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Reversible phosphorescence in pseudopolyrotaxane elastomer

Polyrotaxanes (PRs) constructed by macrocycle-threading poly-
mers has been broadly developed for soft materials due to its
unique supramolecular topological architecture, which can greatly
improve the mechanical nature of materials [1,2]. Based on this,
Choi and co-workers incorporated «-cyclodextrin (a-CD) based PR
into a traditional polyacrylic acid adhesive, giving the polymer net-
work unprecedented elasticity derived from the slip ring motion of
the PR. This binder combination allows the pulverized silicon par-
ticles to remain agglomerated without disintegrating, allowing sil-
icon particulate anodes to have stable cycle life at commercial lev-
els of areal capacity [3]. Ito and co-workers exploited an optically
transparent elastomer bearing high toughness and excellent exten-
sibility utilizing a PR composed of «-CD and polyethylene glycol
(PEG) as a cross-linking agent. The CD’s pulley effect greatly dis-
sipates the stress, achieving high stretchability and reciprocating
performance [4]. Although PR has been applied to the construction
of various soft materials, there have been no reports on mechanical
force-responsive phosphorescent materials.

As an important signal in response to mechanical force, phos-
phorescence has the advantages of long luminescence lifetime,
large Stokes shift, and involvement of triplet states [5]. Recently,
Yong Chen, Yu Liu and co-workers from Nankai University synthe-
sized a pseudopolyrotaxane (NPR) utilizing o-CD and naphthalene-
derived polyethylene glycol (NPEG) (Fig. 1) [6]. The PEG chains,
anchored at both ends of the naphthalene moiety, are threaded
through the «-CD cavities, thereby forming the NPR. By com-
bining NPR with waterborne polyurethane (WPU), they prepared
supramolecular elastomers exhibiting reversible mechanically re-
sponsive room temperature phosphorescence (RTP) enhancement
during the mechanical stretching process. The incorporation of CDs
containing abundant hydroxyl groups not only facilitates the at-
tainment of prolonged phosphorescence emission via the macro-
cyclic confinement effect but also augments mechanical properties
through the establishment of hydrogen bonds with WPU chains.
The resultant elastomer exhibits robust RTP characteristics, main-
taining emission stability in aqueous solutions and diverse chem-
ical environments. Notably, under a 200% strain, the phosphores-
cence intensity increases threefold owing to the further suppres-
sion of non-radiative transitions and NPR vibrations. Lastly, the de-
veloped RTP elastomer finds applications in information security
and encryption.

The mechanical analysis revealed that the inclusion of NPR en-
hances both the strength and toughness of the WPU elastomer
(Figs. 2a and b). Among various NPR masses investigated, the elas-
tomer containing 5% NPR/WPU demonstrated the most favourable
mechanical behaviour, exhibiting a fracture strain of 812%, frac-
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ture stress of 50.7 MPa, elastic modulus of 8.6 MPa, and toughness
of 148 MJ/m3. In comparison to the WPU elastomer alone, the 5%
NPR/WPU composite displayed a notable enhancement in mechan-
ical properties. Additionally, cyclic stretching measurements up to
200% strain indicated that the supramolecular elastomer contain-
ing 5% NPR/WPU exhibited excellent resilience.

Multiple intermolecular interactions serve as effective con-
straints on the mobility of phosphorescent chromophores, thereby
impeding non-radiative decay processes. The network structure
furnishes a rigid environment conducive to stabilizing the triplet
state, avoiding the intrusion of quenchers and reducing RTP
quenching. Therefore, the elastomer exhibited stretch-induced
phosphorescence enhancement (Fig. 3a). Further experimentation
demonstrated the elastomer’s robust stability in various environ-
ments, including water, acids, bases, and organic solvents. More-
over, information patterns could be stored on a polydimethylsilox-
ane (PDMS) substrate (Fig. 3b). The PEG hydrogel, doped with
NPEG, was fabricated for information storage purposes. Messages
were inscribed using a saturated aqueous solution of CDs as ink
(Fig. 3c). Authors also molded the NPEG/WPU elastomer into the
letter “s” and the NPR/WPU elastomer into the letters “t, o, and
p" (Fig. 3d). The hybrid elastomer displayed a message “stop" both
in air and water. When turning off the UV light, “s” immediately
vanished due to the absence of afterglow from NPEG/WPU, while
the letters “top" remained visible, resulting in the correct infor-
mation “top". These results demonstrated the application of elas-
tomers with excellent RTP for information storage and encryption.

As a result, Chen, Liu and co-workers reported a novel
supramolecular elastomer exhibiting reversible phosphorescence.
Various interactions, including confinement induced by CD and in-
terfacial hydrogen bonding within the elastomer, play a crucial
role in stabilizing the triplet state. These interactions serve to cur-
tail chromophore vibrations and facilitate sustained phosphores-
cent emission, particularly in specialized environmental conditions.
Therefore, the resulting elastomer demonstrates excellent stability
across diverse environments. Notably, the successful application of
the elastomer with RTP for information storage and encryption un-
der specific conditions underscores its versatility and practical util-
ity.

In recent years, polyrotaxanes have garnered significant atten-
tion owing to their exceptional supramolecular topological struc-
tures, which have facilitated their extensive utilization across vari-
ous soft material applications. Despite this, the exploration of PR
for constructing phosphorescent materials via harnessing multi-
ple interactions has been limited. In this context, Liu’'s research
has pioneered the development of innovative supramolecular elas-
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Fig. 1. Schematic illustration of mechanically stretched o-CD pseudopolyrotaxane
elastomers with reversible phosphorescence behavior. Reproduced with permission
[6]. Copyright 2024, Wiley Publishing Group.
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Fig. 2. Mechanical performances of supramolecular elastomers. (a) Tensile stress-
strain curves. (b) The fracture stresses and fracture strains. Reproduced with per-
mission [6]. Copyright 2024, Wiley Publishing Group.

tomers manifesting phosphorescent behavior, thereby constituting
a notable progression in luminescent material science. This in-
vestigation not only diversifies the methodologies for fabricating
supramolecular PR elastomers endowed with phosphorescent re-
sponsiveness but also serves as a wellspring of inspiration for the
advancement of intelligent luminescent materials. It is envisaged
that this PR-based phosphorescent material holds promise for mul-
tifarious applications spanning diverse domains, including displays,
anti-counterfeiting measures, and information encryption within
specialized environments. Furthermore, this study is poised to cat-
alyze the creation of intelligent actuators endowed with respon-
sive phosphorescence, thereby fostering innovative avenues in the
realm of soft robotics and materials engineering.
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Fig. 3. (a) The phosphorescence emission spectrum (delay = 0.1 ms) of 5% NPR/WPU
under different strain (Aex =360nm). (b) Pattern information storage performed by
printing NPR/ink onto PMDS substrate. (c) Writable RTP hydrogel for information
storage. (d) Data encryption process by fixing tailored luminescence elastomer in
WPU elastomer in the atmospheric and water environment (pattern “s”: NPEG/WPU
samples; pattern “top": NPR/WPU samples). Reproduced with permission [6]. Copy-
right 2024, Wiley Publishing Group.
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