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ABSTRACT: Here we present a method for the
construction of functionalizable supramolecular polymers
by controlling three orthogonal interactions within a single
system: (i) coordination-driven self-assembly; (ii) H-
bonding; and (iii) host−guest interactions between
crown ether and dialkylammonium substrates. Three
unique molecules constitute the supramolecular construct,
including a 2-ureido-4-pyrimidinone (UPy)-functionalized
rigid dipyridyl donor and a complementary organo-
platinum(II) acceptor decorated with a crown ether
moiety that provide the basis for self-assembly and
polymerization. The final host−guest interaction is
demonstrated by using one of two dialkylammonium
molecules containing fluorophores that bind to the benzo-
21-crown-7 (B21C7) groups of the acceptors, providing a
spectroscopic handle to evaluate the functionalization. An
initial coordination-driven self-assembly yields hexagonal
metallacycles with alternating UPy and B21C7 groups at
their vertices. The assembly does not interfere with H-
bonding between the UPy groups, which link the discrete
metallacycles into a supramolecular network, leaving the
B21C7 groups free for functionalization via host−guest
chemistry. The resultant network results in a cavity-cored
metallogel at high concentrations or upon solvent swelling.
The light-emitting properties of the dialkylammonium
substrates were transferred to the network upon host−
guest binding. This method is compatible with any
dialkylammonium substrate that does not disrupt coordi-
nation nor H-bonding, and thus, the unification of these
three orthogonal interactions represents a simple yet
highly efficient strategy to obtain supramolecular poly-
meric materials with desirable functionality.

Self-assembly is a simple and efficient strategy for building
large, complex molecular architectures. It is a key process in

all living organisms, wherein biomolecules such as nucleic acids,
polypeptides, and phospholipids interact and self-organize to
form well-defined structures with emergent functions.1 Inspired
by nature’s elegant self-assembly processes, chemists exploit a
range of non-covalent interactions to construct supramolecular
assemblies. When non-covalent interactions are used as the basis
for polymerization, so-called supramolecular polymers are
obtained. These materials often share characteristics of conven-

tional covalent polymers yet may also exhibit properties
originating from their non-covalent interactions, including
dynamic behaviors and high degrees of internal order.2 As a
result of these unique features, supramolecular polymers are
applicable as self-healing materials, as optoelectronic materials,
and in biomedical science.2,3 The functions of supramolecular
polymers are generally dependent on the nature of the non-
covalent interactions and the building blocks that are employed
in their preparations. The construction of supramolecular
polymers with well-defined functionalities is challenging because
of the difficulties associated with the synthesis of functionalized
precursors and potential interference with the self-assembly
process by these moieties.
In the past two decades, coordination-driven self-assembly, i.e.,

the spontaneous formation of metal−ligand bonds between
Lewis acidic acceptors (metals) and Lewis basic donors (organic
ligands) to formmetallacycles andmetallacages, has proven to be
a powerful methodology for constructing discrete supra-
molecular ensembles with predesigned, well-defined sizes and
shapes.4 Covalent attachment of functional moieties to the
precursor building blocks allows the formation of assemblies in
which their number and orientation can be readily tuned. As
such, various functional moieties have been installed either on
the periphery or at the vertices of a number of discrete
supramolecular assemblies. The latter have already proven useful
in a wide range of applications, including selective encapsula-
tion,5 chemosensing,6 optical and electronic materials,7 and so
on.8 Since the formation of metal−ligand bonds can occur in
concert with other non-covalent interactions, supramolecular
polymer systems that mimic the hierarchical ordering observed
in natural systems can be designed using supramolecular
coordination complex scaffolds.9 For example, the unification
of coordination-driven self-assembly with hydrogen bonding
leads to the formation of robust and flexible metallacycle-cored
supramolecular polymer gels.9a

The use of multiple orthogonal interactions to build
supramolecular systems offers advantages over conventional
strategies that utilize only one type of non-covalent interaction,
as much more complex architectures may be obtained.3d

Whereas many examples of dual orthogonal interactions have
been developed, superstructures formed from three orthogonal
interactions that do not interfere with one another are rare. In
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this work, we exploited the hierarchical unification of
coordination-driven self-assembly, hydrogen bonding, and
crown ether-based host−guest interactions to obtain the
functionalizable supramolecular polymeric network 1 (Scheme
1). Specifically, a well-established Pt(II)−pyridine motif was

used to assemble a metallahexagon bearing two different
functional moieties: a 2-ureido-4-pyrimidinone (UPy) group
and a benzo-21-crown-7 (B21C7) motif. The complementary
hydrogen-bonding interactions of the UPy groups10 result in the
formation of a hexagon-cored supramolecular polymer network
with free B21C7 moieties. Further functionalization can be
efficiently achieved via crown ether−dialkylammonium salt-
based host−guest interactions. The postfunctionalization
process is not expected to disrupt the structure of the
supramolecular network because of the orthogonality of the

non-covalent interactions employed. In addition, the cross-
linked supramolecular polymer was found to form gels at high
concentrations or upon swelling in appropriate solvents,
demonstrating that novel functional soft materials may be
obtained by means of the strategy developed here.
Supramolecular polymer network 1 was obtained by stirring a

mixture of 120° B21C7-tethered acceptor 2 and UPy-decorated
120° donor 3 in 1:1 stoichiometry in CD2Cl2/CD3NO2 (1:1 v/v)
for 6 h (Scheme 1). Multinuclear (1H and 31P) NMR
spectroscopy (Figure 1) supported the formation of hexagonal

metallacyclic cores within the network. In the 1H NMR
spectrum, signals corresponding to protons Hd,e of the pyridyl
rings in 1 (Figure 1b) displayed downfield shifts relative to those
of free donor 3 (Figure 1c) due to the loss of electron density that
occurs upon Pt(II)−N coordination. Likewise, the 31P{1H}
NMR spectrum of the product revealed a sharp singlet at 14.28
ppm with concomitant 195Pt satellites (Figure 1e), consistent
with a single phosphorus environment. This peak was shifted
upfield by 7.64 ppm relative to that of 2 (Figure 1d). Electrospray
ionization time-of-flight mass spectrometry (ESI-TOF-MS)
provided further evidence for the formation of hexagonal
metallacycles as the repeating units of the polymer network.
The mass spectrum of the product in dimethyl sulfoxide
(DMSO), a solvent that disrupts hydrogen bonding between
the UPy groups,10 showed an isotopically resolved peak
consistent with an intact and discrete [3 + 3] assembly with a
+5 charge state that results from the loss of trifluoromethanesul-
fonate (OTf) counterions (Figure 1f).
The formation of a supramolecular network upon dimeriza-

tion of the UPy groups was supported by 1HNMR spectroscopy:
the N−H signals Ha−c from the UPy groups displayed large
downfield shifts (observed between 10.0 and 13.5 ppm) and
lower intensities in CD2Cl2/CD3NO2 (1:1 v/v) relative to those
in DMSO-d6 (Figure S17), providing evidence for the formation

Scheme 1. Cartoon Representation of the Formation and
Functionalization of a Cross-Linked 3D Supramolecular
Polymeric Network from Hierarchical Self-Assembly of 2, 3,
and 4 via Triply Orthogonal Non-covalent Interactions

Figure 1. Partial (a−c) 1H and (d, e) 31P{1H} NMR spectra [CD2Cl2/
CD3NO2 (1:1 v/v), 298 K] of (a, d) acceptor 2, (b, e) supramolecular
network 1, and (c) donor 3. (f) Experimental (red) and calculated
(blue) ESI-TOF-MS spectra of discrete metallacycles [M − 5OTf]5+.
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of hydrogen bonds.10 Dynamic light scattering (DLS) experi-
ments were used to determine the size distribution profile of the
polymeric material. The average hydrodynamic diameter of 1was
found to be 82.3 nm at a concentration of 10.0 mM (based on the
hexagonal units), whereas hexagon 6 without UPy groups
(Schemes 1 and S6) showed an average hydrodynamic diameter
of 7.7 nm under the same conditions (Figure 2a), suggesting that

UPy is responsible for aggregation. Furthermore, diffusion-
ordered 1H NMR spectroscopy (DOSY) was used to probe the
dimensions of the supramolecular aggregates, as the diffusion
coefficient obtained in a DOSY study is inversely proportional to
the size of the supramolecular polymer.11 DOSY of 1 was
performed using a 10 mM solution (based on the hexagonal
units) in CD2Cl2/CD3NO2 (1:1 v/v) and yielded an average
diffusion coefficient of 0.21 × 10−10 m2·s−1 (Figures 2b and S19).
The average diffusion coefficient of discrete hexagon 6 under the
same conditions was 1.57 × 10−10 m2·s−1 (Figures 2b and S18).
The decrease in diffusion coefficient due to the introduction of
UPy groups supports the formation of a polymeric network. In
addition, network 1 forms a gel-like soft material at high
concentrations or upon solvent swelling (Figures 2c and S29).
The gel self-heals in situ as a result of the synergistic effect of H-
bonding and metal−ligand coordination (Figure S28). Scanning
electron microscopy (SEM) was employed to examine the
morphology of the xerogel, which was prepared by a freeze-
dryingmethod. An extended and interconnected fibrous network
was observed (Figure 2d). The critical gel concentration was
determined to be 25.0 mMUPy units at 4 °C. The observation of
such a phenomenon further supports the formation of an
extended hexagonal network.
The B21C7 units within the polymer network provide a

further platform for introducing a third non-covalent interaction,
in this case crown ether−dialkylammonium complexation,
resulting in a functionalized network. Perylene-decorated
dialkylammonium salt 4a and tetraphenylethylene (TPE)-
decorated dialkylammonium salt 4b were introduced to network
1 to obtain light-emitting supramolecular polymers. The
complexation behavior was studied using 1HNMR spectroscopy.

In both cases, the addition of the dialkylammonium salt to a
solution of the network resulted in a complicated spectrum
(Figure 3b,d). The slow-exchange nature of the host−guest

complexation on the 1H NMR time scale resulted in a splitting of
the proton resonances of the B21C7 groups and those of the
dialkylammonium salts into two sets of signals, corresponding to
the complexed and uncomplexed species.12 Signals for the
ethylenoxy protons H7−9 displayed downfield chemical shifts,
whereas those for the methylene protons H13,14 and the
ethylenoxy protons H10 shifted upfield. These changes suggest
that host−guest complexation between B21C7 and dialkylam-
monium salts exists in the network, allowing the construction of a
functional network by postfunctionalization. In addition, as
suggested by 1H NMR studies, reversible functionalization of the
network can be achieved by the addition and removal of K+

(Figures S22−S27).
As both 4a and 4b are fluorophores, the light-emitting

properties of the functionalized networks 5a and 5b were
studied. The emission maximum and fluorescence intensity of 5a
exhibited a slight red shift and decrease, respectively, relative to
those of free 4a (Figure 4a), which is attributed to perturbations
of the electronic structure by the host−guest interactions, as
evidenced by the fluorescence spectra of acceptor 2 and hexagon
6 with 4a (Figure S21). TPE-based dialkylammonium salt 4b is a
fluorophore that has aggregation-induced emission character-
istics.13 As such, it is not emissive in a dilute solution but is highly
emissive in the solid state (Figure 4b, blue). Complexation of 4b
with 1 does not inhibit the free rotation of the phenyl groups in
solution, and no obvious fluorescence enhancement was
observed after complexation. In the solid state, 5b displayed an
emission maximum at 450 nm (Figure 4b, red), which was blue-
shifted by 10 nm relative to that of free 4b (Figure 4b, blue). In a
gel of 5a, the emission maximum was further blue-shifted to 438
nm (Figure 4b, black). This difference is attributed to a decrease
in the planarization of the TPE moieties, wherein the phenyl
moieties in the polymeric network become more twisted relative
to those in the uncomplexed state.14 These results indicate that

Figure 2. (a) Size distributions of network 1 (red) and crown ether-
functionalized hexagon 6 (blue) in CH3NO2 at 10.0 mM by DLS. (b)
Diffusion coefficient (D) values [500 MHz, CD2Cl2/CD3NO2 (1:1 v/
v), 298 K] for 1 (red) and 6 (blue) at 10.0 mM. (c) Photograph of the
metallogel formed by 1. (d) SEM image of the xerogel of 1 prepared by a
freeze-drying method.

Figure 3. Partial 1HNMR spectra [400MHz, CD2Cl2/CD3NO2 (1:1 v/
v), 298 K] of (a) dialkylammonium salt 4a, (b) functionalized network
5a, (c) network 1, (d) functionalized network 5b, and (e)
dialkylammonium salt 4b. The labels “c” and “u” denote complexed
and uncomplexed moieties, respectively.

Journal of the American Chemical Society Communication

DOI: 10.1021/jacs.5b12986
J. Am. Chem. Soc. 2016, 138, 806−809

808

http://pubs.acs.org/doi/suppl/10.1021/jacs.5b12986/suppl_file/ja5b12986_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b12986/suppl_file/ja5b12986_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b12986/suppl_file/ja5b12986_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b12986/suppl_file/ja5b12986_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b12986/suppl_file/ja5b12986_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b12986/suppl_file/ja5b12986_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b12986/suppl_file/ja5b12986_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b12986


the photophysical properties of the dialkylammonium substrate
are largely preserved after incorporation of the substrate into the
supramolecular network via host−guest interactions.
In summary, by the combination of metal−ligand coordina-

tion, hydrogen bonding, and host−guest interactions in a
hierarchical fashion, a method for building functionalizable
supramolecular polymers has been established. The non-
covalent functionalization strategy used here offers advantages
over covalent methods for obtaining functionalized polymers in
that the self-assembly reduces the number of steps, resulting in a
fast and facile synthesis. Furthermore, the final functionalization
step is highly modular, and as long as the substrate is competent
for host−guest chemistry and does not interfere with the
coordination or hydrogen bonding, the functionalization may
occur. As demonstrated with emissive substrates, the properties
of the functional groups are retained upon introduction of the
substrate into the supramolecular network without interference
from the underlying polymeric structure. In addition, conditions
may be found such that these polymers form gels for applications
in which soft materials are desirable. Thus, this work provides a
simple yet highly efficient strategy to obtain modular functional
materials. Further investigations aimed at expanding the
functionality of such networks, with an emphasis on exploring
the scope of substrates that may participate in the final host−
guest interaction, are underway.
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Figure 4. Fluorescence emission spectra: (a) 4a (blue) and 5a (red) in
CH2Cl2 (λex = 441 nm, c = 30.0 μM based on the perylene-decorated
dialkylammonium salt unit); (b) 4b in the solid state (blue), 5b in the
solid state (red), and 5b in a gel (black) (λex = 343 nm).
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