials and
subsequently to elucidate in more detail the nature of their
mechano-responsive behavior.

Results and Discussion

Self-Assembly of Metallo-Supramolecular Gels.Our pre-
liminary results in this area26 have shown that simple addition
of an appropriate transition metal ion salt (e.g., Zn(ClO4)2 or
Co(ClO4)2) along with a small percentage of lanthanide ions
(e.g., LaIII , EuIII ) to an acetonitrile solution of the ditopic
monomer1 results in the formation of opaque gels. Initial
attempts to form gels with Zn(ClO4)2 alone, using similar gel
preparation procedures, that is, essentially heating the complex
in acetonitrile until everything dissolves, and allowing to cool
to room temperature, failed to yield sample spanning gels.
However, further experiments show that careful control of both
the heating and the cooling conditions can yield gels with1
and Zn(ClO4)2. We find that, depending on the temperatures
used and the concentration of the solution, gel formation can
be achieved from hot, clear acetonitrile solutions of1 and Zn-
(ClO4)2 either by allowing the sample to slowly cool to ambient
temperature on the bench or by quenching the sample vial in a
water bath (at ambient temperature). Slowly cooled samples are
much less visually homogeneous than quenched samples. This
is more evident when the concentrations of the samples are
reduced, heating temperature is increased, and/or cooling rate
is decreased. For example, heating an 8 wt % gel to 100°C in
an oil bath, followed by either slow cooling or quenching in a
water bath to ambient temperature, yields a gel-like material.
However, if the sample is heated to higher temperatures and
then subjected to slow cooling, the resulting material is more
precipitate-like than gel-like. Thus, the behavior of these
materials shows extreme sensitivity to their preparation condi-
tions, indicative of their highly stimuli-responsive nature.

Shown in Figure 2 is gelA (11 wt % in acetonitrile), which
illustrates the multi-responsive behavior typically observed in
this class of gels. For example, heating results in a reversible
gel-sol transition, while addition of formic acid results in the
collapse of the gel. One property of particular interest is the
mechano-responsive behavior. The gels formed by cooling in
air exhibit pronounced thixotropic behavior. Shaking the gels
results in the formation of a free-flowing liquid, which, upon
standing, re-forms a turbid white gel. Interestingly, the more

the gels are shaken, the stronger the re-formed gels appear to
be. This was confirmed by subjecting the gels (formed by slow
cooling in air) to sonication, which results in substantially
stronger gels. Gels formed by quenching in a sonication bath
also appear much stronger than those formed by cooling in air.
Furthermore, sonicated gels exhibit much less pronounced
thixotropy, in the sense that more mechanical stress has to be
applied to break the gel. However, it should be noted that the
gel strength is concentration dependent and upon reducing the
concentration of gels more facile thixotropy is observed. In
addition, these gels over a period of a few weeks consolidate
into a denser, stronger gel phase, suggesting that the initial gels
are meta-stable materials.

One of the main purposes of this research was to gain a better
understanding of the gel formation/mechano-responsive mech-
anism. In addition, we also wanted to understand the effect, if
any, that addition of a small amount of lanthanide ions has on
the responsive properties of the gels. While the transition metal
ions form 2:1 ligand to metal ion complexes, which essentially
lead to chain extension, the lanthanide (LnIII ) ions, with their
preference for high coordination numbers (8-10),29 can poten-
tially coordinate three O-Mebip moieties. Furthermore, utiliza-
tion of LnIII ions, which exhibit unusual magnetic and optical
properties, opens up the possibility of using these systems to
access advanced functional materials suitable for numerous
applications.30 Initially, lanthanide ion (LaIII or EuIII ) nitrate salts
were used, and gel-like materials exhibiting multi-responsive
properties were readily created.26 Note, however, that the nitrate
ion is coordinating in nature, and therefore its presence may
compete with the O-Mebip ligand for binding sites on LnIII

(Figure 1B). It has been shown by Piguet, Bunzli, and
co-workers30a,c that 1:1 complexes of LnIII and 2,6-bis(1′-
alkylbenzimidazolyl)pyridines can be prepared in which three
nitrate ions are coordinated to the LnIII ion. On the other hand,
when lanthanide perchlorate is used, the same group showed
that 3:1 complexes of 2,6-bis(1′-alkylbenzimidazolyl)pyridines
and LnIII are readily prepared with high yields.30b,f Thus, there
is the possibility that the use of Ln(ClO4)3 salts could result in
a certain amount of branching or cross-linking points in the self-
assembled materials (Figure 1C). It, therefore, became of interest
to study how the different metal salts would affect the self-
assembly and as a consequence the properties of the gels. It
was found that gels could be prepared from complexes of1
with combinations of Zn(ClO4)2/lanthanide salts, in a mole ratio
of 97% ZnII and 2% LaIII relative to1 for both La(NO3)3 (B)
and La(ClO4)3 (C) in acetonitrile. If 2:1 and 3:1 complexes of
ligand to ZnII and LaIII ions, respectively, are assumed, then
97% of the O-Mebip can bind to ZnII and 3% of the O-Mebip
can bind LaIII . Of course it should be noted that in such materials
it is likely that not all of the ligands will be bound and, in fact,
in the case ofB at least 2% unbound ligand will almost certainly
be present, on account of the competitive binding of the nitrate

(29) Piguet, C.; Bunzli, J. G.; Bernardinelli, G.; Hopfgartner, G.; Williams, A.
F. J. Alloys Compd.1995, 225, 324-330.
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Figure 2. GelA (11 wt % in acetonitrile) exhibits the typical multi-stimuli
responsive behavior observed for this class of metallo-supramolecular gels.
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ions.30a,cGelsA, B, andC were therefore characterized to fully
understand their behavior and gain insight into the effect that
the different lanthanide salts have on the (stimuli-responsive)
properties of the gels.

Optical Microscopy of the Gels.The self-assembly process
leading to gel formation often manifests itself in the formation
of characteristic microscopic morphologies.31,32As noted earlier,
all three gel systems are opaque, implying a phase-separated
structure. Analysis of the morphology of these phase-separated
systems can provide insight into the gel formation mechanism.
Laser scanning confocal microscopy indicates that a heteroge-
neous gel microstructure is present in all three gels formed by
slow cooling under ambient conditions. A continuous particulate
gel matrix is evident in the image of a freshly prepared sample
of gel A (11 wt % in acetonitrile, Figure 3a). The sample
consists of globular particles with an average diameter of around
20 µm, in contact with each other, and permeated by solvent
channels. The globular particles appear deformable and are able
to interpenetrate at the area of contact. As discussed in the
previous section, the gels exhibit pronounced mechano-
responsive behavior. Microscopic examination reveals that the
morphology of the gels is very sensitive to their mechanical
history; that is, the structure of the globular particles present in
abundance in a fresh gel can be easily destroyed by mechanical
treatment. Shaking the gel results in the fracture of a significant
portion of the larger micrometer-sized particles (Figure 3b).
Steady shear has an even greater effect on the colloidal particles.
For example, after the gel was sheared at 50 Pa for just 10 s
and extracted from a rheometer cell, very few globular particles
survive (Figure 3c). It is clear that when subjected to increas-
ingly vigorous mechanical perturbation, all original globular
particles disappear. Indeed, application of sonication to an
existing fresh gel results in complete breakdown of the globular
structure. For a gel sonicated for 2 min, most remaining particles
are smaller than 5µm in diameter (Figure 3d). The size of the
resulting particles will presumably be dependent on the soni-

cation energy and time applied to the sample until a limiting
value is reached.33 Recalling the increased gel strength that
accompanies the application of mechanical perturbation, it is
evident that the broken fragments, however small, are able to
re-form into an interconnecting network, even denser and more
homogeneous than is present in the fresh gels. In this context,
it is noted that previous studies of gels formed via adhesive
interactions between colloidal particles have observed that gels
formed by smaller particles have higher moduli, essentially as
a consequence of the increased surface area that generates more
interparticle cross-linking sites in the resulting network.34,35

From images shown in Figure 3, it is clear that the original
globular morphology of the unperturbed gel cannot re-form after
mechanical treatment, although the gel state is recoverable.
Unfortunately, on account of the relatively fast recovery time
of the gels (generally less than 30 s from visual inspection),
and the fact that the first microscopy image is acquired ca. 5
min after removal of the shear, no noticeable morphology
change can be observed during the gel recovery process.

The size and appearance of the globular particles in the
unperturbed gels appear to differ between the three gel systems,
A, B, andC. This can be seen more clearly in less concentrated
samples. Figure 4 shows the images of the three gels, at 8 wt
% in acetonitrile, acquired by the laser scanning confocal
microscope in transmission mode. GelA, formed without
lanthanum(III) ions, has particles varying from 20 to 40µm in
diameter (Figure 4a). The particle sizes in gelB, which contains
2 mol % lanthanum nitrate, are larger with diameters varying
from 30 to 60 µm (Figure 4b). The largest morphological
difference is observed in gelC, which contains 2 mol %
lanthanum perchlorate (Figure 4c). In this case, larger particles
are formed, with sizes as high as 100µm, in which the dense
core (about 40µm) is surrounded by a large diffuse halo. An
interesting feature of all of these gels is that they show
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Figure 3. Optical microscopic images showing the effect of mechanical
history on the morphology of gelA (11 wt % in acetonitrile): (a) air-
cooled gel, (b) after shaking, (c) after shear at 50 Pa for 10 s, (d) after
sonication for 2 min.

Figure 4. Optical microscopic images of air-cooled gels (8 wt % in
acetonitrile): (a)A, Zn(ClO4)2 only; (b)B (mole ratio Zn(ClO4)2/La(NO3)3

) 97/2), (c)C (mole ratio Zn(ClO4)2/La(ClO4)3 ) 97/2) obtained using a
laser scanning confocal microscope operated in transmitted mode. (c) Inset
shows polarizing image of the gelC. (d) Laser scanning confocal microscopy
(LSCM) showing 3D morphology of the globular structure in gelA (8 wt
% in acetonitrile).
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birefringence in the core of the globular particles under polarized
light, indicative of the presence of crystalline (or at least some
ordered) structure. For example, polarized optical microscopy
on gel C (Figure 4c inset) shows a well-defined spherulite
texture with a distinct Maltese cross at the core of the particle,
as is frequently observed in semicrystalline polymers.36,37This
confirms that crystallization of the supramolecular material
accompanies gelation. However, no birefringence is observed
in the halo surrounding the crystalline core, indicative of a less
ordered shell. The diffuse halo is not so evident in gelsA and
B, indicating that the volume fraction of this disordered region
is greatly reduced in these two gels. It is relevant to note that
in gelC the LaIII ions can bind to three O-Mebip ligands, which
would result in the formation of cross-linking or branching sites
in the gel, potentially inhibiting the regular stacking of the
supramolecular complexes. Moreover, similar to the introduction
of covalent cross-linking sites into conventional covalent
polymeric materials, shorter supramolecular polymer chain
length may be formed.38,39Consequently, the degree of crystal-
linity of the supramolecular polymer system will be diminished.
A crystalline polymer is expected to exhibit higher elastic
modulus and hardness than its amorphous or less crystalline
counterparts.40 In such circumstances, we may expect that the
mechanical properties of gels containing La(ClO4)3, which are
highly dependent on the elasticity of the colloidal particles,41,42

may differ dramatically from those of samples without nonco-
valent cross-linking ions (vide infra). In addition, noting that
crystallization is a thermal history-dependent process, it is
expected that the size and density of the spherulite particles,
and subsequent gel formation, will be highly dependent on their
preparation procedures and sample concentration, as we have
indeed observed.

For the less concentrated (8 wt %) samples, the particle
concentrations are much lower than those of the more concen-
trated gels (11 wt %), and the degree of particle interpenetration
is less significant. Figure 4d shows the 3D scan of gelA at 8
wt %, using fluorescence confocal microscopy. The figure shows
that the globular particles form a three-dimensional network with
large unoccupied spaces between the particles. As a consequence
of mechanical perturbation during sample loading, some par-
ticles are inevitably broken, and the fragments are clearly evident
in the 3D image.

Crystallization and Particle Flocculation. Our observation
of spherulite structure from the polarized light microscopy
clearly indicates that crystallization occurs during the gelation
process. The XRD patterns of the three fresh gels formed in air
were measured (Figure 5a). All samples show a peak at around
2θ ) 9.36°, corresponding to ad spacing of 0.96 nm. This peak
coincides with a peak observed in the solid-state crystalline
material, obtained from the crystallization of a chloroform and
acetonitrile solution of1 and Zn(ClO4)2, and presumed to arise
from the packing of the 2:1 O-Mebip:Zn complexes.21aAt lower
angles we observe another peak, whose intensity and shape

depend on the presence of LaIII . This reflection exhibits its
lowest intensity for the gel containing lanthanum perchlorate
(gel C), and similar intensity and shape for gelsA andB. In
addition, an amorphous halo is observed whose intensity is
highest for gelC, suggesting that the lowest crystallinity occurs
in the presence of the “cross-linking” lanthanum(III) ions. Such
an interpretation is consistent with the microscopic observations
where the largest diffuse halo (and therefore the smallest fraction
of crystalline spherulites) is observed in gelC (Figure 4). Close
examination shows that this low angle peak shifts to smallerd
spacing with increasing drying time (Figure 5b); for example,
for gel A, a d spacing of 1.68 nm is observed for a fresh gel
sample, and the value decreases to 1.55 nm when the sample is
vacuum-dried. Thesed spacing values are also slightly smaller
than that of the low-angle peak reported previously for the same
material crystallized from a chloroform and acetonitrile solvent
mixture (d ) 1.99 nm).21a On account of its short length, the
crystallization of the penta(ethylene glycol) core is not ex-
pected.43,44 The solvent dependentd spacing may thus reflect
the influence of the solvent on the penta(ethylene glycol)
conformation in the material, and/or may indicate that solvent
molecules30b,eare incorporated into the structure of crystalline
1:Zn complexes in the gel state. In either case, thed spacings
of these lower-angle peaks are consistent with expected repeat

(36) Lotz, B.; Cheng, S. Z. D.Polymer2005, 46, 577-610.
(37) Gedde, U. W.; Mattozzi, A.AdV. Polym. Sci.2004, 169, 29-73.
(38) Welsh, E. R.; Schauer, C. L.; Qadri, S. B.; Price, R. R.Biomacromolecules

2002, 3, 1370-1374.
(39) Khonakdar, H. A.; Jafari, S. H.; Taheri, M.; Wagenknecht, U.; Jehnichen,

D.; Haussler, L.J. Appl. Polym. Sci.2006, 100, 3264-3271.
(40) Gracias, D. H.; Somorjai, G. A.Macromolecules1998, 31, 1269-1276.
(41) Macosko, C. W.Rheology: Principles, Measurements and Applications;

VCH: New York, 1994.
(42) Trappe, V.; Weitz, D. A.Phys. ReV. Lett. 2000, 85, 449-452.

(43) Wu, L. M.; Lisowski, M.; Talibuddin, S.; Runt, J.Macromolecules1999,
32, 1576-1581.

(44) Marentette, J. M.; Brown, G. R.Polymer1998, 39, 1405-1414.

Figure 5. Wide-angle X-ray diffraction patterns of air-cooled gels (8 wt
% in acetonitrile). (a) A, gelA; B, gelB; C, gelC. Fresh gels were directly
loaded onto the sample holder, and scans were carried out immediately.
(b) Gel A with different dryness: (1) fresh gel; (2) air-dried for 6 h; (3)
air-dried for 12 h; (4) vacuum-dried for 12 h.
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distances for linear aggregates, macrocycles, lamella, or even
once-folded double-lamella of the1:Zn complex (see Supporting
Information).21a,lDilute solution viscosity measurements detect
little or no significant molecular weight increase between1 and
1:Zn complexes, suggesting the formation of macrocycles21a,45

or possibly the assembly of very small particles (vide infra) at
low concentrations. It should be noted that the concentration
of the gel subjected to X-ray measurements (8 wt %; or 1/15,
w/v) is more than 3 times the highest concentration (1/50, w/v)
of the solutions used for viscosity measurements.21aAs may be
expected for a crystalline material, sample preparation has a
significant effect on the crystallinity of the sample. Specifically,
X-ray studies on quenched samples show a decrease in intensity
of the first peak and increase in intensity of the amorphous halo
relative to slow cooled samples, consistent with the expectation
that quenching leads to lower crystallinity.

Microscopic examinations (Figures 3 and 4) reveal that the
metallo-supramolecular polymers form globular particles in the
acetonitrile solvent. The gel structure can thus be considered
as a volume-spanning network of semicrystalline colloidal
particles dispersed in a continuous solvent medium. The data
presented above suggest that, when formed either by slow
cooling in air or by quenching in a sonication bath, the particles
consist of an ordered core surrounded by an amorphous shell,
possibly swollen by the acetonitrile solvent. Flocculation of such
colloidal particles through adhesive particle-particle interactions
results in the formation of a network structure, and hence
gelation. Such gelation will depend on (i) the particle volume
concentration and (ii) the magnitude of the particle-particle
interaction energy.46

The influence of particle concentration on the properties of
suspensions is best discussed in relation to the maximum
packing fraction, which, as well as being controlled by the type
of packing, is very sensitive to particle size distribution and
particle shape.47 Broad particle size distributions have higher
values of maximum packing fraction because the smaller
particles fit into the interstices between the larger ones. On the
other hand, irregular particle shapes lead to poorer space filling
and hence lower the maximum packing fraction. Particle
flocculation can also lead to a low maximum packing fraction
because, in general, the flocs themselves are not close-packed.
The gel state or gel point, representing the minimum volume
fraction necessary for a sample to form an infinite cluster,
generally occurs at a very low particle volume fraction as
compared to the maximum packing fraction. Various conditions
such as pH, ionic strength, surfactant additives, and particle size
can affect the interparticle interaction energy and thus influence
the concentration at which the transition from dispersed to
flocculated state occurs.48

We know that the gels in this study are formed by flocculation
(or aggregation) of (semi)crystalline particles. As crystallization

is a temperature-dependent process, it is to be expected that
the size and volume fraction of the spherulites (or any
semicrystalline structure) will be highly dependent on the
samples’ thermal history. Faster cooling of the sols may lead
to more crystalline particles (more nucleation sites), but with
much smaller particle sizes and consequently with more
amorphous structure in the systems. Slower cooling is expected
to have the opposite effect. Therefore, for a system of specific
weight concentration, the effective volume fraction may vary
substantially, depending on the thermal history. This would
explain why the formation of these gels is very sensitive to the
heating and cooling rates. As most materials are more densely
packed in their crystalline forms, slower cooling or annealing
may result in a smaller effective volume fraction than faster
cooling or quenching. Moreover, even though particles with
larger sizes are obtained when a sample is cooled slowly,
because the specific surface area is reduced, the overall particle-
particle interaction energy is expected to decrease. Therefore,
for a specified weight concentration, when a sample is heated
at higher temperature and then cooled at a slower rate, the gel
strength decreases, and, if the concentration is low enough, a
precipitate-like, rather than gel-like, material is formed.

The primary difficulty in dealing with flocculated dispersions,
both experimentally and theoretically, is the nonequilibrium
nature of the gel structure. Such dispersions will macroscopically
phase-separate given sufficient time.46 Indeed, we observe that,
under isothermal conditions, gels formed either by slow cooling
or by quenching consolidate under gravity over a period of a
few weeks, leaving a clear supernatant and a denser gel phase,
suggesting that these systems are meta-stable. Thus, the particles
within the gel network rearrange over long times, as is observed
in some silica gel systems.49,50 As crystallization accompanies
gelation, maturing of the spherulites may also expel solvent to
form denser, more ordered crystals, resulting in a smaller
effective volume fraction. Such effects may be expected to
influence the gel strength, and therefore all rheological studies
(vide infra) were performed relatively quickly (within 24 h) after
gel formation and the experimental time scales were kept
relatively short (less than 3 h), to minimize any effects that are
caused by changes in the metastable structure probed during
the experimental lifetime.

Dilution Behavior. Attempts were made to measure the
particle sizes of the primary dispersion particles in the sonicated
gels. Such experiments are difficult, when dealing with floc-
culated dispersions.51,52 Therefore, the 8 wt % (or 1/15, w/v)
gel A (formed by quenching in a sonication bath) was diluted
by stepwise addition of acetonitrile. It was found that, without
mechanical treatment, for example, shaking or sonication, no
noticeable dispersion of solvent into the gel took place overnight.
With gentle shaking, a sample diluted to 1/50 (w/v) broke up
into fragments, which fused together into an intact, although
visually heterogeneous gel (Figure 6a). This metastable gel
shows much more pronounced thixotropic behavior as compared
to the mother gel, but with substantial loss of recoverable
strength; that is, the more it is agitated, the weaker is the re-
formed gel. After sufficient agitation, no gel re-forms, and a

(45) Chen, C.; Dormidontova, E. E.J. Am. Chem. Soc.2004, 126, 14972-
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Surf.2003, 214, 173-180. (c) Amaral, M.; Roos, A.; Asua, J. M.; Creton,
C. J. Colloid Interface Sci.2005, 281, 325-338. (d) Cracium, L.; Carreau,
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dilute opaque sol results. Further dilution to 1/75 (w/v) led to
immediate formation of what appears to be (from visual
inspection) a clear sol (Figure 6b).

To further investigate the nature of the sol obtained through
the above dilution studies, dynamic light scattering (DLS), which
is a common technique to determine the hydrodynamic radius
of small particles in dilute colloidal sols, was utilized. The
particle sizes of gels formed by cooling in a sonication bath, as
estimated from optical microscopy, are∼1 µm, near the
resolution limit of the microscope. The results of DLS analysis
for the dilute clear sol obtained from gelA, acquired at a
scattering angle of 90°, are shown in Figure 6c and indicate
that the dispersed particles exhibit a narrow particle size
distribution, with an average particle size of around 1.0µm,
consistent with microscopic observations. Of course it should
be noted that the DLS experiments do not prove that there is
complete dispersion of particles, which are prone to flocculation,
and as such particle aggregates are likely to remain in the final
diluted dispersion. In addition, under the high dilution condi-
tions, some particles may partially or completely dissolve.
Hence, the results should be viewed at best as an approximate
representation of the characteristics of the disperse particles in
the original sonicated gel.

Electrolyte Effects. The interactions and forces acting
between dispersed particles are the key factors in determining
the properties of a colloidal system.46,47 Three kinds of forces
should be considered in interpreting the behavior of the colloidal
particles of these supramolecular materials. In addition to the
usual attractive London-van der Waals’ forces, and repulsive
electrostatic interactions,46,47,53,54 we must also consider the
possibility of metal/ligand interactions. It is not unreasonable
to assume that as a consequence of either incomplete binding
or decomplexation processes there will always be some reactive
dangling chain ends present, either on the particle surface or
inside the particles. Metal/ligand binding thus potentially
provides an adhesive interaction between the colloidal particles,
which may contribute to flocculation. The interplay of the forces

acting between the suspended particles determines the floc-
culated structure and properties of the suspension. Of course,
when considering the rheological behavior of colloidal disper-
sions, the Brownian (thermal) randomizing force and the viscous
(hydrodynamic) forces cannot be neglected.47 Therefore, con-
sidering these factors, we may expect that the gel properties,
particularly the rheological behavior, can be tuned by adjusting
the interparticle interactions.

Lanthanides are known to bind well to carboxylic acids.55,56

Thus, addition of carboxylic acids may lead to ligand exchange
and, hence, a decrease in the degree of polymerization and
subsequent increase in dangling ends (more free ligands).
Indeed, ligand exchange was deduced on the basis of the
quenching of metal-centered emission and loss of mechanical
stability, when formic acid was added to a gel containing
europium nitrate.26 It is noted, however, that addition of formic
acid also alters the pH and ionic strength of the system, which
could significantly affect the solubility of the particles and/or
the stability of these colloidal gels, in which electrostatic
interactions presumably exist. To explore this possibility further,
formic acid was added to all three gelsA, B, andC. Complete
breakdown of the gels was observed for all samples, including
the gel with no lanthanum(III) ions. The concentrations of formic
acid needed to completely convert the gels to sols are sum-
marized in Table 1. Within experimental error, there is es-
sentially no difference in the concentration of formic acid
required to break down all three gels. To further investigate
the possibility of ligand exchange as the mechanism of the gel
breakdown, formic acid titration experiments were carried out
on dilute solutions of1 and Zn(ClO4)2 (dilute model of gelA)
and of1 and La(ClO4)3 (with ligand-to-metal ratio of 3:1). In
these studies, while decomplexation of the O-Mebip:LaIII

complex in acetonitrile could be deduced with small amounts
of formic acid (see Supporting Information), little-to-no de-
complexation of the O-Mebip:ZnII complex was observed even
with a very large excess (400 equiv relative to ZnII) of formic
acid. The amount of formic acid required to break down the
gels is about 30 mole equiv as compared to the amount of the
O-Mebip ligand (ca. 60 and 900 equiv relative to ZnII and LaIII ,
respectively), which taken together with the formic acid titration
data suggests that solvation or electrolyte effects play a more
important role than does ligand exchange. Upon removal of the
formic acid by drying the samples, and reswelling the resultant
solids with acetonitrile, the gel state can be readily recovered
in all three cases, confirming the chemo-responsive behavior
of the gels.

To further elucidate the nature of the solvation and/or
electrolyte effects, tetrabutylammonium perchlorate was added
to the gels (Table 1). It was found that addition of the salt did
lead to loss of gel properties in all three systems, with the lowest

(53) Shchukin, E. D.; Pertsov, A. V.; Amelina, E. A.; Zelenev, A. S.Colloid
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(56) Kawa, M.; Frechet, J. M. J.Chem. Mater. 1998, 10, 286-296.

Figure 6. (a) A semi-opaque gel is formed by diluting gelA (8 wt %; or
1/15, w/v), formed in a sonication bath, to 1/50, w/v. (b) A clear sol is
formed by further diluting the 1/50 (w/v) gel sample to 1/75, w/v. (c) Particle
size and particle size distribution of the 1/75 (w/v of acetonitrile) sample
of gel A. Results are derived from a CONTIN fit to the dynamic light
scattering (DLS) correlation function acquired at a scattering angle of 90°.

Table 1. Concentrations of Formic Acid and Tetrabutylammonium
Perchlorate Needed To Achieve Complete Breakdown of the Gelsa

A B C

HCOOH (M) 3.49( 0.17 3.36( 0.17 3.56( 0.17
N(C4H9)ClO4 (M) 1.25( 0.10 2.00( 0.10 1.75( 0.10

a Gels are formed by quenching in a sonication bath with a concentration
of 8 wt % or 1/15 (w/v) in acetonitrile.
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salt concentration required for the gel with zinc(II) alone. This
may indicate a difference in the electrostatic properties of the
particles containing lanthanum(III) ions. The concentrations of
salt needed to break the gels are much lower than those of the
formic acid, presumably reflecting the fact that formic acid is
a weaker electrolyte in acetonitrile. It is noted that, in general,
the concentration of salt needed to break the gels is an order of
magnitude higher than that required to effectively screen
polyelectrolyte interactions in aqueous solutions.46,54 Because
solvent is always observed to separate out from the gels
immediately upon addition of salt, we infer that loss of gel
properties may be a consequence of osmotic deswelling of the
gel, or a salting out of the organic phase.

Rheological Behavior.With a better understanding of the
morphology of these supramolecular gels in hand, as well as
the effect the lanthanide ions have on this morphology, an
examination of the mechano-behavior of the three materials was
carried out. The goal here was to see if the presence of the
lanthanide ions did affect the mechano-responsive behavior of
the gels. As described above, gels formed by slowly cooling to
room temperature exhibit very pronounced thixotropic behaviors,
whereas the thixotropy of gels formed under sonication is less
apparent due to their higher strength. In an attempt to ensure
consistency between the different samples, the rheological
studies were carried out on gels that were formed by quenching
in a sonication bath. As has been shown by microscopy studies,
the gel samples are sensitive to mechanical history. To optimize
reproducibility and minimize the shear history effect, a meticu-
lous procedure was followed during sample loading. All samples
were subjected to an oscillatory preshear of 500% strain (applied
at 5 Hz) for 30 s, and subsequently allowed to equilibrate for
90 min prior to measurements.

Oscillatory data (Figure 7a) from frequency sweeps within
the linear regime indicate a highly elastic response (G′ . G′′).
The storage moduli of the three gels increase slightly with
frequency over a frequency range of four decades, indicating a
slightly more elastic response of the network. This behavior is
typical of colloidal gels as higher deformation frequencies elicit
an elastic response from local structures, which can relax at
lower frequencies.42,57 Gel C has elastic modulus values
significantly smaller than the other two gels over the entire
frequency range, while the elastic moduli of gelsA andB are
essentially similar. For a colloidal gel formed by flocculated
particles, the yield stress has been related to the strength of the
coherent network structure as the maximum force per unit area
that the network can withstand before rupturing.58 The yield
stress can be estimated by oscillatory strain or stress measure-
ments. Thus, the dynamic data for the three gel samples are
plotted in Figure 7b as the elastic stress,σ′ ) G′γ, against strain.
For all three gels a clear maximum is observed in the elastic
stress as the strain is increased, which can be defined as the
yield stress (σy).57 Gel A exhibits a value ofσy (1893( 470
Pa) that is significantly higher than the lanthanide-containing
gels, whereas gelB has aσy of 646( 198 Pa and gelC exhibits
the lowestσy value (242( 109 Pa). Therefore, based on these
rheological studies and taken together with the morphological
and XRD results, it appears that the presence of noncovalent
cross-linking LaIII ions leads to a loss of crystallinity in these

gels, which results in a concomitant decrease in both gel
modulus and yield stress. Thus, the mechano-responsive be-
havior of the gels can be tailored by judicious choice of the
metal ion combinations.

To quantitatively evaluate the thixotropic behavior, a shear
stress loop test was applied to gelC (8 wt % in acetonitrile),
and the resulting shear stress-shear rate relationship is shown
in Figure 8a. The minimum stress levels during this cyclic test
were maintained above 2 Pa. From Figure 8a, a yield stress
can be estimated by direct extrapolation of the straight line
portion of the curve to the stress axis,σy ) 180 ( 50 Pa
(comparable within experimental uncertainty to the value
obtained from the oscillatory measurements).58 It should be
noted that the occurrence of wall slip between the geometry
(e.g., plate) and the sample59 is a common problem in
concentrated colloidal systems,60-63 and thus the yield stress
should be considered as an approximate value. Below this
critical stress value, only a limited amount of flow occurs (I ),
whereas when the stress is increased beyond this point the gel
thins catastrophically (II ). On reversing the stress, the sample

(57) Yang, M.-C.; Scriven, L. E.; Macosko, C. W.J. Rheol.1986, 30, 1015-
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641.
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Figure 7. (a) Elastic modulus as a function of frequency at a strain of
0.2% for gelsA, B, and C; and (b) oscillatory strain sweep data for
estimating yield stress. The calculated elastic stress (σ′ ) G′γ) is plotted
against shear strain, and the yield point is set at where the elastic stress is
maximum (dashed lines).
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remains in the sol state until the stress reaches a comparatively
low value (∼25 Pa), at which point the gel appears to begin to
re-form, as evidenced by the “step” near zero shear rate in the
descending curve (III ). The results of the thixotropy test are
also plotted in the form of a viscosity-shear rate relationship
in Figure 8b. As in Figure 8a, two different flow regimes can
be clearly discerned in the ascending curve (I and II ). In the
descending curve, stageIII can be observed more clearly with
the viscosity increasing slowly at first, then more rapidly with
decreasing shear rate (shear stress), apparently reflecting a
transformation from the structure responsible for the thinning
state back into a network architecture. Noting that a relatively
long equilibration time is required for full restoration of the
gel structure, the newly formed network is weaker than the
original one and significantly less pronounced thixotropy is
observed if a second loop test is immediately applied. If the
gel network is allowed to recover for a sufficiently long time,
fully restored thixotropic behavior is observed once again (see
Supporting Information).64

The flow behavior of a gel formed as a consequence of
flocculation may be complex.47 The formation of flocs may trap
part of the continuous phase, thus leading to a larger effective

phase volume than that of the primary particles. This produces
an additional increase in the viscosity at low shear rates, above
that expected from the phase volume of the individual particles.
Figure 9 schematically shows the possible changes in gel
structure, which occur during the thixotropic loop test. Under
the application of small stress, these systems deform elastically
with finite rigidity (stageI in Figures 8 and 9). With increasing
stress, stageI terminates at a yield stress, above which the flocs
break down into smaller aggregates and continuous deformation
occurs, resulting in shear-thinning behavior. At high shear rates,
a layered structure (II ′ in Figure 9) of particles in flow may be
formed at which point the viscosity is then at its minimum value.
If shear is terminated normally, the flow-induced layered
structure will disappear gradually. In the present case, a pseudo-
equilibrium state similar to that of the original gel, but with
much weaker strength (see Supporting Information), begins to
re-form (III in Figure 9) until a low stress value (∼25 Pa) is
reached. For gels that have not been sonicated and have large
particle size, rupture of the particles themselves, which has been
shown to occur as a consequence of the fragile nature of the
colloidal particles, may be expected to contribute to the shear
thinning process. Shear stress loop tests for the two stronger
gels (A andB) could not be completed, as the limiting shear
rate of the instrument is reached immediately after yielding.

Conclusions

Utilizing metal-ligand binding as the driving force for the
self-assembly of a ditopic ligand, which consists of a 2,6-bis-
(1′-methylbenzimidazolyl)-4-oxypyridine unit attached to either
end of a penta(ethylene glycol) core, we have prepared a series
of three metallo-supramolecular gels in the presence of ZnII

alone or with a small percentage of lanthanide metal ion (LaIII ).
The resulting materials exhibit dramatic reversible responses
to a variety of stimuli, including thermal, mechanical, and
chemical. Microscopic examination reveals that the supramo-
lecular metal-ligand coordination species, in acetonitrile sol-
vent, form globular colloidal particles, which appear to exhibit
spherulitic structure, indicating crystallization and phase separa-
tion accompany the gelation process. The globular particles are
fragile and very sensitive to mechanical perturbation, resulting
in thixotropic behavior that is highly dependent on formation
history. While the gel state can be recovered after shearing, the

(64) Ferguson, J.; Kemblowski, Z.Applied Fluid Rheology; Elsevier: Amster-
dam, 1991.

Figure 8. (a) Thixotropy loop shown as shear stress against shear rate,
and (b) the resultant viscosity as a function of shear rate of gelC (8 wt %
in acetonitrile), formed by quenching in a sonication bath for 5 min. Loop
test was conducted by controlling stress values of 2-200-2 Pa at a step of
2 Pa per 6 s. The yield stress is indicated by an arrow in (a). Different
regimes of rheological behavior are indicated (I , II , and III ), which
correspond to different proposed structures shown schematically in Figure
9; see text.

Figure 9. Schematic representation of possible structural changes in a
metallo-supramolecular gel subjected to shear flow during the thixotropic
loop test (Figure 8a). (I ) The original structure in a gel formed by quenching
in a sonication bath. The particles are not necessarily as regular as are
depicted. (II ′) Under shear flow, shear stress causes the breakdown of the
interparticle bonds, and alignment of the particle occurs in the parallel to
the flow, resulting in the formation of a layered structure that corresponds
to the shear-thinning regime. (III ) Re-formation of a volume-spanning
structure at low shear rate during descending stress sweep.
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globular particles are broken into progressively smaller particles
as the amount of mechanical stress is increased. This is
accompanied by an increase in the strength of the resulting gel
once the stress is removed. Gels formed by quenching in a
sonication bath exhibit the highest strength. This is consistent
with previous observations on gels formed by coagulation of
adhesive spheroids and is attributed to the increase in the
strength of interparticle interaction through increased surface
contacts. The responsive nature of the gels can be tailored by
the metal ion salts used to form the gels. For example, gels
containing lanthanide salts with noncoordinating counterions
(e.g., perchlorate) exhibit a lower yield stress than gels made
with lanthanide salts that have competitive binding counterions
(e.g., nitrate), or gels made from ZnII salts alone. This is
probably a consequence of the formation of 3:1 O-Mebip:LaIII

complexes, which result in branching or cross-linking sites and
subsequently reduction in the crystallinity of the supramolecular
species. When subjected to increasing shear stress, the flow
characteristics of all of the gels show features reminiscent of
colloidal gels, yielding followed by a shear-thinning region. It
is clear that these metallo-supramolecular gels offer a facile route
to multiresponsive organic/inorganic hybrid materials, whose
properties can be tailored by appropriate manipulation of metal
ion combinations, and taking into account the role of possible

counterion and solvent coordination. Current studies are un-
derway to further understand the influence of pH and ionic
strength on the linear and nonlinear viscoelastic behavior of
these systems, as well as to understand the effects ligand
structure (PEG cores with different lengths, Bip binding motifs
with various substitutes, etc.), metal ion composition, and
counterion have on the self-assembly process, and the conse-
quent behavior of these gels.
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