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a b s t r a c t

The development of recyclable materials has been the key to designing sustainable materials. Dynamic

supramolecular polymers, taking advantages of the reversibility of noncovalent and dynamic covalent

bonds, offer many opportunities for constructing responsive and recyclable material. Here, we report

dynamic supramolecular network polymers based on the cooperation between hydrogen bond and the

pillar[5]arene-based host–guest interaction. The backbones of the polymer network are constructed by

poly(disulfides) and the side chains are cross-linked by hydrogen bond and the pillar[5]arene-based host–

guest interaction. The introduction of host-guest interaction renders the resulting network with enhanced

mechanical performances. The dynamic performance of poly(disulfides) backbones and the noncovalent

side chain endow the polymer materials with depolymerization ability into monomer in a closed-loop

manner. We foresee this dynamic supramolecular polymer system will show widespread potential toward

developing sustainable materials.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Dynamic materials [1–4], owing to their excellent self-adaptive,

self-repair and recyclable performance, gained widespread atten-

tion in self-healing materials [5–7], biomedical fields [8,9] and re-

cyclable materials [10–12]. Dynamic chemistry, including dynamic

covalent [13–15] and supramolecular noncovalent [16–18], provides

a fundamental optional approach for building dynamic materials

[19]. These materials exhibit universal application, from micro-

scopic molecular self-assembly [20,21] to macroscopic mechani-

cal motion [22–24]. With the increasing awareness of green en-

vironmental protection in recent years, material scientists utilize

the concept of dynamic chemistry to transform traditional polymer

materials, pushing exponential development of the field [25,26].

Although human have gained many milestone achievements in dy-

namic chemistry area [27,28], it still needs to develop the concepts

or methods of dynamic materials, especially those combining the

advantage between dynamic covalent and supramolecular nonco-

valent materials.

Dynamic covalent, combining the advantage of stability in

classic covalent and reversibility in noncovalent band, presents
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prominent characteristic dynamics and reversibility [29–31].

Among many kinds of dynamic covalent, dynamic disulfide

bond has attracted wide publicity due to its multifunctionality,

biodegradable and rearrangement characteristics [32–35]. Thus,

utilizing the dynamic responsiveness and repairability of dynamic

disulfide bonds to develop smart materials has been a popular

research field [36,37]. As important noncovalent bond driving

forces in supramolecular chemistry field, hydrogen bond [38–41]

and host–guest interaction [42–44] play vital roles in constructing

supramolecular polymers. Hydrogen bond presents strong bind-

ing force, dynamic reversibility and has a wide application in

the construction and improving performance of supramolecular

polymers [45–48]. Host–guest recognition, depending on the

noncovalent force between macrocycle host and guest, brings

different components together to construct functional materials

and expand supramolecular application [49–55]. Pillar[5]arenes,

as the latest generation macrocycle host molecules, since first

reported by Ogoshi in 2008 [56], have gained widespread at-

tention [57–60]. In summary, hydrogen bond and pillararene are

chosen as representatives to prepare dynamic supramolecular

polymers.

Here, we report a dynamic supramolecular network poly-

mer [poly(DSN)], in which the backbone is constructed by
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Scheme 1. Cartoon diagram of preparation of dynamic supramolecular network polymer.

poly(disulfides) and the framework of side chain is cross-linked

by hydrogen bond and the pillar[5]arene-based host–guest interac-

tion (Scheme 1). The poly(DSN) is prepared by disulfide-mediated

ring-opening polymerization (ROP) and acid catalysis without any

protection reported by Qu group’s method [61]. The polymer

shows stronger stress mechanical properties and excellent closed-

loop chemical recycling performance. The design concept is en-

vironment friendly and provides an idea for future sustainable

materials.

The idea originated from our long-term interests in preparation

of supramolecular polymers. Hydrogen bonds and host–guest

interaction was introduced into the polymer to collaborative

construct dynamic supramolecular polymers network. In previous

reports, the pillar[5]arene and neutral nitrile molecule had strong

inclusion capacity via host–guest interaction [62], thus they were

used to construct side chain crosslinking network. Firstly, the

compound TA-P5 and TA-CN were used to test the host–guest

interaction (Fig. 1). As shown in Fig. 1b, after the guest molecular

TA-CN self-assembling with TA-P5, the related NMR signals of H2

and H3 on host TA-P5 shifted downfield slightly because of the

deshielding effect, while the signals of Ha-Hc on the guest TA-CN

broadened and shifted upfield due to the shielding effect. The

chemical shifts change of the protons indicating the neutral guest

TA-CN was successfully included into the cavity of host TA-P5.

Then in the concentration dependent titration experiment of 1H

NMR spectra (Fig. S1 in Supporting information), as the amount

increase of TA-CN, the signals of protons H3 on TA-P5 became

broad and shifted downfield gradually due to the deshielding

effect, while the signals of protons Hf, Hg on benzene ring of

Fig. 1. 1H NMR spectra (400MHz, CDCl3, 298K) of (a) nitrile guest TA-CN, (b)

2.0mmol/L TA-P5+2.0mmol/L TA-CN, and (c) host TA-P5.

TA-CN increased gradually. The results further proved the in-

clusion behavior between the compound TA-P5 and TA-CN. The

complexation stoichiometric ratio between the compound TA-P5

and TA-CN was 1:1 (Fig. S2 in Supporting information) according

to the NMR data in titration experiment (Fig. S1). What is more,

a two-dimensional (2D) NOESY experiment was also performed to

prove self-assembly behavior (Fig. S3 in Supporting information).

Correlated signals were observed between protons H3 and Hc, as

well as H1/H2 and Ha/Hc, further confirmed the complexation be-
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Fig. 2. Characterization of the polymer structures. (a) ATR-IR spectra of TA and

poly(DSN). (b) Raman spectra of poly(DSN). (c) XRD spectra of TA monomer and

poly(DSN). (d) TGA of poly(TA) and poly(DSN).

tween pillar[5]arene and the neutral nitrile group. All above results

supported the host–guest interaction between TA-P5 and TA-CN.

Then the poly(DSN) was prepared by self-assembly between

TA-P5 and TA-CN and then followed by copolymerization with

thioctic acid (details see Supporting information). Firstly, the com-

pound TA-P5 and TA-CN were self-assembly in CHCl3 solution, and

then thioctic acids were added to achieve copolymers poly(DSN)

through disulfide-mediated ring-opening polymerization (ROP)

in the present of CF3COOH (TFA) catalyst under 100 °C. ATR-IR

and Raman spectrum was used to prove the bond formation in

polymer network. The broad absorption bond of ATR-IR at around

3300 cm−1 confirmed the presence of hydrogen bond (Fig. 2a)

and 1045 cm−1 attributed to the stretching vibration of C–O–C.

The Raman peak at 508 cm−1 attributed to the formation of

S-S bond (Fig. 2b). X-ray diffraction (XRD) showed that the TA

monomer was highly crystalline before polymerization and be-

came amorphous network structure after polymerization (Fig. 2c).

Thermogravimetry analysis (TGA) results displayed the decomposi-

tion temperature increased after introducing P5-based host–guest

interaction (Fig. 2d). The material structure of the polymer was

characterized by scanning electron microscopy (SEM) (Fig. S4 in

Supporting information). At observational resolution, the cross-

sectional SEM images was dense structure (Fig. S4a), derived from

polymer networks spatial cross-linking. All above experimental

data confirmed the successful construction of supramolecular

polymers.

Mechanical experiments were utilized to confirm the effects

of host guest interactions on material properties. After introduc-

tion the host–guest crosslinkers, the tensile stress-strain curves of

poly(DSN) presented obvious improved mechanical performances

comparing with hydrogen bond crosslinking in poly(TA) (Fig. 3a).

Samples only with hydrogen bonds cross-linking network poly(TA)

exhibited good elongation and weak mechanical property. After

introduction the host–guest crosslinkers, the elongation of the

poly(DSN) declined while the mechanical strength increased sig-

nificantly (Fig. 3a). Then repeated experiments were performed to

prove the results were of reproducible (Fig. S5 in Supporting in-

formation). The corresponding error bars reflected the degree of

data dispersion was small, and the curve was repeatable. In order

to prove the mechanical property change was due to the crosslink-

ing of the host-guest interaction rather than the introduction of

Fig. 3. Mechanical properties. (a) Strain−stress curves of poly(TA), poly(CE), and

poly(DSN). (b) Strain−stress curves of different equivalents compound in poly(DSN).

(c) Cyclic tensile curves of poly(DSN). (d) Cyclic compression curves of poly(DSN).

rigid aromatic hydrocarbons, a comparative experiment was con-

ducted. The model compounds A and B without esterification with

thioctic acid were co-polymerized with thioctic acid in the same

proportion. The controlled experiment polymer poly(CE) presented

weaker mechanical property compared with poly(TA) (Fig. 3a). The

results further proving the introduction of host-guest interactions

was beneficial for improving the mechanical properties of materi-

als.

The poly(DSN) with different equivalents of host-guest com-

pound (TA-P5 and TA-CN) and thioctic acid (molar ratio=H:G:TA)

were prepared to confirm the influence of host–guest interaction

on the polymer mechanical performance. As the proportion of

host-guest interaction increasing and lipoic acid decreasing, the

poly(DSN) presented stronger stress and weaker strain (Fig. 3b),

attributing to the strong force between host and guest interaction

and hydrogen bond ratio reducing. Then material sample with bet-

ter ideal stress-strain curve (H:G:TA=1:1:6) was selected as repre-

sentative to test the cyclic tensile property. In cyclic tensile curves

(Fig. 3c), the continuous cyclic process resulted in residual strain,

attributing to three dynamic chemical bonds among the cross-

linked networks, such as hydrogen bond, host-guest interaction

and dynamic covalent disulfide bond. After interval of 1min, the

polymer elasticity almost recovered, indicating that the poly(DSN)

had remarkable characteristics of fast kinetics and dynamic adap-

tive. After stretching >5 times, the cyclic tensile curves tended to

be stable and showed good fatigue resistance. After multiple cy-

cles, the cross-sectional SEM images of polymer showed the struc-

ture had no obvious changes (Fig. S4b), indicated that the polymer

network had high elasticity and toughness. Finally, in cyclic com-

pression experiments (Fig. 3d), the poly(DSN) presented linear re-

sponsiveness at initial stage resulting from its good elasticity. After

several cycles, due to the energy dissipation mechanism between

non-covalent bonds in polymer network, the curve tended to sta-

bilize.

The reversibility of the poly(DSN) was investigated to prove the

application prospect of the material. The schematic diagram of the

cycle of polymerization and depolymerization of poly(DSN) was

exhibited in Fig. 4a. Insoluble solid was suspended in chloroform

solution under 60 °C and then 2 mol% TfOH was added. The mix-

ture dissolved entirely in 5min and obtained brown solution. The

depolymerization product TA-P5 with a 66% recovery rate was fur-

ther confirmed by 1H NMR spectroscopy compared with original
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Fig. 4. Acid-catalyzed polymerization and depolymerization. (a) Chemical recovery

cycle diagram of poly(DSN). (b) 1H NMR spectra of the original TA-P5 monomer and

depolymerization recycled products, solvent: CDCl3.

TA-P5 monomer (Fig. 4b). The depolymerization product yield of

TA-P5 is not ideal. One possible reason is that the monomer struc-

ture is somewhat complex, leading to minor side reactions during

the depolymerization process. Designing simpler monomers to pre-

pare similar polymers is the striving direction in future work. The

recovered compounds were once again used to prepare dynamic

supramolecular polymer. The stress-strain curves showed that the

mechanical properties of the polymer were the same as those of

the original polymer. The result proved the poly(DSN) could chem-

ically recycled and the material showed good application prospect

in the sustainable development aspect.

In this work, a dynamic supramolecular network polymer is

prepared depending on the cooperative crosslinking between the

pillar[5]arene-based host–guest interaction and hydrogen bond

and the main chain skeleton composing of the dynamic disul-

fide bonds through disulfide-mediated ring-opening polymeriza-

tion (ROP). The polymer materials have well dynamic reversibility

and mechanical property due to the dynamic chemical bond. The

key factor originates from three dynamic chemical bonds among

the cross-linked networks: Hydrogen bond, host-guest interaction

and dynamic covalent disulfide bond. These three chemical bonds

all have dynamic reversibility, while the pillar[5]arene-based host–

guest interaction have larger complexation constant and stronger

binding force, resulting in the materials presenting better me-

chanical property comparing with dynamic supramolecular poly-

mer constructing from pure thioctic acid. What is more, this ma-

terial has well chemical recyclability and shows potential appli-

cations in the field of environmental protection. The design con-

cept of this material combines the advantages of dynamic covalent

bonding and host-guest chemistry, promoting the development of

dynamic chemical and supramolecular chemistry. Its promising ap-

plication is to prepare next-generation plastics with self-repair and

recyclable capability.
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