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Supramolecular polysulfide polymers cross-linked
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We report the first synthesis of a supramolecular cross-linked poly-

sulfide polymer containing bipyridine (poly(LS-bpy)) using metal–

ligand interactions. Complexing the bipyridine part in the poly(LS-

bpy) and a metal ion realizes a supramolecular cross-linked poly-

sulfide polymer. The molecular weight of the supramolecular

cross-linked polysulfide polymer is 29 times higher than that of a

polysulfide polymer obtained from conventional polymerization. In

addition, the addition of chelating agents and a metal ion can

control the disassembly and assembly of the supramolecular

cross-linked polysulfide polymer, respectively. The supramolecular

cross-linked polysulfide polymer remarkably improves the thermal

stability, which should be useful for applications as a polysulfide

polymer material.

Sulfur, which is obtained as a by-product of crude oil refining,
is used in the production of chemical substances such as sul-
furic acid, fertilisers, and rubber.1 However, several million
tons of unused sulfur are discarded annually, and its effective
utilization is needed desperately.2 One solution is to develop
polymeric materials using discarded sulfur.3,4 They also
exhibit functions not found in carbon polymers such as a high
capacitance.5–11 Although heating elemental sulfur (S8) gener-
ates polysulfide polymers, it is difficult to prepare polymers
with a high molecular weight because depolymerization occurs
at room temperature.4,10,11 In addition, they have a low solubi-
lity in general organic solvents. To overcome these problems, a
copolymerization technique using S8 and an organic com-
pound was developed.12–16 Using radical copolymerization and

a condensation technique involving a vinyl monomer and a
bifunctional monomer, respectively, polysulfide polymers with
excellent self-healing properties or battery recyclability have
been produced.4,17,18 However, the molecular weight of most
polysulfide polymers was less than 10 000. Higher molecular
weight polysulfide polymers show higher solvent resistance
and thermal properties.19 Recently, preparation of high-mole-
cular weight polysulfide polymers by inverse vulcanization20 or
supramolecular assembly21–24 has been reported, and the poly-
sulfide polymers exhibit excellent mechanical and electro-
chemical properties.20,25 The development of new techniques
for producing high-molecular weight polysulfide polymer is
desired.

In this study, we report the synthesis of a supramolecular
cross-linked polysulfide polymer by introducing non-covalent
bondable sites. Bipirydine (bpy) is introduced into the polysul-
fide polymer (poly(LS-bpy)), and a coordination bond forms
between bpy and Cu(II), producing a supramolecular cross-
linked polysulfide polymer (poly(LS-bpyCu)) (Fig. 1). Note that
the molecular weight of poly(LS-bpyCu) is Mn = 72 000 (Mn/Mw

= 2.20), demonstrating that our methodology is feasible to
prepare a polysulfide polymer with a high molecular weight.
Because the formation and dissociation of coordination bond
is reversible, adding Cu(II) and a chelating agent such as ethy-
lenediaminetetraacetic acid disodium salt (EDTA-Na) can
control the assembly and disassembly of poly(LS-bpyCu),
respectively. Moreover, poly(LS-bpyCu) shows an improved
thermal stability, indicating that the resulting poly(LS-bpyCu)
holds promise as a new polysulfide material.

S8 and sodium (Na) were mixed in THF, and the mixture
was stirred at 75 °C to obtain linear sulfide (LS). 4,4′-Bis(chlor-
omethyl)-2,2′-bipyridyl (bpydiCl) was added to the LS solution,
and the mixture was stirred at r.t. for 24 h. The obtained sus-
pension was filtered. The filtrate was purified by separation
GPC to obtain poly(LS-bpy) (Fig. 1 and Scheme S1†). The
preparation of poly(LS-bpy) was confirmed by 1H and 13C
NMR, GPC, MALDI-TOF MS measurements, and elemental
analysis (Fig. S1–S4†). The sulfur content in poly(LS-bpy) was
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44%, and the average sulfur chain length (n) in poly(LS-bpy)
calculated from the sulfur content was n = 4.0.

To prepare a supramolecular cross-linked polysulfide
polymer with a metal–ligand interaction (poly(LS-bpyCu))
(Fig. 1 and Scheme S2†), we investigated whether the bpy part
in poly(LS-bpy) and Cu(II) formed a complex. In the UV-Vis
measurements, the addition of Cu(NO3)2·3H2O into the poly
(LS-bpy) solution produced a new peak at 308 nm (Fig. 2a and
S6†). This peak was also observed in a mixture of bpy and Cu
(NO3)2·3H2O (Fig. S7†), showing that the metal–ligand
complex of bpy and Cu(II) formed.23,26 Titration plot of abs. at
308 nm of Cu(NO3)2·3H2O and poly(LS-bpy) suggested that the
bpy part in poly(LS-bpy) forms a 2 : 1 complex with Cu(II)
(Fig. 2b). In addition, the UV-Vis spectrum of a mixed solution
of a sulfur compound in which benzyl groups were introduced
at both ends of LS (LS-Bn, Scheme S3 and Fig. S8–S10†) and
Cu(NO3)2·3H2O did not generate a new peak compared with
LS-Bn and Cu(NO3)2·3H2O alone (Fig. S11†), confirming that
the sulfur part does not interact with Cu(II). Because bpy can
form a complex with not only Cu(II) but also Fe(II), we mixed
poly(LS-bpy) and Fe(BF4)2·6H2O (Scheme S4 and Fig. S12†). In
the UV-Vis spectrum, new peaks at 370 nm and 545 nm were
observed, indicating poly(LS-bpyFe) is prepared (Fig. 2b and
S14†). In the case of poly(LS-bpyFe), titration experiments of
Fe(BF4)2·6H2O and poly(LS-bpy) suggested that the bpy part in
poly(LS-bpy) forms a 3 : 1 complex with Fe(II) (Fig. 2d, S15, and

S16†). These results show that a supramolecular cross-linked
polysulfide polymer is formed based on the metal–ligand
interactions between bpy and the metal-ion.

Gel permeation chromatography (GPC) measurements were
performed to determine the molecular weight of the supramo-
lecular cross-linked polysulfide polymer. In the case of poly
(LS-bpyFe), GPC measurements could not be performed
because precipitation occurred one day after mixing poly(LS-
bpy) and Fe(BF4)2·6H2O (Fig. S12†) and the precipitate did not
dissolve. In contrast, poly(LS-bpyCu) was soluble in DMSO.
This is probably due to the difference in the cross-link density.
Since Fe(II) and Cu(II) form 1 : 3 and 1 : 2 complexes with bpy,
respectively, the cross-linking density of poly(LS-bpyFe) is
higher than that of poly(LS-bpyCu). Therefore, the solubilities
of poly(LS-bpyFe) and poly(LS-bpyCu) differ. A high molecular
weight peak in the GPC measurements occurs upon the
addition of Cu(NO3)2·3H2O to poly(LS-bpy) (Fig. 3). The mole-
cular weight initially increases with the addition of Cu(II). It
reaches a maximum at a 1 : 2 mixing ratio of Cu(II) and the bpy
part in poly(LS-bpy). The molecular weight did not change
even if additional Cu(II) was added. Note that the molecular
weight of poly(LS-bpyCu) Mn = 72 000 (Mn/Mw = 2.20) is 29
times higher than that of poly(LS-bpy) Mn = 2500 (Mn/Mw =
1.25) (Fig. 3). This is one of the largest molecular weights of
polysulfide polymers reported.4,9,10,27–31 These results demon-
strate that our methodology is feasible to prepare soluble poly-
sulfide polymers with a high molecular weight.

Since poly(LS-bpyCu) is formed via metal–ligand inter-
actions between bpy and Cu(II), poly(LS-bpyCu) should disas-
semble upon adding a competitive ligand. We mixed poly(LS-
bpyCu) and an excess amount of EDTA-Na in DMSO at r.t. for

Fig. 1 Preparation of supramolecular cross-linked polysulfide polymer
(poly(LS-bpyCu)).

Fig. 2 UV-Vis spectra of metal ion (black), poly(LS-bpy) (blue), and
mixture of poly(LS-bpy) and metal ion (red) in DMSO at 25 °C ((a) Cu
(NO3)2·3H2O and (c) Fe(BF4)2·6H2O). The concentrations of poly(LS-bpy)
and meta lions were 20 and 10 μM, respectively. Titration plot of abs.
308 and 545 nm of poly(LS-bpy) with (b) Cu2+ and (d) Fe2+, respectively.
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one day and performed GPC measurements. The peak derived
from poly(LS-bpyCu) disappears, and a peak similar to that of
poly(LS-bpy) is observed (Fig. 3). This result indicates that poly
(LS-bpyCu) disassembles into poly(LS-bpy) due to de-metala-
tion of Cu(II) from the metal–ligand complex between bpy and
Cu(II) by the addition of EDTA-Na (Fig. 1). Mixing the dis-
assembled poly(LS-bpy) with Cu(II) generates a high molecular
weight peak (Fig. 3a), indicating that poly(LS-bpy) and Cu(II)
re-assemble to form poly(LS-bpyCu) (Fig. 1). This disassembly
and re-assembly of poly(LS-bpyCu) were also confirmed by
UV-Vis measurements (Fig. S17†). Thus, poly(LS-bpyCu) freely
assembles and disassembles.

Understanding the thermal properties of the obtained
supramolecular cross-linked polysulfide polymer is important
for potential applications as a polysulfide material. We studied
the thermal stability of poly(LS-bpyCu) by differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA)
measurements. In the DSC trace, the glass transition tempera-
ture observed at 50° for poly(LS-bpy) was not observed for poly
(LS-bpyCu) due to cross-linking between polymers with metal–
ligand coordination bonds (Fig. S18†). The TGA decompo-
sition trace of the polymer part of poly(LS-bpyCu) is 249 °C,
which is 71 °C higher than that of the poly(LS-bpy) (Fig. S19–
S21†). This is consistent with earlier reports, which showed
that the cross-linked polysulfide polymer tends to have a
higher thermal stability than the linear polysulfide
polymer.32,33 The linear type supramolecular polysulfide
polymer did not show improved thermal properties.23 Due to
the improved solubility and thermal stability, our supramole-
cular cross-linked polysulfide polymer may help realize func-
tional plastics based on polysulfide polymers.

In summary, this study reports the first preparation of a
supramolecular cross-linked polysulfide polymer. The concept
of supramolecular cross-linking is a useful synthetic strategy
for high molecular weight polymers. Supramolecular cross-
linking should significantly improve, the thermal stability of
the supramolecular cross-linked polysulfide polymer.
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