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ABSTRACT: Considerable progress in platinum metalla-
cycle-based supramolecular polymerization has promoted
the fabrication and application of supramolecular
materials. However, despite recent advances, supra-
molecular polymers constructed through platinum
metallacycle-based host−guest complexation remain rare
because of the dynamics of platinum metallacycles. Here,
we achieve linear supramolecular polymerization via
platinum metallacycle-based host−guest complexation by
following the design rule of suppressing the dynamics of
the metallacycles. The establishment of the platinum
metallacycle-based host−guest system and the realization
of this type of supramolecular polymerization are expected
to open opportunities for platinum metallacycle-based
functional materials.

Noncovalent interactions are ubiquitous in multifunctional
architectures in natural systems, which remain an

ongoing inspiration for chemists to explore new methods to
obtain multicomponent artificial materials.1 Supramolecular
polymers are an important class of supramolecular materials
that are constructed from monomeric units connected by
reversible and directional noncovalent interactions.2 The
intriguing functions and properties that originate from the
dynamic behavior of supramolecular polymers make them
promising materials for applications in various fields, including
tissue engineering, pharmaceuticals, diagnostics, nano-
electronics, biosensors, and catalysis.3 However, many
fundamental principles that govern the formation of supra-
molecular polymers remain unresolved.4 Therefore, it is
important to develop efficient and viable strategies to form
supramolecular polymers to promote their future applications.
Host−guest systems, which form through the cooperative
effect of various noncovalent interactions, play an important
role in the development of supramolecular materials because of
their high efficiency, good selectivity, and rich responsiveness.5

In macrocycle-based host−guest systems, guest molecules can
be encapsulated inside the cavities of the macrocyclic hosts
driven by the complementary shape and size as well as
noncovalent interactions between the host and guest

molecules.6 Macrocyclic hosts are currently the most
commonly used building blocks to fabricate supramolecular
polymers through host−guest complexation.7

Platinum(II)-based self-assembled metallacycles, which are
constructed through coordination interactions, are a class of
discrete macrocyclic hosts initiated by Fujita’s and Stang’s
groups in the early 1990s.8 Metallacycles with functionalized
exterior vertices have been widely used as building blocks to
construct functional supramolecular polymers.9 Supra-
molecular polymers constructed by platinum(II) metalla-
cycle-based host−guest complexation are rare. In our recently
reported work,10 with a view to suppress the dynamics of a
platinum(II) metallacycle and enhance its stability by host−
guest complexation between metallacycle host and guest
molecules, a cross-linked supramolecular polymerization
strategy was achieved. Linear supramolecular polymers are
powerful structural motifs in natural systems.11 The design
principles, directionality, dynamics, and functionality of linear
supramolecular polymers have recently attracted great
interest.12 Herein we report that linear supramolecular
polymerization is achieved via platinum(II) metallacycle-
based host−guest complexation in the solid state as well as
in solution.
The linear supramolecular polymerization strategy presented

in this work is controlled by the molecular design of the
monomer. As shown in Scheme 1, monomer 1, which contains
two naphthalene moieties at its vertices, was designed and
expected to self-assemble into a linear supramolecular polymer
through the host−guest interactions between the cavity of the
metallacycle and the naphthalene groups. Using palladium-
catalyzed coupling and subsequent etherification reactions,
organic ligand 2 with a naphthalene group was synthesized
(Scheme S1). The desired metallacycle 1 was then obtained by
stirring a 1:1 ratio of organic ligand 2 and 180° organic
diplatinum(II) acceptor 3 in acetone at 30 °C for 2 h (Scheme
S2). Multinuclear (1H and 31P) NMR spectroscopy demon-
strated a self-assembled, highly symmetrical metallacycle. As
shown in Figure 1a, compared with those of the free organic
ligand 2, the signals corresponding to the protons of the
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pyridyl groups showed downfield shifts (Δδ = −0.45, −0.44,
−0.35, and −0.45 ppm for Ha, Hb, Hc, and Hd, respectively),
confirming the coordination of the nitrogen atoms to the
platinum centers. Upon the formation of the metallacycle, the
31P{1H} NMR spectrum of 1 shifted considerably upfield from
that of the starting 180° Pt(II) acceptor 3 by 5.24 ppm and
contained a lone sharp singlet at 12.89 ppm with concomitant
195Pt satellites (JPt−P = 3406.73 Hz), which was consistent with
a single phosphorus environment (Figure 1b). The 1H and
31P{1H} NMR results demonstrated the formation of a discrete
structure as the sole isolated assembly product. Electrospray
ionization time-of-flight mass spectrometry (ESI-TOF-MS)
confirmed the formation of metallacycle 1. One isotopically
resolved peak corresponding to the intact metallacycle with the
loss of three trifluoromethanesulfonate (OTf) anions was
found at m/z 1004.99 [M − 3OTf]3+ (Figure S10). The
isotopic spacings of the peak corresponded well with its
theoretical distribution, supporting the formation of the
desired metallacycle.
The linear supramolecular polymer was characterized both

in the solid state and in solution. Colorless rhombohedral
prism single crystals of metallacycle 1 were prepared by a slow

diffusion method. The structure of metallacycle 1 was
unambiguously confirmed by X-ray diffraction study (Scheme
1b). In the crystal structure, the naphthalene groups of
monomers 1 were encapsulated in the cavities of the adjacent
metallacycles to form host−guest complexes (Figures S11 and
2). A linear supramolecular polymer formed spontaneously via

host−guest interactions of monomer 1 in the solid state
(Figure 3). The crystal structure of the linear supramolecular

polymer revealed that host 1 possessed six hydrogen atoms,
with C−H···π distances of 2.894−2.895 Å, which indicated
that the naphthalene guests were included into the cavity of the
platinum(II) metallacycle, driven by C−H···π interactions. The
host−guest complexation suppressed the dynamics of the
metallacycle (i.e., stabilized the metallacycle), which con-
tributed to the construction of the linear supramolecular
polymer in the solid state.
The host−guest complexation motif between the cavity of

metallacycle 1 and naphthalene and the spontaneous formation
of the linear supramolecular polymer in the solid state
encouraged us to further investigate the supramolecular
polymerization behavior of monomer 1 in solution. The
host−guest complexation between the cavity of metallacycle 1
and naphthalene was first investigated by 2D NOESY NMR
spectroscopy in acetone (Figure S12). NOE correlation signals
between the protons of the naphthalene groups and protons of
the ethyl groups on metallacycle 1 were observed, indicating
that the electron-rich naphthalene groups were encapsulated in

Scheme 1. (a) Cartoon Representation and Chemical
Structure of Metallacycle 1 with Two Naphthalene Moieties;
(b) Top and Side Views of the Solid-State Structure of
Metallacycle 1a

aHydrogen atoms are omitted for clarity.

Figure 1. (a) Partial 1H NMR spectra (500 MHz, acetone-d6, 298 K)
of metallacycle 1 and organic ligand 2. (b) 31P{1H} NMR spectra
(202.3 MHz, acetone-d6, 298 K) of platinum(II) metallacycle 1 and
180° organic diplatinum(II) acceptor 3.

Figure 2. (a, b) Two views of the solid-state structure constructed
through host−guest complexation of monomer 1. (c) Cartoon
representation of the host−guest complexation between the cavity
and the naphthalene groups of the metallacycle. Hydrogen atoms are
omitted for clarity.

Figure 3. (a, b) Two views of the solid-state structure of the linear
supramolecular polymer constructed through host−guest complex-
ation of monomer 1. (c) Schematic representation of the construction
of the linear supramolecular polymer through host−guest complex-
ation of monomer 1. Hydrogen atoms are omitted for clarity.
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the cavity of cyclic monomer 1, resulting in the host−guest
complexation in acetone.
The linear supramolecular polymerization behavior of

monomer 1 was then investigated by a combination of various
techniques, including 1H and 2D DOSY NMR, viscosity,
dynamic light scattering (DLS), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM). Figure
4a reveals that the 1H NMR spectra of monomer 1 were

concentration-dependent. With increasing the monomer
concentration from 1.00 to 90.0 mM, all the signals of the
protons of monomer 1 became broad. 2D DOSY NMR
spectroscopy, shown in Figure 4b, indicated fast exchange
between different aggregates on the DOSY time scale. As the
monomer concentration increased from 1.00 to 90.0 mM, the
measured weight-average diffusion coefficients decreased
considerably from 5.46 × 10−10 to 1.52 × 10−10 m2 s−1,
reflecting the concentration dependence of the linear supra-
molecular polymerization of monomer 1. According to
previous reports,13 a sharp decrease in the diffusion coefficient
is expected to be observed when repeating units self-assemble
into high-molecular-weight supramolecular polymers.
Specific viscosity measurement was performed to probe the

macroscopic properties of the supramolecular polymeric
assemblies.14 As presented in Figure 4c, the double-logarithmic
plot of specific viscosity versus concentration indicated a
viscosity transition of the linear supramolecular polymer
constructed from monomer 1. In the low concentration
range of monomer 1, the slope was approximately unity, which
is characteristic of low-molecular-weight oligomers of uniform
size. A sharp increase of viscosity was observed when the
concentration of the monomer exceeded the critical polymer-
ization concentration of approximately 50.0 mM.

The size distributions of the assemblies of monomer 1 in
acetone were investigated by DLS experiments (Figure S13).
The average diameters (Dh) of the assemblies of monomer 1 at
different concentrations were determined to be 295 nm (at
1.00 mM) and 1720 nm (at 60.0 mM). The size increase
indicated that bulk aggregates formed when the concentration
of monomer 1 was higher than the critical polymerization
concentration, demonstrated by the formation of a high-
molecular-weight linear supramolecular polymer of monomer
1 driven by host−guest complexation between the cavity of
metallacycle 1 and naphthalene in solution.
The self-assembly behavior of monomer 1 in acetone was

further investigated by SEM and TEM. Figure 5 depicts well-

ordered nanobelt structures, which indicated the formation of a
linear supramolecular polymer in acetone that became
entangled to form the nanobelt structures. The SEM and
TEM observations are consistent with the solid-state packing
structure of the linear supramolecular polymer (Figure S14).
Moreover, rod-like microfibers with different diameters and
lengths were drawn from the solution of monomer 1 at 120
mM, which directly evidenced the formation of the linear
supramolecular polymer in solution (Figure 6a−c).
Applications of the host−guest complexes and dynamic

coordination of metal−ligand bonds have been widely used in
the fields of multi-stimuli-responsive functional supramolecular
materials.15 The reversible thermo-induced gel-like polymer
and sol transitions of the polymer were visualized macro-
scopically (Figure 6d). Upon heating, the gel-like polymer
easily flowed because the host−guest complexes dissociated at
elevated temperature, indicating a transition between a gel-like
polymer and sol. This process was completely reversible; the
polymer re-formed upon cooling because of the restoration of
the host−guest complex. However, the gel-like linear supra-
molecular polymer also exhibited responsiveness toward
bromide anion (Br−). After the addition of tetrabutyl-
ammonium bromide (TBAB) to the gel-like linear supra-
molecular polymer, the solution quickly became turbid due to
the disruption of the coordination bonds. TEM analysis
confirmed the sensitivity of the supramolecular polymer to Br−

(Figure 5e). After the addition of TBAB to the solution of the
supramolecular polymer, the nanobelt structures of the

Figure 4. (a) Partial 1H NMR spectra (400 MHz, acetone-d6, 298 K)
of monomer 1 at various concentrations. (b) Concentration
dependence of the weight-average diffusion coefficient (D) of
monomer 1 (500 MHz, acetone-d6, 298 K). (c) Double-logarithmic
plot of specific viscosity of monomer 1 versus its concentration in
acetone.

Figure 5. (a) SEM and (b) TEM images of the nanobelt aggregates of
monomer 1. High-magnification (c) SEM and (d) TEM images of the
nanobelt aggregates of monomer 1. (e) TEM image of monomer 1
after the addition of tetrabutylammonium bromide in acetone. (f)
Cartoon representation of the nanobelt aggregates of monomer 1.
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supramolecular polymer were destroyed, and irregular
aggregates were observed.
In summary, we demonstrated the preparation of a linear

supramolecular polymer, not just in the solid state but also in
solution, which was obtained by platinum(II) metallacycle-
based host−guest complexation. We prepared metallacycle 1
containing two naphthalene moieties at its vertices, which then
spontaneously assembled into an infinite linear supramolecular
polymer through host−guest interactions between the cavity of
the metallacycle and the naphthalene group both in the solid
state and in solution. The host−guest complexation and the
formation of the linear supramolecular polymer were
confirmed by using various techniques. Furthermore, the
supramolecular polymer was responsive to multiple stimuli.
The present work established a metallacycle-based host−guest
system and overcame the challenge associated with platinum-
(II) metallacycle-based host−guest complexation-induced
linear supramolecular polymerization in the solid state as
well as in solution, which may stimulate the development of
new approaches to fabricate functional supramolecular
materials.
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(6) (a) Böhmer, V. Macrocycles with (Almost) Unlimited
Possibilities. Angew. Chem., Int. Ed. Engl. 1995, 34, 713−745.
(b) Langton, M. J.; Beer, P. D. Rotaxane and Catenane Host
Structures for Sensing Charged Guest Species. Acc. Chem. Res. 2014,
47, 1935−1949. (c) Zhang, M.; Yan, X.; Huang, F.; Niu, Z.; Gibson,
H. W. Stimuli-Responsive Host−Guest Systems Based on the
Recognition of Cryptands by Organic Guests. Acc. Chem. Res. 2014,
47, 1995−2005.
(7) (a) Nepogodiev, S. A.; Stoddart, J. F. Cyclodextrin-based
catenanes and rotaxanes. Chem. Rev. 1998, 98, 1959−1976.
(b) Gibson, H. W.; Yamaguchi, N.; Jones, J. W. Supramolecular
Pseudorotaxane Polymers from Complementary Pairs of Homodi-
topic Molecules. J. Am. Chem. Soc. 2003, 125, 3522−3533.
(c) Miyauchi, M.; Takashima, Y.; Yamaguchi, H.; Harada, A. Chiral
supramolecular polymers formed by host−guest interactions. J. Am.
Chem. Soc. 2005, 127, 2984−2989. (d) Wenz, G.; Han, B. H.; Müller,
A. Cyclodextrin Rotaxanes and Polyrotaxanes. Chem. Rev. 2006, 106,
782−817.
(8) (a) Fujita, M.; Yazaki, J.; Ogura, K. Preparation of a Macrocyclic
Polynuclear Complex, [(en)Pd(4,4,-bpy)]4(NO3)8, Which Recog-
nizes an Organic Molecule in Aqueous Media. J. Am. Chem. Soc. 1990,
112, 5645−5647. (b) Stang, P. J.; Cao, D. H. J. Transition Metal
Based Cationic Molecular Boxes. Self-Assembly of Macrocyclic
Platinum(II) and Palladium(II) Tetranuclear Complexes. J. Am.
Chem. Soc. 1994, 116, 4981−4982. (c) Chakrabarty, R.; Mukherjee, P.
S.; Stang, P. J. Supramolecular Coordination: Self-Assembly of Finite
Two- and Three-Dimensional Ensembles. Chem. Rev. 2011, 111,
6810−6918.
(9) (a) Yan, X.; Li, S.; Pollock, J. B.; Cook, T. R.; Chen, J.; Zhang,
Y.; Ji, X.; Yu, Y.; Huang, F.; Stang, P. J. Supramolecular Polymers with
Tunable Topologies via Hierarchical Coordination-Driven Self-
Assembly and Hydrogen Bonding Interfaces. Proc. Natl. Acad. Sci.
U. S. A. 2013, 110, 15585−15590. (b) Li, Z.-Y.; Zhang, Y.; Zhang, C.-
W.; Chen, L.-J.; Wang, C.; Tan, H.; Yu, Y.; Li, X.; Yang, H.-B. Cross-
Linked Supramolecular Polymer Gels Constructed from Discrete
Multi-pillar[5]arene Metallacycles and Their Multiple Stimuli-
Responsive Behavior. J. Am. Chem. Soc. 2014, 136, 8577−8589.
(c) Zhang, M.; Li, S.; Yan, X.; Zhou, Z.; Saha, M. L.; Wang, Y.-C.;
Stang, P. J. Fluorescent Metallacycle-Cored Polymers via Covalent
Linkage and Their Use as Contrast Agents for Cell Imaging. Proc.
Natl. Acad. Sci. U. S. A. 2016, 113, 11100−11105.
(10) Shi, B.; Liu, Y.; Zhu, H.; Vanderlinden, R. T.; Shangguan, L.;
Ni, R.; Acharyya, K.; Tang, J.-H.; Zhou, Z.; Li, X.; Huang, F.; Stang, P.
J. Spontaneous Formation of a Cross-Linked Supramolecular Polymer
Both in the Solid State and in Solution, Driven by Platinum(II)
Metallacycle-Based Host−Guest Interactions. J. Am. Chem. Soc. 2019,
141, 6494−6498.
(11) (a) Lehn, J.-M. Supramolecular Chemistry; VCH: Weinheim,
1995; pp 139−197. (b) Yamaguchi, N.; Gibson, H. W. Formation of
Supramolecular Polymers from Homoditopic Molecules Containing
Secondary Ammonium Ions and Crown Ether Moieties. Angew.
Chem., Int. Ed. 1999, 38, 143−147.
(12) (a) Brunsveld, L.; Folmer, B. J. B.; Meijer, E. W.; Sijbesma, R.
P. Supramolecular Polymers. Chem. Rev. 2001, 101, 4071−4098.
(b) Yebeutchou, R. M.; Tancini, F.; Demitri, N.; Geremia, S.;
Mendichi, R.; Dalcanale, E. Host−Guest Driven Self-Assembly of
Linear and Star Supramolecular Polymers. Angew. Chem., Int. Ed.
2008, 47, 4504−4508. (c) Li, S.-L.; Xiao, T.; Lin, C.; Wang, L.
Advanced Supramolecular Polymers Constructed by Orthogonal Self-
Assembly. Chem. Soc. Rev. 2012, 41, 5950−5968.
(13) (a) Scherman, O. A.; Ligthart, G. B. W. L.; Sijbesma, R. P.;
Meijer, E. W. A Selectivity-Driven Supramolecular Polymerization of
an AB Monomer. Angew. Chem., Int. Ed. 2006, 45, 2072−2076.
(b) Wang, F.; Han, C. Y.; He, C. L.; Zhou, Q. Z.; Zhang, J. Q.; Wang,
C.; Li, N.; Huang, F. Self-Sorting Organization of Two Heteroditopic
Monomers to Supramolecular Alternating Copolymers. J. Am. Chem.
Soc. 2008, 130, 11254−11255.

(14) (a) Sijbesma, R. P.; Beijer, F. H.; Brunsveld, L.; Folmer, B. J. B.;
Hirschberg, J. H. K. K.; Lange, R. F. M.; Lowe, J. K. L.; Meijer, E. W.
Reversible Polymers Formed from Self-Complementary Monomers
Using Quadruple Hydrogen Bonding. Science 1997, 278, 1601−1604.
(b) Zhao, W.; Qiao, B.; Tropp, J.; Pink, M.; Azoulay, J. D.; Flood, A.
H. Linear Supramolecular Polymers Driven by Anion−Anion
Dimerization of Difunctional Phosphonate Monomers Inside
Cyanostar Macrocycles. J. Am. Chem. Soc. 2019, 141, 4980−4989.
(15) (a) Vukotic, V. N.; Loeb, S. J. Coordination Polymers
Containing Rotaxane Linkers. Chem. Soc. Rev. 2012, 41, 5896−5906.
(b) Sun, Y.; Chen, C.; Stang, P. J. Soft Materials with Diverse
Suprastructures via the Self-Assembly of Metal−Organic Complexes.
Acc. Chem. Res. 2019, 52, 802−817. (c) Yan, X.; Wei, P.; Liu, Y.;
Wang, M.; Chen, C.; Zhao, J.; Li, G.; Saha, M. L.; Zhou, Z.; An, Z.; Li,
X.; Stang, P. J. Endo- and Exo-Functionalized Tetraphenylethylene
M12L24 Nanospheres: Fluorescence Emission inside a Confined Space.
J. Am. Chem. Soc. 2019, 141, 9673−9679. (d) Zheng, W.; Wang, W.;
Jiang, S.-T.; Yang, G.; Li, Z.; Wang, X.-Q.; Yin, G.-Q.; Zhang, Y.; Tan,
H.; Li, X.; Ding, H.; Chen, G.; Yang, H.-B. Supramolecular
Transformation of Metallacycle-linked Star Polymers Driven by
Simple Phosphine Ligand-Exchange Reaction. J. Am. Chem. Soc.
2019, 141, 583−591.

Journal of the American Chemical Society Communication

DOI: 10.1021/jacs.9b06181
J. Am. Chem. Soc. 2019, 141, 11837−11841

11841

http://dx.doi.org/10.1021/jacs.9b06181

