
Mechanical Properties and Molecular Adhesion Exhibited by 
Inorganic‒Organic Composite Elastomers

Journal: Polymer Chemistry

Manuscript ID PY-ART-08-2024-000879.R1

Article Type: Paper

Date Submitted by the 
Author: 21-Sep-2024

Complete List of Authors: Yamashita, Naoki; Graduate School of Science, Osaka University, 
Department of Macromolecular Science
Ikura, Ryohei; Graduate School of Science, Osaka University, Department 
of Macromolecular Science
Yamaoka, Kenji; Osaka University, Graduate School of Science, 
Department of Macromolecular Science
Kato, Nobu; Shinetsu Kagaku Kogyo Kabushiki Kaisha
Kamei, Masanao; Shin-etsu Chemical Co Ltd
Ogura, Kentaro; Shinetsu Kagaku Kogyo Kabushiki Kaisha
Igarashi, Minoru; Shinetsu Kagaku Kogyo Kabushiki Kaisha
Nakagawa, Hideo; Shin-etsu Chemical Co Ltd
Takashima, Yoshinori; Graduate School of Science, Osaka University, 
Department of Macromolecular Science; Institute for Advanced Co-
Creation Studies,  

 

Polymer Chemistry



ARTICLE

Please do not adjust margins

Please do not adjust margins

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Mechanical Properties and Molecular Adhesion Exhibited by 
Inorganic‒Organic Composite Elastomers
Naoki Yamashita,a Ryohei Ikura,ab Kenji Yamaoka,ab Nobu Kato,c Masanao Kamei,c

Kentaro Ogura,c Minoru Igarashi,c Hideo Nakagawa,d and Yoshinori Takashima*abe

Polydimethylsiloxane (PDMS)-based organic‒inorganic composites have attracted considerable attention due to PDMS’s 
unique features, such as transparency, softness, biocompatibility, chemical stability, heat resistance, and insulation. To 
extend the lifespans of organic‒inorganic composites, high mixability and self-healing properties are needed. Herein, 
organic‒inorganic composite elastomers with reversible cross-links featuring cyclodextrin (CD)-modified PDMS (PDMS-CD) 
and adamantane (Ad)-modified poly(alkyl acrylate) were prepared to achieve high mixability and molecular adhesion 
properties. PDMS-CD/P(EA-Ad) (x) was obtained by the solution polymerization of ethyl acrylate (EA) and an adamantane 
monomer (AdAAm) in the presence of PDMS-CD.  x is the molar ratio of Ad to βCD.  The excess Ad units in PDMS-CD/P(EA-
Ad) (5) result in high stretchability and effective self-healing properties based on molecular adhesion.  The stress relaxation 
tests show that excess amounts of Ad units improve the reformation and exchange characteristics of reversible cross-links. 
A structural study using small-angle X-ray scattering (SAXS) reveals that many Ad units improve the mixability of PDMS and 
acrylate polymers to effectively reform reversible cross-links and increase the healing efficiency.

Introduction
Research on the compositing of multiple polymers has been 

widely performed to achieve the strength of each polymer, 
simultaneously1–5.  In particular, polydimethylsiloxane (PDMS)-
based organic‒inorganic composites have attracted 
considerable attention due to PDMS’s unique features, such as 
transparency6,7, softness8,9, biocompatibility10,11, chemical 
stability12, heat resistance13,14, and insulation15.  These 
properties are expected to allow wide application in 
industrial16,17, medical18,19, electrical20,21, and academic fields.  
However, there are two challenges associated with these 
PDMS-based composites.  One challenge is the low mixability of 
PDMS and organic polymers due to the large differences 
between their solubility parameters22–24; this difficulty in mixing 
leads to the brittleness and turbidity of the composites.  Many 
researchers have performed reactive blending to overcome this 
issue25–30.  This approach provides high mixability through the 
use of chemical cross-links connecting PDMS and organic 

polymers.  Interpenetrating approaches31–33 also can improve 
mixability to create colorless and tough organic‒inorganic 
composites34.  However, these composites are not suitable for 
repeated use due to the breakage of chemical cross-links 
through stress concentrations during deformation.

The other challenge is the limitation of the lifetimes of these 
materials due to their irreversible breakage, while the 
aforementioned applications require long-term use to reduce 
costs and invasiveness by reoperation for replacement of 
implanted medical devices35.  There are two approaches for 
improving the lifetimes by self-healing properties: (i) restriction 
of breakage by self-restoration36–41 and (ii) repair of damage by 
molecular adhesion42–58.  Self-restoring properties regain their 
original shapes and mechanical properties of tough elastic 
materials after deformation.  The driving force in self-
restoration is entropic elasticity.  Molecular adhesion properties 
repair the wounds. The driving force in molecular adhesion is 
the repeated cleavage and reformation of reversible cross-links 
consisting of noncovalent bonds.

Previously, we prepared PDMS elastomers with reversible 
cross-links consisting of inclusion complexes of cyclodextrin 
(CD) and adamantane (Ad), which exhibited molecular adhesion 
properties59.  We also prepared tough PDMS-based elastomers 
with movable cross-links consisting of PDMS polymer 
penetrating CD cavities60.  Moreover, improvements in 
mixability were achieved by connecting PDMS and organic 
polymers with movable cross-links 61.  However, this work also 
revealed that hydrogen bonds in intradomains could reduce 
compatibility.

Herein, we hypothesized that reversible cross-links between 
PDMS and organic polymers would improve the mixability and 
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self-healing properties. We prepared organic‒inorganic 
composite elastomers with βCD-modified PDMS with Ad-
modified acrylate polymers (Figure 1).  Inclusion complexes 
between βCD and Ad units are expected to form reversible 
cross-links connecting PDMS and organic polymers without 
intradomain interactions.  The introduction of reversible cross-
links improved the mixability of organic and inorganic polymers 
and provided molecular adhesion properties.  Furthermore, we 
investigated the effect of the molar ratio of Ad to βCD on the 
mechanical, stress relaxation, and molecular adhesion 
properties.

Figure 1. Schematic of organic‒inorganic composite elastomers (PDMS-CD/P(EA-Ad) (x)) 
obtained by introducing reversible cross-links.

Results and discussion
Preparation of organic‒inorganic composite elastomers

The organic‒inorganic composite elastomers were 
fabricated by one-pot reactions with two steps (details of the 
reaction procedures and contents of the reagents are shown in 
Schemes S1 and S2 and Table S1).  The first step is the 
preparation of cyclodextrin-modified PDMS (PDMS-CD) via a 
thiol–ene reaction with thiol-modified PDMS (PDMS-SH), 
triacetylated 6-acrylamido methylether-β-cyclodextrin 
(TAcβCDAAmMe), and allyl alcohol.  Allyl alcohol prevents the 
unintended formation of chemical cross-links from residual SH 
groups.  The thiol-ene reaction is carried out in ethyl acetate 
with a photoradical initiator (2-hydroxy-2-
methylpropiophenone; IRGACURE 1173).  The second step is 
the compositing of organic and inorganic polymers by the 
polymerization of adamantane-modified poly(ethyl acrylate) 
(PEA) in the presence of PDMS-CD.  The main chain monomer 
(EA), guest monomer (N-(1-adamantyl)acrylamide; AdAAm), 
and photoradical initiator (phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide; BAPO) were added to the 
obtained solution of PDMS-CD. Then, photoradical 
polymerizations were carried out. After removing the solution, 
the obtained organic‒inorganic composite elastomers are 
abbreviated as PDMS-CD/P(EA-Ad) (x), where x is the molar 
ratio of Ad to βCD (Figure 2a).  As negative control samples, 
PDMS-CD/PEA without Ad units, PDMS/P(EA-Ad) (5) without CD 
units, and PDMS/PEA without CD or Ad units were obtained in 
a similar manner (Schemes S3‒S5). These organic‒inorganic 
composite elastomers are transparent and show high mixability 

(Figure 2b). The chemical structures of the obtained materials 
were characterized by 1H nuclear magnetic resonance (NMR) 
and Fourier transform infrared (FT-IR) spectroscopy (Figures 
S1‒S12).  The molecular weight of the PDMS-CD specimen was 
characterized by gel permeation chromatography (GPC) (Figure 
S13). The complexation between βCD and Ad was confirmed by 
2D nuclear Overhauser effect spectroscopy (NOESY) NMR 
(Figure S14).

Investigation of the effects of reversible cross-link exchange on 
the mechanical properties of organic‒inorganic composite 
elastomers

The mechanical properties of the organic‒inorganic 
composite elastomers were investigated by tensile tests (tensile 
rate: 1 mm/s).  Figure 3a shows the stress‒strain curves of 
PDMS-CD/P(EA-Ad) (5), PDMS-CD/PEA, PDMS/P(EA-Ad) (5), and 
PDMS/PEA.  PDMS-CD/P(EA-Ad) (5) has the highest fracture 
stress, and it supports the formation of reversible cross-links. 
PDMS-CD/P(EA-Ad) (5) has the highest fracture strain.  While 
the stress‒strain curve of PDMS/PEA shows a monotonic 
increase in stress, that of PDMS-CD/P(EA-Ad) (5) shows an S-
shaped curve with a wide range (ε = 200–800%) and small slopes.  
These results suggest that effective stress relaxation by host–
guest complexes increases the fracture strain of PDMS-
CD/P(EA-Ad) (5).  Figure 3b shows plots of the relationship 
between the toughness and Young’s modulus. The toughness 
and Young’s modulus were calculated from the integral and the 
initial slope of the stress–strain curve, respectively.  PDMS-
CD/P(EA-Ad) (5) show almost the same Young's modulus as 
PDMS-CD/PEA, and smaller than PDMS/PEA. The toughness of 
PDMS-CD/P(EA-Ad) (5) is 24 times greater than that of 
PDMS/PEA and 2.4 times greater than that of PDMS-CD/PEA.  
These results indicate that host–guest complexation between 
CD and Ad contributes to increased toughness.  Notably, the 
higher toughness of PDMS-CD/PEA than that of PDMS/PEA is 
derived from the presence of movable cross-links consisting of 
PEA chains penetrating the CD units.

To obtain insight into the effects of host–guest 
complexation on the mechanical properties, we investigated 
the relationships between the mechanical properties and the 
contents of guest units in the organic‒inorganic composite 
elastomers.  Figures 3c and 3d show the stress‒strain curves 
and relationships between the toughness and Young’s modulus 
values of PDMS-CD/PEA and PDMS-CD/P(EA-Ad) (x) (x = 1, 2, 
and 5).  While these elastomers exhibit similar fracture stress 
and Young's modulus values, their toughness and fracture strain 
values increase with the increase in the number of Ad units.  
These results indicate that the addition of many Ad units helps 
in the achievement of high toughness via reversible cross-link 
exchange.  The cyclic tensile test of PDMS-CD/P(EA-Ad) (5) 
shows effective recovery of the mechanical properties at middle 
strain region (Figure S15).  These results support that the S-
shaped curve with a wide range is attributed to the stress-
relaxation by exchange of reversible cross-links.

Evaluation of molecular adhesion by re-adhesion tests
To investigate the relationship between the molecular 

adhesion properties and the contents of guest units in the 
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organic‒inorganic composite elastomers, a re-adhesion test 
was conducted. PDMS-CD/PEA and PDMS-CD/P(EA-Ad) (x) (x = 
1, 2, and 5) were cut into two pieces and reattached. These 
elastomers exhibit surface-selective adhesion derived from the 
reformation of host–guest complexes (Figure 4a and Movie S1). 
The reattached pieces were left for 24 hours at room 

temperature or for 12 hours at 70 °C, after which tensile tests 
were carried out again (Figure 4b). The healed sample of PDMS-
CD/P(EA-Ad) (5) shows greater stretchability than that of PDMS-
CD/PEA (Figures 4c and d and Movie S2).  Figure 4e shows the 
stress‒strain curves of PDMS-CD/PEA and PDMS-CD/P(EA-Ad) 
(x) before cutting (original) and after adhering them for 12 
hours at 70 °C (re-adhered). Figure 4f shows plots of their 
toughness and Young’s modulus values. The healing ratio is 
determined with the following equation: 

Healing ratio =  
Toughness of re- adhered sample

Toughness of original sample  × (1)

Figure 4g shows the healing ratios of PDMS-CD/PEA and PDMS-
CD/P(EA-Ad) (x). All the samples have higher healing ratios at 70 
°C than at room temperature. As a result, PDMS-CD/PEA also 
exhibits re-adhesion. This phenomenon is attributed to the 
reformation of movable cross-links when the cut pieces are 
reattached. PEA chains in PDMS-CD/PEA do not have bulky 
stoppers that CD units cannot pass over, allowing PEA chains to 
penetrate CD units to reform movable cross-links62.  PDMS-
CD/P(EA-Ad) (1) has a lower healing ratio than PDMS-CD/PEA. 
This result suggests the formation of reversible and movable 
cross-links.  The movable cross-links in PDMS-CD/P(EA-Ad) (1) 
have structures interlocked by Ad units that act as bulky 
stoppers inhibiting the reformation of movable cross-links to 
decrease the healing ratio.  In swelling tests of PDMS-CD/PEA 
and PDMS-CD/P(EA-Ad) (x) (Figure S16), the smallest swelling 
ratio of PDMS-CD/P(EA-Ad) (1) supports the interlocked 
structures of movable cross-links.  The healing ratios of PDMS-
CD/P(EA-Ad) (x) increase with increasing x, indicating that 
excess amounts of Ad units facilitate the reformation of 
reversible cross-links.  Considering the high swelling ratios of 
PDMS-CD/P(EA-Ad) (2) and PDMS-CD/P(EA-Ad) (5) shown in 
Figure S16, excess amounts of the Ad monomer suppress the 
unintended formation of movable cross-links and interlocked 
structures.  These effects allow high healing efficiency by excess 
Ad units in PDMS-CD/P(EA-Ad) (5).

Figure 2. (a) Chemical structures and (b) photographs of PDMS-CD/P(EA-Ad) (x), PDMS-CD/PEA, PDMS/P(EA-Ad) (5), and PDMS/PEA. x is the molar ratio of Ad to βCD.

Figure 3. (a) Stress‒strain curves and (b) plots of the toughness and Young’s modulus 
values of PDMS-CD/P(EA-Ad) (5), PDMS-CD/PEA, PDMS/P(EA-Ad) (5), and PDMS/PEA. (c) 
Stress‒strain curves and (d) plots of the toughness and Young’s modulus values of PDMS-
CD/PEA and PDMS-CD/P(EA-Ad) (x) (x = 1, 2, and 5).
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Evaluation of the reformation and exchange of reversible cross-
links by stress relaxation tests

To investigate the relationships between the reformation 
and exchange properties of reversible cross-links and the 
contents of guest units in the organic‒inorganic composite 
elastomers, a stress relaxation test was conducted. PDMS-
CD/PEA and PDMS-CD/P(EA-Ad) (x) (x = 1, 2, and 5) were 
stretched to an elongation of 100%. Then, the strain was held 
constant, and the stress was recorded for 1000 seconds (Figure 

5a). The stress relaxation behavior is plotted by normalizing the 
stress (Figure 5b). To quantitatively evaluate the stress 
relaxation behavior, curve fitting was carried out on the 
obtained normalized stress‒time curve using the Kohlrausch–
Williams–Watts (KWW) equation shown below (Figure S17).

𝜎 =  𝜎𝑟 exp ―
𝑡
𝜏

𝛽
+ 𝜎∞(2)

where σr is the relaxable stress, σ∞ is the residual stress, τ is the 
time constant, and β is the stretching exponent. The fitting 

Figure 4. (a) Photographs of PDMS-CD/P(EA-Ad) (5) exhibiting surface-selective adhesion captured from Movie S1. (b) Experimental procedure of the re-adhesion test. Images of 
the re-adhesion test for (c) PDMS-CD/PEA and (d) PDMS-CD/P(EA-Ad) (5). (e) Stress‒strain curves and (f) plots of the toughness and Young’s modulus values of the original and re-
adhered samples at 70 °C for PDMS-CD/PEA and PDMS-CD/P(EA-Ad) (x) (x = 1, 2, and 5) specimens healed for 12 hours. (g) Healing ratios of PDMS-CD/PEA and PDMS-CD/P(EA-Ad) 
(x).
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parameters of the KWW model are listed in Table 1 and Table 
S2. As a result, the σr values increase with increasing x, 
indicating that the excess Ad units result in effective stress 
dispersion based on reversible crosslink reformation and 
exchange.  In the tensile test with slow tensile rate (0.1 mm/s) 
(Figure S18), PDMS-CD/PEA and PDMS-CD/P(EA-Ad) (x) (x = 1, 
2, and 5) show the similar dependency of mechanical properties 
with tensile rate.  Similar time constant τ contributes to the 
rate-dependency.  Figure 5c shows that the healing ratio 
increases with increasing σr.  These results supported that the 
excess Ad units in PDMS-CD/P(EA-Ad) (5) facilitate the 
reformation and exchange of reversible cross-links to achieve 
the highest healing efficiency.

Table 1. Fitting parameters obtained using the KWW models.

Relaxable component Residual component

σ
r
 τ / s β σ

∞

PDMS-CD/PEA 0.32 16 0.33 0.68

PDMS-CD/P(EA-Ad) 
(1) 0.33 17 0.33 0.67

PDMS-CD/P(EA-Ad) 
(2) 0.37 21 0.37 0.63

PDMS-CD/P(EA-Ad) 
(5) 0.61 19 0.36 0.39

Investigation of the mixability by structural analysis using SAXS
Small-angle X-ray scattering (SAXS) measurements were 

conducted to evaluate the phase-separated structures of 
PDMS-CD/P(EA-Ad) (5), PDMS-CD/PEA, PDMS/P(EA-Ad) (5), and 
PDMS/PEA (Figure 6a). The SAXS profiles of all the samples 
show significant peaks at approximately q = 0.4 nm−1 that 
correspond to the correlations between the PDMS phases and 
the PEA phases. The domain spacing (d) of the phase-separated 

structure of each composite elastomer was estimated with the 
following equation:

𝑑 =  
2𝜋
𝑞∗ (3)

where q* is the q value at the peak top in the SAXS region. The 
d values are listed in Table 2. All the elastomers have d values 
that are smaller than the wavelength of visible light, leading to 
their high transparency levels. PDMS-CD/P(EA-Ad) (5) has a 
smaller d value than the elastomers without βCD and Ad. 
Reversible cross-links improve the mixability of PDMS and PEA. 
The severe phase separation observed in PDMS/PEA was 
responsible for the high Young's modulus derived from larger 
PEA domain with a Young's modulus of about 0.7 MPa41. 
PDMS/P(EA-Ad) (5) has a smaller d value than PDMS/PEA 
because adamantane with low polarity improve the mixability 
of PDMS and P(EA-Ad). The decreased polarity of PEA-Ad 
reduces the differences of solubility parameters with PDMS-CD 
having lower polarity.

To effectively understand the effects of reversible cross-
links on phase-separated structures, we investigated the 
relationship between the d values and the number of guest 
units in the organic‒inorganic composite elastomers. Figure 6b 
and Table 2 show the SAXS profiles and d values of PDMS-
CD/PEA and PDMS-CD/P(EA-Ad) (x) (x = 1, 2, and 5). The d values 
decrease with the increase in the number of Ad units. The 
presence of many Ad units contributes to the improvement in 
the mixability. Figure 6c shows the relationship between d and 
the healing ratio. PDMS-CD/P(EA-Ad) (5) exhibits an improved 
mixability of PDMS and PEA to allow the effective reformation 
of reversible cross-links and an increase in the healing efficiency.

Conclusions
We prepared organic‒inorganic composite elastomers using 

reversible cross-links consisting of βCD and Ad. PDMS-CD/P(EA-

Figure 5. (a) Experimental procedure for the stress relaxation test. (b) Normalized stress relaxation curves and (c) plots of the relaxable stress (σr) and healing ratio for PDMS-
CD/PEA and PDMS-CD/P(EA-Ad) (x) (x = 1, 2, and 5).
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Ad) (x) with reversible cross-links can be re-adhered after 
cutting. These samples have the high mixability of PDMS and 
acrylate polymers. PDMS-CD/P(EA-Ad) (x) show greater 
stretchability than elastomers without βCD and Ad. When the 
equivalents of βCD and Ad were the same, they show lower 
healing efficiency due to the unintended formation of 
interlocked structures with movable cross-links. Conversely, 
excess Ad units suppress the formation of movable cross-links 
and aid in the reformation of reversible cross-links to achieve 
effective molecular adhesion.  The stress relaxation tests 
support that an excess amount of Ad units improve the 
reformation and exchange of reversible cross-links. A structural 
study using SAXS reveals that many Ad units also improve the 
mixability of PDMS and acrylate polymers to effectively reform 
reversible cross-links and increase the healing efficiency.  These 
findings provide insight into a design strategy for improving the 
mixability and self-healing properties of organic‒inorganic 
materials to extend their lifetimes, thereby extending the 
applicability of PDMS-based composites.  We believe that these 
design strategies are applied to the filler–composite interface, 
fiber-reinforced plastic, and stimuli-responsive adhesion.

Table 2. Domain spacing (d) values of the phase-separated structures in PDMS-
CD/P(EA-Ad) (x) (x = 1, 2, and 5), PDMS-CD/PEA, PDMS/P(EA-Ad) (5), and PDMS/PEA.

d / nm

PDMS-CD/P(EA-Ad) (1) 16.2

PDMS-CD/P(EA-Ad) (2) 15.0

PDMS-CD/P(EA-Ad) (5) 14.5

PDMS-CD/PEA 15.6

PDMS/P(EA-Ad) (5) 16.4

PDMS/PEA 17.9
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