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1. Introduction

Preparation of mechanically tough poly(dimethyl
siloxane) through the incorporation of acetylated
cyclodextrin-based topologically movable cross-
links¥

Daichi Yoshida, (= £* Junsu Park, @2 > Naoki Yamashita,? Ryohei Ikura,

Nobu Kato,” Masanao Kamei,” Kentaro Ogura,’ Minoru Igarashi,” Hideo Nakagawa®
and Yoshinori Takashima () x2b.cd

a,c

Poly(dimethyl siloxane) (PDMS) has been widely utilized in various fields of research. However, the weak
mechanical properties of PDMS have limited the widespread application of this material in industry.
Herein, we incorporated a movable cross-link as a topological cross-link into linear thiol-modified PDMS
chains to prepare PDMS elastomers. Triacetylated y-cyclodextrin (TAcyCD) was modified on PDMS chains
through thiol—ene click chemistry. Both the Young's modulus and the toughness of the obtained PDMS
elastomers with an appropriate modification ratio (Young's modulus, 31.1 MPa; toughness 30 MJ m~3)
were approximately one hundred times higher than those of chemically cross-linked PDMS elastomers
(Young's modulus, 0.3 MPa; toughness, 0.47 MJ m™). The PDMS elastomers have advantages in terms of
energy dissipation mechanisms as well as mechanical properties. The movable cross-links contributed to
larger mechanical hysteresis areas and faster relaxation behavior. Structural studies involving differential
scanning calorimetry and X-ray scattering measurements revealed that phase separation occurred by the
addition of cyclodextrin, which changed the glass transition temperatures. Moreover, the nanometer-
scale phase separation structure was attributed to good mechanical properties. We expect that these
topological cross-links in PDMS elastomers will expand the material design strategies for noncarbon-
based elastomers.

matrix material in various wearable sensors,'® wearable

generators,'®™* and cellular culture matrices.">*' However,

Biocompatible, transparent, and soft materials are desirable
in a wide range of fields, such as industrial, medical, and
academic fields. Poly(dimethyl siloxane) (PDMS) possesses
the aforementioned features and thus been applied as a
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the weak mechanical properties of PDMS have limited its
industrial applications.>® Scientists have revealed that the
energy dissipation mechanism is a key factor in improving the
mechanical properties of carbon-based polymeric materials.
As effective energy dissipation, sacrificial networks,>*>’
chain length distributions,*® sliding motion of cross-links
based on rotaxane structures,>*° appropriate relaxation

behaviors,*™** and reversible dynamic bonds such as
b

hydrogen bonds,”™* gm-n interactions,”®  host-guest

complexation,*®" coordination bonds,** and ionic bonds**>*

have been reported in carbon-based materials. Among the
numerous strategies described above, the incorporation of
reversible dynamic bonds®>®® and topological cross-links®’
have mainly improved the mechanical properties of PDMS
materials.

Topological cross-links are interesting, as cross-links them-
selves can move along polymeric chains. Herein, we report the
preparation of mechanically tough PDMS elastomers by incor-
porating cooperatively movable topological cross-links consist-
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ing of PDMS chains bearing triacetylated y-cyclodextrin
(TAcyCD) and PDMS chains passing through TAcyCD. Instead
of using conventional reactions to incorporate cyclodextrin
onto PDMS using a Karstedt catalyst,’® we simply modified
TAcyCD onto the PDMS main chain by metal-free thiol-ene
click chemistry. These cooperatively movable cross-links have
effectively improved the mechanical toughness of carbon-
based polymeric materials. As polymeric chains and TAcyCD
are covalently connected, TAcyCD moves along the passing
PDMS and vice versa. In addition, movable cross-links have
been used to successfully mix generally immiscible polymers,
such as polystyrene mixed with poly(ethyl acrylate)’” and poly
(dimethyl acrylamide) mixed with poly(ethyl acrylate-co-butyl
acrylate).*> We studied these tough PDMS elastomers in terms
of mechanical properties and structures using tensile tests,
cyclic tensile tests, stress relaxation tests, differential scanning
calorimetry (DSC), and ultrasmall- and small-angle X-ray scat-
tering (USAXS and SAXS) measurements. We found that the
topological movable cross-links enhanced the mechanical
toughness of the PDMS elastomers.

2. Results and discussion

2.1. Preparation of CD-modified PDMS on their side chains

We designed thiol-modified PDMS (PDMS-SH) for further
modification reactions through a thiol-ene reaction. To
prepare PDMS-SH, we first polymerized (3-mercaptopropyl)
methyl-dimethoxysilane (MMDMS) using HCI to obtain poly
(MMDMS) (PMMS) (Scheme S1t). "H nuclear magnetic reso-
nance (NMR) measurements showed that PMMS was prepared,
as the molar ratio between the methyl group and thiol group
was 3:1 (Fig. S11). *Si NMR measurements showed that the
obtained PMMS was a hexamer (two end units and four repeat-
ing units, Fig. S2t). The PMMS was mixed with octamethyl-
cyclotetrasiloxane and hexamethyldisiloxane in the presence
of trifluoromethanesulfonic acid to produce PDMS-SH
(Scheme S27). According to the "H and *°Si NMR spectra of
PDMS-SH, the molar ratios between the dimethyl siloxane
repeating unit and the thiol-modified repeating unit were 9:1
and 10:1, respectively (Fig. S3 and S41). We chose a ratio of
9:1 on the basis of the "H NMR spectrum.

TAcyCD-modified PDMS was prepared through a thiol-ene
reaction between triacetylated 6-acrylamido methylether-
y-cyclodextrin (TAcyCDAAmMMe) and PDMS-SH in the presence
of 1-pentene (Pen) to protect residual thiol groups
(PDMS-TAcyCD-Pen(x), where x refers to the mol% of TAcyCD
among all repeating units, as shown in Fig. 1la and
Scheme S3.1 In addition, we carried out PDMS modification
with various x values from 1 to 3 (1, 1.5, 1.8, 2, 2.3, 2.5, and 3)
to confirm the effect of TAcyCD (Table S1f). The "H NMR
measurements of PDMS-TAcyCD-Pen(x) showed that the modi-
fication ratios similarly corresponded to the feeding ratios
with the representative samples (x = 1, 2, and 3) (Fig. S5-771).
The PDMS-TAcyCD-Pen(x) samples were found to have x values
of 0.8, 1.46, and 2.54 when the intent was to prepare samples
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with x = 1, 2, and 3, respectively, implying that the modifi-
cation reaction proceeded almost quantitatively (Table S27).
The "*C NMR spectrum also confirmed that the desired poly-
mers were prepared (Fig. S8T). Subsequently, we prepared a
negative control consisting of chemical cross-links (CCPDMS),
as shown in Fig. 1b, Scheme S4, and Fig. S9.1 The obtained
PDMS-TAcyCD-Pen(x) and CCPDMS films were colorless and
transparent, as shown in Fig. 1c and d. Moreover, we also con-
firmed the chemical structures of the obtained polymers by
Fourier transform infrared spectroscopy (Fig. S107).

2.2. Mechanical properties of the CD-modified PDMS

The mechanical properties of PDMS-TAcyCD-Pen(x) were evalu-
ated through tensile tests. The stress-strain curves of
PDMS-TAcyCD-Pen(x) with various x = 1, 1.5, 1.8, 2, 2.3, 2.5
and 3 were plotted, as shown in Fig. 2a. When x = 1, the
stress—strain curve was triangle-shaped. The initial slopes of
the stress—strain curves, which defined the Young’s modulus,
increased gradually with increasing x. The positive correlation
between the Young’s modulus and x implied that cross-links
existed in PDMS-TAcyCD-Pen(x) and that TAcyCD played an
important role in forming the cross-links. CD forms rotaxane
structures under appropriate conditions. Based on the rotax-
ane structures, sliding cross-links®***° and movable cross-
links®**?*®** have been reported in carbon-based materials,
suggesting probable movable cross-links involving TAcyCD in
PDMS-TAcyCD-Pen(x).

The elongation at break, defined as the strain at a fracture
point, gradually increased until x = 2. The addition of more
than 2 mol% TAcyCD gradually decreased the elongation at
break. This tendency was completely consistent with that
previously reported for movable cross-links.*® An excessive
amount of TAcyCD limited the movable ranges. Therefore, we
postulated that TAcyCD formed movable -cross-links in
PDMS-TAcyCD-Pen(x).

We calculated the toughness from the area between the
stress—strain curves and the strain axis. A two-dimensional plot
of toughness versus the Young’s modulus showed that the
toughness was maximized when x = 2 (Fig. 2b). The similarity
between this trend and that of the elongation at break indi-
cates that the elongation break is the major factor influencing
the toughness. The toughness of CCPDMS was extremely low
compared with that of all PDMS-TAcyCD-Pen(x) samples. The
movable cross-links contributed to the energy dissipation due
to the sliding motion of TAcyCD along the PDMS main chain.
Regarding the change in toughness itself, we plotted the
mean toughness/mean Young’s modulus (toughness/Young’s
modulus) versus the Young’s modulus, as the Young’s
modulus usually influences the toughness (Fig. 2¢). From x =
1.5 to x = 1.8, the toughness/Young’s modulus showed a steep
decrease, while the decrease became moderate when x > 1.8.
That is, a sufficient amount of TAcyCD contributed to main-
taining the toughness with increasing Young’s modulus. We
postulated that the movable cross-links started working effec-
tively when x > 1.8.

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Preparation scheme of (a) PDMS-TAcyCD-Pen(x), where x refers to mol% TAcyCD in the repeating units, and (b) CCPDMS. Photographs of (c)

PDMS-TAcyCD-Pen(x) and (d) CCPDMS.

2.3. Energy dissipation properties of the CD-modified PDMS

As the results of the tensile tests implied the formation of
movable cross-links in PDMS-TAcyCD-Pen(x) and energy dissi-
pation effects, we investigated their energy dissipation pro-
perties through stress-relaxation tests and cyclic tensile tests.
The cyclic tensile tests were performed with various strains, as
summarized in Table S3.1 The stretched specimens were then
returned directly to their original size. In addition, the speci-

This journal is © The Royal Society of Chemistry 2023

mens were gradually stretched more with increasing cycle
numbers. The strain for the cyclic tensile tests was chosen
based on the elongation at break of each sample. We calcu-
lated the hysteresis loss values defined as ratios between an
area during the stretching process and an area during the
returning process (Fig. S11t). The hysteresis loss values at the
last three cycles were averaged, and the results were summar-
ized in Fig. 3a. CCPDMS showed only 10% hysteresis loss,
which was consistent with the behavior of conventional cross-
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Fig. 2
modulus plots of PDMS-TAcyCD-Pen(x) with various TAcyCD contents.

linked materials. In contrast, the hysteresis loss of
PDMS-TAcyCD-Pen(x) increased gradually with increasing x
until x = 2, which was consistent with previously reported poly-
meric materials consisting of movable cross-links.>® Moreover,
the hysteresis loss was maintained at more than 60% when x >
2 despite the decreased strain.

Subsequently, stress relaxation tests were carried out with
various strains, as summarized in Table S4.f Basically, the
specimens were stretched until a preset strain and held for
6000 seconds. The stress relaxation behaviors were plotted
with a normalized stress in Fig. 3b. For a quantitative evalu-
ation of the stress relaxation behaviors, we tried to fit the
stress relaxation curves based on Kohlrausch-Williams-Watts

(KWW) models (1).

6 = 0y exp (7 (ﬁ)/j> + 0o (1)

where oy, 0., 7, and f refer to the relaxable stress, residual
stress, relaxation time, and stretching exponent, respectively.
As drastic stress relaxations occurred earlier than 1000
seconds, we focused on the early stage (until 600 seconds) for
model fitting. Model fitting was successfully conducted (R* >
0.997), and the fitting parameters were summarized in Table 1
and Fig. S12.}

Compared with CCPDMS, PDMS-TAcyCD-Pen(x) had a
shorter relaxation time with increasing amounts of TAcyCD.
TAcyCD was considered an important factor for stress relax-
ation. The relaxable stresses of PDMS-TAcyCD-Pen(x) were
larger than those of CCPDMS. Moreover, the relaxable stress
was maximized with x = 2, corresponding to the results of the
tensile tests.

When we carried out the fitting for the entire 6000 seconds,
the obtained fitting curves appeared to be fitted well at glance.
However, the fitting curves were not matched as well as the
curves fitted with the initial 600 seconds range (Fig. S13 and
Table S51). The R* value of CCPDMS when fitted over 6000
seconds (0.990) was smaller than that obtained until 600

3280 | Polym. Chem., 2023, 14, 3277-3285

Young's modulus / MPa

Young's modulus / MPa

(a) Stress—strain curves, (b) two-dimensional toughness versus Young's modulus plots, and (c) toughness/Young's modulus versus Young's

seconds (0.997). Since the presence of movable cross-links
based on TAcyCD shortens the relaxation time,*”"% we dis-
cussed the relaxation behaviors focusing on the early stage by
analyzing the fitting curves. The longer relaxation time of
PDMS-TAcyCD-Pen(1) and PDMS-TAcyCD-Pen(3) compared
with CCPDMS are logically unreasonable and support the suit-
ability of the fitting within the initial 600 seconds. Although
the fitting curve of CCPDMS matched well at longer time
regimes (>600 seconds), those from PDMS-TAcyCD-Pen(x) did
not match well and exhibited more relaxation at longer times.
These results implied an additional relaxation mechanism
that relaxes stress at longer times, in addition to the movable
cross-links that relax stress at short time.

2.4. Structural studies of CD-modified PDMS on a molecular
scale

We first studied the internal structures of PDMS-TAcyCD-Pen
(x) at the molecular scale using NMR and DSC. We carried out
two-dimensional NOESY NMR measurements to confirm our
hypothesis. The PDMS-SH underwent thiol-ene modification
with Pen in the presence of TAcyCD (no vinyl group) to prepare
PDMS-Pen/TAcyCD (Fig. 4a and Scheme S51). The mixture
showed significant cross-peaks between interior protons
(H; and Hs) and methyl groups on the repeating units,
suggesting rotaxane structures (Fig. 4b).>*®' This NOESY NMR
spectrum indicated that movable cross-links formed in
PDMS-TAcyCD-Pen(x) during the thiol-ene modification reac-
tion. Consequently, the formation of movable cross-links was
confirmed by mechanical tests and NMR spectroscopy.

Then, we investigated the thermal properties of
PDMS-TAcyCD-Pen(x). The samples were cooled to —140 °C
and heated to 50 °C with a 10 °C min™" scan rate (first scan,
Fig. 4c). All of them showed glass transition temperatures (7g)
of approximately —120 °C. The relationship between the
TAcyCD content and T, were plotted in Fig. 4d. In general,
more cross-links usually lead to a higher 7, due to the
decrease in free volume. However, interestingly, more TAcyCD

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) Averaged hysteresis loss calculated from the last three cycles
and (b) stress relaxation curves of CCPDMS and PDMS-TAcyCD-Pen(x)
with various TAcyCD contents. For the stress relaxation curves, the stres-
ses were normalized with initial stresses of each sample.

Table 1 Fitting parameters of PDMS-TAcyCD-Pen(x) and CCPDMS for
the KWW models focusing on the initial 600 seconds

Relaxable components Residual
components
PDMS materials 6os" 1 (second)  p° 607164’
CCPDMS 0.16 255 0.34 0.84
PDMS-TAcyCD-Pen(1) 0.40 161 0.37 0.62
PDMS-TAcyCD-Pen(2) 0.65 36 0.30 0.44
PDMS-TAcyCD-Pen(3) 0.58 35 0.29 0.43

“Relaxable stress. ” Relaxation time. °Stretching exponent.  Residual
stress. ¢ Initial stress.

This journal is © The Royal Society of Chemistry 2023
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resulted in a lower Tg. These results can be explained in terms
of free volume theory.”” The extremely low 7, of
PDMS-TAcyCD-Pen(x) implied very large free volumes due to
flexible bonds. Recently, it was revealed that only ~22 mol% of
the fed TAcyCD participated in forming movable cross-links in
poly(ethyl acrylate) (PEA) elastomers.®® Furthermore, the
majority of the movable cross-links were untrapped.

The movable cross-link forming stage was the main differ-
ence between the previous PEA elastomers and
PDMS-TAcyCD-Pen(x). In the case of PEA elastomers,
TAcyCDAAmMMe was dissolved in liquid ethyl acrylate and poly-
merized in a bulk state. In contrast, PDMS-TAcyCD-Pen(x) was
prepared by modifying TAcyCDAAmMe onto PDMS-SH. As
TAcyCD forms the rotaxane structure easily with the former
approach,® the majority of the cavity of fed TAcyCD for
PDMS-TAcyCD-Pen(x) should be unoccupied. Moreover, the
flexible chain-end of PDMS-TAcyCD-Pen(x) could interrupt
further formation of the movable cross-links because chain-
end recognition of TAcyCD to form the rotaxane structure was
difficult. We postulated that the free
PDMS-TAcyCD-Pen(x) increased because the formation of
entanglements was interrupted with the sterically bulky free
TAcyCD. The increase in the free volume resulted in a lower T.
For the second scan, we also carried out DSC under different
conditions: all PDMS-TAcyCD-Pen(x) samples were first heated
to 150 °C and then cooled to —140 °C. Then, they were heated
to 150 °C again with the same scan rate (10 °C min™")
(Fig. 5147). The T, measured by the second scans was always
lower than that measured by the first scans. In addition, the
decrease in T, became moderate. Rapid cooling from 150 °C
seemed to induce larger free volumes. In addition, the melting
point of CCPDMS at —45 °C disappeared with TAcyCD modifi-
cation. This result indicated that TAcyCD inhibited the crystal-
lization of PDMS chains, supporting the larger free volumes
with TAcyCD of PDMS-TAcyCD-Pen(x) compared with
CCPDMS. The inhibited PDMS chain crystallization seemed to
be observed in the additional relaxation in Fig. S12.}

volume in

2.5. Structural studies of PDMS-TAcyCD-Pen(x) in terms of
phase separation

We studied the structures of PDMS-TAcyCD-Pen(x) using two-
dimensional NOESY NMR spectroscopy and DSC measure-
ments on a relatively small scale. We carried out USAXS and
SAXS measurements on a larger scale (Fig. 5). We combined
the USAXS profiles and SAXS profiles at the scattering vector ¢
~ 107" nm™" for comprehensive understanding over a wide
range of scales. Considering the larger scale measured by
USAXS measurements (g < 10~' nm™"), PDMS-TAcyCD-Pen(x)
had higher intensities than CCPDMS regardless of the amount
of TAcyCD. However, the addition of more TAcyCD led to a
decrease in intensities, implying more averaged internal struc-
tures. As PDMS and TAcyCD are organic-inorganic hybrid
materials and acetylated saccharides, respectively, they gener-
ally prefer to separate when mixed. With a smaller amount of
TAcyCD, the phase separation resulted in more heterogeneous
internal structures because of localized TAcyCD. Subsequently,

Polym. Chem., 2023,14, 3277-3285 | 3281
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(a) Chemical structures of PDMS-Pen and TAcyCD for structural studies through NMR. (b) Two-dimensional NOESY NMR spectrum of a

mixture of PDMS-Pen and TAcyCD and a proposed topologically bound structure based on the NOESY NMR spectrum. (c) DSC thermograms of
PDMS-TAcyCD-Pen(x) obtained from the first heating scan. (d) Summary of the glass transition temperature with various amounts of TAcyCD.

more TAcyCD caused more dispersed structures, which were
described as lower scattering intensities.

Regarding the SAXS regime (¢ > 107" nm™,
PDMS-TAcyCD-Pen(x) showed significant peaks at approxi-
mately ¢ = 0.6 nm~ ', corresponding to a 10.5 nm domain
spacing size. As the only difference between CCPDMS and
PDMS-TAcyCD-Pen(x) was TAcyCD (Pen can be neglected
because of its small size), we postulated that the peaks ori-
ginated from the aggregation of TAcyCD. Interestingly, more
TAcyCD shifted the peak to a larger g (smaller domain
spacing sizes). More TAcyCD formed smaller and more dis-
persed structures, which was also supported by the USAXS
measurements as a hierarchical structure. Namely,

3282 | Polym. Chem., 2023, 14, 3277-3285

PDMS-TAcyCD-Pen(x) had a (PDMS  matrix)-island
(TAcyCD domains) phase separation structures. When we
zoomed in the DSC thermograms, additional transitions
were observed at approximately 120 °C (Fig. S151). We pos-
tulated that these transitions correspond to the aggregation
of TAcyCD confirmed in the SAXS regime.

In Fig. 3, we suggested a possibility of additional relaxation
mechanism at longer relaxation time. The relaxation of aggre-
gated TAcyCD seemed to be the additional relaxation mecha-
nism. According to a recent report on the phase separated
PDMS system,®® PDMS-TAcyCD-Pen(x) would contain a perco-
lated phase separation structure and the percolation structure
seemed to relax at the longer relaxation time. These phase sep-

sea

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Combined X-ray scattering profiles of CCPDMS and

PDMS-TAcyCD-Pen(x). The USAXS profiles and SAXS profiles covered g
from 1072 to 10~ nm~* and from 107! to 3 nm™, respectively.

aration structures of PDMS-TAcyCD-Pen(x) seemed to contrib-
ute to the improvement of high toughness.

3. Conclusions

We successfully prepared mechanically tough PDMS elasto-
mers by incorporating TAcyCD-originating movable cross-links
based on the energy dissipation mechanism. Compared with
the toughness of conventional chemically cross-linked PDMS
elastomers (CCPDMS), that of PDMS elastomers with TAcyCD-
originating movable cross-links (PDMS-TAcyCD-Pen(x)) was
one hundred times larger with appropriate amounts of
TAcyCD (x = 2). Moreover, we also studied their energy dissipa-
tion functions through cyclic tensile tests and stress relaxation
tests. The movable cross-links effectively dissipated external
energies to achieve high toughness. The internal structures of
PDMS-TAcyCD-Pen(x) at different scales were investigated by
NMR measurements, DSC measurements, USAXS, and
SAXS measurements. According to these measurements,
PDMS-TAcyCD-Pen(x) contained movable cross-links, and
TAcyCD in the elastomers caused phase separation (aggrega-
tion of TAcyCD). Both movable cross-links and phase separ-
ation structures seemed to improve the mechanical properties.

PDMS materials have been utilized in bio- and human-
related applications due to their biocompatibility. A challenge
limiting the wide application of PDMS materials is their weak
mechanical properties. Our material designs involve coopera-
tively movable cross-links to achieve topologically cross-linked
PDMS elastomers. To our knowledge, PDMS elastomers with
topological cross-links have rarely been reported. We expect
this report to be a pioneering work to expand the border lines
of topologically cross-linked polymeric materials toward PDMS
elastomers.

This journal is © The Royal Society of Chemistry 2023
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