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Abstract - Through ultrasonic-assisted oscillatory dispersion of polyethylene glycol (PEG) and 
radical polymerization, methyl methacrylate (MMA) is homopolymerized and crosslinked, i.e. 
poly(methyl methacrylate)/poly(ethylene glycol) semi-interpenetrating networks (PMMA/PEG 
semi-IPNs) were prepared. The swelling behaviours of the semi-IPNs increase with PEG contents 
increasing, and decrease with PEG chain length and cross-linker contents increasing. In the semi-
IPNs, PEG crystals still exist, that is, PMMA/PEG semi-IPNs are semicrystalline polymers. The 
effects of PEG average molecular weights and content, and cross-linker contents on the thermal 
behaviour of the semi-IPNs, are evaluated by the dynamic mechanical analyses (DMA) and the 
thermogravimetric analysis (TGA). With PEG contents increasing and the average molecular 
weights of PEG decreasing, the dynamic mechanical properties and thermal stability of the semi-
IPNs displays a decline trend. 
 
Keywords: Poly(methyl methacrylate)/Poly(ethylene glycol) semi-interpenetrating networks, 
Swelling behaviours, Dynamic mechanical properties, Thermal stability. 

1. Introduction  
 
PMMA is a widely used polymer material and is 

famous for its organic glass name. Due to its 

excellent cost performance, good mechanical 

properties and dimensional stability, it is widely 

used in commerce and industry, for example 

inorganic transparent glass replacements. On the 

other hand, because there is no taste, tissue stimuli 

and toxicity, along with insolubility in body fluids [1-

3], PMMA displays a good prospect in biomedical 

applications such as denture bases [4, 5]. At the same 

time, PMMA can withstand load and elastic 

deformation, and can be applied to load-bearing 

components. In order to content the continuous 

demand for its performance improvement, various 

methods are usually used to modify PMMA to 

improve its performance, such as mechanical 

properties, thermal stability, etc., to meet the 

application requirements. Among them, adding 

various reinforcing agents to PMMA matrix to form 

composite materials is a common method, such as 

glass fiber, Kevlar fiber and titanium [6-8]. During 

recent years, in order to improve its comprehensive 

properties, incorporations of nanofillers to PMMA, 

such as multi-walled carbon nanotubes, SnO2, etc., 

namely PMMA-based nanocomposites, have been 

highly explored [9-12]. 

In fact, PMMA modification by blending is still its 
commonly used, economical and convenient 
modifying methods. Another advantage of preparing 
PMMA blends is that they can be produced using 
existing equipment, thus reducing costs. Linear 
PMMA/ linear PEO (poly(ethylene oxide)) blends 
have been widely researched in the last decades,  
especially for their electrical properties and 
component mobility [13-17]; when PEO content is 
between 10 wt % and 30 wt %, linear PMMA and 
linear PEO are miscible and they are completely 
amorphous[17]. There are few researches on PMMA 
networks/linear PEO blends, which exhibit phase 
separation [18-20].  

In this article, the design of PMMA/PEG semi-
IPNs is used to modify PMMA. It is well known that 
PEG is the most extensively used biocompatible 
polymer. By introducing linear PEG into PMMA 
networks, PMMA/PEG semi-IPNs can be used as a 
potential biomaterial application. Therefore, it is of 
practical significance to study the swelling behavior, 
dynamic mechanical properties, and thermal 
properties of the semi-IPNs. To date, there have been 
few reports on the dynamic mechanical and thermal 
properties of PMMA/PEG semi-IPNs. This paper 
studied the effects of the average molecular weight 
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and content of PEG, as well as the content of 
crosslinking agent, on these properties of the semi-
IPNs. 

 

2. Materials and Methods 
 
Materials. 2, 2'-azobis(isobutyronitrile) (AIBN) and 
ethylene glycol dimethacrylate (EGDMA) were used 
as a initiator and a cross-linker, separately. MMA 
was purified by vacuum distillation prior to use and 

PEG (Mn=1×103, 2×103, 4×103, 6×103, 1×104 

and 2×104) was dried at 80 ˚C by vacuum heating 
for 6 hours and they were bought from Aldrich and 
directly used.  

Synthesis of PMMA/PEG semi-IPNs. According 
to the free radical polymerization mechanism, under 
the conditions of ultrasonic and oscillating 
dispersion, MMA was mixed with PEG, and then 
homopolymerized and crosslinked, namely obtaining 
PMMA/PEG semi-IPNs. The detailed preparation 
process of the semi-IPNs is as follows: 

50.5 g of MMA, 0.5 wt% AIBN (relative to MMA, 
the same as below), 3.0-6.0 wt % EGDMA and 34-42 
wt% PEG were ultrasonically mixed in a water - bath 
 

thermostat oscillator at 40 °C for 1 hour; next, 
nitrogen was introduced into the mixtures to remove 
oxygen, and they were rapidly heated to 70 °C and 
prepolymerized for 30 minutes under a nitrogen 
atmosphere; then, the polymerization temperature 
was reduced to 55 °C and the mixtures were poured 
into the mold and continued to polymerize along 
with mechanical oscillation for 48 hours, as shown in 

Figure 1. At 85 ℃, the obtained polymer, namely 
PMMA/PEG semi-IPNs, so as to remove the 
unreacted monomer, was dried in vacuum for 48 
hours. Table 1 summarized the composition of the 
semi-IPNs. 

Characterization. The swelling behaviors were 
evaluated by calculating the swelling degree (Sd), i.e., 
water content per unit mass of the semi-IPNs, which 
is calculated as follows:  

100/)( −= wwwd DDSS
                        (1) 

where Sw is the swollen equilibrium weight of semi-
IPNs and Dw is its final dry weight without absorbed 
water. 

DMA of sample were performed at the frequency 
of 1Hz and the oscillation amplitude of 0.1mm.  

 

Figure 1: Schematic diagram of PMMA/PEG semi-IPNs preparation. 
 

Table 1. Composition of PMMA/PEG semi-IPNs. 

specimen EGDMA (wt %) 
PEG 

Mn C (wt %) 

M groups (PEG molecular weight) 

M1 5.0 1×103 36 

M2 5.0 2×103 36 

M3 5.0 4×103 36 

M4 5.0 6×103 36 

M5 5.0 1×104 36 

M6 5.0 2×104 36 

C groups (PEG content) 

C1 5.0 6×103 34 

C2 (M4) 5.0 6×103 36 

C3 5.0 6×103 38 

C4 5.0 6×103 42 

E groups  (EGDMA content) 

E1 3.0 4×103 36 

E2 4.0 4×103 36 

E3 (M3) 5.0 4×103 36 

E4 6.0 4×103 36 
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The thermal decomposition temperature was 

determined by TGA at a heating rate of 15 ˚C·min-1 
in the air. Polarized optical microscope (POM) and 
Transmission electron microscope (TEM) were used 
to research polymer crystals. 

 

3. Results and Discussion 
 

PMMA/PEG semi-IPNs have three-dimensional 

polymer networks, which can be used as potential 

biomaterials due to the biocompatibility of PMMA 

and PEG, for example, hard tissue repair. Therefore, 

it is necessary to measure Sd of the semi-IPNs to 

determine its ability to absorb fluids. 

Figure 2 demonstrates the Sd of the semi-IPNs. In 
Figure 2 (a), with the increase of molecular weight of 
blending PEG, the Sd of M groups decreases, which 
means that the hydrophilicity of the semi-IPNs 
shows a downward trend. The Sd of M6 has been 
reduced by 98%. The reason is that the larger the 
PEG molecular weight, the greater the 
hydrophobicity.  

Figure 2 (b) shows the relationship between the 
semi-IPNs Sd and PEG content. Compared with 
PMMA networks, the Sd of the semi-IPNs also 
displays growing trends with increase in PEG 
contents. The Sd of C4 is only 2.4%. Although the Sd of 
the semi-IPNs is low enough, the incorporation 
linear PEG increases the semi-IPNs swelling capacity, 
which attributes to PEG absorbing water. The Sd of 
the semi-IPNs with various EGDMA content is 
displayed in Figure. 2 (c). The more the adding 
amount of EGDMA, the less the Sd. EGDMA plays a 
role of the cross-linker. The increase in the content 
of EGDMA means that the cross-linking point in the 
polymer network increases, i.e, the relatively small 
mesh size of the PMMA networks, which hinders the 
interaction of PEG and water and decreases the Sd; 
the Sd is only 1.9%. In summary, the introduction of 
PEG has indeed improved the hydrophilicity of 
PMMA networks. By controlling the molecular 
weight of PEG, and thus the swelling degree of semi-
IPNs is controlled, which provides conditions for 
their application as biomaterials. 

 
 

Figure 2: Sd of M groups (a), C groups (b) and E groups (c) 
 
In comparison with the blends of the linear 

PMMA and linear PEG, PMMA/PEG semi-IPNs has a 
strong mechanical strength, which can be attributed 
to the fact that the latter is a thermosetting polymer 
and the former is thermoplastic, so it has a certain 
enhancement in performance. As the temperature 
varies from low to high temperatures, many 
properties of polymers, for example, mechanical 
properties, will undergo significant changes.  

DMA is a frequently used means of investigating 
polymeric thermal behavior, which can be used to 
measure the storage modulus (E’) and loss tangent 
(Tanθ) of polymers. E’ indicates the ability of a 
material to resist deformation as it changes with 
temperature. The larger E’ of a polymer, the more 
difficult it is to deform. Tanθ represents the 
magnitude of the energy loss under dynamic 
deformation.  
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Figure 3: E’ (a) and Tanθ (b) of PMMA networks and M groups semi-IPNs. 
 

Figure 3 shows E’ and Tanθ vs temperature of 
PMMA networks and M groups semi-IPNs. Pure PEG 
is too brittle to measure its DMA. From Figure 3 (a), 
the E’ of the semi-IPNs changes little at the initial 
parts (i.e, called the plateau zone) of its curves 
between 0 and 40 °C, and all the semi-IPNs’ E' is 
smaller than that of the PMMA network, which can 
be attributed to the fact that PEG is likely to act as a 

plasticizer in the semi-IPNs, and the smaller its 
molecular weight, the more obvious the plasticizing 
effect. At the same temperature, the E' of the semi-
IPNs increases with the increase of PEG length, 
which can be ascribed to the greater the molecular 
weight of PEG, the greater its entanglement with the 
PMMA network, so its rigidity increases and its E' is 
also higher.  

 

 

Figure 4: TEM diffraction photographs and POM(×200) pattern for: PEG4000 homopolymer ((a), (b)), M3 specimen 
((c),(d)) 

 
Then, with a further increase in the test 

temperature, the E' of the semi-IPNs decreases 
sharply as a result of the shift in segmented motion 
caused by the polymer glass transition, while the E' 
change of PMMA networks is relatively small; This is 
mainly due to the mixing of linear PEG and PMMA 
network, on the one hand, according to the Fox 

equation [21], because the glass transition 
temperature (Tg) of all PEGs is below 0°C, the Tg of 
PMMA/PEG semi-IPNs moves to the low 
temperature region, on the other hand, it also 
widens the glass transition zone of PMMA/PEG semi-
IPNs, that is, the temperature change range 
increases, and at the same time, the plasticizer effect 
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of PEG reduces the rigidity of PMMA/PEG semi-IPNs. 
It also makes its E' drop even more. 

Polymers are viscoelastic materials. They have 
certain properties of elastic solids and viscous 
liquids. When the polymer material is subjected to 
external forces and deformed, some of the stress is 
converted into potential energy and stored. Some 
stresses overcome intramolecular friction, are 
converted into heat and are consumed. The energy 
dissipated as heat can be measured by the Tanθ 
change in DMA. The larger the Tanθ, the greater the 
viscosity of the material, and the smaller it is, the 
greater the elasticity of the material. At the same 
time, the temperature corresponding to the 
maximum Tanθ (Tanmaxθ) peak is generally regarded 
as the Tg of the polymer. 

Compared with PMMA networks, the Tanmaxθ of 
all semi-IPNs is reduced, and a small Tanmaxθ means 
that the elastic performance of semi-IPNs exceeds 
their viscous performance, which indicates that 
PMMA networks tend to be viscous, while the semi-
IPNs tend to be elastic, as shown in Figure 3 (b), 
which again shows that PEG plays a plasticizer-like 
role. With the increase of the molecular weight of 
PEG, Tanmaxθof the semi-IPNs moves to the high 
temperature region, which is because the longer the 
chain of PEG, the closer it is entangled with the 
PMMA network, which further limits the movement 
of the polymer segment, and the unentanglement 
will require a higher temperature, so Tanmaxθ of the 
semi-IPNs moves to the high temperature.  

At the same time, the Tanmaxθ peak of the semi-
IPNs changes irregularly with the increase of PEG 
chain length, which may be due to the synergy of 
PEG plasticization (increasing elasticity) and 
molecular chain entanglement (increasing viscosity). 

PMMA networks prepared by radical 
polymerization are usually completely amorphous. 
PEG, on the other hand, is a semi-crystalline polymer, 
as shown in Figure 4 (a) and (b), and PEG shows a 
typical crystal diffraction pattern and spherical 
morphology. When PMMA is blended with semi-
crystalline PEG, as mentioned earlier, when PEG 
content is controlled within a certain range, it 
interacts with PMMA through intermolecular forces, 
so as to uniformly disperse in PMMA, forming a 
homogeneous phase, that is, they are compatible 
with each other; In this study, when PMMA network 
and PEG form semi-IPNS, because they are not 
completely compatible, the semi-IPNs contains a 
crystalline phase, as shown in Figure 4 (a) and (b), 
that is, in the semi-IPN, there are still PEG crystals. 
This is consistent with visual observation that 
PMMA/PEG semi-IPN is not completely transparent 
at room temperature. In fact, the phase separation of 
the semi-IPNs forming between PMMA networks and 
linear PEGs is often more advantageous in improving 
performance than their formation of homogeneous 
phases, which is also the reason why blend 
modification systems are often designed with 
microphase separation morphology. 

 
 

Figure 5: E’ (a) and Tanθ (b) of C groups 
 

Figure 5 (a) and (b) show the E' and Tanθ of 
group C seim-IPN, respectively. In Figure 5 (a), at 
room temperature, the initial E' of the semi-IPN 
increases with the increase of PEG content, which is 
due to the increase in PEG content, PEG and PMMA 
network are more prone to phase separation, which 
means that more PEG crystals are present in seim-
IPNs, and these PEG crystals can effectively act as the 
enhanced phase in the seim-IPNs, thereby increasing 
its rigidity, that is, viscosity. From Figure 5 (b), it can 
be observed that as the PEG content increases, the 
temperature corresponding to Tanmaxθ moves 

slightly to the low temperature region (i.e., the Tg of 
the semi-IPN decreases). This is because PEG is a 
semi-crystalline polymer, and introducing PEG into 
the PMMA network brings not only PEG crystals but 
also amorphous PEG. According to the Fox equation, 
the higher the amorphous PEG content, the lower the 
Tg of PMMA/PEG seim-IPN. At the same time, it can 
also be observed that with the increase of PEG 
content, Tanmaxθ decreases, which is also due to the 
plasticizing effect of PEG, so that PMMA/PEG seim-
IPNs change from being more viscous to being more 
elastic. 
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E’ and Tanθ of E groups semi-IPNs are displayed 
in Figure 6. Similar to the effect of PEG molecular 
weight and content on the initial E' of the semi-IPNs, 
the effect of crosslinker content change shows a 
similar trend. As the EGDMA content increases, the 
E' of the semi-IPNs also increases in Figure 6 (a). 
Higher EGDMA content means higher crosslinking 
density, which limits the movement of polymer 
segments, and at the same time, reduces the 
compatibility of PEG with the PMMA network, 
thereby facilitating the separation of their two 
phases, which can increase the viscosity, i.e. rigidity, 

of the semi-IPNs. With the increase of crosslinking 
density in the semi-IPNs, according to the free 
volume theory [22], the free volume of the semi-IPNs 
decreases, which limits the migration of the chain, 
and the rigidity of the semi-IPNs increases, and tends 
to be viscous; When the segment of the semi-IPNs 
moves, it needs to be heated to increase the free 
volume, so the temperature corresponding to the 
Tanmaxθ peak moves towards the high temperature 
region, as shown in Figure 6 (b), which means that 
the Tg of semi-IPNs rises.  

 
 

 

Figure 6: E’ (a) and Tanθ (b) of E groups. 
 

The effect of crosslinking degree on Tanmaxθ peak 
size changed irregularly, which may be the result of 
the synergy of PEG plasticization and crosslinking 
enhancement. However, compared with the Tanθ of 

the PMMA network, that of the group E semi-IPNs 
still shows a downward trend (refer to Figure 3). 

TGA thermograms of PMMA networks and C 
groups seim-IPNs are shown in Figure 7 (a).  

 

Figure 7: TGA curves and Td of C groups and PMMA networks. 

 

Figure 7: TGA curves and Td of C groups and PMMA networks 
 
Here, the temperature at which the polymer 

weight loss is 10 % is defined as the thermal 
decomposition temperature (Td). Td of 
PMMA/PEGseim-IPNs is higher than that of the 
PMMA networks, as shown in Figure 7 (b). Td of 
sample C4 is 271 ° C, which is 25 ° C higher than that 
of the PMMA network with Td of 246 ° C. This can be 
explained as: on the one hand, linear PEG can play a 
physical crosslinking role through intermolecular 
forces dispersed in the PMMA network, on the other 
hand, PEG crystals dispersed in the PMMA network 

can also play a role in physical crosslinking, which 
improves the Td of the seim-IPNs. At the same 
temperature, with the increase of PEG content, the 
thermal decomposition residue of the semi-IPNs 
gradually increases.  

The 50% weight loss of the PMMA network 
corresponds to a temperature of 301°C, while C4 is 
314°C; the thermal decomposition residue of C4 is 
70 % at 301 °C. These phenomena indicate that the 
introduction of PEG leads to increasing thermal 
stability of the seim-IPNs. 
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4. Conclusions 
 
PMMA/PEG semi-IPNs were prepared by radical 
polymerization, and swelling tests, DMA, TEM, POM 
and TGA were used to study the morphology and 

properties of the semi-IPNs. In this study，the 
swelling behavior of the semi-IPNs increase with the 
increase of PEG content, decrease with the increase 
of PEG chain length and the increase of crosslinker 
content, and the hydrophilicity of PEG undoubtedly 
increase the swelling degree of the semi-IPNs. The E' 
and Tg of the semi-IPNs increase with increasing PEG 
molecular weight, decrease with PEG content, and 
increase with the content of crosslinker. The 
introduction of PEG leads to an increase in the 
thermal stability of PMMA/PEG semi-IPNs, which 
could increase the Td of the semi-IPNs by 25°C.  In 
conclusion, PEG is introduced into the PMMA 
network to form semi-IPNs containing crystalline 
structure, which changes the PMMA network from 
viscosity to elasticity, reduces the brittleness of 
PMMA network, and improves the hydrophilicity of 
semi-IPNs, which is undoubtedly conducive to their 
application as biological materials. 

The method of designing PMMA/PEG semi-IPNs 
modified PMMA is simple and economical, and in the 
preparation process, PMMA/PEG semi-IPNs with 
different properties can be made according to actual 
requirements, which can be used as denture 
substrates or flexible wearable materials. 
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