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ABSTRACT: Herein, poly(propylene carbonate) (PPC) was
used as initiator for ε-caprolactone polymerization to produce
the poly(ε-caprolactone)-block-poly(propylene carbonate)-block-
poly(ε-caprolactone) (PCL-PPC-PCL) triblock copolymer, en-
abling innovative application of PPC as a toughening agent of
epoxy thermosets. The interfacial interaction between PPC
modifiers and epoxy was enhanced significantly because PCL
blocks were miscible with epoxy matrix. The size of separated PPC
modifiers decreased dramatically as the amphiphilic block
copolymer formed nanophases in epoxy host. Consequently,
with the incorporation of 30 wt % PCL-PPC-PCL modifier into the thermoset, the tensile elongation and the area under the
stress−strain curves increased by more than 320% and 180%, respectively, compared with neat epoxy, indicating that an excellent
toughening effect was achieved using this strategy. Considering that PPC possessed an ocean of attractive properties but suffered
from its low glass transition temperature in implementation as mass products, this work may open up opportunities to extend the
applications of PPC.
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■ INTRODUCTION

In the past decades, a multitude of synthetic polymers, majority
of which originate from nonrenewable fossil fuels, have been
rapidly applied in many fields.1 However, the application of the
synthetic polymers not only consumes numerous petroleum
resources but also causes serious “white pollution”. With
growing concerns about the energy crisis and environmental
pollution, great efforts are made to develop biodegradable
polymers from renewable sources.2−4 Poly(propylene carbo-
nate) (PPC), which is synthesized via the copolymerization of
carbon dioxide and propylene oxide, has attracted increasing
interest in recent years due to its high value-added fixation of
CO2 and its good biocompatibility and biodegradability.5−9

Unfortunately, PPC is an amorphous polymer with low glass
transition temperature (Tg), about 35 °C for high molecular
weight (>104 g/mol) and −60 °C for low molecular weights
(103 g/mol).10 Even though PPC has been applied as specialty
polymers,11−13 its utility as mass products is still restricted by
its low Tg. Therefore, exploring new applications of this ideal
green polymer is of great importance and remains a hot issue
for both academy and industry.
Epoxy thermosets are widely used as structural materials and

adhesives in various industries, such as aerospace, automotive,
and electronics, for their reliable mechanical properties, high
heat, and solvent resistance. The distinguishing properties
originate from the cross-linking chemical structure. However,
owing to its high cross-linking density, epoxy thermosets are
inherently of low fracture toughness, which restricts their

applications.14 During the past decades, a considerable amount
of work has been made to toughen the epoxy thermosets.
These studies have demonstrated that the incorporation of a
second phase such as rubber particles, thermoplastic particles,
or mineral fillers can improve the toughness of epoxy
composites.15−18 Considering the relative low Tg of PPC, it
may be used as a toughening agent for epoxy thermosets.
However, to the best of our knowledge, this is only one report
on toughening epoxy with PPC, in which only a little
toughening effect was achieved by adding PPC.19 The absence
of favorable interfacial interaction and the size of PPC in the
matrix may be responsible for the poor toughening effect.
Generally, the toughening mechanisms are inclusive of
debonding at the interface between the phases, limited matrix
shear yielding, crack tip blunting, crack bridging, and
cavitation.20−22 The interfacial interaction between matrix and
modifiers is considered as one key factor for these mechanisms
to achieve excellent fracture toughness. Well-bonded modifiers
locally blunt the crack tip and result in additional line tension in
the crack front bowing between inclusions. Accordingly, more
energy is required to propagate the crack past modifiers.23−26

The size of the separated modifiers also plays an important role
in the toughening effect.27 For a given volume fraction of
modifiers, the smaller the inclusions are, the higher the
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toughness achieved in the composites, which can be ascribed to
increasing interfacial area between the matrix and the
modifiers.28 Moreover, experiments have shown that compared
with micromodifiers, nanomodifiers confer enormous advan-
tages to polymer composites, such as maintaining the
transparency of the neat materials.15,29 Consequently, enhanc-
ing the interfacial bonding and decreasing the size of PPC fillers
in epoxy thermosets maybe one of the approaches to obtaining
improved fracture toughness.
In the present work, we demonstrated the potential of

modified PPC to be developed as an effective toughening agent
of epoxy thermosets. Poly(ε-caprolactone)-block-poly-
(propylene carbonate)-block-poly(ε-caprolactone) triblock co-
polymer (PCL-PPC-PCL) was synthesized with PPC as the
initiator. The interfacial interaction between epoxy and PPC
modifier was enhanced significantly because of the well
miscibility of PCL with epoxy host. Furthermore, amphiphilic
block copolymers can form nanophases in epoxy matrix, which
dramatically decreased the size of inclusions, and thus, fracture
toughness of materials was greatly improved. Our work is the
first time for functionalizing PPC with PCL for an excellent
toughening agent of epoxy, extending the applications of PPC
that are of great interest to the academic and industrial fields.

■ EXPERIMENTAL DETAILS
Materials. E51 epoxy resin (EP), whose epoxide value and

viscosity are 0.48−0.54 eq/100 g and 2500 mPa s (40 °C), was
purchased from Bluestar Wuxi Petrochemical Co., Ltd. (Jiangsu,
China). Poly(propylene carbonate) (PPC) with molecular weight of
3000 g/mol, which is terminated with hydroxyl groups, was supplied
by Dazhi Environmental Protection Technology Corp. (Guangdong,
China). Poly(ε-caprolactone) (PCL) was purchased from Aldrich
Corp, and it had a molecular weight of 10000 g/mol. 4,4′-
Methylenebis (2-chloroaniline) (MOCA), ε-caprolactone (ε-CL),
stannous octanoate [Sn(Oct)2], and solvents were purchased from
Aladdin Reagent Corp. (Shanghai, China). The monomer of ε-CL and
solvent was dried over calcium hydride (CaH2) and distilled under
decreased pressure prior to use. The chemical structures of epoxy,
MOCA, and PPC are shown in Scheme 1.
Synthesis of PCL-PPC-PCL Triblock Copolymer. Poly(ε-

caprolactone)-block-poly(propylene carbonate)-block-poly(ε-caprolac-
tone) triblock copolymer (PCL-PPC-PCL) was synthesized via the
ring-opening polymerization (ROP) of ε-CL in the presence of PPC
with Sn(Oct)2 as the catalyst.

30 Typically, 1 g (0.67 mmol with respect

to hydroxyl groups of PPC) of PPC and 3 g (26.3 mmol) of ε-CL were
dissolved in anhydrous toluene in a 50 mL predried Schlenk flask
equipped with a magnetic stirrer, followed by the addition of 0.02 g of
Sn(Oct)2. After three pump freeze−thaw cycles, the flask was
immersed into an oil bath, and polymerization was carried out at
120 °C for 48 h. The crude product was dissolved in a spot of
tetrahydrofuran (THF), and the solution was dropped into a great
amount of petroleum ether to afford the precipitates. The collected
production was dried in a vacuum oven at 40 °C for 24 h.

Preparation of PCL-PPC-PCL/EP Thermosets. The desired
amount of the PCL-PPC-PCL triblock copolymer was added to EP
with continuous stirring at 100 °C until the mixtures became
homogeneous and transparent. The curing agent MOCA was added
with stirring until full dissolution. The mixtures were poured into
preheated polytetrafluoroethylene molds and then cured at 150 °C for
2.5 h and post-cured at 180 °C for 2.5 h. Following a similar
procedure, neat EP, PPC/EP, and PPC-PCL-PPC specimens were
prepared as references.

Characterization. Fourier transform infrared (FTIR) spectra were
recorded using a Nicolet spectrometer. Nuclear magnetic resonance
(NMR) spectra of the samples were recorded by a Varian Mercury
plus 400 spectrometer with deuterated chloroform as solvent and
tetramethylsilane as the internal reference. A gel permeation
chromatography (GPC) instrument with a G1362A refractive index
detector was used to determine the weight-average molecular weights
(Mw), number-average molecular weights (Mn), and polydispersity
index (PDI, Mw/Mn). THF was employed as the eluent at a flow rate
of 1.0 mL/min, and the calibration curve was obtained with
monodispersed polystyrene as the standards.

The fractured surfaces of the EP blends were obtained under
cryogenic condition using liquid nitrogen, followed by etching in THF
at room temperature for 12 h. The morphologies of etched surfaces
were observed by a Zeiss Ultra 55 field-emission scanning electron
microscopy (SEM) at an operating voltage of 5 kV. The morphological
observation of the samples was conducted on a Multimode 8 atomic
force microscope (AFM) in the tapping mode. The specimens for
AFM observation were prepared using an ultramicrotome (Leica FC7-
UC7) equipped with a diamond knife. Dynamic mechanical analysis
(DMA, Mettler-Toledo DMA/SDTA861e) was conducted to measure
the glass transition temperature (Tg) of composites. The specimen
dimensions for DMA measurement were 30 mm × 4.0 mm × 2.0 mm.
The testing was performed in dual cantilever mode at multi-
frequencies of 1 Hz with a heating rate of 5 °C/min between −100
and 200 °C. Mechanical properties were measured at 23 °C and ∼40%
relative humidity using a SANS CMT-4102 universal testing machine
(Shenzhen, China) at a crosshead speed of 1 mm/min. The specimens
have a dimension of 50 mm (length) × 8.0 mm (width) × 20 mm
(narrow portion length) × 4.0 mm (narrow portion width) × 2.0 mm
(thickness). At least five tests were performed for each sample, from
which mean values and standard deviations were derived. Differential
scanning calorimetry (DSC, TA Q2000) was used to investigate the Tg
of PPC at a heating rate of 10 °C/min from −80 to 10 °C under
nitrogen atmosphere.

■ RESULTS AND DISCUSSION

Characterization of Triblock Copolymer. The routes of
syntheses for the PCL-PPC-PCL triblock copolymers are
shown in Scheme 2. The ROPs of ε-CL were carried out with
PPC as the macromolecular initiators and Sn(Oct)2 as the
catalyst. This polymerization was carried out at 120 °C for 48 h
to obtain a complete conversion of the monomer.
The FTIR spectra of PPC, PCL, and PCL-PPC-PCL are

shown in Figure 1. The characteristic absorption bands for PPC
are attributed to the stretching vibration of C−H at 2800−2900
cm−1, CO at 1750 cm−1, and C−O−C band at 1100 cm−1.
Particularly, the absorption peaks at 2980 and 2901 cm−1 and
2937 and 2877 cm−1 correspond to the stretching vibrations of
−CH3 and −CH2 in PPC, respectively. As to PCL-PPC-PCL,

Scheme 1. Chemical Structures of (a) Epoxy, (b) MOCA,
and (c) PPC
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the intensity of bands corresponding to the −CH2 stretching
vibration is remarkably increased due to only the content of
−CH2 in the PCL blocks. The peak associated with the CO
stretching vibration of PCL-PPC-PCL shifts to 1725 cm−1,
which is induced by the shearing vibration of CO group in
the PCL subchains. The results of FTIR indicate that the PCL-
PPC-PCL triblock copolymer is successfully obtained.
Figure 2 shows the 1H NMR spectrum of the PCL-PPC-PCL

triblock copolymer. The signals of resonance at 1.3−1.5 ppm
are assignable to the methyl groups of PPC subchains. The
characteristic peaks of methylene and methine groups in the
PPC subchains are assigned as follows: 1H NMR (CDCl3), δ
(ppm) 3.2−3.7 (2H, 1H; −CH2CHOCH2CHO−), 4.0−4.3

(2H; −OCOCH2CH−), 4.7−5.0 (1H; −OCOCH2CH−),
which can be found in the 1H NMR spectrum of pure PPC
(Figure S1a). As to PCL-PPC-PCL, the additional signals of
resonance from the PCL blocks are detected at 1.4, 1.7, 2.3, and
4.1 ppm, which are assignable to the protons of methylene of
PCL subchains (Figure S1b). As indicated in the 1H NMR
spectrum, the simultaneous appearance of the resonance
characteristic of PPC and PCL protons implies that the
resulting product combines the structural features of PPC and
PCL, which means that the PCL-PPC-PCL triblock copolymer
is successfully obtained.
The molecular weights and corresponding polydispersity

indices (PDI) of PPC and PCL-PPC-PCL were determined by
GPC, and their GPC curves are shown in Figure 3. The GPC

trace of PCL-PPC-PCL displays a unimodal peak, confirming
that the triblock copolymer is successfully prepared. The
molecular weight of PCL-PPC-PCL is estimated to be Mn =
11,400 g/mol, and thereby the lengths of PCL blocks in the
triblock copolymer are calculated to LPCL = 4200 g/mol.

Characterization of the PCL-PPC-PCL/EP Thermosets.
Before curing, all the systems of epoxy precursors, curing
agents, and PCL-PPC-PCL (or PPC) were homogeneous and
transparent at room and elevated temperatures. This
observation is consistent with the previous report that PPC is
miscible with EP precursors and reaction-induced phase
separation occurs during the curing.31 Figure 4 shows the
photographs of neat EP and thermosetting blends. After curing
at a setting temperature, the thermosetting blend containing
PPC and PCL homopolymers becomes cloudy, implying the
occurrence of macroscopic phase separation. However, all the
thermosets containing the PCL-PPC-PCL triblock copolymer
are transparent and homogeneous, which suggests that no
macroscopic phase separation occurred at least on the scale
exceeding the wavelength of visible light.
The SEM micrograph of THF-etched fracture surfaces of the

thermoset containing 3 wt % PPC and 7 wt % PCL is shown in
Figure 5. It is shown that the spherical pores are uniformly
dispersed in the continuous EP matrix after PPC phases are
rinsed by THF. The diameter of spherical phases is about 1 μm,
which confirms occurrence of macroscopic phase separation in
the PPC/PCL/EP system. However, for the thermoset
containing 10 wt % PCL-PPC-PCL triblock copolymer, no
pore can be observed under the same magnification after an
identical etched condition (Figure S2), thus demonstrating the
absence of macroscopic phase separation in the PCL-PPC-
PCL/EP blends.

Scheme 2. Synthesis of PCL-PPC-PCL Triblock Copolymer

Figure 1. FTIR spectra of PPC, PCL, and PCL-PPC-PCL.

Figure 2. 1H NMR spectrum of PCL-PPC-PCL triblock copolymer.

Figure 3. GPC curves of PPC and PCL-PPC-PCL triblock copolymer.
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Atomic force microscopy (AFM) was carried out to observe
the morphology of EP thermosets containing the PCL-PPC-
PCL triblock copolymer after reaction-induced phase separa-
tion. As shown in Figure 6, the upper part of each micrograph is
the topography image and the lower part is the phase image.
The topography images show that the surfaces of the as-
prepared specimens are quite smooth and free of visible defects.
In terms of the difference in viscoelastic properties between EP
and PPC phases, the light continuous regions are ascribed to
the EP matrix, while the dark regions are attributed to PPC
domains. It is deducible from the SEM and AFM results of the
PPC/PCL/EP blend that dark regions are corresponding to the
PPC domains etched by THF (Figure 5 and Figure S3). It is

obvious that all the blends containing the PCL-PPC-PCL
triblock copolymer exhibit nanostructured morphology, which
is in accordance with the previous studies that PCL is miscible
with several amine-cured epoxy systems32−34 and amphiphilic
block copolymers can form nanophases in epoxy matrix.35−41

The long worm-like PPC micelles with an average size in
diameter of 5−20 nm are uniformly dispersed into the
continuous EP matrix. The sizes of the dispersed PPC
nanophases increase with increasing the content of PCL-
PPC-PCL in the EP thermosets. The results of AFM
observation verify that microphase separation occurs during
the curing for the thermosets containing PCL-PPC-PCL
triblock copolymer and the sizes of separated PPC phases
decrease into nanoscale compared with PPC/PCL/EP system.
To ascertain the miscibility of the cross-linked EP networks

with PCL and PPC blocks, a DMA technique was employed. As
shown in Figure 7a, the neat EP exhibited a well-defined Tg (α
transition) at 146 °C. Apart from α transition, it exhibits a
secondary relaxation peak (β transition) from about −50 to
−60 °C. This transition is predominantly attributed to the
motion of hydroxyl ether structural units and diphenyl groups
in epoxy.42 Since the Tg of PPC is about −53 °C (Figure S4),
the α transition of PPC nanodomains is overlapped with the β
transition of epoxy in PCL-PPC-PCL/EP thermosets. There-
fore, it is difficult to distinguish Tg of PPC in the Tan δ vs
temperature curves of thermosets containing the PCL-PPC-
PCL triblock copolymer. Upon adding the PCL-PPC-PCL
triblock copolymer into the thermosets, the Tg of the matrix
shifts to a lower temperature. The Tg of the EP matrix decreases
with increasing the content of the PCL-PPC-PCL triblock
copolymer, which indicates the miscibility of the PCL subchains
and EP matrix.

Figure 4. Photographs of (a) neat EP, (b) PPC/PCL/EP (3/7/90) blend, and thermosets containing (c) 5, (d) 10, (e) 20, and (f) 30 wt % of PCL-
PPC-PCL.

Figure 5. SEM micrograph of THF-etched fracture surfaces of PPC/
PCL/EP (3/7/90) blend. Insert is image at different magnification.

Figure 6. AFM images of the EP thermosets containing (a) 5, (b) 10, (c) 20, and (d) 30 wt % of PCL-PPC-PCL triblock copolymer. Top:
topography. Bottom: phase contrast images. White bar indicates 500 nm in all images.
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DMA is also a powerful tool used to evaluate the density of
cross-linking of thermosets. The cross-link density (υ) of the
EP networks can be calculated using the following rubber
elasticity equation υ = E′/3RT, where R is the gas constant and
T is the absolute temperature in rubbery plateau region (Tg +
30 K).43 The storage modulus (E′) of the PCL-PPC-PCL/EP
thermosets is presented in Figure 7b. The υ values calculated
from E′ in the rubbery plateau region are given in Table 1. It is
noteworthy that the cross-link densities of neat EP and PCL-
PPC-PCL/EP thermosets are similar, which indicates that the

addition of the PCL-PPC-PCL triblock copolymer into the
thermosets does not affect the degree of curing of the EP
networks. Since the Tg values of EP in thermosets are
influenced by plasticizers and cross-link density, the low Tg of
EP in PCL-PPC-PCL/EP thermoset is not likely due to low
cross-link density but rather to the plasticization of PCL
subchains, which promote the mobility of epoxy chains.
In order to verify this conclusion, the Tg values of EP in

PPC/PCL/EP (3/7/90) and PPC/EP (10/90) blends were
also determined. Figure 7c shows that the EP in PPC/EP (10/
90) blend displays higher Tg than that in the PCL-PPC-PCL/
EP (10/90) blend, which originates from the well miscibility of
PCL subchains with the EP host. Hence, the interfacial
interaction between the matrix and modifier in the PCL-PPC-
PCL/EP thermoset is significantly stronger than that in the
PPC/EP blend. It is interesting to note that with similar
composition, the Tg of EP in the PCL-PPC-PCL/EP (10/90)
blend is significantly higher than that in PPC/PCL/EP (3/7/
90) blend. As suggested by previous reports,44 a possible
explanation for the difference is that the PCL subchains have to
be enriched at the surface of the microphase-separated PPC
nanodomains in the nanostructured PCL-PPC-PCL/EP
thermosets due to chemical bonds between PPC and PCL
blocks. However, PCL homopolymer is homogeneously
dispersed into the EP matrix, and thereby, the EP matrix is
well plasticized. Therefore, the Tg results indicate that the
addition of the PCL-PPC-PCL modifier into the EP matrix not
only generates an superior interfacial bonding but also
maintains the relatively satisfying thermal property of the
matrix.
The toughening effect of PCL-PPC-PCL on the thermosets

was evaluated by tensile testing, whose results and representa-
tive curves are given in Figure 8. In spite of the decrease in
tensile strength, it is evident that the incorporation of the PCL-
PPC-PCL modifier sharply increases the elongation at break of
the resulting thermosets. The toughness of the PCL-PPC-PCL/
EP thermosets, which relates to overall energy dissipation, is
obtained by calculating the area under the stress−strain curves.
The elongation and toughness of neat EP present the values of
13 ± 1% and 4.7 ± 0.5 MJ/m3, respectively. With the
incorporation of 5, 10, 20, and 30 wt % of PCL-PPC-PCL
modifiers, the elongation values of the PCL-PPC-PCL/EP
thermosets increase by 15%, 48%, 107%, and 323%,
respectively, while the toughness values increased for 35%,
58%, 98%, and 182%, respectively. According to a previous
study, the improvement in fracture toughness of worm-like
nanostructured thermosets is likely to derive from a
combination of several toughening mechanisms: voiding or
debonding at the interface between the phases, limited matrix
shear yielding, crack tip blunting, crack bridging, and
viscoelastic energy dissipation.45 It is worth mentioning that a
favorable interface plays an important role on these
mechanisms for energy dissipation. Compared with the

Figure 7. (a) Tan δ vs temperature curves and (b) storage modulus
(E′) of neat EP and thermosets containing PCL-PPC-PCL triblock
copolymer, (c) Tan δ vs temperature curves of neat EP, PCL-PPC-
PCL/EP (10/90), PPC/PCL/EP (3/7/90), and PPC/EP (10/90)
blends.

Table 1. Tg, Storage Modulus (E′) at Tg + 30 K and Cross-Link Density (υ) of Neat EP and Thermosets Containing PCL-PPC-
PCL Triblock Copolymer

content of PCL-PPC-PCL

0 wt % 5 wt % 10 wt % 20 wt % 30 wt %

Tg (K) 419 404 395 365 338
E′ at Tg + 30 K (MPa) 12.6 14.3 9.7 10.0 11.22
υ ( × 103 mol m−3) 1.12 1.32 0.92 1.02 1.22
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thermosets modified with PPC at the micrometer scale, the
excellent toughness improvement of the thermosets via the
formation of the nanostructures may be caused by two reasons.
The first and foremost, the interfacial interaction between the
matrix and PPC nanophases is significantly enhanced due to the
miscibility of the PCL blocks with the EP thermosets. Second,
the PPC toughening phase is homogeneously dispersed in the
EP matrix at the nanometer scale, which will greatly increase
the interfacial area between the matrix and the modifier. As a
result, the PCL-PPC-PCL modifier possesses an excellent
toughening effect for EP thermosets in spite of sacrificing part
of the strength and thermal property of the matrix. The
approaches to avoid this disadvantage will be the subject of
future investigations.

■ CONCLUSION
In summary, we have explored an innovative application of
PPC as an effective toughening agent of EP thermosets. PCL-
PPC-PCL triblock copolymer was synthesized successfully with
PPC as the initiator, which was testified by FTIR, 1H NMR,
and GPC characterizations. The interfacial interaction and size
of separated PPC blocks are optimized significantly, which is
confirmed by SEM, AFM, and DMA characterizations. As a
consequence, excellent toughness of PCL-PPC-PCL modified
thermosets is achieved in spite of sacrificing part of the strength
and thermal properties of the matrix. Therefore, this work
broadens the applications of PPC and promotes its
implementation as mass products.
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