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Abstract
Unlike the case of traditional covalent polymers, the entanglements that determine properties of
supramolecular polymers are defined by very specific, intermolecular interactions. Recent work
using modular molecular platforms to probe the mechanisms underlying mechanical response of
supramolecular polymers is reviewed. The contributions of supramolecular kinetics,
thermodynamics, and conformational flexibility to supramolecular polymer properties in solutions
of discrete polymers, in networks, and at interfaces, are described. Molecule-to-material relationships
are established through methods reminiscent of classic physical organic chemistry.
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A little history
A wonderful and well-known case study in the development of science is found in the birth of
polymer chemistry in the early 20th century.1-3 Scientists of the day were intrigued and inspired
by Nature's ability to create the stuff from which useful materials could be made—cotton,
rubber, and silk, for example—but even the most fundamental molecular picture of what that
“stuff” was had yet to be established. The majority view of early 20th–century scientists was
that these materials were colloidal aggregates of small molecules held together by “partial
valences”—in other words, that small molecules grouped and organized into larger, non-
covalent superstructures that created the whole material and its properties. The “partial
valence” view was widely and firmly held, both by organic chemists who had yet to see the
accepted synthesis of a molecule of molecular weight greater than approximately 4,200 Da,
and by physical chemists who were captivated by the ubiquity of colloidal aggregates in other
contexts.

In marked contrast, Staudinger's classic 1920 paper “Über Polymerisation”4 voiced the view
that asyet uncharacterized molecules of high molecular weight were the primary constituents
of these materials, that the bonds within these molecules were the same “primary valences”
responsible for small molecule structure, and that the high molecular weight was itself
fundamentally responsible for the properties of the materials. In 1922, Staudinger coined the
term “makromoleküle”5 to describe the large molecules he believed were implicated by
observations made on rubber. While in the minority with his view, Staudinger was not alone.
Among the notable proponents of the macromolecular theory was Carothers, who in 1928 was
just beginning his meteoric career at DuPont. In Enough for One Lifetime, Carother's
biography, author Matthew Hermes notes that “Carothers believed he could recognize…
nonbonded aggregation…, and that is not what he observed when considering rubber and cotton
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and silk.”6 Staudinger and Carothers were criticized, both publicly and privately, for their
shared hypothesis; in the 1920's, macromolecules were a conceptually charming idea, but their
existence was “known” to be too impractical to be realized in either Nature or the laboratory.
7

Of course, good science wins out in the end. Staudinger's careful work on the chemical
derivatives of synthetic polymers (“polymer analogous reactions”) began to convert skeptics
even before Carothers' “proof by synthesis” of condensation polymers erased any remaining
doubt that macromolecules were a molecular reality. Nonetheless, the controversy had its price;
Staudinger did not win an overdue Nobel Prize until 1953, by which time Carothers' clinical
depression (exacerbated, if only partially, by what he perceived to be a lack of appreciation for
his polymer work) had long since led to his suicide.

A recent twist
And so it was that a paradigm truly shifted, and an increasingly plastic world of consumer
products firmly reinforced the relationship between the structure of big molecules and the
properties of polymeric materials. But, while misapplied decades ago and subsequently less
present in the collective scientific psyche, the concept of polymer-like properties through non-
covalent aggregation was not devoid of merit; covalent polymerization may be sufficient, but
it is not necessary (For an excellent perspective on the historical context of supramolecular
polymerization, see the review by Zimmerman et al.8). For example, in the 1980's, Rehage and
Hoffman published beautiful studies of the viscoelasticity of aqueous worm-like micellar
aggregates,9, 10 which were known to form gels at low concentrations.11-13 Non-covalent
aggregates of small, amphiphilic molecules generated mechanical properties typically
associated with high molecular-weight polymers.

The broad concept was extended to main-chain supramolecular14 polymers15, 16 (Figure 1),
in which molecular recognition events between end groups define the main chain of a linear
polymeric assembly. Fouquey et al. reported the concept and rational design of supramolecular
polymers based on hydrogen bond-mediated molecular recognition in 1990,17 and other
conceptually similar examples were known18 or followed19-21 soon thereafter. In a
groundbreaking paper in 1997, Sijbesma et al. covalently appended ureidopyrimidinone (UPy)
units to the ends of short hydrocarbons, siloxanes, and PEO/PPO copolymers (Figure 2).22
The UPy units have a strong propensity for self-dimerization (Keq > 106 M−1in aprotic
solvents), and once appended they have a remarkable impact on material properties. For
example, end-grafted UPy groups convert oligomeric siloxanes from a thick fluid into a
viscoelastic thermoplastic. When extended to three-dimensional networks, supramolecular
cross-linking via the UPy units leads to a plateau modulus six times that found in polymers
with the same number of potential covalent cross-linking groups.22 The technological utility
of supramolecular approaches to polymer science was established, and subsequent intense
effort in the field reinforced the potential of SP's.23-25

Polymers = entanglements
One consequence of the profuse activity is that many definitions of supramolecular polymers
(SP's) exist. Among the productive definitions, and the one adopted here, is to define SP's in
the context of entanglements;—intermolecular interactions that transfer mechanical forces
from one molecule to the next. The term entanglement is quite general, and it includes
topological entanglements (one polymer chain is physically wrapped around another),
chemical entanglements (attractive intermolecular interactions between polymer chains), and
surface adsorption (attractive intermolecular interactions between polymer chains and a
particle surface, e.g. from a filler).
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Supramolecular polymers, therefore, are reasonably viewed as systems in which specific
intermolecular interactions create entanglements that would not exist in the absence of those
interactions; the individual molecular constituents are too small, for example, to be physically
entangled or to bridge between surfaces. As a consequence, SP properties are directly tied to
the supramolecular interaction. For example, they might be responsive to external stimuli in a
manner that permits them to be turned “on” and “off”;—toggling between polymeric and small
molecular behavior and creating materials that are more easily processed or recycled. The
responsiveness need not be limited to on/off states; it could also be tuned through synthesis
and environment to create “smart” materials. In contrast to covalent polymers, the defining
bonds are reversible and therefore self-repairing when broken. Finally, the supramolecular
interaction is often dynamic and transient, permitting conformational changes and molecular
relaxations on timescales not otherwise available to fixed, covalent structures.

An ongoing challenge for chemists is to relate behavior at the level of polymer physics to
behavior of the small molecular constituents. For example, the mechanical properties of
quadruple hydrogen-bonded UPy end-functionalized monomers are much better than those of
SP's formed by weaker single or triple hydrogen bonding, but what is the ideal association
constant or the ideal kinetics for equilibration, or the necessary number of reversible
interactions? Pollino et al.26 showed that metal-ligand coordinative cross-links have a greater
impact on viscosity than cross-links formed by hydrogen bonds, but to what extent does
knowledge of small molecule interactions translate across length scales to the ultimate
materials? The dynamic relaxation rates of polymer networks are often comparable to the
dissociation rates of the defining interaction,22, 27 but in what circumstances does the
reversibility of the interaction matter? Or more generally, what is the quantitative relationship
between the thermodynamics and kinetics of the reversible association, the structure of the
monomer, and the structure and properties of the reversible polymer? The answer to these
questions, of course, likely depends on the specifics of the system and the desired application;
the critical design criteria might differ, for example, for SP's at interfaces relative to SP's in
the bulk. Nevertheless, to the extent that general relationships were established, materials
properties could be controlled in a rational way through small-molecule synthesis.

To address these questions generally, our lab set out to develop modular SP systems that allow
control over the thermodynamics, kinetics, and conformational flexibility of the interacting
moieties within homologous series of compounds. The motivation was to find molecular
toolboxes that could be transported readily to different material regimes. Using these molecular
tools, we are able to probe the mechanisms behind the mechanics of single molecules, dilute
SP solutions, interfaces, and associative networks. This review highlights those efforts.

The classic conundrum of physical organic chemistry
Inherent in this work is the nearly ubiquitous challenge of structure-activity studies: How do
you change something, without changing something? Every structural change to a molecule
has an influence on electronics, sterics, and intermolecular interactions, creating ambiguity in
the interpretation. For the two examples discussed in this review;—insertion of methylenes to
change the rates of ligand exchange in metal complexes, and perturbation of oligonucleotide
sequence;—the dilemma is seen to be less severe than in other contexts, because minimal
structural perturbations are made either outside the bonding structure defining the polymers
(metal-ligand coordination), or they are hidden deep within the interior of structures that are
effectively identical (DNA duplexes). The relevant physics, often captured in scaling laws28,
29 and statistical theories,1, 30, 31 are determined on length scales over which the finer details
of molecular structure are often lost. As a somewhat counter-intuitive result, polymer physics
provides a surprisingly fruitful arena for mechanistic chemistry.
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Reversibility in linear SP's
The transient nature of the reversible, supramolecular bond is the most obvious difference
between SP's and covalent polymers. A desirable approach to the study of SP dynamics would
be to simply change the kinetics of a given intermolecular association and observe
corresponding changes in the properties of the materials. While this strategy is potentially very
informative, there exists a subtle, yet persistent, difficulty in distinguishing the contributions
of the kinetics of a given molecular interaction (kdiss, Figure 1a) from those of its
thermodynamics (Keq). In most reversibly–assembled systems, for example those based on
hydrogen bonding, association occurs at or near the diffusion rate, and Keq and kdiss are strongly
anti–correlated. For SP's, the inverse correlation of kdiss and Keq intrinsically frustrates efforts
to determine the relative importance of the two contributions. High Keq leads to increased
aggregation, higher SP molecular weights, and slower dynamics within the equilibrium
polymer structure. At the same time, lower kdiss leads to slower reversible kinetics along the
assembly. Dynamic properties, whether controlled by SP equilibrium structure or reversible
kinetics, are slowed by both mechanisms.

The independent control of association kinetics relative to thermodynamics is therefore
desirable, and N,C,N-pincer metal–ligand coordination motifs such as 1•2 (Figure 3) have
proven to be well–suited to that goal. Pincer compounds 1 and analogs have been synthesized
and studied extensively by van Koten and co-workers,32-35 and they, with numerous other
organometal coordination systems, have been used in SP's.24, 33 The reversible kinetics of
interest are those of ligand exchange, and in Pd(II) and Pt(II) complexes, ligand exchange
occurs through a sterically congested associative mechanism. Added bulk in the N–alkyl
substituents R, therefore, slows the exchange while exerting a lesser effect on the relative
energy of the roughly isosteric endpoints. For example, the association constants for 1a•2b and
1b•2b in DMSO are 1.6 and 1.3 × 103 M−1, respectively, but the rates of ligand exchange differ
by nearly two orders of magnitude (70−100 s−1 for 1a•2b and 1.0 s−1 for 1b•2b).36

The 1•2 motif can be incorporated into supramolecular polymers such as the linear SP's 3•4,
shown in Figure 3. A 1:1 mixture of 3a:4 (4.6 weight%) forms linear SP's in DMSO, as
evidenced by an increased viscosity relative to solutions of the individual components.36 The
viscosity is immediately reduced by the addition of an appropriate chain terminator, so the
increased viscosity is not due to unspecific aggregation or ionic effects. One can now ask, and
easily answer, a fundamental question: To what extent is the increased viscosity of the SP
solution influenced by the reversibility of the metal-ligand bond? A similar solution of 3b•4
has the same viscosity, and so the equilibrium structure of the SP determines the viscosity of
the SP solutions; the transience of the main chain does not contribute.36

Reversibility in SP networks
More recently, the kinetic control has been applied to SP networks (Figure 1c), for example
poly(4–vinylpyridine) (PVP) that is crosslinked by bis(M(II)–pincer) compounds 3a–d (Figure
3).37, 38 The same simple steric effects in the pincer alkylamino ligands is used, both within
the Pd complexes 3a-b and the slower, more strongly coordinating Pt complexes 3c-d.37, 38
As with the linear SP's, the independent control of kinetics is particularly significant;
crosslinkers 3a and 3b are structurally identical components within the network, and so their
similar thermodynamics (Keq = ~30 M−1 for 1a•2a and 1b•2a) ensure that the extent and nature
of crosslinking is essentially the same in the two samples (or between Pt(II) pincer molecules
3c–d; Keq = 8 × 103 M−1 for 1c•2a and 4 × 103 M−1 for 1d•2a).

The addition of 2% (by functional group) 3b to a 100 mg mL−1 DMSO solution of PVP gives
rise to a clear, thick, deep yellow solution whose viscosity is ~2000 times greater than that of
PVP alone (33 Pa•s vs. 0.016 Pa•s). The viscosity does not increase upon the addition of the
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same quantity of monomeric 1b, and the viscosity of 3b•PVP reverts back to that of a free–
flowing solution with the addition of the stronger ligand 2b, which competes the metal away
from the PVP side groups. The increased viscosity of 3b•PVP networks is therefore attributed
to some combination of two broad mechanistic possibilities brought about by interchain cross-
linking. On one extreme, the viscous response could be dominated by the motion of equilibrium
structures that are effectively intact on the timescale of the viscous response. As observed with
the linear SP's described above, in this scenario the kinetics of metal–ligand dissociation are
invisible in the materials properties, and only the number and connectivity of the cross-links
are responsible for material response. Alternatively, the viscosity of the new equilibrium
polymer structure could be limited largely by the dynamics of the individual cross-links and
the ability of individual molecular connections to rearrange within the transient network.

Crosslinker 3a provides a mechanistic probe of the underlying dynamics, because the ligand
exchange kinetics for 3a are substantially faster than for 3b while the association
thermodynamics are very similar. The effect of those kinetics is dramatic. At 5% crosslinker,
the dynamic viscosity of 100 mg mL −1 3a•PVP is only 6.7 Pa•s—a factor of 80 less than that
of the isostructural network 3b•PVP. The addition of four methylenes to each metal site
represents a very minor perturbation to the overall network structure, and its effect on flow
properties of the equilibrium structure is expected to be negligible. The association constants
are not identical, but the effect of the thermodynamics would be to increase the viscosity of
3a•PVP relative to 3b•PVP, the opposite direction of that observed. The kinetics dominate
even the extent of crosslinking; 5% 3a•PVP is less viscous, by a factor of 5, than is 2%
3b•PVP.

The difference of a factor of ~80 in the network viscosities is within experimental error of the
difference in the ligand exchange rates, and a full spectrum of dynamic mechanical behavior
is similarly well correlated. The frequency-dependent storage and loss moduli, G′ and G″, for
multiple networks of either 3•PVP or the related 5•PVP, are reduced to a single master plot
when scaled by the corresponding ligand exchange rates, measured on model systems (data
for 5•PVP are shown in Figure 4). These scaled plots are similar to linear free energy
relationships, in which rate or equilibrium constants have been replaced by material properties.
That the relationships are quantitatively valid shows that the dynamics at the cross-links
determine the dynamic mechanical response of the materials, but there are two molecular
mechanisms by which cross-link dissociations might occur: direct displacement, in which a
free pyridine of the PVP directly displaces the bound pyridine, and solvent–assisted exchange,
in which a solvent molecule of DMSO would first displace the bound pyridine and,
subsequently, a new pyridine would then displace the DMSO (Figure 5). The implications of
these two mechanisms are subtly different. In the case of a direct displacement mechanism,
the crosslink remains a part of the network even while it migrates. A solvent–assisted pathway,
however, requires that stress relaxation (flow) occur while the crosslink is dissociated from the
network.

Experiments are consistent with the solvent–assisted pathway dominating direct displacement
at millimolar concentrations of pyridine, and the dominance of the solvent–assisted mechanism
in the networks is corroborated by the fact that the viscosity of the networks reflects the
nucleophilicity of the solvent.38 DMF is less nucleophilic than DMSO, and network viscosities
are higher in DMF than in DMSO. In CH2Cl2, the viscosity of 3b•PVP increases to the point
that discrete, free-standing gels can be formed. Thus, mechanical properties are determined by
the dissociation of the cross-linkers from the network, but it is the rate of dissociation rather
than the fraction of time in the dissociated state (equal in 3a•PVP and 3b•PVP) that governs
the properties.38
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Experiments on SP networks formed from multiple types of cross-linkers show that the
response to an applied stress occurs through sequential, individual dissociation and re–
association events.39 Discrete contributions from each type of cross-linker are evident in the
mechanical properties, rather than an average of the contributing species. For example, the
dynamic viscosity and storage modulus G′ as a function of frequency were compared for five
different networks: PVP with 5% of either 5b or 5c, 2.5% of either 5b or 5c, and 2.5% each
of 5b and 5c, all at the same concentration of 10% by total weight in DMSO. Below ω = 0.1
s−1, the dynamic viscosity of the mixed network closely mimics that of the network consisting
entirely of the slower component 1c•PVP at a concentration of 2.5% (Figure 6). As increases
to values greater than 0.1 s−1, the dynamic viscosity of the mixed network increases and
eventually plateaus at that of a network comprising PVP and 5% of the faster crosslinking
component 5b. Similar effects are observed in the storage modulus and for different mixtures
of networks (including those with three different cross-linkers). In all cases, the frequency
onsets and magnitudes of the transitions are anticipated by the behavior of networks with a
single cross-linker.

This behavior is essentially that of transient network models, in which the independent
relaxations of stress–bearing entanglements determine the dynamic mechanical response of a
network.40-48 Without considering either the exact structure of the networks, the detailed
mechanism of relaxation,45, 49 or the extent of cooperativity in the associations, individual
dissociation events clearly dominate the mechanical properties; no significant averaging or
summation of different components is observed. The independence of the cross-links has
significant consequences for the rational, molecular engineering of viscoelastic properties.
When entanglements are defined by very specific interactions, the chemical control of
properties follows. As long as the strength of the association is great enough to render
associated a significant fraction of the crosslinkers, 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 macromolecular analog of the kinetic isotope effect
The ability to change dynamic response at the level of molecular associations creates the
equivalent of a ‘macromolecular kinetic isotope effect’. The similarity with kinetic isotope
effects in reaction mechanisms is phenomenological and not literal; actual isotopic
substitutions, obviously, are not involved. Like the use of kinetic isotope effects in reaction
mechanisms, however, contributions to rate determining material processes are revealed by
kinetic differences in two isostructural systems. Structure is kept constant at two levels: the
molecular structure of the individual SP constituents and the association constant Keq between
molecular recognition partners. The former maintains chemical composition in the material,
and the latter maintains structural composition in the extended polymer assembly.

The same mechanistic methodology can be applied to other regimes, for example the role of
crosslinking in dense, surface-grafted polymer brush thin films.50 Cross-links are introduced
by the simple addition to grafted PVP brushes of solutions containing the bis(PdII-pincer)
compounds 3a or 3b. Because the association constants for pyridine coordination are similar,
the uptake of 3a and 3b from equimolar solutions into the PVP brushes (at constant grafting
density and molecular weight) should be effectively equivalent, producing samples with
comparable structure (number and placement of crosslinks).

AFM studies on the thin (~50 nm) brush layers demonstrate that the dynamics of
supramolecular cross-links contribute to the friction of the soft brush surfaces. When the faster
3a cross-linker is added, both the absolute friction values and the coefficient of friction (COF)
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drop to ~30% of those of the uncross-linked PVP control (Figure 7). When the slower cross-
linker 3b is added, however, the absolute friction value and the COF increase dramatically;
both the COF and the absolute friction values for PVP•3b are more than twice that of PVP
alone. For both cross-linked samples, the friction is restored to its initial state by the addition
of a competitive inhibitor.

The effect of cross-linking therefore includes kinetic contributions to friction that are similar
to those observed in the networks. A combination of structural and dynamic factors is likely
responsible for the significant but opposite effects from kinetically dissimilar cross-links.
Stimulus-responsive polymer brush layers are of significant current interest,51-57 and the
specific modulation of cross-linking kinetics is one method by which to exert control. As in
the SP networks, discussed above, the cross-linking in the brushes is reversed by chemical
competition, but responsiveness to other stimuli, such as temperature, could be engineered.

Big effects from small energies
Other surface chemistries are equally interesting. Polymer bridging between surfaces and
particles, for example, mediates a range of fundamental processes in the material and life
sciences, including: adhesion, tribology and polymer flow, microtubule formation and
function, and cell surface interactions.28, 30 Bridges occur when a polymer chain is either
physisorbed or covalently bound to two separate surfaces, and covalent polymer bridging has
received extensive theoretical58 and experimental59 attention. When the potential bridges are
linear SP's that can adjust their size and shape in response to the steric constraints imposed by
the surfaces,60, 61 bridging structure and the resulting material properties reflect the chemistry
of small–molecule self–assembly. Even sterically-induced entropic penalties as small as kT
per chain are large enough to shift the chemical potential that drives polymerization and reduce
the average SP molecular weight by ~40%. If mechanical properties scale, for example, as
MW3.5, order-of-magnitude changes in properties might result from the fairly modest steric
energetics.

Oligonucleotide-base monomers (OM's) provide a utile molecular probe of SP brush properties
brought about by bridging.62, 63 The OM's comprise oligonucleotide sequences that are
covalently linked directly or through a synthetic spacer (Figure 8). Duplex formation creates
a linear, polymeric assembly that resembles larger duplex DNA, but in which the main chain
is defined by the reversible base pairing. The SP's formed from OM's are intrinsically modular:
(a) the thermodynamics and kinetics of the association are determined by the variable base
sequence; (b) the linear density of the reversible interactions, and the conformational flexibility
along the polymer backbone, are each dependent on a spacer in which much variation is
possible; (c) inter– and intra– chain interactions may be tuned by salt concentration in the
buffer. Further, enzymatic covalent capture and characterization are possible. The equilibrium
polymerization of the OM's has been characterized63 and provides a useful model system for
delineating molecule–to–material relationships in SP's.

The bridging properties of OM reversible polymer brushes were examined using atomic force
microscopy.64 On patterned gold substrates, SP brushes reversibly assembled in solution from
different surface densities of a complementary oligonucleotide thiol anchor, and they were
characterized in quasi-parallel. The adhesion between anchored SP surfaces was probed by
AFM. Adhesive interactions in buffer between the tip and surface increase four-fold upon
addition of a self-complementary OM to the solution. The SP–mediated difference in adhesion
is attributed to the formation of multiple surface–to–tip bridges during contact, and the OM's
provide tools by which to address whether the bridges are formed through molecular
recognition of one brush layer with the other or by non–molecular recognition mediated
adsorption of the brushes onto opposing surfaces. When similar, but non-complementary,
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brushes are displayed on opposing surfaces, for example, the adhesive interaction is much
lower than that between the same tip and a complementary substrate, supporting direct SP
bridging (~15–20 bridging contacts present with polymer that are not present without) as a
dominant contributor to adhesion in these systems (Figure 9).

The modularity of the OM's allows additional structure-activity relationships to be explored.
64 For example, the average hybridization energy of the defining SP associations can be
lowered from −10.3 kcal mol−1 to −9.4 kcal mol−1 by replacing two C-G base pairs with A-T
base pairs. The modest change in free energy cuts the adhesion roughly in half for the weaker
OM surface brushes relative to the stronger (Figure 9). The magnitude of the change in adhesion
indicates that the association thermodynamics influence adhesive properties both through the
mechanical response of the individual associations (presumably related to their dissociation
kinetics) and by influencing the number of adhesive contacts that are formed. Other details of
OM structure also influence the mechanics of the interface. When a flexible spacer is introduced
between the molecular recognition end groups, the adhesion between flexible SP brush surfaces
is greater than that between rigid SP brush surfaces of comparable height, even though the
individual associations in the flexible brushes are weaker than those in the rigid brush.

Bridging across larger gaps
The adhesive interaction has a long-range component. When a similarly functionalized AFM
tip is held away from (not in contact with) an SP brush surface, bridges spontaneously form
across ~5-10 nm gaps.65 Individual bridging events are observed upon retraction of the AFM
tip, and the length of the bridges can be inferred from the force-vs.-distance retraction curves.
The length distribution of the SP bridges approximates a Flory distribution,1 as expected for
linear SP's. The actual distribution of bridge lengths, however, is skewed toward lengths that
are much shorter than the equilibrium distributions in solution. Reversible bridging is therefore
responsive to the spatial constraints of the intersurface gap, and shorter bridges are preferred
to longer ones. Theoretical work by van der Gucht et al60, 61 predicts that polymer bridging
between surfaces, similar to that observed in these single-molecule studies, creates a long-
range attractive interaction between surfaces. The presence of an attractive force provides an
interesting mechanism for self-repair, because surfaces that are mechanical disjoined might be
slowly pulled into closer contact, where adhesion is greatest. The bridges formed across gaps
and in surface-to-surface contact provide snapshots of different points in that process.

Conclusion: Whither structure?
There is an aesthetic to supramolecular chemistry that at first seems not to translate to SP's in
the above context. The finer structural details of the molecular recognition groups—often a
point of pride to the supramolecular chemist66, 67—are notably absent amid featureless
kdiss's and Keq's. But we point out in conclusion that diversity in structure is as important as
diversity in kinetics and thermodynamics, to the extent that structure impacts the environmental
responsiveness of the recognition event. Recognition based on hydrogen bonding, for example,
is sensitive and responsive to protic solvents,27, 68 while molecular encapsulation is sensitive
and responsive to the presence of an incarcerated guest.27 The chemistry of these and other
recognition motifs is then directly translated into the environmental responsiveness of SP's.
Maximizing that response, for example by exploiting the details of phase transitions, represents
one current interest in the field.

Among the additional interesting avenues for future research is the response of the defining
interactions to an applied force. Although many mechanical properties of SP's have been
successfully and quantitatively interpreted in terms of thermal rate and equilibrium constants,
chemical behavior should be perturbed by the application of a mechanical stress. A recent
resurgence in mechanochemical research69 provides technical and intellectual opportunities
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to correlate the mechanical response of individual molecules to that of SP's, and initial work
to that end has recently begun in our group70 and others.71-73

The results presented here support the relevance of a small-molecule view of SP's, and they
speak to the potential of reversible and specific intermolecular interactions as effectors of the
entanglements or polymer bridges64, 65, 74 necessary to transmit force in materials. 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 networks26,
75-84 or linear supramolecular polymers,17, 22, 85-103 the thermodynamics of the
intermolecular interaction are a primary design consideration, but the kinetics of the
interactions that create entanglements are particularly important under nonequilibrium
conditions such as those imposed by a mechanical stress. In this regard, the behavior of small
molecule model systems translates extremely well to macroscopic and nanoscale materials.
The rational, molecular design and synthesis of materials and interfaces with very specific and
customized properties is not only possible, it is readily accessible to the organic chemist; the
languages of polymer physics and physical organic chemistry are closely connected.
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Figure 1.
Schematic representation of (a) a reversible assembly motif and its related equilibrium and
kinetic rate constants, and (b) linear and (c) networked supramolecular polymers formed from
that motif.
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Figure 2.
The attachment of ureidopyrimidinone end groups to a Newtonian fluid polydimethylsiloxane
creates a supramolecular polymer with pronounced thermoplastic character.
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Figure 3.
N,C,N-pincer metal complexes and ligands for supramolecular polymerizations.
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Figure 4.
(a) Dynamic viscosity versus frequency for the networks 5•PVP, and (b) the same dynamic
viscosity scaled by kdiss of the model complexes 1•2a versus the frequency of oscillation scaled
by the same kdiss. Each of the networks consists of 5% (by metal functional group per pyridine
residue) of  5a,  5b, (▲) 5c, and  5d and PVP at 10% by total weight of network in DMSO
at 20 °C. Data taken from ref. 38.
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Figure 5.
Schematic of possible mechanisms of crosslink migration in 3•PVP networks in DMSO. (a)
Direct displacement of one pyridine side chain by another. (b) Solvent-assisted exchange of
pyridine side chains. Experiments support that the solvent-assisted mechanism is operative.
Sol represents the DMSO solvent. Positive charges and counter ions are not shown. Reproduced
with permission from J. Am. Chem. Soc. 2005, 127, 14488. Copyright 2005 American Chemical
Society.
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Figure 6.
Storage modulus, G′, versus frequency for  2.5% + 2.5% (5b + 5c)•PVP, (□) 2.5% 5c•PVP,
(Δ) 5% 5c•PVP, (+) 2.5% 5b•PVP, and (*) 5% 5b•PVP. All networks 10% by total weight in
DMSO, 20 °C. Reproduced with permission from Macromolecules 2005, 38, 10171. Copyright
2005 American Chemical Society.
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Figure 7.
Reversible cross-linking of a surface-grafted polymer brush changes the mechanical properties
(in particular, the friction as measured by atomic force microscopy) of the polymer brush
surface. The kinetics of the cross-linking interaction have a profound effect on the friction,
demonstrating that the cross-links function as stress-bearing entanglements in the friction
experiment. See ref. 50.
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Figure 8.
Schematic representation of oligonucleotide-based monomers, OM's. Short oligonucleotides
are linked by a spacer (left), and reversible base pairing defines the main chain of a reversible
polymer that resembles beads on a string (far right), where the “beads” are rigid DNA duplexes
and the “string” is the intervening spacer. The oligonucleotide sequence determines the
thermodynamics and kinetics of the association, and the spacer determines the overall
flexibility of the chain and spacing between reversible interactions. See ref. 62.
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Figure 9.
a) Effect of self-assembled brush complementarity on adhesion measured between
OMfunctionalized surfaces measured by atomic force microscopy. Greater adhesion is
observed between complementary brushes (red) than brushes that are not complementary
(blue). b) Effect of hybridization thermodynamics on adhesion measured between OM-
functionalized surfaces measured by atomic force microscopy. Greater adhesion is observed
between brushes formed with stronger hybridization thermodynamics (−10.3 kcal mol−1, red,
vs. −9.4 3 kcal mol−1, blue). Data taken from ref. 64.
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