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Abstract
In this research work, a group of thermoset polyurethane (tPU) nanocomposites were synthesized. Poly(ε-
caprolactone) (PCL2000), Poly (tetramethylene glycol) (PTMG2000), and different architecture and
compositions of PCL and PTMG were used as diols. Cellulose nanowhisker (CNW), with 1.0 wt% content,
was used to cross-link the prepolymers and to produce high-modulus specimens for high shape memory
performance. The analyses of crystallization showed that thermal stability of the PTMG and PCL
crystallites decreases upon block copolymerization, blending and incorporation of the block copolymer
into the blend (about 10℃ decrease). Cross-linking of the prepolymers using CNW has also reduced the
crystallites’ thermal stability to a large extent (about 50℃ decrease). The results of the Dynamic
Mechanical Thermal Analysis (DMTA) also showed that the thermoset PUs have a large elastic modulus
at above room temperature (higher than 10 MPa) and very small tanδ height (below 0.15), which was
attributed to its semi-crystalline nature and presence of CNW with high elastic modulus (110–220 GPa).
The thermomechanical behavior of the tPUs proved to be ideal for acquiring high shape memory
performance. The tPUs have also proved to be highly biocompatible.

Highlights
Synthesis of thermoset PU nanocomposites of CNW with high elastic modulus;

Prohibited clustering of CNWs (1.0 wt% content);

The change in soft segments’ architecture affects Young’s modulus;

Intense decline of soft segments’ crystallization;

Wide tanδ peak and Tg transition allowed for tuning shape �xity;

Obtaining high shape memory performance due to high elastic nature of the PUs.

1. Introduction
Cellulose nanowhisker (CNW) is a rod-like crystalline nanoparticle, which has been the focus of numerous
researches in the last decade (Lu & Hsieh, 2010). CNWs are extracted from natural resources including
cotton, wood, rice straw, and other cellulose-rich plants (George & Sabapathi, 2015), (Roman et al., 2009).
Different extraction procedures were developed to isolate CNWs from their raw materials including acid-
hydrolysis, oxidization method, ionic liquid and enzymatic hydrolysis (Trache et al., 2017), (Vander�eet &
Cranston, 2021). Each of these four main procedures have their own advantages and disadvantages.
However, regarding the cost and time of the extraction process, acid-hydrolysis was considered as the
main choice available for e�cient extraction (Mariano et al., 2014). Cotton was considered as the main
renewable resource of CNWs (H. Du et al., 2019; Xie et al., 2018). The CNWs isolated from cotton by acid-
hydrolysis had a crystallinity of 79–83%, an yield in the range of 57–69% with a diameter and length of
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9–19 nm and 157–290 nm, respectively (Mu et al., 2019; Reid et al., 2017). CNWs have abundant -OH
groups, which can be used for further chemical or physical modi�cation (Roman et al., 2009; Tingaut et
al., 2012).

CNW is considered a highly elastic nanorod, with an elastic modulus in the range of ≈ 110–220 GPa,
and upon ideal dispersion in polymer matrices, they can act as an e�cient mediator to transfer energy in
the direction of applied force (Domingues et al., 2014; Lahiji et al., 2010; Tang et al., 2017). In the �eld of
polymer nanocomposites, CNWs have been used as a �ller to improve the mechanical properties of the
matrix (SaifulAzry et al., 2021). However, its tendency towards clustering due to its hydrophilic nature has
limited its application in most of hydrophobic polymers and further surface modi�cations were required
(Park et al., 2013), (Pei et al., 2021). The cost and e�ciency of the surface modi�cation and its impact on
the thermomechanical properties of the �nal nanocomposites has itself been a bigger challenge and
drawback. According to the literature, nanocomposites of thermoplastic polyurethanes (TPUs) and CNWs
have shown an improvement in mechanical properties including Young’s modulus (Fortunati et al., 2017;
Prataviera et al., 2018; Rueda et al., 2013). Despite numerous researches in this �eld, application of CNWs
as an active agent in the �eld of thermoset polymers is limited. Their role as a cross-linking agent and
their impact on the thermomechanical properties of the �nal thermoset polymer nanocomposites has not
been fully investigated.

According to the literature, CNWs have been used as a nano-�ller for cross-linking prepolymers of semi-
crystalline soft segments. The results have shown signi�cant changes in crystallization of the soft
segments and a reduction in sensitivity of elastic modulus to temperature after the glass transition
temperature (Tg) in the plateau region. Jafari et al. have synthesized thermoplastic and thermoset PUs
based on semi-crystalline poly(ε-caprolactone) (PCL)/polyethylene glycol (PEG) polyols and CNWs
(Jafari et al., 2020). The results indicated an intense decline in crystallization degree (Xc) and temperature
(Tc) for the thermoset PUs compared to the thermoplastic PUs. The structural changes have reduced the
temperature dependency of the elastic modulus at plateau region while having higher elastic modulus,
which was attributed to the presence of CNWs. In another work, Noormohammadi et al. also reported that
in a thermoset PU based on PCL500-PEGy-PCL500 block copolymers, for CNW contents higher than 0.50
wt.%, the crystallization temperature shows a slight increase, which was attributed to the nucleating role
of the excessive and free CNWs in the PEG phase (Noormohammadi et al., 2021b). According to similar
works, the thermoset PUs of semi-crystalline polyols and CNWs have shown a reduction in chain
dynamics and an increase in elastic modulus at temperatures above Tg. This property has rendered the
PUs to have high shape memory performance (SMP) and superior mechanical properties compared to
TPUs (Khadivi et al., 2019; Liu et al., 2015; Mi et al., 2018; Nourany et al., 2021; Ranjbar et al., 2021). Lack
of a consistent experimental data on the relation between the microstructure of semi-crystalline low
molecular weight (Mw) (co)polymers or polymer blends and their crystallization processes makes it hard
to correlate the changes in the macroscopic properties of thermoset PU/CNW nanocomposites to their
microstructure.



Page 4/30

Regarding TPUs and thermoset PUs, they possess inherent thermal shape memory performance (Jiu et
al., 2016; Joo et al., 2018; Shirole et al., 2018). A type of linear and thermoset polymers that can be
thermally programmed through different heating and cooling cycles to undergo a reversible shape
switching process between a permanent shape (L1) and a strain-induced temporary shape (L2). In a
thermally programmable polymer there exists two main characteristic temperatures: switching
temperature (Ts) and recovery temperature (Tr); and there exists two structural components: switching
component (SC) and permanent component (PC) (Joo et al., 2018; Kausar, 2019; Y. Wang et al., 2018). In
a thermoplastic polyurethane (TPU) system, the hard domains play the role of the PC. In TPUs, the
physical cross-link nature of the hard domains prohibits the slippage of the chains of SC (Cao & Jana,
2007; Urbina et al., 2019; Y.-J. Wang et al., 2018). The curing process condition, including time and
temperature, and the nature of hard segments would impact the ability of the hard segments to form
segregated domains to reduce the possible hard segment- soft segment mixing. As a result, the size of
the hard domains would be a function of the process conditions and chemical structure (Choi et al., 2012;
Kausar, 2019). However, for a thermoset PU nanocomposite, the possibility of hard segment- soft
segment mixing is eliminated and the �nal shape recovery improves to a large degree (Jiu et al., 2016). In
a thermoset in-situ CNW-PU structure, the soft domain plays the role of SC, and the cross-link points,
formed by the covalent bonding of urethane linkages and the CNWs, act as the PC (Jafari et al., 2020;
Noormohammadi et al., 2021a; Ranjbar et al., 2021).

In this work, different microstructures of polyols were prepared using PCL and poly(tetramethylene glycol)
(PTMG). The polyols were composed of neat PCL and PTMG, with molecular weights of 2000 g/mol, their
50:50 w:w blends, the tri-block of PCL1000-PTMG2000-PCL1000 and the 100:50 w:w ratio of the blend and
the block copolymer. Their crystallization behavior was studied. These specimens were further used to
prepare thermoset PU/CNW nanocomposites and their crystallization and dynamic behavior was also
studied. The mechanical properties, the shape memory performance of the thermoset PUs and the impact
of the change in elastic modulus on shape �xity and recovery was thoroughly investigated. The
cytocompatibility of the thermoset PUs was studied to evaluate their potential for biomedical
applications.

2. Experimental

2.1. Materials
Poly(ε-caprolactone) with molecular weight of 2000 D, Hexamethylene diisocyanate (HDI), Stannous
Octoate (Sn(Oct)2), Dibutyl tindilaurate were purchased from Sigma and were used as received.
Dimethylformamide (DMF, Sigma), Sulfuric acid (98%, sigma) were also used as received. Re�ned cotton
(Iran, Golestan) was used as the source for extraction of cellulose nanocrystals. Poly(tetramethylene
glycol)-diol (Mitsubishi chemical co.) with a molecular weight (Mw) of 2000 D (PTMG2000). DMEM and
FBS (Gibco, UK), and penicillin/ streptomycin (Sigma). Culture plates and �asks (United Scienti�c F1004
Plastic Well Plate).
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2.2. CNW Extraction
The CNW extraction from puri�ed cotton is fully described in our previous work (Noormohammadi et al.,
2021a). Here, we describe the procedure in brief. The sulfuric acid (98%) hydrolysis procedure was used
for hydrolysis of cotton. 5 gr cotton and 100 ml acid solution (50 ml: 50 ml) was used for the hydrolysis
procedure. The �nal suspension was centrifuged at 5000 rpm to extract the CNWs. Dialysis tube was
used for increasing the pH of the CNWs to a range of 6.5-7.0. The surface-charge neutralized CNWs were
further freeze-dried.

2.3. Block Copolymer Synthesis

The PCL1000-PTMG2000-PCL1000 block copolymer (Block 1:1) was synthesized using a pseudo-anionic
bulk polymerization at 120℃. Stannous Octoate (Sn(Oct)2) with a ratio of 0.2 mol% relative to PTMG2000

was used as the catalyst. In the �rst step of the polymerization, 10 gr of PTMG with a molecular weight of
2000 D was added to a 50 ml round bottom 3-neck �ask and heated to 120℃. Then, vacuum was
applied to the melt to remove moisture and possible contamination. Sn(Oct)2 was added to the �ask. ε-
caprolactone monomer (5.3 ml) was added to the �ask and the �ask was then sealed and the reaction
was kept to proceed for 24 hours. The termination phase was performed using 5 ml solution of distilled
water and a few droplets of 37% HCl. The �nal copolymer was precipitated in cold ether solvent. The
e�ciency of the polymerization was 94.6% and the resulted of Gel Permeation Chromatography showed
that the �nal block copolymer possessed a number-averaged molecular weight of 4127 D with a PDI of
1.22.

2.4. Thermoset Polyurethane Synthesis

Table 1 provides the formulation recipe for synthesis of the thermoset PU/CNW nanocomposites. The
molar ratio of HDI to each polyol was kept at 3:1. CNW content was 1.0 wt% relative to the prepolymer.

Table 1
The formulation recipe for synthesis of the thermoset PU synthesis.

Specimen PCL2000 (gr) PTMG2000 (gr) Block 1:1 (gr) HDI (gr) CNW (gr)

PCL-tPU 12 0 0 3.02 0.150

PTMG-tPU 0 12 0 3.02 0.150

Block 1:1-tPU 0 0 12 1.51 0.135

Blend-tPU 6 6 0 3.02 0.150

Mixture-tPU 4 4 4 2.52 0.145

The synthesis procedure is as follows: 1) Weighting the polyol(s) and adding them into the 3-necked
bottom round �ask; 2) heating and stirring the polyol(s) at 80℃ and 250 rpm; 3) using vacuum for 15
minutes to eliminate the possible moisture and then, applying a continuous dry nitrogen purge; 4) adding
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the PU catalysis solution, Dibutyl tin dilaurate in DMF, to the polyol(s) using a syringe; 5) dropwise
addition of HDI to the reaction media and allowing the reaction to proceed for 2 hours to ensure complete
conversion of diols into prepolymers; 6) adding the pre-sonicated CNW in DMF suspension to the �ask; 7)
allowing for the reaction to proceed for 30 minutes and then pouring the highly viscose solution into
Te�on mold; �nally, 8) putting the Te�on mold in oven at 70℃ for 24 hours.

2.5. Cross-link Density and Degree Measurement

The equilibrium swelling test was used for measuring the cross-link density (CLD) of the thermoset
PU/CNW nanocomposites. Three samples of each specimen with dimensions of 1 cm ×  1 cm ×  1 mm
were cut and then immersed into a glass containing toluene and the result for each specimen was
averaged over three. The samples were kept in the solvent for 72 hours at room conditions. The sealed
glass containers were placed on a shaker to ensure dissolution of unreacted polyols into the solvent. The
�nal stable weight of the swollen samples was selected as the equilibrium swelling weight (ESW). The
thermodynamically developed Flory- Rehner equation was applied to measure the CLD.

υ =
− [ln 1−Vr +Vr +χV2

r ]

V0( V
1
3r −0.5Vr )

 Eq. 1,

The parameters of υ, V0, χ, and Vr represent the CLD, solvent molar-volume, polymer-solvent interaction
parameter, volume fraction of the swollen thermoset PU/CNW nanocomposite. The cross-link degree or
gel content of the specimens is measured using a Soxhlet extractor. Again, three samples of each
specimen with dimensions of 1 cm ×  1 cm ×  1 mm were cut and placed into the Soxhlet and Toluene
was used as the solvent. The siphon tube would create a �ow to remove the dissolved polyols and
procedure proceeded for 24 hours. The �nal dry-weight of the specimens was measured and divided by
the original weight to get the gel fraction.

2.6. Shape Memory Procedure

The shape memory performance analysis of the thermoset PU specimens was performed through two
different procedures. In the �rst procedure, the specimens with 2.5 × 1 × 0.1 cm3 dimensions were bend
over and �xed using a metal clamp. Then, the specimens were immediately put into liquid nitrogen for 5
minutes. Allowing for more freezing process time leads to brittleness and fracture of the specimens. In
the next step, the specimens were put at room temperature and the clamp was removed. The camera was
set to take pictures of the specimens every 15 seconds to follow the shape recovery process. The second
procedure was to use a DMA instrument working in tension mode. The specimens’ dimension was 2 ×
0.5 × 0.1 cm3. The thermal programming procedure was as follows: A) increasing temperature to 37.5℃;
B) Applying a 30 N dynamic force to stretch the specimens; C) Decreasing temperature to -25℃; D)
Removing the force; E) Increasing the temperature to 37.5℃. The parameters of the shape memory
performance, recovery ratio (Rr) and �xity ratio (Rf), are de�ned as equations 2 and 3, respectively.

( )
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Rr =
L1−L3

L1
 Eq. 2,

Rf =
L2
L1

 Eq. 3;

L1, L2 and L3 represent the stretched length at the elevated temperature, the length after unloading the
applied force and the specimen length at the end of the recovery process.

2.7. Cell Culture Procedure

The Human Foreskin Fibroblast (HFF) cells were seeded onto the thermoset PU/CNW nanocomposites
according to the procedure described in detail in our previous paper (Jafari et al., 2020). Here, we describe
the procedure in summary: 1) washing the PU �lms with distilled water and after drying, they were UV-
sterilized; 2) Tissue-culture grade polystyrene (TCPS, 48 wells) was used for cell seeding onto the
tPU/CNW nanocomposite �lms; 3) HFF cells suspended in DMEM, with 10% FBS and 1% penicillin/
streptomycin, with a cell density of 2 × 104 cells/specimen were seeded on the tPUs; 4) Using the
standard condition of 37℃ with 96% humidity and 5% CO2 atmosphere in the incubator for maintaining
the seeded cells; 5) The cell �xing was performed by 2.5% glutaraldehyde. The cell viability of the HFF
cells seeded onto the tPU/CNW nanocomposites was measured through MTT assay. After 3 and 5 days
of culture, 50 ml of MTT solution (5 mg/ml) was added to each one of the wells. The plates then were
incubated for three hours. At the end, the supernatant was collected and a micro-plate reader (BioTek)
was used for analysis of optical density. The cell viability is measured using Eq. 4.

Cell Viability (%) = 
OD
OD0

× 100 Eq. 4

OD and OD0 represent the optical density of suspensions related to cell-seeded plates and the blank
control, respectively.

2.6Characterization

The chemical structure analysis was performed using ATR-FTIR (MOD SRG 1100G, BOMEM) and Raman
spectroscopy (Confocal Raman Microscope, equipped with two laser wavelengths of 532 and 785 nm).
Scanning electron microscopy (SEM), Phenom Pharos, used for surface and cross-section imaging.
Dynamic mechanical analysis (DMA, Triton, TA) was performed for phase behavior and shape memory
performance analyses. Differential scanning calorimetry (DSC, Mettler/Toledo) was used for analysis of
crystallization with a heating and cooling rate of 10 ℃/min. The stress-strain analysis was performed
using the tensile instrument (BONGSHIN, model: DBBP-2 t) with a jaw speed of 20 mm/min. The surface
topography of the thermoset PU/CNW nanocomposites was analyzed using AFM (NT-MDT co.)
instrument operating at room temperature in tapping mode. Inverted �uorescent microscopy was used to
analyze the state of the seeded HFF cells after three and �ve days. For this analysis, the cells were �xed
and treated with DAPI for cell staining.
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3. Results And Discussion

3.1. Structural Analysis

3.1.1. Raman Spectroscopy
Raman spectroscopy is considered as a powerful chemical and physical characterization technique to
study the molecular features of materials including conformational isomerism, chemical nature and the
changes in crystallization of the polymer segments. For polymers consisting of polarizable parts, their
crystallization affects their conformational structure and Raman spectroscopy can be used quantitatively
and the results are more valid than the infrared spectroscopy results (Parnell et al., 2003). According to
Fig. 1a, the characteristic Raman bands of crystalline and amorphous PCL segments are summarized as
follow: 917 cm− 1 (ν -C-C (= O)-O-) crystalline, 1030–1120 cm− 1 (skeletal stretching, 1071 cm− 1ν –C-O-C-
crystalline), 1276–1352 cm− 1 (ω CH2), 1410–1487 cm− 1 (δ CH2, 1445 crystalline), 2835–3000 cm− 1 (ν
CH, crystalline); regarding PTMG, the Raman bands are as follow: 2939, 2887, 2840 cm− 1 (alkyl chains),
1478, 1442 cm− 1 ( bending mode of C-H group), 1278, 1226 cm− 1 (CH twisting vibrations), 1123–1146
cm− 1 (C-O, C-OH, C-C), 846, 860 cm− 1 (skeletal vibrations), and 533, 362 cm− 1 C-O-C bending (Tian et al.,
2019; H. Wu et al., 2021). The Raman spectrum of the blend, block copolymer and their mixture indicate
presence of both PCL and PTMG segments.

Figure 1b shows the Raman spectrum of the synthesized thermoset PU/CNW nanocomposites. The
characteristic isocyanate bands, which are -N = C = O asymmetric stretch at 2272 cm− 1 and symmetric
stretch at 1443 cm− 1 are absent in the spectrum as an indication of complete consumption of the
functionality. Based on the images, the polyurethane bands are as follows: -NH- (amide I 1732 cm− 1,
amide II 1530 cm− 1, amide III 1303 cm− 1), Ester υ(C = O) (urethane amide I υ(C = O) 1732 cm− 1, δ(CH2) :

1443 cm− 1 and δ(CH) (urethane amide III 1249) (Ha et al., 2019; Qu et al., 2021). The band related to the
ester carbonyl group is not available in the Raman spectrum of the PTMG-tPU and its intensity for the
other three tPU specimens is lower than that of PCL-tPU.

3.1.2. FTIR Analysis
Figure 1c represents the whole FTIR spectrum of the synthesized thermoset PU nanocomposites of
PCL2000, PTMG2000 and their different con�gurational structures. The absorption peaks in the

wavenumber range of 900–1800 cm− 1, which is represented in Fig. 1d, provides the structural
information of the polyols and the urethane functionality. Based on Fig. 1c, the absorption peak around
3332 cm− 1 corresponds to the stretching vibrations of –NH- groups in the urethane group formed by the
condensation reaction between the –N = C = O group in the prepolymers’ structure and the –CH2-OH
groups available on the CNW surface. The –NH- group in the urethane group usually shows two
absorption peaks at 3330 and 3340 cm− 1, which are related to hydrogen-bonded and free –NH- groups.
The single absorption peak at around 3332 cm− 1 is due to the lack of free –NH- vibrations. The double
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peak available in the range of 2800–3000 cm− 1 corresponds to the stretching vibrations of -CH- groups in
the organic polymer structure. Absence of the peak at 2200 cm− 1 for all the specimens indicates that the
–N = C = O reaction conversion has been completed (Noormohammadi et al., 2021a). Regarding the
highlighted region, Fig. 1d, the PTMG20000 polyol is distinguished from PCL2000 and other polyols, which

contain both PCL and PTMG segments, by the absence of the carbonyl (-C(= O)-) peak at 1734 cm− 1

(Sarkhosh et al., 2021). The carbonyl peak in the range of 1700–1750 cm− 1 is characteristic of crystalline
or amorphous polyesters. Moving towards lower wavenumbers, the two peaks available at 1624 cm− 1

and 1575 cm− 1 correspond to the stretching vibrations of –C(= O)- and bending vibrations of –NH-
functionalities in the urethane structure (-NH-C(= O)-), respectively (Jafari et al., 2020). The intense peak
at 1105 cm− 1 available for all the specimens corresponds to stretching vibrations of alkoxy group. The
peak at 1170 cm− 1, which is present only for polyols with PCL segments, is speci�c of ester
functionalities (Nourany et al., 2021).

3.2. Morphological Analysis

Figure 2 shows the SEM cross-sectional and surface images of PCL-tPU, Block 1:1-tPU and PTMG-tPU
nanocomposites of CNW. The �rst and second row images show the cross-sectional images of the cryo-
fractured specimens. Based on these images, the CNW nanoparticles with 1.0 wt% content are uniformly
distributed and dispersed and there is not any sign of clustering even at 5 µm scale. The reason for
absence of any CNW aggregation or clustering is the covalent attachment of the nanoparticles to the
matrix chains (Jafari et al., 2020; Noormohammadi et al., 2021a). The third row shows the SEM surface
images of the specimens with 1 µm scale. The images show that the CNWs are aligned on the surface,
parallel to the normal line of the cross-sectional surface, and they seem to have integrated to the matrix.

3.3. DMTA Analysis

The viscoelastic properties of thermoset PUs can be evaluated by DMTA instrument. The results of this
test provides insights into the changes in the microstructure of the specimens and the results consist of
storage (E’) and loss (E’’) modulus. The ratio of E’’ and E’ is called tanδ, which is used to identify the
second order transitions (Nourany et al., 2021). In a common logE’ vs. temperature, there are three main
regions and two transitions. The regions are glassy, rubbery plateau and melt states. The two main
transitions are glass transition temperature (Tg) and �ow (or melting) temperature, which are second and
�rst order transitions, respectively (Sarkhosh et al., 2021). For thermoset polymers, the �ow of the
specimens are absent and for a semi-crystalline polyol, the melting process of the crystallites can be
identi�ed as a one-order of magnitude fall in the storage modulus (Ranjbar et al., 2021). The PUs with
linear morphology, also called thermoplastic polyurethanes (TPUs), show another second order transition
for the hard segments in a higher temperature range compared to the soft segments (Jafari et al., 2020).
Based on Fig. 3a, it can be seen that the transition for the hard segments is absent as they are
immobilized through covalent bonding to the CNWs and cannot go through a long-range segmental
movement. Lack of an upturn in tanδ curves in the temperature range of 50 to 80℃, Fig. 3b, con�rms



Page 10/30

absence of this transition (Noormohammadi et al., 2021a). As it can be seen from Fig. 3a, the Tg

transition of the soft domain segments of all the specimens are very broad and extends from − 85℃ to + 
15℃. This feature is speci�c of semi-crystalline soft segments while amorphous soft segments show an
abrupt fall in this region. This feature has also manifested itself in the wide temperature range of tanδ
peak for this transition. Amorphous soft segments usually have a tanδ peak height of about 0.5 or higher
with a relatively narrow width (Jafari et al., 2020). However, the specimens possess a very low peak
height (below 0.14) con�rming their semi-crystalline nature. The tanδ peak heights of each PU specimen
is shown in Fig. 3c alongside their Tg.

Regarding the storage modulus (E’) of the specimens, which is critical in determining the shape memory
parameters, it remains high and constant at elevated temperatures. This is due to the thermoset nature of
the PU nanocomposites. A high E’, well above 10 MPa even at 100℃, creates a large driving force for
shape recovery process (K. Zhang et al., 2019). Another distinct feature of the PU/CNW thermosets is the
strong temperature dependency of E’ in the temperature range of -85 to + 15℃, which acts as a tool for
tuning the shape �xity of the specimens (Argun et al., 2019; Kolesov et al., 2015; Zeng et al., 2021).

The soft domain Tg transition of each specimen is also shown in Fig. 3c. The interesting phenomenon
that has occurred is that the Tg values of the thermoset PU specimens composed of both PCL and PTMG
segments are lower than the Tg values of the soft segments composed of only PCL2000 or PTMG2000.
They have also shown higher tanδ peak height. Neat PCL’s Tg is around − 61 ±  1 ℃, while for PTMG the
Tg value is -65℃ (Bershtein et al., 2005; Zhuravlev et al., 2011).

Compared to PCL2000 and PTMG2000 segments, both polymers have experienced an increase of about + 
14℃ in their Tgs once they are used in the thermoset PU/CNW structure. Chemical con�nement of the
polyols restricts the soft segments’ motion and reducing the ease of soft segment rotation. The declined
segmental motion of the PCL2000 and PTMG2000 segments in the PCL-tPU and PTMG-tPU specimens is
responsible for the + 14℃ increase in their Tg. The interesting fact is that both the PCL2000 and
PTMG2000 soft segments have experienced almost the same extent of increase. The negligible variation
can be due to the small difference in their chain �exibility as indicated by the 4 degree difference in their
Tg. The reason behind the lower values of Tgs for soft domain chains with different combinations of PCL
and PTMG segments can be explained by their increased chain dynamics (Jafari et al., 2020). The lower
Tg values indicate higher segmental mobility as it manifests itself in the slight increase in tanδ peak
heights related to the specimens. The lowest Tg value corresponds to the Blend-tPU specimen, with soft
domains composed of PCL2000 and PTMG2000, and the highest tanδ peak height is also corresponds to
this specimen. The soft domain of the Blend-tPU specimen is composed of incompatible segments and
the single tanδ peak behavior of the soft domain indicates their increased miscibility. The increase in
phase miscibility of two semi-crystalline polymers results in a decrease in order and consequently a
decline in their crystallization ability. The same concept is applicable for Block 1:1-tPU and mixture-tPU
specimens. The impact of morphological and compositional complexity on crystallization potential of the
soft domain chains will be discussed later in the DSC and XRD results.
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3.4. Soft Domain Crystallization

3.4.1. DSC Analysis
For a system of two incompatible semi-crystalline segments, the characteristic crystallization parameters
provide insights into the phase organization of the segments. Based on Fig. 4a and b, and the
information summarized in Table 2, the PCL2000 has the highest crystallization (Tc) and melting (Tm)
temperatures of 26.6 and 51.7℃. PTMG2000 has a Tc and Tm of 12.8 and 25.7℃. Block
copolymerization of these two polymers with PCL1000-PTMG2000-PCL1000 ABA architecture has led to two
distinct crystallization peaks at 18.5, 8.3℃ and three melting peaks at 39.3, 33.7, and 22.8℃. Besides
the depression of crystallization and melting peak points for both polymer segments, the crystallization
enthalpies has also experienced a decline compared to neat PCL2000 and PTMG2000. Regarding the Tcs,
the peak points of + 18.5 and + 8.3℃ correspond to PCL1000 and PTMG2000blocks, respectively. As a
general fact, block copolymerization of two semi-crystalline polymers reduces their thermal stability
through changing their crystallites’ morphology, which is dependent on their block lengths (Müller et al.,
2002; Nojima et al., 1995). The melting temperatures of 39.3 and 33.7℃ correspond to PCL segments
and the peak at 22.8℃ is related to the PTMG2000 block. The PCL crystallites have a higher thermal
stability compared to the PTMG crystallites as it can be inferred from the higher Tc and Tm of PCL polyol.
Therefore, initially the PCL segments would undergo crystallization, as their nucleation starts at higher
temperatures, leading to the partial freezing of the block copolymer system. Early crystallization of PCL
segments would affect the PTMG crystallization and increase the imperfectness of its crystallites. The
covalent attachments of the PCL1000 and PTMG2000 blocks in an ABA architecture limits their phase
separation and increases disorder in the block copolymer chain. These structural features affect the
crystallites’ morphology and thermal stability of both crystallizable blocks.

The depression in the characteristic temperatures are lesser in the Blend sample. The PCL2000 and
PTMG2000 chains are not covalently connected to each other and upon cooling they can easily segregate
and form relatively stable crystallites and the characteristic crystallization would not be impacted greatly.
The reason for the decline in the characteristic temperatures is a combination of kinetics and
thermodynamics effects. The kinetics works in the course of crystallization and impacts the lamella
thickness (L), which is related to Tm through Eq. 5. This equation indicates that the lower L results in
lower Tm (Castillo & Müller, 2009; He & Xu, 2012).

Tm = T0
m. (1 −

2ve
ΔHfL

) Eq. 5,

Here, ve is the free energy of chain folding at the lamella’s surface and ΔHf is the lamella heat fusion. As
mentioned earlier, covalent attachment of the two incompatible polymers limits their phase separation
and this structural feature affects the crystallites’ morphology and predominantly reduces L and a
reduction in Tm of each block would be a direct result of this change (H.-L. Chen et al., 2001).
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From thermodynamic point of view, the controlling parameter of the changes in thermal stability of the
crystallites is the product of the interaction parameter (χAB) and the block lengths (N), i.e. χAB.N. For
higher block lengths the impact of covalent bonding on the characteristic temperatures would be lower
(Vilgis & Halperin, 1991).

Table 2
The crystallization and melting temperatures of the polyols and the soft segments in

the thermoset PU structure.
Sample Tc (℃) Tm (℃) Sample Tc (℃) Tm (℃)

PCL2000 26.6 51.7 PCL-tPU -18.0 3.1

PTMG2000 12.8 25.7 PTMG-tPU -25.0 4.1

Block 1:1 18.5, 8.3 39.3, 33.7, 22.8 Block 1:1-tPU -29.5 -5.9

Blend 25.0, 10.8 45.7, 43.3, 25.0 Blend-tPU -33.0 -4.4

mixture 21.6, 7.9 47.4, 34.5, 22.0 mixture-tPU -32.0 -2.4

For the mixture specimen, the depression in Tc and Tm of PCL segments are not very large compared to
the Block 1:1 specimen. The reason for the relatively higher Tc and Tm of PCL segments can be de�ned
as follows: higher crystallization temperature of PCL segments compared to PTMG segments results in
their early crystallization, which results in crystallization-assisted phase separation of PCL segments.
Presence of the block copolymer reduces the interfacial tension between the incompatible PCL and
PTMG domains, hence, reducing the extent of phase separation and resulting in smaller domains of PCL
and PTMG (He & Xu, 2012; Müller et al., 2002).

Regarding the thermoset PU-CNW specimens, as their crystallization and melting spectrum are
represented in Fig. 4c and d, the polyols as soft segments have experienced an enormous decline in their
crystallization potential. As a general fact, incorporation of semi-crystalline polyols into polyurethane
structure leads to a decline in their crystallization ability, however, as reported in our previous paper
(Jafari et al., 2020), thermoset PUs of PEG-PCL polyols with CNWs had a larger impact compared to their
thermoplastic counterparts. The reasons behind these sharp declines are: 1) chemical attachment of the
polyol chains to CNWs, which highly limits their kinetics of crystallization, and 2) the repulsive interaction
between the polyols and the urethane functionalities (Khadivi et al., 2019; Saralegi et al., 2013; Shirole et
al., 2018). According to the summarized data in Table 2, the Blend-tPU, Block 1:1-tPU and mixture-tPU
specimens have negative Tm values and their Tc values are the lowest compared to tPUs of PCL2000 and
PTMG2000. This result is in accordance with the results shown for the polyols as block copolymerization
and blending reduces the thermal stability of the crystallites. Therefore, the adverse impact of
thermosetting on these soft segments would be higher.

3.4.2. X-Ray Diffraction Analysis
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The XRD analysis provides information on the structure of the crystallites’ unit cells and the impact of
crystallites’ perfection or defects can be seen as the changes in their 2θ positions, the width and the
intensity of the peaks. Based on Bragg’s law, Eq. 6, the change in 2θ positions directly changes the d-
spacing (Nourany et al., 2021), (Noormohammadi et al., 2021a).

nλ = 2dsin(θ) Eq. 6,

According to Fig. 4e, the PCL2000 polyol showed diffraction peaks at 2θ = 21.65, 22.22, and 23.95 ∘ , which
are attributed to the 110, 111 and 200 planes (Hoidy et al., 2010). PTMG2000 showed two diffraction

peaks at 2θ = 20.10 and 24.52 ∘  corresponding to d-spacing of 0.42 and 0.38 nm. According to the
literature, block copolymerization of semi-crystalline polymers reduces their crystallization amount and
as a direct result Tc and Tm decreases, which is an indication of lowered thermal stability of the
crystallites. For the PCL1000-PTMG2000-PCL1000 block copolymer with hydroxyl end-groups (Block 1:1), the
intensity of the diffraction peaks related to the PCL1000 blocks (2θ = 21.40, 22.03 and 23.73 ∘ ) have
declined by about half and the peaks related to PTMG2000 have almost disappeared except for the peak
available at 2θ = 20.18 ∘ , with extremely low intensity. The results indicate that the block
copolymerization had a higher impact on the middle block (PTMG2000). The reason behind this result can
be the higher Tg of PTMG compared to PCL and consequently lower chain dynamics, which affects its
crystallization kinetics. The changes in 2θ degrees show the structural changes of crystallites’ unit cells
as the blocks are covalently attached and affect the nature of the morphology of the crystallites and their
development (Jiang et al., 2001), (Luyt & Gasmi, 2016).

For the Blend polyol (1:1 w:w PCL2000/PTMG2000 blend), the peak positions have not experienced any
signi�cant change and only the diffraction peaks’ intensities have declined. This is due to the fact that
the two incompatible semi-crystalline polymers have not affected the crystallization thermodynamics and
only crystallization kinetics has been impacted (Luyt & Gasmi, 2016). Compared to the homopolymers,
for the mixture (the relative 1:1:1 weight ratios of PTMG2000, PCL2000 and the block copolymer), the
diffraction peak positions have shifted towards lower diffraction peaks (2θ= 21.46, 22.10, and 23.73 with
a broad peaks at 20.18 ∘ ). Addition of the block copolymer into the blend reduces the interfacial tension
between the two phases. This change improves the phase miscibility of the PCL and PTMG segments at
the interface and limiting the extent of phase separation.

For the thermoset PU/CNW nanocomposites, as seen in the DSC results, the crystallization ability and the
thermal stability of the crystallites reduces to a large degree. Based on Fig. 4f, the overall shape of the
spectrums are broad indicating the amorphous nature of the polyol. Presence of a distinguishable peak
at 2θ of 23.4 ∘  is related to the characteristic diffraction peak of CNW (Noormohammadi et al., 2021a).
The 1.0 wt% content of the CNW allows for detection of their crystallites’ structure.

3.5. Mechanical Properties
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Since the thermoset PU/CNW nanocomposites do not contain any stable crystallite structures of soft
segments at room temperature, they can be considered as rubbers and their deformation under a uniaxial
stretching should follow the thermodynamics of rubbers (Vorov et al., 2008).

f =
∂U
∂L T ,V

 + T
∂f
∂T V,L

 = fE + fS Eq. 7,

Based on Eq. 7, the force f applied to the thermoset PU nanocomposites comprises of two factors,
energetic and entropic contributions. Since the nanocomposites have amorphous state at room
temperature, fE ≅ 0 and the entropic contribution is more dominant. The energetic contribution is more
dominant in highly crystalline specimens in which stretching distorts the lattice spacing. At constant
temperature, upon stretching the specimens, the soft segments face a decline in their conformational
entropy and according to Eq. 8, the required force for further stretching increases (Stribeck et al., 2015).

fS = T
∂f
∂T V,L

= − T
∂S
∂L T ,V

 Eq. 8,

Overall, at low strains, λ < 1, the energetic contribution is negligible and the entropic contribution
dominates. Based on Fig. 5a, upon stretching the specimens the stress required increases. According to
Fig. 5a and Table 3, PCL-tPU had the highest elongation at break (ϵu, ultimate strain) of 289.0% and
ultimate stress (σu) of 11.67 MPa, while PTMG-tPU had an ϵu and σu of 140.4% and 9.27 MPa,
respectively. The ϵu of the block 1:1-tPU declines sharply with a value of 66.2% despite of having a higher
soft segment length or higher molecular length between cross-link points (Mc). The Blend-tPU and
mixture-tPU specimens have also experienced an intense decline in their ϵu and besides this change, their

σu have also declined with a σu of 4.85 MPa for the Blend-tPU. Regarding the Young’s modulus (E), as
summarized in Table 3, Block 1:1-tPU specimen has the highest E value of 166.9 MPa. The E values are
measured from the low-strain linear elastic regions of the stress-strain curves (Fig. 5b, below 2% strain).
For a uniaxial deformation of a cross-linked system with the assumption of ΔV ≅ 0, no change in
volume upon stretching, we have Eq. 9:

G =
nkT
V  = νkT =

ρRT
Ms

 Eq. 9,

Based on this general equation for a network of a homopolymer, the modulus of the specimen increases
as a linear function of number density of the strands (an increase in strand length decreases the number
of strands per unit volume) (Scetta et al., 2021; Vorov et al., 2008). However, by looking at cross-link
density (CLD, ν) of the specimens summarized in Table 3, it can be seen that the Block 1:1-tPU has the
lowest CLD value. As the chemistry and con�guration of soft domain chains differ, the Eq. 8 that has
been developed for simple networks in uniaxial deformations fails to predict the overall trend of the
mechanical behavior.

( ) ( )

( ) ( )
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One possible explanation for the peculiar behavior can be found in the elastic modulus of the specimens
at room temperature. According to Fig. 4a, the E’ of PTMG-tPU and mixture-tPU are around 30 and 60
MPa, respectively. However, the E’ values of the remaining specimens are in the range of 100–200 MPa,
which are roughly in correlation with the Young’s modulus of the specimens. The rod-like morphology of
the highly crystalline CNW and its chemical bonding to the prepolymer chains would have also played a
key role in controlling the mechanical properties of the thermoset PU/CNW nanocomposites.

Table 3
The characteristic mechanical properties of the thermoset PU/CNW nanocomposites.

Specimen ϵu (%) σu (MPa) E (MPa) υ × 107(mol/cm3)

PCL-tPU 289.0 ±  7.1 11.67 ±  0.39 100.1 ±  3.6 23.9 ±  1.3

PTMG-tPU 140.4 ±  5.6 9.27 ±  0.17 40.7 ±  2.1 24.2 ±  0.5

Block 1:1-tPU 66.2 ±  3.9 9.48 ±  0.13 166.9 ±  5.8 13.7 ±  0.8

Blend-tPU 116.5 ±  4.2 4.85 ±  0.15 56.4 ±  3.7 22.8 ±  1.1

Mixture-tPU 121.4 ±  5.0 7.66 ±  0.21 73.9 ±  2.9 19.4 ±  0.9

The Young’s modulus of the thermoplastic PUs, depending on the curing process and the nature of the
Diisocyanate, is usually below 10 MPa (Tito et al., 2019; Xiang et al., 2021). The high E values of the
thermoset PU/CNW nanocomposites suggests that the CNWs, as high modulus rod-like nanoparticles,
have played a key role in increasing the strength and elasticity of the thermoset PUs. As shown in SEM
images, the CNWs are dispersed in the matrix in a relatively uniform way, which is due to the fact that the
chemical bonding of the nanoparticles to the prepolymer prohibits their self-assembly and further
clustering.

3.6. Shape Memory Performance 

According to Fig. 5c, the digital photographs of the PCL-tPU and mixture-tPU specimens, in a room-
temperature recovery process, show that the specimens have a high shape recovery ability. In a more
systematic study, the glass transition phenomena, as a dynamic process with a relatively wide transition
temperature range, is usually considered as the base for selection of the �xity temperature (Garle et al.,
2012; Zeng et al., 2021). In this research, the three different temperatures of -50, -25 and 0℃ were
selected for evaluation of the �xity ratio (Rf) of each specimen. Figure 5d shows the change in Rf as a
function of temperature for each specimen. The results indicate that as the temperature increases, the
ability of the specimens to �x their temporary shape declines. The reason for this change is the gradual
decline of elastic modulus after the Tg transition and an increase in soft segment entropy, which tends to
regain the relaxed state (W. Du et al., 2021; Gao et al., 2018; Nessi et al., 2019; Zare et al., 2019). For
amorphous polymers, the decline in elastic modulus after Tg is sharp and the temperature dependency of
Rf is not very strong. However, for the tPUs with semi-crystalline nature, the temperature dependency of Rf
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is strong (Gupta & Mekonnen, 2022; K. Zhang et al., 2019). Based on the results, the highest shape �xity
of 100% corresponds to PCL-tPU at -50℃, which is due to the fact that this temperature is below its Tg

and the soft segments lack any elastic recovery (S. Chen et al., 2010; X. L. Wu et al., 2014; Yu et al., 2014).
According to the literature, elastic modulus is responsible for controlling shape �xity and crystallization of
the soft segments, as a key factor, also increase the elasticity of the specimens in the plateau region
(Argun et al., 2019; Kumar Patel & Purohit, 2018). At the temperature of -25℃, the Rf is still high for all the
specimens, which is due to the fact that melting temperatures of the existing crystallites are well above
this temperature. The temperature of 0℃ is very close to Tm of the crystallites, slightly below or above Tm

for each specimen, which in turn cause a sharp decline in Rf, as presented in Fig. 5d. Figure 5e shows the
DMA results of the shape memory performance analysis for the shape �xity temperature of -25℃ and the
recovery temperature of + 37.5℃. According to the DMTA results, the specimens possessed a high elastic
modulus (above 30 MPa) even at higher temperatures, which is due to the thermoset nature of the
specimens and the presence of the high modulus CNW nanoparticles. Based on Table 4 and Fig. 5e,
except for the PTMG-tPU and mixture-tPU specimens, the remaining three specimens showed a very high
recovery ratios, falling in the range of 95–98%. The reason for the high Rr of the three specimens can be
their high and stable elastic modulus compared to the other two specimens. The advantage of thermoset
PUs over thermoplastic PUs is their constant elastic modulus at elevated temperatures and over a wide
temperature range, which is a sign of a constant entropic driving force for recovering the original shape
(Sarkhosh et al., 2021).

Table 4
The shape memory parameters of the synthesized thermoset PU

nanocomposites �xed at -25℃ with recovery temperature of + 37.5℃.

Specimen Fixity ratio (%) Recovery ratio (%) X-link degree (%)

PCL- tPU 94 98 97 ±  1

PTMG- tPU 90 86 98 ±  1

Block 1:1- tPU 93 95 96 ±  2

Blend- tPU 92 96 97 ±  1

Mixture- tPU 88 89 98 ±  2

In a PU structure, the soft domain is the active phase for recovering the original shape and upon
stretching the specimens at elevated temperatures, the chains in the active phase experience a decline in
their conformational entropy (Jiu et al., 2016; Y. Zhang et al., 2019). By keeping the applied force and
decreasing temperature, parts of the stretched chain segments are aligned in the crystalline structures
(Barot et al., 2008; Bouaziz et al., 2017). Upon removing the force at -25℃, since the temperature is well
above Tg transition, the specimens experience a partial spontaneous shape recovery. However, as the
temperature increases, the segments tend to increase their conformational entropy and shrink in size (K.
Zhang et al., 2019; Zhou et al., 2014), which in our case it is expressed as a decrease in longitudinal
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length. For a thermoset system, the most important parameter in determining the shape recovery ratio is
the cross-link degree, which provides a network point for reducing the chain slippage and energy
dissipation ability of the soft segments (Gao et al., 2018; Li et al., 2018). In reality, achieving an ideal
chemical network is practically impossible. However, the CNWs with abundant hydroxyl groups were able
to create a high cross-linking degree being in the range of 96–98%. The reason for the high and close to
each other can be the abundance of hydroxyl groups, which serve as the cross-linking point for the
prepolymers (Nourany et al., 2021; Ranjbar et al., 2021). Since the cross-linking degrees of the thermoset
PUs were high and close to each other, the elastic modulus was considered to be the main parameter in
determining the �nal shape recovery at the experimental time period.

3.7. Cell Culture Analysis

MTT assay is performed on the specimens using HFF cells to evaluate their cytotoxicity. The viability of
the cells on the specimens relative to the control TCPS culture plate is considered as a basis for
evaluating the cytotoxicity of the specimens (Nourany et al., 2021). Based on the statistical results of the
MTT assay presented in Fig. 6 (top image), in the �rst three days of the culturing, the cell growth on the
specimens compared to the control is low being around 76%. The lowest cell growth is for Block 1:1-tPU
with a relative cell growth of 68%. After 5 days of cell culture, the seeded HFF cells tend to grow with an
average relative cell growth of 102%.

The lowest cell growth was again corresponded to the Block 1:1-tPU specimen with a relative cell growth
of 93%. The reason for the lower relative cell growth can be the induction time for cell attachment
(Ranjbar et al., 2021). The reason for the low cell viability of the Block 1:1-tPU can be the presence of free
CNWs as this specimen has the lowest cross-link density. Overall, cell viability of 90% or higher for the
materials is considered to be non-toxic and based on the results of 5 days, the specimens are considered
to be highly biocompatible (Nourany et al., 2021). The �uorescent images of PCL-tPU, Block 1:1-tPU and
PTMG-tPU shown in Fig. 6 indicate that the cell density and growth is higher for PCL-tPU and PTMG-tPU.
Based on the images, the cell density of the Block 1:1-tPU is lower compared to the other thermoset
PU/CNW nanocomposites.

4. Conclusion
The results of shape memory analysis indicated that the thermoset PUs of the semi-crystalline polyols
possessed high shape recovery with Rr values in the range of 86–98%. There was a direct correlation
between the storage modulus (E’) and Rr values as the thermoset PU/CNW nanocomposites showed
stable and high E’ at temperatures above 20℃. This is mainly due to their thermoset nature and presence
of CNWs with high elastic modulus. The tanδ peak height of the specimens was below 0.14, which is
speci�c of highly elastic specimens. The results of shape �xity analysis at the three different
temperatures of -50, -25 and 0℃ indicate the specimens have higher shape �xity at temperatures close to
Tg transition. The wide Tg transition provided the ability to tune the shape �xity ratio of the specimens
and the highly elastic nature of the tPUs resulted in high Rr and Rf values. The SEM and 3D AFM



Page 18/30

topographical images showed that the CNWs with rod-like morphology have not formed any visible
clusters, which was attributed to the chemical bonding of the CNWs to the prepolymers. Despite the
adverse impact of the sharp decline of soft segments’ crystallization on elastic modulus, the uniform
distribution of CNWs with 1.0 wt% content has led to low. The low tanδ height values is an indication of
highly elastic modulus. The specimens showed to be highly biocompatible and HFF cell showed high cell
adhesion and growth after 5 days of cell culture.
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Figures

Figure 1
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Raman spectroscopy of (a) the polyols and (b) the thermoset PU nanocomposites. (c, d) ATR-FTIR
spectrum of the synthesized thermoset PU nanocomposites.

Figure 2

SEM images of PCL-tPU, Block 1:1-tPU, PTMG-tPU: (�rst row) cross-section images with 5 μm scale,
(second row) cross-section images with 1 μm scale and (third row) surface images of the tPUs with 1 μm
scale-bar.
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Figure 3

(a) Storage modulus and (b) tanδ vs. temperature of the synthesized tPUs; (c) Tg and tanδ values of the
tPUs.
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Figure 4

The DSC thermograms of the polyols and the thermoset PUs: (a) second heating and (b) cooling regime
of the polyols; (c) second heating and (d) cooling regime of the tPUs. The X-ray diffraction spectrum of
(a) the polyols and (b) the thermoset PU/CNW nanocomposites.
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Figure 5

The stress-strain behavior of the thermoset PU/CNW nanocomposites (a) in full-scale and (b) low-strain
scale. (c) Digital photographs of the PCL- and mixture-tPUs recovering at room temperature, (d) shape
�xity ratio as a function of temperature, and (e) the shape memory process of the thermoset PU
nanocomposites �xed at -25  with the recovery temperature of +37.5 .
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Figure 6

(Top) MTT assay using HFF cells cultured on the thermoset PU/CNW nanocomposites for 3 and 5 days.
(Bottom) Fluorescent images of the cell-seeded �lms after 3 and 5 days of culturing HFF cells.
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