eXPRESS Polymer Letters Vol.15, No.5 (2021) 418–432
Available online at www.expresspolymlett.com
https://doi.org/10.3144/expresspolymlett.2021.36

Analysis of crystallization kinetics and shape memory
performance of PEG-PCL/MWCNT based PU
nanocomposite for tissue engineering applications
M. Zakizadeh1,2, M. Nourany1,2,4, M. Javadzadeh1,2, P. Y. Wang3, H. Shahsavarani4,2*
1

AmirKabir University of Technology, Department of Polymer Engineering and Color Technology, Tehran, Iran
Laboratory of Regenerative Medicine and Biomedical Innovations, Pasteur Institute of Iran, Tehran, Iran
3
Shenzhen Key Laboratory of Biomimetic Materials and Cellular Immunomodulation, Shenzhen Institute of Advanced
Technology, Chinese Academy of Sciences, Shenzhen, 518055 Guangdong, China
4
Department of Cellular and Molecular Sciences, Faculty of Bioscience and Biotechnology, Shahid Beheshti University,
Tehran, Iran
2

Received 22 July 2020; accepted in revised form 1 October 2020

Abstract. In this work, a series of reactive in-situ polyurethane (PU) nanocomposites based on the triblock copolymer of
PCL1000-PEG1000-PCL1000, chemically cross-linked by hydroxyl-functionalized MWCNTs (um-MWCNT) and PCL-grafted
MWCNTs (mod-MWCNT), were synthesized. In order to optimize the shape memory performance, crystallization mechanisms of the soft domains were tuned. The nanoparticles, acting as phase controller of the block copolymer, affected the
chain’s confinement and crystals’ morphology leading to a wide range of shape fixity (84–100%) and shape recovery (78–
97%) ratios. Non-isothermal crystallization studies revealed that using mod- MWCNTs increased the melting temperature
(Tm) as an indication of higher thermal stability of the formed crystallites. Moreover, isothermal DSC measurements, fitted
to the Avrami equation, were used to measure the changes in the growth rate and morphological features of the formed crystallites. The results indicated an increase in Avrami exponent (n) from 1.43 to 3.11, and crystallization half-time (t0.5) decreased from 6.16 to 2.67 minutes for crystallization temperature (Tc) of –25 °C, attributed to the effect of PCL grafts on
PUs’ microstructure. In addition, the results of cell viability, evaluated by HFF cells, proved a proper cytocompatibility.
Culturing hMSCs also showed good adhesion and cell spreading, as a function of hydrophilicity. The optimum sample, containing 0.5% PCL-g-MWCNT, showed 97% shape recovery at body temperature (37°C).
Keywords: thermal properties, in-situ PU nanocomposite, shape memory performance, crystallite morphology transformation,
hMSCs culturing

1. Introduction

switching components (SC). PC, with a network
structure, memorizes the permanent shape of the
specimen through prohibiting irreversible sliding of
polymer chains. The reason for the excellent shape
fixity and recovery of polyurethane samples is the
ability of the soft domain chains to fix the temporary
shape by selecting glass transition (Tg) or melting
temperature (Tm) as switching point, and the ability
of hard domains (physical networks) to regain the

Shape memory polymers (SMPs) are smart and responsive materials with the ability to store applied external stress and recover the original shape [1]. They
are used in various applications such as actuators,
sensors, and tissue engineering [2]. Polyurethanes
(PUs) are known for their high thermal-induced
shape recovery behavior with hard domains acting
as permanent component (PC) and soft domains as
*
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original shape [3, 4]. Control over the structure of SC
and PC plays a key role in the synthesis of a thermally-induced SMP with ideal shape fixation (SF) and
recovery (SR) [5, 6]. Moreover, positive physical interaction between polymer chains and high elastic
modulus nanoparticles can increase the elasticity of
the system with an improving effect on their shape
memory behavior [7]. Utilizing high elastic nanoparticles with different morphologies in thermoplastic
polyurethanes (TPUs) would have different effects
on the elasticity of the nanocomposites and, consequently, on shape memory parameters [8–10].
Controlling the microstructure of polymers is a promising way to reach optimal shape-memory performance. For a polymeric system of two incompatible
polymers, there are many ways to reduce the scale of
phase separation, including blending, copolymerization, and using compatibilizer. Block copolymerization of two incompatible polymers is an efficient way
of transforming macrophase separation into microphase separation [11]. The extent of microphase separation between two blocks of a block copolymer depends on the extent of the repulsive interaction (χAB)
and block chain length (N) [12]. For a system of two
semi-crystalline polymers, the phase transformation
has an enormous impact on crystallization extent
(XC) and kinetics of the blocks (reducing Tm and Tc).
A change in polymer chain dynamics can also cause
a change in crystallization thermodynamic and kinetics. According to the literature, the physical confinement of polymer chains reduces their dynamics
(an increase in Tg), which consequently limits the
ability of the semi-crystalline polymers to form stable crystallites [13, 14]. A few reports on the crystallization behavior of the reactive in-situ PU nanocomposites reported a tremendous reduction in Tm, Tc,
and XC with an increase in Tg [14, 16].
Poly(ε-caprolactone) (PCL), as the most commonly
used semi-crystalline polyester in tissue engineering
applications, possess a hydrophobic and biodegradable nature, with a relatively low biodegradation rate
[17, 18]. Low molecular weight PCL with terminal
hydroxyl groups is used as polyol for the synthesis
of an ester-based polyurethane (PU) with a lowered
crystallization extent, resulting in improved hydrophilicity and biodegradation rate [19]. Synthesis of
PCL proceeds through ring-opening polymerization
(ROP) of ε-caprolactone in the presence of Sn(Oct)2
as a catalyst in the temperature range of 95–120 °C,
and the nature of the reaction is pseudo-anionic,

which limits the polydispersity of the polymer [20–
22]. Polyethylene glycol (PEG) is highly hydrophilic
and biocompatible with a high crystalline extent used
for the synthesis of biocompatible hydrogels for drug
delivery and tissue engineering applications [23].
PEG and PCL blends show repulsive interaction, resulting in a macrophase-separated blend at equilibrium [24, 25]. The polyols in the PU structure show
a decrease in crystallization extent and temperature
compared to pure polyols due to the high interfacial
tension between soft and hard domains and the presence of a covalent bond between them [26]. Due to
the reduction in the crystallization extent of soft segments and a tendency for having an amorphous state
at the rubbery region, X-ray analysis of most PUs
show a broad bell-like peak around 2θ = 19.6°, indicating the amorphous nature of the soft domain [27].
Cold crystallization is a phenomenon, which occurs
in polymers with low chain dynamics, shows itself as
a crystallization peak in the heating regime after glass
transition temperature [28]. The reason for the occurrence of cold crystallization for soft segments in a
PU structure can be due to the highly limited chain
dynamics as they are connected to hard domains
[29]. Phua et al. [30] reported an increment in storage modulus of the polyether-based polyurethane reinforced with dopamine-modified clay after glass
transition temperature (Tg) and assigned it to the cold
crystallization phenomenon. Liu et al. [16] reported
the synthesis of PEG/PCL-based polyurethane hydrogels using cellulose nanocrystals (CNCs) as a crosslinking agent and MDI as diisocyanate. They reported
a reduction in crystallization extent and temperature
(Tc) down to 42 °C but did not report any special
change in possible phase separation between PCL
and PEG homopolymers. Pei et al. [15] reported the
synthesis of an in-situ polyether-based polyurethane
elastomer nanocomposite of PTMG and a low amount
of CNC. The damping factor (tan δ) of the pure polyurethane shows an increase in the temperature range
of 50 to 90 °C, while the nanocomposites did not
show any increase in this temperature range, as an indication of a change in their long-range mobility. The
storage modulus of the polyurethane nanocomposites showed a slight increase in the glassy region in
addition to enhanced thermal stability at higher temperatures.
In this work, we studied the synthesis and characterization of reactive in-situ PU nanocomposites based
on PCL1000-PEG1000-PCL1000, as the soft segment
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added to the suspension and stirred using a magnetic
stirrer for 1 hr at 110 °C. The reaction was performed
under dry N2 and continuous stirring. After 24 hrs,
the reaction was terminated using a few droplets of
37% HCl in 5 cm3 distilled water to hydroxyl functionalize the end group.

hydroxyl functionalized MWCNTs and PCL-grafted
MWCNTs nanoparticles used for cross-linking the
prepolymers. Shape memory performance of the synthesized PUs was analyzed, and the effect of crystallization of the soft segments and chemical crosslinking on shape fixity and recovery was studied in
detail. Cytotoxicity of the synthesized PUs was also
assessed by human foreskin fibroblast (HFF) cells.
Human Mesenchymal Stem Cells (hMSCs) were cultured onto the samples to analyze cell adhesion and
spreading of the cultured cell in order to evaluate their
potential applications in tissue engineering for further works.

2.3. Synthesis of polyurethane nanocomposite
In order to synthesize the PUs, at the first step, the
PCL1000-PEG1000-PCL1000 block copolymer (10 g),
synthesized according to the method used in our previous work [31], was added to a three-neck round bottom flask and vacuum-dried for 30 minutes at 60 °C
with a stirring rate of 200 rpm. Then, the temperature
was increased to 80 °C, and HDI (1.68 g) was added
dropwise to the flask in two hours to prepare the
polyurethane prepolymers. The reaction was under
a continuous purge of dry N2, and the molar ratio of
HDI to the polyol was kept 3:1. The NCO:OH ratio
in the polyurethane was kept equal to 1 for pure polyurethanes using vacuum dried 1,4-butanediol (0.6 g).
MWCNTs and PCL-g-MWCNTs (PCL grafts were
indicated by short red lines attached to MWCNT in
Figure 1) were used to make a chemically crosslinked PU nanocomposite. Figure 1 illustrates the
schematic presentation of the in-situ polyurethane
reaction with two different final structures.
(PCL-g-)MWCNTs were dispersed in DMF and preheated at 80 °C prior to adding it to the reaction
media, and the reaction was allowed to proceed for
30 minutes. The final product was poured into a
Teflon mold, and then the curing process was allowed
to proceed in an oven for 12 hrs at 80 °C. Finally, to

2. Experimental
2.1. Materials
Dimethylformamide (DMF), 1,4-butanediol (BDO),
and Hexamethylene diisocyanate (HDI) were purchased from Merck, Germany. Polyethylene glycol
(PEG, Mn = 1000 g/mol) was vacuum oven-dried at
60 °C for 72 hours prior to use. MWCNTs with an
average length of 25 μm and outer diameter (OD) of
15 nm were purchased from Neutrino co. ε-caprolactone monomer and Sn(Oct)2 were purchased from
Sigma Aldrich.

2.2. Synthesis of PCL-g-MWCNTs
PCL grafts onto hydroxyl modified MWCNTs were
performed using ring-opening polymerization (ROP)
by a pseudo-anionic mechanism at 110 °C using
Sn(Oct)2 as a catalyst. MWCNT (1 gr) was dispersed
in DMF (50 cm3) and probe-sonicated in four steps,
every 10 minutes. Then, 20 cm3 CL monomer was

Figure 1. Schematic presentation of the synthesis procedure of the reactive in-situ PU nanocomposites and their final structure.
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where εl, εu, and εr are the strain under load, the unloaded strain and the residual strain at the end of the
recovery process.

ensure complete removal of DMF, the formed films
were put in a vacuum oven for 12 hrs.

2.4. Characterization techniques
Infrared spectroscopic experiments were conducted
on the prepared PU films by MOD SRG 1100G
(Canada, BOMEM). NMR spectra of the block
copolymer and PCL-g-MWCNT were recorded on a
500 MHz 1H NMR (NMR INOVA 500 MHz) at room
temperature, with CDCL3 as solvent and tetramethylsilane (TMS) as an internal reference. Differential
scanning calorimetry (DSC) analysis of the samples
(5 mg) was carried out under N2 atmosphere with
(Mettler/Toledo) thermal analyzer at heating and cooling rates of 10 °C/min, and the results were recorded
in W/g unit. The PU nanocomposites were tested on
a dynamical mechanical thermal analyzer (DMTA,
Triton, England) working in tension mode at a frequency of 1 Hz, strain amplitude of 0.1%, a heating
rate of 5 °C/min, and a distance between jaws of
16 mm. The microstructure of the PUs were observed
by field emission scanning electron microscopy
(FESEM, TESCAN VEGAII, Czech)). All the experiments were repeated three times for each sample
to analyze the repeatability of the results.

2.6. Cell viability and cell culturing procedure
The in-vitro cytotoxicity of the PU samples was conducted using HFF cells. The punched PU samples
were sterilized using ethanol (70%) and UV radiation.
The PU films were washed with PBS for three times
and pre-incubated with culture media for 24 hrs. The
cells were cultured into 48-well TCPS plates at the
cell density of 2·104 cells/well with 400 μl added
culture media. Then, the plates were incubated at
96% humidity and 5% CO2 atmosphere for 24 and
48 hrs at 37 °C. The culture media was then removed.
In the end, 100 μl of MTT solution with a concentration of 0.50 mg/ml was added and incubated for
4 hrs. Then, the MTT media was removed, and 150 μl
DMSO was added to each well and pipetted several
times. The media was then transferred to a 96-well
plate, and the optical density (OD) was measured by
Elisa reader at the wavelength of 570 nm. The cell
viability was measured using Equation (3):
Cell viability !%$ =
Experimental optical density (OD)
=
$ 100
Control OD

2.5. Shape memory analysis
The shape memory performances of the specimens
were measured by DMA Triton (TA Instruments,
England) using a tensile film fixture. The frequency
was set at 1 Hz. The process was conducted in four
sequential steps: 1) samples were heated up to 37 °C
and kept isothermally for 5 minutes, then stretched
under a force of 6 N; 2) samples were cooled to –30°C
to fix the temporary shape (below the crystallization
temperature), and the samples were kept at this temperature for 5 minutes; 3) the applied tensional force
was removed; 4) after 5 minutes, the samples were
reheated to 37 °C (higher than the melting temperature) at a heating rate of 10 °C/min to recover the
original shape. The shape fixity (SF, Equations (1))
and final shape recovery ratios (SR, Equations (2))
are determined by the Equations (1) and (2):
f
SF = fu $ 100%
l
SD =

fl - f r
fl $ 100%

(3)

For seeding the human Mesenchymal Stem Cells
(hMSCs) onto the PU films, at first, they were washed
with distilled water in 3 steps each 8 hr, and the samples were then dried and sterilized by a UV lamp for
12 hrs. Then, the samples were placed into the 48-well
TCPS plates. A suspension of the cells in DMEM
(Gibco) supplemented with 10% FBS (Gibco, UK),
and 1% penicillin/ streptomycin (Sigma) were transferred onto each film with a cell density of
4·104 cell/specimen. The cell-seeded films were maintained for 4 hrs at 37 °C in an incubator with standard
conditions to adhere the cells to the film. Then all
samples were treated with 400 µl of DMEM and 10%
FBS. After 7 days of cultivation, the cell-cultured
films were twice washed by PBS, and 2.5% glutaraldehyde was used to fix cells in 12 hrs at 4 °C.
After that, the films were washed with PBS, and in
the end, the seeded cells were dehydrated in an
ethanol-gradient series (20, 40, 60, 70, 80, 90, 100%)
for 15 min each. The final dehydrated cells on the
films were dried via lyophilization and used for SEM
imaging.

(1)
(2)
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3. Results and discussion
3.1. ATR-FTIR/NMR spectroscopy
ATR-FTIR and proton NMR spectroscopy was performed on the prepared samples to elucidate the
chemical structure of the synthesized block copolymer, PCL-g-MWCNT, and the PUs, as it can be seen
from Figure 2. Figure 2a shows the proton NMR of
the synthesized PCL-g-MWCNT and the block
copolymer. The peak in δ = 4.7–5.3 ppm region is
characteristic of PCL, which is a polyester [32].
There is a large chemical shift for –O–CH hydrogen
from δ = 4.7–5.3 to 4.0–4.3 ppm, which is due to
deshielding effect of the electronegative oxygen attached to the carbon nanotube and has four main
peaks due to methyl group attached to it (–O–CH
(CH3)–) [33]. The relative integration of the peaks
available at chemical shifts of δ = 4.13 and 3.67 ppm
gives the molecular weight of the grafted chains
being equal to 1135 D for the chain graft. The characteristic resonance peaks of PCL (1.35, 1.54, and
3.86 ppm) and PEG (3.61 and 4.19 ppm) are observed in the proton NMR spectrum of the synthesized block copolymer. The relative integral ratio of
peaks at 3.61 and 4.19 ppm gives the molecular
weight of PEG, which is equal to 1035 D for
PEG1000. The attachment of PCL to PEG is confirmed by the presence of an overlapped shoulder at
1.47 ppm. According to Equations (4)–(6), the molecular weight of PCL1000-PEG1000-PCL1000 block
copolymer was calculated using 1H NMR (the used
alphabets in the equations are labeled in the copolymer structure in Figure 1). Accordingly, Mn was
found to be 3120 D for the block copolymer as
shown in Equations (4)–(6):

2 Q2 Q x - 1VV 4
= I
Ia
d

(4)

4R y - 2 W + 4
= I4
If
d

(5)

MnQPCL - PEG - PCLV = MnQPEGV + MnQPCLV =
= 44y + 2 Q114xV

(6)

Figure 2b presents the ATR-FTIR spectrum of the
graft, block copolymer, and the synthesized PUs of
um- and mod-0.25%. The absorbance peak in the
range of 2800–3000 cm–1 corresponds to the stretching vibration of symmetric aliphatic groups (C–H).
The absorption band at 1735 cm–1 corresponds to
C=O stretching vibrations of the carbonyl group of
the ester linkage in PCL segment, indicating the presence of PCL polyester in both structures [34]. The
characteristic absorption bands at 1095 and 1235 cm–1
are attributed to the C–O–C stretching vibrations of
ethylene glycol (–OCH2CH2–) units in PEG. The
broad absorption band at 3504 cm–1 is assigned to
the stretching vibrations of the hydrogen-bonded terminal and structural hydroxyl groups (–OH) of the
synthesized block copolymer and the graft [33]. According to Figure 2b for the synthesized PUs, split
peaks in the range of 1634–1720 cm–1 is related to different carbonyl groups available in the prepared PUs
such as –C(=O)O– and –NHC(=O)O–. The absorption
peak available at 1543 cm–1 corresponds to –NHbending deformation. Presence of a double peak for
stretching vibrations of –NH-groups in the range of
3200–3450 cm–1 represents the presence of hydrogen-bonded and free –NH-groups [35].

Figure 2. (a) Proton NMR spectroscopy of the synthesized block copolymer and PCL-g-MWCNT; (b) ATR-FTIR spectroscopy of the synthesized block copolymer, PCL-g-MWCNT, and the synthesized PUs of um- and mod-0.25%.
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3.2. Morphological analysis
Figure 3 illustrates FESEM images of the cryofractured PU nanocomposites of um- (Figure 3a, 3b) and
mod-MWCNTs (Figure 3c, 3d). The images show a
scale of 5 μm to examine the morphology, dispersion, and presence of any possible clustering of the
carbon nanotubes.
Based on the images, PU nanocomposites of unmodified MWCNTs showed a surface without any phase
pattern with uniformly dispersed nanoparticles. However, PUs of mod-MWCNTs showed a patterned surface for all nanotube contents, which attributed to
increased microphase separation.

3.3. Shape memory behavior
The shape memory behavior of the synthesized
in-situ PU nanocomposites was investigated by dynamic mechanical analyzer (DMA) test, and the results are shown in Figure 4. The isothermal temperature was set to 37 °C (body temperature and above
Tm), and the prepared specimens were stretched by
applying an external dynamic force. Then, the samples were cooled down to –30 °C to fix the formed
temporary shape. The soft segment acts as the reversible domain, and its crystalline structures tune
the shape fixity (SF) [5, 36], and the chemical network is used to control the shape recovery (SR) [37].

Figure 3. FESEM images of PU nanocomposites of (a, b) unmodified MWCNTs, and (c, d) PCL-grafted MWCNTs for two
different MWCNT contents of 0.25, and 1% with scales of 5 μm, respectively.
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Figure 4. DMA analysis of the shape memory performance for the prepared PUs of (a) pure and um-MWCNT, (b) modMWCNT, and (c) schematic representation of the shape memory process.

Chemical confinement of the tri-block copolymer
between MWCNTs would decrease the chains’ dynamics, the crystallization extent, and would change
the nature of the crystallization. At the isothermal
temperature of 37 °C, the crystalline structure is
melted (as indicated in Figure 5), and the formed
temporary shape is fixed by cooling the samples
down to -30 °C. Then, after removing the applied
force and reheating the samples, they tend to return
to the original shape depending on the extent of crystallization and cross-linking.
Figure 4 and Table 1 show the DMA results of the
shape memory analysis. In addition, the schematic
image in this figure depicts three different stages of the
shape recovery process for unmodified (um) and modified (mod) PU specimens. The melting temperature
of the soft segment (+10 to +27 °C) is set as the reversible transition temperature to trigger the recovery
process, which is well below the body temperature.
The nature of the deformation in the shape memory
performance is mainly entropic and the thermodynamic instability, fixed by crystallization, and the

Table 1. Shape recovery and fixity ratios of the prepared
in-situ PU nanocomposites of PCL1000-PEG1000PCL1000 cross-linked by hydroxyl-functionalized
(PCL-g-)MWCNTs.
SR
[%]

SF

Pure

78

100

–

–

–

um-0.25%

83

089

mod-0.25%

95

93

um-0.50%

86

093

mod-0.50%

97

98

um-1.0%

82

090

mod-1.0%

92

96

Sample

Sample

SR
[%]

SF

change in entropy before and after melting temperature are the driving force to recover the original
shape [31]. Equations (1) and (2) are used to calculate
shape fixity (SF) and recovery (SR) ratios, respectively. The pure sample possessed the highest value
of SF (100%) and the lowest value of SR (78%). The
PUs of bare nanoparticles showed lower values of
SF and SR ratios compared to PUs of PCL grafted
nanoparticles. The mod-0.5% sample showed an SF
ratio of 98%, whereas this value for um-0.5% was
93%. This is due to the facts that PCL-grafted PU
showed a higher elastic modulus and the increased
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extent of hydrogen bonding between urethane linkages made by mobile hard segments between PCL
graft and the block copolymer compared to fixed
states of urethane linkages in um-(x) samples. Furthermore, the enhanced crystallization extent of the
soft segment (PCL1000-PEG1000-PCL1000), thermodynamically and kinetically improved fixation of the
induced temporary shape.
Shape recovery is defined as an ability to recover the
original shape controlled by elasticity as well as physical and chemical cross-linking of the polymer chains.
All of the nanocomposites showed more SR values
compared to the pure PU since the presence of MWCNTs improves the shape recovery efficiency through
increasing the elastic modulus of the samples. The
higher SR values of PUs of mod-MWCNTs (92–
97%) relative to unmodified samples (82–86%) is due
to the presence of physical cross-linking, the formation of hard domains, besides chemical cross-linking
by the nanoparticles. The ability of the MWCNTs to
orient themselves in the direction of applied force
leads to relaxation of the applied deformation; consequently, increases the dissipation of the transferred
energy leading to reduced SR values of the nanocomposite containing 1% MWCNTs, compared to um(0.25 and 0.50%) [38]. Figure 4c shows the schematic representation of the shape memory process for
the two different PU groups.

3.4. Shape memory mechanisms
In order to analyze the parameters affecting the shape
fixity and recovery, crystallization, chemical thermosetting, and elasticity of the PUs were studied in
detail to have a deeper insight into the mechanisms
involved in the shape memory performance.

3.4.1. Crystallization analysis
Figure 5 show the non-isothermal DSC results. The
PU samples of pure and mod-MWCNT(0.5 and
1%) showed crystallization in the cooling regime,
while polyurethane nanocomposites of unmodified
MWCNTs and 0.25% mod-MWCNT did not show
any peak in this regime because of lowered chain dynamic caused by chemical confinement of the polyol
[39]. In the second heating regime, the nanocomposites showed cold crystallization after the glass transition temperature. For the PU nanocomposites, the
occurrence of crystallization upon heating increases
the elastic modulus (an increment in storage modulus after Tg) by a phenomenon called cold crystallization [27].
The PUs of 0.5 and 1% PCL-grafted MWCNTs
showed a crystallization peak in the cooling regime,
and the crystallization process exceeded the second
heating regime due to a lack of enough time to complete the crystallization process. The reason for this
behavior is the presence of PCL grafts improving the
mobility of the soft segments and acting in favor of
increasing crystallization kinetics. One of the reasons of the reduction in cold crystallization behavior
in these PU nanocomposites is the increase in chain
mobility and phase separation, which consequently
improved the ability of the soft segment to enter into
crystalline regions to form more stable crystallites
as seen by increased melting temperature from 10.09
to 24 °C for PUs of 0.25% MWCNT and 0.25%
PCL-g-MWCNT. The characteristic parameters of
the DSC thermograms are summarized in Table 2, indicating a gradual change in crystallites stability (increase in Tm) from unmodified MWCNTs to PCLg-MWCNTs.

Figure 5. Non-isothermal DSC thermograms of pure and in-situ nanocomposite PUs in cooling (C) and second heating (H)
regime for PCL1000-PEG1000-PCL1000 soft segment chemically confined between (a) um- and (b) mod-MWCNTs.
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Table 2. DSC characteristics of PU hydrogel samples crosslinked by OH-functionalized MWCNTs (indicated
by um for unmodified MWCNT).
Sample
pure

Tc
[°C]

Tcc
[°C]

Tm
[°C]

∆Hm
[J/g]

–23.0

–

26.00

47.00

Table 3. Avrami coefficients for isothermal crystallization of
the synthesized in-situ PUs.

Pure

Tc
[°C]

n

k
[min–n]

t0.5
[min]

–35

2.25

7.94·10–4

4.31

–25

2.67

7.38·10–3

2.41
2.94

um-0.25%

–

–27.03

10.09

9.36

–15

2.37

1.58·10–3

um-0.5%

–

–25.36

13.05

18.16

–35

1.26

1.99·10–4

11.73

um-1%

–

–23.20

15.89

21.78

–25

1.43

7.94·10–4

6.16
9.53

um-0.25%

mod-0.25%

–

–25.00

24.00

19.64

–15

1.39

5.01·10–4

mod-0.5%

-27.0

–27.00

26.19

28.23

–35

1.97

2.37·10–4

11.06

mod-1%

-25.0

–28.00

28.41

38.78

–25

1.78

7.62·10–3

6.05

–15

2.06

9.15·10–3

7.84

–35

2.39

2.51·10–4

10.5

–25

2.05

5.58·10–3

5.92

–15

2.21

1.07·10–3

6.96

–35

2.63

8.51·10–4

8.32

–25

2.41

8.73·10–3

5.09

–15

2.34

3.98·10–3

6.36
6.47

um-0.5%

um-1%

3.4.2. Isothermal crystallization
Avrami equation was used to analyze the kinetics of
the crystallization of the block copolymer soft segment. The Avrami model considers the relative crystallization X(t) development as a function crystallization time (Equations (7) and (8)):
Q
XQ t V = Q t =
3

#
#

t dH
dt
0 dt
3 dH
dt dt
0

1 - X Q t V = exp R- Kt n W

mod-0.25%

mod-0.5%

(7)
mod-1%

2.73

5.11·10–3

4.19

–15

2.86

2.89·10–3

5.39
4.76

–35

3.17

4.76·10–4

–25

3.11

1.26·10–2

2.67

–15

3.19

1.68·10–3

3.45

corresponding to one-, two- or three-dimensional
entities that are formed, can be interpreted as the heterogeneous nature of nucleation (0 and 1 for spontaneous and completely sporadic nucleation, respectively) [41]. Table 3 shows the Avrami coefficients
for isothermal crystallization of the synthesized
in-situ PUs at three crystallization temperatures
of –35, –25, and –15 °C. The highest kinetic crystal
growth constant was for the Tc of -25 °C as the highest crystallization rate temperature. Crystallization
half-time at each temperature showed a decreasing
trend from um-0.25 to mod-1.0%, indicating an increased crystallization rate. For the linear (pure) PU
sample, the Avrami exponents (n) were in the range
of 2.25–2.67, indicating a crystal growth with a truncated sphere morphology and instantaneous nucleation. This range indicates a nucleation process,
which is diffusion controlled as they are confined between hard domain physical cross-links. The n for
in-situ PU nanocomposites of bare MWCNTs was in
the range of 1.26–2.39. To take um-0.25% at -25 °C
as an example, the Avrami exponent of 1.43 indicates a limited crystal growth with heterogeneous
nucleation as well as stacking of the lamellas.
For PU nanocomposites of mod-MWCNTs, the
Avrami exponent falling within the range of 2.34 to

(9)

Crystallization half-time (t0.5, considered as the time
at which 50% of the overall crystallization process
proceeds) calculated from Equation (10):
1/n

t0.5 = S lnk2 X

2.89

–25

(8)

where n is the Avrami exponent, and K is a constant
parameter indicating the overall kinetic rate of crystallization. Equation (9) represents the linearized form
of the model, which is used for double logarithmic
plots to fit the isothermal crystallization data. Plots of
log [–ln (1 – Xt)] versus log t result in a linear relation
with the line slope of n and intercept of k that can be
calculated by fitting the curve to a linear line:
log "- ln Q1 - X Q t VV% = n $ log t + log K

–35

6.29·10–4

(10)

An Avrami n exponent is a function of the morphology of the growing crystal and the time-dependency
of nucleation [40]. An exponent of 3 is related to a
spherical structure with an instantaneous nucleation
process, and an exponent n between 2 and 3 is attributed to truncated spheres with instantaneous crystal
nucleation, with a diffusion-controlled growth. Any
variation from the integer numbers of 1, 2, or 3,
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logarithm of storage modulus vs. temperature for pure
and the PU nanocomposites of PCL1000-PEG1000PCL1000 cross-linked by bare MWCNTs. The PUs
showed a reduction in the height of storage modulus
compared to the pure sample in the glass transition
region, which is attributed to a decrease in the crystallization extent of the nanocomposites [13]. Moreover, the appearance of an increment in the plateau
region in the temperature range of –35 and –15 °C
for the nanocomposites is due to the crystallization
of the soft segments in the heating regime (cold crystallization) [27]. The reason for the occurrence of
cold crystallization phenomenon is the increased
thermal motion of the confined chains after Tg [42].
According to figure 6c, the intensity and temperature
range of the increment in the plateau region was increased for PUs of mod-MWCNT.
Regarding Figure 6b, PUs of the um-MWCNTs
showed a broad peak in the temperature range of –46
to –20 °C, while the pure sample with linear structure
showed two overlapped peaks as an indication of

3.19 shows a transition from truncated spheres to
spherulite crystal morphology growth with a transition from heterogeneous to instantaneous nucleation.
The increase in the Avrami exponent for PUs of
modified MWCNTs relative to um-MWCNTs is an
indication of an increase in the relative rate of thickening growth compared to thickening (i.e., stacking
of the lamellas). This is attributed to the increased mobility of PCL segments and the creeping-in mechanism. PCL grafts penetrate into the crystallites through
a creeping-in mechanism, resulting in a gradual increase in Avrami exponent as a function of PCL graft
content.
3.4.3. Phase behavior analysis
In order to analyze the phase behavior of the synthesized polyurethane nanocomposites, to have a better
understanding of the crystallization of the soft segments, dynamic mechanical thermal analysis (DMTA)
was performed on the samples in the temperature
range of –80 to +100 °C. Figure 6a represents the

Figure 6. Phase behavior of the prepared hydrogel PU samples; (a, b) storage modulus and tan δ vs. temperature of PU samples of pure and cross-linked by OH-functionalized MWCNT; (c, d) storage modulus and tan δ vs. temperature of
PUs cross-linked by PCL-g-MWCNT, respectively.
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extent and morphological evolution of the crystallites in PUs of mod-MWCNTs to a more stable structure is the reason for higher shape fixity in these
samples relative to um-MWCNTs.

higher phase separation between PCL and PEG
blocks. Tan δ peaks of the PUs of PCL-grafted
MWCNTs (Figure 6d) showed a more complex behavior due to the increased freedom of movement
for the soft domain chains. The structural changes
affected freedom of movement of the soft segments
to further intensify the phase separation of PEG1000/
PCL1000 block chains.
Compared to PUs of unmodified MWCNTs, nanocomposites of PCL-grafted MWCNTs showed lower
soft segment glass transition temperature (Tg,ss).
Tan δ height of the PUs showed a decreasing trend by
increasing PCL grafts’ content because of increased
crystallization upon increasing phase separation of
PEG and PCL blocks. Table 4 summarizes the Tg of
the soft segment (Tg,ss) and tanδ peak height of the
chemically confined block copolymer.
According to Figure 6b and 6d, in the temperature
range of +40 to +90 °C, PUs of pure and modMWCNTs show a transition, specific of long-range
mobility for hard segments (Tg,hs). While the PUs of
um-MWCNTs did not show any transition, which is
due to the chemical attachment of hard segments to
the nanoparticles, limiting their mobility and leading
to lack of a Tg, hs transition.
The presence of PCL grafts intensified the microphase separation of PEG and PCL segments. The
phase separation mechanisms of the soft segments
for PUs of um- and mod-MWCNTs can be described
as a transition from binodal (short-range) to spinodal
(long-range) decomposition. Spinodal decomposition produces fluctuations leading to induced chain
segmental alignment, which is further intensified by
crystallization-assisted phase separation [42, 43]. The
change in phase separation mechanisms of the soft
segments is responsible for the morphological change
of the crystallites and the rate of crystallization in
the PU samples [44]. The increased crystallization

3.5. Cytotoxicity analysis and hMSC culture
Table 5 presents cell viability analysis by HFF cells,
and Figure 7 shows SEM images of cultured hMSCs
on the prepared thin films of the PCL1000-PEG1000PCL1000 based PUs. Based on MTT results performed
by HFF cells, all the prepared samples proved to have
high cell compatibility with a decreasing trend in cell
viability by increasing MWCNTs’ content from 0 to
1.0 wt%, while PUs of mod-MWCNTs showed lower
cell compatibility. The reason for relatively high cytocompatibility can be the presence of a covalent bond
between MWCNTs and polyols, prohibiting the migration of the nanoparticles to the culture media. By
increasing MWCNTs’ content, the probability of migration of MWCNTs increases, causing a reduction
in cell viability. The reason for the lower cell viability of PU samples of mod-MWCNTs can be the presence of unreacted MWCNTs due to its lower reaction efficiency relative to bare MWCNTs (as observed
during the synthesis of the PU nanocomposites).
Figure 7 show SEM images of the cultured hMSCs
onto thin films of the prepared PU nanocomposites
of um- and mod-MWCNTs (0.25 and 0.50%). The
images indicate that upon increasing MWCNTs’ and
PCL-graft’s content causing a decrease in hydrophilicity of the PUs, adhesion of hMSCs increase, which
is in accordance with the relation between hydrophilicity and cell adhesion [45, 46].

4. Conclusions
PCL-grafted MWCNTs and PCL1000-PEG1000-PCL1000
block copolymer were synthesized by ring-opening
polymerization of CL monomers in the presence of
Sn(Oct)2 as the catalyst. Two groups of reactive
in-situ PUs were synthesized based on the tri-block
copolymer, chemically cross-linked by hydroxyl

Table 4. Tg,ss and tan δ peak height of PU hydrogel nanocomposites of PCL1000-PEG1000-PCL1000 cross-linked
by (PCL-g-)MWCNTs.
Sample
Pure

Tg
[s]

tan δ peak height

Table 5. The results of the relative cell viability [%] analysis
performed by HFF cells after 24 and 48 hrs.

–47.6/–27.2

0.50/ 0.39

um-0.25%

–44.1

0.61

um-0.5%

–45.0

0.58

Control

um-1%

–45.8

0.56

mod-0.25%

–44.8

0.52

mod-0.5%

–47.8/–44.9

mod-1%

–49.2/–37.5

Sample

24 hrs 48 hrs

Sample

100

Pure

92

88

–

–

um-0.25%

89

85

mod-0.25%

87

83

0.44/0.48

um-0.50%

83

79

mod-0.50%

82

77

0.35/0.25

um-1.0%

76

69

mod-1.0%

79

73

428

Control

24 hrs 48 hrs

100

–

100

100
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Figure 7. SEM images of cultured hMSCs on 2D thin films of 0.25 and 0.5% um- and mod-MWCNT based PUs after 7 days
(with a scale bar of 30 μm). a) 0.25% um b) 0.50% um, c) 0.25% mod, d) 0.50% mod.
Data Availability. The data that support the findings of this
study are available from the corresponding author upon reasonable request.

functionalized MWCNTs (um-MWCNT) and PCLgrafted MWCNTs (mod-MWCNT). PCL graft was
used to tune the crystallization mechanisms and kinetics of the soft segment to optimize the shape
memory performance of the PUs. The presence of
PCL grafts changed the thermodynamics and kinetics of crystallization, leading to a wide range of
shape fixity (84–100%) and shape recovery (78–
97%) values. Besides these changes, using the grafts
increased Tm, indicating the higher thermal stability
of the formed crystallites. Moreover, according to
the results of the isothermal DSC measurements, the
Avrami exponent (n) increased from 1.43 to 3.11,
and crystallization half time (t0.5) showed a decrease
from 6.16 to 2.67 min by increasing PCL graft content. Besides, cell viability evaluated by HFF cells
demonstrated a proper cytocompatibility for the prepared PU samples. Culturing hMSCs revealed an excellent adhesion and cell spreading, as a function of
hydrophilicity.
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