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Abstract To clarify the influence of molecular weight of si-
loxane macromonomer on phase separation morphology, ox-
ygen permeability, and mechanical properties, silicone
hydrogels were prepared by copolymerizing mixtures of
methacrylate-terminated siloxane macromonomer (MTSM),
silicon-containing monomers tris(trimethylsiloxy)-3-
methacryloxpropylsilane, and three hydrophilic monomers
N,N-dimethylacrylamide, N-vinylpyrrolidone, and hydroxy-
propyl methacrylate. The number of Si–O–Si repeating units
was equal in every silicone hydrogel while the molecular
weight of MTSM ranged from 1000 to 10000 g/mol. The
oxygen permeability coefficient (Dk), equilibrium water con-
tent (EWC), light transmittance, mechanical properties, and
internal morphologies of obtained silicone hydrogels were
characterized, and their relationships were discussed in detail.
The results showed that the Dk value increased first and then
decreased with the chain length of MTSM increasing. The
EWC presented an increasing trend and the light transmittance
decreased with the increase of MTSM chain length. The elon-
gation increased while the modulus and the tensile strengths of
the silicone hydrogels decreased along with the MTSM mo-
lecular weight increasing. The internal morphologies of the
silicone hydrogels were observed by transmission electron
microscope. The results indicated that the silicone hydrogels
presented different phase separation structures depending on
the molecular chain length ofMTSM. The continuous silicone

phase formed and made significant contributions to high Dk
value as the molecular chain length of MTSM was moderate.
Besides, a model was proposed to explain the effect mecha-
nism of the MTSM chain length on the oxygen permeability
and the EWC. This work provided a facile method to prepar-
ing the silicone hydrogel materials with desirable water ab-
sorption and high oxygen permeability by adjusting the mo-
lecular weight of macromonomers.
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Introduction

Hydrogel has been widely used as a biomedical material due
to its good biocompatibility [1, 2], robust mechanical property
[3], impressive hydrophilic properties [4], and gas permeabil-
ity [5, 6]. Among these properties, gas permeability is an
important index that determines the wearing time and comfort
of biomaterials such as contact lenses. Unfortunately, the
highest oxygen permeability of conventional hydrogel is only
about 40 barrer [7], which limits its application in many fields
[8–10]. Silicone has been reported as a high gas-permeable
material because of its loose structure [11]. The empty d-
orbital of the Si atom in silicone polymers leads to good af-
finity with oxygen [12]. Many previous works focused on
modifying hydrophilic hydrogel with gas-permeable silicone
to obtain silicone hydrogels [13, 14], which were widely ap-
plied to contact lenses [15, 16], histological engineering ma-
terials [17–19], drug-delivery carriers [20, 21], etc.

In order to improve the oxygen permeability coefficient
(Dk), silicon-containing monomers have been widely
copolymerized with hydrophilic monomers to prepare silicone
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hydrogels. The copolymeric silicone hydrogels with little
s i l i c o n - c o n t a i n i n g m o n o m e r s i n c l u d i n g
bis(trimethylsilyloxy)methylsilylpropylglycerolmethacrylate
(SiMA) [12], tris(trimethylsiloxy)-3-methacryloxpropylsilane
(TRIS) [22], and γ-methacryloxypropyltrimethoxysilane
(KH-570) [23] have been extensively researched.
Structurally diverse silicon-containing monomers attribute to
different internal morphologies of silicone hydrogels, which
has a significant impact on oxygen permeability. Zhao et al.
[22] found that the silicone phase of SiMA and TRIS was of
granular and fibrous textures, respectively. The latter contrib-
uted to the higher oxygen permeability. Although the little
silicone-containing monomers can improve the Dk value,
many studies revealed that the improvement of oxygen per-
meability was limited [22]. The Dk reported by Zhao et al. was
only 29.6 (10−11 cm2/s) when the TRIS content was 30% (1
barrer = 1 × 10−11 cm3 (STP) cm/cm2 s−1 mmHg). The re-
stricted enhanced ability should be attributed to the low mo-
lecular weight and the small molecular structure of monomers.

Another strategy is introducing silicone compounds with
long Si–O–Si chains such as polydimethylsiloxane (PDMS)
into the polymer backbone. The high oxygen-permeable sili-
cone hydrogels have been obtained by copolymerizing
PDMS-containing macromonomers with hydrophilic mono-
mers [24]. Previous researches indicated that the oxygen per-
meability of silicone hydrogels was related to the silicon
monomer content. The higher Dk value of silicone hydrogels
can be obtained by increasing the content of the PDMS-
containing macromonomer. The Dk values of silicone
hydrogels made by Lin et al. were 92 barrer with 80%
PDMS and that increased to 110 barrer with 92.3% PDMS
[8]. Lamberti et al. [25] found that the gas permeability could
be regulated by PDMS composition and the value improved
apparently when the ratio of oligomer to crosslinker increased.
Yokota et al. [26] also reported that the oxygen permeability
could be enhanced with the chain length of silicone
macromers increasing. These studies all prove that more Si–
O–Si repeating units in silicone hydrogels lead to the higher
oxygen permeability. However, if the number of Si–O–Si re-
peating units is controlled constant, the effect of the molecular
structure, especially the chain length of macromonomer, on
the properties of silicone hydrogels is still unknown.

In this work, a series of silicone hydrogels were prepared to
study the influence of siloxane chain length on the phase sep-
aration morphology, the oxygen permeability, and the me-
chanical properties. The Dk value and the phase separation
texture were explored by a coulometric oxygen permeation
apparatus and a transmission electron microscope (TEM), re-
spectively. Furthermore, the relationships between the chain
length of PDMS-containing macromonomers and the internal
morphology, oxygen permeability, equilibrium water content
(EWC), and mechanical properties of silicone hydrogels were
discussed, and a model was proposed to explain the

mechanism in detail. This work provided a facile method to
preparing hydrogel materials with moderate water absorption
and high oxygen permeability by adjusting the molecular
weight of macromonomers.

Experimental section

Materials

Bis hydroxy-terminated polydimethylsiloxane (HO-PDMS-
OH) was purchased from TECH Polymer Copolymer. The
molecular weights were 1000 g/mol (1 K), 2000 g/mol
(2 K), 4000 g/mol (4 K), 5000 g/mol (5 K), 8000 g/mol
(8 K), and 10,000 g/mol (10 K), respectively. 2-
Isocyanatoethyl methacrylate (IEM) was bought from
GINRAY. Tris(trimethylsiloxy)-3-methacryloxypropylsilane
(TRIS) was obtained from TCI. N,N-dimethylacrylamide
(DMA) was purchased from Adams Reagent Copolymer. N-
Vinylpyrrolidone (NVP), hydroxypropyl methacrylate
(HPMA), ethylene glycol dimethacrylate (EGDMA), 2-
hydroxy-2-methylbenzene acetone (D-1173), and dibutyltin
dilaurate (DBTDL) were obtained from Aladdin Industrial
Copolymer. Dichloromethane (DCM), petroleum ether (PE),
and isopropanol (IPA) were brought from Sinopharm
Chemical Reagent Copolymer. All of these materials were
used without further purification.

Synthesis of methacrylate-terminated siloxane
macromonomer

Methacrylate-terminated siloxane macromonomer (MTSM)
was synthesized with HO-PDMS-OH and IEM according to
Peng’s method [27]. The molar ratio of HO-PDMS-OH to
IEM was 1:2. DCM and DBTDL were used as solvent and
catalyst, respectively. The mixture was stirred at 35 °C for
24 h to ensure a complete reaction. In order to purify products,
PE was added to the mixture as extraction agent to remove the
catalyst and the unreacted monomers. Then, MTSM was ob-
tained by evaporating under reduced pressure with a rotary
evaporator. The structure of MTSM is shown in Fig. 1, which
also includes all the structures of monomers, crosslinker, and
photoinitiator used in this work.

Preparation of silicone hydrogels

To manufacture multicomponent silicone hydrogels, the
monomers MTSM, TRIS, NVP, HPMA, and DMA were
added sequentially to a beaker. Then, the photoinitiator
D-1173, the crosslinker EGDMA, and the solvent IPA were
added into the mixture and stirred for 6 h at room temperature.
Afterwards, the mixture was transferred into the double stack
polypropylene molds, followed by exposure under ultraviolet
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light (360 nm) at 13 mW/cm2 for 45 min to obtain multicom-
ponent copolymer membranes. Finally, the obtained mem-
branes were hydrated in distilled water to form transparent
silicone hydrogels. The copolymerization formulations are
listed in Table 1. The amounts of EGDMA and D-1173 were
both 0.5 wt%. The silicone hydrogel samples made byMTSM
with 1K, 2K, 4K, 5K, 8K, and 10K molecular weight are
labeled as S-1K, S-2K, S-4K, S-5K, S-8K, and S-10K,
respectively.

Characterization

Oxygen permeability coefficient The Dk value of silicone
hydrogels was measured by a coulometric oxygen permeation
apparatus (Labthink i-Oxtra 7600 Oxygen Transmission Rate
Tester). Film samples were masked with aluminum foil masks
leaving a circular uncovered film area. Pure oxygen gas was
flowing on one side of the film, and nitrogen gas was on the
other side. Nitrogen gas was conducted to the coulometric
sensor, and the value of Dk/t (t was the thickness of mem-
brane) was obtained when the steady state was reached. To get
the Dk value of oxygen permeability, Dk/t was multiplied by
the thickness of the film.

Phase separationmorphologyThe phase separationmorphol-
ogy and the elemental composition were characterized by a
transmission electron microscope (TEM) (JEM-2100) and a
scanning electron microscope (SEM)/energy-dispersive spec-
trometer (EDS) (FEI Inspect F50). For preparing samples of
TEM, silicone hydrogel membranes were immersed into the
liquid nitrogen for 20 min, followed by grounding into powder
rapidly. Then, the powder was dispersed in distilled water. TEM
samples were prepared by putting a drop of the mixture onto the
copper grids and drying under an infrared lamp. For preparing
samples of SEM/EDS, the swollen membranes were dried in a
vacuum drying oven at 90 °C for 12 h. Then, the membranes
were glued to the conductive tapes and coated with gold.

Transmittance measurements The transmittance spectra of
silicone hydrogels were recorded by a UV-Vis spectrophotom-
eter (UV-2550). Both dry and swollen membranes were cut
into rectangle shape pieces. The cuvettes were filled with dis-
tilled water for swollen samples while empty for dry ones. The
wavelength coverage was from 280 to 780 nm for all samples.

Water content Free and bound water contents of silicone
hydrogels were carried out on a differential scanning calorim-
etry (DSC) instrument (NETZSCHDSC 204F1). For preparing
samples of DSC, water on the surface of saturated samples was
wiped by absorbent tissue lightly. Then, a piece of membrane
was put into a sealed aluminum crucible promptly. The samples
were measured under nitrogen atmosphere ranging from −20 to
10 °C with the flow velocity of 40 mL/min and the heating rate
of 0.5 K/min. For the EWC test, the membrane was hydrated in
water for 24 h firstly. The weight of swollen membranes was
measured asWs after absorbing the water on the surface lightly.
Then, the membranes were dried with a vacuum oven at 90 °C
overnight. The weight of dry membranes was measured asWd.
The EWC was calculated by Eq. (1).

EWC ¼ Ws−Wd

Ws
� 100% ð1Þ

Mechanical propertiesMechanical properties were conduct-
ed on an electronic tensile testing machine (PC-XLW(L)).
Samples were cut into the shape of circle with the diameter

Fig. 1 Chemical structures of monomers, crosslinker, and photoinitiator

Table 1 Copolymerization
formulations for silicone
hydrogels with different
molecular weight of MTSM

Sample MTSM (wt%) TRIS (wt%) NVP (wt%) HPMA (wt%) DMA (wt%) IPA (wt%)

S-1K 30 ± 0.1 22 ± 0.1 12 ± 0.1 17 ± 0.1 6 ± 0.1 13 ± 0.1

S-2K 30 ± 0.1 22 ± 0.1 12 ± 0.1 17 ± 0.1 6 ± 0.1 13 ± 0.1

S-4K 30 ± 0.1 22 ± 0.1 12 ± 0.1 17 ± 0.1 6 ± 0.1 13 ± 0.1

S-5K 30 ± 0.1 22 ± 0.1 12 ± 0.1 17 ± 0.1 6 ± 0.1 13 ± 0.1

S-8K 30 ± 0.1 22 ± 0.1 12 ± 0.1 17 ± 0.1 6 ± 0.1 13 ± 0.1

S-10K 30 ± 0.1 22 ± 0.1 12 ± 0.1 17 ± 0.1 6 ± 0.1 13 ± 0.1
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of 2 cm and the thickness of 0.3 mm. Both dry and swollen
samples were measured with a crosshead speed of 50 mm/min
at 25 °C.

Results and discussion

In this work, the molecular weight of methacrylate terminal
groups is tiny and negligible comparedwith that of the PDMS.
Moreover, the effect of the methacrylate terminal groups on
the Dk value is also little enough to be ignored. Therefore, the
sameweight ofMTSM in the formula can be considered as the
same number of Si–O–Si repeating units. A series of silicone
hydrogels with the same weight of every monomer were suc-
cessfully prepared, to clarify the influence of the molecular
weight of a siloxane macromonomer on the properties of sil-
icone hydrogels. The specific results of the oxygen permeabil-
ity, the water content, and the mechanical properties are
shown in Tables 2 and 3.

Oxygen permeability of silicone hydrogels

Figure 2 shows the relationship between the Dk value of sil-
icone hydrogels and the molecular weight of MTSM accord-
ing to Table 2. With the MTSM molecular weight increasing
from 1K to 5K, the Dk values increased sharply from 83 barrer
to the maximum value of 243 barrer. After that, the Dk values
dropped to 129 and 136 barrer when the molecular weights of
MTSM were 8K and 10K, respectively.

Oxygen permeation (P) through a medium is a two-step
process. Firstly, the oxygen molecules dissolve in the medium
and get equilibration according to the solution coefficient (S).
Secondly, oxygen molecules diffuse throughout the medium
according to the diffusion coefficient (D) [28]. The solution–
diffusion model P = D × S was employed in many works to
simulate oxygen permeation through silicone hydrogels. With
the certain temperature and pressure, gas solubility is general-
ly affected by the polarity and crystallinity of polymers [29].
In this work, the hydrophilic monomers and Si–O–Si chain
contents for every sample were equal, thereby giving all sili-
cone hydrogel samples the same polarity. Besides, the

multicomponent silicone hydrogels obtained were noncrystal-
line. Accordingly, the solubility of oxygen in the samples can
be considered equal, and the different Dk values of the sili-
cone hydrogels are mainly caused by the diffusion coefficient.
Diffusion is mostly dependent on the free volume [29] and the
morphology structure of polymers [22]. Due to the same sili-
con and hydrophilic monomer content for the samples, the
total free volume and its influence on diffusion were equiva-
lent. Therefore, it can be presumed that the different diffusion
of silicone hydrogels attributes to their morphology structures.

Internal morphology of silicone hydrogels

Figure 3 shows the internal morphologies of silicone hydrogels
characterized by TEM. It can be clearly seen that silicone
hydrogels presented phase separation structures where the sili-
cone phase had a granular texture. The silicone phase in the
images was presented as darker grains because silicon was the
biggest atom with the highest electronic contrast in the multi-
component hydrogels. When the molecular weight of MTSM
was 1K g/mol (Fig. 3a), only a few silicone granules were
observed and the diameter was less than 50 nm. When the
molecular weight of MTSM was 2K g/mol (Fig. 3b), the sili-
cone granules turned darker and denser, but the diameter was
similar with that of Fig. 3a.When theMTSMmolecular weight
reached 4K and 5K g/mol, as shown in Fig. 3c, d, respectively,
the silicone grains became dense enough to form a continuous
phase. However, with the MTSM molecular weight increasing
to 8K and 10K g/mol, the silicone phases turned into deep
black areas with large size, which led to the macroscopic phase
separation, as shown in Fig. 3e, f.

In order to further verify the TEM result, elemental composi-
tions of samples S-1K, S-4K, and S-10K as representatives were
measured by EDS. The red dots represented carbon atom, green
ones represented oxygen atom, and blue ones represented silicon
atom. Almost the same amount of red dots shown in Fig. 3 (a’,
c’, and f’) confirmed the same number of Si–O–Si repeating
units in these silicone hydrogels. However, the distributions of
silicon elements were obviously different. In sample S-1K, the
silicon element was nearly homogeneously dispersed (Fig. 3
(a’)). With the MTSM molecular weight increasing, the silicon
elements began to gather in sample S-4K (Fig. 3 (c’)) to form the
microphase separation structure. When the molecular weight of
MTSM was 10K g/mol (Fig. 3 (f’)), the silicon elements pre-
sented obviously aggregation, indicating the formation of mac-
roscopic phase separation, which coincided with the TEM result.

Oxygen permeation is contributed by both the silicone phase
and the hydrogel phase in silicone hydrogels. Oxygen perme-
ation is mainly via the hydrogel phase when the silicone phase is
dispersive. Since the oxygen transportation ability of the hydro-
gel phase was much worse than that of the silicon phase, the Dk
value of silicone hydrogels was only 83 barrer in sample S-1K
with a discontinuous silicone phase (Fig. 2). With the MTSM

Table 2 Properties of silicone hydrogels

Sample Dk (barrer) EWC (%) Wf (%) Wb (%)

S-1K 83 ± 4 16 ± 0.6 – –

S-2K 127 ± 5 20 ± 0.4 88 ± 2.4 12 ± 2.0

S-4K 209 ± 6 21 ± 0.3 87 ± 1.9 13 ± 2.8

S-5K 243 ± 5 23 ± 0.3 77 ± 1.8 23 ± 1.5

S-8K 129 ± 6 24 ± 0.5 55 ± 2.0 45 ± 2.5

S-10K 136 ± 4 25 ± 0.3 40 ± 3.5 60 ± 3.0

Wf free water content, Wb bound water content
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molecular weight increasing, the continuous silicone phase was
gradually formed and resulted in a rapid increase of the Dk
value. However, with the further increase of MTSM molecular
weight, the macroscopic phase separation appeared in silicone
hydrogels, which destroyed the continuous structure of the sili-
cone phase and caused the decline of oxygen permeability.

Light transmittance

Light transmittance is another approach to reflect the internal
morphology of silicone hydrogels. Figure 4 shows the light
transmittance of the silicone hydrogel samples both in dry and
swollen states. It can be seen in Fig. 4a that samples S-1K and
S-2K were optically clear with transmittance both above 90%
in dry state. Samples S-4K and S-5K remained transparent,
and the transmittance values were around 80%. However, the
transparency of samples S-8K and S-10K decreased to below
70%. The transmittance of swollen silicone hydrogels also
presented a downward trend, as shown in Fig. 4b.

The light transmittance is related to the size of separated phase
in the multicomponent materials [30]. The diameter of the sili-
cone granule in samples S-1K and S-2Kwere much less than the
wavelength of visible light, which is about 400 nm [31], so these
two samples were transparent within the range of wavelengths
from 280 to 780 nm. Although the size of the single silicone
phase granule in samples S-4K and S-5K is also less than
400 nm, the interconnection of granules resulted in a larger

silicone phase and a decline of transmittance. The single silicone
bulk in samples S-8K and S-10K was big enough to cause light
scattering; as a consequence, several silicone bulks brought
about opaque and the lowest transmittance values. The decrease
of transmittance indicated the gradually obvious phase separa-
tion, and this result corresponded with TEM and EDS data.

The mechanism of oxygen transferring through silicone
hydrogels

Based on the internal morphology structures characterized by
TEM, EDS, and light transmittance, a model is proposed as
shown in Fig. 5 to explain the effect of the MTSM molecular
weight on the oxygen permeability of silicone hydrogels. The
phase separation structure of multicomponent copolymer ma-
terials is influenced by the compatibility of polymerized mono-
mers. Short MTSM molecular chains and hydrophilic mono-
mers are well compatible to form random copolymers. Under
this situation, only a few short silicon chains assemble to small
uniformly distributed silicone phase granules. There are no
continuous paths for penetrant gas molecules, as shown in
Fig. 5a, resulting in the low oxygen permeability of silicone
hydrogels.With themolecular weight ofMTSM increasing, the
worse compatibility between hydrophilic monomers and
MTSM facilitates more silicone chains to assemble together.
The silicone hydrogels will obtain a significant oxygen perme-
ability improvement once the silicone phase is continuous, be-
cause it provides a nonblocking channel for oxygen transpor-
tation, as shown in Fig. 5b. As the molecular weight of MTSM
further increases, the obtained silicone hydrogels turn into seg-
mented copolymers with two separated phases. Although the
separated silicone phases appear to be large bulks and offer
more free volume for oxygen, there are no continuous channel
to expedite the diffusion and the oxygen permeation returns
back to a lower value, as indicated in Fig. 5c.

Water content of silicone hydrogels

Except for the morphology structure, the water content of
silicone hydrogels also has an impact on the oxygen perme-
ability, although the difference of water content in the samples

Table 3 Mechanical properties
of silicone hydrogels Sample Elongation (%) Modulus (MPa) Tensile strength (MPa)

Dry Swollen Dry Swollen Dry Swollen

S-1K 115 ± 10 231 ± 12 189 ± 7 57 ± 8 22 ± 0.6 18 ± 0.8

S-2K 209 ± 12 254 ± 11 123 ± 8 49 ± 7 21 ± 0.5 12 ± 0.8

S-4K 219 ± 14 294 ± 10 98 ± 8 32 ± 9 19 ± 0.5 10 ± 0.9

S-5K 268 ± 13 310 ± 10 49 ± 9 28 ± 6 18 ± 0.5 10 ± 0.6

S-8K 280 ± 10 370 ± 12 41 ± 9 18 ± 5 17 ± 0.8 6 ± 0.8

S-10K 329 ± 9 398 ± 11 39 ± 6 12 ± 7 13 ± 0.5 4 ± 0.7

Fig. 2 Influence of MTSM molecular weight on the Dk value
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is delicate and it is not the determining factor for the final Dk
value. The equilibrium water content along with free and
bound water contents was measured to investigate their re-
spective relations with the oxygen permeability, and the re-
sults are shown in Fig. 6. Figure 6a presents the melting curves
of water in swollen silicone hydrogels characterized by DSC.
It can be clearly seen that every sample had both sharp and
broad water melting peaks overlapping together, except for
sample S-1K. The sharp peaks at about −0.3 °C ascribed to
bound water, and the broad peaks around 0.4 °C attributed to
free water. These results coincide with that reported by Ping
et al. [32]. Figure 6b shows the EWC as well as the free and
bound water contents of silicone hydrogels. The EWC was
calculated by Eq. (1). The free and bound water contents were
calculated by fitting peaks in Fig. 6a with a Gaussian peak
type. With the MTSM chain length increasing, the EWC of
silicone hydrogels increased. At the same time, the percentage
of free water in these silicone hydrogels decreased while the
percentage of bound water increased. The EWC of sample
S-1K was not enough for DSC to detect two peaks.

Akon et al. [33] reported that the oxygen diffusion coeffi-
cient in bound water is lower than that of free water, while the

solubility of oxygen in bound water is higher than that of free
water. The free water content plays a more important role on
both hydrogel phase and silicone phase. For hydrogel phase,
higher free water content can increase the diffusion coefficient,
because free water carries more oxygen molecule through the
medium [34]. But for silicone phase, higher free water plays a
negative effect because it reduces the Si affinity sites available
to oxygen sorption and restrains the oxygen permeability in the
silicone phase [12]. In the silicone hydrogels, the diffusion
coefficient of the silicone phase is much larger than that of
the hydrogel phase, and the inhibiting effect of the free water
on the silicone phase is greater than the enhanced effect on the
hydrogel phase. Accordingly, although the free water content
presented a decreasing trend, the Dk value increased with the
chain length of MTSM increasing from 1K to 5K.

The free and bound water contents are also related to the
morphology of silicone hydrogels, as shown in Fig. 5d, e of
the proposed model. Figure 5d is a partially enlarged drawing
of Fig. 5a. Figure 5e is a partially enlarged drawing of Fig. 5b,
c. In Fig. 5d, the high hydrophobic and short flexible Si–O–Si
chains copolymerized with the hydrophilic chains loosen the
obtained silicone hydrogel network. For one thing, the loose

Fig. 3 TEM and EDS images of silicone hydrogels with different MTSMmolecular weight. a–f TEM images. a S-1K, b S-2K, c S-4K, d S-5K, e S-8K,
f S-10K. Scale bar = 200 nm. a’ EDS of S-1K, c’ EDS of S-5K, f ’ EDS of S-10K. Red dots: carbon, green dots: oxygen, blue dots: silicon

Fig. 4 Transmittance of silicone
hydrogels from 280 to 780 nm in
a dry and b swollen states
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network disperses the hydrophilic groups so as to reduce the
interaction force between hydrophilic groups and water mol-
ecules. For the other, the loose network is favorable for water
to transfer freely. As a result, the EWC of silicone hydrogels is
low and the free water content is more than that of bound
water, as shown in Fig. 6b. With the MTSM chain length
increasing, the siloxane chains and the hydrophilic monomers
respectively gather together and form separated phases. The

pure separated hydrogel phase is more compact and the gath-
ering hydrophilic groups have stronger interaction force with
water molecules, leading to the higher EWC and bound water
content, as shown in Figs. 5e and 6b.

Mechanical properties of silicone hydrogels

During the characterization procedure, it was found that the
mechanical properties of multicomponent silicone hydrogels
varied with the Si–O–Si chain length, and the proposed model
provides a good explanation for the mechanism of mechanical
properties as well. Figure 7a shows the relationship between
the elongation of silicone hydrogels and theMTSMmolecular
weight. Both in dry and swollen states, the elongation of sil-
icone hydrogels increased along with MTSM molecular
weight increasing. The elongation at break was 231% in swol-
len state and 115% in dry state of sample S-1K. The values
rose to 398% (swollen state) and 329% (dry state) when the
molecular weight of MTSM increased to 10K g/mol. Silicone
has higher mobility and better elastic property than hydrogel
[35, 36]. When the random copolymers are obtained, the elon-
gations are relatively short because the Si–O–Si chains are
intermittent and the mechanical properties mainly depend on
hydrogel. When the silicone chain length is long enough to
form segmented copolymers, the mobility of silicone phases
leads to increased elongation.

The modulus of both dry and swollen silicone hydrogels
decreased withMTSMmolecular weight increasing, as shown
in Fig. 7b. The modulus of sample S-1K in dry and swollen
states was 189 and 57 MPa, respectively. The values de-
creased to 39 MPa (dry state) and 12 MPa (swollen state) as
the molecular weight increased to 10K g/mol. The descent
amplitude of dry samples was larger than that of swollen ones.
In Fig. 7c, the tensile strengths of silicone hydrogels also
decreased as the MTSM molecular weight increased.
According to previous research, the hydrogel phase is the hard

Fig. 5 Internal morphology
model for silicone hydrogels. a–c
Internal morphology of silicone
hydrogels with the molecular
weight increasing. d Partial
enlarged drawings of a. e Partial
enlarged drawings of b and c

Fig. 6 Water content of silicone hydrogels. a DSC curves of silicone
hydrogels. b EWC, free water content, and bound water content of
silicone hydrogels
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segment and the silicone phase is the soft segment in multi-
component silicone hydrogels [8, 37]. Therefore, when the
silicone phase is discontinuous, the tensile strength and
Young’s modulus mainly depend on the hydrogel phase and
result in higher values. With the MTSM molecular weight
increasing, the long Si–O–Si chains gradually form a contin-
uous silicone phase and primarily determine the tensile
strength and Young’s modulus to downtrend.

Conclusions

In this work, silicone hydrogels were prepared by
copolymerizing two silicon-containing monomers MTSM and

TRIS with three hydrophilic monomers DMA, NVP, and
HPMA. The Dk, EWC, light transmittance, mechanical proper-
ties, and internal morphologies of obtained silicone hydrogels
were measured, and their relationships were discussed in detail.
The results showed that the Dk value increased first and then
decreased with the chain length ofMTSM increasing. The EWC
presented an increasing trend, and light transmittance decreased
with the increase in MTSM chain length. The elongation in-
creased while the modulus and the tensile strengths of silicone
hydrogels decreased along with MTSM molecular weight in-
creasing. The TEM, EDS, and transmittance results revealed that
the phase separation structure gradually formed as the MTSM
chain length increased, and the morphology of the silicone phase
played an important role in oxygen permeation and the EWC.
Besides, a model was proposed to explain the effect mechanism
of the MTSM chain length on the oxygen permeability and the
EWC. These results will help us to design silicone hydrogels
with better properties and wider application in contact lenses.
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