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ABSTRACT: We report here the formation and dynamic mechanical properties of metallo-supramolecular
networks formed by mixtures of bis-Pd(II) and Pt(II) cross-linkers with poly(4-vinylpyridine) in DMSO.
Precise control over the dynamic mechanical properties of the bulk materials is achieved through the
dissociation kinetics of the metal-ligand coordination bond responsible for cross-linking, the density of
the cross-links, and the relative amounts of multiple cross-links. In networks formed from multiple types
of cross-linkers, discrete contributions from each type of cross-linker are evident in the bulk mechanical
properties, rather than an average of the contributing species. The heterogeneous rheology is consistent
with simple models, to the extent that complex viscoelastic responses can be rationally engineered.

Introduction

The use of highly specific intermolecular interactions
has propagated through the fields of polymer and
material science in recent years. The contributions of
these interactions to polymer properties are greatest
when the presence of the interactions creates entangle-
ments between macromolecules that would not other-
wise be present. Examples include linear supramolec-
ular polymers (SP’s),1-21 in which specific, reversible
interactions define the main chain of a linear polymeric
assembly, and SP networks, in which the reversible
interactions create transient cross-links between cova-
lent polymer constituents. Within SP networks, a wide
variety of motifs have been employed as cross-linking
agents,22-35 including noncovalent interactions such as
hydrogen bonding and salt bridges and metallo-su-
pramolecular interactions based on metal-ligand coor-
dination. Recent metallo-supramolecular networks in-
clude Beck and Rowan’s multiply responsive lanthanide-
based networks,22 the cross-linked “universal polymer
backbones” implemented by Pollino et al.,23 and Ver-
monden et al.’s modular, neodymium-based coordination
system.24 The use of highly specific intermolecular
interactions within SP’s potentially provides access to
a range of materials end points, if the underlying
relationships between molecular and bulk material
properties were fully understood and exploited. In
particular, a central question in the rational design of
SP’s is the extent to which the properties of the isolated
reversible interactions are relevant to those of a poly-
meric superstructuresdoes an understanding of the
small molecule components facilitate the prediction of
SP properties?

We have recently explored molecular mechanisms
underlying the mechanical properties of both linear
SP’s36-40 and SP networks.41,42 The SP networks were
formed via specific metal-ligand coordination between
bis-Pd(II) and Pt(II) organometallic cross-linkers and
poly(4-vinylpyridine), PVP, in DMSO. The association
thermodynamics of the cross-linking interaction within
either pair of Pd(II) complexes or Pt(II) complexes, and

therefore the equilibrium structures of the networks,
are effectively identical, but the lifetimes of the cross-
links vary from ∼1 ms to tens of minutes. The steady
shear viscosity and frequency-dependent dynamic me-
chanical moduli of the bulk materials were found to be
related quantitatively to the pyridine exchange rates
measured on model Pd(II) and Pt(II) complexes.41,42

Ligand exchange proceeds through a solvent-assisted
pathway in both the model complexes and the networks,
and so the bulk mechanical properties are determined
by relaxations that occur when the cross-links are
dissociated from the polymer backbone. It is how often
the cross-links dissociate, however, rather than how
long they remain dissociated, that determines the bulk
mechanical properties.42 The excellent agreement seen
in scaling relationships based on model compounds
offers promise for the rational, molecular design of
materials with tailored mechanical properties.

In this paper, we investigate further the relationship
between the dynamics of small molecule interactions
and those of bulk materials, extending our study to
associating networks formed by multicomponent mix-
tures of cross-linkers. The bisfunctional Pd(II) and Pt-
(II) compounds 1a-1d (Figure 1) are similar in struc-
ture to those employed previously to cross-link PVP, but
their synthesis is sufficiently scalable to permit a wide
range of bulk studies. The thermodynamic and kinetic
parameters of the metal-pyridine interactions are
known for model complexes, and the rheological proper-
ties of the bulk materials are readily attributed to the
dynamics of the molecular interactions. Networks formed
from the addition of a single type of cross-linker behave
similarly to those reported previously, but we report for
the first time SP networks formed from mixtures of
multiple cross-linkers with PVP. The resulting materi-
als show highly predictable and tunable viscoelastic
properties. The bulk rheology, including the dependence
of the viscosity, the storage modulus plateau, and the
lifetime of the network on the total and relative con-
centration of cross-linkers, is then interpreted success-
fully in the context of common transient network
models. In SP networks formed from multiple types of
cross-linkers, discrete contributions from each type of
cross-linker are evident in the bulk mechanical proper-* Corresponding author. E-mail: stephen.craig@duke.edu.
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ties, rather than an average of the contributing species.
The independent control of diverse but highly specific
cross-link dynamics is shown to provide a mechanism
for the rational molecular engineering of complex vis-
coelastic behaviors in bulk materials.

Experimental Section

Materials. Dimethyl sulfoxide (DMSO) and poly(4-vinylpy-
ridine) (PVP), Mw ) 60 000, were used as received from
Aldrich. Compounds 1a-d were synthesized as reported
elsewhere.43

Sample Preparation. Networks were formed as follows.
To 1.1 g of DMSO was added 0.200 g of PVP. Cross-linking
agent(s) 1a-d were then added as solids to the vial, and
enough DMSO was added to give a final sample that was 10%
by total weight in PVP and cross-linker(s). The sample was
then annealed three times at 80 °C.

Rheology. All rheological data were obtained using a
Bohlin VOR rheometer with a concentric cylinder geometry
(fixed bob and rotating cup). The inner cylinder diameter was
25 mm with an outer cylinder diameter of 26 mm, a bob height
of 21.4 mm, and a cone angle of 2.3°. The sample (∼2 mL) was
loaded into the cup, with heating when necessary to allow the
material to flow into the geometry, and the bob was lowered
into the cup. The sample was allowed to equilibrate to 20 °C.
Low deformation oscillatory data were obtained and processed
with Bohlin VOR software. Torque bars (98.72, 10.42, and
0.245 g cm) were chosen so that the recorded stress moduli
were within 10-90% of the dynamic range of the detector.

Results

Single-Component Cross-Linkers. Mixtures of
PVP and bis-functional metal compounds 1a-1d (Fig-
ure 1) formed faint yellow sols or gels at 10 wt % in
DMSO. At these concentrations, solutions of PVP alone
do not appear to be entangled. Similar mixtures of PVP
with analogous monofunctional metal complexes are
free-flowing,41 and the change in viscosity is attributed
to reversible cross-linking of the PVP by 1 to form a
network shown schematically in Figure 1. Four separate
networks, each 10 wt % in DMSO and consisting of 5%
(by metal functional group per pyridine residue) of a
different cross-linker 1, were created in DMSO. The
thermodynamics and kinetics of the metal-pyridine
interactions have been explored previously,41,42 and the
equilibrium association constants Keq and pyridine
dissociation rate constants kd are summarized for con-
venience in Table 1. Given the high concentrations of
pyridine residues (∼1 M), nearly all (>97-99%) of the
metal centers are expected to be bound to the PVP, and
so the structure of the networks (distribution and
number of cross-links) is effectively constant across the

series. Previous studies demonstrated that the funda-
mental differences in mechanics among a similar series
of four networks are directly attributed to the rates kd
at which pyridine dissociates from the metal center.41,42

To first characterize these new, single-component
cross-linked systems, low-deformation oscillatory rheo-
logical studies were performed across a range of fre-
quencies. In all four cases, the properties of “weak”44

gels are observed. The dynamic viscosities of the net-
works as a function of oscillatory frequency are shown
in Figure 2. As reported previously for a related
network, the dynamic viscosities of the four systems
differ significantly from one another: the low-frequency
plateau ηωf0 is inversely proportional to the ligand
dissociation rate kd measured on model compounds, and
the threshold frequency ω at which a decrease in η
becomes noticeable is higher for high kd (Figure 2a).
That these shifts in all four cases are quantitatively
determined by the kinetics of ligand exchange is shown
in the scaled fits of Figure 2b. When the viscosity is
scaled by the ligand dissociation rate kd, taken from
previous studies of model systems, and the frequency
of the applied strain is scaled inversely by the same
value, the raw dynamic viscosity data of Figure 2a
collapse onto the master plot shown in Figure 2b.
Similar agreement is seen for the storage modulus G′
as a function of scaled frequency of the applied strain
(Figure 3).

Classical transient network theories45-48 predict that
the dynamic moduli (G′ and G′′) of self-associating
networks follow the Maxwellian models shown in eqs 1
and 2. In these equations, G0 is the plateau of the
storage modulus and â is the relaxation rate of the
network:

Figure 1. Schematic picutre of networks formed from PVP chains and cross-linking bimetallic compounds (1a-d). Charges and
counterions not shown for clarity.

Table 1. Equilibrium Constants and Dissociation Rate
Constants for Pincer Pd and Pt Complexes 1 with
Pyridine (2) in DMSO at 25 °C [Uncertainties: Keq

((20%), kd ((15%)]

complex Keq (M-1) kd (s-1)

1a‚2 29a 1450b

1b‚2 33a 17b

1c‚2 8000a 0.026a

1d‚2 4000a 0.0006a

a Reference 41. b Reference 42.

G′ ) G0(ω/â)2/(1 + (ω/â)2) (1)

G′′ ) G0(ω/â)/(1 + (ω/â)2) (2)
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A comparison of the experimental data for 5% 1c‚PVP
and the best fit of eqs 1 and 2 is shown in Figure 4,
with G0 ) 25 kPa and â ) 0.00833 s-1. The fits are
typically poor; the G′ data deviate from the Maxwellian
model at lower frequencies, and G′′ deviates at higher
frequencies. For ω < â, the Maxwell model predicts that
G′ will scale as ω2.0, while the observed scaling law is
ω0.8 across the data range shown in Figure 4a. Cates
has noted that deviations from ideal Maxwell behavior
are commonly observed in transient networks,49 and
they appear to be general for the systems at hand.
Tanaka and Edwards have reported that deviations
from the Maxwell model may arise from heterogeneity
in the distribution of cross-linkers along the polymer
chains, an explanation that is consistent with the
observation that the deviation from the Maxwell model
also scales with the same, single molecular dissociation
rate.48

Multicomponent Cross-Linkers. A network con-
sisting of PVP with two cross-linkerss1a and 1c at a
cross-linking concentration of 2.5% (by functional group
equivalent relative to pyridine) of eachswas formed at
10 wt % in DMSO. Hereafter, we use the symbol Nac to
refer to this network formed from an equimolar mixture
of components 1a and 1c, and throughout the remainder
of the paper, that nomenclature is applied generally to
networks with mixtures of cross-linkers. The network
Nac has the same equilibrium cross-linking structure
as the single-component networks characterized above,
but now the cross-link dynamics that govern mechanical
properties are heterogeneous at the molecular level.

To test the effect of that heterogeneity, the dynamic
viscosity and storage modulus G′ were monitored as a
function of frequency, as shown in Figures 5 and 6. The
behavior of Nac was compared to networks made of PVP
with 5% of either 1a or 1c or 2.5% of either 1a or 1c,
all at the same concentration of 10% by total weight in
DMSO. Below ω ) 1 s-1, the dynamic viscosity of Nac
closely mimics that of the network consisting entirely
of the slower component 1c‚PVP at a concentration of
2.5% (Figure 5). As ω increases to values greater than
1 s-1, the dynamic viscosity of Nac becomes nearly
constant with increasing frequency (up to the limit of
the rheometer) and effectively behaves like a network
comprising PVP and 5% of the faster cross-linking
component 1a.

Similar effects are observed in the storage modulus
G′ (Figure 6). At low frequencies, the spectrum re-
sembles that of the 2.5% 1c‚PVP network, achieving a
plateau of about 3 kPa from ω ) 0.02-10 s-1. Above 10
s-1, there appears to be a slight upturn in G′ as the
storage modulus begins to take on some of the character
of the 5% 1a‚PVP network.

A second network with multicomponent cross-linking,
Nbc, was formed from a mixture of PVP with 2.5% each
of 1b and 1c, still at 10 wt % in DMSO. The dynamic
viscosity and storage modulus of Nbc were compared to
networks made of PVP with 5% of either 1b or 1c, or
2.5% of either 1b or 1c, again at the same 10%
concentration in DMSO (Figures 7 and 8). Very simi-
larly to Nac, the dual cross-linker network Nbc exhibits
characteristics of each of the two distinct single-
component networks. Below a critical frequency of 0.03

Figure 2. (a) Dynamic viscosity vs frequency for the networks
1‚PVP and (b) the same dynamic viscosity scaled by kd of the
metal-pyridine bond of the cross-linker vs the frequency of
oscillation scaled by kd. Each of the networks consists of 5%
(by metal functional group per pyridine residue) of ([) 1a, (9)
1b, (2) 1c, and (b) 1d and PVP at 10% by total weight of
network in DMSO at 20 °C.

Figure 3. (a) Storage modulus G′ for the networks 1‚PVP and
(b) the same storage modulus vs the frequency of oscillation
scaled by kd. Each of the networks consists of 5% (by metal
functional group per pyridine residue) of ([) 1a, (9) 1b, (2)
1c, and (b) 1d and PVP at 10% by total weight of network in
DMSO at 20 °C.
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s-1, both the viscosity (Figure 7) and storage modulus
(Figure 8) are nearly identical to that of the network
comprising exclusively PVP and 2.5% of the slower
component 1c. When the frequency of applied oscillatory
strain approaches the point that the dynamic viscosity
of a 5% 1b‚PVP network is comparable to the dynamic
viscosity of the 2.5% 1c‚PVP network, a transition
occurs, and Nbc behaves like the 5% 1b‚PVP network
above that frequency. Similar behavior is observed in
the G′ data of Figure 8; the storage modulus traces the
2.5% 1c‚PVP data at low frequencies before a transition
to 5% 1b‚PVP data at higher frequencies (although we

point out that all 5% single-component networks plateau
at the same value of G0 ) 2.8 × 104 Pa).

A final network featuring multicomponent cross-
linking was formed from three cross-linkers. The net-
work Nabc contains PVP with 1.66% each of 1a, 1b, and
1c at a total concentration of 10 wt % in DMSO. The
dynamic mechanical properties of Nabc exhibit more
complexity than (but the same trends) seen in the two-
component cross-linking networks Nac and Nbc (Figure
9). The dynamic mechanical properties of Nabc are
similar to those of a 1.66% network of 1c‚PVP at low

Figure 4. Dynamic moduli (open circles) of a 5% 1c‚PVP
network at 10 wt % in DMSO, 20 °C, and the corresponding
Maxwellian fits (solid lines) based on eqs 1 and 2 for (a) G′
and (b) G′′, respectively.

Figure 5. Dynamic viscosity vs frequency for networks ([)
Nac, (0) 2.5% 1c‚PVP, (4) 5% 1c‚PVP, (O) 2.5% 1a‚PVP, and
(]) 5% 1a‚PVP. All networks at 10% by total weight in DMSO,
20 °C.

Figure 6. Storage modulus, G′, vs frequency for networks ([)
Nac, (0) 2.5% 1c‚PVP, (4) 5% 1c‚PVP, (O) 2.5% 1a‚PVP, and
(]) 5% 1a‚PVP. All networks at 10% by total weight in DMSO,
20 °C.

Figure 7. Dynamic viscosity vs frequency for networks (b)
Nbc, (0) 2.5% 1c‚PVP, (4) 5% 1c‚PVP, (+) 2.5% 1b‚PVP, and
(*) 5% 1b‚PVP. All networks 10% by total weight in DMSO,
20 °C.

Figure 8. Storage modulus, G′, vs frequency for (9) Nbc, (0)
2.5% 1c‚PVP, (4) 5% 1c‚PVP, (+) 2.5% 1b‚PVP, and (*) 5%
1b‚PVP. All networks 10% by total weight in DMSO, 20 °C.
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frequencies and a 3.33% network of 1b‚PVP at inter-
mediate frequencies, and there is an apparent shift
toward those of a 5% network of 1a‚PVP at high
frequencies.

Discussion

Single-Component Cross-Linking. The single-
component cross-linked networks of 1‚PVP display
behavior that is quantitatively similar to that observed
in our previous studies of a similar system.41,42 The
networks reported here are slightly more viscous than
those examined in the earlier work, a difference we
attribute primarily to the higher total concentration in
the present study (10 vs 8.3 wt %). Nonetheless, the
underlying molecular mechanisms of bulk mechanics
are the same; it is the dynamics of cross-link dissocia-
tion, rather than the rate constant for association and
the obviously related equilibrium association constant
for cross-link formation, that determine the mechanical
properties of the networks. The validity of the molecule-
to-material relationship is driven home by Figures 2b
and 3b, in which the disparate bulk data are convinc-
ingly scaled to a master curve through the pyridine
ligand dissociation rates determined on model metal
complexes. The scaling includes a change in behavior
observed in the dynamic viscosity of the 1c‚PVP and
1d‚PVP networks at ω/kd ) ∼60. The precise nature of
this transition is not known, but the conservation of the
onset upon scaling indicates that its origins lie in the
relative contribution of cross-link dissociation.

Transient network models motivate the use of the
Maxwell equations to describe the data, and single-
exponential fits (one value of â in eqs 1 and 2) provide
reasonable agreement with the experimental data (Fig-
ure 4). In addition to the high-frequency transition in
dynamic viscosity discussed in the preceding paragraph,
however, deviation is also observed from the Maxwell
fits to G′ at frequencies lower than the bulk relaxation
rate â. Likely explanations for this deviation include a
distribution of cross-linker separations48 and some
cooperativity between multiple cross-linkers that leaves
a greater-than-expected fraction of the cross-links intact
at low frequencies. These deviations and further char-
acteristics of single-component networks, however, are
not immediately relevant to the present investigation
and will be reported elsewhere.

Multicomponent Cross-Linking. The emphasis of
the current work, instead, is on the effects of multicom-
ponent cross-linking on the dynamic mechanical proper-
ties of the networks. Throughout the networks with
multicomponent cross-linking constituents, it is the slow
cross-links that control the mechanical properties of the
network at low-frequency oscillations. For example, in
both Nbc and Nac, the slower platinum cross-linkers
provide the dominant feature of the networks at ω f 0,
as evidenced by dynamic viscosities that overlap that
of a 2.5% 1c‚PVP network in both cases. The resistance
to flow is determined by the slower cross-linkers; the
faster components 1a or 1b dissociate and relax rapidly
on the time scale of 1c dissociation, and they are
therefore “invisible” in their contributions to viscous
relaxations. As the frequency of oscillation increases,
however, the slower cross-links are now effectively
“intact” on the time scale of the measurement, and the
relaxations that dominate the viscous loss of the bulk
network are those that involve the 2.5% of the faster
components 1a or 1b. Importantly, the presence of the
slower 1c cross-linkers is still felt; the viscous loss in
this regime more closely parallels that of 5% 1a or 1b
(although the highest frequency data, ω > 10 s-1, for
Nbc is ambiguous). The slower cross-links, effectively
intact at high frequency, apparently limit the extent of
relaxation that can occur upon dissociation of the faster
cross-linkers.

Similar behavior is observed in the elastic storage
modulus data. At low frequencies, only a small fraction
of the slower cross-linkers remains intact, and the
storage modulus parallels that of the 2.5% 1c‚PVP
network. The overlap continues into a plateau region,
at which point essentially all of the 1c cross-links
remain intact and elastically store the applied strain.
As the applied frequency increases toward the dissocia-
tion rate of the faster components (either 1a or 1b), the
previously fluid fast components now remain largely
intact, and the storage modulus again increases toward
a second plateau. In the case of Nbc, that plateau is
experimentally obtainable, and it overlaps at the same
G0 of 28 kPa found in each of the single-cross-linker 5%
networks. We note that, as observed in the dynamic
viscosity data, the contributions of each of the two cross-
linking components are influenced by the other compo-
nent. The observed G0 of 28 kPa is that of a 5% cross-
linked network; it is not the sum of the moduli of two
networks with 2.5% cross-linking equivalents (∼3 kPa
each).

The observed behavior, as described above, is es-
sentially that of transient network models, in which the
independent relaxations of stress-bearing entangle-
ments determines the dynamic mechanical response of
a network. More sophisticated, quantitative transient
network models of networks with multiple types of
cross-linkers have been developed previously by Jong-
schaap and co-workers.50 Those authors explicitly ac-
count for the interconnections between segments that
are joined by multiple types of cross-linkers. Their model
predicts multiple plateaus in G′ that are similar to those
observed here. Direct comparisons with the previous
theoretical results are complicated, however, because
either the fraction of intact cross-linkers (through the
equilibrium constant) or molecular weight of the poly-
mer main chain is typically varied in the theoretical
work, while those variables are kept effectively constant
here.

Figure 9. (2) Dynamic viscosity and moduli, (0) G′ and (O)
G′′, vs frequency for Nabc, 10% by total weight in DMSO, 20
°C.
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Although neither the exact structure of the networks,
detailed mechanism of relaxation,48,50-52 nor the extent
of cooperativity in the associations is known precisely
from the present analysis, individual dissociation events
clearly dominate the bulk properties. The contributions
of the individual components are evident within net-
works formed from multicomponent cross-linkers; no
significant averaging or summation of different compo-
nents is observed. Given the structural homology among
the cross-linkers 1 and the effectively identical behavior
of the scaled dynamic mechanical response in Figures
2b and 3b, segregation of different cross-linking com-
ponents is extremely unlikely. Within a randomly
dispersed network, therefore, these results strongly
support earlier conclusions that the cross-linkers act as
independent entanglement points whose dynamics are
not affected dramatically by the presence of additional
cross-linkers.41,42

The independence of the cross-linkers has significant
consequences for the rational, molecular engineering of
bulk viscoelastic properties. As in the case at hand,
when entanglements are defined by very specific inter-
actions, the chemical control of bulk properties follows.
As long as the strength of the association is great
enough to render associated a significant fraction of the
cross-linkers, the dynamics of cross-link dissociation,
rather than further details of their thermodynamics, are
the key design criterion, and quite complex viscoelastic
behavior can be engineered given suitable knowledge
of the small molecules. A hint of the potential of such
an approach is seen in the dynamic mechanical proper-
ties of the tricomponent network Nabc (Figure 9).
Multiple transitions in both storage and loss moduli are
clearly seen, and the location and magnitude of those
transitions are clearly determined by the dissociation
dynamics and relative concentrations of the three cross-
linkers. While the Nabc example is somewhat artificial,
its properties demonstrate that the behaviors observed
in the two-component cross-linked networks may be
successfully extrapolated to more complex networks.

More generally, the results presented here speak to
the potential of reversible and specific intermolecular
interactions as effectors of the entanglements or poly-
mer bridges38,39,53 necessary to transmit force in materi-
als. The sophistication available in the field of molecular
recognition holds considerable promise as it is applied
increasingly to areas of material science. Whether in
cross-linked networks22-34 or linear supramolecular
polymers,1-21 the thermodynamics of the intermolecular
interaction are a primary design consideration, but the
dynamics of the interaction are particularly important
under nonequilibrium conditions such as those imposed
by a mechanical stress. As shown here, the rational
design and synthesis of materials with very specific and
customized viscoelastic properties might be realized by
exploiting an understanding of those dynamics.

Conclusions

We have reported the rational control of dynamic
mechanical properties in multicomponent self-associat-
ing networks. The control is facilitated by the use of
different Pd(II) and Pt(II) organometallic cross-linkers
within a single poly(4-vinylpyridine)-based network, and
the lifetimes of the coordinative cross-linkers range from
milliseconds to tens of minutes. By controlling the
dissociation rate of the transient cross-links, it is
possible to control the dynamic viscosity and the elastic

storage modulus widely, precisely, and predictably. The
mechanical properties directly reflect the dynamics of
the individual cross-linking components, rather than an
averaged, cooperative behavior of multiple cross-links.
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