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ABSTRACT: Poly(ethylene glycol) (PEG)/polydimethylsiloxane (PDMS)
hydrogels were synthesized by cross-linking norbornene end-functionalized
polymers with a tetrafunctional thiol using thiol−norbornene chemistry. The
swelling capacity and mechanical properties, including the Young’s modulus
(E) and fracture toughness (Gc), of the hydrogels were characterized and
quantiﬁed as a function of the volume fractions of PEG and PDMS. E and Gc
increased simultaneously with the volume fraction of PDMS. The moduli of
the hydrogels were quantitatively described and predicted as a function of the
volume fraction ratio of PEG to PDMS using the Voigt and Reuss models.
The fracture toughness was well described by the Lake−Thomas theory at
low volume fractions of PDMS. As the volume fraction of PDMS increased, PDMS not only controlled the swelling capacity of
the hydrogels but also contributed to hydrogel toughness.

■

INTRODUCTION
Hydrogels have drawn considerable attention in recent years
due to their many potential applications, including use in
contact lenses,1,2 tissue engineering,3,4 drug delivery,5 and
chemical sensing.6 Many advantages inherently exist in
hydrogels, such as high water content, large deformability
compared to metals and ceramics, and environmentally benign
components.7,8 However, most synthetic hydrogels are known
to be brittle and fragile, limiting their applications.8
Many research groups have focused on improving the
mechanical properties of synthetic hydrogels by manipulating
the network architecture.9,10 For example, Okumura and coworkers developed a novel topological gel by introducing
sliding cross-linkers into a network, largely improving the
extensibility (εmax ∼ 20).11 One of our laboratories synthesized
a gel system using a cyclic topology, which simultaneously
increased the swelling capacity and Young’s modulus, E, of
these hydrogels.12 Gong et al. developed double network (DN)
hydrogels composed of one rigid highly cross-linked networks
and one loosely cross-linked network.13 This unique network
structure provided high extensibility (εmax = 10−20) and large
fracture toughness (Gc = 100−1000 J/m2).14 Although these
novel chemistries have improved the mechanical properties of
hydrogels, they require the use of complex architectures, which
make them diﬃcult to adopt broadly.
Inspired by the toughening mechanism of ﬁlled rubber
systems,15 several research groups have introduced a novel class
of hydrogels with simple architectures, where the polymer
chains were cross-linked in the presence of particles. The ﬁrst
nanocomposite hydrogel was made by Haraguchi et al., in
which clay nanoparticles were dispersed in a poly(Nisopropylacrylamide) network.16 The resultant hydrogels
could be elastically stretched to ∼10 times their original
length.17 Similarly, Creton and co-workers developed a
© 2012 American Chemical Society

chemically cross-linked hybrid hydrogel that was synthesized
by cross-linking N,N-dimethylacrylamide in the presence of
silica nanoparticles.18 Although the addition of the silica
nanoparticles had little inﬂuence on the water capacity, it
improved E and Gc of the hydrogels simultaneously. The values
of E ranged from 25 to 170 kPa, and Gc was increased by an
order of magnitude to ∼80 J/m2. The signiﬁcant increase in
mechanical properties was due to the adsorption of the polymer
chains to the silica particles.19 In general, these examples have
shown that the incorporation of particles into a polymer
network can improve the mechanical properties and that
stronger interactions between the particles and the polymer
matrix result in a stiﬀer and tougher hydrogel. However, the
interactions between the polymer matrix and the nanoparticles
have been limited, so far, to hydrophobic and van der Waals
interactions, which are both relatively weak.
Similar to the strategy used in the nanocomposite hydrogels,
nano- or microscale polymer domains have also been
introduced into a polymer matrix using diﬀerent chemistries
to improve the mechanical properties.20,21 One method was to
take advantage of the phase separation of triblock or multiblock
copolymers, leading to physically cross-linked network.21,22
Many research groups have utilized this method to create gels
with well-deﬁned architectures, but the gels usually had weak
mechanical properties limited by the physical interactions
within the cross-links.22,23 Another approach to improve gel
properties was to attach hydrophobic components into polymer
networks. The hydrophobic components aggregated within the
hydrophilic polymer matrix, reduced the swelling capacity and
improved the mechanical strength of the hydrogels.24−26
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Figure 1. (a) Structures of norbornene end-functionalized poly(ethylene glycol) (n-PEG-n) and polydimethylsiloxane (n-PDMS-n). (b) Synthesis
and swelling of the PEG/PDMS hydrogels (PETMP = pentaerythritol tetrakis(3-mercaptopropionate); PI = photoinitiator).

Table 1. Volume Fractions of PEG, PDMS, and Total Polymer in the Preparation and Equilibrium Swollen (Hydrated) States
and Equilibrium Swelling Ratios (Q)
preparation statea

hydrated stateb

sample

name

ϕPEG,0

ϕPDMS,0

ϕ0

ϕPEG

ϕPDMS

ϕ

Q

1
2
3
4
5

PEG100PDMS0
PEG70PDMS30
PEG50PDMS50
PEG30PDMS70
PEG10PDMS90

0.084
0.069
0.059
0.043
0.020

0
0.011
0.023
0.041
0.072

0.084
0.080
0.082
0.084
0.092

0.024
0.040
0.067
0.091
0.099

0
0.007
0.027
0.088
0.36

0.024
0.047
0.093
0.18
0.46

38
20
11
5.7
2.2

a
In the preparation state, ϕ0 = ϕPEG,0 + ϕPDMS,0. bIn the hydrated state, ϕ = ϕPEG + ϕPDMS and ϕ + ϕwater = 1. The subscripts in each sample name
show the molar ratio of PEG to PDMS in the preparation state.

both polymers, resulting in networks with well-deﬁned
architectures, and the subsequent transfer to an aqueous
environment led to phase separation of the hydrophilic and
hydrophobic components. The hydrophilic PEG acted as the
network’s matrix, while the hydrophobic PDMS domains
decreased the swelling capacity while maintaining high
resilience. In this paper, we present the systematic characterization of these novel PEG/PDMS hydrogels, focusing mainly
on their mechanical properties, including the modulus and
fracture toughness, as a function of the hydrogel composition.
The initial polymer volume fraction, ϕ0, was kept constant for
all of the experiments, while the relative initial composition of
PEG, ϕPEG,0, to PDMS, ϕPDMS,0, was varied. By combining
scaling theories and the Voigt and Reuss models, the moduli of
the hydrogels were quantitatively described as a function of the
volume fraction ratio of PEG to PDMS.

Although progress has been made to improve the properties of
hydrogels using this strategy, there is no model that adequately
describes the inﬂuence of the hydrophobic components on the
mechanical properties of the hydrogels.
For swollen networks, or gels, with a single polymer
component, many classic theories are available to quantitatively
correlate their swelling and mechanical properties with the
network composition. For example, Hubbell et al. synthesized
end-linked poly(ethylene glycol)-co-peptide hydrogels using
Michael-type addition chemistry and quantiﬁed their swelling
properties using the Miller−Macosko theory combined with
Flory’s classical network models.27 Colby and co-workers
derived scaling theories to correlate the swelling ratio and
elastic modulus with the molecular weight between cross-links
and volume fraction of polymers in the swollen networks based
on Flory and Rehner’s models.28 Many research groups have
used these scaling theories to describe the mechanical
properties of swollen networks with diﬀerent chemistries.12,29
However, for gels with multiple components, the correlations
between mechanical properties and the network structures have
not been well established.
In our previous paper, we introduced a simple network
system consisting of two cross-linkable components: one
hydrophilic polymer and one hydrophobic polymer.30 Taking
advantage of the incompatibility of these two polymers, a
composite hydrogel with hydrophobic domains chemically
cross-linked into the hydrophilic polymer matrix was formed,
where the hydrophobic polymer aggregated into nano- or
microdomains. We employed poly(ethylene glycol) (PEG) and
polydimethylsiloxane (PDMS) as the hydrophilic and the
hydrophobic polymers, respectively. Both polymers were endfunctionalized with norbornene moieties, thus allowing simple,
eﬃcient photoinitiated thiol−norbornene cross-linking chemistry to be utilized to form the polymer network. Cross-linking
with a tetrafunctional thiol was performed in a good solvent for

■

EXPERIMENTAL SECTION

Hydrogel Synthesis. The norbornene end-functionalized PEG (nPEG-n) and PDMS (n-PDMS-n) were synthesized by the Mitsunobu
coupling reaction according to the procedures described previously.30
As shown in Figure 1, the desired amounts of n-PEG-n and n-PDMS-n
were dissolved in tetrahydrofuran (THF) to form a clear and
transparent solution (see Table 1 for the network compositions). The
tetrathiol cross-linker, PETMP, and photoinitiator, Irgacure 2959 (1.0
wt %), were then added to make a precursor solution, which was well
mixed and transferred to the desired mold. For all the gels, the molar
ratio of the total polymer (n-PEG-n and n-PDMS-n) to the crosslinker was 2 to 1, so the molar ratio of the norbornene to thiol groups
was 1 to 1. The precursor solution was exposed to ultraviolet (UV)
light with a wavelength of 365 nm for 30 min. The cured gel was
removed from the mold and washed with excess THF three times to
remove unreacted materials. The resulting gel was immersed in
deionized water, which was replaced daily until equilibrium swelling
was reached.
Swelling Measurements. The weight of the equilibrium-swollen
gels in water, Wswollen, was determined using an analytical balance. The
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gels were then placed in a dish, open to ambient laboratory conditions,
for 2 days, and then dried under vacuum at room temperature for an
additional 2 days. The weight of the samples after the drying process
was deﬁned as Wdry. The swelling capacity of these hydrogels was
quantiﬁed by the mass swelling ratio, Q, deﬁned in eq 1.

Q=

Wswollen
Wdry

(1)

The equilibrium water content of these hydrogels, WC, was calculated
by the equation (Wswollen− Wdry)/Wswollen.
Compression Testing. Cylindrical samples were prepared using a
modiﬁed plastic syringe (6 mL) with an inner diameter of 12.5 mm as
a mold. The aspect ratio (diameter to height) of all the samples was
kept to be ∼0.9. An Instron 4468 instrument with two parallel
compression platens and a 1 kN load cell was used for uniaxial
compression testing of the hydrogels at a compressive strain rate of 0.2
min−1. Soapy water was applied to the interfaces between the sample
and the platens in order to create a frictionless boundary condition.
Raw data were recorded as force versus displacement, which were then
converted to stress versus strain with respect to the initial sample
dimensions. The Young’s modulus was determined from the initial
slope of the linear portion (up to 10% strain) in the stress−strain
curve. True stress was calculated using the compressive force divided
by the cross-section area of the compressed sample. The extension
ratio was determined by the ratio of the sample height under
deformation to the initial height of the sample.
Fracture Measurements. Rectangular hydrogel samples were
made using a custom Teﬂon mold with a length of 3 cm and a width of
3 cm. The samples were cut in half after swelling. An arbitrary notch
with a length of 1−2 mm was created on one edge of the sample. The
sample was gripped in the Instron 4468 tensile testing instrument with
a 50 N load cell. Velcro was used to prevent slipping between the
sample and the grips. The measurements were performed at an
extension rate of 10 mm/min. Raw data were recorded as force versus
displacement, which were then converted to stress versus strain with
respect to the initial sample dimensions. Assuming a ﬁxed displacement during crack propagation, the fracture energy was determined by
the stored elastic energy, which was the area under the stress−strain
curve. Then the critical strain energy release rate, Gc, was calculated by
multiplying that area by the initial length of the sample.

Figure 2. Swelling ratio (Q) and equilibrium water content (WC) as a
function of ϕPDMS,0. Standard deviations were calculated from at least
three samples.

swelling ratio in the PEG phase linearly increased with ϕPDMS,0
(SI Figure 9). Thus, the swelling capacity of this PEG/PDMS
hydrogel system can be tuned by the ratio of ϕPEG,0 to ϕPDMS,0.
Mechanical Properties. The mechanical properties of
these equilibrium swollen PEG/PDMS hydrogels, including the
maximum strain (εmax), maximum stress (σmax), and Young’s
modulus (E), were investigated under compression. Representative curves of true stress as a function of extension ratio and
strain for the PEG/PDMS hydrogels with diﬀerent compositions are shown in Figure 3a. The strain and true stress at the
point that permanent failure occurred correspond to εmax and
σmax, indicating the compressibility and strength, respectively.
These quantities are plotted as a function of ϕPDMS,0 in Figure
3b. Interestingly, εmax maintained a constant value of more than
0.8 for ϕPDMS,0 ≤ 0.041, but it signiﬁcantly decreased when
ϕPDMS,0 = 0.072. In addition, σmax was found to increase initially
with ϕPDMS,0 and then plateaued for ϕPDMS,0 > 0.023. Thus,
among the hydrogels tested in this study, those with 0.023 ≤
ϕPDMS,0 ≤ 0.041 had the largest capacity for energy storage in
compression (U = ∫ σ dε, where U is the stored energy).
The Young’s modulus, E, under compression was determined
from the slope of the initial linear portion (up to a strain of 0.1)
of the stress−strain curve. As shown in Figure 4, with increasing
ϕPDMS,0, E also increased by almost 2 orders of magnitude, from
5.6 kPa (ϕPDMS,0 = 0) to 360 kPa (ϕPDMS,0 = 0.072). This
increase can be attributed to the decrease in water content of
the PEG/PDMS hydrogels with increasing ϕPDMS,0. However,
unlike conventional gels, where E ∼ ϕ2.25 in a good solvent and
E ∼ ϕ3 in a theta solvent,28 the modulus of the PEG/PDMS
hydrogels scaled as E ∼ ϕ1.33 (SI Figure 3). This indicates that
the conventional scaling laws are not applicable for the PEG/
PDMS hydrogels described here. A model that quantiﬁes E as a
function of ϕPDMS and ϕPEG is described later in the Discussion
section.
Fracture Properties. The fracture properties of the PEG/
PDMS hydrogels were measured in terms of the critical strain
energy release rate, Gc. The measured values of Gc are plotted
as a function of ϕPDMS,0 in Figure 5, and it can be seen that Gc
increased signiﬁcantly as ϕPDMS,0 increased. For the PEG
hydrogel (ϕPDMS,0 = 0) Gc was 7 J/m2, a value comparable to
conventional hydrogels, such as polyacrylamide (PAAm) gels
(Gc = 1−10 J/m2).31 As PDMS was incorporated into the
hydrogels, Gc increased up to 100 J/m2. This suggests that the

■

RESULTS
Gels with diﬀerent initial volume fractions of PEG (ϕPEG,0) and
PDMS (ϕPDMS,0) were prepared in THF. The total polymer
volume fraction was held constant (ϕ0 = 0.08−0.09) (Table 1),
while ϕPDMS,0 was increased from 0 to 0.072. Fixing ϕ0 allowed
us to neglect the impact of the total polymer volume fraction
and to only examine the inﬂuence of the ratio of PEG to
PDMS, especially in the context of swelling in water.
Swelling Properties. Figure 2 shows the equilibrium
swelling ratio, Q, and the equilibrium water content, WC, as a
function of ϕPDMS,0, where Q decreased from 38 to 2.2 and WC
decreased from 97% to 54% as ϕPDMS,0 increased from 0 to
0.072. Empirically, Q scaled with ϕPDMS,0 as Q ∼ ϕPDMS,0−1.18
(Supporting Information Figure 1), indicating that the
incorporation of the hydrophobic PDMS eﬀectively decreased
the water capacity of the hydrogels. This result was diﬀerent
from conventional hydrogels, where the swelling capacity scales
with the total polymer volume fraction.28 In this system,
changing ϕ0 while keeping the ratio of ϕPEG,0 to ϕPDMS,0
constant had little inﬂuence on the swelling capacity of the
hydrogels (SI Figure 2). This further suggested that, rather than
ϕ0, the ratio of ϕPEG,0 to ϕPDMS,0 determined Q in these PEG/
PDMS hydrogels. Additionally, the initial volume fraction of
the PEG and PDMS controlled the swelling capacity in the
hydrophilic phase. Assuming PDMS did not swell in water, the
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Figure 3. Mechanical properties measured by uniaxial compression testing: (a) representative curves of true stress as a function of extension ratio
and strain for the hydrogels with increasing ϕPDMS,0 (the details of the compositions are shown in Table 1); (b) the maximum strain (εmax) and
maximum true stress (σmax) plotted as a function of ϕPDMS,0. Standard deviations were calculated from at least three samples.

theoretical models are available to correlate the modulus and
fracture toughness to the polymer volume fraction, such as the
Flory−Rehner theory,32,33 the aﬃne and phantom network
models, etc.;34 however, most of these models were developed
based on swollen networks with a single polymer component.
Models that accurately describe the mechanical properties of
gels with two polymer components are still undeveloped. In
this section, we quantitatively describe how the mechanical
properties of the PEG/PDMS gels, including E and Gc,
correlate to the volume fractions of the PEG and PDMS.
Young’s Modulus. From the network structure aspect, the
PEG/PDMS gels acted as swollen networks with nano- or
microscale hydrophobic domains. This has some similarities to
a rubber matrix ﬁlled with rigid particles, the properties of
which can be described by the classic Guth−Gold model.35 In
this model, when the volume fraction of the particles, ϕparticle, is
less than 0.1, the composite modulus is related to ϕparticle as

Figure 4. Young’s modulus (E) as a function of ϕPDMS,0. Standard
deviations were calculated from at least three samples.

E = E0(1 + 2.5ϕparticle + 14.1ϕparticle 2)

(2)

where E0 is the Young’s modulus of the polymer matrix. In the
PEG/PDMS hydrogel system, ϕPDMS is deﬁned as ϕparticle and
E0 is assumed to be the Young’s modulus of the PEG gel at
ϕPDMS = 0. SI Figure 4 presents the experimental values of E for
the PEG/PDMS hydrogels as a function of ϕPDMS, and
compares E with the theoretical prediction from the Guth−
Gold model. The experimental E values were signiﬁcantly larger
than the predicted values. The diﬀerence was believed to result
from two underlying reasons. First, the model was developed to
describe systems with weak interactions between the particles
and the matrix, so it did not account for the strong covalent
interactions between the PDMS domains and the PEG-based
network. Being covalently bonded to the matrix, the PDMS
domains acted as additional cross-linking points that stiﬀened
the hydrogels. Thus, the equation underestimated the eﬀect of
the PDMS domains on E of the hydrogels. Second, the model
assumed that E0 of the polymer matrix was not aﬀected by the
addition of the particles. However, in these PEG/PDMS
hydrogels, since as ϕPDMS,0 increased, Q signiﬁcantly decreased
(Figure 2), E of the PEG-based matrix was expected to change
with ϕPDMS,0, according to the conventional scaling law E ∼
Q−2.25.28 As a result, the diﬀerence in the experimental data and
the Guth−Gold model prediction demonstrates that this PEG/

Figure 5. Critical strain energy release rate (Gc) as a function of
ϕPDMS,0. Standard deviations were calculated from at least three
samples.

addition of PDMS eﬀectively toughens the PEG hydrogels by
more than 10 times.

■

DISCUSSION
The mechanical measurements described above indicate that
the incorporation of PDMS into the PEG-based network can
eﬀectively increase E and Gc simultaneously. Many classic
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PDMS hydrogel system is fundamentally diﬀerent from the
ﬁlled hydrogels, where the particles and matrix have weaker
interactions and the addition of particles has little inﬂuence on
the swelling properties.18 Thus, a model that includes the
contributions of both the hydrophobic PDMS domains and the
hydrophilic PEG matrix is required.
To better capture the variation in modulus, the hydrogel can
be described as two interconnected phases: one water-swollen
PEG phase and one hydrophobic PDMS phase, with volume
fractions ϕPEG + ϕwater and ϕPDMS, respectively, where ϕPEG +
ϕwater + ϕPDMS = 1. This assumed that water only swelled the
PEG phase. The Voigt and Reuss models36 were employed to
analyze E of the hydrogels. These models were developed to
describe E of composites with two components in diﬀerent
arrangements, providing the upper and lower limits of E for the
composites. Equations 3a and 3b represent E as described by
the Voigt and Reuss models, respectively, where κ is deﬁned as
ϕPEG,0/ϕPDMS,0 (≈ ϕPEG/ϕPDMS, assuming the conversions of
the thiol−norbornene chemistry for the PEG and PDMS were
identical), so that Ehydrogel was dependent upon the initial
volume fractions of the gels’ components (see eqs S1−S8 for
details).

Figure 6. Young’s modulus (E) as a function of κ (= ϕPEG,0/ϕPDMS,0)
(black circles) for the PEG/PDMS hydrogels. Standard deviations
were calculated from at least three samples. Red and blue dashed lines
represent the theoretical values of E as predicted by the Voigt and
Reuss models for the hydrogels, respectively.

provided by the Voigt and Reuss models was rather small.
This diﬀerence was dependent upon E of each component in
the composite, where a large diﬀerence in E would lead to a
signiﬁcant diﬀerence between the two limits. In this PEG/
PDMS hydrogel system, E of the PDMS phase was comparable
with E of the hydrated PEG phase such that the inﬂuence of the
arrangement of the two phases is negligible (SI Figures 6 and
7). Therefore, both of the composite models described above
were able to quantify the moduli of the PEG/PDMS hydrogels
as a function of the ratio of the initial volume fractions of PEG
to PDMS.
Fracture Toughness. The Lake−Thomas theory has been
used to describe the fracture toughness of polymer networks as
Gc = NUf, where N is the degree of polymerization, U is the
bond dissociation energy, and f is the areal chain density.37 For
swollen polymer networks, f = ϕ/a2N1/2, where a is the
monomer size, derived by the scaling theory,38 so that

Voigt:
E hydrogel

⎡
⎛
⎞1.25
1
2.25
⎢
= ϕPDMS E PEG,0κ ⎜⎜
− 1⎟⎟
⎢
⎝ 1 − ϕPDMS
⎠
⎣

⎤
+ E PDMS,0 ⎥
⎥
⎦
Reuss:
1
E hydrogel

(3a)

−1
⎡ (ϕ
− 1)3.25
1 ⎤⎥
= ϕPDMS⎢ PDMS
+
2.25
⎢⎣
E PDMS,0 ⎥⎦
E PEG,0κ

(3b)

The modulus of the PDMS phase, EPDMS, was assumed to be E
of dry PDMS synthesized via the same cross-linking chemistry,
EPDMS,0, which was measured using compression testing, while
the modulus of the swollen PEG phase was determined by the
scaling law,28 as shown in eq 4. In this equation, EPEG,0 was the
modulus of PEG when the volume fraction of PEG was equal to
one. This value was calculated based on the scaling theory,
EPEG,0 ≈ EPEGϕ−2.25, where EPEG was the modulus of
equilibrium-swollen PEG when ϕPDMS = 0 and ϕPEG = 0.024
(Table 1).

Gc =

(5)

where Gc is proportional to the volume fraction of the polymer
(ϕ). For the PEG hydrogel (ϕPDMS,0 = 0), the theoretical Gc
value calculated using eq 5 (5.3 J/m2) was comparable to the
value that was determined by the fracture toughness measurement (6.9 J/m2). However, for the PEG/PDMS hydrogels, a
stronger dependence of Gc upon ϕ was observed, where Gc
scaled with the volume fraction of the total polymer by 1.21 (SI
Figure 8).
Again considering the PEG/PDMS gel as two phases (one
swollen PEG phase and one PDMS phase), as can be seen in
Table 1, the swollen PEG phase is the major component at
small ϕPDMS,0. Assuming the crack only propagated through the
major PEG phase, the experimental Gc values are plotted as a
function of the volume fraction of PEG in the PEG phase,
ϕPEG/water, along with the theoretical Gc values for the PEG
phase according to eq 5. As shown in Figure 7, for the gels with
small ϕPEG/water, the experimental values were comparable with
the Lake−Thomas theory’s prediction. This indicated that
fracture toughness of the gels was predominantly determined
by the swollen PEG phase. On the other hand, at large
ϕPEG/water, the experimental values were signiﬁcantly higher than
the prediction. Since ϕPEG/water increased with ϕPDMS,0 (SI
Figure 9), it is likely that the PDMS phase played an important

E PEG ≈ E PEG,0(ϕPEG /(ϕPEG + ϕwater ))2.25
= E PEG,0(κ /(ϕPDMS−1))2.25

N1/2U
ϕ
a2

(4)

To simplify this equation, ϕPDMS was empirically correlated to
κ, as ϕPDMS ≈ 0.078κ−1.28 (SI Figure 5). After substituting this
relationship into eq 3, Ehydrogel is described by κ as shown in
Figure 6, which plots theoretical curves of E as a function of κ
predicted by the Voigt (eq 3a) and Reuss (eq 3b) models as
well as the experimental values. The good ﬁt to the
experimental data indicates that the composite models are
able to quantitatively describe the moduli of these hydrogels.
Theoretically, the Voigt and Reuss models provide the upper
and lower limits of E of composites, respectively.36 In the PEG/
PDMS hydrogels, the diﬀerence between the two limits
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Figure 7. Fracture toughness (Gc) plotted as a function of the volume
fraction of PEG in the PEG phase (ϕPEG/water). Red dots are the
experimental values, corresponding to samples 1 to 4 from left to right;
blue line represents the theoretical values calculated using Lake−
Thomas theory.

■

role in the fracture toughness of the gels. For gels with large
ϕPDMS,0, assuming the crack propagated through the PDMS
phase, the theoretical Gc value was calculated based on the
material properties of the PDMS according to eq 5, which gave
a Gc of 22 J/m2. This value was also signiﬁcantly lower than the
experimental values at large ϕPDMS,0. This underestimation of
the Gc values can be attributed to two possibilities. First, the
Lake−Thomas theory that was applied to describe the fracture
energy of the PEG/PDMS hydrogels was limited to one phase
and did not account for the combination of the strain energy
stored in both the PEG and the PDMS phases. Second, the
strain energy stored in the PEG/PDMS hydrogels could be
nonlinearly coupled with crack propagation processes in this
multiphase system, which has also not been considered. More
network structure information is required to develop models
that could better describe the fracture toughness of these
hydrogels, and these investigations are ongoing.

■

CONCLUSION
In summary, end-linked PEG/PDMS hydrogels were successfully synthesized using simple, eﬃcient thiol−norbornene
chemistry, and the swelling and mechanical properties were
systematically characterized. By manipulating the volume
fractions of the PEG and PDMS, a large range of water
content (54%−97%) was achieved. The Young’s modulus (E)
was signiﬁcantly improved by increasing the volume fraction of
PDMS in the hydrogel, and the relationship between them was
quantitatively described by the Voigt and Reuss models.
Furthermore, increasing the volume fraction of the PDMS led
to tougher hydrogels with Gc up to 100 J/m2. This simple
hydrogel system with enhanced mechanical properties will be a
good candidate for many applications, including in the
biomedical ﬁeld and in the design of protective wear. The
structure−property relationships developed in this system will
provide useful information for the future design of swollen
networks.
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