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Thioctic acid (TA) has been widely used to construct soft materials
via supramolecular copolymerization with organic chemicals. In this
study, TA and the inorganic compound MoS, are used to fabricate
poly[TA-MoS;] via dynamic covalent and supramolecular interactions.
Poly[TA-MoS;] exhibits good and long-lasting adhesion performance
on various artificial surfaces, with an adhesion strength up to 3.72 MPa
(15 days). Further, it exhibits tough adhesion effects in an aqueous
environment. Moreover, poly[TA-MoS,] displays good thermal proces-
sing behavior, thus enabling its molding through 3D printing.

Thioctic acid (TA) is a natural coenzyme and plays a significant
role in our life activities.® Recently, TA and its structure-
modified derivatives have been widely applied as main building
blocks in supramolecular assembly and dynamic polymeriza-
tion, according to the pioneering work of Qu et al.””*® Various
materials with attractive properties, functions, and applications
have been designed and constructed through thermally
induced ring-opening polymerization of TA with different
additives." ™

Poly[TA] is a hard and fragile thermoplastic material that
can be easily modified using various additives through covalent
and/or supramolecular cross-linking.">™® The incorporation of
functional chemicals endows poly[TA] with multiple amazing
properties, such as self-healing, conductivity, elasticity, and
adhesion properties.’*>* To date, the majority of additives
used in poly[TA] systems are restricted to organic compounds,
including ionic liquids, fluorescent molecules, and natural
acids/sugars.**° In contrast, inorganic molecules have been
less used in the fabrication of functional poly[TA] materials
because of the lack of compatibility between TA and inorganic
components.®® Considering that more choices of additives can
give rise to more flexibility in the properties and functions of
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poly[TA] materials, it is of great importance to study the
combination of poly[TA] with inorganic additives.

Herein, an organic/inorganic hybrid supramolecular adhesive
was constructed through solvent-free non-covalent polymerization
of TA and MoS,. The molecular recognition between TA and MoS,
not only yielded strong supramolecular adhesion, but also greatly
improved the thermal processability of poly[TA].

Poly[TA-MoS,] was easily synthesized by directly stirring the
powder mixture of TA and MoS, at 130 °C for 120 minutes
(Fig. 1a). This facile preparation method allows for the pre-
paration of poly[TA-MoS,] on a large scale (>1 kg). For poly
[TA-MoS,], the infrared (IR) peak of the C—=O groups shifted
from 1686 to 1699 cm ™', suggesting the supramolecular inter-
action between TA and MoS, (Fig. 1b). X-ray photoelectron
spectroscopy-based characterization of poly[TA-MoS,]| showed
that the Mo 3ds/, orbital peak was shifted from 228.36 eV to
227.04 eV, indicating metal coordination between poly[TA] and
MosS, (Fig. 1c and Fig. S1, ESIt).*! Meanwhile, scanning elec-
tron microscopy and atomic force microscopy data show that
poly[TA-MoS,] contained dense and nonporous microscopic
structures, in which poly[TA] and MoS, molecules were uni-
formly distributed (Fig. S2-S4, ESIf).

The obtained poly[TA-MoS,] was stable at high temperatures
or in the presence of water. According to the thermogravimetric
analysis experiments of poly[TA-MoS,], its thermal degradation
temperature was higher than 225 °C (Fig. S5, ESI). Meanwhile,
after storing poly[TA-MoS,] underwater for 35 days, it was
intact, and no dissolution phenomenon of TA or poly[TA] was
recorded (Fig. S6 and S7, ESIY). In addition, the time-dependent
IR spectra of poly[TA-MoS,] intuitively demonstrate its long-
term stability because neither new peaks nor obvious shifts
were observed when the IR spectra of freshly prepared poly
[TA-MoS,] samples were compared with those of the long-term
stored samples (Fig. S8, ESIt).

Before studying the adhesion capacity, the glass-transition
temperature (T,) and rheological performance of poly[TA-MoS,]
were measured because the T, value and rheological behavior
are closely related to the adhesion capacity of a material. Low T,
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Fig. 1 The preparation and characterization of poly[TA-MoS,]. (a) The for-
mation of poly[TA-MoS,]; (b) partial FT-IR spectra of poly[TA] and poly
[TA-MoS,]; (c) XPS spectrum of Mo 3d in [TA-MoS;] (TA: MoS, = 10:1).

and Ty, values of —9.7 °C and 90.48 °C were obtained from the
differential scanning calorimetric spectra of poly[TA-MoS,],
respectively, indicating that poly[TA-MoS,] is a suitable hot-
molten adhesive rather than a pressure-sensitive adhesive
(Fig. S9, ESIY). The dynamic thermomechanical and rheological
analysis results clearly showed high values of storage modulus
and viscosity for poly[TA-MoS,] under room temperature, indi-
cating its excellent elasticity and stretchability (Fig. S10-S14,
ESIT). Meanwhile, when the temperature was > 60 °C, the value
of storage modulus was lower than the loss modulus, manifest-
ing that at high temperatures, poly|TA-MoS,] exists as a liquid
rather than a solid, and the transition from a solid to a viscous
liquid was observed by the naked eye when a piece of poly
[TA-MoS,] sample was heated.

Poly[TA-MoS,] showed strong adhesion effects on artificial
substrates (Fig. 2). The adhesion strengths of poly[TA-MoS,], /1,
which was taken as the typical example, to glass and polymethyl
methacrylate (PMMA) were 1.50 and 1.47 MPa (2 h), which are
close to those of organic chemical-doped TA materials.**"*
Meanwhile, it is known that an appropriate ratio of poly[TA]/
MoS, is essential to realizing tough adhesion performance.
Poly[TA-MoS,] with higher MoS, content showed better adhesion
capacity. Poly|TA-MoS,]; 1, poly[TA-MoS,]s/1, poly[TA-MoS,];0/1, and
Poly[TA-M0S,],001 sShowed high adhesion strengths on steel, mea-
suring 2.10, 1.73, 1.30, and 1.04 MPa (2 h), respectively, clearly
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demonstrating the importance of MoS, in supramolecular
adhesion. On extending the adhesion time, the adhesion
strength of poly[TA-MoS,] remained stable. The measured
adhesion strengths of poly[TA-MoS,];oo;1 to glass were 0.80
(2 h), 0.75 (1 day), 0.80 (3 days), and 0.78 MPa (15 days). Similar
adhesion performance was observed for poly[TA-MoS,] with
other ratios. A brief comparison of the adhesion strengths of
poly[TA-MoS,] and other reported TA-based adhesives is pre-
sented in Fig. S15 (ESIt). Macroscopic tests directly confirmed
the good adhesion effect of poly[TA-MoS,]. No adhesion failure
was found when two plates adhered by poly|TA-MoS,] were
hung with a weight of 4 kg (Fig. 2e). In addition, as the
temperature increased, the adhesion strength of poly
[TA-MoS,] decreased. Therefore, poly[TA-MoS,] is not suitable
for adhesion at high temperatures (Fig. S16 and S17, ESIY).

Poly[TA-MoS,] did not only display good adhesion at ambi-
ent conditions but also under water. When poly[TA-MoS,] was
immersed under water for 2 h, no obvious decay in the adhe-
sion strength was observed (Fig. 2e). For example, the under-
water adhesion strength of poly[TA-MoS,];;; on glass was
1.52 MPa (2 h), which is close to that obtained without water.
However, poly[TA-MoS;],00/1 displayed relatively poor adhesion
capacity when the adhesion tests were performed in the
presence of water. The underwater adhesion strengths of
poly[TA-Mo0S,]100/1 to glass and PMMA were only 68.75% and
62.67% of those obtained without water, respectively (Fig. 3).
The good underwater adhesion of poly[TA-MoS,] is attributed
to the following aspects: (i) poly[TA-MoS,] can thoroughly cover
the adhesion area of the substrates, and thus, water molecules
cannot attenuate the adhesion effects by forming hydrogen
bonding with the hydrophilic groups on the surfaces of the
tested substrates; (ii) poly[TA-MoS,] is water insoluble, mean-
ing that the adhesion layer cannot be destroyed by water.
Additionally, it was found that extending the underwater adhe-
sion time obviously yielded a stronger adhesion effect. For
example, when the adhesion time was 3 and 15 days, the
adhesion strengths of poly|TA-MoS,];;; on steel were 3.19
and 3.26 MPa, respectively. Similar enhanced adhesion effects
were observed, when poly|TA-MoS,],o;1 and poly[TA-MoS,TA-
MoS,TA-MoS,];00/1 Were used in the adhesion tests.

It has been reported that poly[TA] and its derivatives can be
obtained by light irradiation at 420 nm without heating.>*® In
the following adhesion study, the on-site adhesion potential of
poly[TA-MoS,] was carefully investigated. A mixture of TA and
MoS, powders was sandwiched by two glass plates and irra-
diated at 420 nm. Macroscopic tests showed that two plates
were firmly adhered together after irradiation. Meanwhile, no
obvious heating effect was observed during the on-site prepara-
tion and adhesion processes. Poly[TA-MoS,]| prepared by this
irradiation method displayed good adhesion performance
on glass. The adhesion strengths of poly[TA-MoS,],/;, poly
[TA-Mo0S,]5/1, poly[TA-MoS;];¢/1, and poly[TA-MoS,];0/1 to glass
were 0.93, 0.87, 0.68, and 0.43 MPa, respectively, when they
were irradiated for only 2 min (Fig. 4b).

Inspired by the results of the lightinduced supramolecular
adhesion of poly[TA-MoS,], more light conditions were tested.***°
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Fig. 2 Time-dependent adhesion strengths of poly[TA-MoS,]. (a) TA:MoS;, = 1:1; (b) TA:MoS, = 5:1; (c) TA:MoS;, = 10:1; (d) TA:MoS; = 100:1;
(e) macroscopic adhesion behavior of poly[TA-MoS,]. Different letters signify significant differences at p < 0.05.

—~~
Y]
~
—~~
(=)
~

IS

Glass I PMMA Steel

N W A O
w

-

Adhesion Strength (MPa)

Adhesion Strength (MPa)
N

o
o

2h 1day 3day 15day 2h 1day 3day 15day
Time Time

—
O
~
—
o
~

© ©
a4 Glass [ PMMA Steel as Glass [ PMMA Steel
= a a £ 4 a
£3 £
5 5
g, 8 5
7] (2]
2 bc
c < b ab
'% 1 'g 1 Cc b
£ 2
20 Zo

2h 1day 3day 15day 2h 1day 3day 15day
Time Time

Fig. 3 Time-dependent adhesion strengths of poly[TA-MoS,] under-
water. (@) TA:MoS, = 1:1; (b) TA:MoS, = 5:1; (c) TA:MoS, = 10:1; (d)
TA:MoS, = 100:1. Different letters signify significant differences at
p < 0.05.

When poly[TA-MoS,] was exposed to laser light at 810 nm, its
adhesion strength to glass decreased significantly (Fig. 4c). For
instance, the adhesion strengths of poly[TA-MoS,],; at different
laser irradiation times were 1.50 (0 min), 1.32 (0.5 min), 1.00
(1.0 min), and 0.56 MPa (2.0 min). The attenuation in the
adhesion capacity of poly[TA-MoS,| exemplifies that MoS, can
absorb laser light and transform it into heat energy, increasing the
temperature of samples from 25 °C to 41 °C (Fig. 4a).

Based on the reversible temperature-dependent rheological
and adhesion results, the potential of poly[TA-MoS,] as a high-
performance 3D printing material was further investigated.
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Fig. 4 The adhesion performance of poly[TA-MoS,]. (a) The schematic
representation of the photo-sensitive adhesion behavior of poly
[TA-MoS,]; (b) adhesion strengths of poly[TA-MoS,] irradiated with light
(2 minutes, 420 nm, 810 nm laser, glass substrate); (c) time-dependent
adhesion strengths of poly[TA-MoS,] (810 nm laser, glass substrate).
Different letters signify significant differences at p < 0.05.

Rheological tests showed that poly[TA-MoS,] was thermally
stable and had shear thinning behavior (Fig. 5a and b and
Fig. S18, ESIt). Smooth filaments of poly[TA-MoS,] with differ-
ent diameters were successfully obtained by thermal-
processing technology, indicating that poly[TA-MoS,] is suita-
ble for 3D FDM printing (Fig. 5¢). A customized 3D printer was
used to print 3D models using poly[TA-MoS,]. The printing
temperature is one of the most important factors in the 3D
printing process.”™* As shown in Fig. 5d, a low operating

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Thermal processing of poly[TA-MoS,]. (a) G’ and G” values of poly[TA-MoS,] in the reversible temperature-dependent rheological tests; (b) shear
rate-dependent viscosity of poly[TA-MoS;] at 90 °C; (c) poly[TA-MoS,] filaments with different diameters; (d) 3D printing of poly[TA-MoS,] at different
temperatures. (e) Bottom-up 3D printing process of poly[TA-MoS,]; (f) 3D-printed models of poly[TA-MoS,]. (g) Weight-loading test of poly[TA-MoS,].

Poly[TA-MoS;]10/1 Was used for 3D printing.

temperature led to failure in the extrusion of poly[TA-MoS,)],
while a very high temperature resulted in a long curing time.
After multiple tests, the optimum temperature for 3D printing
using poly[TA-MoS,] was determined to be between 94 °C and
96 °C. Intact and flexible models with high resolution were
obtained via layer-by-layer printing of the molten poly[TA-MoS,]
fibers (Fig. 5e). The printed poly[TA-MoS,] samples exhibited
multiple layers (>20), smooth surface morphologies, and
complicated structures. The poly[TA-MoS,] fibers could be
easily identified from the printed structures. The printed
poly[TA-MoS,] samples were self-standing and highly stable.
For example, when a printed porous sample (diameter: 6 cm;
height: 1.5 cm) was pressed using a 200 g weight for more than
48 h, no permanent deformation or fracture was observed in the
printed structure. After storing under water or at ambient condi-
tions for more than 90 days, there were no changes in the shape
and structure of the printed poly[TA-MoS,], indicating its long-
term stability in 3D printing (Fig. 5¢ and Fig. S19 and S20, ESIY).

In summary, an organic/inorganic hybrid supramolecular
soft material was constructed by the dynamic covalent/non-
covalent polymerization of two small monomers, TA and MoS,.
Poly[TA-MoS;,] exhibits strong and long-lasting adhesion per-
formance on various hydrophilic surfaces, including glass,
steel, and PMMA. Due to the photopolymerization and thermal
depolymerization of TA, the adhesion strength and effect of
poly[TA-MoS,] can be easily and effectively controlled by light
irradiation at different wavelengths. Because of its thermal
responsiveness, models of varied sizes and complicated struc-
tures can be obtained by 3D printing. This study not only

This journal is © The Royal Society of Chemistry 2024

highlights the importance of inorganic compounds in the
fabrication of TA materials, but also sheds light on the devel-
opment of new 3D printing consumables.
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