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The dynamic three-dimensional structures of enzymes are
dictated by secondary bonding interactions and play a crucial
role in both molecular recognition and allosteric regulation.
Controlled crosslinking of single polymer chains in isolation,
that can be seen as a mimic of the self-organization of
enzymes, has previously been realized in organic solvents
through crosslinking of multivalent polymer chains under
highly dilute conditions.[1, 2] In this instance, crosslinking must
be specifically intramolecular to form these “self-collapsed”
single-chain polymeric entities, which have been reported as
discrete, spherical nanoparticulate structures.[3–9] Whilst a few
of the above systems are documented in the literature, where
novel applications for such systems have been realized,[10,11]

only a small number are shown to be reversible and only one
example exists in water. Moreover, the controlled folding and
unfolding of a single polymer chain in water has not yet been
realized. A completely reversible form of this system would
be beneficial for many reasons, especially in light of one
notable property of these nanoparticles (NPs), which is their
ability to produce non-Einsteinian reductions in viscosity.[12]

Supramolecular crosslinking motifs exploit well-estab-
lished non-covalent interactions and their incorporation into
molecular constructs has led to the formation of materials
with novel properties.[13–17] Notable examples of such materi-
als predominantly include gelating entities where intermo-
lecular crosslinking leads to gel formation.[18] This strategy has
been particularly successful for systems that consist of
polymeric subunits which are able to gel through multivalent
functionality.[19] Cucurbit[8]uril (CB[8]), a macrocylic host
molecule capable of binding two aromatic guest molecules
simultaneously, is a suitable candidate for such reversible
crosslinking on account of the variety of guests available for
binding.[20] This allows for the use of guests with a range of
orthogonal stimuli where guest binding can be controlled
through simple external conditions (e.g. temperature, pH,
light, competing guests), thus allowing for reversibility to be
easily achieved. As a result, a variety of systems have already

been produced bearing this reversible CB[8]-based cross-
linking motif.[21–23] Herein we document a CB[8]-mediated
system for the preparation of metastable single-chain polymer
nanoparticles. These nanoparticles are shown to form rapidly,
are highly tunable and reversible and do not require
protection chemistries (Figure 1).

High molecular weight and water soluble poly(N-
hydroxyethylacrylamide) precursors were synthesised using
recent advancements in atom transfer radical polymerization
(ATRP) of acrylamides (Table S1 in the Supporting Informa-
tion).[24] The pendant hydroxyl functionality afforded by the
polymer thus allowed for the conjugation of isocyanate
functional guests for CB[8] to the polymer backbone in
a random fashion (Figure 2).[25] Guest loadings were chosen in
reference to previous work to observe significant variation in
size and hydrodynamic volume upon polymer chain col-
lapse.[4, 5] Polymers were synthesized with either a 5 or 15%
loading of each guest to observe the effect of different degrees
of crosslinking on nanoparticle size. Proton nuclear magnetic
resonance (1H NMR) spectroscopy confirmed the incorpora-
tion of the guests (Figure S1 in the Supporting Information),
where clear signals for both viologen (MV) and naphtyl (Np)
moieties are observed in the aromatic region. Moreover, an
overlay of the UV/Vis and refractive index traces from gel
permeation chromatography is observed for the functional
polymer (Figure S1 in the Supporting Information).

Controlled intramolecular collapse of the functional
polymer chains was achieved by stirring a solution of the
polymer followed by addition of the crosslinker, CB[8].
Successful particle formation was observed at concentrations
at or below 0.1 mgmL�1 of polymer in solution. Monomodal

Figure 1. a) Ternary complex formation with CB[8] for first guest
viologen (MV) and second guest napthyl (Np) moieties and of
b) collapse of single polymer chains by formation of a CB[8] ternary
complex.
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distributions of polymer entities were observed using dynamic
light scattering (DLS), along with a characteristic decrease in
particle size upon collapse of the polymer chains. Higher
polymer concentration or different order of addition yielded
multimodal particle distributions which are attributed to the
formation of multi-chain aggregates (see the Supporting
Information).

Control experiments were performed whereby CB[7] was
added to the polymer instead of CB[8]. The cavity of CB[7] is
only large enough to encapsulate one guest (MV), therefore
crosslinking and subsequent chain collapse cannot occur. In
contrast to the addition of CB[8], an increase in the particle
size was observed using DLS upon addition of CB[7].

To confirm that CB[8]-mediated, supramolecular cross-
linking was occuring, UV/Vis and 1H NMR measurements
were taken to directly compare the functional polymers and
the characteristics of the analogous nanoparticles. Comparing
polymer P1 to its nanoparticle NP1, as a representative
example, a downfield shift of peaks for the aromatic protons
of Np, as well as those in the meta position relative to the
cationic nitrogens of MV, in the 1H NMR spectrum showed
that both aromatic guests are encapsulated in the CB[8] cavity
(Figure S3 in the Supporting Information). In contrast, the
aromatic protons in the ortho position relative to the cationic
nitrogens of MV, being located in the electron-rich portal
region of the CB[8] when complexed, demonstrated an
upfield shift in the 1H NMR spectrum.[21] Moreover, the
appearance of a peak at 521 nm in the UV/Vis spectra,
correlating to a charge-transfer complex between the Np and
MV moeities in the CB[8] ternary complex, strongly suggests
that the desired crosslink is being formed.

DLS measurements confirmed the sizes for polymers P1–
P3 and their nanoparticle analogues NP1–NP3 in solution,
along with several control experiments (Figure 3 and Table S3
in the Supporting Information). From Figure 3a, both the
polymers and the nanoparticles bear a molecular weight
dependence. This trend is clear when considering increasing
polymer chain lengths and hence hydrodynamic volume.
Furthermore, size difference when undergoing collapse of the
chains has a more pronounced effect as the molecular weight
increases. Additionally, the polydispersities of the samples
decrease upon collapse from the globular and disperse

polymeric state to the tightly collapsed nanoparticles
(Table S3 in the Supporting Information). In contrast, the
control experiment using CB[7] showed that addition of
CB[7] yielded an increase in the particle size. This is likely on
account of an increased bulk of the solvated chains with CB[7]
complexing with the pendant MV guests.

The higher guest loading for P2b allowed for a titration of
CB[8] to be made to directly monitor the particle size upon
increasing the crosslinking (Figure 3b). The particle size of
NP2b clearly decreased with increasing addition of CB[8]
(Figure 3b) to a maximum crosslinking of 15 %, where the
pendant guest moieties become saturated by CB[8]. These
observations suggested that successful, quantitative cross-
linking and subsequent chain collapse can be readily attained
by addition of CB[8].

Atomic force microscopy (AFM) was used to determine
whether there were morphological differences between the
simple polymeric and CB[8]-formed particulate states, since
three-dimensional data in fine detail is achievable at the
appropriate size regime for the NPs. Figure 4 contains AFM
images of highly dilute solutions of the nanoparticles (100 nm)
which had been drop-cast onto mica, revealing that distinct
particulate entities are clearly formed for all the nanoparticles
(NP1–NP3). This provides direct support that CB[8] is
successfully forming polymeric nanoparticles. This is further
evidenced from control experiments which show that no
particle formation was detected in the absence of CB[8] or in

Figure 2. Facile isocyanate coupling reactions with both first and second guests simultaneously allow for near-quantitative functionalization of
poly(N-hydroxyethyl acrylamide) homopolymers with relevant guests for CB[8] to be achieved (TDL= dibutyltin dilaurate, NMP = N-methyl-
pyrrolidone, rt = room temperature).

Figure 3. a) DLS measurements of functional polymers before and
after addition of CB[8]. b) Titration of CB[8] to functional polymer P2b
yields a linear decrease in the oberserved hydrodynamic diameter as
the nanoparticle formed through ternary complexation becomes more
tightly collapsed (Mn = molecular weight and Rd = hydrodynamic diam-
eter).

.Angewandte
Communications

4186 www.angewandte.org � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2012, 51, 4185 –4189

http://www.angewandte.org


the presence of CB[7] (Figure S5 in the Supporting Informa-
tion).

The kinetics governing nanoparticle formation provide
valuable information about the rate and mechanism of folding
and unfolding of the polymer chains, as well as further
evidence that the nanoparticles are indeed formed from
a single polymer chain. The reaction of CB[8] with the
functional polymer to form the nanoparticles is a sequential,
two-step process (Figure 1) and as the second step (the
association of Np with the MV@CB[8] complex) is extremely
fast,[19] the first step is rate-determining. The rate for the
entire process can therefore be expressed according to
a second-order rate equation [Eq. (S5) in the Supporting
Information].[26]

Stopped-flow photophysical measurements were used to
investigate the collapse kinetics of NP2, whereby the
fluorescence of the polymer decreases on account of static
quenching of the fluorescent Np moiety upon formation of
the ternary complex crosslinks. Second-order rate constants
ka1 and kd1 can be determined for the complexation of MV
with CB[8] through systematic alteration of the concentration

of CB[8] in a large excess relative to the polymer chain whilst
keeping the polymer concentration constant. Figure 5 dis-
plays the decrease in emission intensity with time observed
upon addition of CB[8] to the polymer and quenching of the
Np fluorescence and it is clear that the nanoparticles were
completely formed within 0.5 seconds as a plateau in the
fluorescence is reached. The kinetics curves were fit to
a single exponential decay [Eq. (S1) in the Supporting
Information] to give the observed rate constant, kobs. The
observed decay in emission intensity could potentially be
related not only to static quenching upon complex formation,
but also to dynamic quenching as the polymer chains begin to
collapse into nanoparticles. However, the dynamic quenching
was assumed to be negligible as the dependence of kobs on the
initial CB[8] concentration was linear (Figure 5, inset). The
association and dissociation rate constants for the complex-
ation of MV with CB[8] (ka1 and kd1, respectively) were
determined for the first time, according to Equation (S15) in
the Supporting Information. The calculated value for the
equilibrium constant (Keq1) compares with previous reports
[Eqs.(1)–(3)].[27]

ka1 ¼ ð4:7� 0:2Þ � 105
m
�1 s�1 ð1Þ

kd1 ¼ ð2:4� 0:1Þ s�1 ð2Þ

Keq1 ¼ ka1=kd1 ¼ ð2:0� 0:1Þ � 105
m
�1 ð3Þ

Furthermore, a series of experiments was performed to
probe the concentration dependence and stimuli-responsive-
ness of the equilibrium between the collapsed and expanded
states of the nanoparticles (Figure 6). As a representative
example, nanoparticle NP2, at different initial concentrations,
was instantaneously diluted (10-fold) with both water and
a solution containing an excess of 1-adamantanamine
(AdNH2), which is a strongly competing guest for CB[8]
(Keq = 8 � 108

m
�1),[28] and the fluorescence response moni-

tored over time. To ensure dissociation of the ternary complex
upon addition of the competing guest, AdNH2, the concen-
tration was made sufficiently high (1 mm) to overcome the
effects of the high effective molarity (Meff) typically observed
in intramolecular interactions.[29] Control experiments were
developed whereby multi-chain aggregates were treated in
the same manner as the single-chain nanoparticles NP2.

Figure 4. AFM imaging of single-chain polymeric nanoparticles. The various nanoparticles were drop-cast onto mica substrates: a) large scale
image of NP3, b) zoom image of NP3, and c) three-dimensional image showing the spherical nature of the nanoparticles. d) NP1.

Figure 5. In situ monitoring of NP formation using stopped-flow
photophysical measurements of the reaction of CB[8] with polymer P2
demonstrating the decrease in fluorescence signal of the Np moiety
upon binding with CB[8] and MV. The polymer concentration was kept
constant at 2.0 mm with respect to the Np moiety and the CB[8]
concentrations range from 10.0–60.0 mm. The corresponding pseudo-
first order plot demonstrating linearity in kobs at various concentrations
of CB[8] (inset). All concentrations indicated are the final ones after
mixing.
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These multi-chain aggregates were prepared from analogous
polymers bearing only one type of guest, either MV or Np
moieties (Figure S9 in the Supporting Information), thus
exclusively containing intermolecular crosslinks which are
inherently concentration dependent.

It is evident from Figure 6a that while both single-chain
NPs and multi-chain aggregates exhibited the same response
to the complete destruction of the ternary complex crosslinks
by the AdNH2, their response to dilution with water differs
dramatically. This result indicated an important feature of the
single-chain NP and multi-chain aggregate systems. Dynamic
quenching of the Np fluorescence by the MV moiety upon
dissociation of the ternary complex is either nonexistent in
both systems or equivalent within the observed concentration
range, no matter whether the MV and Np are bound to the
same polymer chain or not. The dramatically different
responses observed when diluted with water only were
therefore primarily attributable to changes in the static
quenching (Figure 6a).

The NPs containing intramolecular interactions within
a single polymer chain are expected to be concentration
independent, while the multi-chain aggregates formed
through inherently intermolecular interactions are expected
to be concentration dependent. The observed change in
fluorescence (I/Io) verifies that the multi-chain polymer
aggregates were indeed concentration dependent (Fig-
ure 6b). Dilution of the multi-chain aggregates caused
disassociation of a portion of the ternary complex crosslinks
and therefore liberation of fluorescent Np moieties, resulting
in higher emission intensity than expected after a 10-fold
dilution (I/Io> 0.10). Additionally, I/Io depended on the initial
concentration of the aggregates and larger I/Io were observed
at higher initial concentrations. Each of these observations is
consistent with theoretical predictions based on the intermo-
lecular equilibrium binding constant for second guest binding,
Keq2 = 1 � 105

m
�1, reported previously.[19]

In contrast, the observed decrease in fluorescence (I/Io

� 0.10) upon dilution of the NPs is commensurate with the 10-
fold dilution, highlighting that they are concentration inde-
pendent. This feature is consistent with the proposed intra-
molecular process, whereby the effect of a high Meff allowed
dilution to produce no observable effect on the degree of

crosslinking within the collapsed nanoparticles. This is clearly
understood by looking again at the kinetic data for the
formation of the NPs shown above (Figure 5). From this data
it was possible to estimate the proportion of pendant moieties
partaking in intramolecular crosslinking to be approximately
97% from the observed decrease in fluorescence emission of
the Np moieties upon ternary complex formation. This value
is far higher than that expected for purely intermolecular
interactions at these concentrations (approximately 27 %).
Furthermore, assuming an intramolecular complexation pro-
cess, an Meff could be calculated from this degree of ternary
complex formation to be approximately 3 mm, which is
consistent with previous observations for various intramolec-
ular processes.[29] Each of these observations corroborate
those made with AFM and DLS and highly support our
hypothesis that these NPs are formed by intramolecular
interactions within a single polymer chain.[30]

In summary, a range of poly(N-hydroxyethylacrylamide)
polymers were prepared by ATRP and were functionalized
using an isocyanate conjugation method to incorporate both
first and second guest moeties for complexation with CB[8].
These materials were subsequently “collapsed” at the molec-
ular level in a supramolecular fashion using an intramolecular
CB[8]-mediated crosslinking strategy in water. Well-con-
trolled and defined structures, of which each entity has been
shown to be due to the collapse of a single polymer chain,
were successfully produced. Particle size in this instance can
be easily tailored through simple addition of the crosslinking
unit, CB[8], thereby allowing for a range of particle sizes to be
easily accessed. Furthermore, the nanoparticle formation is
exceptionally fast and completely reversible. The formation
of these metastable nanoparticles, by virtue of the supra-
molecular nature of the intramolecular crosslinking within
a single polymer chain in water, represents a major first step
in developing synthetic polymers with aqueous phase behav-
ior resembling that of their natural counterparts.
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