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Supramolecular chemistry

Supramolecular chemistry

« Supramolecular chemistry is chemistry ‘beyond the molecule’, the
science of non-covalent, intermolecular interactions »

« Just as there is a field of molecular chemistry based on the
covalent bond, there is a field of supramolecular chemistry, the
chemistry of molecular assemblies and of the intermolecular bond. »

1987
Nobel Prize for J.-M. Lehn, D. J. Cram, C. J. Pedersen 
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Supramolecular chemistry

Supramolecular Chemistry J.-M. Lehn, Pure Appl. Chem. 1978, 50, 871.
 

Interdisciplinary Nature of Supramolecular Chemistry

Atoms Molecules Supermolecules
& Assemblies Devices

covalent
bonds

non-covalent
interactions function

inorganic, organic
and polymer chemistry

supramolecular
chemistry materials science

72

Attraction
& Affinity

Selective
Binding

Fixation
& Reaction

• structure of
components

• energy

• structure of
assembly

• information

• transformation
• transportation
• function

“molecular recognition is selective binding with a purpose”

Supramolecular systems display (new) additional properties

Supramolecular system Single components 
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Supramolecular chemistry

Supermolecular Assemblies

• polymolecular entities from

spontaneous, but defined association 

of many molecules

• the equivalent of high molecular

weight polymers and macromolecules

supramolecular self-assembly

Supermolecules

• well-defined, discrete species formed

from a defined, finite number of 

molecules

• the equivalent of low molecular weight

organic molecules

host-guest chemistry

Two “sub-domains”
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2.1. Definitions and concepts 41

covalent

synthesis

Small
blocks Large host molecule

Guest

Host–guest complex

(a) Host–guest complexes

crystallisation

Host

Guest

Lattice
inclusion
complex

(b) Lattice inclusion compound

covalent

synthesis

self-

assembly

Small
blocks Large molecule Self-assembled motif

(c) Self-complementary assembly

Figure 2.1: Construction of supramolecular systems from molecular
building blocks. [16]

Host–guest complexes include biological systems, such as enzymes
and their substrates, with enzymes being the host and substrates be-
ing the guest. In coordination chemistry, metal–ligand complexes can
be seen as host–guest species, where large ligands can act as hosts for
smaller metal cations. When possessing a permanent cavity that con-
tains specific binding sites, such ligands act as a host both in solution and
in the solid state. On the other hand, the class of solid state inclusion

Self-assembly:
A dynamic equilibrium between two or
more molecular species to produce a
larger aggregate based on non covalent
interactions

Host-guest:
The study of large ‘host’ molecules that 
are capable of enclosing smaller ‘guest’
molecules via non-covalent interactions.

Supramolecular chemistry

Supermolecules

Supermolecular Assemblies
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Supramolecular chemistry

Supermolecules Supermolecular Assemblies

This journal is c The Royal Society of Chemistry 2013 Chem. Soc. Rev., 2013, 42, 1619--1636 1621

has a 1 : 2 vertex : edge ratio with all vertices four-connected.
Secondly, the degree of curvature of the ligand afforded by the
2,5-furan-diyl spacer controls the radius of the sphere. It follows
that use of a ligand which has less curvature should afford a
larger sphere, and that is exactly what occurred using the 2,5-
thiophene-diyl bridging ligand Lth which has a bend angle of
1491, compared to 1271 for Lfur. Reaction of Pd2+ ions and Lth in a
1 : 2 ratio affords the 48-component assembly [Pd24(Lth)48]24+

whose diameter is now 50% larger than that of the Pd12 cage.9b

An appreciation of the underlying symmetry of polyhedral cages
has led to many other examples of planned self-assembly. In 1996
Raymond and co-workers pointed out how polyhedral structures
could be dissected into ‘incommensurate’ symmetry elements which
need to be satisfied simultaneously.10 Thus a tetrahedron must have
both threefold and twofold rotational axes, and a design that allows
these two requirements to be met independently will help to direct
the self-assembly process. This direction can be achieved using
twofold-symmetric bridging ligands with bidentate termini, and
six-coordinate metal centres which will bind to three bidentate
ligand fragments and thereby have local threefold symmetry. The
combination of a simple bis-bidentate bridging ligand with six-
coordinate metal ions resulted in one of the first examples of a
rational synthesis of an M4L6 tetrahedral cage (Fig. 2). The require-
ment for both C3 and C2 axes is most simply realised by adoption of
a structure with pure rotational T symmetry (there are no mirror
planes due to the chirality of the tris-chelate metal centres).10

A more complex example of this principle came from Stang’s
group in 1999 with the self-assembly of a fifty-component dodeca-
hedral capsule from just two types of component: a vertex compo-
nent consisting of a pyramidal tris-pyridyl ligand, and an edge
component consisting of a dinuclear Pt(II) complex with labile
groups at the ends which interacts with two pyridyl donors in a
linear geometry (Fig. 3).11 Combination of 20 vertex units and 30
edge units afforded a dodecahedron as the only product. A dode-
cahedron incorporates incommensurate five-fold rotation axes
(through centres of pentagonal faces), threefold axes (through
vertices) and twofold axes (through edges). The twofold axes are
trivially imposed on this assembly process by the linear Pt2 units,
and the threefold axes arise from the threefold-symmetric tris(4-
pyridyl)methanol ligand. More subtly, the required fivefold axes
arise from the angle between the pyridyl donors of tris(4-pyridyl)-
methanol which is close to the ideal 1081 of a pentagon and leads to

formation of pentagonal faces, with each ligand being at the point
where three pentagons meet. Thus three independent symmetry
requirements are cleverly built into two molecular components, and
combination of these in the correct proportion leads to assembly of
the dodecahedral cage which is the simplest chemically feasible
structure that can simultaneously satisfy the three independent
requirements for two-, three- and five-fold rotational symmetry.11

Not all examples of coordination cages are so well planned
however: serendipity is still a reliable ally. Ward’s group has
produced a range of coordination cages based on bridging
ligands containing pyrazolyl-pyridine termini connected to a
central aromatic spacer via flexible methylene groups.8d,12 This
flexibility is fundamentally important. It precludes any realistic
possibility of rational design as each ligand can adopt a wide
range of conformations. However, the flexibility permits the
ligands to settle into conformations in which inter-ligand
stacking interactions around the periphery of the cages occurs.
This always takes the form of alternating stacks of electron-rich
(central aromatic unit) and electron-deficient (pyrazolyl-pyridine
units coordinated to dipositive metal ions) components, and in
larger cages such as the [M12(L18naph)18]24+ truncated tetrahedron
(Fig. 4) there are thirty-six individual pairwise donor/acceptor
interactions of this nature.12a

This stacking must play a substantial thermodynamic role in
driving the self-assembly in addition to formation of metal–ligand
dative bonds. Some cages have been observed to rearrange slowly in
solution: for example the 16-nuclear cage (Fig. 5).12b This rearrange-
ment underlines the lack of predictability of these systems, because
the two structurally very different cage assemblies must be so
similar in energy that they exist in equilibrium. Ironically, as the
skill going into design of cages – based on relatively rigid bridging
ligands, metal ions with strong stereoelectronic preferences, and
understanding of symmetry principles and the kinetics of the
systems – increases, the unexpected contributions of serendipity
will decrease as they are ‘designed out’ of the system.

To conclude this section, we note that a severe limitation of
assemblies of this type from the functional point of view is
that – although they may contain many components in a single
assembly (up to 72 in Fujita’s [Pd24(Lfur)48]24+ nanosphere9b) –
they only contain two types of component. This may not be an

Fig. 2 The presence of incommensurate C2 and C3 axes in a rationally-synthe-
sised tetrahedral coordination cage (ref. 10).

Fig. 3 Assembly of a dodecahedral coordination cage from a tris-pyridyl unit
which forms the vertices and a linear dinuclear Pt(II) complex which forms the
edges (ref. 11).
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Individual non-covalent interactions may be weak, but many of them will still
yield “stable” structures while allowing for “self-healing” (error correction)

Supramolecular chemistry

Reversiblity leads to « crystals » (ordered phases)

Irreversiblity leads to « glasses » (disorder)

Supramolecular Chemistry G.M. Whitesides, Science 2002, 295, 2418; Proc. Natl. Acad. Sci. USA 2002, 99, 4769

Self-Healing / Error Correction

irreversibility leads to “glasses” (disorder)

reversibility leads to “crystals” (ordered phases)

individual non-covalent interactions may be weak, but many of them will still
yield “stable” structures while allowing for “self-healing” (error correction)

74Supramolecular Chemistry G.M. Whitesides, Science 2002, 295, 2418; Proc. Natl. Acad. Sci. USA 2002, 99, 4769

Self-Healing / Error Correction

irreversibility leads to “glasses” (disorder)

reversibility leads to “crystals” (ordered phases)

individual non-covalent interactions may be weak, but many of them will still
yield “stable” structures while allowing for “self-healing” (error correction)

74
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Supramolecular interactions

Interaction Strength (kJ mol-1)

Ion-Ion 100-400

Ion-Dipole 50-200

Dipole-Dipole 10-50

Hydrogen bonding 2-120

Cation-p 5-80

p-p 5-50



9

Supramolecular interactions

• Coulomb Interactions (Ion-Ion Interactions)

• strong (100–400 kJ/mol)

• long range (~d–1) 

• non directional

 Supramolecular Chemistry

Types of Non-Covalent Interactions (1)

75

• Coulomb Interactions (Ion-Ion Interactions)
• strong (100–400 kJ/mol)

• long range (~d–1)

• Ion-Dipole Interactions
• moderately strong (50–200 kJ/mol); stronger when partially covalent (100–400 kJ/mol)

• moderate range (~d–2)
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Types of Non-Covalent Interactions (1)
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Supramolecular interactions

• Ion-Dipole Interactions

• moderately strong (50–200 kJ/mol)

• moderate range (~d–2) 

 Supramolecular Chemistry

Types of Non-Covalent Interactions (1)
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Supramolecular interactions

• Dipole-Dipole Interactions (Keesom)

• relatively weak (10–50 kJ/mol)

• short range (~d–6) 

 Supramolecular Chemistry

Types of Non-Covalent Interactions (2)

76

• Dipole-Dipole Interactions
• relatively weak (10–50 kJ/mol)

• short range (~d–6)

• Cation-π Interactions
• relatively weak (5–80 kJ/mol)

• relatively short range (~d–4)
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Types of Non-Covalent Interactions (2)
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Supramolecular interactions

• Hydrogen Bonding

 Supramolecular Chemistry

Types of Non-Covalent Interactions – Hydrogen-Bonding

78

• Hydrogen Bonding
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H-bond weak moderately strong
bond energy 2–20 kJ mol 20–60 kJ mol 60–120 kJ mol
D–H∙∙∙A angle 90–150° 120–180° ≈180°
H∙∙∙A distance 2.2–3.2 Å 1.5–2.2 Å 1.1–1.5 Å
bond character electrostatic covalent
Examples acid dimers

HF
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Supramolecular interactions

• Hydrogen Bonding

KevlarNylon 6

 Supramolecular Chemistry

Types of Non-Covalent Interactions – Hydrogen-Bonding

80

• Complementary Multiple Hydrogen-Bonding Sites in DNA Base Pairs
• complementary arrangements of hydrogen-bond acceptors/donors for selective binding

• mutually enforcing donors and acceptors
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Types of Non-Covalent Interactions – Hydrogen-Bonding

81

• Complementary Multiple Hydrogen-Bonding Sites in Synthetic Polyamides
• complementary arrangements of hydrogen-bond acceptors/donors for selective binding

• self-enforcing donors and acceptors

Kevlar Nylon-6

R'CN

O

N C
O

R'
H

R R

H

NC
O

R'
H

R R' C N

O
R

H

R'CN

O
R

R' C N

O
R

H

H

H

N N N

O

OH

H

H

NNN

O

O H

H

H

O

O

n

n

N

O N

O

H

H

N

O N

O

H

H

n

n

 Supramolecular Chemistry

Types of Non-Covalent Interactions – Hydrogen-Bonding
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Supramolecular interactions

• Cation-p Interactions

• relatively weak (5–80 kJ/mol)

• relatively short range (~d–4) 
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Types of Non-Covalent Interactions (2)
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Supramolecular interactions

• p-p Interactions (p-p stacking)

• weak (5–50 kJ/mol)

• short range (~d–6) 

 
 Supramolecular Chemistry

Types of Non-Covalent Interactions (3)

77
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Types of Non-Covalent Interactions (3)
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The Fundamentals of Making Mechanical Bonds

103

engage (Figure 2.25a) more favorably in edge-to-face 
(T-shaped) or off-centered stacking (parallel displaced) 
 interactions than aligned cofacial (face-centered) stacked 
geometries in order to maximize Coulombic attractions and 
minimize their repulsions. The situation changes completely 
(Figure 2.25b) when one of the aromatic units contains elec-
tron-withdrawing functional groups, which polarize π-electrons 
away from the aromatic core. The electron-deficient faces of 
this π-acceptor (A) will engage readily with the electron-rich 
surfaces of a π-donor (D) in a face-centered geometry. The 
mixing of π-orbitals and partial transfer of electronic charge 
from D to A in the ground state constitutes an associative inter-
action known481 as a charge transfer (CT) complex (DA) which 
exists in equilibrium with its constituent molecules D and A:

D A DAU

where DA is a resonance between a nonbonding state 
(D, A) and a dative state (D+···A–). While ground-stateK D-A 

CT complexes have been exploited in the context of ferro-
magnetic482 and ferroelectric483,484 materials, they also 
underpin the recognition chemistry475 of the MIMs described 
in this Section.

It is now clear that the Hunter/Sanders model480 is 
 surprisingly reliable as a qualitative tool, despite being 
highly oversimplified in light of more recent computa-
tional research recognizing477–479 the important, some-
times dominant, effects of solvation and other types of 
electrostatic forces, including through-space interactions 
between polarized atoms. At the center of the ongoing 
controversy is the (over)use of the term “π–π stacking”, 
which is often interpreted as a “special” interaction tran-
scending ordinary electrostatic, solvation, and van der 
Waals forces. It transpires that such kinds of “special” 
qualities arise only in large polycyclic systems.478 The 
term “π–π stacking” should therefore be defined by authors 
who employ it because there is no unanimous consensus 
on its meaning. Throughout this monograph, we interpret 
π–π stacking as simply denoting any associative 
face-to-face interactions between aromatic molecules 
for historical, practical, and literal reasons, regardless of 
the actual sources of the interactions and their relative 
strengths.

Donor-acceptor charge transfer interactions have 
served485 as the basis of many supramolecular assem-
blies and materials. A number of π-donor and π-acceptor 
recognition units and corresponding hosts that are most 
relevant in mechanostereochemistry are illustrated in 
Figure 2.26. Planar dications are commonly employed as 
acceptor units—they include derivatives of 4,4′-bipyridin-
ium (BIPY2+), also known as viologens, and homologues 
thereof possessing larger π-systems such as diazapyre-
nium (DAP2+) and diazaperopyrenium (DAPP2+), as 
well 1,2-bis(pyridinium)ethane (BPE2+) and a number of 
 tetraimine macrocycles with cationic metal centers. 
Aromatic diimides such as pyromellitic diimide (PMDI), 
naphthalene diimide (NDI), and perylene diimide (PDI) are 
often employed as neutral π-acceptors. Common donor 
units are derived routinely from small aromatic hydrocar-
bons such as benzene and naphthalane. Hydroquinone 
(HQ), 1,5-dioxynaphthalene (DNP), and 1,5-diaminonaph-
thalene (DAN) are particularly well-explored in this arena, 
as are 4,4′-biphenol (BP) and benzidine (BZ). Derivatives 
of tetrathiafulvalene (TTF) such as pyrrolotetrathiafulva-
lene (PTTF) and bispyrrolotetrathiafulvalene (BPTTF) are 
frequently employed because of their well-understood and 
highly reversible redox processes. Porphyrins and oligo-
thiophenes (nT, where n equals the number of repeating 
thiophene units) have also been implicated in D-A MIM 
synthesis to a lesser extent. By our estimation, the vast 
majority of mechanomolecules templated by donor- 
acceptor π-stacking interactions incorporate the above 
 components. In the figures and schemes, π-donors 
are warm-colored (reds, greens) while π-acceptors are 
cool-colored (blues, violets) as a way to signify their role in 

Figure  2.25  Examples of π–π interactions, rationalized in part by 
the distribution of electrostatic potential on an aromatic molecule’s 
surface. (a) Benzene rings, which generally serve as π-donors (D) by 
virtue of their electron-rich faces, dimerize more favorably in parallel 
displaced and T-shaped geometries to avoid electrostatic repulsive 
forces that transpire in a face-centered stacking arrangement. (b) The 
withdrawal of π-electron density to the edges of a π-acceptor (A) such 
as in the case of naphthalenediimide (NDI) enables it to favor 
π-stacking interactions with a donor such as 1,5-dioxynaphthalene 
(DNP) in a π-associated D-A charge-transfer (CT) complex.480

K The excitation of an electron from the HOMO of D to the LUMO 
of A is an electronic transition that often gives rise to optical 
absorption bands in the UV/Vis/NIR regions of the electromagnetic 
spectrum, and can therefore often be detected with the naked eye. 
Although ground-state interactions are the basis for the D-A recog-
nition chemistry employed in MIMs synthesis, excited-state CT 
interactions can also enhance association between molecules. 
Excited-state CT complexes also play an important role in organic 
photovoltaics, for example, which may be relevant to potential 
applications for D-A MIMs.
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D A DAU
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Supramolecular interactions

• p-p Interactions (p-p stacking)

• weak (5–50 kJ/mol)

• short range (~d–6) 
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Supramolecular interactions

• Other (very weak) interactions

Dipole - induced dipole (Debye interactions)

Instantaneous dipole - induced dipole (Dispersion/London interactions)

They take into account all interactions excluding those 

involving a permanently charged species.

• What about Van der Waals interactions?

VdW =  Keesom + Debye + London
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Supramolecular interactions

• Hydrophobic effects

Hydrophobic effects are entropy driven.
Water around a hydrophobic molecule is more ordered than in the bulk 
liquid. Aggregation releases water, which is entropically very favorable. 

Examples: phospholipid bilayer cell wall, cyclodextrin inclusion 
complexes,…
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Binding constants

Binding constant:

14 introduction

1.2.5 Binding constants

Connors, K. A., Binding Constants: The Measurement of Molecular Complex
Stability, John Wiley & Sons, Ltd, Chichester, UK, 1987.

The binding of a guest by a host species, or the interaction of two or more species
by non-covalent bonds, is an equilibrium process. The equilibrium constant for
a binding process is called the binding constant or association constant. The equi-
librium that exists for a simple 1:1 host–guest system is shown in Scheme 1.1.
The binding constant is calculated by Eq. (1.6), using the concentrations of the
species present at equilibrium: host (H), guest (G) and the resulting complex
!H ·G". The final value, K, has units of mol dm−3 or M−1.‡ These values can range
from near zero to very large and so for convenience a log scale is utilised and
values are commonly seen quoted as log K. Binding constants are calculated from
experimental data (from titrations monitored by NMR, UV–Vis or fluorescence
spectroscopy, for example), which supply information about the position of the
equilibrium.

Host + Guest Host · Guest

Scheme 1.1 The equilibrium between a host–guest complex and the free species.

K = #H ·G$

#H$#G$
(1.6)

Binding Constant, K: The equilibrium constant for the interaction of a host with one
or more guests. The binding constant provides a quantitative representation of the
degree of association and is also called the association constant.

Frequently, host–guest complexes do not form exclusively in a straightforward
1:1 ratio. In such cases, there is more than one binding constant as subsequent
guests bind to the host. Multiple equilibria of this type are described by stepwise
binding constants for each guest as it binds, and an overall binding constant for
the final complex which is termed beta !%". The definition of the overall binding
constant is shown in Scheme 1.2.

‡ Formally binding constants are defined as ratios of activities, which are dimensionless. After all, it is
not possible to take a logarithm of a unit! Chemists thus make the approximation that concentrations
are very similar to the activities.
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H + 3GHG + G

HG2 + G

H + G H · G K1 =
[H · G]

[H] [G]

H · G2
K2 =

[H · G2]

[H · G] [G]

H · G3 K3 =
[H · G3]

[H · G2] [G]

ß3 =
[H · G3]

[H] [G]3
H · G3

ß3 = K1 × K2 × K3

Stepwise binding constants (K1 for first event, etc.) Overall binding constant (ß) for a 1:3 host–guest complex

Scheme 1.2 Derivation of stepwise and overall binding constants for a 1:3 host–guest
complex.

1.2.6 Kinetic and thermodynamic selectivity

One of the most important factors in the design of host–guest systems is to ensure
that a host has a preference for the target guest species above all other possible
guests. The host must be able to discriminate between species and hence show a
good degree of selectivity for the desired guest. There are two kinds of selectivity
that may come about; thermodynamic and kinetic.

Thermodynamic selectivity is the ratio of the binding constants for a host binding
two different guests (Eq. (1.7)). The relationship between the binding constant
of any given supramolecular complex is directly related to the change in free
energy during the association process by Eq. (1.8), where R is the gas constant
!8"314 J mol−1 K−1#, T is the temperature (K) and ln K is the natural logarithm
of the binding constant. The energy of association can be controlled to a certain
extent when the host system is designed, by applying design principles such as
the chelate and macrocyclic effects (Sections 1.2.2 and 1.2.3). The correct selection
of supramolecular interactions between the two species is also of great importance
(Section 1.3). This means that thermodynamic selectivity can be enhanced through
rational changes to the design of the host.

Selectivity = KGUEST 1

KGUEST 2
(1.7)

$G = −RT ln K (1.8)

Kinetic selectivity is based on a very different principle to thermodynamic selec-
tivity. The word ‘kinetic’ implies that there is a time-element involved. Kinetic
selectivity is usually found in the context of catalytic or enzyme-based processes,
whereby a guest (substrate) is transformed upon binding. The rate at which
competing substrates are transformed is the determining factor for kinetic selec-
tivity, with the enzyme or catalyst being selective for the fastest-reacting substrate.
To cater for a reacting guest, enzyme binding sites are not rigidly preorganised as

Supramolecular interactions

ka

kd
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third moiety is required for association of the complementary
binding motifs (Fig. 4c). The highly studied quadruple hydrogen
bonding unit 2-ureido-4-[1H]pyrimidone (UPy) is particularly inter-
esting because it is capable of homodimerising with exceptionally
high equilibrium association constants (Kdim = 6 ! 107 M"1 in
chloroform),65 yet can also undergo tautomerisation to selectively
form an A:B complementary binding pair with 2,7-diamido-
1,8-napthyridine (NaPy; Keq = 5 ! 106 M"1 in chloro-
form).66,67 In some cases metal–ligand complexation would
constitute a three-component binding (Fig. 4b(ii)) whereby
two of the same moiety (e.g. terpyridine ligands) are
complexed by a single metal ion. Indeed the terpyridine ligand
has been widely exploited and affords facile synthesis of
supramolecular polymers through an A:B:A three component
binding motif whose properties are determined by the choice
of metal ion (vide infra). The two motifs mentioned, UPy and
terpyridine, have proven to be very popular for several reasons
including their facile synthesis and high association constants.
The three component complementary binding motif demonstrated
in Fig. 4c is rather unique and reflects the ternary complex
formation of the macrocyclic host molecule cucurbit[8]uril
(vide infra).

Judicious choice of binding motif is most relevant in that a
system employing complementary binding motifs bound to
separate polymer chains generally promotes interchain cross-
linking, while self-complementary binding motifs can easily
form intrachain rings. For example, a self-associative unit is
much more prone to the formation of rings rather than truly
‘active’ physical interchain crosslinks. It has also been shown
that complementary binding motifs, when bound to the same
polymer chain, promotes intrachain ring formation.

This picture is rather simple and easily applied to linear
supramolecular polymers, however, the role of the associative
mechanism is more complicated in three-dimensional cross-
linked networks. For example, Weck et al. studied the impact
of the type and strength of hydrogen-bond crosslinking on the
mechanical strength of supramolecular networks.68,69 These
investigations revealed that the relationship between the
hydrogen-bond equilibrium association constant and the net-
work strength was not trivial. In these studies the authors
demonstrated that intrinsically weak triple hydrogen-bonding
interactions that assemble into multi-point hydrogen bonded
arrays demonstrated a high degree of network chain connectivity,
whereas intrinsically strong sextuple hydrogen bonding arrays
only capable of standard complementary binding interactions led
to a much lower network chain connectivity. Therefore, the
assembly mechanism of supramolecular crosslinks has an
important role in determining the elasticity of the resulting
networks in addition to the strength of the specific supra-
molecular motif itself, which will be covered below.

2.2.2 Equilibrium association constants. The degree of associa-
tion of supramolecular moieties is strongly affected by both their
concentration in solution and their equilibrium constant, and is
proportional to (Keqc)

1/2, as illustrated in Fig. 5.70 Hydrogel
formation in a given system will occur at a particular ‘gelation
transition’ whereby a contiguous network is formed through
evolution of a percolated structure at a critical concentration.
This quality is particularly useful in that facile targeting of

specific crosslink densities in supramolecular polymer hydrogels
can be accomplished provided the Keq and concentration of the
non-covalently associating moieties are known. In contrast,
crosslinking in covalent systems can only be determined in
some instances through experimental methods after the cross-
linking reactions occur.
Several methods are widely used to determine Keq values,

including a variety of spectroscopic methods, such as nuclear
magnetic resonance, infra-red, UV-visible and fluorescence
spectroscopy. Isothermal titration calorimetry (ITC) is a
powerful physical technique for measuring solution binding
thermodynamics and stoichiometry and has been utilized
previously to measure Keq values in supramolecular systems
in water.71–75 Complete thermodynamic data can be extremely
useful for understanding the driving forces for association and
dissociation when correlating molecular dynamics with hydrogel
network mechanics (vide infra).

2.2.3 Binding dynamics. Another important characteristic
in supramolecular polymers is the timescale upon which the
supramolecular associations exist and the rate of association–
dissociation of the supramolecular moieties. True dynamic
supramolecular polymers must be reversible (breaking and
recombining) on experimental time scales (e.g. NMR time
scale). Fig. 6 displays a typical example of a two-component
complementary binding motif and its corresponding reaction
kinetics. When considering the supramolecular networks
shown in Fig. 1b above, it is clear that the associated complex
will represent an ‘active’ crosslink within a hydrogel, while the

Fig. 5 Theoretical relationship between the degree of supramolecular

association between two moieties and their equilibrium association

constant,Keq, demonstrated at various concentrations. Image reproduced

from ref. 70.

Fig. 6 Schematic illustration of the association reaction between two

motifs demonstrating the relationship between the reaction kinetics

and equilibrium association constant.
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Binding constants

ion Log K1 Log K2 Log b2 ka1 kd1 ka2 kd2

Fe2+ 7.1 13.8 20.9 104.9 10-2.2 107.0 10-6.8

Ni2+ 10.7 11.1 21.8 103.1 10-7.6 105.3 10-5.8

Co2+ 8.4 9.9 18.3 104.4 10-4.0 106.7 10-3.2

Zn2+ 6.0 5.2 11.2 106.1 100.1 - « fast »

Design and construction principles of macromolecular architectures based on bis-terpyridine metal 
complexes 
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Figure 1.7. Possible complementary non-covalent interactions for the construction of AB-block 
copolymer based on a) ionic interactions, b) triple hydrogen bonding scaffolds and c) quadruple 
hydrogen bonding scaffolds. 

Figure 1.8. Metal complex formation between terpyridine and transition metal ions (left), leading to an 
octahedral surrounding of the metal ion by two meriodinally coordinated terpyridine-ligands (right).  
 
Most common metal ions are Mn, Fe, Ru, Os, Co, Ir, Ni, Pt, Cu, Ag, Zn, Cd, and Hg, 
all in low oxidation states. There is only one possible way in which two terpyridine 
ligands can chelate around the metal ion to form the octahedral complex (Figure 
1.8):[131] the outer rings cooperatively rotate along the central C-C bonds connecting 
the rings in order to create a stable binding site through the lone pairs of the three 
nitrogen atoms. The stability of the ion-dipole interaction stems from an efficient 
backdonation of the metal to the ligand.[132] In contrast, three didentate ligands such as 
bipyridine or phenantroline give rise to two different conformations (fac and mer 
stereoisomers, Figure 1.9) around an octahedral metal ion,[133] which unfortunately is 
not easy to selectively control.[134] Nevertheless, such ligands have been used for the 
preparation of star block copolymers.[135-137]
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Importance for supramolecular polymers:

care must be taken because the term coordination
polymer is defined quite differently in the in-
organic and supramolecular chemistry commun-
ities. Inorganic chemists consider infinite one-
dimensional (1D), two-dimensional (2D), and
three-dimensional (3D) coordination networks as
coordination polymers. These systems are in the
great majority crystalline solid-state materials
that fragment into molecular building blocks
upon dissolution. Alternative terms for these
types of compounds are metal–organic coordina-
tion networks and metal–organic frameworks.14

One highlight of recent achievements in this field
is the construction of functional porous coordina-
tion polymers.15

In the field of supramolecular chemistry, the
definition of coordination polymer is more precise
and is related to macromolecular chemistry.
In this context, a coordination polymer is an
entity constructed by a supramolecular approach
through metal coordination and consisting of a
backbone, which is held together by metal–ligand
interactions. These interactions have to be strong
enough to retain the polymer chain also in solu-
tion. The coordination polymers should exhibit
properties that are characteristic for polymers,
such as enhanced viscosity in comparison with
their monomeric building blocks and/or a glassy
solid state. In an outstanding review on organic/
inorganic hybrid polymers, Rehahn16 proposed a
classification of different structures of coordina-
tion polymers.

In this highlight, only those coordination poly-
mers are considered that are constructed from an
alternating incorporation of metal ions and
organic ligand molecules (Fig. 1) and fulfill the
following criteria: the systems have to be soluble
as 1D polymeric chains and should be synthesized
by a supramolecular approach, that is, the forma-
tion of the polymer chain by metal-ion complexa-
tion. In addition, we will especially emphasize
those systems whose syntheses were accom-
plished under the condition of reversible metal–
ligand bond formation, that is, self-assembly, and

not by conventional polymerization through cova-
lent bonds.17

Formation of Coordination Polymers

The main difference between classical covalent
polymers and supramolecular polymers is the
dependence of the chain length [degree of poly-
merization (DP)] on the solvent and temperature-
dependent binding constant (K) and, related
therewith, the concentration. For reversible coor-
dination polymers, the relationship between DP
and K is given by the following expression:18

DP ! ðK½M$Þ1=2

According to this relationship, high DP values
can be achieved only at high monomer concentra-
tions ([M]) and with a metal–ligand coordinative
bond with a large K value. This relationship, of
course, holds true only if the complexation is a
fully reversible process. Many advantages of the
supramolecular self-assembly process, such as
error correction or the formation of the thermo-
dynamically favored structure, are only possible
if the binding site can be opened and subse-
quently closed again in another orientation. As
mentioned previously, external stimuli can be
applied for the reversible polymers to enable
switching from the monomeric state to the poly-
meric state or between different self-assembled
architectures such as macrocycles and polymers.
Some of these systems can be repeatedly switched,
in contrast to classical covalent polymers, which
are formed irreversibly. The synthesis of copoly-
mer systems by a metallosupramolecular ap-
proach is straightforward because a second com-
pound, equipped with the same ligand unit, can
be easily incorporated into the existing reversible
polymers by addition to the polymer solution.

For intermolecular interactions, the combina-
tion of high binding constants and reversibility
is challenging because these properties are highly
divergent; that is, high binding constants often

Figure 1. Schematic representation of the supramolecular definition for a coordina-
tion polymer, with M depicting the metal ion and S depicting the organic spacer
equipped with two receptor units (bold).

HIGHLIGHT 4983

5314 | Chem. Soc. Rev., 2016, 45, 5311--5357 This journal is©The Royal Society of Chemistry 2016

can be employed for this purpose. Accordingly, supramolecular
polymers can be assembled from monomers carrying at least
two functional groups. Here, the functional groups form
the non-covalent interaction (Scheme 3). In analogy to their
covalent counterparts, also AB-type monomers (Ic) and or a pair
of AA- and BB-type monomers (Ib) can be applied. In general,
two different types of monomers can be distinguished: directly
interacting monomers (Ia–c) and monomers, which are connected
indirectly, e.g., by the help of a metal ion (IIa–c). Hydrogen bonding,
p-donor-acceptor interactions and ion-pairing are typical representa-
tives for supramolecular polymerizations of type-I. From these, ion-
pairing might also be involved in type-II polymers, though the vast
majority of such polymers results from coordinative interactions.
The so-called self-complementary monomers (e.g., Ia and IIa) yield
supramolecular polymers comprising a single monomeric unit. The
entire concept of supramolecular polymerization can be extended
from the formation of homopolymers (Ic and IIc) to random or even
alternating copolymers (IIb and IIc).

In contrast to a ‘‘covalent’’ polymerization (i.e., following a
polyaddition or polycondensation pathway), supramolecular
polymerizations are, in principle, reversible in nature, thus depoly-
merization or disassembly processes cannot be neglected. Conse-
quently, the heating or dilution of any supramolecular polymer
may have a tremendous effect due to a decrease of the molar mass.
According to Carothers (eqn (1)), the molar mass of polymers
synthesized via a polyaddition- or polycondensation-type reaction,
expressed by the degree of polymerization (DP), is determined
experimentally from the conversion of the monomer ( p):

DP = 1(1 ! p) (1)

As a rough approximation, the molar mass of supramolecular
polymers can be determined from the strength of the interaction,

which – in turn – is expressed by the equilibrium constant.
Correlating the association constant to the DP leads to the
conclusion that supramolecular polymers with high molar
masses can only be obtained at high association constants
and high monomer concentrations (Fig. 2). Beyond this, other
parameters, such as the temperature or the particular reaction
conditions, will strongly influence the outcome of the polymer
synthesis.

However, this point of view is only a simplification of the
mechanism of the supramolecular polymerization. Looking
into more detail, three main mechanistic pathways can be
distinguished: (1) isodesmic supramolecular polymerization (ISP),
(2) ring-chain-mediated supramolecular polymerization and
(3) cooperative supramolecular polymerization (Scheme 4).92,94

Isodesmic supramolecular polymerization (ISP). The ‘‘multi-
stage open association’’ polymerization process, as ISP is also
often named, is the most important mechanism with respect to
the formation of linear metallopolymers according to method III
(Scheme 2). In more detail, in course of any ISP reversible, non-
covalent bonds are established between monomers, oligomers
and, in a later stage, even polymers (Scheme 5a). The formed
bond is considered to be identical throughout the entire

Scheme 3 Schematic representation of the different types of supra-
molecular polymerizations. Type I: supramolecular polymerization of
directly interacting monomers ((a) self-complementary, (b) complementary
AA- and BB-type monomers, and (c) complementary AB-type monomer).
Type II: supramolecular polymerization of monomers by metal-to-ligand
coordination ((a) self-complementary, (b) complementary AA- and BB-type
monomers, and (c) complementary AB-type monomer). Reprinted from
ref. 92, copyright 2012 Elsevier B.V.

Fig. 2 Theoretical plot of the DP vs. the association constant (K a in M!1)
for a supramolecular polymerization at two different concentrations.
Reprinted from ref. 94, copyright 2001 American Chemical Society.

Scheme 4 Schematic representation of the three main mechanisms for
supramolecular polymerization mechanisms: (1) ISP, (2) ring-chain-mediated
supramolecular polymerization and (3) cooperative supramolecular poly-
merization. Reprinted from ref. 92, copyright 2012 Elsevier B.V.
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Pre-organization and chelate effects:

Supramolecular interactions

 Supramolecular Chemistry

Preorganization of the Host
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Supramolecular polymers

Side chains:

Combination of different (orthogonal) interaction types:
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18 SUPRAMOLECULAR POLYMERS

When several different core residues are used, a large number of polymeric objects may be
generated. Thus, for a chain (Ri Rj)k of k pairs length, formed from m different monomers Ri and
n different monomers Rj, the total number of different sequences is (m × n)k . Since chains of any
length (k = 1 to p) can be formed, the total number of different objects that can be present, comprising
all possible sequences of all lengths (i.e., the full virtual combinatorial diversity [see Section IV.C])
is mn[(mnp− 1)/(mn− 1)]. The fractions of the species as a function of chain length follow the size
distribution curve of the system considered.

Initiation and chain growth occur on mixing of the complementary monomers. Chains of different
compositions may be formed side by side, in principle without crossover, when several different pairs
of complementary recognition groups are put to use (see Figure 16, top). Heteroditopic monomers
combining recognition groups from different pairs may act as chain-crossover components, allowing
the combination of two different chains.

Self-complementary monomers where the R units bear two complementary recognition groups
yield homopolymers (only a single Ri) or random copolymers (two or more different core units Ri,
Rj, Rk , . . .). Initiation and growth occur immediately after generation of the interaction groups.

In all cases, chain growth can be initiated by setting free one of the recognition groups by an
external stimulus (e.g., light) from a derivative bearing a protecting group. Chain length may be
altered/reduced by the addition of substances bearing a single recognition group, which act as chain
termination component by end-capping [22].

Side-chain supramolecular polymers result from the binding of residues bearing recognition
groups to complementary groups attached to the main chain of a covalent polymer (Figure 17)
[9,11,30]. Of course, such main-chain covalent polymers may be cross-linked in a supramolecular
fashion by means of double-headed complementary additives establishing bridges between the side
groups of two different chains.

Ri Rj Rk

Ri Rj Rk

Ri Rj Rk

Dynamic diversity through scrambling of lateral components

Side-chain recognition groups

Side-chain supramolecular polymers

May be the same or different

Residues Ri, Rj, Rk bearing complementary
recognition groups
May be the same or different

Supramolecular connections

Recognition-directed, informed

Multiple

Dynamic, reversible

Combinatorial Ri ,j ,k set

Figure 17 Schematic representation of the formation of side-chain supramolecular polymers from a covalent poly-
mer bearing recognition groups, that bind complementary components, and of the constituting
subunits. Dynamic diversity may be generated by scrambling of lateral components containing different
residues R.
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Different “dimensions”:

linear supramolecular cross-linking, self-assembled dendrimers,…
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16 SUPRAMOLECULAR POLYMERS

Soluble coordination polymers of variable degrees of polymerization have been obtained
from bis-bipyridylketone and Cu (II) ions in different solvents; they have been characterized by
electrospray mass spectrometry revealing molecular weights reaching >60,000 Da [29b]. More
recent examples of coordination polymers are discussed in Chapter 6 (see also Refs. 29c,d).

H25 C12 C12H25

O O

OO
O

N N

NN

O

7

III. BASIC FEATURES OF SUPRAMOLECULAR POLYMERS

The results presented earlier illustrate the rich domain that emerges from the combination
of polymer chemistry with supramolecular chemistry. It involves the generation of polymeric
superstructures by the designed use and manipulation of molecular interactions and information
through molecular recognition processes. Figure 15 presents some of the different types of such

Recognition-directed self-assembly of polymeric supermolecules

Supramolecular polymer chemistry

Linear polymeric supermolecules Supramolecular cross-linking Self-assembled dendrimers, arborols,
and related species

Two-dimensional unitsTwo-dimensional

Three-dimensional

Rigid rods

Three-dimensional units

Figure 15 An aspect of the panorama of supramolecular polymer chemistry; formation of different types
of polymeric supermolecular entities by recognition-directed self-assembly of monomers through
noncovalent interactions, such as hydrogen bonds.
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To keep in mind…

6830 Macromolecules, Vol. 42, No. 18, 2009 Fox and Rowan

backed up by the elastomeric behavior exhibited by these films
(Figure 12c) at room temperature. This nicely demonstrates that
the physical properties can be influenced by phase segregation of
a main-chain supramolecular polymer, i.e., in this case through
physical cross-linking by the “hard” supramolecular motif.

The above example shows what can happen when phase
segregation occurs within a polymeric aggregate that is formed
using a strong supramolecular binding motif. An alternative
approach is to use phase segregation in conjunction with supra-
molecular motifs that have small binding constants. Thus, poly-
mer-like properties may be attainable with low molecular weight
compounds in which a soft core segment has weakly interacting
hard segments attached at both ends (Figure 13a).48-51 If phase
segregation occurs, the effective molarity of the chain ends would
be greatly increased,52 thus enhancing their degree of interaction.
Additionally, the presence of supramolecular interactions may
aid phase segregation. Using this concept, Sivakova et al.53

developed two low molecular weight (<2000 g/mol) polymers
14 and 15 , consisting of modified nucleobase moieties attached
to either end of a low molecular weight poly(tetrahydrofuran),
which show free-standing film forming capabilities (Figure 13b).
In this case, these macromonomers can be considered as an ABA
triblock copolymers, where the A units are the supramolecular
motifs and the B unit is the soft poly(THF) core,54 and the
incompatibility of the terminal blocks (or supramolecular
moieties) forces them to separate from the core polymer matrix.
As such, a physical network architecture is formed with the
“hard” or terminal phase composing the nodes or cross-links

of the network. In the above systems phase segregation allows
the use of weak H-bonding to access films that exhibit high
thermal-responsive behavior. In this case, ideally, the H-bonding
motif (although relatively weak in solution) is effectively strong
at room temperature (i.e., slow reversibility) since the “hard”
H-bonding phase is below its Tg or Tm kinetically trapping the
chain ends.Upon transitioning across thisTg orTm, the dynamics
of the hard phase increases dramatically, and fast exchange
of supramolecular moieties between phase-segregated regions
can occur. The rate of exchange or “hopping” of chain ends
(Figure 13c) is thought to be a key mechanism governing the
physical characteristics of such dynamic networks. A combina-
tion of rheology and FT-IR data suggests that large drops in the
modulus of these materials with temperature are more consistent
with an increase in the hopping rate rather than simple decom-
plexation of the supramolecular motifs. As was the case with the
metallo-gel systems studied by Craig (Figure 11), evidence was
found that it was the disengagement rate of the supramolecular
motif from the hardphase (which in this case is related to not only
the k-1 of the motif but also to the Tg or Tm of the hard phase)
that governed the rheological properties of these systems. Con-
ceptually, the use of phase segregation allows access to dynamic
supramolecular networks using weakly interacting supramole-
cular motifs and offers an alternative approach to highly stimuli-
responsive materials.

Phase separation may also play an important role in very
different types of systems. For example, 2,6-bis(10-methylbenzi-
midazolyl)pyridine (Mebip) ligands attached to the ends of a
penta(ethylene glycol) core (16 ) result in the formation of
metallo-supramolecular gels in acetonitrile upon the addition of
transition metal with or without lanthanide metal ions.55 These
gels were shown to exhibit multiple stimuli-responsive behaviors,

Figure 13. (a) Structures of adenine and cytosine end-capped poly-
(tetrahydrofuran) compounds (14 and 15 , respectively), (b) picture of
the stand-alone films of14 and 15 aftermelt processing, and (c) idealized
phase-segregatedmorphology in the solid state and proposed chain-end
hopping mechanism present in these dynamic networks. Pictures taken
from ref 53.

Figure 12. (a) Structure of a metallo-supramolecular polymer 13 3Zn
II

and the proposed AB multiblock-like phase segregation present in the
solid state. (b) Pictures highlighting the elastic nature of the metallo-
supramolecular polymer 13 3Zn(ClO4)2.
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Optically healable supramolecular polymers
Mark Burnworth1, Liming Tang1, Justin R. Kumpfer1, Andrew J. Duncan2, Frederick L. Beyer2, Gina L. Fiore3, Stuart J. Rowan1

& Christoph Weder1,3

Polymers with the ability to repair themselves after sustaining
damage could extend the lifetimes of materials used in many appli-
cations1. Most approaches to healable materials require heating the
damaged area2–4. Here we present metallosupramolecular poly-
mers that can be mended through exposure to light. They consist
of telechelic, rubbery, low-molecular-mass polymers with ligand
end groups that are non-covalently linked through metal-ion bind-
ing. On exposure to ultraviolet light, the metal–ligand motifs are
electronically excited and the absorbed energy is converted into
heat. This causes temporary disengagement of the metal–ligand
motifs and a concomitant reversible decrease in the polymers’
molecular mass and viscosity5, thereby allowing quick and efficient
defect healing. Light can be applied locally to a damage site, so
objects can in principle be healed under load. We anticipate that
this approach to healable materials, based on supramolecular poly-
mers and a light–heat conversion step, can be applied to a wide
range of supramolecular materials that use different chemistries.

The healing of cracks in amorphous polymers by heating above the
glass transition temperature (Tg) involves surface rearrangement and
approach of polymer chains, followed by wetting, diffusion and re-
entanglement of the chains6. Because the rates of the final two steps
are inversely proportional to the molecular mass, healing is generally
slow and inefficient. This problem can be overcome by exploiting
thermally reversible, covalent bonds7,8 or non-covalent supramolecu-
lar motifs5,9,10 that allow the reaction equilibrium to be temporarily

shifted to lower-molecular-mass species11 on exposure to heat. This
reduces the viscosity of the material, such that defects can be mended,
before the equilibrium is shifted back and the polymer is reformed.
Supramolecular polymers that phase separate into physically cross-
linked networks (Fig. 1a) should be especially well suited for this
purpose, because such morphologies generally bestow the material
with high toughness. The supramolecular motifs can disengage in
the solid state on exposure to heat or a competitive binding agent12,13,
causing disassembly into small molecules14 and viscosity reductions.
Reporting a series of supramolecular materials formed by metal–ligand
interactions, we demonstrate here that this architecture is an excellent
basis for elastomeric materials in which defects can be efficiently
repaired. We show that the use of light15 as a stimulus for the dissoci-
ation of supramolecular motifs has distinct advantages over thermally
healable systems, including the possibility of exclusively exposing and
healing the damaged region.

The new polymers are based on a macromonomer comprising a
rubbery, amorphous poly(ethylene-co-butylene) core with 2,6-bis(19-
methylbenzimidazolyl)pyridine (Mebip) ligands at the termini
(Fig. 1b, 3). This design was based on the assumption that the hydro-
phobic core and the polar metal–ligand motif would phase separate16.
Metal–Mebip complexes were previously used to self-assemble poly-
meric materials17–21, and their optical properties seemed appropriate
for optical healing22 (see below). To probe how the metal ion affects
the materials’ properties, 3 was self-assembled with Zn(NTf2)2 or

1Department of Macromolecular Science and Engineering, Case Western Reserve University, 2100 Adelbert Road, Cleveland, Ohio 44106-7202, USA. 2US Army Research Laboratory, Aberdeen Proving
Ground, Maryland 21005-5069, USA. 3 Adolphe Merkle Institute and Fribourg Center for Nanomaterials, University of Fribourg, CH-1700 Fribourg, Switzerland.
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6.3 Towards metallo-supramolecular diblock co-polymers 199

6.3.3 Synthesis of heteroleptic complexes based on Co(III)
and Ni(II) in DMF

The synthesis of cobalt(III) heteroleptic complexes was investigated
in N,N -dimethylformamide (DMF), a better solvent for PEO and PS
blocks. In addition, cobalt(II) ion forms a soluble complex in DMF,
in which the metal centre is coordinated by the solvent molecules in a
mainly octahedral geometry [33; 34]. Besides Co(III), Ni(II) ion was
also described in the literature to form thermodynamically stable and
kinetically inert complexes to maintain the integrity of the block copoly-
mer [18]. Furthermore, homoleptic Ni(II) bis-terpyridine complexes were
already reported as linkers between diblock copolymers to form A-B-
[Ni(II)]-B-A triblock copolymers [35; 36]. Thus, we were prompted to
use Ni(II) metal ion as a precursor complex for A-[M]-B type metallo-
supramolecular diblock copolymer.

Figure 6.21: Synthesis scheme towards the formation of the PS240-
[Co(III)]-PEO230 and PS240-[Ni(II)]-PEO230 metallo-supramolecular
block copolymers.

The first step towards the synthesis of heteroleptic complex con-
sists in forming a mono-complex between the metal ion and one of
the terpyridine-functionalized polymer blocks. The PS240-[ block was
added to the precursor complex of Co(II) and Ni(II) ions in DMF to

blocks and their removal by a selective solvent (Scheme 1). The
presence of free terpyridine ligands on the pore walls was
evidenced by forming fluorescent complexes with an europium
salt.

■ EXPERIMENTAL SECTION
Terpyridine End-Functionalized Polymers. Terpyridine func-

tionalized poly(ethylene oxide) was prepared by reacting 4-
chloroterpyridine with monohydroxy PEO following a reported
procedure.29 Polystyrene was prepared by nitroxide mediated
controlled radical polymerization (NMP) of styrene using a
terpyridine functional initiator as previously reported.30

Thin Film Preparation. The silicon wafers were first immersed in
a piranha solution (H2SO4 98%/H2O2 30% 70/30) for 15 min and
thoroughly rinsed with ultrapure water. The substrates were dried by
the spin-coater at a velocity of 4000 rpm for 40 s. The copolymer
solution was filtered through a 0.2 μm PTFE filter and further spin-
coated onto the wafer at 2000 rpm for 40 s. The thickness of the
resulting thin film depends on the concentration of the solution and
was determined by ellipsometry.

The thin films were annealed in solvent vapors by placing them
under a glass case with two beakers containing THF and water. This
setup was then placed in an oven to keep the temperature constant at
30 °C.

Before extraction of the PEO blocks, the PS matrix was slightly
cross-linked by UV light (1.8 J cm−2) emitted by three Rayonet

Scheme 1. Schematic Representation of the Preparation of Functionalized Nanoporous Thin Films from a PS-[Ni]-PEO Block
Copolymer

Scheme 2. Synthetic Strategy toward PS300-[Ni
2+]-PEO230 Diblock Copolymers

Langmuir Article

dx.doi.org/10.1021/la204920b | Langmuir 2012, 28, 3018−30233019
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40 g L!1). The complexation was studied by UV–vis and viscosity measurements.
Upon metal complexation, a characteristic UV–vis absorption band is observed at
558 nm, which is attributed to the metal-to-terpyridine charge transfer, and an
increase in the solution viscosity is found. Addition of zinc(II) results in lower
viscosities than addition of iron(II), because zinc–terpyridine complexes are weaker
than iron–terpyridine complexes. Further evidence for the weaker zinc binding is
the observation that the zinc-complexed material can be redissolved after drying,
whereas the iron-complexed polymer displays a gel-like appearance. To study the
reversibility of complex formation, the solutions were treated with hydroxyethyl
ethylenediaminetriacetic acid (HEEDTA), which is a strong chelating ligand for
transition metal ions and therefore acts as a competitive ligand to the terpyridine.
Upon HEEDTA addition, the purple color of the iron(II) complexes disappears and
the viscosity of the solutions decreases significantly, demonstrating the reversible
properties of these materials. In a similar approach, Tew and Calzia prepared
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Polymer networks120 Chapter 6. Building metallo-supramolecular polymer gels

polyvalent
metal ion

bivalent
metal ion

Ditopic
ligand

Multitopic
ligand

Monotopic ligand
with associating moiety

Type II
Type I

Type III

Figure 6.2: Schematic representation of the di�erent routes to
metallo-supramolecular polymer gels.

6.2.1 Metallo-supramolecular polymer gels of type I

Up to now, transition metal ions, as well as lanthanoid ions, have
been successfully employed in the elaboration of metallo-supramolecular
polymer gels of type I. In combination with appropriate organic ligands,
they form associating motifs with a ligand-to-metal stoichiometric ratio
larger than 2:1 and, therefore, act as cross-linking points within the
network.

6.2.1.1 Transition metal ions as cross-linkers

The use of transition metal ions with ditopic ligands in the for-
mation of stable MSPGs is restricted since their coordination num-
bers are commonly limited to 6. This approach was however success-
fully illustrated by the work of Sijbesma and coworkers who prepared
ultrasound-responsive reversible coordination networks in chloroform by
combining second and third row transition metals with fi-acceptor lig-
ands. [115] In their study, diphenylphosphinite telechelic polytetrahydro-
furan oligomers were complexed with iridium(I) or rhodium(I) salts in a
phosphorous-to-metal stoichiometry of 4:1 to yield MSPGs (Figure 6.3).

Metal-ligand coordination
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6.2. Synthetic routes toward MSPGs 123

onance spectra and viscosities indicated that the hexa(ethylene glycol)
spacer always gives rise to comparatively smaller structures with lan-
thanoid metal ions than tetra(ethylene glycol). Indeed, long spacers
favour the bending of ditopic ligands around a metal centre. As a result,
they act as chain stoppers while the ring formations cause the network to
stop growing. Even with a short spacer, gelation could only be achieved
from concentrated solution. Due to substantial cyclization, the system
was assumed to be mainly composed of linear metallo-supramolecular
polymer chains (Figure 6.4). The rheological properties of these sys-
tems also depend on the ligand-to-metal ratio, which could be ascribed
to the formation of di�erent types of ring aggregates. Finally, doping
of the gel with transition metal ions inevitably led to its destruction, as
only two ligands can coordinate around the metal centre.

+ON

N
N

N

N
N

O

N
N

N
N

pm n Eu3+

Figure 6.5: Reversible self-assembly of
2,6-bis(1’-methylbenzimidazolyl)-pyridine end-capped

poly(ethylene-co-butylene) and Eu(III) ions into a MSPG. [118]

More recently, Weder et al. used the same pyridine-2,6-dicarboxylate
ligand as a reference binding motif with the 2,6-bis(1’-methylbenzimi-
dazolyl) pyridine ligand. The first indeed bind much more strongly
to europium(III) ions than the second, on which the study was fo-

Type 1

Metal-ligand coordination
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6.2. Synthetic routes toward MSPGs 137
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Figure 6.15: Redox-responsiveness of a MSPG prepared from tritopic
terpyridine end-capped star-shaped poly(ethylene oxide)s and cobalt

metal ions. [158]

partially substituted with terpyridine end-groups and various transition
metal ions were studied at high concentrations by Karperien and cowork-
ers. [159] Hence, they demonstrated that the assembly behaviour in those
systems was largely dependent on the dissociation rate constants of the
metal–ligand complexes. In this respect, hydrogels formed with kinet-
ically stable cross-links were elastic, and showed minor changes with
temperature between 5 and 60 �. On the other hand, thermo-reversible
hydrogels with relatively viscous response were prepared with metal ions
providing more labile complexes in combination with the considered lig-
and.

The e�ect of the topology of PEG precursor on the metal-induced
gelation in those systems was further investigated by Yoshida and cowork-
ers. [160] To this end, a series of PEGs with di�erent numbers of branches
(linear, 4-arms, and 8-arms) functionalized with terpyridine ligands as

Metal-ligand coordination
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6.2. Synthetic routes toward MSPGs 145

tween an ammonium guest and a complementary crown ether host were
synthesized and hierarchically organized over two levels of assembly
(Figure 6.22). The self-assembly into supramolecular polymers was ac-
complished in acetonitrile through host–guest complexation and was
demonstrated to be dependent on oligomer concentration, temperature
and association constants. Indeed, all those parameters were exerting
a notable influence on the reversible equilibrium between linear poly-
mer chains and cyclic oligomeric species. Above a critical gel concen-
tration, the conversion from the linear supramolecular polymer to a
cross-linked supramolecular gel was achieved by forming bis-complexes
between 1,2,3-triazole units and Pd(II) ions, as confirmed by rheology
measurements. As expected, the accordingly obtained supramolecular
gels displayed fully reversible chemo- and thermo-induced gel–sol tran-
sitions (Figure 6.23). As an example, destruction and reconstruction of
the supramolecular networks were respectively achieved by subsequent
additions of competitive coordination species and the metal cross-linker.
In the case of dialkylammonium, further control was allowed by varying
the pH, i.e., the protonation of the ammonium salt, or by the addition
and removal of potassium ions that can form more stable complexes with
crown ethers.
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Figure 6.22: Schematic representation of the hierarchical assembly of
a supramolecular polymer gel combining host–guest and metal–ligand

interactions. [169]

Adv. Mater. 2012, 24, 362

Metal-ligand coordination

7

Gel preparation

Micellar solution
Supramolecular gels

Concentration 3-10% w/v
Direct dissolution in water

Metal/terpyridine  = 1/2

Macromolecules 2013, 46, 19134

5

Concept

Self-assembled network (gel)Micellar solution (sol)

Heterotelechelic polymer
Hierarchical assembly of block copolymers into supramolecular gels

water soluble

insoluble

N

N

N

=



34

Supramolecular polymers

Metal-ligand coordination

Strength tunable in very broad range
Strength tuned simply by changing ions
Not sensitive to water (moisture)
Potential added properties of metal ions (catalytic, magnetic, redox…)

Most complexes are charged è possible phase separation/aggregation

Heterocomplementarity "difficult" to introduce
Potential toxicity of metal ions

�

�

�



35

Hydrogen bonding

Supramolecular polymers

20 introduction

D H A

D

H

H

A D

H

H

A

A

A

D H

A

D H

A

A

D H

A

A

A

(f)(e)(d)

(c)(b)(a)

Figure 1.15 Various types of hydrogen bonding geometries: (a) linear; (b) bent; (c) donating
bifurcated; (d) accepting bifurcated; (e) trifurcated; (f) three-centre bifurcated.

opposite charges or decrease the affinity due to repulsion between like charges.
Figure 1.16 shows two situations in which arrays of hydrogen bond donors and
acceptors are in close proximity. An array of three donors (DDD) facing three
acceptors (AAA) (Figure 1.16(a)) has only attractive interactions between adja-
cent groups and therefore the binding is enhanced in such a situation. Mixed
donor/acceptor arrays (ADA, DAD) suffer from repulsions by partial charges
of the same sign being brought into close proximity by the primary interactions
(Figure 1.16(b)).
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Figure 1.16 (a) Secondary interactions providing attractions between neighbouring groups
in DDD and AAA arrays and (b) repulsions from mixed donor/acceptor arrays (ADA and
DAD), with primary interactions shown in ‘bold’.

A real-life example of hydrogen bonding is the double helix of DNA. There
are many hydrogen bond donors and acceptors holding base pairs together, as
illustrated between the nucleobases cytosine (C) and guanine (G) in Figure 1.17.
The CG base pair has three primary interactions (i.e. traditional hydrogen bonds)
and also has both attractive and repulsive secondary interactions.

conversion to guanidine 16 (HgO, NH3/MeOH, CHCl3, 25 8C,
3 h, 50%), followed by protonation and ion-exchange (NaBArF,
8 M AcOH, 25 8C, 2 h, 40%) to the weakly coordinating
[B(3,5-(CF3)2C6H3)4]2 (BArF2) anion. The AAAA partner, 13, was
synthesized from 2,7-diamino-1,8-naphthyridine 17 via a double
bromination with N-bromosuccinimide (NBS) to afford 18 (NBS,
DMF (dimethylformamide), –10 to 25 8C, 3 h, 60%), followed by a
one-pot double Suzuki coupling–cyclization–aromatization
procedure13,14 with boronic acid 19 .

Characterization of complex 12 .13. The DDDDþ component 12
has two intramolecular hydrogen bonds to help stabilize
tautomers that present three or four hydrogen-bond donors along
one edge of the molecule (12 and 12 ′, Fig. 3). The cationic charge
should increase the donor strength of the hydrogen-bonding
groups compared to neutral systems12,14. The AAAA unit 13 is a
hexacene system intended to improve its chemical stability
compared to underivatized linear arrays of pyridine rings linked
through their 2,3/4,5 edges11,12. UV/vis titration of 13 with 12 in
CH2Cl2 (" 5 × 1025 M) showed a decrease in the absorption
spectrum of 13 (lmax¼ 426 nm) accompanied by the appearance
of a new species bathochromically shifted by 11 nm (Fig. 4). The
complex was characterized by electrospray ionization mass
spectrometry (ESI-MS) ([12 .13]þ m/z¼ 736.44; Supplementary
Fig. S7) and 1H NMR (nuclear magnetic resonance)
spectroscopy (Fig. 5). Particularly noteworthy are the large
downfield shifts (up to 10 ppm) of the NH protons of 12 upon
complex formation with 13, and the upfield shifts of the
benzimidazole CH protons as the NH bonds become more
polarized through hydrogen bonding. The broad NH signals in
free 12 may be a consequence of the interconversion of the
tautomers shown in Fig. 3 (ref. 28). In contrast, well-resolved
signals for three different types of NH protons (Habc) are observed
in the spectrum of 12 .13, as expected for the DDDDþ tautomer of
12 . Rotating frame Overhauser effect spectroscopy (ROESY)
experiments showed through-space interactions between the HC
protons of 13 and the Hd protons of 12 (Supplementary Fig. S4).

Spectroscopic evaluation of the stability of AAAA–DDDD1

complex 12 .13 in dichloromethane. The binding constant of
12 .13 proved too strong to be measured directly by UV/vis or 1H
NMR titrations (these methods are generally only useful for
binding constants up to " 1 × 105 M21)29, and 13 proved
photochemically unstable at the high light intensities required to
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DDDDþ 12 (BArF– salt) (a) and AAAA 13 (b). Reagents and conditions
for a: (i) CS2, pyridine, 130 8C, 18 h, 81%; (ii) HgO, NH3/MeOH, CHCl3
25 8C, 3 h, 50%; (iii) NaBArF, 8 M AcOH, 25 8C, 2 h, 40%. Reagents
and conditions for b: (i) NBS, DMF, –10 to 25 8C, 3 h, 60%;
(ii) NHCH3(CH2CH2)N(CH3)2, BuLi then B(OMe)3, THF, –78 to 25 8C, 16 h,
36%; (iii) Na2CO3, H2O/DME (dimethoxyethane) 1:1, 80 8C, 1.5 h, 27%.
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conversion to guanidine 16 (HgO, NH3/MeOH, CHCl3, 25 8C,
3 h, 50%), followed by protonation and ion-exchange (NaBArF,
8 M AcOH, 25 8C, 2 h, 40%) to the weakly coordinating
[B(3,5-(CF3)2C6H3)4]2 (BArF2) anion. The AAAA partner, 13, was
synthesized from 2,7-diamino-1,8-naphthyridine 17 via a double
bromination with N-bromosuccinimide (NBS) to afford 18 (NBS,
DMF (dimethylformamide), –10 to 25 8C, 3 h, 60%), followed by a
one-pot double Suzuki coupling–cyclization–aromatization
procedure13,14 with boronic acid 19 .

Characterization of complex 12 .13. The DDDDþ component 12
has two intramolecular hydrogen bonds to help stabilize
tautomers that present three or four hydrogen-bond donors along
one edge of the molecule (12 and 12 ′, Fig. 3). The cationic charge
should increase the donor strength of the hydrogen-bonding
groups compared to neutral systems12,14. The AAAA unit 13 is a
hexacene system intended to improve its chemical stability
compared to underivatized linear arrays of pyridine rings linked
through their 2,3/4,5 edges11,12. UV/vis titration of 13 with 12 in
CH2Cl2 (" 5 × 1025 M) showed a decrease in the absorption
spectrum of 13 (lmax¼ 426 nm) accompanied by the appearance
of a new species bathochromically shifted by 11 nm (Fig. 4). The
complex was characterized by electrospray ionization mass
spectrometry (ESI-MS) ([12 .13]þ m/z¼ 736.44; Supplementary
Fig. S7) and 1H NMR (nuclear magnetic resonance)
spectroscopy (Fig. 5). Particularly noteworthy are the large
downfield shifts (up to 10 ppm) of the NH protons of 12 upon
complex formation with 13, and the upfield shifts of the
benzimidazole CH protons as the NH bonds become more
polarized through hydrogen bonding. The broad NH signals in
free 12 may be a consequence of the interconversion of the
tautomers shown in Fig. 3 (ref. 28). In contrast, well-resolved
signals for three different types of NH protons (Habc) are observed
in the spectrum of 12 .13, as expected for the DDDDþ tautomer of
12 . Rotating frame Overhauser effect spectroscopy (ROESY)
experiments showed through-space interactions between the HC
protons of 13 and the Hd protons of 12 (Supplementary Fig. S4).

Spectroscopic evaluation of the stability of AAAA–DDDD1

complex 12 .13 in dichloromethane. The binding constant of
12 .13 proved too strong to be measured directly by UV/vis or 1H
NMR titrations (these methods are generally only useful for
binding constants up to " 1 × 105 M21)29, and 13 proved
photochemically unstable at the high light intensities required to
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conversion to guanidine 16 (HgO, NH3/MeOH, CHCl3, 25 8C,
3 h, 50%), followed by protonation and ion-exchange (NaBArF,
8 M AcOH, 25 8C, 2 h, 40%) to the weakly coordinating
[B(3,5-(CF3)2C6H3)4]2 (BArF2) anion. The AAAA partner, 13, was
synthesized from 2,7-diamino-1,8-naphthyridine 17 via a double
bromination with N-bromosuccinimide (NBS) to afford 18 (NBS,
DMF (dimethylformamide), –10 to 25 8C, 3 h, 60%), followed by a
one-pot double Suzuki coupling–cyclization–aromatization
procedure13,14 with boronic acid 19 .

Characterization of complex 12 .13. The DDDDþ component 12
has two intramolecular hydrogen bonds to help stabilize
tautomers that present three or four hydrogen-bond donors along
one edge of the molecule (12 and 12 ′, Fig. 3). The cationic charge
should increase the donor strength of the hydrogen-bonding
groups compared to neutral systems12,14. The AAAA unit 13 is a
hexacene system intended to improve its chemical stability
compared to underivatized linear arrays of pyridine rings linked
through their 2,3/4,5 edges11,12. UV/vis titration of 13 with 12 in
CH2Cl2 (" 5 × 1025 M) showed a decrease in the absorption
spectrum of 13 (lmax¼ 426 nm) accompanied by the appearance
of a new species bathochromically shifted by 11 nm (Fig. 4). The
complex was characterized by electrospray ionization mass
spectrometry (ESI-MS) ([12 .13]þ m/z¼ 736.44; Supplementary
Fig. S7) and 1H NMR (nuclear magnetic resonance)
spectroscopy (Fig. 5). Particularly noteworthy are the large
downfield shifts (up to 10 ppm) of the NH protons of 12 upon
complex formation with 13, and the upfield shifts of the
benzimidazole CH protons as the NH bonds become more
polarized through hydrogen bonding. The broad NH signals in
free 12 may be a consequence of the interconversion of the
tautomers shown in Fig. 3 (ref. 28). In contrast, well-resolved
signals for three different types of NH protons (Habc) are observed
in the spectrum of 12 .13, as expected for the DDDDþ tautomer of
12 . Rotating frame Overhauser effect spectroscopy (ROESY)
experiments showed through-space interactions between the HC
protons of 13 and the Hd protons of 12 (Supplementary Fig. S4).

Spectroscopic evaluation of the stability of AAAA–DDDD1

complex 12 .13 in dichloromethane. The binding constant of
12 .13 proved too strong to be measured directly by UV/vis or 1H
NMR titrations (these methods are generally only useful for
binding constants up to " 1 × 105 M21)29, and 13 proved
photochemically unstable at the high light intensities required to
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Newtonian flow is predominant for the same reason. Hence, although this approach
showed the potential of hydrogen bonding to form supramolecular polymer net-
works, it remained impossible to transfer this concept to the formation of strong
organogels for more than 10 years, which was because of the difficulty of preparing
stronger hydrogen-bonding motifs.

In 1997, Meijer and coworkers developed easy access to derivatives of 2-ureido-
4-pyrimidone (UPy) and demonstrated strong dimerization of these compounds,
with Keq > 106 M!1 in chloroform [77]. The strength is a result of the assembly of a
self-complementary DDAA array of four hydrogen bonds [78], pre-organized by an
intramolecular hydrogen bond and, therefore, markedly stabilized [77, 79]. Meijer
and coworkers attached these UPy motifs to both chain ends of polyethylene
polymers to form viscous solutions in chloroform [78]; the viscosity is highly
dependent on concentration and temperature and can be described by the Cates
model for reversibly breaking wormlike micelles [80– 82], which is also adaptable
to supramolecular polymers above the overlap concentration [83– 87]. To exclu-
sively ascribe the observed viscosity to the formation of linear supramolecular
polymers, a monofunctional UPy motif acting as a chain stopper was added; as a
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700 at 40 mM in CHCl3. Since then, this unit has been widely
used for constructing supramolecular polymers.17,27−29 Lehn et
al. also reported a series of supramolecular polymers based on
barbiturate/cyanurate−isophthaloyldiamidopyridine sextuple
arrays 10 (Figure 1).30,31 Rigid fibers were observed in toluene,
while small-angle neutron scattering in decane demonstrated
the formation of gel-like assemblies.
Heterodimerizing motifs are attractive for constructing

supramolecular block copolymers. Meijer et al. prepared AA/
BB-type supramolecular block copolymers using Napy and UPy
motifs,32 in view of the strong and selective complexation of
these two units.33 They designed a poly(tetrahydrofuran)
macromonomer, 11, with UPy units as the chain ends and a
ditopic Napy monomer, 12 (Figure 2). The composition of the
supramolecular polymers could be tuned from a pure
homopolymer to an alternating heteropolymer by controlling
the stoichiometry of UPy and Napy groups. This behavior was
shown to be concentration dependent, and heterodimerization

was very favored over homodimerization by a factor of >20:1 at
high concentration (>0.1 M).
To prepare a strict alternating supramolecular copolymer,

multiple-hydrogen-bonding arrays with highly stable hetero-
dimerization but minimal homodimerization need to be
designed. This goal was achieved by Zimmerman et al., who
reported a non-self-complementary unit, ureidoguanosine. This
quadruple-hydrogen-bonding unit could strongly combine with
an Napy unit (Ka ≈ 107 M−1 in CDCl3), while exhibiting
negligible self-association (Kdim = 230 M−1 in CDCl3).

34,35

Mixing the two bifunctional macromonomers 13 and 14 gave
rise to a supramolecular copolymer with a strictly alternating
sequence of the two monomers,36 while both of the monomers
alone did not form polymers (Figure 3).

The molar ratio of AA/BB-type monomers is one of the
major factors that limits the DP of supramolecular polymers.
Meijer et al. addressed this limitation by using AB-type
monomers to prepare supramolecular polymers.37 Polymer-
ization of a bifunctional UPy−Napy monomer was expected to
obey the ring−chain equilibrium mechanism. Thus, at low
concentrations (<30 mM), the monomer existed exclusively as
rings of different sizes, which were predominantly monomeric.
When the concentration was increased to 100−300 mM,
coexistence of the UPy−UPy and UPy−Napy couples resulted
in the formation of linear chains in addition to rings. At
concentrations that exceeded 500 mM, a high selectivity for
intermolecular heterodimer formation resulted in a decreased
net fraction of UPy homodimers with an increase in DP (≥40).
Multiple-hydrogen-bonding arrays also facilitate the fabrica-

tion of block or grafted copolymers.38−41 Bifunctional UPy
groups were placed at the end of covalent polymer chains, such
as polysiloxanes,29 poly(ethylene/butylene)s, polyethers, poly-
esters, and polycarbonates,42 which could then connect the
polymer chains to form block copolymers. Introduction of UPy
end groups results in significant changes of the properties of
polymers, and the obtained materials combine the mechanical
properties of conventional polymers with the low melt viscosity
of organic compounds (Figure 4).
While the use of strongly binding motifs has been very

successful, the thermodynamic and kinetic stabilities of such
systems show a number of drawbacks when developing
thermally responsive polymers in the solid state. To overcome
these challenges, weaker binding motifs, such as a nucleobase,
can be utilized to speed up the complexation/decomplexation

Figure 1. Supramolecular polymers self-assembled from typical triple-,
quadruple-, and sextuple-hydrogen-bonding arrays.

Figure 2. Transition from a supramolecular homopolymer to an
alternating polymer by tuning the stoichiometry of two monomers.
Reprinted from ref 32. Copyright 2004 American Chemical Society.

Figure 3. Structures of bifunctional macromonomers that can form a
strict alternating supramolecular copolymer. Reprinted from ref 36.
Copyright 2006 American Chemical Society.
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have been invest iga ted with in th is publica t ion : the
development of a protocol for the postmodifica t ion
react ion yielding the telechelic polymers 1a-1d as well
as efficien t react ion pa thways for the complete a t tach-
ment of nucleobase st ructures onto the PIB backbone
together with the ana lysis of the end groups via NMR
spect roscopy and MALDI.

Experimental Section
Instrumentation . NMR spect ra were obta ined from a 200

MHz Bruker AC200 spect rometer , a 400 MHz Bruker Avance
DRX 400 and a 600 MHz Bruker DRX 600 in CDCl3 (liqu id
NMR). GPC analysis was per formed on a Hewlet t -Packard
Chemsta t ion 1100 system using Styragel linear columns in
THF at 40 °C. Polyisobutylene standards were used for
convent iona l externa l ca libra t ion using a Waters RI 2410
refract ive index detector . DSC-measurements were done on a
Met t ler DSC30 System TA4000. MALDI-TOF mass spect ra
were performed on a Micromass TofSpec2E time-of-flight mass
spect rometer equipped with a nit rogen laser (λ ) 337 nm,
opera ted a t 5 Hz) and a t ime-lag focusing unit . Ions were
genera ted by ir radia t ion just above the threshold laser power .
The spect ra were recorded in the reflect ron mode with an
accelera t ion voltage of 20 kV and externa lly ca libra ted with a
su itable mixture of poly(ethylene glycol)s (PEG). Sample
solu t ions were prepared by mixing a solu t ion of dithranol in
THF (c ) 10 mg/mL), a solu t ion of the ana lyte (c ) 3 mg/mL),
and a solu t ion of CF3COOAg (AgTFA, c ) 1 mg/mL) and
CF3COONa (NaTFA, c ) 1 mg/mL), respect ively, in a ra t io of
5:1:1 (v/v/v). Additionally, 5:1:1:0.1 dithranol-analyte-NaTFA-
AgTFA mixtures were applied, and 0.5 µL of the mixture was
deposited on the sample pla te (sta in less steel) and a llowed to
dry under a ir . The spect ra of 100-150 shots were averaged to
improve the signa l-to-noise ra t io.
Materia ls . All mater ia ls were obta ined from Aldr ich and

used without fur ther pur ifica t ion if not ment ioned otherwise.
2,6-Diaminopyr idine was recrysta llized from boiling chloro-
form. Silylated nucleobases were prepared according to Griengl
et a l.24a 1-tert-Butyl-3,5-bis(1-ch loro-1-methylethyl)benzene
(DCCl) was obta ined according to Faust et a l.21e N -(6-Ami-
nopyr idine-2-yl)bu tyramide was obta ined according to Lehn
et a l.23 DMA (N ,N -dimethylacetamide) was dr ied over ca lcium

hydr ide and dist illed in vacuo before use. n -Hexane was
refluxed over concent ra ted H2SO4 for 48 h in order to remove
olefins. The organic layer was washed with dist illed water ,
dr ied with MgSO4 and stored over CaH2. It was dist illed under
a dry Ar atmosphere before use. THF was freshly dist illed from
potassium before use. CH2Cl2, CHCl3, C2H4Cl2, and methanol
were dr ied and dist illed over CaH2 under dry argon. DMF was
dr ied and dist illed over BaO under dry argon. Isobutylene was
dr ied by passing the gas through a column packed with
potassium hydroxide.
Synthe se s of Ally l-Terminated P IB’s (2). A genera l

method for synthesis of a llyl-terminated PIB’s is shown by the
synthesis of a llyl-termina ted PIB with M n ) 2500 g mol-1
according to Ivan et a l.21b,f Dich loromethane (160 mL), olefin-
free n -hexane (160 mL), DMA (1.96 mL), and DCCl (3.05 g,
10.61 mmol) were added to a 1 L three-necked flask equipped
with a septum, a mechanica l st ir rer , and a nit rogen in let and
cooled to -80 °C. Condensa ted isobutylene (14 g, 250 mmol)
was charged in to the reactor by a syr inge. After 5 min of
st ir r ing, a prechilled solu t ion of TiCl4 (40.25 g, 212 mmol) and
2,6-di-tert-butylpyr idine (0.2 mL) in methylenchlor ide (80 mL)
and olefin-free n -hexane (200 mL) was t ransfer red to the
reactor by a transfer needle. The temperature was held at -80
°C dur ing the whole polymer iza t ion procedure. After 10 min ,
a second addit ion of isobutylene (9.82 g, 175 mmol) followed.
20 min la ter , the polymer iza t ion was termina ted by the
addit ion of prechilled a llylt r imethylsilane (6.7 g, 58.6 mmol).
After 30 min, the mixture was poured into a vigorously st ir red
sa tura ted aqueous NaHCO3 solu t ion and filt ered through
Hyflo. The organic layer was separa ted, washed 5 t imes with
dist illed water , dr ied over MgSO4. The solvent was removed
by rota ry evapora tor . Then , the polymer was redissolved in a
small amount of n -hexane and precipita ted 2 t imes in to
acetone in order to remove excess a llylt r imethylsilane. Finally
the color less st icky polymer was dr ied under vacuum. Yield:
25.2 g (94%); 1H NMR (400 MHz, CDCl3): δ (ppm) 0.79 (s,
12H), 0.83-1.50 (m, 433H), 1.54 (s, 4H), 1.83 (s, 4H), 2.01 (d,
4H), 5.00 (t , 4H), 5.83 (m, 2H), 7.17 (s, 3H); 13C NMR (50 MHz,
CDCl3): δ(ppm) 28.70-31.60, 32.29, 34.75, 37.51-39.50, 50.29,
55.72, 58.00-60.00, 116.75, 120.06, 121.15, 136.08, 148.5,
148.93.
Synthe se s of Hydroxy-Terminated P IB’s (6). A genera l

method for synthesis of hydroxy-termina ted PIB’s is shown

Scheme 1

1750 Binder et a l. Macrom olecules, Vol. 37, No. 5, 2004

Small molecule assembly Polymer assembly 
Macromolecules 2004, 37, 1749
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38Nature Chem. 2012, 4, 467amide functional group is simple to synthesize and capable of
forming dynamic networks, having both hydrogen bond donor
and acceptor functionality. Previous studies have shown that a
thermodynamically weak but pervasive network of dynamic
hydrogen bonds nonetheless affords mechanical robustness on the
relevant timescales. Processed from a polar solvent, the brush
polymer should collapse into a core–shell nanostructure with a
hard polystyrene core and a soft PA-amide shell. Hydrogen-
bonding-directed supramolecular assembly of the PA-amide
brushes should lead to the formation of a dynamic microphase-
separated nanostructure that can be reversibly broken and reformed,
affording spontaneous self-healing behaviour (Fig. 1b).

Results and discussion
Materials synthesis. Synthesis of the HBPs is described in Fig. 2. An
acrylate amide monomer 1 was designed for polymerization of the
self-healing soft brushes. We selected a secondary amide as a simple
reversible hydrogen-bonding motif. A five-carbon spacer was
introduced into 1 to lower the glass transition temperature (Tg) of
the PA-amide brush and enhance the flexibility of the hydrogen-
bonding terminal amide. The desired monomer 1 was obtained
after an efficient two-step synthesis from inexpensive starting
materials. The polystyrene backbone was synthesized by free-
radical polymerization. Multiple radical initiation sites were
introduced for subsequent soft-brush growth using atom transfer
radical polymerization (ATRP)26. The well-defined synthesis
allows for precise control of molecular parameters such as

backbone and brush length, density of the brushes and hydrogen-
bonding motifs, providing tunability of the mechanical properties
of the polymer. For our initial demonstration, the brush length
and density were varied to afford three HBPs 1 –3 , with varying
polystyrene weight fraction (Table 1). Two control polymers, an
HBP with hydrogen-bond-blocked tertiary amide monomer 2
(Control-2 ) and a simple linear polymer of 1 (Control-1 ), were
also synthesized to enable comparative studies.

Material characterizations. The molecular weight and size (radius of
gyration, Rg) of the polymers were determined by multi-angle laser
light scattering (MALLS) following size-exclusion chromatography
with methanol as the eluent (Table 1). The number-average
molecular weights (Mn) agree well with the values estimated from
the number of ATRP initiation sites and monomer conversion
measured by 1H NMR spectroscopy, indicating the high efficiency
and ‘living’ character of the ATRP brush polymerization. The
hydrodynamic radius (Rh) of the polymers was measured by
dynamic light scattering (DLS). The ratio Rg/Rh for HBPs 1 –3 is
!0.7 (Table 1), indicating a globular morphology27 as a result of
collapse of the hydrophobic polystyrene backbone in polar
methanol. In contrast, the ratio Rg/Rh is !2 for the linear
homopolymer of 1 (Control-1 ), confirming its expected random
coil conformation in a good solvent27.

The light-scattering data confirm that individual macromol-
ecules adopt the desired globular morphology in a polar solution.
As the bulk polymer samples were prepared by slow solvent
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Figure 1 | Design concept for the multiphase self-healing brush polymer system. a, The hydrogen-bonding brush polymer self-assembles into a two-phase
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was increased until no structure could be observed over 80 1C.
These observations were correlated with dynamic mechanical
analyses (DMA), which showed that the materials lost their
mechanical integrity at ca. 80 1C. The macroscopic adhesive
properties of poly(T-co-nBA) (10 mol% thymine) and poly(A-co-
nBA) (4 mol% adenine) (Fig. 1b) were characterized by a combi-
nation of tape peel and shear tests (Fig. 2) and compared to
poly(acrylic acid-co-n-butyl acrylate) (poly(AA-co-nBA), 4 mol% AA)
and poly(4-vinylpyridine-co-n-butyl acrylate) (poly(VP-co-nBA),
10 mol% VP), which were used as hydrogen bonding analogues
to study the effect of hydrogen bonding strength on the peeling
strength. The adenine-based polyacrylate displayed a higher
shear strength but a lower peel strength than the thymine-
based polyacrylate. Interestingly, the adhesive strength of a
blend of the adenine and thymine containing polyacrylates was
up to two times higher than that of the individual polymers, on
account of the much stronger binding of the complementary
base pair. The individual nucleobase-containing polyacrylates
displayed a 3–4 times higher peel strength than the poly(AA-co-
nBA) and poly(VP-co-nBA) reference polymers, on account of
their cross-linked structure, which led to reduced creep and
cohesive failure. The blend of the adenine and thymine
containing polyacrylates, in turn, showed a 3–4 times higher
peel strength than a reference blend of the AA- and VP-based
analogues, which are cross-linked through weaker self-
complimentary motifs. Overall, these early studies by Long,
Ward and coworkers demonstrated the suitability of nucleo-
bases as reversible cross-links in adhesive systems and under-
lined the advantage of complementary over self-binding.

Selective adhesion was also investigated by Zimmerman and
coworkers, who employed a synthetic DNA base pair analog

formed by 2,7-diamidonaphthyridine (DAN) and ureido-7-
deazaguanine (DeUG).44 This quadruple hydrogen bonding pair
was used to promote the adhesion of poly(styrene) (PS) bearing
DAN as side chains (DAN–PS) onto a DeUG-functionalized glass
surface (Fig. 3). The adhesion characteristics were investigated
with a single lap joint layout (Fig. 2) and for comparison, three
different control surfaces were tested, including the original primary
amine-functionalized surface, an aminoalkyl-functionalized surface,
and a surface displaying methylated DeUG units. It was shown that
DAN–PS adhered better to the DeUG-functionalized surface
(shear strength = 0.57 MPa) than to the control surfaces (shear
strengths of below 0.30 MPa), reflecting a clear benefit of the
complementary binding. When neat PS was used instead of

Fig. 2 Overview of common test layouts to quantify the adhesive
strength of an adhesive (red) to a substrate (black) or to itself.

Fig. 3 Schematic representation of polymer-surface selective adhesion
based on DAN–DeUG recognition via hydrogen bonding. Adapted with
permission from ref. 44 Copyright (2013) American Chemical Society.
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was increased until no structure could be observed over 80 1C.
These observations were correlated with dynamic mechanical
analyses (DMA), which showed that the materials lost their
mechanical integrity at ca. 80 1C. The macroscopic adhesive
properties of poly(T-co-nBA) (10 mol% thymine) and poly(A-co-
nBA) (4 mol% adenine) (Fig. 1b) were characterized by a combi-
nation of tape peel and shear tests (Fig. 2) and compared to
poly(acrylic acid-co-n-butyl acrylate) (poly(AA-co-nBA), 4 mol% AA)
and poly(4-vinylpyridine-co-n-butyl acrylate) (poly(VP-co-nBA),
10 mol% VP), which were used as hydrogen bonding analogues
to study the effect of hydrogen bonding strength on the peeling
strength. The adenine-based polyacrylate displayed a higher
shear strength but a lower peel strength than the thymine-
based polyacrylate. Interestingly, the adhesive strength of a
blend of the adenine and thymine containing polyacrylates was
up to two times higher than that of the individual polymers, on
account of the much stronger binding of the complementary
base pair. The individual nucleobase-containing polyacrylates
displayed a 3–4 times higher peel strength than the poly(AA-co-
nBA) and poly(VP-co-nBA) reference polymers, on account of
their cross-linked structure, which led to reduced creep and
cohesive failure. The blend of the adenine and thymine
containing polyacrylates, in turn, showed a 3–4 times higher
peel strength than a reference blend of the AA- and VP-based
analogues, which are cross-linked through weaker self-
complimentary motifs. Overall, these early studies by Long,
Ward and coworkers demonstrated the suitability of nucleo-
bases as reversible cross-links in adhesive systems and under-
lined the advantage of complementary over self-binding.

Selective adhesion was also investigated by Zimmerman and
coworkers, who employed a synthetic DNA base pair analog

formed by 2,7-diamidonaphthyridine (DAN) and ureido-7-
deazaguanine (DeUG).44 This quadruple hydrogen bonding pair
was used to promote the adhesion of poly(styrene) (PS) bearing
DAN as side chains (DAN–PS) onto a DeUG-functionalized glass
surface (Fig. 3). The adhesion characteristics were investigated
with a single lap joint layout (Fig. 2) and for comparison, three
different control surfaces were tested, including the original primary
amine-functionalized surface, an aminoalkyl-functionalized surface,
and a surface displaying methylated DeUG units. It was shown that
DAN–PS adhered better to the DeUG-functionalized surface
(shear strength = 0.57 MPa) than to the control surfaces (shear
strengths of below 0.30 MPa), reflecting a clear benefit of the
complementary binding. When neat PS was used instead of

Fig. 2 Overview of common test layouts to quantify the adhesive
strength of an adhesive (red) to a substrate (black) or to itself.

Fig. 3 Schematic representation of polymer-surface selective adhesion
based on DAN–DeUG recognition via hydrogen bonding. Adapted with
permission from ref. 44 Copyright (2013) American Chemical Society.
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Strength finely tunable
Heterocomplementarity easy to introduce
Full organic (no need to add metal ions)
Cooperative effect very important

Highly polar groups è possible phase separation/aggregation

Sensitive to solvents and water (moisture)
Tuning interaction strength requires changing binding motifs
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of a second control material,w comprising a blend of model-
amide 5 and polyimide 3. The latter lacks the chain-folding
triethylenedioxy–diimide motif present in 1, but retains the
diimide units in the chain. This polymer system showed only
minimal complexation shifts (Ddobs r 0.1 ppm).w

Solution-cast films of the 1 : 3 w/w blend of 1 and 2 retained
the deep red colour observed in solution and, most importantly,
the films were flexible and self-supporting.w In contrast,
control films cast from either of the two components separately,
or from a mixture of benzyl end-capped polyamide 4 and
chain-folding polyimide 1, showed no mechanical strength
whatsoever. Similarly, films of the blend [1 + 2] appeared
homogeneous by both transmission light microscopy and
environmental scanning electron microscopy (ESEM),w
whereas a control film containing polyimide 1 and the benzyl-
terminated polyamide 4 was heterogeneous by ESEM,w with
large-scale phase separation of the two components. It seems
clear that complexation between the pyrenyl end-groups of 2
and the chain-folded binding segments of polyimide 1 is
essential to drive compatibilisation of these materials.

Rheometric analysis of the 1 : 3 w/w blend of 1 and 2
revealed a tensile modulus of ca. 1 MPa at 30 1C. A very sharp
drop-off in modulus and melt-viscosity above ca. 40 1C was
indicated by the change in rheometric shift factor, aT, which
falls by five orders of magnitude between 35 and 60 1C (Fig. 3).

In contrast, polystyrene shows a fall-off of only one order of
magnitude in aT, over the corresponding temperature range
relative to Tg.

13 This result strongly suggested that the new
material should show a markedly enhanced ability to flow and
re-heal when compared to conventional thermoplastics.
Indeed, it was found that a broken film of [1 + 2] could be
re-healed by simply pressing the broken ends gently together
(cf. ref. 5) and heating briefly at 80 1C. The recovered tensile
modulus was identical to the original value, and this cycle of
test–break–heal–test was repeated three times on a single film,
each time with complete recovery of the original modulus.w At
80 1C the healing process was too rapid (a few seconds) to
follow as a function of time. At 50 1C however, the rate of
repair was slow enough to be monitored. Here, 100% recovery
of tensile modulus was achieved after ca. 5 minutes (Fig. 4),
even though the material retained significant mechanical
strength (tensile modulus 4 104 Pa) at this temperature.
A visual demonstration of the healing characteristics of

[1 + 2] is given in Fig. 5. A damaged film-sample (with a 75 mm
wide cut) was heated at 5 1C min!1 in an environmental
scanning electron microscope (ESEM). As the temperature
reached ca. 80 1C the material surrounding the cut was clearly
seen to flow into the void and, at 90 1C, the film became
essentially homogenous, with the position of the cut being

Fig. 1 Polyimides and polyamides developed in this work.w Components 1 and 2 afford a p!p-stacked supramolecular polymer, while 3 and 4 are

‘‘control’’ materials lacking either, in 3, the chain-folding triethylenedioxy–diimide motif or, in 4, the terminal pyrenyl residues.

Fig. 2 Schematic showing the potential for non-covalent cross-

linking of polyimide chains by multiple intercalation of p-electron-rich
pyrenyl end-groups (red) into designed polyimide chain-folds (blue).

Fig. 3 Variation of rheometric shift factor, aT (a function of melt-

viscosity), with temperature, relative to Tg, for the supramolecular

polymer system [1 + 2] (E) and for polystyrene (’).

6718 | Chem. Commun., 2009, 6717–6719 This journal is "c The Royal Society of Chemistry 2009

of a second control material,w comprising a blend of model-
amide 5 and polyimide 3. The latter lacks the chain-folding
triethylenedioxy–diimide motif present in 1, but retains the
diimide units in the chain. This polymer system showed only
minimal complexation shifts (Ddobs r 0.1 ppm).w

Solution-cast films of the 1 : 3 w/w blend of 1 and 2 retained
the deep red colour observed in solution and, most importantly,
the films were flexible and self-supporting.w In contrast,
control films cast from either of the two components separately,
or from a mixture of benzyl end-capped polyamide 4 and
chain-folding polyimide 1, showed no mechanical strength
whatsoever. Similarly, films of the blend [1 + 2] appeared
homogeneous by both transmission light microscopy and
environmental scanning electron microscopy (ESEM),w
whereas a control film containing polyimide 1 and the benzyl-
terminated polyamide 4 was heterogeneous by ESEM,w with
large-scale phase separation of the two components. It seems
clear that complexation between the pyrenyl end-groups of 2
and the chain-folded binding segments of polyimide 1 is
essential to drive compatibilisation of these materials.

Rheometric analysis of the 1 : 3 w/w blend of 1 and 2
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indicated by the change in rheometric shift factor, aT, which
falls by five orders of magnitude between 35 and 60 1C (Fig. 3).

In contrast, polystyrene shows a fall-off of only one order of
magnitude in aT, over the corresponding temperature range
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13 This result strongly suggested that the new
material should show a markedly enhanced ability to flow and
re-heal when compared to conventional thermoplastics.
Indeed, it was found that a broken film of [1 + 2] could be
re-healed by simply pressing the broken ends gently together
(cf. ref. 5) and heating briefly at 80 1C. The recovered tensile
modulus was identical to the original value, and this cycle of
test–break–heal–test was repeated three times on a single film,
each time with complete recovery of the original modulus.w At
80 1C the healing process was too rapid (a few seconds) to
follow as a function of time. At 50 1C however, the rate of
repair was slow enough to be monitored. Here, 100% recovery
of tensile modulus was achieved after ca. 5 minutes (Fig. 4),
even though the material retained significant mechanical
strength (tensile modulus 4 104 Pa) at this temperature.
A visual demonstration of the healing characteristics of

[1 + 2] is given in Fig. 5. A damaged film-sample (with a 75 mm
wide cut) was heated at 5 1C min!1 in an environmental
scanning electron microscope (ESEM). As the temperature
reached ca. 80 1C the material surrounding the cut was clearly
seen to flow into the void and, at 90 1C, the film became
essentially homogenous, with the position of the cut being
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copolyimide 1 (Mn = 16 000, Mw = 27000) 
with
pyrenyl end-capped polyamide 2 (Mn = 6000, Mw = 
10000). 
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Host-guest interactions

Supramolecular polymers

Polymerization and depolymerization can be realized through
the transition of E−Z isomers of azobenzene-containing guest
molecules.
In addition to host-enhanced charge-transfer interaction,

CB[8]-containing supramolecular polymers based on host-
enhanced π−π interaction were constructed in a similar
manner.152 A homoditopic monomer, 27, consisting of two
anthracene moieties and a short linker with a pyridinium
bromide unit in between was designed. When CB[8] was added
into the guest monomer solution, unfavorable cyclization and
dimerization for supramolecular polymerization were inhibited,
and as a result, linear supramolecular polymerization was
achieved (Figure 17).
To understand how the rigidity of the linkers influences the

supramolecular polymerization, we have designed and synthe-
sized a monomer with rigid and soft linkers as shown in Figure

18. In this case, a monomer, 28, containing two naphthalene
groups, was mixed with CB[8] to perform supramolecular

polymerization through host-enhanced π−π interaction.153 A
rigid and bulky 1,4-diazabicyclo[2.2.2]octane-1,4-diium linker
was used to inhibit cyclization. A significant decrease of the
diffusion coefficient characterized by diffusion-ordered NMR
spectroscopy (DOSY) suggested the formation of the supra-
molecular polymer. In contrast, when the bulky linker was
replaced by a soft alkyl segment, it only formed oligomers when
mixed with CB[8]. This investigation clearly shows that the
design of the monomeric structure strongly influences the
effective supramolecular polymerization. A rigid, bulky
monomer effectively impedes the cyclization, thus promoting
the formation of long-chain supramolecular polymers.
In the case in which the monomer is soluble and rigid

enough, it may be used for supramolecular polymerization
directly. One interesting example was reported by Pang et al.154

They fabricated CB[8]-based supramolecular polymers by
using a rigid thiazole orange dye molecule as the monomer.
Two-dimensional ESI-traveling wave-ion-mobility mass spec-
trometry (TWIM-MS) was employed to detect the species in
the solution. This technique gave signals at different drift times
to different [nTO−nCB[8]]n+ (n = 1, 2, 3, etc.) species through
ion-mobility separation, indicating the formation of linear
supramolecular polymers.
Besides the rigid and bulky monomers, monomers with a soft

but long enough linker can also facilitate the formation of
supramolecular polymers with CB[8]. According to this
strategy, we have demonstrated that bifunctional monomer
29 bearing two FGG tripeptide groups and an octaethylene
glycol linker was mixed with CB[8] in aqueous solution to
prepare supramolecular polymers (Figure 19).155 Typical
force−extension curves from SMFS confirmed the formation
of supramolecular polymers.

2.3.3. Crown Ether-Based Supramolecular Polymers.
Crown ethers are cyclic chemical compounds consisting of a
ring which contains several ether groups. Besides certain
inorganic cations, crown ethers can also bind organic charged
molecules, such as the paraquat (N,N′-dimethyl-4,4′-bipyridi-

Figure 15. Representation of the structure of monomer 25. The 1:1
cyclic species can be inhibited because of the short spacer, and 2:2
cyclic species can be prevented by the charge repulsion between
viologen moieties. Reprinted with permission from ref 150. Copyright
2010 John Wiley & Sons, Inc.

Figure 16. (Top) Schematic representation of an ABBA-type
monomer containing an azobenzene group. (Bottom) Corresponding
photoswitchable supramolecular polymers. Reprinted from ref 151.
Copyright 2013 American Chemical Society.

Figure 17. Supramolecular polymerization driven by host-enhanced π−π interaction. Reprinted with permission from ref 152. Copyright 2011 John
Wiley & Sons, Inc.

Figure 18. Representation of the supramolecular polymerization
reaction based on host-enhanced π−π interactions and the structures
of the monomers. Reprinted with permission from ref 153. Copyright
2012 John Wiley & Sons, Inc.

Chemical Reviews Review

DOI: 10.1021/cr500633b
Chem. Rev. XXXX, XXX, XXX−XXX

M

nium) dication. In the past two decades, the crown ether hosts
have usually been involved to afford host−guest topologies,
such as rotaxanes, polyrotaxanes, and supramolecular poly-
mers.156

To successfully obtain linear crown ether-based supra-
molecular polymers, the basic principle to design ditopic
monomers with a rigid linker has been well established.
Stoddart et al. designed an AB-type heteroditopic monomer
containing a crown ether host and dibenzylammonium salt
guest units.157,158 These two units could efficiently undergo
intermolecular complexation rather than an intramolecular one.
Although the intramolecular complexation was successfully
prohibited, the monomer was still more favorable to form a
dimer rather than a linear polymer. A successful example of
forming supramolecular polymers came from a rigid hetero-
ditopic molecule, 30, containing a macrocycle and a rodlike
paraquat unit (Figure 20a).159 The DP increased as the
concentration of the monomer increased. When the concen-
tration of the monomer was 2.0 M, DP ≈ 50, corresponding to
a polymer with a molar mass of 51 kDa. In another example, a
monomer with a larger cavity was synthesized.160 In the solid

state, the mass spectral data revealed the formation of
oligomers, indicating that the concentration of the monomer
has a significant influence on the formation of supramolecular
polymers.
Homoditopic monomers 31 and 32 were also designed to

fabricate linear crown ether-based supramolecular polymers
(Figure 20b).161,162 These monomers formed cyclic oligomers
in dilute solution, but tended to polymerize linearly as the
concentration of monomer increased. The highest DP in
concentrated solution (60.3 mM) was estimated to be 36
according to the Carothers equation.
When the linker in the monomer is a flexible segment, the

length of the linkers should be carefully tuned to promote the
polymerization.163−165 As shown in Figure 21, when l = m = 6,

the length of the linkers between the host 33 and the guest 34
was almost the same. At low concentrations, a cyclic dimer
existed as a dominant species in solution, and a linear polymer
only formed in concentrated solution. However, the amount of

Figure 19. Representation of the supramolecular polymerization of 29
and CB[8]. Reprinted with permission from ref 155. Copyright 2013
Royal Society of Chemistry.

Figure 20. Illustration of the formation of linear crown ether-based supramolecular polymers from (a) an AB-type monomer and (b) AA/BB-type
monomers. Part a reprinted with permission from ref 159. Copyright 1998 John Wiley & Sons, Inc. Part b reprinted with permission from ref 156.
Copyright 2012 Royal Society of Chemistry.

Figure 21. Illustration of the construction of a cyclic dimer and linear
supramolecular polymer from the self-organization of a monomer with
different lengths of linker. Reprinted with permission from ref 156.
Copyright 2012 Royal Society of Chemistry.
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choice of guests or potentially toxic metal ions used for their
construction.20 The design and preparation of self-healing
hydrogels induced by supramolecular complexation, which
possess good mechanical strength, structural stability, and
biocompatibility, still remain a challenge.21

Bile acids are a group of physiologically important steroids
and play a crucial role in lipid digestion, transportation, and
absorption.22 They are also ideal building blocks of polymeric
biomaterials due to their biocompatibility and possibility of
functionalization.23,24 Previously, we incorporated bile acids
into polymers and developed a series of thermo- and pH-
responsive materials.25−31 Bile acids may also form stable
inclusion complex with β-CD since the size and shape of bile
acid fit well with the cavity of β-CD.32−37 Therefore, it has a
great advantage to design self-healing hydrogels driven by
supramolecular complexation of bile acids and β-CD, two
biological compounds. In this work, we report supramolecular
hydrogels made of copolymers of N,N′-dimethylacrylamide
(DMA) modified with cholic acid (CA, the most abundant bile
acid in humans and many other species) and β-CD, respectively
(Figure 1). Moreover, such supramolecular hydrogels exhibit
self-healing properties, making them suitable for bioapplications
pending further biological evaluation.

■ EXPERIMENTAL SECTION
Acryloyl chloride, p-nitrophenol, β-cyclodextrin, p-toluenesulfonyl
chloride, and ethylenediamine were purchased from Aldrich and
used without further purification unless otherwise stated. 2,2′-
Azoisobutyronitrile (AIBN) was recrystallized twice from methanol.
N,N′-Dimethylacrylamide (DMA) was distilled before use. Cholic
acid-based methacrylate monomer (CAM) was prepared as reported
previously.38 p-Nitrophenyl acrylate (NPA) and amino-CD were
synthesized according to the literature.39

Synthesis of P(DMA-CAM). Copolymerization of DMA and CAM
was conducted in N,N′-dimethylformamide (DMF) at 70 °C. A
mixture of DMA (2.08 g, 20.99 mmol), CAM (242 mg, 0.42 mmol),
AIBN (20 mg, 0.12 mmol), and DMF (5 mL) was added to a 25 mL
round-bottom flask. The mixture was purged with N2 for 20 min prior
to its immersion in a preheated oil bath. The copolymerization was
allowed to proceed for 18 h before being quenched by immersion into
ice−water. DMF was removed under reduced pressure, and THF (5
mL) was added to dissolve the copolymer. The precipitate was
collected after pouring the reaction mixture into diethyl ether. The

copolymer was dried in vacuo to yield 2.18 g (94.0%) of P(DMA-
CAM-2%).

Synthesis of P(DMA-CDA). A mixture of DMA (1.75 g, 17.68
mmol), NPA (340 mg, 1.76 mmol), AIBN (31 mg, 0.19 mmol), and
DMF (15 mL) was added to a 50 mL round-bottom flask. The mixture
was purged with N2 for 20 min prior to its immersion in a preheated
oil bath. The reaction was allowed to proceed for 20 h at 70 °C before
being quenched by immersion into ice−water. Copolymer was
precipitated from diethyl ether after removing most of the remaining
DMF, and P(DMA-NPA) (2.01 g, 91.0%) was obtained after drying in
vacuo. 400 mg of P(DMA-NPA) and 258 mg of amino-CD were
dissolved in DMF (5 mL) at 22 °C, and the substitution reaction was
carried out at 50 °C for a period of 48 h. The copolymer was
precipitated from diethyl ether, and the other impurities were removed
through dialysis for 7 days in water. Pure P(DMA-CDA) (378 mg)
was obtained by drying the dialyzed solution.

Polymer Characterization. Size exclusion chromatography
(SEC) was performed on a Breeze system from Waters equipped
with a 717 plus autosampler, a 1525 Binary HPLC pump, and a 2410
refractive index detector using two consecutive Waters columns
(Phenomenex, 5 μm, 300 mm × 7.8 mm; Styragel HR4, 5 μm, 300
mm × 7.8 mm). The eluent DMF containing 0.05 M LiBr was filtered
through 0.20 μm Nylon Millipore filters. The flow rate was 1 mL/min.
Poly(methyl methacrylate) standards (2500−296 000 g/mol) were
used for calibration. 1H and 13C NMR spectra in CDCl3 or D2O were
recorded on a Bruker AV400 spectrometer operating at 400 MHz for
1H and 100 MHz for 13C. The cloud points (CPs) of the samples in
aqueous solution were determined on a Cary 5000 UV−vis-NIR
spectrophotometer (Agilent) equipped with a Cary temperature
controller. Polymer aqueous solutions were heated at a rate of 0.5
°C/min, and the CP was taken as the middle point of the
transmittance change observed at 400 nm. Rheological characterization
of the hydrogels was done with a AR 2000 rheometer (TA
Instruments) equipped with a 2° steel cone geometry of 20 mm
diameter and solvent trap. Rheological gel characteristics were
monitored by oscillatory time sweep, frequency sweep, strain sweep,
and temperature sweep experiments. During time sweep experiments
the G′ (storage modulus) and G″ (loss modulus) were measured at 25
°C for a period of 5 min. Temperature sweep experiments were done
with a heating rate of 1 °C/min. After each temperature increment (1
°C) and 30 s equilibration, G′ and G″ were measured. The point at
which tan δ = G′/G″ = 1 is considered as the gel temperature (Tgel).
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In both time and temperature sweep experiments, a constant strain of
10% and frequency of 1 Hz was used.

■ RESULTS AND DISCUSSION
Characteristics of Copolymers. Copolymers consisting of

either cholic acid or β-CD pendant groups were synthesized via
a simple and straightforward free radical polymerization (Figure
1 and Figure S1). The copolymerization of hydrophilic
DMA41,42 with a cholic acid-based methacrylate monomer
(CAM) gives a water-soluble copolymer P(DMA-CAM)
bearing cholic acid pendant groups. The cholic acid moiety is
linked through a short spacer on position 24, resulting in a
flexible cholic acid moiety to interact with a host molecule.
Meanwhile, the molar fractions of CAM in the copolymers are
also varied from 2 to 5 and to 10%. The copolymers with 2 and
5% of CAM show good solubility in water, whereas the
copolymer with 10% of CAM becomes water-insoluble, even
near 0 °C. The 1H NMR spectrum of P(DMA-CAM-2%)
shows the characteristic proton peaks of cholic acid moieties at
0.63, 0.83, and 0.94 ppm, assigned to methyl protons of cholic
acid on positions 18, 19, and 21, respectively (Figure 2A). The
characteristics of these copolymers are summarized in Table 1.
The structure of P(DMA-CDA) is shown in Figure 1, and

the synthetic scheme is shown in Figure S1. A precursor
polymer P(DMA-NPA) was obtained via the copolymerization

Figure 1. Structures of the polymers made P(DMA-CAM) and
P(DMA-CDA).
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of DMA with an active ester monomer, NPA. Amino-CD
substituting the NPA moieties on the P(DMA-NPA) results in
the P(DMA-CDA). The extent of CD substitution is estimated
to be ca. 94% based on the 1H NMR integration ratio of the
aromatic protons of NPA moieties versus backbone protons at
ca. 1.0−2.0 ppm (Figure S3). P(DMA-CDA) with a 8.2 mol %
of CDA was obtained finally.
Preparation of Supramolecular Hydrogels. Both P-

(DMA-CAM-2%) and P(DMA-CDA) (Figures S6A and B,
respectively) show good solubility in water. No change in G′ or
G″ is observed under time sweep, and G″ always remains
greater than G′ (Figure 3A), suggesting the copolymers are
both fluids under these conditions. When P(DMA-CAM-2%)
and P(DMA-CDA) are mixed at a ratio of [CD]/[CA] = 1.0
(corresponding to a weight ratio of 58/25 for the two
polymers), the viscosity of such mixture sharply increases.
More importantly, G′ becomes much greater than G″ (Figure
3A, [CD]/[CA] = 1.0), indicating the formation of a hydrogel
(inverted vial tests in Figure S6). Figure 3A also shows the G′
and G″ of the mixture in relationship to the [CD]/[CA]
stoichiometry. G′ becomes greater than G″ at a ratio of [CD]/
[CA] = 0.4 and gradually increases with increasing [CD]/[CA]
to reach a maximum value at a stoichiometric ratio of [CD]/
[CA] = 1.0. When either CD or CA units are present in excess,
a decrease in G′ is found, thus indicating the effective formation
of complementary inclusion complexes, which is consistent
with what was observed in α-CD and azobenzene-based
supramolecular hydrogel system.5 Higher concentration of the
polymers (above 5.5 wt %) leads to an increasing G′ at [CD]/

[CA] = 1.0 (Figure 3B). The hydrogel formed by P(DMA-
CAM-5%) and P(DMA-CDA) exhibits a larger G′ value than
that of P(DMA-CA-2%)/P(DMA-CDA) hydrogel (Figure S7),
indicating the effect of cross-linking density on the strength of
the hydrogel.
To clarify the network formation induced by inclusion

complexation of CA and CD moieties, a competing guest
molecule, potassium 1-adamantylcarboxylate (K-Ada has a
much higher binding affinity toward β-CD than CA),43 is added
to the P(DMA-CAM-2%)/P(DMA-CDA) hydrogel. The
viscosity of the hydrogel system significantly decreases, and a
viscous sol is obtained (Figure S6D and Scheme 1), indicating
the dissociation of the hydrogel. Therefore, the formation of
the hydrogels is due to the reversible complexation of CA and

Figure 2. 1H NMR spectra (25 °C and a polymer concentration of 10
g/L equals to 1.8 mmol/L CA units) of (A) P(DMA-CAM-2%) in
D2O and (B) P(DMA-CAM-2%) mixed with β-CD in D2O ([β-CD]/
[CA] = 3:1).

Table 1. Characteristics of P(DMA-CAM) and P(DMA-
NPA)

polymers feed ratioa yieldb Mn,SEC
c Mw/Mn

c

P(DMA-CAM-2%) 50:1 94 60.8 × 103 2.29
P(DMA-CAM-5%) 20:1 93 44.0 × 103 2.07
P(DMA-CAM-10%) 10:1 95 65.1 × 103 2.17
P(DMA-NPA) 10:1 91 33.8 × 103 1.53

aThe subscript indicates the molar ratio of DMA to the second
monomer in the feed. bYield calculated from the insoluble portion in
ethyl ether. cDetermined by SEC.

Figure 3. Storage modulus (G′) and loss modulus (G″) (time sweep
at 25 °C) of the P(DMA-CAM-2%)/P(DMA-CDA) hydrogel in
relationship to (A) the molar ratio of CD to CA units (8.3 wt %) and
(B) the concentration of the polymer complex ([CD]/[CA] = 1.0).

Scheme 1. Illustration of the Formation of P(DMA-CAM)/
P(DMA-CDA) Hydrogel and Its Dissociation Triggered by
the Addition of Potassium 1-Adamantylcarboxylate (K-Ada)
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