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Abstract: Here we show the preparation of a series of water-
based physically cross-linked polymeric materials utilizing
cucurbit[8]uril (CB[8]) ternary complexes displaying a range
of binding, and therefore cross-linking, dynamics. We deter-
mined that the mechanical strength of these materials is
correlated directly with a high energetic barrier for the
dissociation of the CB[8] ternary complex cross-links, whereas
facile and rapid self-healing requires a low energetic barrier to
ternary complex association. The versatile CB[8] ternary
complex has, therefore, proven to be a powerful asset for
improving our understanding of challenging property–struc-
ture relationships in supramolecular systems and their asso-
ciated influence on the bulk behavior of dynamically cross-
linked materials.

A supramolecular perspective has become increasingly
important in the design of physically cross-linked materials
on account of the explosive growth in the development and
understanding of strong and directional noncovalent binding
motifs. Specific and well-defined noncovalent interactions,
such as hydrogen bonding, host–guest and metal–ligand
interactions, can be designed in a rational manner,[1–8] yet
little is known about the role of fundamental supramolecular
parameters in controlling the macroscopic properties of the
resulting materials.[9–11] The advantages of the self-assembly
approach to materials lie in the dynamic and stimuli-
responsive nature of the interactions that can effectively
crosslink functional polymer chains in solution, leading to gel
materials that are environmentally responsive in a way that
permits tunable, reversible, and self-healing materi-
als.[1–4, 6, 7,9–12] In these and related materials, macroscopic
properties are closely tied to the structure and characteristics
of the supramolecular interactions involved in cross-linking.

Many studies have focused on structural manipulations of
the supramolecular motifs involved in cross-linking; however,
only very few studies have emerged that describe completely
and quantitatively the relationship between the fundamental
dynamics guiding supramolecular cross-linking and the mac-
roscopic behavior of the resulting materials. This is despite the
fact that the lifetime (that is, the dynamic nature) of the
supramolecular cross-linking is often the primary attribute
distinguishing the resulting materials from their covalent
counterparts.[13] Moreover, the dynamics are often central to
the function of the supramolecular material as they govern
how the structure and properties of the material evolve in
response to environmental changes such as mechanical stress,
temperature, or other stimuli. Yet, despite their significance,
a need still exists to design and execute systematic studies on
the complex relationship between the molecular dynamics
and bulk mechanical properties of supramolecular polymeric
materials.[14, 15] Difficulty in characterizing the role of molec-
ular dynamics in the time-dependent micro- and macroscopic
properties has arisen from the complicated nature of the
determination of kinetics for supramolecular interactions and
the design of moieties affording independent control of
dynamics and thermodynamics.

Major advancements in the field were made in 2005, when
Craig and co-workers published a seminal study demonstrat-
ing the use of metal–ligand supramolecular interactions to
form cross-linked poly(4-vinylpyridine) (PVP) networks.[3,4]

The authors developed a simple bismetallic pincer molecule
that utilized small variations in structural steric hindrance to
elicit large changes (Dkex = 102 s�1) in the exchange kinetics of
the bound metal to the pendant pyridine moieties in the PVP,
without significantly altering the binding thermodynamics.
This remarkable study identified that the bulk material
properties in both dynamic and steady shear rheological
characterization scaled exactly with the dissociation rate
constant, kd, regardless of the binding thermodynamics (Keq),
yielding the broadly applicable principle “strong means
slow”, meaning that slow dissociation leads to stronger
materials. This scaling with kd is convenient as the units of
the first-order dissociative process (s�1) match those of the
experiments and the inverse of kd (with units of seconds) has
been used previously as a measure of the lifetime of the
dynamic bond.

Notwithstanding the success of the observations by Craig
et al. , theoretical treatment of the role of the dynamic
noncovalent cross-linking on material properties by Rubin-
stein and Semenov has been widely supported and focuses
primarily on the role of binding thermodynamics on deter-
mining material properties.[16] Moreover, the authors� theo-
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retical treatment begins by defining the lifetime of the
dynamic cross-links as scaling with the activation energy of
dissociation (Ead) in an Arrhenius relationship (where the
pre-exponential factor is assumed to be equivalent across all
cross-linking moieties), rather than simply the rate constant.
Therefore, only very few studies have emerged describing
completely and quantitatively the relationship between the
fundamental parameters guiding the self-assembly of the
supramolecular cross-linking motifs and the macroscopic
behavior of the resulting materials. Systematic studies on
this complex relationship are highly needed.

Cucurbit[8]uril (CB[8]) is a member of a macrocyclic host
family exhibiting a symmetric “barrel” shape with two
identical portals that is capable of simultaneously accommo-
dating two guests in a p–p stacked geometry (Figure 1).[17] An

electron-deficient guest, such as methyl viologen (MV), and
an electron-rich guest form a stable 1:1:1 ternary complex
with CB[8] in a stepwise binding process, whereby the
electron-poor guest enters the cavity of CB[8] first (Keq1)
followed by the inclusion of the electron-rich second guest
(Keq2) (Figure 1b).[17] Exceptionally high overall equilibrium
binding affinities (Keq(total) = Keq1 � Keq2� 1014

m
�2) have

been reported for these systems,[18] resulting from the
energetically favorable replacement of all of CB[8]�s cavity
water molecules by the incoming guests.[19] Moreover, as
a result of the high binding constants and well-defined ternary
complex composition, CB[8] ternary complex formation has
been utilized in a number of applications, ranging from the
sequence-selective recognition of peptides,[20] surface modifi-
cations,[21] protein conjugations[22] to the formation of nano-
capsules,[23] nanocomposites,[24] and hydrogels.[6,7, 25] It is worth
noting, that despite the utility of this binding motif, only one
second guest (napthyl derivatives) has been utilized and
fundamental knowledge of the binding mechanism and
parameters governing complex formation is currently limited

to thermodynamics. In many of the above-mentioned appli-
cations it would be beneficial if an understanding of the
kinetics of the second guest binding event—the essential step
to tie together functional entities—could be obtained in order
to rationalize the macroscopic behavior of a system. Herein,
the association and dissociation dynamics of several second
guests binding to the MV�CB[8] binary first guest complex
are characterized by means of stopped-flow spectrofluoro-
metric experiments. These parameters are then used to
rationalize the macroscopic rheological behavior of supra-
molecular hydrogels prepared by the association of multi-
valent polymer chains bearing these various second guests
and a complementary multivalent first guest polymer in the
presence of CB[8].

A series of multivalent random copolymers containing
pyrenyl (Pyr), dibenzofuranyl (DBF), and 2-naphthyl (Np)
functionality were prepared, each containing the same
number of guest moieties (5% relative to the water-soluble
comonomer N,N-dimethyacrylamide) as well as overall
molecular weight (Mn� 50 kDa) and polydispersity
(Table 1). These parameters were particularly important to

ensure that beyond the guests themselves no structural
variation exists between the guest-functionalized copolymers,
in order to minimize any contribution to the hydrogel
mechanics not arising exclusively from differences in guest
dynamics (see below). Two corresponding multivalent first
guest copolymers were prepared according to literature
procedures by either post-polymerization conjugation of
a methyl viologen species to commercially available poly-
(vinyl alcohol) (PVA-MV)[7, 26] or copolymerization of
a methyl viologen functional monomer with a water-soluble
comonomer (P(StAM-r-StMV)).[6]

The association and dissociation kinetic rates of the
second guest-functional copolymers (PDMAm-G2) binding
to the first guest complex of monovalent small molecule
dimethyl viologen and CB[8] (M2V�CB[8]) were then
determined by means of stopped-flow experiments. It has
previously been demonstrated that these systems do not
exhibit multivalent cooperativity[6] on account of the random
distribution of guests in the polymer chains; therefore, it is
reasonable to utilize the monovalent M2V�CB[8] species to
approximate the interactions between multivalent polymers
expected during hydrogel formation (see below). Ternary
complex formation in these instances is accompanied by
fluorescence quenching of the emissive second guest upon
binding to M2V�CB[8].[27] Thus, the fluorescent second
guests selected were well-suited for this study as a strong

Figure 1. Probing the role of supramolecular dynamics in CB[8]-based
physically cross-linked materials. a) Schematic representation of the
two-step binding of cucurbit[8]uril with dimethyl viologen (M2V) and
a suitable second guest. b) Multivalent side-chain functional polymers
bearing good guests for ternary complex formation with CB[8] form
supramolecular hydrogels upon addition of the host molecule.

Table 1: Characterization of second-guest-functional polymers
(PDMAm-G2) used in this study.

Polymer Guestth [%] Guestexp [%][a] Mn [kDa][a] Mn [kDa][b] PDI[b]

Np 5.0 5.0 52.2 12.0 1.20
DBF 5.0 5.0 53.1 11.7 1.19
Pyr 5.0 5.0 54.5 11.0 1.19

[a] Determined by 1H NMR spectroscopy. [b] Determined by gel perme-
ation chromatography (GPC) in H2O.
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quenching of the fluorescence was observed upon addition of
M2V�CB[8] to an aqueous solution of PDMAm-G2 poly-
mers. Utilizing a stopped-flow apparatus, the time-dependent
fluorescence quenching was observed and fit to a single
exponential decay function yielding the observed rate con-
stant (kobs). By altering the molar ratio of M2V�CB[8] to the
second guests, with the M2V�CB[8] species in excess, it was
possible to invoke pseudo-first order conditions to determine
both the associative and dissociative rate constants (ka and kd,
respectively), according to equation S12 in the Supporting
Information.

Both the ka and kd values for the ternary complexes at
20 8C were found to vary significantly with second guest
structure and electronics, yet the overall equilibrium binding
constants (Keq2) were found to be relatively similar for all
second guest moieties. Moreover, the Keq2 values corre-
sponded well with isothermal titration calorimetry (ITC)
measurements for similar multivalent side-chain functional
polymers determined previously.[6, 7] Furthermore, the
stopped-flow experiments were carried out at different
temperatures to estimate the Arrhenius activation energies
of association (Eaa) and dissociation (Ead) for the ternary
complexes from a linear fit of ln(k) versus T�1 in the range of
5–20 8C. The Eaa values thus determined were similar for all
guests, corroborating the previous observations regarding the
ka values. Likewise, the Ead values follow the same trend as
for kd, varying amongst the guests, whereby PDMAm-Pyr
displays both slower dissociation kinetics and a correspond-
ingly higher energetic barrier to dissociation than the other
two guests (Table 2).

Physically cross-linked materials were prepared from
multivalent PDMAm-G2 and MV-functionalized polymers
in the presence of CB[8]. For example, mixing solutions of
PDMAm-G2 with PVA-MV and CB[8] (PVA�CB[8]) instan-
taneously formed a brightly-colored hydrogel, the color of
which was determined by the charge–transfer (CT) complex
between the guest moieties within the CB[8] cavity
(Figure 2).[27] A CT-absorption band can be seen for all
ternary complexes in the visible region that shifts to longer

wavelength with increasing conjugation-length of the second
guest, for example, CT lmax = 591, 445, and 469 nm for
PDMAm-Pyr, PDMAm-DBF, and PDMAm-Np, respec-
tively. As observed previously for CB[8]-based hydrogels,
their formation is highly specific to the presence of all three
components. A lack of any one of them or the replacement of
CB[8] with its smaller homologue CB[7] (which forms strong
binary complexes with MV) does not lead to cross-linking and
gel formation.

Small-angle X-ray scattering (SAXS) measurements of
these materials were performed to investigate possible gel
structural variation arising from the different second guest
moieties utilized. Scattering from all samples is identical
(Figure 2b), identifying that the materials are isostructural.
The scattering data at high q can be described by the
Ornstein–Zernike model, which is widely used to account for
the scattering from gels and polymeric solutions.[28, 29] The
high-q data yield a correlation length x that could be fitted
with values around 8 �, which is consistent with the
calculated mean radius of gyration of chain segments between
guest moieties along a polymer chain (� 10 �), whereas the
low-q data demonstrate a large degree of forward scattering,
likely arising from small amounts of CB[8] (the gels are
prepared at the solubility limit of the CB[8]), making it
difficult to fit comfortably. The observed lack of structural
differences between the materials is important as any differ-
ences in the rheological behavior of the hydrogel materials
can be explicitly attributed to variation in the dynamics of the
CB[8]-based supramolecular cross-links rather than potential
differences in the gel structure arising from the use of the
different second guests.

Frequency-dependent rheological characterization of
these materials performed in the linear viscoelastic region
clearly identifies that they are viscoelastic in nature (Fig-
ures 3a,b and S4 a). In these measurements, both the fre-
quency-dependent rheological data and the plateau modulus
are impacted by the formulation (i.e., PVA-MV versus
P(StAM- r-StMV)), highlighting that the behavior of the
gels can change dramatically with alteration of the polymeric
constituents. Materials within a particular composition
exhibit roughly identical plateau storage moduli, which is
consistent with previous studies demonstrating a correlation
between the thermodynamic stability of supramolecular
cross-linking motifs (which is equivalent in all gels) in light
of the fact that the modulus can be thought of in terms of
energy density (that is, energy per unit volume where 1 Pa =

1 kJL�1). The variably dynamic cross-links, however, exhibit
a clear effect on the material properties as slower ternary

Figure 2. Formation of CB[8]-based physically cross-linked materials.
a) Inverted vial test demonstrating hydrogels containing I) PDMAm-
Pyr (1 wt%), II) PDMAm-DBF (1 wt%), and III) PDMAm-Np (1 wt%)
with PVA-MV (1 wt%) and CB[8] (1 equiv) demonstrating the colors
resulting from the charge–transfer complexes occurring between the
electron-rich second guests and the electron-poor MV first guest
within the CB[8] cavity. b) Small-angle X-ray scattering (SAXS) meas-
urements indicate that the three hydrogels are isostructural, i.e., only
differ in the cross-link dynamics due to the various second guests
utilized.

Table 2: Kinetic and thermodynamic binding data for multivalent
second-guest-functionalized polymers (PDMAm-G2) with M2V�CB[8] in
water.

Guest ka

[106; m
�1 s�1][a]

Eaa

[kJmol�1]
kd
[s�1][a]

Ead

[kJmol�1]
Keq

[104; m
�1][b]

2Np 1.3�0.2 13�2 146�5 30�2 1.5�0.3
DBF 1.5�0.2 10�2 109�5 54�2 1.4�0.2
Pyr 1.1�0.2 10�1 84�4 89�3 1.3�0.2

[a] Values reported for 20 8C. [b] Equilibrium binding constants calcu-
lated from the ratio of ka to kd obtained at 20 8C.
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complex kinetics yield more elastic materials with a cross-
over between the G’ and the G’’ at lower frequencies,
corroborating previous observations made by Craig and co-
workers.[3, 4] Furthermore, the dynamics of the supramolecular
cross-links apparently play an important role in determining
the bulk mechanical behavior as all guests used in this study
have equivalent thermodynamic stability, yet their corre-
sponding hydrogels exhibit very different frequency-depen-
dent properties. These observations are similar to those made
by Craig et al. , yet are in contrast to the assumptions made by
Rubinstein and Semenov where a general rule was assumed
that thermodynamic stability is directly correlated with small
dissociation rate constants and large activation energies for
dissociation. In fact, many moieties show slow binding, yet do
not possess high thermodynamic stability (for example, the
metal–ligand complexes used by Craig et al.), whereas the
opposite is true for CB[8]-based complexation, in which the
thermodynamic stability is high, yet both the associative and
dissociative processes are fast.

Scaling of the rheological data with the kinetic parameters
determined for the multivalent second-guest polymers and
M2V�CB[8] (Figures 3c,d and Figure S4 b), however, identi-
fies a more complicated picture than previously observed by
Craig and co-workers.[3, 4] Rather than overlaying one another,
the respective data do not scale correctly. This lack of
agreement is not particularly surprising as the overall
dissociation rate constant (kd) is neither a representation of
the energy required when converting an “active” (complexed)
cross-link into an “inactive” (uncomplexed) one, nor a mea-
sure of the time-dependent distribution of complexed and
uncomplexed cross-links. It is intuitive that this conversion
might be more appropriately defined by an energetic

parameter such as the activation energy for dissociation
(Ead). Scaling of the data when using the Arrhenius relation-
ship (t = t0·exp(Ead

RT )) promoted by Rubinstein and Seme-
nov,[16] however, is also unsuccessful. This is perhaps due to
the large differences in the pre-exponential factor for the
dissociative processes of each second guest determined
previously with stopped-flow spectrofluorimetry, highlighting
that the dissociative process is second-guest dependent. In
contrast, scaling of the frequency-dependent rheological data
with unit-less activation energy (Ead

RT ) values determined
previously for the multivalent second-guest-functionalized
PDMAm-G2 copolymers yields an exact overlay (Figures 3e,f
and S4 c), demonstrating the normalization of the hydrogel
behavior with the supramolecular chemistry responsible for
the dynamic cross-linking. Correct scaling is observed regard-
less of the MV-functional polymer utilized (distinguished by
a different molecular weight, polydispersity, persistence
length, and functional-group density). Previous researchers
have correctly reported that scaling of the viscoelastic
properties of dynamically cross-linked materials is controlled
primarily by the dissociative process, however, our experi-
ments show that the Ead of the dynamic cross-links deter-
mines the contribution to material properties of the supra-
molecular cross-linking, rather than the corresponding kd.

In order to ensure that our observations were general and
not specific for the temperatures used, we repeated the
rheological experiments with hydrogels prepared from
P(StAM-r-StMV) at elevated temperatures. Again, an effec-
tive scaling of the data occurs exclusively with the unit-less
activation energies of dissociation of the ternary complex
cross-links (Figure S5). The disambiguation of kinetic and
thermodynamic parameters in our system on account of the

Figure 3. Rheological characterization and scaling of dynamically cross-linked materials. a,b) Frequency-dependent oscillatory rheology of
hydrogels prepared from PDMAm-G2 (1.5 wt%), P(StAM-r-StMV) (1.5 wt%), and CB[8] (1 equiv). Materials were prepared in triplicate and
rheological measurements were performed using a strain of 1% at 20 8C. Scaling of the rheological data using c,d) the rate constant of
dissociation (kd) and e,f) a unit-less scaling factor based on the activation energy of dissociation (Ead

RT ) determined for the binding of multivalent
side-chain-functionalized PDMAm-G2 polymers with M2V�CB[8].
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differences in structure and electronics of the second guest
moieties used in this study, thereby allows for an in-depth and
quantitative understanding of the role of such parameters in
determining bulk material properties of physically cross-
linked materials.

Previous studies on the development of CB[8]-based
supramolecular hydrogels found that these materials exhib-
ited extremely rapid self-healing after network rupture by the
application of high shear rates in step-shear measure-
ments.[7, 30] This feature was proposed to arise from the high
association rate constants for the CB[8] ternary complex with
Np guests estimated previously.[6] With such a broad range of
important kinetic parameters for several second guests and
associated hydrogels in hand, this rapid self-healing behavior
was herein investigated further. Hydrogels prepared from
PDMAm-Pyr, PDMAm-DBF, and PDMAm-Np with PVA-
MV�CB[8] were first characterized by step-strain measure-
ments, whereby a large-magnitude oscillatory strain (100%)
was applied, immediately followed by a small-magnitude
strain (0.1%). The large-magnitude strain ruptures the
hydrogel structure, while the small-magnitude strain allows
for the recovery of the material properties, that is, self-
healing, which can be observed over time. This method
provides an important characterization of the process of self-
healing, which occurs only on short time scales after network
rupture, as argued by Rubinstein and Leibler,[31] when the
concentration of uncomplexed supramolecular moieties is
high. The alternative process, self-adhesion, occurs when the
concentration of uncomplexed moieties is close to equilibri-
um.

Unfortunately, the CB[8]-based hydrogels, regardless of
the guest, recover their mechanical properties at such a rate
that it was impossible to observe the process as the material
had completely recovered before the first data point was
obtained with step-strain measurements. Step-shear measure-
ments were therefore utilized, whereby a large-magnitude
shear rate (100 s�1) was applied, immediately followed by
a small-magnitude shear rate (0.1 s�1). With this method,
network repair can be monitored in real time. Figure 4 shows
the results of these measurements applied over three cycles to
each of the three materials at 50 8C. The strength of these
hydrogels (G0’> 1 kPa) made it necessary to use higher
temperatures to observe the transition, because the hydrogels
were expelled from the rheometer geometry at ambient
temperatures. Sampling rates are much higher during step-
shear measurements than are possible for step-strain meas-
urements, thereby allowing for the collection of data during
the entire self-healing process, which is complete in less than
0.5 seconds. Fitting the observed increase in viscosity over
time to a one-phase association function yielded the rate
constant of self-healing (khealing) for the hydrogels. The
obtained values of khealing were independent of the second
guest structure and electronics, corroborating observations
made previously regarding the kinetics of association for
CB[8] ternary complexes with various guests. While previous
reports have used these types of self-healing curves to
qualitatively describe macroscopic gel behavior, quantitative
analysis of this behavior to correlate to molecular parameters
has not yet been performed.

Step-shear experiments were then performed at different
temperatures to estimate the Arrhenius activation energies of
healing (Eahealing) for the hydrogels. Arrhenius Eahealing values
were obtained from a linear fit of ln(khealing) versus T�1 in the
range of 40–60 8C. The Eahealing values were also insensitive to
the second guest structure and electronics and are in agree-
ment with the values previously determined for the associa-
tion of PDMAm-G2 to M2 V�CB[8] (Eahealing = 15�
2 kJmol�1; see values for Eaa in Table 2). These observations
indicate that the self-healing process for CB[8]-based supra-
molecular hydrogels is driven primarily by the associative
process of the CB[8] ternary complex comprising the dynamic
cross-links within the materials, which exhibits an exceedingly
low energetic cost, thereby resulting in facile and rapid
recovery at room temperature after network damage.

In summary, supramolecular hydrogels have been pre-
pared utilizing the host–guest interactions of a range of guest
molecules with the macrocyclic host cucurbit[8]uril. Inde-
pendent characterization of the molecular kinetics and
thermodynamics of the binding of these guest moieties
allowed for the elucidation of their impact on the macroscopic
properties of the corresponding hydrogels. The energetic
barrier to dissociation determines the mechanical strength,
whereas the energetic barrier to association determines the
capacity of the materials to self-heal, thereby providing
a more in-depth picture of the role of supramolecular
dynamics and the importance of the energetic barrier for
dissociation in determining bulk material properties. The

Figure 4. Rapid self-healing of CB[8] cross-linked materials evidenced
by step-shear rheological measurements of hydrogels prepared from
a) PDMAm-Pyr (1%), b) PDMAm-DBF (1%), and c) PDMAm-Np (1%)
with PVA-MV (1%) and CB[8] (1%). The plots display only the first 1 s
of each of three healing cycles performed at 50 8C yielding healing rate
constants (khealing) of 11.5�0.3, 8.0�0.2, and 6.9�0.2 s�1, respec-
tively.
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cucurbit[8]uril binding motif has proven to be a powerful
asset for improving our understanding of challenging prop-
erty–structure relationships in supramolecular systems and
their associated influence on the bulk behavior of supra-
molecular cross-linked materials.
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Activation Energies Control the
Macroscopic Properties of Physically
Cross-Linked Materials

Supramolecular hydrogels were obtained
by utilizing the host–guest interactions of
the macrocycle cucurbit[8]uril (CB[8])
with various guest molecules. The
mechanical strength of these materials is
directly correlated to the energetic barrier
of the dissociation of the CB[8] ternary
complex cross-links, whereas the self-
healing requires a low energetic barrier
for complex association.
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