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its application in the preparation of high-
performance PMMA by reactive extrusion†
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In this study, the mechanism of radical polymerization was further explored by pre-dissolving different

polymers and studying the kinetics of the bulk polymerization of methyl methacrylate (MMA) under

shear-free conditions. Based on the analysis of the conversion and absolute molecular weight, it was

found that, contrary to the shearing effect, the inert polymer with viscosity was the key factor to

preventing the mutual termination of radical active species and reducing the termination rate constant

kt. Therefore, pre-dissolving the polymer could increase the polymerization rate and molecular weight of

the system simultaneously, making the polymerization system enter the automatic acceleration zone

faster and greatly reducing the generation of small molecular weight polymers, leading to a narrower

molecular weight distribution. When the system entered the auto-acceleration zone, kt decreased rapidly

and greatly and entered the second steady-state polymerization stage. Then, with the increase in the

polymerization conversion, the molecular weight gradually increased, while the polymerization rate

gradually decreased. In shear-free bulk polymerization systems, kt can be minimized and radical lifetimes

maximized, but the polymerization system is at best a long-lived polymerization rather than a living

polymerization. On this basis, by using MMA to pre-dissolve ultrahigh molecular weight PMMA and

core–shell particles (CSR), the mechanical properties and heat resistance of the PMMA with pre-

dissolved polymer obtained by reactive extrusion polymerization were better than for pure PMMA

obtained under the same conditions. Compared with pure PMMA, the flexural strength and impact

strength of PMMA with pre-dissolved CSR were up to 166.2% and 230.5%. With the same quality of CSR,

the same two mechanical properties of the samples obtained by the blending method were just

improved by 29.0% and 20.4%. This was closely related to the distribution of CSR in the pre-dissolved

PMMA-CSR matrix with a distribution of spherical single particles 200–300 nm in diameter, which

enabled PMMA-CSR to exhibit a high degree of transparency. This one-step process for realizing PMMA

polymerization and high performance shows extremely high industrial application prospects.
1. Introduction

There exists a particular auto-acceleration phenomenon in
radical polymerization, with a signicant increase in the poly-
merization rate and molecular weight at the same time, called
the “Norrish–Smith1”, “Auto-acceleration”, or “Trommsdorff2”

(gel) effect. The rst widely accepted qualitative explanation was
documented by Flory,3 indicating the termination rate constant
(kt) dropped signicantly in a medium with increasing viscosity.

Viscosity plays a crucial role in radical polymerization. Pol-
ymethyl methacrylate (PMMA), polystyrene (PS), and polyvinyl
alcohol (PVVA) were pre-dissolved in methyl methacrylate
inistry of Education, School of Materials

niversity of Science and Technology,

tion (ESI) available. See DOI:

the Royal Society of Chemistry
(MMA) or St solvent to prepare a mixture of monomers with
high zero-shear viscosity by Brooks.4 Then, the kinetics were
tested and the kinetics results revealed that the polymerization
could be divided into two regions according to the viscosity, and
until reaching the high-viscosity region, kt started to reduce.
Therefore, during the initial stage of polymerization, the pre-
dissolved polymers slightly inuenced the termination rate
constant kt, and the micro-viscosity directly, controlling the
segmental diffusion and termination reaction at a low level.
O'Shaughnessy5 pointed out that the termination rates were
dominated by different short-long chain events. Long-chain
mobility was reduced because of the high bulk viscosity and
chain entanglements, while short chains provided a faster
termination mechanism despite their small numbers, and the
rate constant between a pair was determined by the short
chains. More recently, uorescent probes were introduced in
polymer science and characteristic uorescent macromolecular
compounds or molecules were formed in order to investigate
RSC Adv., 2023, 13, 7225–7236 | 7225
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the segment and chain diffusion during polymerization at
different viscosities.6,7 Also, the uorescent spectra showed that
the structural heterogeneity of the macro- and micro-radical
chains had a signicant impact on kt.

Considering the viscosity gradient effect, numerous experi-
ments have been performed to determine the critical viscosity of
the Trommsdorff effect. Dvornić8 controlled the molecular
weight of products via utilizing the chain transfer agent dodecyl
mercaptan during the suspension polymerization of MMA. The
results revealed that the Trommsdorff effect was reduced with
the increase in the chain transfer agent content. In addition,
there existed a critical viscosity when the Trommsdorff effect
happened and the value was independent of the growth chain
length. In our previous study,9,10 polymerizations were per-
formed under different shear rates, initiator concentrations,
and temperature in a concentric-cylinder kinetic apparatus. It
was concluded that 1000± 100 Pa s viscosity could be a criterion
for the occurrence of the Trommsdorff effect.

Although the Trommsdorff effect is inhibited in conven-
tional reactors as far as possible according to the characteristics
of auto-catalyzation and uncontrollability, it can be fully utilized
in reactive extrusion. Zhan and co-workers10 performed the free
radical polymerization of MMA in a short residence time and
utilized the Trommsdorff effect by adding a new monomer in
the intermediate stage (the Trommsdorff effect region, as
shown in Fig. 1b). The crucial viscosity in the occurrence of the
Trommsdorff effect can be used to determine the content of
extra added monomers. On the other hand, the conversion
curve in Fig. 1a implied another method to utilize the
Trommsdorff effect, by which polymerization was conducted
with the initial viscosity, approaching crucial viscosity, via pre-
dissolving polymers. As a result, the system would reach the
Trommsdorff effect region beforehand and the polymerization
rate would be signicantly increased.

PMMA is an important engineering plastic, with high
transparency, excellent weather resistance, and a high dielectric
constant and hardness.11–13 However, the application of PMMA
is limited because of some poor mechanical performances,
especially its impact resistance. Hence, the requirement for
Fig. 1 Schematic diagram for utilizing the Trommsdorff effect.

7226 | RSC Adv., 2023, 13, 7225–7236
strengthened PMMA is signicantly increasing in different
industrial elds, such as construction, automotive, medical
devices, lighting tools, and aerospace.14–17 Physical blending is
one of the main methods for strengthening PMMA. Adding
specic additives, like rubbers,18 nanoparticles,19,20 core–shell
particles,21,22 carbon nanotubes (CNT),23 and graphene,24,25 is
common in the physical blending method. It should be noted
that the compatibility of additives with the matrix is especially
important, and poor compatibility can not only decrease the
effectiveness of modication, but can even weaken the strength
of polymers.

Based on the above discussion, high molecular weight
PMMA (Mn = 1.2 × 106, molecular weight distribution (MWD)
z 1.2) was chosen to build pre-dissolved polymer systems and
to further strengthen PMMA. For toughening PMMA, core–shell
particles (CSR) were introduced to a pre-dissolved polymers
system. Despite CSR being widely used for toughening engi-
neering plastics like PMMA, polycarbonate (PC) and ABS, the
toughening mechanism could be attributed to shear yielding,26

crazing,27,28 rubber particles' cavities,29 and so on. However, in
reactive extrusion, a one-step method could help reduce the
costs and improve environmental protection. Also, the use of
pre-dissolved polymers systems to improve the initial viscosity
would help utilization of the available Trommsdorff effect and
improve production efficiency.

In this work, the preparation of toughened PMMA with high
performance was performed via the reactive extrusion of MMA
containing pre-dissolved polymers. First, the kinetics of the free
radical polymerization with pre-dissolved polymer was investi-
gated. Then the “critical viscosity” at which point the
Trommsdorff effect occurs during polymerization with pre-
dissolved polymer is discussed. Also, polymerization with pre-
dissolved polymer was carried out via reactive extrusion.
Finally, the reactive extrusion products with pre-dissolved
HWM-PMMA or CSR were characterized. This one-step
method for preparing strengthened PMMA could shorten
production cycles, and signicantly reduce the costs and
resource consumption, and consequently has important
industrial application prospects.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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2. Experimental section
2.1 Materials

Methyl methacrylate (MMA), analytical reagent, was provided by
China's Oil Sunup Group Co., Ltd (China). Tetrahydrofuran,
methanol, ethanol, and hydroquinone were analytical grade
and supplied by Sinopharm Chemical Reagent Co., Ltd. AIBN
analytical reagent was provided by Shanghai Ling Feng Chem-
ical Reagent Co. Ltd. (Shanghai, China). Homo-polymethyl
methacrylate (PMMA-C, VH001, Mn = 4.26 × 104, MWD =

1.61) was purchased from Mitsubishi Rayon Polymer Co., Ltd.
(Nantong, China). Highmolecular weight PMMA (HWM-PMMA,
Mn = 1.23 × 106, MWD = 1.2) was purchased from Taixing
Donchamp Acrylic Co., Ltd. (Taixing, China). Core–shell parti-
cles (CSR) were purchased from Kaneka Chemical Industry Co.,
Japan, which comprised a shell of PMMA and elastic core of
MBS. All the reagents were used as received.
2.2 Kinetic experiments of the free radical bulk
polymerization with pre-dissolved polymers

First, HWM-PMMA and PMMA-C were fully dissolved in MMA
according to set mass ratios, respectively. The mixed monomers
were poured into test tubes (about 5 ml per tube), and an
initiator (AIBN, 0.7% wt) was added to fully dissolve the
monomers, and the solution was then placed in a 40 °C water
bath for polymerization. Aer each predetermined time, a small
aliquot was pipetted from the polymer solution at the bottom of
the tube. When the viscosity of the solution was too high to be
pipetted out, the test tube was broken, and a small amount of
the viscous solution at the bottom of the test tube was taken out
as a sample. For the sample taken out, it was rst accurately
weighed, and quickly dissolved in tetrahydrofuran (THF) con-
taining the terminator, then precipitated with methanol,
ltered, and fully dried to obtain a rened polymer. Aer
accurate weighing, the polymerization conversion was calcu-
lated. Finally, the absolute molecular weight of the sample was
obtained by analysis in a waters 515 multi-detection gel
permeation chromatography (MGPC) system equipped with
a Wyatt Technology DAW NEOS small-angle light scatterer.
Spectroscopically pure THF was used as the solvent in the
Fig. 2 Experimental setup for reactive extrusion of the copolymers. 1. TD
vacuum pump, 6. granulator.

© 2023 The Author(s). Published by the Royal Society of Chemistry
analysis, and the sample concentration was 5 mg ml−1, and the
test was carried out at 25 °C.
2.3 Preparation of high-performance PMMA by reactive
extrusion

HWM-PMMA and CSR were completely dissolved in MMA and
placed in tank A, and then 0.4 wt% AIBN initiator was added.
The mixed monomers were then fed into two-stage twin-screw
extruders in series through a precisely metered gear pump for
reactive extrusion polymerization (as shown in Fig. 2). The rst-
stage extruder was a TDE-40 co-rotating close-meshing twin-
screw extruder (D = 41.3 mm, L/D = 68), and the second-stage
extruder was a TDY-40 counter-rotating close-meshing twin-
screw extruder (D = 41 mm, L/D = 60), produced by Nanjing
Yuesheng Extrusion Machinery Co., Ltd. A vacuum devolatili-
zation device was installed at the 10th screw barrel of the
second-stage extruder near the die to remove residual mono-
mers in the polymerization system.

The extruder was heated to 220 °C before polymerization,
and the impurities in the extruder were removed with dry argon.
The mixed monomer was then pumped into the extruder and
the screw speed was slowly increased. It was initially set at 78–
82 rpm and then gradually decreased to a “steady state”. At this
time, the working current was basically stable, the product
distribution was uniform, and no bubbles were generated.
Residual monomers were removed using a vacuum devolatil-
izer. Aer the extrusion was stable, granulation was performed
to obtain the product, and the corresponding parameters, such
as screw barrel temperature, screw speed, current, and product
quality were recorded at the same time. The residence time was
about 35–40 min from injection of the monomers to the
completion of the reactive extrusion polymerization.
2.4 Characterization of the reactive extrusion-polymerized
PMMA

The absolute molecular weight of the reactive extrusion-
polymerized PMMA was analyzed by MGPC, and the equip-
ment and test conditions were the same as those outlined in
Section 2.2.
E-40 extruder, 2. TDY-40 extruder, 3. connector, 4. metering pumps, 5.

RSC Adv., 2023, 13, 7225–7236 | 7227
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Table 2 Apparent viscosity of HWM-PMMA/MMA solution at 0.1 Hz
shear frequency

Mass ratio 0 2% 4% 6%
Viscosity (Pa S) 0 568 975 1765

Fig. 3 Curves of conversion vs. time during the bulk polymerization of
MMA with different pre-dissolved polymers.
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The glass transition temperature, Tg, of the samples was
determined using a Diamond DSC system (Perkins-Elmer, USA).
The samples were scanned from 25 °C to 180 °C in a nitrogen
atmosphere at a heating rate of 5 K min−1.

The melt ow rate (MFR) of the samples was detected using
a ZRZ1452 melt ow rate tester in accordance with the GB/T
3682-2000 standard (China). The tensile strength and exural
strength of the polymers were in accordance with the GB/T
11997-2008 and GB/T 15597.2-2010 standards (China), and
were injection molded into the standard specimen, and then
tested at the rate of 5 mmmin−1 and 2 mmmin−1, respectively,
using the CMT4204 microcomputer control electronic universal
material testing machine (China).

For the impact strength testing of the polymers, rst, they
were injection molded into a sample of 80 × 10 × 4 mm3.
Before testing, a V-shaped A-notch with an angle of 45° at
21 mm from the middle to the edge of the specimen was made.
Then, using the CEAST9050 Izod impact tester (China), the
Charpy method was used to test the impact strength. Also, the
Izod impact strength acN (kJ m−2) of the A-notch specimen was
calculated using eqn (1):

acN ¼ Ec

hbA
� 103 (1)

where Ec is the energy (Joules) absorbed by the specimen when
it breaks, h is the thickness of the specimen (mm), and bA is the
remaining width (mm) at the tip A of the notch.

For the observation of the impact fracture surface, the frac-
ture surface of the sample was sprayed with gold for 30 s, and
then the fracture toughness of the sample was observed by eld
emission scanning electron microscopy (FESEM, Hitachi,
Japan) at an accelerating voltage of 15 kV.

Transmission electron microscopy (TEM) was used to
observe the distribution of CSR in the PMMA matrix. The
samples were cut to a thickness of 60–100 nm with a microtome
at −100 °C, and exposed to 1% OsO4 solution for 8 h for
staining. Observations were performed with a Talos F200X TEM
instrument at 100 kV.
3. Results and discussion
3.1 Kinetics of radical polymerization (RP)

First, different polymers were pre-dissolved in MMA monomer,
and then bulk, non-stirring room temperature polymerization
was carried out. The pre-dissolved PMMA/MMA and HWM-
PMMA/MMA systems were rst subjected to shear rheology at
a frequency of 0.1 Hz, respectively, and the apparent viscosity
(approximately zero-shear viscosity) of each system was tested,
as shown in Tables 1 and 2. Aer deducting the mass of the pre-
dissolved polymer, the polymerization conversion rate–time
Table 1 Apparent viscosity of PMMA/MMA solution at 0.1 Hz shear
frequency

Mass ratio 0 5% 10% 20% 30%
Viscosity (Pa S) 0 79 425 894 1783

7228 | RSC Adv., 2023, 13, 7225–7236
curve of each system was obtained, as shown in Fig. 3. The
curves were typical “S”-shaped curves of free radical polymeri-
zation, and the nal conversion rates were all over 85%,
showing the polymerization conversion versus time for the pure
monomers was completely independent of the pre-dissolved
polymer. However, it could be seen that the introduction of
the pre-dissolved polymer shortened the time for the system to
achieve the auto-acceleration effect and accelerate the conver-
sion rate. Since the initiator and reaction temperature of all the
systems were the same, there was no shearing effect. It can be
found from the classical polymerization rate [eqn (2)] that the
only reason for the change in the polymerization rate can be
a result of the change in kt. This shows that an inert polymer
with viscosity in the system can effectively hinder the collision
termination of active species, and play a role in reducing kt.
However, it could be seen that simply increasing the apparent
viscosity did not directly correspond to the increasing rate of
conversion, especially for the pre-dissolved ultrahigh molecular
weight polymer system. For example, although the apparent
viscosity of 4% HWM-PMMA/MMA system was similar to that of
the 20% PMMA-C/MMA system, the latter signicantly
increased the polymerization rate and entered the auto-
acceleration effect zone at about 180 min, while the former
entered the auto-acceleration effect zone aer 248 min. In
contrast, increasing the mass of the pre-dissolved polymer
showed a corresponding relationship with increasing the poly-
merization rate. For example, the 5%, 10%, and 20% PMMA-C/
MMA series, and 2%, 4%, and 6% HWM-PMMA/MMA series all
showed increased polymerization rated according to the
increase in the quality of the pre-dissolved polymer.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Rp ¼ kp½M�½R�� ¼ kp

�
fkd

kt

�1=2

½M�½I�1=2 (2)

where Rp is the propagation reaction rate; f is the initiator effi-
ciency; and [M], [Rc], and [I] are the molar concentrations of the
monomer, free radical, and initiator, respectively.

In addition, it could be seen that although the initial
apparent viscosity of the pre-dissolved ultrahigh molecular
weight polymer system was high, it did not contribute much to
the increase in the polymerization rate. In fact, the auto-
acceleration effect could only appear in the polymerizing
system, and had nothing to do with the pre-dissolved polymer.
The function of the pre-dissolved polymer was only to inhibit
the mutual termination of active species through its viscosity
and steric hindrance, thereby reducing the chain termination
rate constant kt. It could be seen that the better the compati-
bility between the pre-dissolved polymer and the monomer, the
more this effect could be exerted. It is well known that the
higher the molecular weight of the polymer, the greater the
viscosity of the system, but the worse the compatibility with
monomers, then even a phase separation state may occur. This
means that the higher the molecular weight of the pre-dissolved
polymer, the less inuence it has on the monomer polymeri-
zation than lower molecular weight polymers of the same mass
fraction. Thus, although their high viscosity could better hinder
the termination of the two active species, their compatibility
with the system was poor, and hence they canceled each other
out. It could be seen that the pre-dissolved polymer inhibited
the mutual termination of active species and reduced the chain
termination rate constant kt, which should be due to the
combined effect of the amount and the viscosity of the pre-
dissolved polymer.

Based on the above-mentioned basic knowledge, further
results can be obtained by further analyzing Fig. 3. It could be
clearly seen that the conversions of almost all the polymeriza-
tion systems were about 25% for them to enter the auto-
acceleration effect area, regardless of whether the system
included pre-dissolved polymers, or the type of pre-dissolved
polymers, the amount of pre-dissolved polymers, or the speed
of the initial polymerization rate. It seems that the polymeri-
zation behavior was completely independent of the pre-
dissolved polymer. In fact, under the condition of no stirring
or shearing, the initially pre-dissolved polymer was gradually
excluded from the system and became a heterogeneous phase
with the decrease in monomers during the polymerization
process, which meant it would no longer affect the pure
monomer polymerization system. Therefore, Fig. 3 only reects
the polymerization behavior of the polymerization system of
pure monomers. Naturally, under the conditions of the same
initiator concentration, the same temperature, and no shear,
the results of the polymerization were the same. So in the pre-
dissolved polymer system, it is also easy to understand why
the polymer had a great inuence on the initial stage of poly-
merization of the system. However, in the polymerization
system with shearing and stirring, the situation was different.
Due to the existence of shearing and stirring, the pre-dissolved
polymer could not be phase-separated from the system, and
© 2023 The Author(s). Published by the Royal Society of Chemistry
always became entangled with the pure monomer polymeriza-
tion system. This would affect the polymerization of the system
from the beginning to the end. Therefore, regarding the inu-
ence of kt, this should be the result of the combined effect of the
amount and the viscosity of the pre-dissolved polymer.

The above results also conrmed our previous conclusions
about the polymerization kinetics at different shear rates,
different initiator concentrations, and different temperatures;
that is, in bulk polymerization systems with shear, the criterion
is that the zero-shear viscosity of the polymerization system
must reach 1000 ± 100 Pa s for the system to enter the auto-
acceleration effect zone.14 Based on the above research, the
criterion is also easy to understand. In a bulk polymerization
system with shear, the main factors that inhibit the mutual
termination of active species and reduce the chain termination
rate constant kt are the quality of the inert polymer and its
viscosity; that is, the polymerization conversion and the
molecular weight of the polymer. Since in this case there was no
pre-dissolved polymer, the source of the inert polymer was the
polymerization itself. Therefore, with the increase in the poly-
merization conversion, that is, the continuous accumulation of
inert polymers, the viscosity of the system also continuously
increased. When the viscosity of the system reached this char-
acteristic value, it could nally break through the classical
steady state, and the chain termination rate constant kt
suddenly and signicantly dropped, resulting in the generation
of the auto-acceleration effect. If the molecular weight of the
system polymerization is relatively small, then a higher
conversion is required to make up the mass due to the lack of
molecular weight or viscosity. Aer reaching the automatic
acceleration zone, with the large increase in the number of free
radical active species, the chain termination rate Rt in turn
increases with the square rate of the number of free radical
active species, just like the formation of the steady-state poly-
merization stage in the classical free radical polymerization
theory, such that Rt can rapidly reach a new equilibrium value.

The molecular weights of the pre-dissolved 20% PMMA-C
samples at different conversion rates were tested by MGPC, as
shown in Fig. 4. The absolute molecular weight of the polymer
was obtained by calculation of the small-angle laser light scat-
tering (LS) detection curve and the refractive index (dRI)
detection curve. It can be seen from Fig. 4 that the MGPC curves
all showed a bimodal distribution, in which the low molecular
weight peak was contributed by the pre-dissolved polymer, and
the high molecular weight peak was the peak formed by the
polymerization system. It can be seen that with the increase in
the conversion, the position of the low molecular weight peak,
that is, the molecular weight, did not change, and only due to
the continuous increase in high molecular weight polymer did
its proportion in the total polymer gradually decrease. There-
fore, aer normalization, the peak intensity gradually
decreased. This indicated that the molecular weight of the
polymer formed by polymerization throughout the process was
concentrated in the high molecular weight region. It was
precisely because of the introduction of a pre-dissolved polymer
with a lowmolecular weight as a reference that the process of an
increasing polymerization conversion could be observed more
RSC Adv., 2023, 13, 7225–7236 | 7229
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Fig. 4 MGPC curves of bulk polymers of MMA with 20% PMMA-C at different conversions: LS curve (a) and dRI curve (b).

Fig. 5 Absolute molecular weight and polymerization rate vs.
conversion of theMMA bulk polymerization pre-dissolved 20% PMMA-
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clearly. Similarly, the macromolecular unimodal and adjacent
bimodal morphologies of the pure MMA sample and the pre-
dissolved HWMA-PMMA sample at different conversions are
shown in Fig. S1 and S2,† respectively.

The absolute molecular weight of the polymer formed by
removing the pre-dissolved polymer in Fig. 4 was obtained by
calculating the data for the LS and dRI curves, and its variation
curve relative to the polymerization conversion is shown in
Fig. 5. At the same time, the change curve of the polymerization
rate of the compound against the polymerization conversion
rate is also shown in Fig. 5. It can be seen that the polymeri-
zation conversion from 25% to 40% showed a high-speed
increase in the polymerization rate and the polymerization
molecular weight at the same time. Then the molecular weight
of the system entered a relatively stable stage. It can be seen
from Fig. 3 that this polymerization stage was just the poly-
merization stage aer the polymerization system entered the
auto-acceleration effect zone. The simultaneous increase in the
polymerization rate and molecular weight in free radical poly-
merization is only possible when kt decreases, see eqn (2) and
the kinetic chain length in classical free radical polymerization
theory, as shown in eqn (3). This further conrmed the above
inference; that is, the increased polymerization conversion and
viscosity of the system would make the classical steady state
become broken, and result in the generation of the auto-
acceleration effect; further, the increase in free radical active
species would prompt Rt to rapidly reach a new equilibrium
value in the so-called second steady-state stage aer entering
the auto-acceleration effect region. In practice, the reason for
the continuous increase in molecular weight is the result of the
continuous decrease in kt due to the continuous increase in the
inert polymer. But what is very interesting is that although the
monomer and the polymerization rate were greatly reduced, the
molecular weight still continued to rise. The only explanation is
that the lifetime of the radical reactive species was greatly
extended, and it could even be stagnant there. In full accord
with what Liu et al.30 pointed out, it was believed that the chain
polymerization was different from the classical mechanism,
and it did not involve the instantaneous formation of the
7230 | RSC Adv., 2023, 13, 7225–7236
polymer chain, but rather involved a step-by-step or jumping
process.

v ¼ Rp

Rt

¼ kp
2½M�2

2ktRp

(3)

The above results show that under the condition of no
shearing at all and the initiator and polymerization temperature
being the same, although the preparation of each polymeriza-
tion sample was completely different, the molecular weights
obtained by the polymerization of each system were all nearly
the same. Also, even if the conversion rate was close to 90%, the
molecular weight of the polymerization would not decrease
even in the glass state. This point cannot be explained by clas-
sical radical polymerization theory. It can only conrm the
conclusion put forward by Chunming et al.,30 who suggested
that radical polymerization does not necessarily form a polymer
chain instantaneously, but can be carried out a step-by-step or
jumping process. In addition, the molecular weights of the
polymers all reached the ultrahigh molecular weight level
higher than 100 × 104, while the MWD remained around 1.2,
which was almost comparable to that of anionic living
C.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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polymerization.31,32 The most critical factor for this is that there
was no shearing effect at all, so that the termination rate
constant kt of the active species was reduced to the lowest level.
As pointed out in previous studies, kt increases with increasing
the shear rate, so the molecular weight would also decrease.9

Furthermore, under the premise of a completely shear-free
condition, this radical polymerization was almost comparable
to anionic living polymerization. However, it can be seen from
Fig. 5 that the corresponding relationship between the molec-
ular weight and polymerization time was completely contra-
dictory with that of the living polymerization, in which the
molecular weight of the later increased linearly with the poly-
merization time. So this shear-free radical polymerization was
at best a long-lived polymerization, not a living polymerization.
Table 4 Basic characteristic of the reactive extrusion polymerization
products

Samples
Conversion
(%) Mn × 10−4 MWD

Capacity (kg
h−1)

PMMA 98.9 6.04 1.95 3.1
PMMA-2HPM 98.3 6.44 1.88 4.0
PMMA-4HPM 98.7 6.74 1.80 4.5
PMMA-6HPM 98.9 7.03 1.73 4.9
PMMA-5CSR 97.9 7.83 1.75 5.2
PMMA-10CSR 97.8 7.27 1.77 5.4
PMMA-15CSR 98.6 7.85 1.76 5.1
3.2 Preparation of reinforced PMMA via reactive extrusion

Previous studies have shown that PMMA and its copolymers
with higher molecular weight can be obtained by reactive
extrusion polymerization in a short residence time by making
full use of the auto-acceleration effect.10,33 It is known from the
above studies that by pre-dissolving the polymer, the initial
viscosity of the polymerization can be increased, and thus the
polymerization rate can be increased, and further, that it
increases with the increase in the quality of the pre-dissolved
polymer. Furthermore, in addition to the initiator and
temperature, the shear rate can directly control the molecular
weight of the polymer. These results have extremely important
guiding signicance for the following preparation of polymers
by reactive extrusion polymerization. Although reactive extru-
sion technology has been widely used for polymerization
modication, there are few industrial examples of its direct use
in the polymerization of olen monomers, so there are certain
differences in equipment and control.

First, since the raw material was a liquid monomer, the
propulsion mainly depended on the pressure of the delivery
pump and the delivery of the smaller closely meshed elements,
so the pressure in the front section of the barrel was extremely
low, even close to a non-full state. Therefore, a rapid increase in
viscosity could change the lling degree of the screw, which
Table 3 Definitions of the PMMA samples and the polymerization param

Samples

First-stage extruder

Fast-growth
zone
temperaturea

(°C) Current (A)
Screw
(rpm)

PMMA (the control) 90 90 90 90 18.0
PMMA-2HPM 90 90 90 90 18.2
PMMA-4HPM 90 90 90 100 19.1
PMMA-6HPM 100 100 100 120 20.1
PMMA-5CSR 90 90 90 90 18.1
PMMA-10CSR 90 90 90 90 18.3
PMMA-15CSR 90 90 90 120 18.7

a The 10th–13th screw sections in the rst-stage extruder. b The 1st–4th s

© 2023 The Author(s). Published by the Royal Society of Chemistry
would be manifested in the running current. In addition, since
the boiling point of MMA was about 100 °C, in order to avoid
monomer vaporization, the front part of the rst-stage screw
was only set at 90 °C. The denition of the sample and the
polymerization parameters aer the reaction reached a steady
state are shown in Table 3.

It can be seen from Table 3 that the driving current of the
rst-stage extruder of the MMA system containing the pre-
dissolved polymer and no initiator was similar to that of the
no-load case, i.e., only 17 A. Thus it was shown that the pre-
dissolved polymer was not sufficient to cause an increase in
the driving current of the rst extruder. Second, compared with
the control sample of the pure MMA monomer polymerization
system, the driving current of the rst extruder obviously
increased whether it was the system of pre-dissolved ultrahigh
molecular weight HWM-PMMA or the CSR system with the pre-
dissolved conventional molecular weight, and increased with
increasing the pre-dissolved polymer content. As shown in
Fig. 3, due to the pre-dissolving of the polymer, the arrival time
of the auto-acceleration effect could be greatly shortened. The
viscosity of the system rapidly increased, and then the lling
degree of the screw rapidly increased, and the driving current
then naturally increased. Of course, the driving current of the
pre-dissolved HWM-PMMA system was larger than that of the
pre-dissolved CSR system, which was related to the high
viscosity of the ultrahigh molecular weight pre-dissolved
polymer.
eters

Second-stage extruder

speed

Fast-growth
zone
temperatureb

(°C) Current (A)
Screw speed
(rpm)

66.0 90 90 120 140 17.3 76.2
67.5 90 120 120 140 18.2 75.5
68.5 100 120 140 140 18.9 73.2
69.3 120 120 140 140 19.9 72.6
65.0 90 90 120 140 18.7 67.9
66.8 90 100 120 140 18.5 68.8
68.1 120 120 140 140 17.9 69.0

crew sections in the second-stage extruder.

RSC Adv., 2023, 13, 7225–7236 | 7231
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Fig. 6 GPC-LS curves for the reactive extrusion polymerization product PMMA.
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The molecular weight and distribution of the products were
analyzed by MGPC, and the results are shown in Table 4, while
the LS curve is shown in Fig. 6. The Mn of pure PMMA was only
6.04× 104, and the MWDwas 1.95. With the introduction of the
pre-dissolved polymer, the molecular weight of the product
increased signicantly and its distribution was narrower.
However, as shown by the LS curve, which is more sensitive to
high molecular weight, with the introduction of the pre-
dissolved polymer, the molecular weight distribution of the
product tended to be more normal, which conrmed that the
dissolution of the high-viscosity inert polymer caused the kt to
drop rapidly, shortening the arrival time of the auto-
acceleration effect, and thereby greatly reducing the genera-
tion of small molecular weight polymers in the initial stage of
polymerization.

3.3 Characterization of the pre-dissolved polymer PMMA
made by reactive extrusion

The thermal properties of all reactive extrusion polymer prod-
ucts were analyzed by DSC and the results are shown in Fig. 7. It
can be seen that all samples showed a step-like change in heat
ow at around 100 °C, and the intersection of the tangents of
Fig. 7 DSC curves for the reactive extrusion polymerization product PM

7232 | RSC Adv., 2023, 13, 7225–7236
the two curves in the descending step was taken as the Tg. The
Tg of pure PMMA was 95.81 °C, while the Tg values of the pre-
dissolved polymer samples were all higher than that of pure
PMMA, apparently due to the differences in molecular weight.
Among them, the Tg of the pre-dissolved HWM-PMMA samples
increased by 2.5 °C, 3.3 °C, and 5.2 °C with the increase in the
pre-dissolved mass, respectively (Fig. 7a). However, the Tg of the
pre-dissolved CSR samples was not proportional to the pre-
dissolved amount (Fig. 7b); whereby, when the pre-dissolved
amount reached 10%, the Tg was the highest, reaching 102 °
C. Aer the pre-dissolved amount increased again, the Tg then
decreased. However, the molecular weight of the polymer was
the highest at this time, see Table 4. This was because the shells
of the CSR was made of PMMA, but the exible MBS rubber in
the core had a very low Tg. Under the premise that the rubber
does not form an obvious separated phase region (see Fig. 7),
the movement of the rubber molecular chain will affect the
movement of PMMA molecular chains, so Tg would decrease
with the increase in rubber units.

The mechanical properties and melt ow rate (MFR) of all
the reactive extrusion polymers are shown in Table 5. It can be
seen that pure PMMA had the highest MFR (2.1 g/10 min).
MA.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Mechanical properties of the reactive extrusion polymerization product PMMA

Samples MFR (g/10 min)
Tensile strength
(MPa) Flexural strength (MPa)

Notched impact
strength (kJ m−2)

PMMA 2.1 � 0.2 75.0 � 1.8 118.70 � 3.01 10.5 � 0.6
PMMA-2HPM 1.9 � 0.3 83.2 � 2.2 145.76 � 4.32 11.5 � 1.3
PMMA-4HPM 2.0 � 0.4 85.5 � 3.5 156.42 � 3.91 12.1 � 2.6
PMMA-6HPM 1.7 � 0.3 88.9 � 2.5 162.67 � 5.52 12.6 � 2.5
PMMA-5CSR 1.9 � 0.3 87.8 � 2.1 178.44 � 4.51 15.3 � 2.7
PMMA-10CSR 1.9 � 0.4 90.2 � 2.5 183.67 � 5.95 19.5 � 2.1
PMMA-15CSR 1.7 � 0.2 88.9 � 3.4 197.32 � 5.82 24.2 � 1.6
Blend PMMA/5%CSR — 74.8 � 4.4 123.43 � 4.32 13.2 � 2.0
Blend PMMA/10%CSR — 70.6 � 5.6 105.67 � 4.65 17.4 � 1.6
Blend PMMA/15%CSR — 68.9 � 3.6 99.85 � 6.57 20.1 � 2.8

Fig. 8 SEM photographs of the fracture surface of the reactive extrusion PMMA impact specimens: (a) PMMA, (b) blend PMMA/5%CSR, (c)
PMMA-5CSR, (d) blend PMMA/15%CSR, (e) PMMA-15CSR.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 7225–7236 | 7233
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Fig. 9 TEMmicrographs of CSR dispersed in PMMAmatrix: (a) PMMA-
5CSR, ×14 K, (b) PMMA-5CSR, ×22.5 K, (c) PMMA-15CSR, ×14 K, (d)
PMMA-15CSR, ×22.5 K.
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However, the MFR of all the samples with the pre-dissolved
polymer decreased, which was obviously related to the
increase in the molecular weight of the polymerized product.
Therefore, the products of the pre-dissolved HWM-PMMA series
were further affected by the pre-dissolved HWM-PMMA.
Although the amount of pre-dissolved HWM-PMMA was
small, it still made a great contribution to the mechanical
properties of the products. Their tensile and exural strengths
were higher than those of pure PMMA, and both increased with
the pre-dissolved mass. The notched impact strength was also
slightly improved compared to pure PMMA. It can be seen that
the PMMA prepared by the pre-dissolved HWM-PMMA reactive
extrusion method had better comprehensive mechanical
properties.

However, the modied PMMA with pre-dissolved CSR
showed better mechanical properties, especially the exural
strength and impact strength. As the mass of pre-dissolved CSR
increased from 5% and 10% to 15%, the exural strength and
impact strength increased from 178.44, 183.67, to 197.32 MPa,
respectively and 15.31, 19.5, to 24.2 kJ m−2, respectively.
Compared with pure PMMA, the highest increase rates of the
two kinds of mechanical properties reached 166.2% and
230.5%, respectively. This was most likely due to the role of the
exible rubber links in CSR, which was also closely related to
the extremely uniform distribution of CSR in the PMMAmatrix.

In order to conrm the important inuence of the uniform
distribution of CSR in PMMA, pure PMMA was selected to be
blended with different mass fractions of SCR to obtain PMMA/
5%CSR, PMMA/10%CSR, and PMMA/15%CSR blend samples,
respectively. Their mechanical properties are also shown in
Table 5. It could be clearly seen that the mechanical properties
of the blended samples were greatly reduced compared with the
samples pre-dissolved with the same mass fraction of CSR.
Among them, in terms of the exural strength and impact
strength, the maximum decrease rate of the blended samples
compared with the samples with the same mass fraction of pre-
dissolved CSR reached 29.0% and 20.4%, respectively. Such
a huge gap was because the modied PMMA obtained by the
reaction extrusion of the pre-dissolved polymer could make the
CSR distribution more uniform, and there was also a better
interfacial bond strength between PMMA and CSR. Also, it
could be obtained by only a one-step reaction extrusion poly-
merization, which probably offers stronger industrial
competitiveness.

To evaluate the substantial difference between pre-dissolved
polymer modication and blending modication, SEM obser-
vation was performed. Consequently, the cross-section of the
impact sample was selected, treated with gold spray, and then
observed by SEM. The SEM photos are shown in Fig. 8. Fig. 8a
shows the morphology of a smooth section of the pure PMMA
sample, clearly indicating the nature of its brittle fracture.
Second, the CSR contents of 5% and 15% were selected for
typical comparison, and the SEM images of the cross-section of
the blended sample and the pre-dissolved polymer sample were
compared, as shown in Fig. 8b, d and 8c, e. It could be seen that
when the content of CSR was the same, the cross-section of the
blended sample was layered and fractured, indicating that the
7234 | RSC Adv., 2023, 13, 7225–7236
uniformity of the system was poor and there was a relatively
easy-to-destruct cross-section. Also with the increase in CSR
content, the thickness of this sheet-like fault was larger; that is,
the uniformity of the system was worse. In contrast, the cross-
sections of the pre-dissolved CSR samples did not change the
cross-section morphology due to the amount of CSR content,
and they all uniformly presented the shape of rough and ductile
cross-sections. This further conrmed the inherent essence that
the pre-dissolved polymer modication greatly improved the
mechanical properties of the product more than the secondary
blending modication.

Based on the pre-judgment that the use of pre-dissolved CSR
to carry out reactive extrusion polymerization can make CSR
extremely evenly distributed, test samples were prepared in
ultrathin sections aer freezing, and then the double bonds in
the rubber phase were stained with OsO4 vapor, and then
observed by TEM. The results are shown in the Fig. 9. It could be
clearly seen that the CSR distribution was extremely uniform,
which was also true even for the 15% pre-dissolved CSR. In
addition, the CSR balls ranged in size from 200–300 nm and
were smooth round or oval in shape.

For PMMA, the most important aspect is the transparency
performance. We used UV–vis spectrophotometry to analyze the
light transmittance of each sample, and the results are shown in
Fig. 10. Pure PMMA had the best transmittance, with 91%
visible-light transmittance. With the increase in pre-dissolved
HWM-PMMA or CSR, the transparency decreased. The visible-
light transmittances of PMMA-2, 4 and 6-HPM were 89%, 88%
and 86%, respectively. This could be caused by the difference in
the refractive index between high molecular weight and low
molecular weight PMMA. It could be seen that even for the same
polymer, the size difference in molecular weight will also
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Transmittance curves of the reactive extrusion samples.
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obviously affect their optical performance, and even lead to
a certain degree of phase separation. On the other hand,
compared with the visible-light transmittance of pure PMMA,
that of PMMA-5, 10, and 15-CSR decreased to 87%, 86%, and
84%, respectively. This result was because, as shown in Fig. 9,
the pre-dissolved CSR in the matrix of PMMA appeared as
uniformly dispersed balls at the scale of 200–300 nm, which
meant it had not yet reached the nanometer scale. Therefore,
although the modied PMMA was still transparent, the trans-
mittance of visible light was decreased.
4. Conclusion

The mechanism of radical polymerization was further explored
through studying the kinetics of the bulk polymerization of
MMA under shear-free conditions with different pre-dissolved
polymers. The results indicated that, contrary to the shearing
effect, viscosity was the key factor to reduce the termination rate
constant kt. In detail, the degree of reducing the kt effect was
inuenced by the combined effect of the amount and the
viscosity of the pre-dissolved polymer, and the compatibility
between the pre-dissolved polymer and the monomer. There-
fore, pre-dissolving the polymer could make the polymerization
system enter the automatic acceleration zone faster, and greatly
make the molecular weight distribution narrower. When the
system entered the auto-acceleration zone, kt decreased rapidly
and greatly and entered the second steady-state polymerization
stage. Under shear-free conditions, kt could be minimized and
the radical lifetimes maximized. However, the polymerization
system was at best a long-lived polymerization rather than
a living polymerization. On this basis, by pre-dissolving ultra-
high molecular weight PMMA and the core–shell particles CSR,
the mechanical properties and heat resistance of the modied
PMMA obtained by reactive extrusion were better than those of
pure PMMA obtained under the same conditions. Compared
with pure PMMA, the exural strength and impact strength of
PMMA with pre-dissolved CRS were up to 166.2% and 230.5%.
© 2023 The Author(s). Published by the Royal Society of Chemistry
With the same quality of CSR, the two mechanical properties of
the samples obtained by blending were 29.0% and 20.4% worse
than those of the pre-dissolved samples, respectively. It was the
distribution of CSR in the pre-dissolved PMMA-CSR matrix with
spherical single particle distribution (Diameter = 200–300 nm),
which made PMMA-CSR exhibit a high degree of transparency.
This one-step process of realizing high-performance PMMA
polymerization shows extremely high industrial application
prospects.
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