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High-fracture-toughness acrylic–
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Abstract

Transparent materials with robust mechanical properties are essential for numerous applications and require careful manipu-
lation of polymer chemistry. Here, polyurethane (PU) and acrylic-based copolymers out of styrene were utilized to synthesize
transparent PU–acrylic graft-interpenetrating polymer networks (graft-IPNs) for the first time. In these materials, PU imparts
greater flexibility, while the acrylic copolymer increases rigidity and glass transition temperature of the graft-IPNs. Kinetics
of the graft-IPN synthesis was monitored using Fourier transform infrared spectroscopy and 1H NMR spectroscopy through
the conversion of the isocyanate group. System compatibility, degree of phase separation andmaterial transparency were eval-
uated using transmission electron microscopy and UV–visible spectroscopy. Overall, higher compatibility is observed at a
higher percentage of styrene in the acrylate copolymer. The thermomechanical properties of the IPNs were quantified using
dynamic mechanical analysis to assess the effect of the acrylic copolymer content on fracture toughness of the resulting
graft-IPNs. The high fracture toughness of the graft-IPNs, coupled with excellent transparency, demonstrates the potential of
these systems for high-performance applications.
© 2020 Society of Industrial Chemistry
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INTRODUCTION
Transparent polymeric materials with high impact resistance
demonstrate good potential for a wide range of applications such
as safety enclosures, aerospace applications, windshields, safety
goggles and many more.1, 2 Traditionally, glass has been used as
the staple transparent material in general consumer and engi-
neering applications.3, 4 However, glass has high density and
low impact resistance restricting its use in high-performance
applications.5 Recently, the development of transparent and
high-impact-resistance polymeric materials for engineering appli-
cations has attracted widespread attention.6 Ease of processing,
low density, tunable mechanical properties, excellent impact
resistance and fracture toughness of these new polymeric mate-
rials are some of the significant reasons that make them suitable
candidates for advanced applications.6, 7

While the direct blending of polymers is one method for
formulating polymers with enhanced properties,8 the final mixing
process presents challenges due to the tendency for phase sepa-
ration to occur.9, 10 To overcome phase separation between
dissimilar polymers while also improving the compatibility of
the solid-state material, various polymerization processes
have been developed including those using graft and block
copolymers and interpenetrating polymer networks (IPNs).11

An IPN is classified as a multi-component system where one
polymer is synthesized in the presence of another.12 Most multi-
component polymeric materials form immiscible phases due to
low entropy of mixing.12 IPNs attract much attention in multi-
component materials due to their physical entanglement, which
brings about forced compatibility into the system, therefore
increasing miscibility between the two phases.12 Synthetic
method, degree of polymerization and degree of crosslinking
are factors influencing the final morphology of IPNs.13 There are
many different ways to classify IPNs based on their physical and
chemical properties. A full IPN is one kind of IPN where both poly-
mers are crosslinked, in a semi-IPN only one of the polymers is
crosslinked while the other polymer is linear,14 and in a graft-IPN
both polymers are crosslinked, and a controlled amount of
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bonding is allowed between the two polymers.11, 15 A latex IPN is
another kind of IPN where the IPN is in the form of latex; therefore
it is a so-called interpenetrating elastomeric network.12, 16 IPNs
can also be classified as simultaneous or sequential based on
the synthetic method applied. In sequential IPNs, the first polymer
network is formed, swollen in the monomers of the second poly-
mer, which is then polymerized, forming the second polymer net-
work. In simultaneously polymerized IPNs, polymerization of the
two polymer networks occurs at the same time, and no interfering
reactions occur.10, 17, 18

Numerous groups have studied IPN systems, such as those of
Millar19 and Aylsworth and Edison,10, 12, 20–22 who have utilized
different monomers to investigate various aspects of IPNs.
Extensive research on this topic has also been performed by
the authors.23, 24 In previous studies, the effects of various
parameters such as curing profile, composition of the two poly-
mer systems,5, 7, 25–27 substitution of aliphatic and aromatic
isocyanate,25 impact of the molecular weight of diol,7 simulta-
neous and sequential polymerization method25 and using
chemical bonds to synthesize graft-IPNs28 have been studied.
Overall, these studies suggested IPNs containing aliphatic isocy-
anate with 1400 g mol−1 diol and following a sequential syn-
thetic method and with chemical bonds between the two
phases presented better transparency and thermomechanical
properties due to reduced phase separation from improved
compatibility provided between the two phases. It was also
observed that utilizing polyurethane (PU) with an acrylic copoly-
mer, such as a poly(methyl methacrylate) (PMMA)-based copoly-
mer, led to an improvement of ≈ 150% in fracture toughness of
the acrylic copolymer. The enhancement in phase compatibility
of the IPNs was also addressed.6, 25, 28–33

In the work reported here, the impact of varying the acrylic
copolymer precursors and the chemical bonding between the
two polymer networks was investigated towards the overall goal
of synthesizing novel graft-IPNs with excellent compatibility,
transparency and superior fracture toughness. For the first time,
styrene, as one of the acrylic copolymer monomers, was utilized
in the graft-IPN system. Two methods were utilized to monitor
the polymerization of the two phases in the IPN systems. The
compatibility of the two phases was evaluated using TEM,
dynamic mechanical analysis (DMA) and UV–visible spectroscopy,
while SEM and quasi-static fracture testing were used to investi-
gate the mechanism of the fracture toughness.

EXPERIMENTAL
Materials
The PU phase was synthesized from the following compounds:
2-ethyl-2-(hydroxymethyl)-1,3-propanediol (TRIOL;
134.18 g mol−1, crosslinker) purchased from Acros Organics;
poly(tetramethylene ether) glycol (PTMG; ≈ 1400 g mol−1) pur-
chased from Aldrich; hexamethylene diisocyanate (DCH) pur-
chased from TCI; and dibutyltin dilaurate (DBTDL) and
triphenylbismuth (TPB) as catalysts purchased from Pfaltz & Bauer
and Alfa Aesar, respectively. Ethyl acetate, purchased from Alfa
Aesar, was the solvent used for the catalyst mixture. To synthesize
the acrylic copolymer, styrene was purchased from Alfa Aesar,
bisphenol A bis(2-hydroxy-3-methacryloxypropyl) ether
(BisGMA) was purchased from Esstech and 2,20-azobis(2-methyl-
propionitrile) (AIBN; thermal initiator) was purchased from Matrix
Scientific. Molecular sieves (4 Å), purchased from Alfa Aesar, were
used to remove themoisture fromDCH, styrene, TRIOL and PTMG.

Synthesis of graft-IPNs
TRIOL (0.19 eq) and PTMG (0.12 eq) were heated to 60 °C, and the
molten TRIOL and PTMG were mixed with a stirrer. Next, DCH
(0.31 eq + calculated amount of DCH to react with BisGMA) was
added to the mixture, and the mixture was stirred. The PU phase
accounted for 25 wt% of the final composition for all specimens.
For the second phase, various amounts of BisGMA were dis-

solved into styrene, and then AIBN (1 wt% of total co-monomer
mass) was dissolved into the mixture. Then PU monomers and
acrylic-phase monomers were mixed. Amounts of 600 μL of
DBTDL per 50 g of PU (0.02 mol L−1 ethyl acetate solution) and
600 μL of TPB (0.001 mol L−1 ethyl acetate solution) were added
to the monomer mixture at the end of this stage for the poly-
addition polymerization of the PU phase. Finally, the mixture
was cured in closed aluminium molds for 24 h at 40 °C, followed
by 24 h at 60 °C and finally 24 h at 80 °C.
Figure 1 shows the poly-addition polymerization chemistry of

the PU network. Simple schematics of the reaction occurring for
acrylic copolymer synthesis and IPN structure are shown in Figs 2
and 3, respectively.

Characterization
Fourier transform infrared (FTIR) spectroscopy was performed
with a Nicolet 6700 FTIR spectrometer from Thermo Scientific
(USA) in attenuated total reflection IR mode. FTIR experiments
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Figure 1. Two poly-addition polymerization reactions that form the PU phase. Top: reaction between PTMG and DCH; bottom: reaction between TRIOL
and DCH.
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were performed from 400 to 4000 cm−1 with 64 scans and using a
resolution of 4 cm−1.
Low-field 1H NMR spectroscopy was performed on an Oxford

Pulsar 60 MHz (1.4 T) NMR spectrometer using Wilmad class B
eight-inch high-throughput tubes (5 mm outer diameter, 4 mm
internal diameter). The 1H NMR experiment was conducted as
an arrayed experiment in Oxford Spin Flow software with 64 scans
per run, a recycle delay of 2 s and a spectral width of 50 000 Hz.
This combination of parameters yielded an approximate sampling
time of 5 min and 48 s per spectrum. The spectra were analyzed
using Mnova software.
A Zeiss EVO 50 variable-pressure SEM instrument with digital

imaging and EDS (with the IPNs sputter-coated with an EMS
550X auto sputter coating device with carbon coating attach-
ment) was used to study the surface morphology of the speci-
mens. The specimens were immersed in liquid nitrogen, broken
and the fracture events visualized using SEM. A Zeiss EM 10C
10CR TEM instrument was used to examine the interior morphol-
ogy of the samples. Samples were stained using a 2.5% aqueous
solution of osmium tetroxide (OsO4) for one week, as reported
by Kato34 prior to microtoming. A Cary 60 UV–visible spectrome-
ter from Agilent (USA) was used to verify the transparency of
the samples (250–800 nm wavelength).
A TA Instruments RSA 3 dynamic mechanical analyzer was used

for studying the thermomechanical properties of the IPNs.

Flexural testing was performed from 25 to 200 °C with a sinusoi-
dal strain amplitude of 0.1% and 0.1 Hz frequency, and a heating
rate of 5 °C min−1.
The fracture toughness properties of specimens were character-

ized using quasi-static fracture testing performed with a three-
point bending condition following ASTM D5045.35 Equations (1)–
(3) were used to calculate the plane-strain fracture toughness KIc,
where a is crack length,W is specimen width, B is specimen thick-
ness and 0 < x < 1:

K Ic=
PQ

BW1=2

� �
f xð Þ ð1Þ

f xð Þ=6x1=2
1:99−x 1−xð Þ 2:15−3:93x+2:7x2ð Þ

1+2xð Þ 1−xð Þ3=2
ð2Þ

x=
a
W

ð3Þ

Cured specimens were cut to bars with dimensions of
55 mm × 12 mm × 3 mm using a Boss laser (LS 3655). An edge
notch 4 mm in length was cut into the samples with a saw, and
the edge tip subsequently sharpened with a razor blade. Single
edge notched bend testing was performed on the specimens
using an Instron 5565 with 1 kN static load cell. The load and dis-
placement data were recorded up to crack initiation and during
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Figure 2. Free radical polymerization of acrylic copolymer from styrene and BisGMA.
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Figure 3. Simple schematic of IPN network structure.
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stable crack growth. The load at crack initiation (P) was used to
calculate KIc. MATLAB was utilized to calculate KIc with Eqns (1)–
(3), and at least five specimens were tested for each
composition.31

RESULTS AND DISCUSSION
Analysis of isocyanate conversion using FTIR
measurements
The compositions (using a 10 g sample basis) of synthesized
materials investigated with FTIR and NMR spectroscopies and
their corresponding nomenclature are presented in Table 1. The
isocyanate (NCO) conversion was studied using FTIR spectros-
copy. The measurement is based on the decay in intensity of the
peak assigned to isocyanate absorption during polymerization.
The absorption peak of the isocyanate group is assigned to
approximately 2270 cm−1. The C H stretch absorption band at
2850–3000 cm−1 was used as an internal standard due to the con-
stant strength of this band during the reaction.36 The isocyanate
conversion was calculated using Eqn (4)37:

p=1−
ANCO=ACH2

ANCO=ACH2ð Þ0
ð4Þ

where p is the isocyanate conversion, ANCO is the integrated
absorbance for the isocyanate group, ACH2 is the integrated absor-
bance for the C H stretch band and ANCO=ACH2ð Þ0 is the relative
absorbance extrapolated to time zero.
FTIR spectra for PU-PT at 0, 18, 36 and 64 min and at three days

are shown in Fig. 4, where the isocyanate absorption peak
(2270 cm−1) decreases during polymerization while the C H
stretch absorption peak (2800–3000 cm−1) remains constant. This
indicates the isocyanate groups react with the hydroxyl groups of
the TRIOL and PTMG to form the PU network as expected.
The isocyanate conversion versus time data extracted from the

FTIR spectra are shown in Fig. 5. While initial polymerization rates
across the series are similar (except for PU-B), PU-P is the first to
reach near completion. PU-B clearly shows the slowest polymeri-
zation rate, likely due to the secondary hydroxyl groups in BisGMA
and the corresponding steric hindrance compared to the PTMG
primary hydroxyl groups.38 PU-PTB shows a higher polymeriza-
tion rate in comparison to PU-PT due to the presence of BisGMA
which provides more hydroxyl groups into the system. PU-PT
and IPN80/20 follow the same trend due to the dominant behav-
ior of PU in isocyanate conversion and the steric effect of acrylic
copolymer in the IPN system.
FTIR spectroscopy was also utilized for pure acrylic copolymer

with 20 wt% BisGMA and 80 wt% styrene (COP80/20) to

characterize the free radical polymerization at 60 °C, which forms
the second polymer network in IPN80/20. Samples were cured for
24 h at 60 °C and then cured for 24 h at 80 °C and their FTIR spec-
tra obtained at the beginning of the synthesis and after two days
of curing (Fig. 6). Peaks at 774 and 908 cm−1 corresponding to the
out-of-plane bending of C H and at 1600–1660 cm−1 corre-
sponding to C C can be used to track polymerization. Both of
these peaks decrease during free radical polymerization due to
the consumption of double bonds. Moreover, a peak correspond-
ing to sp3 C H stretching appears after two days of curing in the
range 2850–3000 cm−1 as additional confirmation of consump-
tion of C C H to form sp3 C H.

Analysis of isocyanate conversion via low-field NMR
spectroscopy
Reaction progress for PU-P and PU-PT was also tracked using an
Oxford Instruments Pulsar 60 MHz NMR spectrometer. Briefly, an
initial spectrum of PTMG was collected prior to the addition of
DCH and two drops of each catalyst, DBTDL and TPB, dissolved
in ethyl acetate. The reaction mixture was agitated via stirring
with copper wire and manual shaking of the tube before being
placed into the probe bore. The spectrometer was tuned and
matched to the sample, and then an arrayed experiment was
commenced. Note that the lag time (time from the addition of
the catalyst to the start of the NMR spectroscopy tracking experi-
ment) was accounted for in both the reaction progress diagram
(Fig. 7) and the subsequent data analysis.
Tetramethylsilane (a standard additive used to align most 1D 1H

NMR spectra) was not used here to eliminate any possible interac-
tions with the reaction media. Instead, all spectra were shifted
based on the far-right peak attributed to the PTMG backbone of
PU-P (1.56 ppm).36 This peak also served as an internal calibration
standard as the underlying protons associated with this peak (for
both systems) are conserved; for the PU-PT system, the TRIOL ali-
phatic arm also contributes to this peak, so five additional protons
are accounted for as shown in Fig. 8.
Unfortunately, due to the spectral overlap in the aliphatic region

of the NMR spectra (Fig. 7), the consumption of hydroxyl groups
could not be tracked directly. However, in both cases, the forma-
tion of urethane linkages can be traced through the formation of
N H protons. By utilizing this method, we combine the advan-
tages of more traditional DSC reaction tracking through heat evo-
lution and that of the FTIR spectroscopy through bond identity, as
discussed in this paper. Furthermore, as has been discussed else-
where, an additional advantage of the low-field NMR spectrome-
ter used here is the soft-lock algorithm, which eliminates the need
for deuterated solvents and allows for examination of protons
without any adulteration of the reaction media.39

Table 1. Prepared sample compositions used for FTIR and NMR spectroscopy

Polyurethane 25 wt% Acrylic copolymer 75 wt%

Sample PTMG (wt%) TRIOL (wt%) DCH (wt%) Styrene (wt%) BisGMA (wt%)

PU-PT 70.8 7.2 22 — —

PU-P 89 — 11 — —

PU-B — — 24.7 — 75.3
PU-PTB 14.2 1.4 24.2 — 60.2
IPN80/20 16.9 1.7 9.9 57.2 14.3
COP80/20 — — — 80 20
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As shown in Fig. 7, the peak at 5.94 ppm grows in intensity over
time due to the continuous formation of secondary amine peaks
as urethane linkages are formed. In the case of PU-P, each ure-
thane linkage is strictly from the consumption of OH groups
on the PTMG chain ends. However, for PU-PT this metric of con-
version is complicated by the presence of additional hydroxyl
groups on the arms of TRIOL. Nonetheless, the overall conversion
to isocyanate linkages was tracked as a function of peak area and
number of protons via Eqn (5):

Conversion %ð Þ=100×
A5:94N1:56

A1:56N5:94
ð5Þ

where Ai is the peak area at i ppm and Nj is the number of protons
associated with the peak at j ppm. Peak areas (Ai) were extracted
from Gaussian fits to the peaks after spectral shifting, automatic
phasing and automatic baselining in Mnova software. For PU-P,
N1.56 = 76.665 and N5.94 = 2.0157; for PU-PT, N1.56 = 81.70375
and N5.94 = 6.04704. These values are calculated for each

Figure 4. FTIR spectra of PU-PT sample at five different times.
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Figure 6. FTIR spectra of acrylic copolymer at 0 min (top) and after two days of curing (bottom). (oop, out-of-plane.)

Figure 7. Left: NMR spectra from in situ reaction monitoring of (a) PU-P and (b) PU-PT with (right) spectra enlarged to show PU linkage peak.
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chemistry from the reaction stoichiometry and chemical struc-
tures shown in Fig. 8.
In the case of PU-P, this analysis assumes only one DCH mole-

cule is present in the ‘repeat unit’ of the network, while PU-PT
has the potential for up to three DCH molecules; two amine pro-
tons and six amine protons, respectively. This is important as the
network is complicated by the availability of hydroxyl groups from
these two different mer units. Extracted conversion versus time
data and their comparison with FTIR data are shown in Fig. 9.
As shown in Fig. 9, both systems exhibit a lag time at the begin-

ning of the reaction in the NMR instrument, which we attribute to
the low reaction rate at room temperature as the reaction
medium approaches the spectrometer operating temperature of
37 °C. However, the reaction can be effectively tracked over time
as the DCH is incorporated within the polymeric structure, and
isocyanate groups are converted into secondary amines within

the urethane linkages. While the data points appear to be non-
continuous, it is essential to note that the spectrometer is averag-
ing the signal over 64 scans that are acquired over a cycle time of
approximately 5 min and 48 s; i.e. the resulting isocyanate con-
version is time-averaged. Additionally, the conversion in each
case reaches a maximum at approximately the same time as
extracted from FTIR spectroscopy after accounting for the thermal
lag time. Overall, we find this method to provide adequate and
facile means to track both reaction progress and specific bond
formation.

Network morphology
A series of IPNs with different styrene to BisGMA content in the
acrylic network were synthesized, and their morphology exam-
ined with TEM (Fig. 10). The lines observed in Figs 10(a)–(c) are
tool marks produced during the microtoming procedure. The
pure acrylic copolymer (Fig. 10(a)) shows a homogeneous disper-
sion of the polymeric component throughout the copolymer sam-
ple and is utilized as the control experiment for comparisons. No
clear OsO4-stained domains are observed in this sample. In the
IPN samples, the PU regions become black after sample staining,
while the acrylic phase does not interact with OsO4 and remains
clear. Figures 10(b)–(d) display TEM images of IPNs with
70, 80 and 90 wt% of styrene, respectively. In Fig. 10(b), a distinct
black domain is observed in the sample due to the incompatibility
of the two polymers containing 70 wt% styrene. However, the IPN
composed of 80 wt% styrene shows a fine dispersion of the two
polymers with no well-defined domains in the image. As
described by Bird et al., the absence of defined domain shapes
indicates a good interpenetration of two phases.25 The finest
phase domains of the samples, as observed by TEM, typically indi-
cate the highest level of interpenetration between the two poly-
mers.30 Figure 10(d) corresponds to the IPN system with 90 wt%
styrene and demonstrates good interpenetration between the
two polymers with less phase separation in comparison to the

(a)

n = 19.166

(b)

Figure 8. Protons used in the calculation of N1.56 are highlighted in red
for (a) PTMG and (b) TRIOL.
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Figure 10. TEM images of (a) copolymer: styrene 80wt%/BisGMA 20wt%; IPN samples with 25 wt% PU and 75wt% acrylic copolymer with various acrylic
copolymer precursors: (b) styrene 70 wt%/BisGMA 30 wt%; (c) styrene 80wt%/BisGMA 20 wt%; (d) styrene 90 wt%/BisGMA 10 wt%.
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Figure 11. UV–visible spectra of IPNs with 25 wt% PU and 75 wt% acrylic copolymer with different copolymer composition.
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sample with 70 wt% of styrene. The smaller size and thereby
higher mobility of styrene in comparison to BisGMA within the
PU network likely improve swelling of the forming PU network
and decrease phase separation.
It was also observed that utilizing a linear isocyanate (such as

DCH) has a positive effect on the compatibility of two phases.25

Ballestero et al. also used TEM to study the impact of post-curing
processes on domain size and interpenetration of PU with PMMA
and observed better dispersion between the two polymers after

post-curing due to the additional chemical bonds formed
between the two polymer networks during this process.28

Degree of transparency
IPN transparency was investigated using UV–visible spectropho-
tometry with the results for the IPNs of various styrene to BisGMA
compositions shown in Fig. 11. Transparency is a strong function
of composition as samples with 50 wt% styrene show almost no
transparency while increasing styrene content leads to increasing

(a)

(b)

Figure 12. Flexural test results: (a) storage modulus versus temperature and (b) tan ⊐ versus temperature for IPNs with 25 wt% PU and 75 wt% acrylic
copolymer with various acrylic copolymer precursors.
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Figure 13. Representative load–displacement plots for acrylic copolymer and IPN with 25 wt% PU and 75 wt% acrylic copolymer.

Figure 14. SEM images: (a) copolymer: styrene 80 wt%/BisGMA 20 wt%; IPN samples with 25 wt% PU and 75 wt% acrylic copolymer with various acrylic
copolymer precursors: (b) styrene 50 wt%/BisGMA 50 wt%; (c) styrene 60 wt%/BisGMA 40 wt%; (d) styrene 70 wt%/BisGMA 30 wt%; (e) styrene 80 wt
%/BisGMA 20 wt%.
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transparency. For IPN samples with 80wt% styrene (Fig. 10(c)) and
90wt% styrene (Fig. 10(d)), the domain sizes are below 380 nmon
average; for these samples, good transparency was observed. In
the case of IPN sample with 70 wt% styrene (Fig. 10(b)), it shows
the domain in the range of the light wavelength, and the trans-
mittance is considerably reduced. Ultimately, samples with
80 and 90 wt% of styrene show transmittance values close to
100% in the visible wavelength region, indicating good compati-
bility between the phases.

Thermomechanical characterization
Thermomechanical properties of the synthesized IPNs were eval-
uated using DMA. Figure 12(a) shows the storage modulus of the
samples versus temperature; samples with a higher percentage of
styrene show higher initial moduli due to better compatibility
between the two phases. Figure 12(b) shows the tan ⊐ results of
the samples versus temperature. The 50 wt% styrene IPN shows
two peaks in tan ⊐, indicating the presence of two glass transition
temperatures, and is an indication of phase separation between
the PU and acrylic copolymer constituents. The gap between
the two peaks decreases with increasing styrene content, due to
the greater compatibility between the two phases. The 70 wt%
styrene IPN (Fig. 12(b)) exhibits a flat peak in tan ⊐, due to
improved compatibility but the remaining presence of phase sep-
aration. The IPN with 80 wt% of styrene shows only one peak in its
tan ⊐ curve, demonstrating better compatibility between the two
IPN constituents as observed with TEM and UV–visible spectros-
copy. The peak becomes sharper for the 90 wt% styrene IPN sam-
ple, further verifying enhanced phase compatibility. Broader
peaks in samples with a lower percentage of styrene suggest that
there are several relaxation mechanisms involved in the systems,
which are more heterogeneous at the microscopic scale.25, 28, 40

Fracture properties
Fracture toughness of the copolymer with 80 wt% styrene and
20 wt% BisGMA (COP80/20) and the IPN with 75 wt% copolymer
(80 wt% styrene) and 25 wt% PU (IPN80/20) were characterized,
and a representative load versus displacement plot is shown in
Fig. 13. Both samples show a linear elastic response up to the
peak load, followed by brittle failure. IPN80/20 exhibited a
higher load capacity at failure indicating enhanced fracture
toughness and higher extension before brittle failure in compar-
ison to the neat acrylic copolymer. Plane-strain fracture tough-
ness KIc of COP80/20 and IPN80/20 was 1.61 ± 0.16 and
2.2 ± 0.19 MPa m1/2, respectively. IPN80/20 shows approxi-
mately 40% improvement in fracture toughness in comparison
to COP80/20 as the presence of PU in the system improves the
fracture properties by providing additional flexibility. Moreover,
IPN80/20 shows more than 100% improvement in fracture
toughness in contrast to virgin atactic polystyrene with fracture
toughness of 1.00 ± 0.20 MPa m1/2 and PMMA with fracture
toughness of 1.08 ± 0.18 MPa m1/2.41,42

SEM was used to investigate the fracture mechanism of the syn-
thesized IPNs with various acrylic network compositions. The SEM
images of the fractured samples are shown in Fig. 14. With
increasing styrene content, an observable decrease in the rough-
ness and surface area is observed, corresponding to less energy
dissipation during fracture propagation. Although increasing the
percentage of styrene increases the compatibility between the
two phases, it decreases the fracture toughness of the samples.
Similar behavior has been reported in the literature, where

obtaining a rougher surface enhances the fracture toughness
properties of samples.20, 43

CONCLUSIONS
Acrylic–PU-based graft-IPNs were synthesized, and their reaction
kinetics and thermomechanical and optical properties investi-
gated. Chemical bonding between the two polymers was utilized
to increase the interpenetration between the two polymer net-
works. FTIR spectroscopy revealed complete isocyanate conver-
sion and the formation of PU linkages and chemical bonds
between the two polymer networks. 1H NMR spectroscopy was
also utilized to track the kinetics of PU formation, and the results
were found to be in good agreement with those from FTIR
spectroscopy.
The interplay of IPN composition and related material proper-

ties was investigated as a function of IPN styrene content. Incor-
poration of the acrylic copolymer network provided higher
rigidity and better thermomechanical properties to the material.
In contrast, higher flexibility was imparted by the PU phase,
increasing the impact resistant and the fracture toughness of
the IPNs. DMA, TEM and UV–visible spectrophotometry results
indicate that increasing the percentage of styrene in the system
improves the interpenetration between the two polymer net-
works and therefore enhances the compatibility between them.
SEM images suggest that increasing the styrene content
decreases fracture toughness as observed from the change in sur-
face roughness upon fracture. Significant improvement was
observed in fracture toughness of graft-IPNs in comparison to
an acrylic copolymer in graft-IPNs. Such graft-IPNs with excellent
transparency and fracture toughness better than those of polysty-
rene and PMMA have considerable potential in high-fracture-
toughness applications.
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