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1. Introduction

Organic—inorganic hybrid materials have been widely applied to
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Organic—inorganic materials have been widely utilized in various fields because of their multifunctional materials. Poly
(dimethyl siloxane) (PDMS), a typical inorganic polymer, has industrially appealing functions, such as transparency,
biocompatibility, and gas permeability; however, it has poor mechanical properties. We incorporated organic—inorganic
hybrid elastomers (PDMS-yCD-AAl D P(EA-HEMA) (x)) with movable crosslinks, and we utilized hydrogen bonds as reversible
crosslinks. The organic polymer poly ethyl acrylate-r-hydroxy ethyl methacrylate (P(EA-HEMA)) penetrated the cavity of
triacetylated y-cyclodextrin (yCD), which was introduced into the side chains of PDMS, and it compounded with PDMS at the
nanoscale. Structural studies involving visual and X-ray scattering measurements revealed that movable crosslinks improved
the compatibility levels of PDMS and acrylate copolymers. However, macroscopic phase separation occurred when the
number of reversible crosslinks increased. Furthermore, studies on the mobility levels of acrylate copolymers and movable
crosslinks indicated that the relaxation behaviour of PDMS-yCD-AAI O P(EA-HEMA) (x) changed with changing numbers of
reversible crosslinks. Introducing reversible crosslinks improved the Young’s modulus and toughness values. The movable
and reversible crosslinks between the organic and inorganic polymers contributed to the high elongation properties. The
design of PDMS-yCD-AAI D P(EA-HEMA) (x) incorporated cooperatively movable and reversible crosslinks to achieve highly
compatible of immiscible polymers and to control the mechanical properties.

incorporated topological crosslinks with cyclodextrin (CD)*42, We
have succeeded in improving the compatibility and toughness
characteristics by compositing immiscible polymers with movable
crosslinks; in these systems, the main chain penetrates the CD

explore new materials and their specific features3. Generally,
inorganic fillers, such as clay*7, silica particles®0, metal
nanoparticles!’13, and polyhedral oligomeric silsesquioxanes4-29,
have been used as composite materials when combined with organic
polymers. Polydimethylsiloxane (PDMS), an inorganic polymer, has
excellent heat resistance?-23, transparency?425, biocompatibility26:27,
and gas permeability?82° characteristics; however, its mechanical
properties are inferior to those of common organic polymers3. The
mechanical properties of PDMS have been improved by introducing
various crosslinks and intermolecular interactions3140. We have
reported an improvement in the mechanical properties of PDMS-
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cavity?3-46, We hypothesize that if the organic polymer and PDMS can
be crosslinked by movable crosslinks, each function will be combined
and the mechanical properties will be improved. In this study, we
propose the enhancement of mechanical properties of a polymer
blend with the topological and reversible crosslinking design
between dissimilar polymers. Compared to previously reported
copolymerization?’ or interpenetrating*® of organic and inorganic
polymers for composites, our crosslinking design moderately
constrains the chain mobility. We consider that a polymer blend of
organic polymers and PDMS with the topological and reversible
crosslinks can be used to construct the function of organic—inorganic
hybrid materials, such as the miscibility and toughening, controlling
the chain mobility.

Herein, we prepare PDMS modified with yCDs (PDMS-yCD-AAI)
to form movable crosslinks, and we composite it with ethyl acrylate-
co-hydroxy ethyl acrylate polymers (PDMS-yCD-AAl O P(EA-HEMA)).
Furthermore, by forming reversible crosslinks based on hydrogen
bonds (H-bonds) between PDMS-yCD-AAlI and P(EA-HEMA),
intermolecular H-bonds control the mechanical properties of PDMS-
yCD-AAI D P(EA-HEMA) (Fig. 1).
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Fig. 1 Concept image of organic—inorganic hybrid elastomers
(PDMS-yCD-AAl D P(EA-HEMA) (x)) by introducing movable
and reversible crosslinks.

2. Results and discussion

2.1. Preparation of organic—inorganic hybrid elastomer
TAcyCD-modified PDMS was prepared via a thiol-ene reaction
between triacetylated 6-acrylamido methylether-y-cyclodextrin
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(TAcyCDAAMMe) and thiol modified PDMS (PDMS-SH) in the
presence of allyl alcohol (AAl) to protect the residual thiol groups
(PDMS-yCD-AAIl) (Fig. 2a). Scheme S1 shows the details of the
synthesis of PDMS-yCD-AAl. Proton nuclear magnetic resonance (H
NMR) measurements of PDMS-yCD-AAl showed that the mol%
contents of yCD and AAl among all repeating units were 1 and 9,
respectively (Fig. S1).

The knitting methods with PDMS-yCD-AAl serving as the primary
polymer and acrylate polymers serving as the secondary polymer
yielded an organic—inorganic hybrid elastomer (PDMS-yCD-AAl D
P(EA-HEMA) (x)), where x is the mol% content of a H-bond moiety in
the acrylate copolymer (Fig. 2b). PDMS-yCD-AAl D P(EA-HEMA) (x)
was obtained by conducting solution polymerization on the second
main-chain acrylate monomers at each concentration in the PDMS-
yCD-AAI solution (Scheme S2 and Table S1). In this study, ethyl
acetate was chosen as the reaction solvent to modify PDMS with yCD
and allyl alcohol groups. We chose ethyl acrylate (EA) and 2-
hydroxyethyl methacrylate (HEMA) as the acrylate monomers.
Acrylate copolymers with different compositions of EA and HEMA
were used as secondary polymers (P(EA-HEMA) (x)). The HEMA unit
formed a H-bond with AAl in PDMS-yCD-AAl. Varying the amount of
HEMA controlled the H-bonds between PDMS-yCD-AAI and P(EA-
HEMA). IH NMR spectra confirmed the desired polymer structure

%ME%Jr / Rt

PDMS-AAI / P(EA-HEMA) (x)

70

Fig. 2 Chemical structures of (a) PDMS-yCD-AAl, (b) PDMS-yCD-AAlI D P(EA-HEMA) (x), and (c) PDMS-AAI/P(EA-HEMA) (x) blends
without movable crosslinks. x is the mol% HEMA content in acrylate copolymers. (d) Photographs of PDMS-yCD-AAl D P(EA-

HEMA) (x) and PDMS-AAI/P(EA-HEMA) (x).
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Fig. 3 USAXS and SAXS profiles of (a) PDMS-yCD-AAl O P(EA-HEMA) (x) and (b) PDMS-AAI/P(EA-HEMA) (x).

(Fig. $3-7). The PDMS-yCD-AAl and P(EA-HEMA) were immobilized at
weight ratios of 1:1. The yCD units formed movable crosslinks
between the acrylate chains. PDMS-AAI and P(EA-HEMA) (x) blends
(PDMS-AAI/P(EA-HEMA) (x)) without movable crosslinks of yCD were
used as negative control samples (Fig. 2c). PDMS-AAI/P(EA-HEMA)
(x) was prepared with the same procedure used for the synthesis of
PDMS-yCD-AAl D P(EA-HEMA) (x) (Scheme S3). This procedure
confirmed the desired polymer structures (Fig. S$8—-12).

Fig. 2d shows photographs of the elastomer films of PDMS-yCD-
AAI D P(EA-HEMA) (x) and PDMS-AAI/P(EA-HEMA) (x). The elastomer
films with yCD were colourless and transparent when x was less than
20, but they became white and turbid above x = 43. As the
composition of HEMA increased, the modified PDMS and acrylate
copolymers caused phase separation because HEMA had a lower
solubility in ethyl acetate than EA. The elastomer films without yCD
became turbid for all compositions. The movable crosslinks improved
the compatibility between the modified PDMS and acrylate
copolymers.

2.2. Internal structures of the hybrid materials

We conducted ultrasmall-angle X-ray scattering (USAXS) and
small-angle X-ray scattering (SAXS) to evaluate the phase-separated
structures of PDMS-yCD-AAl D P(EA-HEMA) (x) and PDMS-AAI/P(EA-
HEMA) (x). We combined the USAXS and SAXS profiles at the
scattering vector g =
understanding over a wide range of scales (Fig. 3). By considering the
relatively large scale measured by USAXS (g < 10" nm~1), we discuss
the macro-scale phase structure cause the haze of film samples. The
scattering intensity of PDMS-yCD-AAl O P(EA-HEMA) (x) decayed
with g=3> at a relatively low x. PDMS-yCD-AAl D P(EA-HEMA) (x)
exhibited characteristic scattering from spherical structures at
relatively high x values (Fig. 3a). The spherical structure of the
scatterer caused turbidity of the elastomer film with a high HEMA
content. The scattering intensity of PDMS-AAI/P(EA-HEMA) (x)

10! nm to obtain a comprehensive

This journal is © The Royal Society of Chemistry 20xx

Table 1 Relationship between the molar ratio of HEMA (x) and
the domain space (d) of the bicontinuous phase structure.

HEMA ratio, x Domain size d [nm]
[mol%] with CD without CD
0 16.0 17.9
20 21.6 24.9
43 20.7 24.6
70 15.5 N/A
100 14.0 N/A

followed Porod’s law, decaying with g™ at a relatively low x; this
intensity suggested the presence of macroscopic phase separation,
exhibiting a sharp interface between PDMS and acrylate copolymers
(Fig. 3b). In other words, the roughness of the phase interface
between PDMS and acrylate copolymers is thicker in PDMS-yCD-AAl
O P(EA-HEMA) (x) than in PDMS-AAI/P(EA-HEMA) (x). At high x
values, scattering characteristics from the spherical structures were
observed in the same manner as in PDMS-yCD-AAl D P(EA-HEMA)
(x); however, the diameters and distributions of spheres were
assumed to be larger than those in PDMS-yCD-AAI D P(EA-HEMA) (x).
Regarding scattering in the SAXS region (g > 101 nm-1), PDMS-yCD-
AAl D P(EA-HEMA) (x) and PDMS-AAI/P(EA-HEMA) (x) both showed
significant peaks at approximately g = 0.4 nm™1, corresponding to the
correlation between the PDMS phase and the acrylate copolymer
phase. The scattering from the aggregation of yCD observed at the
same g range (Fig. S13) as reported in our previous study*2. The
domain size (d) characterized the distance between neighbouring
PDMS and acrylate copolymer domains estimated from the g value
at the peak top. The details of the analytical methods are presented
in the Supporting Information of section 6, and the g values
estimated the d are listed in Table S2. In contrast, the SAXS profile of
PDMS-AAI/P(EA-HEMA) (x) with a high x value did not exhibit a peak.
The d values at each x are listed in Table 1. The d of PDMS-yCD-AAl
D P(EA-HEMA) (x) was maximal at x = 20 mol% and then decreased

J. Name., 2013, 00, 1-3 | 3
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with increasing x. The values of d at x value ranging from 0 to 43 mol%
were larger for PDMS-AAI/P(EA-HEMA) (x) than for PDMS-yCD-AAI D
P(EA-HEMA) (x). PDMS-yCD-AAl D P(EA-HEMA) (x), which became
turbid above x = 43 mol% in visual observation, formed smaller phase
structures than did PDMS-AAI/P(EA-HEMA) (x). Both visual and X-ray
scattering measurements revealed that the movable crosslinks
improved the compatibility between organic and inorganic polymers.
Furthermore, a new correlation was observed near g = 0.1 nm™ at
relatively high x (the arrow symbol in Fig. 3a and 3b). The organic—
inorganic hybrid elastomers incorporated in this study had
hierarchical phase structures on different size scales.
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2.3. Effects of movable and reversible crosslinks on mechanical
properties

The mechanical properties of PDMS-yCD-AAl D P(EA-HEMA) (x)
and PDMS-AAI/P(EA-HEMA) (x) were evaluated through tensile tests.
The stress-strain (S—S) curves of each elastomer with x = 0 mol% are
shown in Fig. 4a. The vertical and horizonal axes are engineering
stress and strain, respectively. PDMS-yCD-AAl D P(EA-HEMA) (0)
exhibited a higher tensile strength and elongation at break than
PDMS-AAI/P(EA-HEMA) (0). The initial slopes of the S-S curves were
defined as the Young’s moduli. The toughness was calculated from
the area between the S-S curves and strain axis. The relationship
between the Young’s modulus and toughness is shown in Fig. 4b.
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Fig. 4 (a) Stress—strain curve and (b) relationship between the toughness and Young’s modulus of PDMS-yCD-AAlI D P(EA-HEMA)

and PDMS-AAI/P(EA-HEMA) at x = 0. Dependence of (c) Young’s
toughness on x.

4 | J. Name., 2012, 00, 1-3

modulus, (d) tensile strength, (e) elongation at break, and (f)
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Introducing movable crosslinks between PDMS and EA with yCDs
improved the toughness values owing to the increases of tensile
strength and elongation. In addition, the rough interface between
PDMS and EA in PDMS-yCD-AAl D P(EA-HEMA) (0) observed by SAXS
improved the toughness by inhibiting fracture at the phase interface.
The Young’s modulus decreased according to a general correlation
between Young’s modulus and toughness*®. Based on rotaxane
structures, slide and movable crosslinks have been reported for
carbon-°%56 and PDMS-based*? materials, suggesting probable
movable crosslinks involving yCDs in organic—inorganic hybrid
materials.

The S-S curves of all the samples are shown in Fig. S14. We
analysed these curves to evaluate certain mechanical properties,
such as Young’s modulus, tensile strength, elongation at break, and
toughness. All the specimens fractured at the maximum stress. Cyclic
tensile tests were performed to confirm the formation of movable
crosslinks (Fig. $15). PDMS-yCD-AAl D P(EA-HEMA) (x) exhibited a
large hysteresis loss similar to that of previously reported polymeric
materials consisting of movable crosslinks>’ (Fig. S16).

The dependence levels of the HEMA content (x) on the Young’s
modulus, tensile strength, elongation at break, and toughness are
shown in Fig. 4c, 4d, 4e, and 4f, respectively. The formation of H-
bonds was confirmed by Fourier-transform infrared spectroscopy
(FT-IR). Increasing x formed more H-bonds. (Fig. S17 and S18) The
Young’s modulus and tensile strength values of hybrid materials with
YCD increased significantly with increasing x. Conversely, the
elongation at break was maximized when x = 20 mol%; then, it
decreased with increasing x. The largest elongation at x = 20 mol%
can be explained by the polymer dynamics with microphase-
separated dynamic bonds®8>°. Reforming the H-bond pulled out in
the other phase inhibits fracture at the phase interface and improves
the elongation at break. However, the high-x elastomers broke at the
interface of the macroscopic phase separation structure between
PDMS and acrylate copolymers. The toughness values of the hybrid
materials with yCD significantly increased with increasing x.
Increasing the total number of crosslink points and introducing
the strength
characteristics (Young’s modulus and tensile strength). However,

reversible  crosslinks  improved mechanical
excess reversible crosslinks decreased the elongation. Nonetheless,
the toughness of PDMS-yCD-AAl D P(EA-HEMA) (x) was substantially
higher than that of PDMS-AAI/P(EA-HEMA) (x) when x = 70 mol% or
100 mol%. The similarity tendency between the toughness and the
mechanical strength in which they increased with increasing x
indicated that the mechanical strength was the primary factor

influencing the toughness of this hybrid material.

2.4. Mobility of acrylate copolymers

We investigated the thermal properties of PDMS-yCD-AAl D
P(EA-HEMA) (x) to evaluate H-bond formation between dissimilar
polymers. The glass transition temperature (T) of each polymer was
measured by differential scanning calorimetry (DSC) (Fig. $19). All
samples showed T values of approximately 153 K, thereby ascribing
them as PDMS. PDMS was in a rubber state at the tensile test
temperature. Therefore, we focused on the Ty values of acrylate
copolymers to consider the relationship between the mechanical
properties of the hybrid materials and the chain mobility. The T
values of acrylate copolymers in hybrid materials (7€) were

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 Dependence of x on the ratio of the glass transition
temperature obtained by DSC (TgP5¢) and estimated by Fox Eq.
(TgF) of the acrylate copolymers.

observed to range from 250 K to 325 K, and they increased with
increasing x. We estimated the T; of only the acrylate copolymer
according to the Fox equation (Tf) and evaluated the H-bond
formation characteristics between dissimilar polymers. The ratio of
TgPSC to TgF (TgPSC/TSF) was plotted against x in Fig. 5. When TgP5¢/T,F
was 1, TP5¢ and T" were equal. This finding suggested that H-bonds
did not form between dissimilar polymers. The fact that TgP5¢ was
higher than T, indicated that the acrylate polymers formed H-bonds
with PDMS at x = 20 mol% or 43 mol%. These compositions
compounded the PDMS and acrylate copolymers at the nanoscale, as
confirmed by SAXS. High compatibility levels could form reversible
crosslinks between dissimilar polymers. The reversible crosslinks
between dissimilar polymers acted upon a sacrificial bond and
improved the elongation properties. At a high x value, PDMS and
acrylate copolymers formed a macroscopic phase structure and did
not bind each other with H-bonds. Therefore, the reversible
crosslinks between acrylate copolymers inhibited the mobility levels
of movable crosslinks and reduced the elongation properties.

2.5. Mobility of movable crosslinks

Since the results of the tensile test implied changes in the
mobility levels of movable crosslinks with the introduction of
reversible crosslinks, we conducted stress relaxation tests. The
specimens were stretched until a preset strain was reached, and they
were held for 1000 s. The stress relaxation behaviours were plotted
against the normalized stress, as shown in Fig. $20 and S21. To
quantitatively evaluate the stress relaxation behaviours, we
attempted to fit the stress relaxation curves based on Kohlrausch—
Williams—Watts (KWW) models. The fitting parameters of the KWW
model are listed in Table S4 and S5. Herein, we focused on the
relaxation time (7) in Table 2. PDMS-AAI/P(EA-HEMA) (x) had a large
T value at a low reversible crosslinks content. T, of acrylate
copolymers at the low x values was lower than the tensile tests
temperature. The acrylate copolymers are in a rubber state when
performing the tensile tests. Therefore, PDMS-AAI/P(EA-HEMA) (x)
exhibited slow relaxation owing to the disentanglement of the
backbone chain when x was small. At the high x values, T; of acrylate
copolymers was higher than the tensile tests temperature. The
relaxation behaviour of backbone chains did not occur, and stresses
were relaxed only in a short time. Conversely, PDMS-yCD-AAl D
P(EA-HEMA) (x) exhibited a relatively fast stress relaxation behaviour

J. Name., 2013, 00, 1-3 | 5
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Table 2 The relaxation time was determined by fitting the
KWW model.

HEMA ratio, x Relaxation time [s]
[mol%] with CD without CD
0 27 N/A
20 24 417
43 50 168
70 61 88
100 78 73

originating from the slide of movable crosslinks. Introducing
reversible crosslinks increased the t value and led to suggestion that
the reversible crosslinks formed between acrylate polymers reduced
the slide of movable crosslinks.

Increasing the content of reversible crosslinks improved the
mechanical strength properties, such as Young’s modulus and tensile
strength, because the number of crosslinking points increased and
reducing the mobility of movable crosslinks was reduced.

3. Conclusions

We successfully composited organic—inorganic hybrid
materials (PDMS-yCD-AAl D P(EA-HEMA) (x)) by incorporating
TAcyCD-originating movable crosslinks between PDMS and
acrylate polymers. Introducing reversible crosslinks based on H-
bonds improved the mechanical properties of the hybrid
materials. The Young’s modulus increased because of an
increase in the total number of crosslinking points. The
elongation properties were enhanced by reversible crosslinks
between dissimilar polymers because reforming the reversible
crosslinks at the interface of microscopic phase structure
inhibited the fracture of the interface. Excess introduction of
the H-bond moiety induced macroscopic phase separation and
decreased the elongation at break. The slide of movable
crosslinks was inhibited due to the formation of reversible
crosslinks between acrylate polymers and increased Young’s
modulus and tensile tests. The toughness of PDMS-yCD-AAl D
P(EA-HEMA) (x) was much higher than that of PDMS-AAI/P(EA-
HEMA) (x). The toughness values of these hybrid materials were
strongly affected by their Young’s moduli.

PDMS materials have been applied in various fields because
of their transparency levels. A challenge limiting applicability of
PDMS is its poor mechanical properties. Our material designs
incorporated cooperatively movable crosslinks to achieve highly
compatible immiscible polymers. We expect this report to be a
pioneering work in regard to overcoming the limitations of
topological crosslinks towards composites of incompatible
polymer blends.
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