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Introduction

The distinct shape memory behavior in some materials 
such as polymers and alloys [1] has attracted a great atten-
tion worldwide. In recent years, shape memory polymers 
(SMPs) have been studied intensively in both academic and 
industrial sectors for their low cost, good processability, 
high recoverable strain, and larger range of shape recovery 
temperatures (Rr) in comparison with those parameters of 
shape memory alloys [2, 3]. A majority of SMPs have been 
stimulated by the application of heat [4]. However, cool-
ing, water [5], and moisture-responsive [6] shape memory 
effects (SME) have been also reported. It has been stated 
that the thermo- and chemo-responsive SME are intrinsic 
properties of many synthetic and natural polymers. Based 
on this mechanism, new materials with tailored features 
could be designed [7].

Among the SMPs, segmented shape memory polyure-
thanes (SMPUs) are the thermoplastic block copolymers 
having the unique mechanical and shape memory prop-
erties [8, 9]. These polymers mainly consist of soft and 
hard domains, in which the former and latter constitute 
the reversible and frozen phase, respectively [10, 11]. The 
reversible phase is responsible for holding the temporary 
deformation. However, the frozen phase, which contains 
physical or chemical crosslink points, inhibits slip of the 
molecular chains and is responsible for memorizing the 
permanent shape [12, 13]. The SMPUs can memorize the 
permanent shape and recover from the temporary shape 
upon heating above a switching temperature (TS) that could 
be the melting point (Tm) or glass transition temperature 
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(Tg) of the soft segments [14]. A polyurethane is called 
Tg—based SMPU if the soft domains use glass transi-
tion temperature as the switching temperature. Tm—based 
SMPUs, on the other hand, have gained much attention 
because the melting temperature of crystals is a sharper 
transition in comparison with the glass transition. This is 
a prerequisite for having good shape fixity (Rf).The strong 
intermolecular forces between the hard domains result from 
the hydrogen bonding and high polarity of the urethane and 
urea groups. Thus, the shape recovery of polyurethane is 
mainly influenced by the hard domains and the moiety of 
their molecular structure [15]. In addition, soft segment 
molecular weight and morphological structure both domi-
nate the shape fixity of SMPUs [16, 17].

Ionomers are a group of functional polymers and their 
specific functions result from the existence of electrostatic 
interactions of the ionic groups. These polymers exhibit 
superior characteristics in comparison with non-ionomers, 
in which some physical properties such as fluidity at ele-
vated temperatures, dynamic and adhesion properties are 
of high significance [18]. Polyurethane ionomers can also 
show superior mechanical properties in comparison with 
non-ionomers. Tensile strength, modulus, and elongation-
at-break of polyurethane ionomers could be increased 
because of the presence of Columbic forces between the 
ionic groups within the polymer chains [19].

Hu et al. [20] studied the crystallization and melting 
behavior of soft segments in shape memory polyurethane 
ionomers based on polycaprolactone diols (PCL-diols), 
4,4′-diphenylmethane diisocyanate (MDI), 1,4-butanediol 
(1,4-BDO), and N,N-bis (2-hydroxyethyl) isonicotinamide 
(BIN). They investigated the isothermal crystallization of 
SMPUs and found that the introduction of ionic groups into 
the hard segments not only decreased the rate of crystal-
lization significantly, but also the increase of BIN content 
reduced crystallization, as well.

Zhu et al. [21] studied the effect of cationic group con-
tent on shape memory properties of polyurethanes contain-
ing PCL-diol, MDI, 1,4-BDO, BIN, and N-methyldiethan-
olamine (NMDA). They reported that cationic groups had a 
dominant effect on the shape fixity and recovery of NMDA 
series, whereas ionic groups had no effect on the shape 
memory properties of the samples containing BIN.

In this work, a series of polycaprolactone-based SMPU 
ionomers with different anionic group content were synthe-
sized using polycaprolactone diol (PCL-diol), 4,4′-meth-
ylenediphenyl diisocyanate (MDI), 1,4-butanediol (1,4-
BDO), 2,2-bis (hydroxyl methyl) propionic acid (DMPA), 
and triethyl amine (TEA) by bulk polymerization method. 
Fourier transform infrared (FTIR) spectroscopy was uti-
lized to check the accomplishment of polyurethanes synthe-
sis. Thermal and structural properties were evaluated using 
differential scanning calorimetry (DSC), thermogravimetric 

analysis (TGA), and wide-angle X-ray diffraction (WAXD) 
techniques. Shape memory properties were also studied by 
thermomechanical cyclic tests.

Experimental

Materials

Polycaprolactone diol with average molecular weight of 
4000 (namely CAPA4000), which was dried at 80 °C under 
vacuum for 24 h before use, was supplied by Solvay Interox 
(UK). MDI was purchased from Aldrich (USA) and used 
to synthesize the samples without further treatment. DMF 
and 1,4-BDO were both supplied by Merck (Germany) and 
dried using proper molecular sieves for several days before 
use. DMPA was purchased from Aldrich (USA) and used 
as the second chain extender after drying at 80 °C under 
vacuum for 48 h. TEA was provided by Merck (Germany) 
and used without any further treatment.

Synthesis of SMPU ionomers

Five samples with various ionic group content were syn-
thesized by the pre-polymerization method. A 500-mL, 
round-bottom, four-necked separable flask equipped with a 
mechanical stirrer, a thermometer, a condenser with a dry-
ing tube, and a nitrogen inlet was used as the reactor. The 
samples were synthesized by bulk polymerization in DMF 
as the solvent under dry N2 in three steps. First, proper 
amounts of MDI and PCL-diol in 100 mL of DMF, which 
was freshly distilled before use, were stirred under nitro-
gen at 80 °C for 2 h to make the prepolymer. 1,4-BDO was 
added subsequently according to the MDI/PCL selected 
ratios and the reaction was continued for 30 min. After-
wards, DMPA dissolved in 10 mL of fresh DMF was added 
to the reactor and the reaction was continued at 50 °C for 
another 1 h. The main reason for the reduction of reactor 
temperature was to prevent the reaction of DMPA acidic 
group with isocyanate. Finally, the neutralization reaction 
was carried out by the addition of TEA to the reaction mix-
ture and the reaction was continued at ambient tempera-
ture for another 30 min. The prepolymer preparation step, 
as well as chain extension and neutralization reaction, is 
shown in Scheme 1. After the polymerization, the samples 
were removed of air bubbles under vacuum and further 
solidified in an oven at 100 °C for 24 h [22]. The composi-
tions of the prepared samples are shown in Table 1. 

Characterization

A Bruker Equinox 55 FTIR (Germany) spectrometer was 
used to identify the formation of urethane linkages and 
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further accomplishment of the synthesis. A Perkin-Elmer 
DSC instrument was used to study the thermal behavior of 
the samples, each weighing 5 ± 0.1 mg. Each sample was 
first heated up from −80 to 220 °C at a constant heating 
rate of 10 °C/min and held at 220 °C for 1 min; afterwards, 
the sample was cooled to −80 °C at a cooling rate of 
10 °C/min, held at this temperature for another 1 min, and 
then reheated to 220 °C at the same heating rate. Thermo-
gravimetric analysis (TGA) was used to study the thermal 

stability of the SMPUs. The TGA measurements were car-
ried out in air with a heating rate of 5 °C/min using a Per-
kin-Elmer TGA instrument.

X-ray diffraction analysis was performed for all the 
samples right after their synthesis on a Siemens D5000 
X-ray diffractometer using CuKα radiation (λ = 1.54 Å) at 
a scanning rate of 1°/min for all the specimens. An Instron 
6022 apparatus equipped with a temperature-controlled 
chamber was utilized to perform the cyclic tensile tests. 

Scheme 1  The prepolymerization, chain extension, and neutralization reactions for the prepared polyurethane ionomers

Table 1  Composition of PCL-based SMPU samples

Sample name SSL (g/mol) HSC (%) Molar ratios CAPA/MDI/1,4-BDO/DMPA/TEA DMPA (wt%) DMPA (mol %)

4000-24 4000 24 1/4/3/0/0 0 0

Ionomer I 4000 24 1/4/2.5/0.5/0.5 23 17

Ionomer II 4000 24 1/4/1.5/1.5/1.5 60 50

Ionomer III 4000 24 1/4/0.5/2.5/2.5 88 83

Ionomer IV 4000 24 1/4/0/3/3 100 100
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Samples each having the dimensions of 20 × 2 × 0.5 mm 
were first heated up to the temperature of 70 °C (Thigh)
in 600 s. Every sample was then stretched to the maxi-
mum elongation (ɛm) of 50 % at a constant strain rate of 
0.5 min−1 at Thigh. While the sample was held at the same 
strain, nitrogen was purged into the chamber to reduce 
the temperature to −20 °C (Tlow) to freeze the specimen. 
Afterwards, the strain was released to zero to let the sam-
ple relax and reheating began for another 600 s. The shape 
fixity [Rf(N)] and shape recovery [Rr(N)]after the Nth cycle 
were calculated by the following equations [23]:

where ɛp(N) is the measured strain at the Nth cycle of the 
thermo-mechanical analysis, ɛu(N) is the sample strain right 
after unloading at the Nth cycle, and ɛm is the maximum 
applied strain to the sample. Shape fixity represents sam-
ple’s ability to keep its temporary shape and shape recovery 
shows the extent to which a sample retracts to its original 
shape.

Results and discussion

Spectroscopic characterization

FTIR spectra of all the samples are shown in Fig. 1. As it 
can be observed, the disappearing of the peak at 2270 cm−1, 
which is the characteristic peak of the isocyanate group, 
and the existence of the two characteristic peaks of ure-
thanes at 1720 and 3324 cm−1, which are related to the 
stretching of C=O and –NH groups, respectively, imply 
that the synthesis of polyurethanes have been completed.

The peak at 3324 cm−1 has been broadened with the 
increase of DMPA content in the samples [24]. The peaks at 
2930 and 2850 cm−1 belong to the asymmetric and symmet-
ric stretching modes of methylene groups, respectively [25], 
which both have been intensified with the addition of DMPA 
in the ionomers [23, 26]. The peaks at 1530 and 1170 cm−1, 
which are present at both ionomer and non-ionomer samples, 
correspond to the –NH bending and –C–O–C– stretching, 
respectively [27, 28]. The peak at 1720 cm−1 is attributed to 
the carbonyl groups, which is a sharp one in the spectrum of 
non-ionomer sample, but has been broadened for the iono-
mers [29]. This could be attributed to the simultaneous reac-
tions of MDI with 1,4-BDO and DMPA, which result in the 
formation of more carbonyl groups [23, 30].

Formation of hydrogen bonding between carbonyl and 
–NH groups, as well as segmental polarity differences is 

(1)Rf(N) =
εu(N)

εm

(2)Rr(N) =

[

εm − εp(N)
]

εm
,

responsible for the separation of hard and soft phases [31, 
32]. The degree of phase separation could partially be 
under the control of ionic group content [33, 34]. Incorpo-
ration of an asymmetrical diisocyanate and chain extender 
during synthesis disrupts the ordered hard domains prob-
ably [35], whereas a symmetrical chain extender can con-
trastingly increase the ordered hard domains leading to the 
formation of more phase-separated structures in the iono-
mers. The observed peaks of the ionomers at 3520 and 
3110 cm−1 might be related to the –OH and –CH groups of 
DMPA, respectively.

Thermal analysis

The cooling and heating scans of the samples are shown in 
Figs. 2 and 3, respectively. The glass transition (Tg·s), melt-
ing (Tm·s), and crystallization temperatures (Tc·s), as well as 

Fig. 1  Typical FTIR spectra of SMPUs: a 4000-24, b ionomer I, c 
ionomer II, d ionomer III and e ionomer IV samples

Fig. 2  DSC cooling scans of: a 4000-24, b ionomer I, c ionomer II, 
d ionomer III, and e ionomer IV samples
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the enthalpy of melting (ΔHm·s) and crystallization of the 
soft segments (ΔHc·s) and the degree of crystallization of 
soft segments (Xc·s) are shown in Table 2. The degree of the 
crystallization of soft segments was calculated using the 
following equation:

where �H
∗

m is the melting enthalpy of the 100 % crystal-
line PCL-diol with the number average molecular weight 
of 4000 (142 J/g) [36]. As observed from Fig. 2, ionomer 
I shows no crystalline peak and ionomer II reveals a rather 
weak peak on cooling. This is probably because of the fact 
that the amount of Columbic forces in the ionic groups is 
not that much to assist the polymeric chains to be placed 
in crystalline phase. However, the soft segments of these 
two ionomers have the possibility to rearrange and reform 
to create the crystalline regions during heating, i.e., cold 
crystallization (Fig. 3). Unlike ionomers I and II, the three 
other samples showed no cold crystallization peaks at heat-
ing scans, implying their higher ability for crystallization 
on cooling.

Figure 2 also shows that crystallization can take place 
for the ionomers III and IV, which can be attributed to 
the higher amount of Columbic forces between the poly-
meric chains. Therefore, the crystallization tendency of 

(3)Xc·s =
�Hm·s

�H∗

m

× 100,

the ionomers is improved with the increase of ionic group 
content.

The glass transition temperature of soft segments is 
influenced by the degree of phase separation in segmented 
polyurethanes. As the phase separation is decreased, Tg·s 
value will be increased [32, 37]. Figure 3 indicates that 
there is a baseline change for all the samples in the range 
−55 to −35 °C, which is related to Tg·s values. These val-
ues are shown in Table 2.

In constant hard segment content (HSC), increase in 
ionic group content resulted in more Columbic forces in 
the hard domains due to the presence of ionic interactions 
between TEA and DMPA. As a result, the mobility of poly-
meric chains in soft domains is limited and Tg·s of samples 
will be increased. The increase in Tg·s values from 4000-
24 to ionomer III is probably due to the disruption of hard 
segments ordering and their solubilization in the soft phase, 
leading to the formation of more mixed phases. Introduc-
tion of ionic groups into the hard segments has two con-
trasting effects. On one hand, the ordered structure of hard 
domains was disrupted. On the other hand, the increase 
of ionic groups resulted in the formation of more Colum-
bic forces between these groups. Further ionization, from 
ionomer III to IV, causes a decrease in Tg·s values, indicat-
ing an increase in phase separation. The phase-separation 
driving force could be attributed to the increased polarity 
difference of the two phases upon ionization. It could be 
concluded that this difference overcomes the hard segment 
packing arrangements [38].

It was observed that the melting temperature of soft seg-
ments enhanced slightly; however, the enthalpy of melt-
ing increased significantly with the increase of ionic group 
content, implying that the introduction of ionic groups 
improved the degree of crystallinity of soft segments. 
The crystallinity of soft segments was increased up to the 
ionomer III, but reduced for the ionomer IV. This could 
be attributed to the fact that probably with the increase of 
Columbic forces from a critical value, hard segments con-
stitute a strong framework by which the soft segment crys-
tallinity is enormously affected. Unlike the soft segments, 
there was no melting peak for the hard domains that could 
be related to the existence of low hard segment content 
[20]. Cooling and heating scans revealed that ionomers 
with higher amount of ionic groups have relatively stronger 

Fig. 3  DSC heating scans of: a 4000-24, b ionomer I, c ionomer II, d 
ionomer III, and e ionomer IV samples

Table 2  Thermal properties of 
the prepared samples obtained 
from DSC

Sample name Tg·s (°C) Tm·s (°C) ΔHm·s (J/g) Xc·s (%) Tc·s (°C) Tc·c·s (°C) ΔHc·s (J/g)

4000-24 −53.9 47.7 28.8 20.3 1.6 – 29.4

Ionomer I −47.5 47.9 31.5 22.2 – 18 –

Ionomer II −45.8 47.8 41.6 29.3 5.3 5.3 –

Ionomer III −32.8 50.0 52.0 36.6 9.3 – 51.7

Ionomer IV −37.2 49.9 44.5 31.3 3.4 – 54.7
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crystallization tendency. Furthermore, the degree of phase 
separation was influenced by the amount of ionization, 
which has appeared in Tg·s values.

Thermal degradation studies give a chance to choose 
appropriate conditions for processing, manipulating, 
and obtaining high-quality products. In addition, TGA 
is a proper method for calculating the lifetime of materi-
als [39]. Thermogravimetric analysis was performed to 
draw a comparison between the thermal stability of the 
samples, which is shown in Fig. 4a, b. The data obtained 

from these analyses are also presented in Table 3. The data 
indicate that the temperatures at five percent weight loss 
(Tonset) of 4000-24 sample was higher than that of the iono-
mers; therefore, it can be concluded that the increase of 
ionic group content decreased the thermal stability of the 
samples.

As illustrated in Fig. 4b, two peaks which represent the 
maximum rate of degradation are observed for all the stud-
ied samples. The first peak of degradation, which starts at 
the temperature (TD·1) range of 220–230 °C, is attributed 
to the thermal degradation of urethane groups in hard seg-
ments [26, 40]. Accordingly, by adding ionic groups to 
4000-24, the first peak was enlarged. This could be due 
to the fact that the incorporation of ionic moieties to the 
hard segments reduced the cohesion of hydrogen bonds and 
thus, the degradation rate was enhanced.

By increasing ionic groups, the first peak was also 
shifted to the lower temperatures. This is primarily because 
of the decarboxylation of DMPA and formation of more 
thermodynamically stable carbon dioxide and alkene mol-
ecules. Secondarily, the steric hindrance of bulky acid 
groups in the hard domains inhibits the formation of hydro-
gen bonds via urethane interactions. As a result, the cohe-
sion of hard segments is reduced and less thermal energy 
would be sufficient to overcome this physical barrier. 
Therefore, as the temperature was increased, this energy is 
used for the initiation of degradation of chemical bonds in 
polymeric chains. The second peak of degradation, which 
was observed at much higher temperatures (TD·2), could 
be attributed to the thermal degradation of polyesters. This 
indicates that polyesters are more thermally stable than 
urethane groups. In general, the thermal stability of the 
samples was deteriorated with the increase of ionic group 
content.

Fig. 4  Thermogravimetric curves of the samples: a variation of 
weight loss and b weight loss rate with temperature

Table 3  Thermogravimetric data of the prepared samples

Sample
name

Tonset (°C) TD·1 (°C) TD·2 (°C)

4000-24 286 297 383

Ionomer I 259 312 381

Ionomer II 257 310 383

Ionomer III 217 293 379

Ionomer IV 215 283 380

Fig. 5  WAXD patterns of: a 4000-24, b ionomer I, c ionomer II, d 
ionomer III, and e ionomer IV samples
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Crystalline structure

Typical WAXD patterns for all the samples studied are 
shown in Fig. 5. Two sharp peaks are observed at about 
2θ of 21.6° and 23.3°, indicating the crystallization of soft 
segment chains for all the SMPUs prepared. These two are 
the characteristic peaks of polycaprolactone diols with the 
molecular weight of 4000, as reported by Kim et al. [41]. 
The results showed that in addition to the polycaprolactone 
diols, which were long enough to crystallize, the existence 
of symmetric MDI contributed to the formation of crystal-
line regions. Moreover, this is in agreement with the fact 
that the existence of long-chain polyols caused more phase 

separation and better soft segment crystallization [42]. This 
result is also consistent with the melting peaks observed in 
Fig. 3, revealing that all the synthesized SMPUs have been 
already crystalline.

Mechanical and shape memory properties

Figure 6a–e shows three thermomechanical cycles for 
samples with different contents of ionic groups. The dif-
ference between the first and second cycle in each sample 
could be attributed to the disentanglement of the chains 
during elongation, which was irreversible [43]. The intro-
duction of ionic groups led to more crystalline structures 

Fig. 6  Thermomechanical 
cyclic tensile tests of: a 4000-
24, b ionomer I, c ionomer II, d 
ionomer III, and e ionomer IV 
samples
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in comparison with non-ionomer sample. Ionic moieties 
decreased the overall elasticity of the samples, which could 
be due to the formation of ionic frameworks that prevent 
easy deformation of polyurethanes. In addition, it was 
observed that the maximum tensile stress increased, from 
1.47 for sample 4000-24 to 2.60 MPa for sample ionomer 
IV, with the increase of ionic group content. This could be 
related to the formation of a pseudo-network structure due 
to the presence of Columbic forces [18, 32].

The values of shape fixity, shape recovery, and maxi-
mum tensile stress at the first cycle are given in Table 4. 
As mentioned before, shape fixation is the ability of a 
sample to preserve its temporary shape and is dominated 
by soft segment crystallinity. The maximum shape fixity 
was observed for ionomer III. However, it could be seen 
that ionic group content had a few percent influence on 
shape fixity and shape recovery of the specimens. The 
improvement of shape recovery could be attributed to the 
increase of Columbic forces between the hard domains 
and that of shape fixity to the formation of physical cross-
links, as well as hydrogen bondings between the poly-
meric chains. Conclusively, the maximum tensile stress 
was increased with the increase of ionic groups, implying 
the fact that ionomers showed superior mechanical prop-
erties. It was also observed that the shape recovery of the 
samples was improved with the increase of ionic group 
content.

Conclusion

A series of polyurethanes were synthesized using PCL-
diol, MDI, 1,4-BDO, DMPA, and TEA by bulk polymeri-
zation method. FTIR spectrum of all samples showed no 
characteristic peaks of isocyanate and thus indicated the 
accomplishment of the synthesis. The data obtained from 
DSC confirmed a higher degree of crystallinity in iono-
mers in comparison with non-ionomer sample, implying 
the fact that the ionic moieties increase the crystallinity of 
soft segments. The higher degree of crystallization of iono-
mers was due to the existence of Columbic forces along 
with hydrogen bonding within the hard segments. WAXD 
spectra showed that all the samples were crystalline right 

after the accomplishment of synthesis. Thermogravimet-
ric analysis revealed a lower thermal stability for all the 
ionomers prepared in comparison with 4000-24 sample. 
This could be related to the decarboxylation of DMPA 
and also the formation of more thermodynamically sta-
ble molecules, like carbon dioxide and alkenes, as well 
as the reduction of hydrogen bonds and cohesion in the 
hard segments of ionomers. Although the shape fixity and 
shape recovery increased with the increase of ionic group 
content for a few percent, these improvements were not 
significant.
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