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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 (Zn') and a lanthanide metal ion (La"), 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 patrticle size, which is accompanied
by an increase in gel strength after removal of the stress. Moreover, studies show that the presence of
lanthanide(lll) 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(lll)
and zinc(Il), which changes the nature of the self-assembly in these materials.

Introduction range from smart filmg2 sensor$;1° electro-optic device¥!
o _ _ microfluidic devices'? pulsatile drug release systeAidioad-
Stimuli-responsive polymers, which are a class of “smart” agion mediator¥ and actuatorss16 etc.
materials, exhibit a dramatic change in their properties in Supramolecular chemistry, which utilizes reversible nonco-
response to the application of an environmental stimulus, such,,5jant interactions, has been applied by a number of groups in
as temperature, ionic strength, pH, solvent polarity, electric or recent years to bind monomeric units together into larger
magnetic fields, biological and chemical analytes, etc. According stryctures and polymeric aggregatédhe properties of such

to the kind of stimulus that they respond to, such materials can self-assembled polymers will depend on factors such as degree
be classified into photo-, chemo-, electro-, mechano-active of polymerization (DP), architecture (e.g., linear or branched),
polymers, etc. Examples include liquid crystal polynters, and the dynamics/lifetime of the aggregate, which can be
polymer solutions and gels capable of undergoing phase
transition? electro- and magnetorheological fluitizand electro-
active polymers (EAPS).Polymers of this type are being
developed for potential uses in fields as diverse as bulk

engineering and microscale medicine, while specific examples
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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 occut? 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-
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tions'8 to more complex hydrogen bondiAgjhave been utilized
to build such supramolecular polymers. Of particular interest
here are metatligand interactions that are not only thermody-

Figure 1. Schematic representation of the formation of metallo-supramo-
lecular polymeric aggregates using ditopic ligand end-capped monomers
with metal salts: A, Zn(CIQy),, B, Zn(ClOy), and La(NQ)s, andC, Zn-
(ClO4), and La(ClQ)s, mixed with monomerl in acetonitrile as solvent

namically stable, but, depending on the metal ion and ligand (percentages of metal ion salts are calculated as mol % relati¥e to

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?021 The thermodynamic stability of the metdigand

interactions will determine the size (or DP) of the aggregate,
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while their kinetic lability?? 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 ior® 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®* In addition, synthetic avenues to a range of
derivatives of this ligand are known, which allows tailored
functionalization of the binding unf Recently, some of 38
have demonstrated that 2,6-bis(dethylbenzimidazolyl)-4-
oxypyridine (O-Mebip) ligands attached to the ends of a penta-
(ethylene glycol) corel) result in the formation of metallo-
supramolecular gel$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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Tougher Gl Free-flowing 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

Mechano-
responsive
—

Sonication

Cooling +
Heat lI Sonication

Cecling Rest gel strength is concentration dependent and upon reducing the
R orag concentration of gels more facile thixotropy is observed. In
addition, these gels over a period of a few weeks consolidate
Thermo- GelA Mechano- . . e
responsive responsive into a denser, stronger gel phase, suggesting that the initial gels
Solusle Thisatropic are meta-stable materials.
Figure 2. GelA (11 wt % in acetonitrile) exhibits the typical multi-stimuli One of the main purposes of this research was to gain a better

responsive behavior observed for this class of metallo-supramolecular 99|S-understanding of the gel formation/mechano-responsive mech-
] anism. In addition, we also wanted to understand the effect, if
thermo-, chemo-, and mechanical responses. The purpose ofny, that addition of a small amount of lanthanide ions has on
the research reported herein was to develop a better understandne responsive properties of the gels. While the transition metal
ing of the mechanism of gel formation in these materials and jons form 2:1 ligand to metal ion complexes, which essentially
subsequently to elucidate in more detail the nature of their o539 to chain extension, the lanthanide {rions, with their

mechano-responsive behavior. preference for high coordination numbers-(8)2° can poten-

Results and Discussion tially coordinate three O-Mebip moieties. Furthermore, utiliza-
tion of Ln"" ions, which exhibit unusual magnetic and optical

~ Self-Assembly of Metallo-Supramolecular GelsOur pre- properties, opens up the possibility of using these systems to

liminary results in this aréé have shown that simple addition  5cess advanced functional materials suitable for numerous

of an appropriate transition metal ion salt (e.g., Zn(gJQ@r applications® Initially, lanthanide ion (L& or EU") nitrate salts

CO(C|O4)2|) alor|1|g with a small percentage of lanthanide ions \yere ysed, and gel-like materials exhibiting multi-responsive
(e.g., L&', EU") to an acetonitrile solution of the ditopic  properties were readily creat@tiNote, however, that the nitrate
monomer1 results in the formation of opaque gels. Initial o is coordinating in nature, and therefore its presence may
attempts to form gels with Zn(Cl)» alone, using similar gel compete with the O-Mebip ligand for binding sites on'Ln
preparation procedures, that is, essentially heating the complex(Figure 1B). It has been shown by Piguet, Bunzli, and
in acetonitrile until everything dissolves, and allowing to cool .~ \workergac that 1:1 complexes of L'h and 2,6-bis(%

to room temperature, failed to yield sample spanning gels. 5jkyihenzimidazolyl)pyridines can be prepared in which three
However, further experiments show that careful control of both hitrate ions are coordinated to the'¥.iion. On the other hand

the heating and the cooling conditions can yield gels With \yhen janthanide perchlorate is used, the same group showed
and Zn(ClQ),. We find that, depending on the temperatures h4; 3:1 complexes of 2,6-bis¢alkylbenzimidazolyl)pyridines
used and the concentration of the solution, gel formation can 54 LA are readily prepared with high yield® Thus, there

be achleyed from hot,. clear acetonitrile solutionsl.afnd Zn.- is the possibility that the use of Ln(CIR salts could result in
(ClO,) either by allowing the sample to slowly cool to ambient 5 certain amount of branching or cross-linking points in the self-
temperature on the bench or by quenching the sample vial in assembled materials (Figure 1C). It, therefore, became of interest
water bath (at ambient temperature). Slowly cooled samples arey, gt,dy how the different metal salts would affect the self-
much less visually homogeneous than quenched samples. Th'%ssembly and as a consequence the properties of the gels. It
is more evident when the concentrations of the samples are, 45 found that gels could be prepared from complexes of
reduced, heating temperature is increased, and/or cooling rat&th combinations of Zn(ClG)2/lanthanide salts, in a mole ratio

is decreased. For example, heating an 8 wt % gel to° @ of 97% zr' and 2% L#' relative tol for both La(NQ); (B)

an oil bath, followed by either slow cooling or quenching ina 54 La(ClQ)s (C) in acetonitrile. If 2:1 and 3:1 complexes of
water bath to ambient temperature, yields a gel-like material. ligand to Zi and L&' ions, respectively, are assumed, then
However, if the sample is heated to higher temperatures andg7o of the O-Mebip can bind to Zrand 3% of the O-Mebip
then subjected to slow cooling, the resulting material is more can phind L4, Of course it should be noted that in such materials
precipitate-like than gel-like. Thus, the behavior of these i is jikely that not all of the ligands will be bound and, in fact,
materials shows extreme sensitivity to their preparation condi- i, the case oB at least 2% unbound ligand will almost certainly

tions, indicative of their highly stimuli-responsive nature. be present, on account of the competitive binding of the nitrate
Shown in Figure 2 is geA (11 wt % in acetonitrile), which
illustrates the multi-responsive behavior typically observed in (29) Piguet, C.; Bunzli, J. G.; Bernardinelli, G.; Hopfgartner, G.; Williams, A.

. . . . F. J. Alloys Compd1995 225 324-330.
this class of gels. For example, heating results in a reversible (30) (a) Petoud, S.; Bunzli, J. G.; Renaud, F.; Schenk, K. J.; Piguénogy.

—sol transition. whil ition of formi id r Its in th Chem.1997 36, 1345-1353. (b) Petoud, S.; Bunzli, J. G.; Renaud, F.;
gef—sol transition, & addition of fo C acid .esu ts . the Piguet, C.; Schenk, K. J.; Hopfgartner, @org. Chem.1997, 36, 5750
collapse of the gel. One property of particular interest is the 5760. (c) Nozary, H.; Piguet, C.; Tissot, P.; Bernardinelli, G.; Bunzli, J.

- i i i i G.; Deschenaux, R.; Guillon, D). Am. Chem. Sod.998 120, 12274~
mechano-responsive behavior. The gels formed by cooling in 12288, (d) Muler. G.: Riehl. 3. P.: Schenk K. J.. Hopfgarmer, G. Piguet,

air exhibit pronounced thixotropic behavior. Shaking the gels C.: Bunzli, J. G.Eur. J. Inorg. Chem2002 3101-3110. (e) Muller, G.;

i ; R i A i Bunzli, J. G.; Schenk, K. J.; Piguet, C.; Hopfgartner)idrg. Chem2001,
results in the formation of a free-flowing liquid, which, upon 40, 2642-2651. (f) Piguet, C.; Wiliams, A. F.: Bernardinelli, G.; Bunzli,
standing, re-forms a turbid white gel. Interestingly, the more J. G.Inorg. Chem.1993 32, 4139-4149.
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Figure 3. Optical microscopic images showing the effect of mechanical Fjgure 4. Optical microscopic images of air-cooled gels (8 wt % in
history on the morphology of geA (11 wt % in acetonitrile): (a) air- acetonitrile): (ayA, Zn(ClO4) only; (b) B (mole ratio Zn(ClO4YLa(NOs)3
cooled gel, (b) after shaking, (c) after shear at 50 Pa for 10 s, (d) after = 97/2), (c)C (mole ratio Zn(ClO4yLa(ClOs)s = 97/2) obtained using a
sonication for 2 min. laser scanning confocal microscope operated in transmitted mode. (c) Inset
shows polarizing image of the g€l (d) Laser scanning confocal microscopy

ions30acGelsA, B, andC were therefore characterized to fully (()/'-Sir(]:';"gestgﬁz’tvrii?e&?l 3D morphology of the globular structure in ge(8 wt
understand their behavior and gain insight into the effect that )
the different lanthanide salts have on the (stimuli-responsive) ... energy and time applied to the sample until a limiting

propertles O.f the gels. value is reacheéf Recalling the increased gel strength that
Optical Microscopy of the Gels.The self-assembly process  accompanies the application of mechanical perturbation, it is
leading to gel formation often manifests itself in the formation  gyjgent that the broken fragments, however small, are able to
of characteristic microscopic morphologiés?As noted earlier,  re-form into an interconnecting network, even denser and more
all three gel systems are opaque, implying a phase-separateghomogeneous than is present in the fresh gels. In this context,
structure. Analysis of the morphology of these phase-separated js noted that previous studies of gels formed via adhesive
systems can provide insight into the gel formation mechanism. jnteractions between colloidal particles have observed that gels
Laser scanning confocal microscopy indicates that a heteroge-formed by smaller particles have higher moduli, essentially as
neous gel microstructure is present in all three gels formed by 5 consequence of the increased surface area that generates more
slow cooling under ambient conditions. A continuous particulate jnterparticle cross-linking sites in the resulting netw#tks
gel matrix is evident in the image of a freshly prepared sample  From images shown in Figure 3, it is clear that the original
of gel A (11 wt % in acetonitrile, Figure 3a). The sample giobular morphology of the unperturbed gel cannot re-form after
consists of globular part|cles with an average diameter of around mechanical treatment, although the gel state is recoverable.
20 um, in contact with each other, and permeated by solvent ynfortunately, on account of the relatively fast recovery time
cha_mnels. The globular particles appear deformgble and are ableyt the gels (generally less than 30 s from visual inspection),
to interpenetrate at the area of contact. As discussed in theang the fact that the first microscopy image is acquired ca. 5
previous section, the gels exhibit pronounced mechano- min after removal of the shear, no noticeable morphology
responsive behavior. Microscopic examination reveals that the change can be observed during the gel recovery process.
morphology of the gels is very sensitive to their mechanical  The size and appearance of the globular particles in the
history; that_|s, the structure of the gl_obular particles present N unperturbed gels appear to differ between the three gel systems,
abundance in a fresh gel can be easily destroyed by mechanicap B andC. This can be seen more clearly in less concentrated
treatment. Shaking the gel results in the fracture of a significant samples. Figure 4 shows the images of the three gels, at 8 wt
portion of the larger micrometer-sized particles (Figure 3b). o4 iy acetonitrile, acquired by the laser scanning confocal
Steady shear has an even greater effect on the colloidal particlesyjicroscope in transmission mode. Ga| formed without
For example, after the gel was sheared at 50 Pa for just 10 Sjanthanum(lll) ions, has particles varying from 20 to4@ in
and gxtragted from a rheometer cell, very few.globular partlcles diameter (Figure 4a). The particle sizes in Belvhich contains
survive (Figure 3c). Itis clear that when subjected to increas- 2 mo| 9 lanthanum nitrate, are larger with diameters varying
ingly vigorous mechanical perturbation, all original globular fom 30 to 60um (Figure 4b). The largest morphological
particles disappear. Indeed, application of sonication to an gifference is observed in geC, which contains 2 mol %
existing fresh gel results in complete breakdown of the globular |gnthanum perchlorate (Figure 4c). In this case, larger particles
structure. For a gel sonicated for 2 min, most remaining particles gre formed, with sizes as high as 10, in which the dense
are smaller than ﬁm.in diameter (Figure 3d). The size of the ~ core (about 4Qm) is surrounded by a large diffuse halo. An
resulting particles will presumably be dependent on the soni- jyteresting feature of all of these gels is that they show

(31) Schneider, J. P.; Pochan, D. J.; Ozbas, B.; Rajagopal, K.; Pakstis, L.; (33) Perez-Maqueda, L. A.; Duran, A.; Perez-Rodriguez, Appl. Clay Sci

Kretsinger, JJ. Am. Chem. So2002 124, 15030-15037. 2005 28, 245-255.

(32) (a) Hirst, A. R.; Smith, D. K.; Harrington, J. Ehem-Eur. J. 2005 11, (34) Horne, D. SJ. Chim. Phys. Phys. Chimi996 93, 977-986.
6552-6559. (b) Hirst, A. R.; Smith, D. KChem:Eur. J.2005 11, 5496~ (35) Reddy, G. P.; Chokappa, D. K.; Naik, V. M.; Khakhar, D. Mangmuir
5508. 1998 14, 2541-2547.

11666 J. AM. CHEM. SOC. = VOL. 128, NO. 35, 2006



Gelation of a Class of Metallo-Supramolecular Gels ARTICLES

birefringence in the core of the globular particles under polarized 5 ——T————T—
light, indicative of the presence of crystalline (or at least some . |\ a
ordered) structure. For example, polarized optical microscopy al f 4

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 polyn#&f This
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 geland

B, indicating that the volume fraction of this disordered region
is greatly reduced in these two gels. It is relevant to note that
in gel C the Ld" 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 formeéf-3° Consequently, 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
counterparté? In such circumstances, we may expect that the
mechanical properties of gels containing La(@{which are
highly dependent on the elasticity of the colloidal partide®,

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, 26(deg)

and subsequent gel formation, will be highly dependent on their Figure 5. Wide-angle X-ray diffraction patterns of air-cooled gels (8 wt

preparation procedures and sample concentration, as we havg® ! acetonitrile). (a) A, geh; B, gelB; C, gelC. Fresh gels were directly
oaded onto the sample holder, and scans were carried out immediately.

indeed observed. (b) Gel A with different dryness: (1) fresh gel; (2) air-dried for 6 h; (3)
For the less concentrated (8 wt %) samples, the particle air-dried for 12 h; (4) vacuum-dried for 12 h.

concentrations are much lower than those of the more concen- . i o
trated gels (11 wt %), and the degree of particle interpenetrationdepend on the presence of LaThis reflection exhibits its
is less significant. Figure 4d shows the 3D scan of Ayelt 8 lowest mtensqy for 'Fhe ggl containing lanthanum perchlorate
wt %, using fluorescence confocal microscopy. The figure shows (99|.(.:)- and similar intensity and shape for g@lsanql B.In
that the globular particles form a three-dimensional network with addltlon, an amorphoug halo is observed Whosg intensity s
large unoccupied spaces between the particles. As a consequenddighest for geC, suggesting that the lowest crystallinity occurs
of mechanical perturbation during sample loading, some par- IN the presence of the “cross-linking” lanthanum(ll) ions. Such
ticles are inevitably broken, and the fragments are clearly evident@N interpretation is consistent with the microscopic observations
in the 3D image. where the. largest dlﬁyse halo (and therefore the smallest fraction
Crystallization and Particle Flocculation. Our observation ~ ©f crystalline spherulites) is observed in g&(Figure 4). Close
of spherulite structure from the polarized light microscopy €Xa@mination shows that this low angle peak shifts to smaller
clearly indicates that crystallization occurs during the gelation SPacing with increasing drying time (Figure 5b); for example,

process. The XRD patterns of the three fresh gels formed in air ©0F 9l A, ad spacing of 1.68 nm is observed for a fresh gel

were measured (Figure 5a). All samples show a peak at around>@MPple, and the value decreases to 1.55 nm when the sample is
20 = 9.3, corresponding to d spacing of 0.96 nm. This peak vacuum-dried. These spacing values are also slightly smaller

coincides with a peak observed in the solid-state crystalline than that of the low-angle peak reported previously for the same
material, obtained from the crystallization of a chloroform and material crystallized from a chloroform and acetonitrile solvent

acetonitrile solution of and Zn(CIQ),, and presumed to arise ~ Mixture @ = 1.9 nm)#2On account of its short length, the
from the packing of the 2:1 O-Mebip:Zn complesasAt lower crystallization of the penta(ethylene glycol) core is not ex-

angles we observe another peak, whose intensity and shapé’ec"_ed‘!&‘mThe solvent dependexlt spacing may thus reflect
the influence of the solvent on the penta(ethylene glycol)

Intensity (a.u.)

S,

Intensity (a.u.)

2.5 5.0 7.5 10.0 12.5

(36) Lotz, B.; Cheng, S. Z. DPolymer2005 46, 577-610. conformation in the material, and/or may indicate that solvent

(37) Gedde, U. W.; Mattozzi, AAdv. Polym. Sci2004 169, 29-73. b,e H H i

(38) Welsh, E. R.; Schauer, C. L.; Qadri, S. B.; Price, RBRmacromolecules moleculed™<are _mcorporated into th? structure of cry;talllne
2002 3, 1370-1374. 1:Zn complexes in the gel state. In either case,dlspacings

(39) Khanakdar, H. /. /fgg?”ﬁ,aym'? ggggga""lo(‘l’vgzgggfggg'l“ U.; Jehnichen, of these lower-angle peaks are consistent with expected repeat

(40) Gracias, D. H.; Somorjai, G. AMacromoleculesl998 31, 1269-1276.

(41) Macosko, C. WRheology: Principles, Measurements and Applicaions  (43) Wu, L. M.; Lisowski, M.; Talibuddin, S.; Runt, Macromolecule€999
VCH: New York, 1994. 32, 1576-1581.

(42) Trappe, V.; Weitz, D. APhys. Re. Lett. 200Q 85, 449-452. (44) Marentette, J. M.; Brown, G. RRolymer1998 39, 1405-1414.
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distances for linear aggregates, macrocycles, lamella, or evenis a temperature-dependent process, it is to be expected that

once-folded double-lamella of tHeZn complex (see Supporting
Information)?!2! Dilute solution viscosity measurements detect
little or no significant molecular weight increase betwéeand
1:Zn complexes, suggesting the formation of macrocyéfes

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

or possibly the assembly of very small particles (vide infra) at much smaller particle sizes and consequently with more
low concentrations. It should be noted that the concentration amorphous structure in the systems. Slower cooling is expected
of the gel subjected to X-ray measurements (8 wt %; or 1/15, to have the opposite effect. Therefore, for a system of specific
w/v) is more than 3 times the highest concentration (1/50, w/v) weight concentration, the effective volume fraction may vary
of the solutions used for viscosity measureméttés may be substantially, depending on the thermal history. This would
expected for a crystalline material, sample preparation has aexplain why the formation of these gels is very sensitive to the
significant effect on the crystallinity of the sample. Specifically, heating and cooling rates. As most materials are more densely
X-ray studies on quenched samples show a decrease in intensitypacked in their crystalline forms, slower cooling or annealing
of the first peak and increase in intensity of the amorphous halo may result in a smaller effective volume fraction than faster
relative to slow cooled samples, consistent with the expectation cooling or quenching. Moreover, even though particles with
that quenching leads to lower crystallinity. larger sizes are obtained when a sample is cooled slowly,
Microscopic examinations (Figures 3 and 4) reveal that the because the specific surface area is reduced, the overall particle
metallo-supramolecular polymers form globular particles in the particle interaction energy is expected to decrease. Therefore,
acetonitrile solvent. The gel structure can thus be consideredfor a specified weight concentration, when a sample is heated
as a volume-spanning network of semicrystalline colloidal at higher temperature and then cooled at a slower rate, the gel
particles dispersed in a continuous solvent medium. The datastrength decreases, and, if the concentration is low enough, a
presented above suggest that, when formed either by slowprecipitate-like, rather than gel-like, material is formed.
cooling in air or by quenching in a sonication bath, the particles ~ The primary difficulty in dealing with flocculated dispersions,
consist of an ordered core surrounded by an amorphous shellboth experimentally and theoretically, is the nonequilibrium
possibly swollen by the acetonitrile solvent. Flocculation of such nature of the gel structure. Such dispersions will macroscopically
colloidal particles through adhesive partielgarticle interactions ~ phase-separate given sufficient tifféndeed, we observe that,
results in the formation of a network structure, and hence under isothermal conditions, gels formed either by slow cooling
gelation. Such gelation will depend on (i) the particle volume or by quenching consolidate under gravity over a period of a
concentration and (ii) the magnitude of the partigharticle few weeks, leaving a clear supernatant and a denser gel phase,
interaction energy® suggesting that these systems are meta-stable. Thus, the particles
The influence of particle concentration on the properties of within the gel network rearrange over long times, as is observed
suspensions is best discussed in relation to the maximumin some silica gel systen8>0 As crystallization accompanies
packing fraction, which, as well as being controlled by the type gelation, maturing of the spherulites may also expel solvent to
of packing, is very sensitive to particle size distribution and form denser, more ordered crystals, resulting in a smaller
particle shapé’ Broad particle size distributions have higher effective volume fraction. Such effects may be expected to
values of maximum packing fraction because the smaller influence the gel strength, and therefore all rheological studies
particles fit into the interstices between the larger ones. On the (vide infra) were performed relatively quickly (within 24 h) after
other hand, irregular particle shapes lead to poorer space fillinggel formation and the experimental time scales were kept
and hence lower the maximum packing fraction. Particle relatively short (less than 3 h), to minimize any effects that are
flocculation can also lead to a low maximum packing fraction caused by changes in the metastable structure probed during
because, in general, the flocs themselves are not close-packedhe experimental lifetime.
The gel state or gel point, representing the minimum volume  Dilution Behavior. Attempts were made to measure the
fraction necessary for a sample to form an infinite cluster, particle sizes of the primary dispersion particles in the sonicated
generally occurs at a very low particle volume fraction as gels. Such experiments are difficult, when dealing with floc-
compared to the maximum packing fraction. Various conditions culated dispersions.52 Therefore, the 8 wt % (or 1/15, w/v)
such as pH, ionic strength, surfactant additives, and particle sizegel A (formed by quenching in a sonication bath) was diluted
can affect the interparticle interaction energy and thus influence by stepwise addition of acetonitrile. It was found that, without
the concentration at which the transition from dispersed to mechanical treatment, for example, shaking or sonication, no
flocculated state occufs. noticeable dispersion of solvent into the gel took place overnight.
We know that the gels in this study are formed by flocculation With gentle shaking, a sample diluted to 1/50 (w/v) broke up
(or aggregation) of (semi)crystalline particles. As crystallization 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. B. Am. Chem. SoQ004 126, 14972~
14978.

(46) Russel, W. B.; Saville, D. A.; Schowalter, W. Rolloidal Dispersions
Cambridge University: Cambridge, 1989.

(47) Barnes, H. A.; Hutton, J. F.; Walters, Kn Introduction to Rheology
Elsevier: Amsterdam, 1989.

(48) (a) Pishvaei, M.; Graillat, C.; Mckenna, T. F.; CassagnaBoymer2005
46, 1235-1244. (b) Burns, J. L.; Yan, Y.; Jameson, G. J.; Bigg<&loids
Surf.2003 214, 173-180. (c) Amaral, M.; Roos, A.; Asua, J. M.; Creton,
C. J. Colloid Interface Sci2005 281, 325-338. (d) Cracium, L.; Carreau,
P. J.; Heuzey, M.; van de Ven, T.; Moan, Rheol. Acta2003 42, 410~
420. (e) Guyot, A.; Chu, F.; Schneider, M.; Graillat, C.; Mckenna, T. F.
Prog. Polym. Sci2002 27, 1573-1615.

(49) Chen, M.; Russel, W. Bl. Colloid Interface Sci199Q 141, 564-577.

(50) Manley, S.; Skotheim, J. M.; Mahadevan, L.; Weitz, DPhys. Re. Lett.
2005 94, 218302-1-218302-4.

(51) Walls, H. J.; Caines, B.; Sanchez, A. M.; Khan, SJARheol.2003 47,
847—-868.

(52) Yziquel, F.; Carreau, P. J.; Tanguy, P.Rheol. Actal999 38, 14—25.
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Figure 6. (a) A semi-opaque gel is formed by diluting g&l(8 wt %; or
1/15, wiv), 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, wiv. (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 angleof 90

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).

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

A B C
HCOOH (M) 3.49+£ 0.17 3.36t£ 0.17 3.56+ 0.17
N(C4Ho)ClO4 (M) 1.254+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.

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 neglecté@herefore, 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 aciel’®
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
guenching of metal-centered emission and loss of mechanical
stability, when formic acid was added to a gel containing
europium nitraté® It is noted, however, that addition of formic

To further investigate the nature of the sol obtained through acid also alters the pH and ionic strength of the system, which
the above dilution studies, dynamic light scattering (DLS), which ¢could significantly affect the solubility of the particles and/or
is a common technique to determine the hydrodynamic radius the stability of these colloidal gels, in which electrostatic

of small particles in dilute colloidal sols, was utilized. The

interactions presumably exist. To explore this possibility further,

particle sizes of gels formed by cooling in a sonication bath, as formic acid was added to all three géis B, andC. Complete

estimated from optical microscopy, arel um, near the

breakdown of the gels was observed for all samples, including

resolution limit of the microscope. The results of DLS analysis  the gel with no lanthanum(lll) ions. The concentrations of formic

for the dilute clear sol obtained from gél, acquired at a
scattering angle of 90 are shown in Figure 6¢c and indicate

acid needed to completely convert the gels to sols are sum-
marized in Table 1. Within experimental error, there is es-

that the dispersed particles exhibit a narrow particle size sentially no difference in the concentration of formic acid

distribution, with an average particle size of around &rf,

required to break down all three gels. To further investigate

consistent with microscopic observations. Of course it should the possibility of ligand exchange as the mechanism of the gel
be noted that the DLS experiments do not prove that there is preakdown, formic acid titration experiments were carried out
complete dispersion of particles, which are prone to flocculation, on dilute solutions ofl. and Zn(CIQ), (dilute model of gelA)

and as such particle aggregates are likely to remain in the final gng of1 and La(ClQ); (with ligand-to-metal ratio of 3:1). In

diluted dispersion. In addition, under the high dilution condi-

tions, some particles may partially or completely dissolve.

these studies, while decomplexation of the O-Mebip:La
complex in acetonitrile could be deduced with small amounts

Hence, the results should be viewed at best as an approximatgf formic acid (see Supporting Information), little-to-no de-
representation of the characteristics of the disperse particles incomplexation of the O-Mebip:Zncomplex was observed even

the original sonicated gel.
Electrolyte Effects. The interactions and forces acting

with a very large excess (400 equiv relative td'Zof formic
acid. The amount of formic acid required to break down the

between dispersed particles are the key factors in determiningge|s is about 30 mole equiv as compared to the amount of the

the properties of a colloidal systeth?” Three kinds of forces

O-Mebip ligand (ca. 60 and 900 equiv relative to'Zand L&',

should be considered in interpreting the behavior of the colloidal respectively), which taken together with the formic acid titration
particles of these supramolecular materials. In addition to the data suggests that solvation or electrolyte effects play a more

usual attractive Londonvan der Waals’ forces, and repulsive
electrostatic interactiorf§;#”-5354we must also consider the

important role than does ligand exchange. Upon removal of the
formic acid by drying the samples, and reswelling the resultant

possibility of metal/ligand interactions. It is not unreasonable solids with acetonitrile, the gel state can be readily recovered
to assume that as a consequence of either incomplete bindingn all three cases, confirming the chemo-responsive behavior
or decomplexation processes there will always be some reactiveof the gels.

dangling chain ends present, either on the particle surface or  To further elucidate the nature of the solvation and/or
inside the particles. Metal/ligand binding thus potentially electrolyte effects, tetrabutylammonium perchlorate was added
provides an adhesive interaction between the colloidal particles,to the gels (Table 1). It was found that addition of the salt did
which may contribute to flocculation. The interplay of the forces |ead to loss of gel properties in all three systems, with the lowest

(53) Shchukin, E. D.; Pertsov, A. V.; Amelina, E. A.; Zelenev, A.GRlloid
and Surface Chemistrflsevier: Amsterdam, 2001.
(54) Oosawa, FPolyelectrolytesM. Dekker: New York, 1971.

(55) Ma, L.; Evans, O. R.; Foxman, B. M.; Lin, Whorg. Chem 1999 38,
5837-5840.
(56) Kawa, M.; Frechet, J. M. Lhem. Mater 1998 10, 286—296.
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salt concentration required for the gel with zinc(ll) alone. This 10" ey
may indicate a difference in the electrostatic properties of the ; a
particles containing lanthanum(lll) ions. The concentrations of A
salt needed to break the gels are much lower than those of the
formic acid, presumably reflecting the fact that formic acid is 105; ERRETT L L LW
a weaker electrolyte in acetonitrile. It is noted that, in general, panunne ]
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 solutiéh3! 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 10° L . .
gel, or a salting out of the organic phase. 10 10" 10° 10' 10°
Rheological Behavior.With a better understanding of the Frequency (Hz)
morphology of these supramolecular gels in hand, as well as
the effect the lanthanide ions have on this morphology, an 104; T ' '
examination of the mechano-behavior of the three materials was i
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,
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the gel samples are sensitive to mechanical history. To optimize — e sl o e
reproducibility and minimize the shear history effect, a meticu- 10 10 10 10 10°
lous procedure was followed during sample loading. All samples Strain (%)

were subjected to an oscillatory preshear of 500% strain (applied figure 7. (a) Elastic modulus as a function of frequency at a strain of
at 5 Hz) for 30 s, and subsequently allowed to equilibrate for 0.2% for gelsA, B, and C; and (b) oscillatory strain sweep data for
90 min prior to measurements. estimating yield stress. The ca_lculateq e_lastic stress=(G'y) is pIqtted '
Oscillatory data (Figure 7a) from frequency sweeps within against shear strain, and the yield point is set at where the elastic stress is
- . A - - maximum (dashed lines).
the linear regime indicate a highly elastic respor@e$ G").
The storage moduli of the three gels increase slightly with gels, which results in a concomitant decrease in both gel
frequency over a frequency range of four decades, indicating amodulus and yield stress. Thus, the mechano-responsive be-
slightly more elastic response of the network. This behavior is havior of the gels can be tailored by judicious choice of the
typical of colloidal gels as higher deformation frequencies elicit metal ion combinations.
an elastic response from local structures, which can relax at T0 quantitatively evaluate the thixotropic behavior, a shear
lower frequencie4?5” Gel C has elastic modulus values Stress loop test was applied to g2I(8 wt % in acetonitrile),
significantly smaller than the other two gels over the entire and the resulting shear stresshear rate relationship is shown
frequency range, while the elastic moduli of gagndB are in Figure 8a. The minimum stress levels dUring this CyCliC test
essentially similar. For a colloidal gel formed by flocculated Were maintained above 2 Pa. From Figure 8a, a yield stress
particles, the yield stress has been related to the strength of thecan be estimated by direct extrapolation of the straight line
coherent network structure as the maximum force per unit areaportion of the curve to the stress axis, = 180 + 50 Pa
that the network can withstand before rupturfgrhe yield (comparable within experimental uncertainty to the value
stress can be estimated by oscillatory strain or stress measureobtained from the oscillatory measuremefis)t should be
ments. Thus, the dynamic data for the three gel samples arenoted that the occurrence of wall slip between the geometry
plotted in Figure 7b as the elastic stress= G'y, against strain. ~ (€.9., plate) and the sampleis a common problem in
For all three gels a clear maximum is observed in the elastic concentrated colloidal systerfs5® and thus the yield stress
stress as the strain is increased, which can be defined as théhould be considered as an approximate value. Below this
yield stress ¢,).5” Gel A exhibits a value oby (1893 + 470 critical stress value, only a limited amount of flow occul} (
Pa) that is significantly higher than the lanthanide-containing Whereas when the stress is increased beyond this point the gel
gels, whereas g@ has aoy of 646+ 198 Pa and get exhibits thins catastrophicallyl). On reversing the stress, the sample
the lowesto, value (242+ 109 Pa). Therefore, based on these 59
rheological studies and taken together with the morphological

Goodwin, J. WRheology for Chemists: An IntroductioRoyal Society
of Chemistry: Cambridge, 2000.

)
and XRD results, it appears that the presence of noncovalent(60) &“fca”' R.;McGowan, J. |.; Morton-Jones, AJJRheol 1993 37, 621~
cross-linking L' ions leads to a loss of crystallinity in these  (61) Russel, W. B.; Grant, M. Colloids Surf., A200Q 161, 271—282.
)
)

(62) Walls, H. J.; Caines, S. B.; Sanchez, A. M.; Khan, SJARheol.2003
(57) Yang, M.-C.; Scriven, L. E.; Macosko, C. W. Rheol.1986 30, 1015~ 47, 847—868.

1029. (63) Becu, L.; Grondin, P.; Colin, A.; Manneville, €olloids Surf., A2004
(58) Nauyen, Q. D.; Boger, D. . Rheol.1983 27, 321—349. 263 146-152.
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ol ! ) 1 metallo-supramolecular gel subjected to shear flow during the thixotropic
0 1000 2000 3000 4000 loop test (Figure 8a)!) The original structure in a gel formed by quenching
4 in a sonication bath. The particles are not necessarily as regular as are
Shear Rate (s™) depicted. [ ') Under shear flow, shear stress causes the breakdown of the
2 interparticle bonds, and alignment of the particle occurs in the parallel to
10 B the flow, resulting in the formation of a layered structure that corresponds
10° I b . to the shear-thinning regimelll() Re-formation of a volume-spanning
s V. structure at low shear rate during descending stress sweep.
10 1
w 10 A\\ 11 1 phase volume than that of the primary particles. This produces
& 10° N ] an additional increase in the viscosity at low shear rates, above
2 10 Hi N \\ that expected from the phase volume of the individual particles.
'g \ N ] Figure 9 schematically shows the possible changes in gel
o 10 \\A 3 structure, which occur during the thixotropic loop test. Under
2 ., . N o .
5 10 . Ascending e, d_\A\ 1 th'e app'llca'tltl)n. of small s'.[res's, these systems d'efo.rm elagtlcally
10" [ v Descending Ve A‘i ] with finite rigidity (stagel in Figures 8 and 9). With increasing
stress, stageterminates at a yield stress, above which the flocs

Shear Rate (s”)

Figure 8. (&) Thixotropy loop shown as shear stress against shear rate,
and (b) the resultant viscosity as a function of shear rate o€g@ wt %

in acetonitrile), formed by quenching in a sonication bath for 5 min. Loop
test was conducted by controlling stress values-62@0—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 indicatdd K, and Il ), which
correspond to different proposed structures shown schematically in Figure
9; see text.

break down into smaller aggregates and continuous deformation
occurs, resulting in shear-thinning behavior. At high shear rates,
a layered structurdI(' 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 (Il in Figure 9) until a low stress value-@5 Pa) is

reached. For gels that have not been sonicated and have large
remains in the sol state until the stress reaches a comparativelyparticle size, rupture of the particles themselves, which has been
low value ¢~25 Pa), at which point the gel appears to begin to shown to occur as a consequence of the fragile nature of the
re-form, as evidenced by the “step” near zero shear rate in thecolloidal particles, may be expected to contribute to the shear

descending curvell( ). The results of the thixotropy test are
also plotted in the form of a viscosityshear rate relationship
in Figure 8b. As in Figure 8a, two different flow regimes can
be clearly discerned in the ascending curveutdIl). In the
descending curve, stadi¢ can be observed more clearly with
the viscosity increasing slowly at first, then more rapidly with

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

decreasing shear rate (shear stress), apparently reflecting &e|tassembly of a ditopic ligand, which consists of a 2,6-bis-

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§#

The flow behavior of a gel formed as a consequence of
flocculation may be compleX. The formation of flocs may trap

(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 df Zn
alone or with a small percentage of lanthanide metal iot'jLa
The resulting materials exhibit dramatic reversible responses
to a variety of stimuli, including thermal, mechanical, and
chemical. Microscopic examination reveals that the supramo-
lecular metat-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

part of the continuous phase, thus leading to a larger effective f5gile and very sensitive to mechanical perturbation, resulting

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

in thixotropic behavior that is highly dependent on formation
history. While the gel state can be recovered after shearing, the

J. AM. CHEM. SOC. = VOL. 128, NO. 35, 2006 11671



ARTICLES Weng et al.

globular particles are broken into progressively smaller particles counterion and solvent coordination. Current studies are un-
as the amount of mechanical stress is increased. This isderway to further understand the influence of pH and ionic
accompanied by an increase in the strength of the resulting gelstrength on the linear and nonlinear viscoelastic behavior of
once the stress is removed. Gels formed by quenching in athese systems, as well as to understand the effects ligand
sonication bath exhibit the highest strength. This is consistent structure (PEG cores with different lengths, Bip binding motifs
with previous observations on gels formed by coagulation of with various substitutes, etc.), metal ion composition, and
adhesive spheroids and is attributed to the increase in thecounterion have on the self-assembly process, and the conse-
strength of interparticle interaction through increased surface quent behavior of these gels.

contacts. The responsive nature of the gels can be tailored by

the metal ion salts used to form the gels. For example, gels Acknowledgment. This material is based upon work sup-
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(e.g., nitrate), or gels made from ¥rsalts alone. This is (University of Delaware) for initial microscopy studies on these
probably a consequence of the formation of 3:1 O-Mebif:La  Systems, Prof. Patrick Mather for use of the Anton Paar MCR
complexes, which result in branching or cross-linking sites and 901 rheometer, Dr. Yigiang Zhao and Dr. Jizhu Jin for
subsequently reduction in the crystallinity of the supramolecular invaluable discussion, and Olivier Arnoult and Dr. Kyungmin
species. When subjected to increasing shear stress, the flow-e€ for assistance with rheometric experiments.
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 JA063408Q

Supporting Information Available: Experimental details;
UV —vis titration of formic acid; gel recovery profile after a
thixotropy loop test; and thixotropy loop tests. This material is
available free of charge via the Internet at http://pubs.acs.org.

11672 J. AM. CHEM. SOC. = VOL. 128, NO. 35, 2006





