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ABSTRACT

Here we present a method for the building of new bicyclic heterometallic cross-linked
supramolecular polymers by hierarchical unification of three types of orthogonal
noncovalent interactions, including platinum(Il)-pyridine coordination-driven
self-assembly, zinc-terpyridine complex and host—guest interactions. The
platinum-pyridine coordination provides the primary driving force to form discrete
rhomboidal metallacycles. The assembly doesn’t interfere with the zinc-terpyridine
complexes, which link the discrete metallacycles into linear supramolecular polymers,
and the conjugation length is extended upon the formation of the zinc-terpyridine
complexes, which redshifts the absorption and emission spectra. Finally, host-guest
interactions via bis-ammonium salt binding to the benzo-21-crown-7 (B21C7) groups
on the platinum acceptors afford the cross-linked supramolecular polymers. By
continuous increase of the concentration of the supramolecular polymer to a relatively
high level, supramolecular polymer gel is obtained, which exhibits self-healing
properties and reversible gel—sol transitions stimulated by various external stimuli,

including temperature, K™ and cyclen. Moreover, the photophysical properties of the
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supramolecular polymers could be effectively tuned by varying the substituents of the

precursor ligands.

INTRODUCTION

Supramolecular polymers,' i.e. polymeric arrays of monomer units that are
assembled by reversible and highly directional noncovalent bonds, have gained
remarkable attention due to the combination of the conventional polymeric properties
and the fascinating features like stimuli-responsive and self-healing capabilities.?-
The dynamic properties of these materials deriving from the reversible noncovalent
bonds make supramolecular polymers attractive for various applications, such as drug
delivery, biosensors, tissue engineering, optical devices, actuators and coatings and
textiles.!0-13

Among the miscellaneous noncovalent interactions, such as metal-ligand
coordination, host-guest interactions, H-bonding, n-n stacking, van der Waals forces,
hydrophobic forces, etc, metal-ligand coordination is of particular interest due to its
high directionality and strong strength approaching that of covalent bonds.'®18
Metal-ligand coordination has been demonstrated to be an efficient strategy for
preparing supramolecular polymers since it allows the construction of well-defined
supramolecular architectures and endows the resulting polymers with higher stability
in  comparison with  other noncovalent interactions.'®?! = Meanwhile,
coordination-driven polymers could combine the properties of organic polymers with
the photophysical, magnetic, electronic, and catalytic potential of metals. The
chemistry of metal-terpyridine complexes is a particularly powerful tool for the
building of supramolecular architectures and polymers, since terpyridine moieties are
capable of forming strong, directed and reversible complexes with a variety of metal
ions due to dm-pn” back-bonding of the metal to pyridine rings and the chelate
effect.?2® For example, Schubert and coworkers reported a linear water-soluble
metallo-supramolecular polymer based on iron(Il)/terpyridine complexes, which
showed high thermal stability and reversible properties.?

Supramolecular polygons and polyhedrons with well-defined sizes, shapes and
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geometries could be readily constructed via the metal-ligand coordination-driven
self-assembly.?*#? Using a selective and reasonable choice of precursors, Stang,?
Fujita,>® Raymond,?? Nitschke,?® and others have designed and synthesized a library
of elegant two-dimensional metallacycles and three-dimensional metallacages, which
are increasingly of interest in various applications such as encapsulation, catalysis,
chemosensing, and light harvesting. Because of the well-defined structures of
metallacycles, multiple functional moieties can be easily covalently appended either
on the periphery or at the vertices of predesigned metallacyclic skeletons, which
afford the chance to introduce other types of noncovalent interactions for orthogonal
hierarchical self-assembly.**-*¢ Via orthogonal combination of metal-ligand
coordination-driven self-assembly with other different noncovalent interactions,
multifunctional metallacycle- or metallacage-cored supramolecular polymers could be
readily accessed.'®*47 For example, Stang and coworkers reported several functional
supramolecular polymers with fascinating properties by the unification of
platinum(Il)-ligand coordination-driven self-assembly with hydrogen bonding or
crown ether-based host—guest interactions.*>#3-30 However, it is still very challenging
to prepare the well-controlled hierarchical self-assembly of organometallic materials
with higher-order structures, especially the stimuli-responsive smart soft materials.
Superstructures assembled via three or more types of orthogonal noncovalent
interactions that do not interfere with one another, are rarely reported.’! Up to now,
usually only one type of metal-ligand binding motif was incorporated in those
structures. It is intriguing to functionalize the architectures with secondary metal sites,
which could furnish the materials with more novel functionalities, such as
electrochemical, photophysical or magnetic properties.>?

Herein, in addition to platinum(IT)<—pyridine coordination motif, we introduced a
second coordination motif, the terpyridine-zinc(Il) complex to the backbone of the
supramolecular polymers. To this end, a heterometallic cross-linked supramolecular
polymer was constructed by the hierarchical unification of three types of noncovalent
interactions, platinum(II)-ligand coordination-driven self-assembly,

zinc(Il)-terpyridine complex and host-guest interactions. As shown in Scheme 1,
3
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ditopic ligands with one end terminating with a terpyridyl moiety and the other
terminating with a 120° dipyridyl fragment, bearing different substituents were
synthesized, wherein platinum(Il) could bind to the 120° dipyridyl moiety to form
rhomboidal metallacycles, and then the terminal terpyridines can coordinate with
Zn(Il) into linear supramolecular polymers. To the best of our knowledge, this is the
first time to develop linear supramolecular polymers with heterometallic bicyclic
metallacycles in the backbone. The conjugation length was extended after the
zinc-terpyridine complexes formed, which redshifted the absorption and emission
spectra. Then, a supramolecular polymer network gel was obtained by adding the
cross-linker, bis-ammonium salt, to the solution of the linear supramolecular polymer.
The cross-linked supramolecular polymer was found to form supramolecular gels at
high concentrations in appropriate solvents, demonstrating that multi-functional smart
soft materials could be accessed using the strategy developed here. Furthermore, the
photophysical properties of the metallacycles and cross-linked supramolecular
polymers could be effectively tuned via changing the substituents on the precursor

ligands.
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Scheme 1 Cartoon representation of the formation of rhomboidal metallacycles, a
linear supramolecular polymer and a cross-linked 3D supramolecular polymeric

network from metallacycles, Zn** and bis-ammonium salts.

RESULTS AND DISCUSSION

The rhomboidal metallacycles were obtained by stirring a mixture of the 120°
dipyridyl heteroditopic ligand 1la-1d and an equimolar amount of 60°
organo-diplatinum (II) acceptor 2 in DMSO-ds at 65 °C for 12 h. These rhomboids
were pendent with benzo-21-crown-7 (B21C7) at their acute vertices and terpyridine
moieties at their obtuse vertices, respectively. The detailed synthetic procedures for
the ligands and metallacycles are given in the Supporting Information (SI). These
chemical structures of the ligands and the formation of discrete and highly symmetric
species were confirmed by multinuclear ('H and 3'P) NMR analyses (Figure S1-S38).
Here, we use 3a as a representative example. In the 'H NMR spectrum of

metallacycle 3a (Figure la-1c), the protons of the pyridyl groups exhibited downfield
5
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shifts compared with those of the free ligand 1a due to the loss of electron density
upon coordination of the pyridine N atom with the platinum (II) centers. Besides, a
splitting of the H, and H,, peaks was observed (H, from 8.68 to 9.00 and 8.90 ppm; H,
from 7.55 to 8.45 and 8.33 ppm). The assignment and correlation of the protons on
the metallacycle was validated by 'H-'H homonuclear correlation spectroscopy
(COSY) NMR experiments (Figure S29). The 3'P NMR spectrum of rhomboid 3a
showed a sharp singlet at 14.10 ppm with concomitant %3Pt satellites (Jp..p = 2678.1
Hz), in accordance with a single phosphorous environment. This peak was upfield
shifted by 6.02 ppm relative to that of the platinum(Il) acceptor (Figure 1d and le).
Electrospray ionization time-of-flight mass spectrometry (ESI-TOF-MS) further
demonstrated the stoichiometry of the formation of rhomboids (Figure 1f). An
isotopically resolved peak corresponding to the intact and discrete [2 + 2] assembly
3a with the loss of three trifluoromethanesulfonate (OTf) counterions was observed
at m/z 1247.20 [M — 30T{]**, which provided convincing evidence for the existence
of the rhomboidal metallacycle as the only supramolecular species. Likewise, all other

metallacycles gave the similar results as shown in the SI.
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37 Figure 1. Partial (a-c) 'H and (d, ¢) 3'P NMR spectra [CD3;CN/CD,Cl, (1:1, v/v), 295 K] of (a) 1a,
39 (b, e) 3a, (c, d) acceptor 2. (f) Experimental (red) and calculated (blue) ESI-TOF-MS spectra of

rhomboidal metallacycle 3a [M — 30Tf]3*.

43 Subsequently, the linear supramolecular polymer 4a was formed by the
45 coordination between Zn(OTf), and terpyridine moieties, which was investigated by
47 UV-Vis spectroscopy. A UV-Vis titration was performed by stepwise adding a
solution of Zn(OTf), to a CH,Cl,/CH;CN solution of 3a (Figure 2a). The absorbance
of the band at 392 nm corresponding to the characteristic of zinc-terpyridine complex
52 gradually increased, and a distinct isosbestic point at 340 nm appeared, indicating the
54 successful formation of the zinc-terpyridine complexes. As shown in Figure 2b, the

56 absorbance at 392 nm almost remained constant after the addition of one equivalent of

7
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Zn?*, indicating a 1:1 ligand-to-metal stoichiometry, which is consistent with our
assumption as illustrated in Scheme 1. The binding constant K, of Zn>* and 1a
determined by UV-Vis titration is calculated to be 38000 M-! (Figure S39). The linear
supramolecular polymerization behavior of the monomers was then studied by various
methods, including the concentration-dependent 'H NMR, diffusion-ordered '"H NMR
spectroscopy (DOSY) and dynamic light scattering (DLS) measurements. As shown
in Figure S40, by increasing the monomer concentration from 1 to 60 mM, the signals
of protons H, and Hy, upfield and downfield shifted, respectively, and all the peaks of
the protons became broad. As the monomer concentration increased from 5 to 60 mM,
the weight-average diffusion coefficient (D) considerably decreased from 4.2 x 10 to
7.2 x 101 m? -1 indicating the formation of high-molecular-weight-supramolecular
polymers (Figure S4la). The DLS results showed that the average hydrodynamic
diameters (Dy,) of the assemblies at low (2.0 mM) and high (60.0 mM) concentration
were determined to be 93 and 466 nm, respectively, suggesting the generation of large
aggregates in solution (Figure S41b). Moreover, a rod-like fiber was observed from
the scanning electron microscopy (SEM) images, which directly supported the

formation of high-molecular-weight linear supramolecular polymers (Figure S42).
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Figure 2. (a) Change in the absorption spectra upon stepwise addition of Zn(OTf), to 3a in

CH,C1,/CH;CN (1/1, v/v); (b) Plot of the absorbance at 392 nm versus the amount of Zn(OTf),.

Furthermore, the B21C7 units within the linear supramolecular polymer provide
another platform for incorporating the third non-covalent interaction, i.e., host—guest
interaction, affording a cross-linked supramolecular polymer network. Firstly, the

8
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complexation between crown ether and the secondary ammonium salt was selected as
a model system to study the binding strength during supramolecular polymerization
(Figure S43). The protons Hs- and Hg on the bis-ammonium 5 downfield shifted,
while the signals of the protons on the crown ether of 2 upfield shifted. The
association constant between 2 and the mono-ammonium 7 (Figure S44) in
CD;CN/CD,Cl; determined by a 'H NMR method was 4.6 (+ 1.5) x 102 M-!, which
indicated that the host-guest interaction suitable for the construction of the
cross-linked supramolecular assemblies (Figure S45 and S46).

The conversion from linear to cross-linked supramolecular polymers was then
accomplished by adding a bis-ammonium linker 5. Concentration-dependent "H NMR
measurements were performed to investigate the formation of the cross-linked
supramolecular polymer as shown in Figure 3. A 1:1 mixture of 4a and 5 was chosen
as the onset. With the increasing monomer concentration, noticeable chemical shift
changes for both precursors were observed. Upfield shifts were observed for the
signals of Hy and Hs of 4a, whereas the H; and Hg of the bis-ammonium linker 5
shifted downfield. The peaks of all the proton signals became broader as the monomer
concentrations increased, suggesting the gradual formation of the cross-linked
supramolecular polymer. Furthermore, these observations also indicate that the Pt«—N
coordination, the terpyridine-metal coordination and the host—guest interaction don’t

interfere with each other in this system.
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Figure 3. Partial "H NMR spectra (CD;CN/CD,Cl,, 1/1, v/v, 295 K, 500 MHz) of (a) 4a, (j) 5 and
(b-1) 6a (or 1:1 mixture of 4a and 5) at the concentration of B21C7 unit of (b) 1 mM (c) 5 mM (d)

10 mM (e) 20 mM (f) 30 mM (g) 40 mM (h) 50 mM (i) 60 mM.

Similarly, DOSY and DLS measurements were carried out to demonstrate the
formation of the cross-linked supramolecular polymer 6a in solution. From Figure 4a,
as the concentration of B21C7/ammonium salt units in the supramolecular polymer
increased from 5 to 60 mM, D decreased from 2.8 x 1071° to 6.2 x 10! m? s'!. From
Figure 4b, as the concentration of B21C7/ammonium salt units increased from 2 to 60
mM, Dy, increased from 109 to 715 nm, which were significantly larger than those of
4a under the same concentrations of B21C7 units (Figure S47). These results
demonstrate the formation of a cross-linked supramolecular polymer. Rheological
experiments on the resulting gels were also conducted to study the viscoelastic
properties (Figure 4c). The storage modulus (G') is always larger than the loss
modulus (G") and both are independent of the angular frequency w, indicative of the
formation of organogels. Additionally, the SEM image as shown in Figure 4d
revealed an extended and interconnected fibrous network for the xerogel prepared by

a freeze-drying method, giving direct evidence for the formation of the cross-linked
10

ACS Paragon Plus Environment

Page 10 of 19



Page 11 of 19

oNOYTULT D WN =

Journal of the American Chemical Society

networks of 6a.

35
(@) 304 (b) — 2o
30+ ——20 mM
——40 mM
254 —+—60 mM
% 20+ =
~ 2 204
& =
° g 15
& T = 10
0

c/mM

10 T T
0.1 1 10

wlrads’

Figure 4. (a) Concentration dependence of diffusion coefficient D (CD;CN/CD,Cl, = 1/1, v/v, 295
K, 400 MHz) of 6a; (b) Size distributions of 6a at different concentrations of B21C7 units in the
mixture of CH;CN/CH,Cl, (1/1, vv); (c) G' and G" versus @ for the gel with the concentration of
B21C7 unit of 240 mM in CH3CN/CH,Cl, (1/1, v/v); (d) SEM image of 6a with the concentration

of B21C7 unit of 10 mM in CH3;CN/CH,Cl, (1/1, v/v). The scale bar is 1 um.

The supramolecular gel exhibited gel-sol transitions triggered by thermo, K* and
1,4,7,10-tetraazacyclododecane (cyclen) (Figure 5). Upon heating or the addition of
K*, the gel turned into solution due to the destruction of the B21C7/secondary
ammonium salt interactions. The addition of cyclen could weaken the coordination
between Zn?' and terpyridyl groups, accompanied with the degradation of the gel,
which was evidenced by the titration UV-Vis absorption as shown in Figure S48.
With the continuous addition of cyclen, the absorbance of the Zn?*/terpyridyl band at
392 nm decreased. Adding 1.2 equiv. of cyclen resulted in the total disappearance of
Zn**/terpyridyl absorption bands. After further addition of equal amounts of

Zn(OTf),, the absorption band at 392 reappeared. The gel could be reformed upon

11
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further cooling or the addition of 18-crown-6 (18C6) or Zn?>*.

Figure 5. Optical photographs of the reversible gel—sol transition of the supramolecular network
with the concentration of B21C7 unit of 240 mM in CH;CN/CH,Cl, (1/1, v/»v).

The metallacycle-cored gel exhibits macroscopically self-healing properties
which can be observed visually. From Figure 6, the crack on the gel with the length of
6 mm totally disappeared after 14 min. The self-healing process may be attributed to

the dynamic and reversible metal coordination and host—guest interactions.

8 min 10 min 12 min 14 min

Figure 6. Photographs of the self-healing process of the supramolecular gel with the concentration
of B21C7 unit of 240 mM in CH;CN/CH,CI, (1/1, v/v). The gel was cut and left standing for 2

min, 4 min, 6 min, 8 min, 10 min, 12 min and 14 min, respectively.

Rheological tests were also performed to study the self-healing properties (Figure
7). The gels were subjected to strain sweep tests to obtain the broken strains. As the
strain exceeded 240%, G’ became smaller than (", suggesting that the gel was

12
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destroyed (Figure 7a). Then the gel was studied under large (400%) and small (0.1%)
strains, respectively. As shown in Figure 7b, initially, when the strain was 400%, G"
was larger than G', indicating that the gel was broken. Subsequently, the strain was
released to 0.1% and the gel was left standing for 60 s, and both G’ and G” returned to
their original values. This process could be repeated for four times without any loss of

the modulus. These observations indicate that the gel possesses good self-healing

properties.
10° 10°
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Figure 7. (a) G' and G" versus strain sweep. (b) Gel in continuous step-strain measurements. The
gel with the concentration of B21C7 unit of 240 mM in CH3;CN/CH,Cl, (1/1, v/v) was subjected to
400% strain for 60 s, then back to 0.1% strain and retained for 60 s, in the linear regime for 300 s,
and four cycles were done.

The optical properties of the ligands, metallacycles, linear supramolecular
polymers and the cross-linked supramolecular polymers were studied by UV-Vis
absorption and fluorescence spectroscopy as shown in Figure 8 and Figure S49, and
the optical data are summarized in Table S1. From Figure 8, the absorption and
emission maxima of the metallacycles redshift with the increase of the
electron-donating ability of the substituents attached to the pyridyl ligands. Notably,
3a with amino substituents exhibits broad emission from 400 to 750 nm. The
fluorescence spectra maxima of the linear supramolecular polymers 4a (539 nm) and
4b (473 nm) are largely redshifted relative to those of their corresponding
metallacycles 3a (448 nm) and 3b (430 nm), respectively, which can be attributed to
the extended conjugation arising from the zinc-terpyridine coordination. The

cross-linked supramolecular polymers exhibit emission wavelengths similar to those

13
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of the linear supramolecular polymers. Moreover, as shown in Figure 8c and 8d, the
emission spectra of 4a and 6a with amino substituents present more redshifts in
comparison with those of 4b and 6b with hydrogen substituents. These results
demonstrate that the optical properties could be effectively tuned via variation of the

substituents of the precursor ligands.
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Figure 8. (a) Absorption and (b) emission spectra of metallacycles 3a-3d. Normalized emission

spectra of (c) 4a and 4b, and (d) 6a and 6b.

CONCLUSIONS

In conclusion, we have designed and constructed a new heterometallic bicyclic
supramolecular polymer by means of orthogonal hierarchical sclf-assembly via
platinum(IT)-ligand coordination-driven self-assembly, zinc-terpyridine complex, and
host—guest interactions. The gel obtained from high concentrations of this
cross-linked supramolecular polymer exhibited dynamic properties, specifically
thermo- and cation-induced sol—gel transitions. Via variation of the substituents on
the precursor ligands, the optical properties of the supramolecular polymers could be
effectively tuned. The combination of various metal-ligand coordination with

orthogonal non-covalent interactions is a promising route to access novel
14
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supramolecular polymers with interesting and useful characteristics.
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