7® ROYAL SOCIETY

Polymer
P OF CHEMISTRY

Chemistry

View Article Online

View Journal | View Issue

Improved thermal properties of
polydimethylsiloxane by copolymerization and
thiol—ene crosslinking of 2-pyrone-
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Recent environmental issues, such as global warming and climate change, have prompted a shift from
petroleum-derived polymers to biomass polymers. We have developed new lignin-derived biomass poly-
mers based on 2-pyrone-4,6-dicarboxylic acid (PDC), a metabolic intermediate of lignin. In previous
studies, various polymers have been synthesized using PDC. Many of them showed strong adhesion to
metal surfaces and biodegradability. On the other hand, despite the quasi-aromatic ring structure of PDC,
its heat resistance remained unresolved. In this study, a diallyl PDC derivative was synthesized and copoly-
merized with polydimethylsiloxane (PDMS) by Pt-catalyzed hydrosilylation. The resulting polymers were
further cross-linked using the PDC ring as the cross-linking point by using thiol—ene click chemistry. It
was found that the heat resistance of PDMS was significantly improved by polymerization and cross-
linking. By using biomass-based PDC, silicone rubber with low environmental impact, excellent heat resis-
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Introduction

To solve recent environmental issues, such as global warming
and climate change, a shift from petroleum-derived polymers
to biomass-based polymers has been desired.'™ Lignin is one
of the most promising aromatic carbon resources with a three-
dimensional reticular structure, while it has not been effec-
tively used as a fine chemical in society.®'® Our previous study
revealed that lignin can be converted to mixtures of low mole-
cular weight aromatic ring fractions, which are then fermented
by microorganisms to produce 2-pyrone-4,6-dicarboxylic acid
(PDC) on a large scale using engineered Pseudomonas putida
strains.”® PDC consists of a polar pseudo-aromatic pyrone ring
with two carboxyl groups, which can be condensed with diols
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tance, and mechanical strength was successfully developed.

to synthesize various PDC-based polymers with good metal
adhesion and mechanical properties.'>>" However, heat resis-
tance remained an unresolved issue because of the thermally
degradable pyrone ring of PDC. For example, industrial poly
(ethylene terephthalate) (PET) is synthesized by bulk polycon-
densation at >250 °C. In contrast, the previously reported PDC
polyesters were not stable at such high temperatures. As
biomass-based (pseudo)aromatic carbon resources are rare, it
is desired to develop thermally stable biomass-based polymers
and materials.

Silicone rubber (SR) is a class of elastomeric materials
formed by cross-linking reaction with linear polysiloxane as
the base material and exhibits excellent processability and
elasticity in the broad operational temperature range.>*>* In
addition, since SR possesses superior resistance to high-
energy particles, electronic irradiation, ultraviolet, ozone,
aging, and other external stimuli, it is widely used in the fields
of aerospace, machining, biomedical, etc.>*** Due to the tai-
lored chemical and materials properties, we anticipated that
SR would become a good platform to study the effect of the
PDC unit on the heat resistance properties of SR.

In this study, diallyl PDC was synthesized and copolymer-
ized with polydimethylsiloxane (PDMS), a heat-resistant sili-
cone. Hydrosilane (H-SiR;) is a relatively inert compound but
readily undergoes addition to unsaturated bonds in the pres-
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ence of transition metal catalysts, such as Pt catalysts, which
enables polymerization between diallyl PDC and PDMS.**?’
The resulting polymers were further cross-linked using the
PDC ring as the crosslinking point by using thiol-ene click
chemistry to yield highly heat-resistant SRs, and their thermal
and mechanical properties were fully characterized.
Thermogravimetric analysis (TGA) of neat PDC powder
suggested the onset decomposition temperature of 215 °C
even under inert atmosphere.>® However, it was surprisingly
found that the PDC unit is thermally stable more than 400 °C
under the same conditions when it was copolymerized and
surrounded by hydrophobic PDMS. With this finding, PDC
will be used in wider areas, especially being promising for
heat-resistant polymers focused on low environmental impact.

Experimental
Materials and methods

2-Pyrone-4,6-dicarboxylic acid (PDC) was prepared from vanil-
lic acid using an engineered P. putida strain, as reported pre-
viously."" Allyl alcohol, N,N'-diisopropylcarbodiimide (DIC),
4-dimethylaminopyridine (DMAP), Karstedt catalyst
(19.0-21.5% as Pt), 1,6-hexanedithiol, and 1,4-diazabicyclo
[2.2.2]octane (DABCO) were purchased from Tokyo Kasei
Kogyo Co., Ltd (Tokyo, Japan). Poly(dimethylsiloxane) (M,
~580) (PDMS-580) and poly(dimethylsiloxane) (M, ~17 500)
(PDMS-17.5k) were purchased from Sigma-Aldrich, Co.
(Missouri, USA).  Poly(dimethylsiloxane) (M, ~1100)
(PDMS-1.1k) was purchased from Gelest Inc. (Glen Rock, PA).
Sylgard 184 was purchased from Dow Inc. (Kanagawa, Japan).
All reagents were used without further purification.

Measurements

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) measurements were recorded under nitro-
gen flow on a Rigaku (Tokyo, Japan) Thermoplus TG8120 and
DSC8230, respectively, at a heating rate of 10 °C min™", from
20 °C to 1000 °C for TGA and from —100 °C to 400 °C for DSC.
Nuclear magnetic resonance ("H NMR and *C NMR) spectra
were recorded on a JEOL (Tokyo, Japan) model 400YH spectro-
meter at 20 °C. All chemical shifts are reported in parts per
million downfield from SiMe,, using the solvent’s residual
signal as an internal reference. The resonance multiplicity was
described as s (singlet), d (doublet), t (triplet), and m (multi-
plet). Fourier transform infrared (FT-IR) spectra were recorded
on a JASCO (Tokyo, Japan) FT/IR-4200 spectrometer. Gel per-
meation chromatography (GPC) was measured at 40 °C using a
JASCO HSS-1500 system with a refractive index (RI) detector.
N,N-Dimethylformamide (DMF) with lithium bromide (5 mM)
was used as the eluent at the flow rate of 0.6 mL min "
Strain-stress (S-S) curve of the rubber films and tensile lap
shear strength measurements were measured at 23 + 2 °C with
a Shimadzu Co. (Tokyo, Japan) autograph AGS-10kNX STD,
according to ISO 37:2017 and JIS K 6850-1994, respectively.
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Young’s moduli were estimated from the initial (less than
0.5% elongation) slopes of S-S curves.

Synthesis

Diallyl 2-pyrone-4,6-dicarboxylic acid (DAPDC): PDC (1.00 g,
5.43 mmol) and allyl alcohol (1.00 mL, 14.7 mmol) were
placed in a two-necked round bottom flask and tetrahydro-
furan (THF) (20 mL) was added under argon. After cooling to
0 °C, 4-dimethylaminopyridine (0.132 g, 1.08 mmol) and N,N'-
diisopropylcarbodiimide (2.00 mL, 13.0 mmol) dissolved in
THF (20 mL) were added to the mixture. After stirring for
30 min and removal of by-products and solvent by filtration
and evaporation, respectively, the residue was dissolved in
chloroform (50 mL) and washed with 0.05 M hydrochloric
acid, DI water, and saturated aqueous NaCl solution. The
organic layer was dried over MgSO,. Evaporation of the sol-
vents furnished a crude product, which was purified by
column chromatography (SiO,, chloroform/THF 20:1) and
dried in vacuo, affording DAPDC (0.519 g, 36%) as a white
solid.

'H NMR (400 MHz, CDCls, 293 K): 6 = 7.52 (d, J = 1.5 Hz,
1H), 7.16 (d, J = 1.3 Hz, 1H), 6.03-5.92 (m, 2H), 5.47-5.29 (m,
4H), 4.89-4.79 (m, 4H) ppm; IR (neat): v = 3473, 3091, 3023,
2981, 2943, 2880, 1727, 1643, 1562, 1523, 1455, 1368, 1326,
1234, 1169, 1110, 979, 939, 865, 778, 758, 712, 664, 551 cm ™.

P1, P2, P3: PDMS (for P1: PDMS-580: 2.30 mL, 3.80 mmol;
for P2: PDMS-1.1k, 4.30 mL, 3.80 mmol; for P3: PDMS-17.5k:
13.8 mL, 0.759 mmol) was placed in a two-necked round
bottom flask, and toluene (for P1: 20 mL; for P2: 40 mL; for
P3: 60 mL) was added under nitrogen. After heating to 110 °C,
DAPDC (for P1: 0.970 g, 3.68 mmol; for P2: 1.010 g,
3.83 mmol; for P3: 0.201 g, 0.761 mmol) dissolved in toluene
(1.0 mL) was added to the mixture. A solution of Karstedt cata-
lyst (19.0-21.5% as Pt) (for P1: 0.20 mL, 0.247 mmol; for P2:
0.15 mL, 0.185 mmol; for P3: 0.040 mL, 0.049 mmol) in
toluene (0.4 mL) was added, and the mixture was stirred for
48 h. After precipitation into methanol twice, the crude
product was re-dissolved in chloroform and treated with acti-
vated carbon. After filtration and evaporation, the products
were dried in vacuo, yielding the corresponding polymers, P1
(2.63 g, 88%), P2 (2.86 g, 58%), P3 (12.6 g, 83%), respectively,
as brownish viscous liquids.

P1: 'H NMR (400 MHz, CDCl;, 293 K): 6 = 7.51 (s, nH), 7.13
(s, nH), 4.34-4.28 (m, 2nH), 1.82-1.72 (m, 2nH), 1.39-1.30 (m,
2nH), 0.96-0.90 (m, 2nH), 0.61-0.46 (m, 4nH), 0.14-0.01 (m,
6nmH) ppm; IR (neat): v = 2961, 2904, 1753, 1564, 1441, 1331,
1257, 1014, 861, 791, 760, 700, 669 cm ™.

P2: "H NMR (400 MHz, CDCl;, 293 K): 6 = 7.51 (s, nH), 6.98
(s, nH), 3.75-3.67 (m, 4nH), 1.26-1.20 (m, 8nH), 0.13-0.01 (m,
6nmH) ppm; IR (neat): v = 2960, 2916, 2871, 1730, 1644, 1482,
1455, 1433, 1391, 1363, 1314, 1258, 1233, 1158, 1083, 1014,
862, 794, 756, 702, 666 cm .

P3: '"H NMR (400 MHz, CDCl;, 293 K): § = 7.51 (s, nH), 6.98
(s, nH), 3.81-3.61 (m, 4nH), 1.91-1.78 (m, 2nH), 1.31-1.15 (m,
4nH), 0.97-0.90 (m, 2nH), 0.19-0.01 (m, 6nmH) ppm; IR

This journal is © The Royal Society of Chemistry 2025
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(neat): v = 2962, 2905, 1716, 1411, 1257, 1079, 1011, 862, 791,
700, 685, 661, 616, 607, 594, 518, 506 cm ™.

R1, R2, R3: A mixture of DAPDC-PDMS polymer (for R1: P1
1.03 g; for R2: P2 1.93 g; for R3: P3 1.91 g), 1,6-hexanedithiol
(for R1: 378 pL, 2.53 mmol; for R2: 454 pL, 3.28 mmol; for R3:
140 pL, 1.01 mmol), 1,4-diazabicyclo[2.2.2]Joctane (for R1:
295 mg, 2.53 mmol; for R2: 352 mg, 3.28 mmol; for R3: 22 mg,
0.20 mmol), and THF (for R1: 3.0 mL; for R2: 2.0 mL, for R3:
10 mL) was sonicated and spread on a Teflon boat. The solu-
tion was placed in a heated desiccator at 70 °C under ambient
atmosphere for the first 2 h to allow the solvent to slowly evap-
orate, followed by a slow vacuum to completely evaporate the
solvent for 48 h. After the reaction, the products were dried in
vacuo at 100 °C, yielding the corresponding rubber-like poly-
mers, R1 (0.976 g, 80%), R2 (2.19 g, ~100%), R3 (1.76 g, 92%),
respectively, as brownish solids.

R1: IR (neat): v = 2960, 2926, 2854, 1733, 1687, 1617, 1457,
1410, 1258, 1078, 1016, 861, 793, 700 cm™ ™.

R2: IR (neat): v = 2961, 2905, 1733, 1698, 1683, 1558, 1540,
1507, 1456, 1411, 1398, 1257, 1078, 1012, 862, 790, 719, 683,
669, 660, 617, 594 cm™ ™.

R3: IR (neat): v = 2962, 2907, 1456, 1411, 1257, 1080, 1011,
862, 791, 754, 700, 660 cm .

Results and discussion

Synthesis and characterization

DAPDC and a series of PDMS with different molecular weights
were subjected to polyaddition using a Karsted catalyst to yield
the corresponding polymers P1-P3 (Scheme 1). The catalyst
amount was optimized for this polymerization. GPC charts
suggested the molecular weight increase after polymerization,
but the polydispersity index (PDI) significantly increased
especially in the case of P3 (Table 1). The "H NMR spectra of
P1-P3 were measured in CDCl; at 20 °C (Fig. S3-S57). In the
"H NMR spectra of P1-P3, two small single peaks at 7.1 ppm
and 7.5 ppm, ascribed to the PDC pyrone ring, were commonly
observed. This result suggests that the PDC moiety was inert
under the polymerization conditions. The PDMS siloxane
chain was detected as an intense peak at 0.07 ppm. A compari-
son of the peak areas of the pyrone ring and siloxane protons
indicates that the PDC content in P1-P3 decreases in the order
of P1 > P2 > P3. This is consistent with the molecular weights
of the raw material PDMS.

Linear PDC-PDMS copolymers P1-P3 were further cross-
linked with 1,6-hexanedithiol in THF using a thiol-ene click

|
/\/O N I O\/\ + " Sll\o jl\H
PDMS
o o
DAPDC
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reaction (Scheme 2).>7*® The two alkenes on the PDC ring
were employed as a crosslinking point. In the presence of
DABCO, the thiol-ene click reaction efficiently proceeded at
70 °C.*” After removal of the solvent, the resulting polymers
R1-R3 were insoluble in any solvents and became silicone
rubber (SR).

The chemical structures of the raw material PDMS and the
resulting polymers P1-P3 and R1-R3 were further character-
ized by FT-IR. The FT-IR spectra of PDMS showed almost the
same peaks except for the peak intensity of Si-H vibration
(Fig. 1). This reflects the different molecular weights of PDMS.
For a series of sharp peaks at 1300-2000 cm™ and
3570-3790 cm™" of R2, these may be due to the contamination
of the test environment with gaseous water. PDC-PDMS copoly-
mers P1-P3 showed the absence of the terminal Si-H peak at
2130-2110 em™', suggesting that the terminal silane reacted
with the terminal alkene of DAPDC. In addition, the peak
intensity of the pyrone ring at 1730 and 1630 cm™" decreased
in the order of P1 > P2 > P3, which reflects the PDC content in
the polymers. The FT-IR spectra of R1-R3 showed the peak
positions similar to those of P1-P3. The peak intensity at
around 1630 cm ™", ascribed to the two alkenes of the pyrone
ring, is slightly reduced after crosslinking, indicating the suc-
cessful progress of the thiol-ene click reaction.

Thermal properties

The thermal stability of PDMS, the PDC-PDMS copolymers P1-
P3, and the crosslinked rubber R1-R3 was investigated by
thermogravimetric analysis (TGA). It was clearly shown that
the thermal stability of PDMS depends on the molecular
weights (Table 2). The 5% weight loss temperatures (Tqso,S) of
PDMS-580, PDMS-1.1k, and PDMS-17.5k were 95, 150, and
370 °C, respectively. This fact indicates that the thermal
decomposition of PDMS initiates at the polymer
terminals.*®*° The thermal decomposition of siloxane chains
is caused by the exchange at adjacent siloxane bonds, resulting
in the formation of cyclic low-molecular-weight siloxane oligo-
mers. This usually occurs at the ends of the siloxane chains or
near the ends where the degree of freedom is relatively high.

Table 1 Molecular weights of P1-P3 estimated from GPC

M, M, PDI
P1 2.5 x10° 2.0 x 10° 1.25
P2 8.1 x 10° 6.7 x 10° 1.21
P3 3.9x10° 4.5 x10° 8.67

[¢]
—_—
Karstedt Cat. i | I |
0. Ax ONSI\OaSI
I I | %l T3,

Scheme 1 Polymerization of DAPDC and PDMS to yield the copolymers P1-P3 (P1 from PDMS (M,, = 580), P2 from PDMS (M,, = 1100), and P3 from

PDMS (M,, = 11750)).
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Scheme 2 Crosslinking of P1-P3 with 1,6-hexanedithiol to yield R1-R3, respectively.

PDMS-580
p1 =
e V Si-H
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§ ) PDMS-1.1k
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4000 3500 3000 2500 2000 1500 1000 600
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Fig. 1 FT-IR spectra of PDMS-580, PDMS-1.1k, PDMS17.5k, P1, P2, P3,
R1, R2, and R3.

Table 2 Thermal properties of PDMS-580, PDMS-1.1k, PDMS17.5k, P1,
P2, P3, R1, R2, and R3

Tas (°C) Tm (°C) AHy (Jg7)
PDMS-580 95 -80 -14.6
PDMS-1.1k 150 -55 -43.8
PDMS-17.5k 370 —45 -39.0
P1 180 — —
P2 250 — —
P3 415 —40 —27.3
R1 185 — —
R2 310 — —
R3 430 -40 -34.3

Noticeably, the thermal stability of the polymers was signifi-
cantly improved by copolymerization with PDC and further
thiol-ene crosslinking (Table 2 and Fig. 2). Copolymerization
with PDC was indeed an effective way of increasing molecular
weights and thermal stability of PDMS, because it lowers the
number of siloxane chain termini in the sample and sup-
presses the formation of cyclic siloxanes. Thus, the Tq4s of P1-
P3 increased to 180, 250, and 415 °C, respectively. The TGA of
DAPDC (comonomer of PDMS) suggested a well-defined
weight decrease at about 200 °C, which is due to the decompo-
sition of the pyrone ring. However, it should be noted that the
previous TGA measurements of PDC derivatives were per-
formed on an Al container and the pyrone ring reacts with an
Al surface upon heating. Thus, the inherent thermal stability

48 | Polym. Chem., 2025, 16, 45-51

of the PDC moiety has not yet been explored. In this study, the
PDC units were surrounded by hydrophobic siloxane chains
and were likely not in contact with the Al surface. This effect
was most significant for P3 among the three polymers. All
these results suggest that the pyrone ring of PDC was intrinsi-
cally thermally stable above 400 °C if the ambient environment
is properly prepared. Moreover, the crosslinking of P1-P3 with
1,6-hexanedithiol further improved the thermal stability. The
Tgs values of R1-R3 were 185, 310, and 430 °C, respectively.
This agrees with the general understanding that crosslinked
resins are more thermally stable than the corresponding linear
polymers.***?

Differential scanning calorimetry (DSC) measurements were
performed to investigate the phase behavior of the produced
polymers. Unfortunately, due to the limitation of our instru-
ment, the glass transition temperature of PDMS, typically
observed around —120 °C, could not be evaluated. However,
cooling PDMS to around —100 °C formed -crystallization
nuclei, and the subsequent heating produced exothermic
peaks in the range from —80 to —40 °C, which are ascribed to
the melting of crystals. Similar to the Tys values, the melting
point (T,,) of PDMS also depends on the molecular weights.
PDMS-580 displayed a Ty, of —80 °C, while the T, gradually
increased with the increasing molecular weights (55 °C for
PDMS-1.1k and —45 °C for PDMS-17.5k) (Fig. S61). The
melting enthalpy (AH,,) trend is almost consistent with this
order (Table 2). Note that PDMS-1.1k and PDMS-17.5k dis-
played a weaker peak at higher temperatures (ca. —40 °C for
PDMS-1.1k and ca. —35 °C for PDMS-17.5k), but this is due to
the large supercooling.*’> Unlike PDMS, P1 and P2 showed no
crystallization and melting peaks in the temperature range of
—100 to 150 °C (Fig. S6T). On the other hand, P3 exhibited a
set of broader melting peaks in a similar temperature range to
PDMS-17.5k. These results suggest that the introduction of the
asymmetric PDC structure significantly lowered the crystalli-
nity of PDMS. DSC of the crosslinked polymers was also
measured. Similar to P1 and P2, R1 and R2 displayed no crys-
tallization and melting peaks. Interestingly, the melting points
of R3 were almost the same as those of P3, and the AH,,, cal-
culated from the area of the melting peaks, slightly increased
compared to P3. This result suggests that despite the cross-
linked structure of R3, there is still sufficient intermolecular
interaction between the siloxane chains.

Mechanical properties

The self-standing films of rubber-like materials R1 and R2
were prepared on a Teflon boat by crosslinking at 100 °C in

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 TGA curves of (a) PDMS-580, P1, and R1; (b) PDMS-1.1k, P2, and R2; (c) PDMS-17.5k, P3, and R3 at the heating rate of 10 °C min~* under

flowing nitrogen.

vacuo. The film thickness was controlled to be about 1.0 mm +
0.1 mm. The films were then cut into dumbbell-shaped pieces
and were subjected to the strain-stress (S-S) analysis at 23 +
2 °C according to ISO 37:2017 (Fig. S71). The narrow portion
(10 mm + 0.5 mm) of dumbbell-shaped pieces was the testing
area. In addition, Sylgard 184, a commercial silicone rubber
material, was employed as a control sample by curing it on a
Teflon boat and was subjected to the same measurements.

The mechanical properties of PDMS also depend on the
molecular weights. R3 with the highest PDMS molecular
weight was thus anticipated to show excellent mechanical pro-
perties. However, unfortunately, R3 was not measured because
it was difficult to cut out a dumbbell piece because of its
adhesion to a Teflon boat and strong self-adhesion even when
peeled off from a Teflon boat. The fracture strain, fracture
stress, and Young’s modulus, calculated from the S-S curve,
are summarized in Table 3. Compared to Sylgard, R1 has a
lower fracture strain, but a higher fracture stress and Young’s
modulus. On the other hand, all the values of R2 were lower
than those of Sylgard, although the fracture strain was higher
than R1. These results indicated that R1 is a brittle but hard
rubber material, while R2 is a softer and easier-to-stretch
rubber material. This difference is mainly due to the molecular
weight of PDMS. Accordingly, the highly flexible characteristic
of SR is more strongly reflected in R2. Although R3 was not
measured this time, it was the softest among R1-R3 and
stretched with a slight force. The viscosity of the linear silox-
ane reagent in Sylgard 184 before curing was close to that of
PDMS-17.5k. Therefore, the molecular weight of the linear
siloxane employed in Sylgard 184 is equivalent to PDMS-17.5k,
and if the test species were successfully prepared, R3 would
exhibit mechanical properties comparable to those of Sylgard.

Table 3 Mechanical properties pf R1, R2 and Sylgard

Adhesive properties

It has been demonstrated that PDC-containing polymers
strongly adhere to metals, especially Al, Fe, and SUS plates.**
The adhesion mechanism is based on the covalent bond for-
mation between the metal surface and pyrone ring. In other
words, the pyrone ring of the PDC unit was destroyed by the
adhesion to metal surfaces. In order to gain insight into the
presence or absence of PDC units in the crosslinked polymers,
tensile lap shear strength measurements were performed
according to JIS K 6850-1994 for measurements of adhesive
properties. The size of the metal plate pieces (Al) used for the
adhesion measurements was 25.0 mm X 100.0 mm X 1.6 mm.
The surface of Al plates was washed under sonication with a
series of solvents, and they were then treated with a
Technovision Inc. (Saitama, Japan) UV-O; Cleaner UV-208 for
600 s. Approximately 50 mg of samples were cast on the Al
plate surface. A set of two plates was placed in contact with
each other by hot pressing at 10 MPa and cured for one hour
under vacuum. The adhesive strengths were calculated as the
failure force divided by adhesive area (25.00 + 1.00 mm x 10.00
+1.00 mm).

Adhesion measurements were conducted on samples P2,
P3, R2 and R3. P1 and R1 were not tested because their
decomposition temperatures were below 200 °C. However, P2
and R2 did not show adhesion at both 200 and 250 °C, as the
specimens immediately peeled off after hot pressing.
Therefore, only the P3 and R3 sets showed meaningful results.
As summarized in Table 4, P3 exhibited stronger adhesion of
5.45 and 5.78 kPa when pressed at 200 and 250 °C, respect-
ively. The higher hot-press temperature was more effective due

Table 4 Tensile lap shear strengths (kPa) of P3 and R3 hot pressed at
200/250 °C for one hour according to JIS K 6850-1994

Fracture strain Fracture stress Young’s modulus

(mm mm™) (MPa) (MPa)
Sylard ~ 1.27 0.24 0.33
R1 0.58 0.34 0.86
R2 0.64 0.07 0.16

This journal is © The Royal Society of Chemistry 2025

Tensile lap-shear strength (kPa)

Conditions 200 °C 250 °C
P3 5.45 5.78
R3 3.56 4.26
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to the increase in the number of bonding sites with Al by ring-
opening of PDC. The adhesive strengths of R3 were lower than
those of P3. The adhesive strengths of R3 hot-pressed at 200
and 250 °C were 3.56 and 4.26 kPa, respectively. This result
supports the occurrence of crosslinking at the PDC ring by
thiol-ene click chemistry. This is also evidence of the adhesive
mechanism between PDC polymers and metal surfaces.

Conclusions

By using biomass PDC and Si-based PDMS, SR materials with
low environmental impact, excellent heat resistance, and
mechanical strength were successfully synthesized. In this
study, we have two significant findings. (1) The PDC unit exhi-
bits thermal stability above 400 °C when surrounded by a
hydrophobic, thermally inert environment. (2) The electron-
deficient olefins of the PDC ring can be functionalized by
thiol-ene click chemistry. These findings will be useful for
future PDC studies pursuing biomass-derived engineering
plastics and developing controlled crosslinking reactions.
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