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ABSTRACT: In this work, the synthesis, structural character-
istics, interfacial bonding, and mechanical properties of poly(ε-
caprolactone) (PCL) nanocomposites with small amounts
(0.5, 1.0, and 2.5 wt %) of amino-functionalized multiwalled
carbon nanotubes ( f-MWCNTs) prepared by ring-opening
polymerization (ROP) are reported. This method allows the
creation of a covalent-bonding zone on the surface of
nanotubes, which leads to efficient debundling and therefore
satisfactory dispersion and effective load transfer in the
nanocomposites. The high covalent grafting extent combined
with the higher crystallinity provide the basis for a significant
enhancement of the mechanical properties, which was detected
in the composites with up to 1 wt % f-MWCNTs. Increasing
filler concentration encourages intrinsic aggregation forces, which allow only minor grafting efficiency and poorer dispersion and
hence inferior mechanical performance. f-MWCNTs also cause a significant improvement on the polymerization reaction of PCL.
Indeed, the in situ polymerization kinetics studies reveal a significant decrease in the reaction temperature, by a factor of 30−40
°C, combined with accelerated the reaction kinetics during initiation and propagation and a drastically reduced effective
activation energy.
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1. INTRODUCTION

The preparation of polymer nanocomposites has proven to be
an efficient way of upgrading the properties of synthetic
polymers to a certain point, whereas the final properties of the
nanocomposite exceed the ones of conventional composites.1−3

Several works have reported that even a small amount (ranging
from 0.5 to 5 wt %) of an inorganic filler inside a polymeric
matrix can improve drastically the performance of the matrix.
The most profound effects have been observed for mechanical,
thermal, and electrical properties of the final nanocomposites.4,5

Additionally, the widespread use of petroleum-based conven-
tional polymers has raised widely spread environmental issues
because of their abundant applications. For this reason, several
synthetic or naturally synthesized biodegradable polymers such
as polyesters have been prepared, studied, and used by both
industry and academia, taking into account environmental
regulations and guidelines.6,7 ε-Poly(caprolactone), or PCL, is
such an aliphatic semicrystalline polyester that is also
biodegradable and biocompatible with many potential

applications already reported in literature such as tissue
engineering, scaffold preparation, controlled drug release, and
others.8−11 However, the low melting point and the mediocre
mechanical performance of PCL generally limit the applications
for which it can be used, and therefore, several attempts have
been made to improve its properties with the introduction of
inorganic fillers.12−19

Multiwalled carbon nanotubes (MWCNTs) have been used
for reinforcement of polymeric matrixes; starting from the first
work of Ajayan et al.,20 who introduced MWCNTs in an epoxy
matrix, a vast amount of reports have been dedicated to the
development of polymer/MWCNT nanocomposites.21−26 The
most challenging part of the preparation of a MWCNT-based
nanocomposite is the successful dispersion of MWCNTs inside
the polymeric matrix because the strong van der Waals
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interactions, which are developed between the MWCNTs, force
them to curve and form very hard and almost impossible to
break bundles.27,28 For this reason, several preparation
strategies, including covalent or noncovalent polymer grafting
approaches, have been developed in order to achieve MWCNT
debundling and eventually increase the interactions with the
polymeric matrix.29−38 Following the covalent bonding
approaches, in this work we utilize ring-opening in situ
polymerization (ROP) to produce PCL nanocomposites with
amino-functionalized MWCNTs ( f-MWCNTs) in an effort to
create a polymer−nanotube bonding zone that would lead to
improved filler dispersion and therefore enhanced mechanical
performance.12,39,40

Several works have dealt with the grafting of MWCNTs on
PCL, but only a few works have reported the preparation of
such PCL/MWCNT nanocomposites by in situ polymer-
ization14,41−43 whereas many others have used alternative
preparation methods.44−47 Moreover, few other authors have
reported using ROP to synthesize PCL with f-MWCNTs.48−53

In an recent study, Müller and co-workers reported that the
PCL-grafted MWCNTs alter the chain topology of the matrix
by forming a transient network, resulting in slower diffusion
and relaxation of the cyclic molecules of the matrix.52

Furthermore, the majority of those studies have shown that
MWCNTs play a major role on the polymerization procedure,
thereby affecting positively the final structure and properties of
the composite materials.
One of the first attempts to prepare PCL nanocomposites

with amino-functionalized MWCNTs was reported from Ruelle
et al.54 because of the fact that primary amines have been
reported as highly efficient initiators of the ring-opening
polymerization of ε-caprolactone (ε-CL).55 From TEM
micrographs, it was found that MWCNTs were successfully
grafted with PCL macromolecules. In other studies, amino- or
hydroxyl-functionalized MWCNTs have been used to prepare
PCL nanocomposites with little or no reference concerning the
properties of the prepared nanocomposites.51,56−59 In a recent
study, Kumar et al.60 reported a 28% enhancement of the
tensile strength of melt-mixed PCL/amino-functionalized
MWCNT composites. Furthermore, Zhou et al. reported that
MWCNTs grafted on PCL cause a faster crystallization rate and
a smaller crystal size of the grafting polymers, leading to higher
values of Tc and Tm.

59 As it can be realized, the simultaneous
application of the ROP procedure, which has been proven to
enable exfoliation and homogeneous dispersion of the filler,
with the use of functionalized MWCNTs is expected to
attribute superior characteristics to the produced nano-
composite samples.
The aim of the present work is to study the effectiveness of f-

MWCNTs as ROP co-initiators of ε-caprolactone and as
reinforcing agents on the formed PCL/MWCNT nano-
composites. Thus, a systematic investigation of the ability of
f-MWCNTs to create a covalent-bonding zone with the
polymer backbone is provided and the detected mechanical
properties are well-correlated with the reinforcement of the
composites.

2. EXPERIMENTAL SECTION
2.1. Materials. ε-Caprolactone (ε-CL) (purum 99%) and

tetrabutyl titanate (TBT) catalyst of analytical grade were purchased
from Aldrich Chemical Co. (Stainheim, Germany). f-MWCNTs were
kindly offered from GLONATECH S.A. (Athens Greece, ONEX-MW

1004 C2). The nanotubes have 5% NH2 content, average diameter =
15 ± 5 nm, length > 5 μm, and bulk density = 0.2 g cm3.

2.2. PCL Synthesis and Nanocomposites Preparation. For the
synthesis of PCL, ε-CL was dried over CaH2 and purified by
distillation under reduced pressure prior to use. The bulk polymer-
ization of ε-CL was carried out in a 250 mL round-bottomed flask
equipped with a mechanical stirrer and a vacuum apparatus. The
catalyst TBT was added as a solution in toluene at a final
concentration of 1 × 10−4 moles per mole of monomer. The
polymerization mixture was degassed and purged with dry argon three
times. The polymerization reaction was carried out for 2 h at 180 °C.
Unreacted monomer was removed through distillation by applying a
high vacuum (∼5 Pa) slowly, in order to avoid excessive foaming, over
a time period of 15 min. Polymerization was terminated by rapid
cooling to room temperature.

For the preparation of PCL/f-MWCNT nanocomposites by in situ
polymerization, the same technique was used as described above. f-
MWCNTs together with the proper amount of TBT were added to ε-
CL monomer and were sonicated initially for 2 min using a sonicator
apparatus and then in a sonic bath for 15 min. For the first
polymerization step, all amounts were transferred in a 250 mL round-
bottomed flask and heated at 180 °C for 2 h (Scheme 1). Unreacted

monomer was removed through distillation by applying a high vacuum
(∼5 Pa) slowly over a time period of 15 min. Polymerization was again
terminated by rapid cooling to room temperature. According to this
procedure, nanocomposites containing 0.5, 1, and 2.5 wt % f-
MWCNTs have been prepared.

The prepared materials were afterward hot-pressed using an Otto
Weber Type PW 30 hydraulic press connected with an Omron E5AX
Temperature Controller at a temperature of 75 ± 5 °C, in order to
prepare films of different thicknesses therefore appropriate for each
type of the following measurements.

2.3. Characterization Methods. Size-exclusion chromatography
(SEC) experiments were carried out at 30 °C using a Spectra System
PL 1000 pump, a Shodex RI 101 refractive index detector, and a
Spectra System UV-1000 detector. Three Mixed-C columns were used
(Polymer Laboratories, with pores for efficient separation of molecules
varying from 2000 to 4 × 106 g/mol), thermostated in a Lab Alliance
column oven at 30 °C. THF, distilled over CaH2 and sodium, was the
carrier solvent at a flow rate of 1 mL/min.

Intrinsic viscosity (η) measurements were performed using an
Ubbelohde viscometer at 30 °C in a mixture of phenol/tetrachloro-
ethane 60:40 w/w. The sample was maintained in the solvent at room
temperature for some time in order to achieve a complete solution.
The solution was then filtered through a disposable membrane filter
made from Teflon.

Differential scanning calorimetry (DSC) measurements were carried
out in a calibrated Setaram DSC (model 141) in order to monitor in
situ polymerization.61 From each mixture, a 15 ± 1 mg sample was
placed in stainless-steel sealed crucibles, whereas an identical empty
crucible was used as reference in each measurement. The samples were
heated from ambient temperature (25 °C) to 250 °C under a 50 mL/
min flow of N2 with heating rates of 1, 2.5, and 5 °C min−1 in order to
study the polymerization kinetics. The effective activation energy of

Scheme 1. PCL/f-MWCNT Nanocomposites Prepared by
Ring-Opening Polymerization
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polymerization was calculated by the isoconversional method of
Starink.
Ultrathin film samples of the nanocomposites were prepared

through cryomicrotoming at −90 °C with a DIATOME cryo-45°
diamond knife by the ultramicrotome Leica EM FC7. Transmission
electron microscopy (TEM) images of the thin sections were placed
on copper grids and studied using a JEOL HR-JEM 2100 electron
transmission microscope operating at 200 kV.
X-ray photoelectron spectroscopy (XPS) spectra were acquired in

an Axis Ultra DLD system by KRATOS. A monochromated Al Kα1 X-
ray beam was used as the excitation source. The pass energy was 160
eV for survey scans and 20 eV for high resolution spectra.
Wide angle X-ray diffraction (WAXD) measurements of the

samples were performed using a MiniFlex II XRD system from
Rigaku Co, with CuKα radiation (λ = 0.154 nm) in the area of 5° < 2θ
<60°. Crystallinity calculations of the studied materials were
performed by fitting the WAXD profiles with Gaussian−Lorentzian
cross-product curves and deriving the ratio of crystallinity over overall
fitted peaks area.62,63

Calculations of the size of crystalline domains (L) in the main
crystallographic directions have been performed using Scherrer’s
equation64

λ
θ

=L
B

0.9
cos (1)

where B is the full width at half-maximum (fwhm) of the
corresponding peak and λ is the wavelength of Cu Kα radiation
(λCuKα = 1.5418 nm).
Measurements of tensile mechanical properties of the prepared

nanocomposites were performed on an Instron 3344 dynamometer, in
accordance with ASTM D638, using a crosshead speed of 50 mm
min−1. Dumbbell-shaped tensile test specimens (central portions, 5 ×
0.5 mm thick, 22 mm gauge length) were cut in a Wallace cutting press
from100 μm thick film, prepared as described before, in an Otto
Weber hydraulic press and conditioned at 25 °C and 55−60% relative
humidity for 48 h. From stress−strain curves, the values of tensile
strength at the yield point and at break, elongation at break, and
Young’s modulus were determined. The toughness was calculated
from the area under the obtained stress−strain curves as described
elsewhere.65 Izod impact tests were performed using a Tinius Olsen
apparatus in accordance with ASTM D256 method. In both cases, five
samples were measured, and the results were averaged to obtain a
mean value.
A Renishaw system 1000 spectrometer coupled to a 633 nm HeNe

laser was used to record Raman spectra from PCL and nanocomposite
samples. The laser was focused on the samples using a ×50 lens
(numerical aperture = 0.60) to a spot size of 2.0 μm, and spectra were
recorded using an exposure time of 10.0 s and three accumulations.
This exposure time was chosen to minimize the heating effects that
can cause shifts in the position of Raman peaks obtained from the
carbon-based filler.

3. RESULTS AND DISCUSSION
3.1. Effect of f-MWCNTs on Ring-Opening Polymer-

ization of ε-CL. Simulating the polymerization process
through DSC experiments provides useful information
regarding the kinetics of the reaction and the effects of the
filler in the process. In Figure 1a, the heat-flow curves of all the
prepared materials collected at a heating rate of 1 K min−1 are
presented, revealing the significant influence of the incorpo-
ration of f-MWCNTs in PCL. In Figure 1b,c, the calculated
monomer conversion degree (or extent of polymerization, α) is
plotted versus temperature and time, respectively, for the same
heating rate. A gradual shift (as large as 30−40 °C) of the
whole polymerization reaction toward lower temperatures with
increasing f-MWCNT concentration was evident in every set of
experiments. As can be seen in Table 1, the shift depends also
on the applied heating rate. This notable shifting for every

employed heating rate reveals the significant influence of f-
MWCNTs on the polymerization reaction of ε-CL. Further-

Figure 1. (a) Heat-flow curves of ring-opening polymerization
collected at rate = 1 K min−1 and the corresponding extent of
conversion dependence on (b) temperature and (c) time for: (1) PCL,
(2) PCL/0.5 wt % f-MWCNTs, (3) PCL/1 wt % f-MWCNTs, and (4)
PCL/2.5 wt % f-MWCNTs.

Table 1. Polymerization Peaks of Neat ε-CL and in the
Presence of f-MWCNTs at Different Heating Rates

material rate (K min−1) peak (°C)

PCL
1 221
2.5 244.5
5 254.3

PCL/0.5 wt % f-MWCNTs
1 191
2.5 209.9
5 230.7

PCL/1 wt % f-MWCNTs
1 188.8
2.5 212.4
5 231.4

PCL/2.5 wt % f-MWCNTs
1 184.3
2.5 200.35
5 226.9
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more, the total width of the exothermic peaks is also notably
lower in the nanocomposites compared to neat PCL, indicating
that f-MWCNTs not only enable the initiation of the process at
lower temperatures but also accelerate the whole reaction. For
the nanocomposites with 1 and 2.5 wt % f-MWCNTs, this
observation can be verified in the monomer conversion versus
time curves, shown in Figure 1c. Such an important shift to
lower temperatures combined with a faster polymerization
reaction will lead to advantages concerning the incorporation of
functionalized carbon nanofillers in industrially produced PCL
because the decrease in the required polymerization temper-
ature and the lower processing times remain two of the main
requirements for inexpensive production in the polymer
industry.
To examine the effects of f-MWCNTs on the kinetics of

polymerization, the obtained exothermic curves were subjected
to analysis with the integral isoconversional method of
Starink.66 According to the Starink’s method, the extent of
conversion (α) corresponding to the normalized monomer
conversion degree can be incorporated in the following
equation in order to obtain the effective activation energy EA
of polymerization:

β = −
α α

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟

⎛
⎝⎜

⎞
⎠⎟T

E
RT

ln const. 1.0008
i,
1.92

A

(2)

where β is the heating rate and R is the gas constant. The index
i is introduced to denote various temperature programs. Tα,i is
the temperature at which a certain extent of conversion value,
α, is reached under the temperature program i. The EA values
are obtained through the slope of the plot of ln(β/Tα,i

1.92)
versus (1/Tα).
The calculated effective activation energy values versus the

degree of conversion were plotted for all the prepared materials
and are presented in Figure 2. It was realized that the energy

barrier of polymerization is significantly reduced in the
presence of f-MWCNTs, an observation which confirms that
the filler in fact allows the beginning of polymerization at lower
temperatures. Specifically, PCL was found to have an initially
increasing activation energy from 80 to 110 kJ mol−1 followed
by a marginal decrease, which began at approximately 40% of
the reaction. This dependence of effective activation energy on
the extent of polymerization suggests that this process requires
more than one reaction mechanism to be adequately
described.67

Through the incorporation of 0.5 wt % f-MWCNTs, a
smaller increase of the activation energy concerning the initial
20% of the reaction was followed by a continuous drop through
the completion of the reaction. Therefore, both the absolute
effective activation energy and the involved mechanisms seem
to have been modified from the incorporation of f-MWCNTs
in polymerization. For the composite with 1 wt % f-MWCNTs,
the activation energy decreased from 100 to 70 kJ mol−1 for the
initial 20% of the reaction and remained almost constant until
90% of the reaction. Then, a further decrease was detected for
the final polymerization steps. Thus, increasing f-MWCNTs
content modifies further the polymerization kinetics of PCL.
The material with the highest nanofiller percentage presented
an even further modified activation energy trend. In that case,
the effective activation energy remained almost constant
through most of the reaction and a drop was detected at the
final polymerization steps, that is, after 90% of the reaction had
been completed. Therefore, from Starink’s method, it was
proven that the incorporation of f-MWCNTs decreases the
energy barrier of polymerization and probably interferes with
the relative reaction models involved in the specific polymer-
ization.

3.2. Nanocomposite Morphology and Molecular
Characteristics. In Figures 3 and 4, characteristic TEM

images of the prepared nanocomposites are presented. In the
composites with 0.5 wt % f-MWCNTs (Figures 3a,b and 4a),
the nanotubes were found to be adequately dispersed in the
PCL matrix, whereas no large aggregates were detected in the
observed sections. Through these images, a polymer layer
surrounding the nanotube core is detected. Although the
nanotubes have an outer diameter of approximately 15 nm, a
polymer coating of 1−35 nm was observed (Figures 3b and 4a).
Similarly, for the composites with 1 wt % f-MWCNTs (Figures
3c,d and 4b), the nanotubes were found to be in a mostly
debundled state and dispersed in the polymer matrix. The

Figure 2. Effective activation energy dependence on extent of
polymerization as calculated using Starink’s method for (1) PCL,
(2) PCL/0.5 wt % f-MWCNTs, (3) PCL/1 wt % f-MWCNTs ,and (4)
PCL/2.5 wt % f-MWCNTs.

Figure 3. TEM images of (a and b) PCL/0.5 wt % f-MWCNTs, (c and
d) PCL/1 wt % f-MWCNTs, and (e and f) PCL/2.5 wt % f-
MWCNTs.
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polymer coating layer was also observed through the collected
images, and its thickness varied from 1 to 35 nm. On the
contrary, the observations of the composite with 2.5 wt % f-
MWCNTs (Figures 3e,f and 4c) revealed large nanotube
bundles with sizes reaching 1 μm. However, in that composite,
polymer-coated nanotubes were once again detected (Figures
3f and 4c) with thicknesses as high as 85 nm. Therefore, some
portion of the nanotubes is coated by a polymer layer even at
the highest loading, but excessive bundling cannot be avoided.
Overall from the transmission electron microscopy observa-

tions, it was revealed that the followed preparation method
successfully debundled the nanotubes for the low filler
concentrations, whereas when the f-MWCNT amount
exceeded 1 wt %, several aggregates were formed. From the
TEM images and the provided detailed views, it is clear that
PCL creates a surface-coating layer on the f-MWCNTs, which
can be attributed to the formation of covalent bonds between
the f-MWCNTs and PCL as discussed in the following
sections.32,58,68 Similar core−shell type structures with a stiff
carbon nanotube core and a soft polymer surrounding coating
have been reported by many other authors for other polymer
matrices as well as for PCL.51,53,69−72 Evidence indicates that
this seems to be the case in the present study as well. These
bonds not only lead to exfoliation of the nanotubes in the
matrix but also should improve the mechanical performance of
the materials because they provide large load-transfer channels.
Measurements of intrinsic viscosity as well as SEC measure-

ments were performed in order to evaluate the effect of the
nanotubes on the molecular characteristics of the matrix.
Additionally, calculations of the mean radius of gyration based
on the viscometry and SEC results were performed.73,74 The
critical relationships between nanofiller diamensions, polymer
gyration radius, and the final viscosity have been proposed to be
related with filler exfoliation state and dispersion.1,75−78

According to Flory’s equation,74 the intrinsic viscosity, average
molecular weight per weight (Mw), and Flory’s constant (Φ)
can be used to determine the mean radius of gyration
(⟨S2⟩(3/2)) according to the formula:

η
⟨ ⟩ =

Φ
S

M[ ]2 3/2 w
(3)

In our calculations, we used Flory’s constant value of 2.5 × 1021

(when [η] is given in dL/g), and the results are summarized in
Table 2. SEC revealed a single peak for PCL that had an

average molecular weight per number (Mn) of 37 365 g mol−1

and a polydispersity index (I = Mw/Mn) of 1.55. Therefore, the
determined molecular weight of PCL was 57 915 g mol−1.
The measurement and calculation results are summarized in

Table 2. It is indicted that low amounts of filler (0.5−1 wt %)
cause a notable increase on the viscosity of PCL and an
enlargement on the mean gyration radius, which are consistent
with the exfoliated and debundled state observed in the
corresponding TEM images (Figures 3a−d and 4a,b). Addi-
tionally, the differences in the gyration radii between the
nanocomposites indicate that the presence of the filler has
caused certain changes in the packing of the PCL macro-
molecular chains at the interface between the polymer and the
filler. This conclusion should be reflected on the physicochem-
ical properties of the samples. Increased viscosities correlated
with covalent filler−matrix bonding were also reported in
previous studies on poly(ethylene terepthtalate)79 and aliphatic
polyesters using silica nanoparticles as additives.80,81

However, a previous study in PCL/SiO2 nanocomposites had
highlighted that a possible trapping of the active species of the
metal alkoxide ring-opening initiator, caused by a heteroge-
neous exchange reaction between its functional groups and the
nanoparticles’ surface silanol groups, can lead to decreased
viscosity and molecular weight for the composites with higher
nanoparticle concentrations.82 The detected higher aggregation
state was consistent with the decreased viscosity and molecular
weight of these materials. Therefore, in the case of f-MWCNT
composites, the existence of such a reaction could not be
supported.
Nevertheless, by increasing further the filler content, an

important decrease of the viscosity was observed, reaching
values lower than those of the neat polymer. Lower viscosity
and decreased mean gyration radius can be supported by the
bundled and significantly less dispersed state of the nanotubes
in that composite. In this concentration, it seems that because
of the formation of aggregates some amino groups have not
reacted with ε-CL monomer and remained free causing an
aminolytic reaction to the formed macromolecules. Another
reason could rely on the barrier effect of f-MWCNT aggregates,
which hinder the ε-CL monomers reaction with macro-
molecular end groups therefore leading to lower molecular
characteristics than expected.

Figure 4. (Left panels) TEM images of (a) PCL/0.5 wt % f-
MWCNTs, (b) PCL/1 wt % f-MWCNTs, and (c) PCL/2.5 wt % f-
MWCNTs. Detail views of the numbered areas are presented in the
right side, depicting the formation of an interface between the
nanotubes and the matrix.

Table 2. Intrinsic Viscosity and Mean Radius of Gyration
Values for PCL/f-MWCNT Composites

sample [η] (dL/g) ⟨S2⟩(3/2) (nm)

PCL 1.00 28.5
PCL/0.5 wt % f-MWCNTs 1.43 32.1
PCL/1 wt % f-MWCNTs 1.28 31.0
PCL/2.5 wt % f-MWCNTs 0.86 27.1
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3.3. Evaluation of Nanotube Grafting to Polymer
Backbone. To evaluate directly the incorporation of f-
MWCNTs to PCL and the possibility of f-MWCNTs to
interact with ε-CL forming covalent bonds, XPS measurements
were conducted. XPS was used in a previous work to study the
grafting procedure of MWCNTs−OH on PCL macro-
molecules.58 The obtained wide scans of all the materials,
presented in Supporting Information Figure S1, confirmed their

carbon and oxygen composition with marginal differences
regarding their intensity. The corresponding measurements for
f-MWCNTs are also presented in Supporting Information
Figure S2.
The high-resolution spectra of the C 1s and O 1s core levels

were deconvoluted, as presented in Figure 5, to separate the
various bonds contributions. The results are grouped in Table
3, and they confirm the successful covalent grafting of the

Figure 5. High-resolution XPS spectra of (a) C 1s and (b) O 1s core level and peak deconvolution for all the prepared materials: (1) PCL, (2) PCL/
0.5 wt % f-MWCNTs, (3) PCL/1 wt % f-MWCNTs, and (4) PCL/2.5 wt % f-MWCNTs.
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functionalized nanotubes from the monomer chain through the
surface amino groups, proposed in Scheme 1.
In detail, the C 1s and O 1s core level analysis for PCL

confirmed the presence of C−C/C−H, C−O, and O−CO
bonds, respectively, through the three characteristic peaks at
285.0, 286.7, and 289.1 eV for C 1s and the two peaks at 532.1
and 533.5 eV for O 1s (Figure 4). Generally, the incorporation
of f-MWCNTs tends to merge the detected peaks of both C 1s
and O 1s. Specifically, increased nanotube content leads to a
gradual merge of the collected peaks to one broader collective
distribution.
From the deconvolution of the carbon bonding peak, the

distinct backbone contributions (C−C/C−H and C−O) along
with the new, nanotube-related C−N and N−CO bonds are
revealed as a result of the reaction of surface amino-groups of f-
MWCNTs with ε-CL. The existence of C−N and N−CO
groups is proof that the amino groups of f-MWCNTs can act as
initiators for ε-CL, forming covalent bonds with PCL
macromolecules. According to the proposed grafting reaction
of nanotubes on the ε-caprolactone chains (described in
Scheme 1), N−CO bonds are only formed after covalent
bonding of the surface amino groups to the polymer backbone
and can therefore serve as a direct indicator of the grafting
degree, whereas the C−N bonds, which are present in both the
ungrafted and grafted f-MWCNTs, can indirectly suggest the
grafting degree. It is noteworthy to mention that the relative
amount of the N−C and N−CO bonds is significant
concerning the low filler concentrations used in this work. For
instance, in the 2.5 wt % f-MWCNTs composite, approximately
32% of the overall bond area is associated with the nitrogen−
carbon bonds that arise from the bonded and unreacted surface
amino groups of the nanotubes collectively.
To evaluate the grafting degree, two indices obtained from

the ratios of the peak intensity (G1) and area (G2) of the N−
CO over C−N bonds, respectively, were calculated. As
presented in Figure 6, both of the grafting indices yield similar
results, according to which the composite with 0.5 wt % f-
MWCNTs has the highest grafting efficiency (almost 80%).
The high degree of covalent bonding between the nanotubes
and PCL confirms the previously detected efficient filler
exfoliation. The composite with 1 wt % f-MWCNTs still
maintained a high grafting degree (40−50%), whereas the
composite with 2.5 wt % f-MWCNTs had a grafting degree as
low as 4−10%. These results clearly suggest that efficient
exfoliation through covalent bonding following Scheme 1 is
obtained for the composite with the lowest filler concentration.
Increased filler concentrations eventually eliminate the
proposed debundling action of the synthesis route. These

results are consistent with the microscopy dispersion and
bonding observations and with the viscosity and gyration radius
calculations.

3.4. Structural Features of PCL/f-MWCNT Nano-
composites. The collected WAXD patterns of all the prepared
materials are presented in Supporting Information Figure S4,
revealing the characteristic PCL peaks at 21.4, 21.9, and 23.5°
respectively. The calculated degree of crystallinity of PCL was
75.5%, whereas the nanocomposites with 0.5−1 wt % f-
MWCNTs also presented increased crystallinities. Specifically,
the nanocomposite containing 0.5 wt % f-MWCNTs had a
crystallinity of 79.2%, whereas one containing 1 wt % f-
MWCNTs had 78.7%. The composite with the highest filler
loading had a slightly lower crystallinity compared to the other
nanocomposites and the neat polymer sample, with a value of
74.2%. The calculated crystal size presented a similar trend. The
neat polymer had a crystal size of 21.8 nm, whereas the
composites with 0.5−1 wt % f-MWCNTs shared the same
value of 23 nm. For the composite with 2.5 wt % f-MWCNTs,
the crystal size was found to be almost the same as the neat
polymer, namely, 21.9 nm. These values are within the range
reported in literature for PCL materials.72

The higher crystalline content found in the nanocomposites
with low filler amounts and their larger crystal size supports the
previously discussed filler-exfoliation effect detected in these
composites; therefore, mechanical property reinforcement
efficiency is to be expected.62,64,83 However in the highest
filler loading, the crystal size similar to that of neat polymer and
the lower degree of crystallinity compliment the insufficient
filler exfoliation and its lower viscosity, implying that the
improvement of the mechanical properties will not be adequate.

3.5. Mechanical Properties of PCL/f-MWCNT Nano-
composites. The mechanical properties of the PCL nano-

Table 3. Bond Positions and Relative Concentrations from Deconvolutions of C 1s and O 1s Core Level XPS Spectra for All the
Prepared Materials

peak positions (eV) percentages (%)

C−C C−N C−O N−CO O−CO C−C C−N C−O N−CO O−CO

PCL 285.0 286.7 289.1 74.3 13.9 11.9
PCL/0.5 wt % f-MWCNTs 285.0 285.6 286.5 289.1 289.4 68.8 3.9 18.2 3.1 6.0
PCL/1 wt % f-MWCNTs 285.0 286.0 287.0 289.3 289.4 73.7 9.7 8.5 4.4 3.6
PCL/2.5 wt % f-MWCNTs 284.9 285.7 287.0 288.4 289.6 59.2 29.7 6.2 2.3 2.6

C−C O−CO C−C O−CO
PCL 532.15 533.52 65.4 34.6
PCL/0.5 wt % f-MWCNTs 532.36 533.32 42.2 57.8
PCL/1 wt % f-MWCNTs 532.56 533.73 71.3 28.7
PCL/2.5 wt % f-MWCNTs 532.51 533.62 80.7 19.3

Figure 6. Grafting degree indices calculated from peak intensity (G1)
and peak area (G2) ratios of N−CO/C−N bonds.
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composites were studied by tensile and impact testing. In
general, the mechanical properties of polymer nanocomposites
are strongly dependent on the good adhesion between the
inorganic filler and the matrix and the dispersion of the filler as
well as the crystalline characteristics of the material.62,84 If
dispersion and adhesion are adequate and the fillers interact
with the matrix, then the applied load can be transferred
effectively from the matrix to the nanofiller, and the mechanical
properties are effectively enhanced. This effect is more likely to
be achieved at low filler concentrations.85−89 However, the
tendency of the inorganic fillers to aggregate and form bundles,
especially at higher contents, causes them to act as defects and
stress concentrators in the matrix, which eventually prevents an
effective reinforcement of the physical properties of the matrix.
The results from the mechanical testing of PCL/f-MWCNT
nanocomposites are presented in Table 4.
For the nanocomposites containing 0.5 wt % f-MWCNTs,

the elastic modulus and yield strength were slightly improved
compared to those of neat PCL. However, the incorporation of
1 wt % f-MWCNTs resulted in a significant stiffness
enhancement. Specifically, the elastic modulus (E) enhance-
ment exceeded 68% and the yield strength (σy) reinforcement
120%. However, for the 2.5 wt % f-MWCNTs composite, the
elastic modulus was found to be lower than that of neat PCL,
and the yield strength remained unaffected. The tensile
strength at break (σb) was found to be significantly higher for
both of 0.5 and 1 wt % f-MWCNTs composites (more than
50% increase in both cases), which is much higher than the
corresponding increase (28%) mentioned by Kumar et al.60

when amine-functionalized MWCNTs were added into PCL by
melt mixing. A similar increase in the mechanical properties was
also mentioned when MWCNTs functionalized with hydroxyl
groups reacted by in situ ring-opening polymerization of LA
and ε-CL monomers to covalently graft biodegradable PCLA
copolymers onto MWCNTs surfaces.69 The composite with the
highest filler loading, however, exhibited significantly lower
values, even lower than those of neat PCL.
The elongation at break presents a similar trend and was

marginally higher than that of neat PCL in the 0.5 and 1 wt % f-

MWCNTs composites, whereas a notable reduction was found
for the highest filler concentration (2.5 wt %). The calculated
toughness of 0.5 and 1 wt % f-MWCNTs composites was
clearly higher than that of neat PCL (more than 60 and 70%
respectively), indicating the exceptional performance of the
specific samples. The most significant improvement was
detected in the impact strength of the prepared nano-
composites. Particularly in the 0.5 wt % f-MWCNTs composite,
the impact strength was more than 540% higher than that of
neat PCL. A 200% higher impact strength was found for the
PCL/1 wt % f-MWCNTs composite. However, as with most of
its mechanical properties, both the toughness and impact
strength of the 2.5 wt % f-MWCNTs composite were lower
than the relative properties for the neat PCL.
The measured significant improvement of stiffness, ultimate

strength, and impact performance of the composites with 0.5−1
wt % f-MWCNTs can be attributed to efficient filler exfoliation
and the high degree of covalent grafting of the nanotubes and
the polymer backbone, which lead to efficient filler exfoliation
and ultimately improved dispersion. The formed interfaces, as
evidenced through the covalent-bonding zones of the polymer-
coated nanotubes (Figures 3 and 4), allow efficient load transfer
from the matrix to the stiffer nanotubes, which combined with
the enhanced crystallinity of the materials ultimately improves
the mechanical properties of the composites.
Thus from the mechanical properties measurements, it was

revealed that the incorporation of f-MWCNTs in PCL at
concentrations lower than 1 wt % leads to a notable
reinforcement because the nanotubes remain finely dispersed
and covalently bonded to PCL macromolecules and can
support the successful load transfer from the matrix. Moreover,
on the basis of the higher stiffness and comparable deformation
extent before fracture, the composites with 0.5−1 wt % f-
MWCNTs have clearly retained the ductile fracture mode of
PCL. However, increasing filler concentration yields a brittle
performance, which can be associated with the large bundles of
nanotubes formed during the composites preparation and the
low amount of grafting to the polymer backbone. The
nanotubes in an aggregated state cannot support load transfer

Table 4. Mechanical Properties of PCL/f-MWCNT Nanocomposites

sample E (MPa) σy (MPa) σb (MPa) ε (%) toughness (kJ/m3) impact strength (J/m)

PCL 290 ± 49 10.6 ± 1.5 13.1 ± 2.7 448 ± 47 37160 ± 11347 77.2 ± 0.1
PCL/0.5 wt % f-MWCNTs 326 ± 10 11.4 ± 0.6 20.0 ± 1.6 505 ± 54 59623 ± 9868 499.0 ± 1.9
PCL/1 wt % f-MWCNTs 489 ± 23 23.5 ± 5.1 20.3 ± 5.9 466 ± 75 63378 ± 23514 237.7 ± 4.8
PCL/2.5 wt % f-MWCNTs 251 ± 26 10.6 ± 1.6 6.8 ± 0.8 182 ± 47 12805 ± 2863 40.1 ± 0.1

Figure 7. (a) Raman spectra and (b) the corresponding G and D peak shifts of all the prepared materials: (1) PCL, (2) PCL/0.5 wt % f-MWCNTs,
(3) PCL/1 wt % f-MWCNTs, and (4) PCL/2.5 wt % f-MWCNTs.
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and have lower adhesion with the matrix, resulting in inferior
mechanical performance. Therefore, the positive effects of the
incorporation of f-MWCNTs in PCL and its successful grafting
to the macromolecular chains compete with the intrinsic van
der Waals interactions that result in nanotube bundling and
tend to reduce the properties reinforcement in the higher-filler-
content materials. At low filler concentrations, the reinforcing
mechanism rules over intrinsic forces, and a successful
reinforcement is observed. In contrast, at the highest filler
concentration, the intrinsic forces govern f-MWCNT incorpo-
ration in PCL, yielding inferior mechanical performance.
3.6. Load Transfer in PCL/f-MWCNT Nanocomposites.

Raman spectroscopy has been extensively used in the literature
in order to evaluate the interactions and provide estimations for
the load transfer between polymeric matrixes and carbon-
related fillers such as MWCNTs, which eventually are the main
factors governing the physical properties and performance of
the nanocomposite samples.6490−92 MWCNTs present three
characteristic bands in their Raman spectrum. A band at 1580
cm−1 (G band), which corresponds to the in-plane vibration of
the C−C bonds and a shoulder around 1604 cm−1, is typical for
graphite-like materials with defects. The presence of the band at
1344 cm−1 (D band) indicates a certain level of disorder in the
carbonaceous filler, whereas the band at around 2683 cm−1 is
called the G′ band, attributed to the overtone of the D band.93

The results from the micro-Raman measurements on the
PCL/f-MWCNT nanocomposites are presented in Figure 7.
The characteristic bands of MWCNTs can be observed in all
the nanocomposites, even for the lowest-filler-concentration
nanocomposite. The G and D band positions observed in all
the samples are presented in Figure 7b. It can be seen that for
the nanocomposites with low filler content (0.5 and 1 wt %)
shifts around 10 and 25 cm−1 for the D and G bands,
respectively, were obtained. These notable shifts indicate the
efficient exfoliation and successful load transfer from the matrix
to the f-MWCNTs,73,74,94−96 which is in agreement with all the
previous findings. However, the sample with 2.5 wt % f-
MWCNTs presents a smaller shift of the G and D bands,
indicating a less efficient load transfer for that concentration.
Therefore, the lower load transfer ability of the filler, which is
associated with its highly bundled state, can clearly justify the
reduced reinforcement efficiency of the filler in that
concentration. This finding is in agreement with the reported
significant mechanical properties enhancement with the low
filler concentrations and the inferior performance found for the
highest filler content.

4. CONCLUSIONS
In this work, amino-functionalized MWCNTs were incorpo-
rated into PCL via ring-opening polymerization, and the effects
on the structure and mechanical properties of the materials
were thoroughly investigated. It was found that f-MWCNTs
allow polymerization to begin at considerably lower temper-
atures by reducing the required effective activation energy, and
they also accelerate the reaction in all prepared concentrations.
In the prepared nanocomposites, two competing mechanisms
govern the f-MWCNTs incorporation in the matrix: a
reinforcing trend because of successful covalent grafting,
exfoliation, and dispersion of the filler and an aggregation
trend that reduces the positive influence of the filler. At low
concentrations, the reinforcing mechanism rules over intrinsic
nanotube forces and a successful reinforcement is allowed. As
nanotube content increases, the intrinsic bundling forces

govern the MWCNTs incorporation in PCL, resulting in
inferior mechanical performance for the highest concentration.
In that case, the bonding between MWCNTs and the matrix as
well as load transfer were low, yielding a poorer dispersion and
therefore mediocre performance.
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