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ABSTRACT: A segmented poly(ester urethane) shape-memory polymer with poly(ε-caprolactone) (PCL)
soft segment and urethane hard segment was studied by FTIR to investigate the structural evolution in the
shape-memory cycle. It was revealed that in the cold drawing programming process, first the amorphous PCL
chains start to orient along the drawing direction, and then, the hard segment and the crystalline PCL chains
orient upon further extension, accompanied by the weakening of the hydrogen bonds along the drawing
direction between the hard segments and stress-induced disaggregation and recrystallization of the crystalline
PCL. In the recovery process, the hard segments restore first with the parallel hydrogen bonds strengthening
and then the amorphous PCL chains restore the original random orientation, and finally the crystalline PCL
chains lose their alignment to a less-oriented state.

Introduction

In recent years, shape-memory polymers (SMPs) have attracted
a great deal of attention because they are able to remember and
recover their permanent shape after deformation under certain
stimulus such as heat or light1-9 and thus may find application
in smart fabrics,10 intelligent medical devices,11 minimally invasive
surgery,12,13 and other fields. In general, an SMP consists of two
components: the net points determine the permanent shape and
can be achieved by either physical interactions or chemical bonds,
imparting a level of rigidity, dimensional stability, and thermal
resistance, and the switching segments are associated with the
temporary shape and can be either amorphous or crystalline. The
shape-memory effect is largely dependent on the morphology and
the degree of microphase separation of the copolymer, which in
turn are determined by the molecular characteristics such as the
molecular weight and the composition of the two segments.4-6,14

The shape-memory process of the heat-stimulus SMPs is called
programming. In the traditional thermal programming,4,6 the
sample is first heated to above the transition temperature (Ttrans),
which is either the glass-transition temperature or the melting
temperature of the switching segments, and then deformed and
cooled to freeze its temporary shape, and later on, when the
environment temperature rises to above Ttrans, the deformed SMP
restores its permanent shape. Another processing method is called
cold drawing programming, which is illustrated in Scheme 1. This
programming is done at lower temperatures (below Ttrans) and
has the benefit of more convenient processing, lower recovery
temperatures, and largely enhanced recovery stress.7,15

As an important class of thermoplastic SMP, segmented
polyurethane has two kinds of segments, with the hard segments
as the net points and the soft segments as the switching seg-
ments.3-6 The hard segments are based on diisocynates and diols,
and the soft segments are either polyethers or polyesters. By the
introduction of biodegradable polyesters such as poly(L-lactic
acid) and poly(ε-caprolactone) (PCL) into the SMP,7,12,16 the

material can exhibit both biodegradability and shape-recover-
ability and is expected to find extensive application in medical
devices and implants. A great deal of studies have focused on the
synthesis, medical applications, and thermal properties of seg-
mental polyurethanes; however, reports on the structural char-
acters of the phase transitions and the associated shape-memory
effect are rare.17-19

For segmented copolymers in general, their morphological
features during deformation have been studied,20-23 and various
experimental methods such as small-angle X-ray scattering
(SAXS),24-26 wide-angle X-ray diffraction (WAXD),26,27 dy-
namic mechanical thermal analysis (DMTA),28 and atomic force
microscopy (AFM)29,30 have been employed to elucidate the
morphological and structural changes and chain orientation.
Whereas these methods mainly assess the structure of the crystal-
line domains, molecular spectroscopy, in particular, FTIR, can
provide quantitative structural information of both crystalline
and amorphous domains based on the infrared dichroism of the
specific bands during the deformation process.20-24,27,31,32 In the
present study, FTIRwas employed tomonitor the shape-memory
process of a segmented poly(ester urethane) (PEU) during the
cold drawing programming in an attempt to reveal the shape-
memory mechanism of the cold drawing programming of SMPs.

Experimental Section

Sample Preparation.A segmented PEU SMPwith PCL as the
soft segment and 2,4-toluene diisocyanate (TDI)-ethylene gly-
col (EG) as the hard segment, shown in Scheme 2, was used in
this study. The molecular weight of the soft segment was 5000,
and the composition was PCL/TDI/EG 1:5:4. The melting
temperature of the soft segmentwas 55 �C, and the hard segment
was amorphous. Details of the PEU sample synthesis and
thermomechanical and shape-memory properties were pre-
viously reported.7 We prepared thin films of <15 μm thickness
by casting a PEU chloroform solution on glass slides, which
maintained under vacuum at 40 �C for 24 h to remove
the chloroform. Then, the films were peeled off from the glass
slides in water and maintained under vacuum for 2 h. The films
were cut into stripes of 20 � 10 mm size for mechanical
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measurements, and the initial length between the clamps of the
stretching device was 8 mm.

Instrumentation. The cold drawing and recovery of the PEU
films was accomplished with a homemade stretching device
mounted in the sample chamber of the FTIR. The cold drawing
was performed at 25 �C and the recovery at 36 �C. The specimen
was allowed to relax for 1min at each strain before the spectrum
was collected. FT-IR spectra were recorded on a Bruker Vertex-
70 spectrometer equipped with a DTGS detector with 16 scans
coadded at a resolution of 2 cm-1. The polarized spectra of the
PEU films during the cold drawing and recovery processes were
measured with the radiation polarized parallel and perpendicu-
lar to the drawing direction, respectively. Differential scanning
calorimetry (DSC) was performed on a TAQ-100 calorimeter at
a 10 �C/min scan rate under a nitrogen atmosphere.

Data Processing. The orientation of chain segments is char-
acterized by the orientation function defined as33,34

f ¼ 3 < cos2 θ > -1

2
ð1Þ

where θ is the angle between the chain axis and the drawing
direction, and a perfectly parallel, perfectly perpendicular, and
random orientation corresponds to f = 1, -0.5, and 0, respec-
tively. The infrared dichroism for determination of the orienta-
tion function follows the formula34

f ¼ ðR0 þ 2ÞðR-1Þ
ðR0 -1ÞðRþ 2Þ ð2Þ

where R0 = 2ctg2R, where R is the angle between the transition
moment and the chain axis, and R is the infrared dichroic ratio
withR=A )/A^,A ), andA^ being the absorbance of the parallel
and perpendicular spectra, respectively. In this work, peak areas
were chosen over peak heights for all the quantitative analyses
because peak positions may shift under extension, which is also
discussed later in this article.

Figure 1 shows the polarized spectra of the PEU at 150%
strain. The 1535 cm-1 band, assigned to N-H bending and
C-N stretching, was used to calculate the orientation function
of the hard segment because the amides only exist in the hard
segment and the band is well separated from the infrared bands
of the soft segments. This band has a parallel dichroism, and
taking R = 0�,32 formula 2 leads to

f H ¼ Rð1535Þ-1

Rð1535Þþ 2
ð3Þ

The 1295 cm-1 band, assigned to C-C and C-O stretch-
ing, was used to calculate the orientation function of the crys-
talline PCL soft segments because it only exists in the PCL
crystalline phase. This band has a parallel dichroism, and taking

R = 0�,35,36 formula 2 leads to

f S, cr ¼ Rð1295Þ-1

Rð1295Þþ 2
ð4Þ

The around 1730 cm-1 arises from the carbonyl groups
of the crystalline PCL (1724 cm-1), the amorphous PCL
(1736 cm-1), and the urethane (1710 and 1696 cm-1) in the hard
segment. The PCL carbonyl band (sum of the bands at 1724 and
1736 cm-1) was used to calculate the average orientation func-
tion of PCL in both phases, and taking R = 78�,36 formula 2
leads to

f S, av ¼ -2:3
RðCOOÞ-1

RðCOOÞþ 2
ð5Þ

and the orientation function of the amorphous PCL can be
deduced from the following formula36

f S, am ¼ f S, av -X cf S, cr
1-X c

ð6Þ

where Xc is the crystallinity of the PCL soft segment, and it can
be obtained using the following formula37

X c ¼ A0ð1724Þ
A0ð1724Þþ 1:46A0ð1736Þ ð7Þ

where A0(1724) and A0(1736) are the band areas of the crystal-
line and amorphous PCL, respectively, and can be obtained via

Scheme 1. Schematic Illustration of the Cold Drawing Programming of SMPs

Scheme 2. Chemical Structure of the PEU

Figure 1. Polarized infrared spectra of the PEU film stretched to 150%,
with the drawing direction as the reference direction.
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curve fitting.37 The curve fitting of the carbonyl band was done
using the local-least-squares routine provided in the OPUS
software package. The adopted procedure used four para-
meters, peak position, intensity, band width, and shape, which
were allowed to vary upon iteration, and the “best” fitting was
obtained as the root-mean-square deviationwasminimized. The
curve fitting results are shown in Figure 2. The crystallinity of
the PCL soft segment thus obtained by IR was ∼30%, in
agreement with that measured byDSC (30.5%), which validates
the curve fitting routine. The hard segment content in the PEU
was 18.3%; therefore, the crystalline and the amorphous PCL
was 25 and 55% of the total weight, respectively.

Results and Discussion

Drawing Process.Figure 3 shows the orientation functions
of the amorphous and crystalline PCL and the urethane hard
segment plotted versus the strain at 25 �C.Whereas for homo
PCL, the crystalline orientation function increases rapidly
upon stretching,36 the PCL soft segments in the copolymer
behave differently. There are three distinct stages in the
drawing process. In the first stage (up to about 100% strain),
the orientation function of the amorphous PCL gradually
increases upon extension,whereas that of the crystalline PCL
and the hard segment exhibits very small negative and
positive values, respectively, indicating that the amorphous

PCL segments connecting the crystalline PCL and the ur-
ethane hard domains start to extend and orient along the
drawing direction, which relaxes much of the stress, and the
latter two phases have not experienced much of the stretch.
The slightly negative orientation function of the crystalline
PCL at small extensions indicates a weak perpendicular
orientation, which may be attributed to the interlamella
separation, which has been reported for isotactic polypro-
pylene38 and polyurethane.31 In the second stage (∼100 to
250% strain), the orientation function of the amorphous
PCL continues to increase, and reaches its maximum of
∼0.25, whereas the orientation function of the crystalline
PCL starts to increase steeply, and a moderate increase in
orientation is observed for the hard segment. In this stage,
the amorphous PCL segments are further stretched and
orient more parallel to the stretch direction, approaching
its maximum, and pass the stress on to the crystalline PCL
and the urethane hard domains, the “hard” blocks serving as
the net points, which now start to orient along the stretch
direction. In the third stage (above 250%), the orientation
functions of the crystalline PCL and the hard segment level
off at their respective maximum.

Figure 4a shows under extension the frequency shift of the
CNH vibration characteristic of the urethane hard segment
at∼1535 cm-1.Whereas the perpendicular component of the
peak remains almost constant, for the parallel component,
the frequency first decreases slightly at small extensions
(below 100% strain) and then shifts more steeply upon
further stretching and reaches a minimum at ∼250% strain.
At 300% strain, the parallel component exhibits a negative
frequency shift of∼4 cm-1. The parallel spectra showing the
shift are included in the Supporting Information. The shift of
the N-H bending, the major component of the 1535 cm-1

band, to lower frequency is attributed to the weakening of
the hydrogen bonds upon extension.39 This trend is similar to
that of the orientation function of the hard segment, indicat-
ing that the orientation of the hard segment is accompanied
by the weakening of the hydrogen bonds upon extension.

Similar frequency shift was observed for the C-C and
C-O stretching band located at ∼1295 cm-1, which is cha-
racteristic of the crystalline PCL, as shown in Figure 4b. The
perpendicular component is almost constant over the entire
stretching process, but the parallel component shows a
negative frequency shift of ∼2 cm-1 upon extension to
300% strain, and the trend is similar to the variation of the
orientation function of the crystalline PCL in the same
process. The frequency shift is from the crystalline regions
where the C-C and C-O bonds are parallel to the c axis of
the crystal, indicating that the PCL crystals are experiencing
high tensile stress. It has been well established that this kind
of tensile stress would induce rapid disaggregation and
recrystallization in semicrystalline polymers such as PCL
and HDPE, and the overall degree of crystallinity would
remain the same in this process.40,41 Figure 4c plots the PCL
crystallinity determined by FTIR via eq 7 in the drawing
process, which shows that the crystallinity is essentially
constant from 0 to 300% extension. In a separate experi-
ment, films as cast and stretched to various extensions were
analyzed by DSC (Figure 4d), and the PCL degrees of
crystallinity obtained for these samples were 30.5, 31.7,
32.2, 30.3, 30.9, and 31.4%, respectively, indicating that
the PCL crystallinity is independent of the strain, and the
average was 31.2%, both in good agreement with the IR
results. It is also interesting to see in Figure 4d that the shapes
of the melting peaks are different for these samples, and in
general, the melting peak for the stretched films shifts to
lower temperatures compared with the unstretched sample,

Figure 2. Curve fitting of the carbonyl band in the 1800-1640 cm-1

region.

Figure 3. Orientation function versus strain for the PEU stretched at 25
�C (4, amorphous PCL; 2, crystalline PCL; 9, hard segment).
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suggesting that the size or perfection of the crystals have
changed when the film is under extension, an evidence of
crystal disaggregation and recrystallization.40,41 These re-
sults suggest that at high extensions, the PCL soft segments
undergo rapid disaggregation and recrystallization, leading
to more smaller crystals, which together with the now
oriented urethane hard domains fixes the material in the
deformed shape.

Recovery Process. Because of the fast recovery rate at
40 �C (the typical recovery temperature for this SMP7), for
the convenience of the experiment, we chose to study the
recovery process at 36 �C. Figure 5 plots the orientation
functions of the amorphous and crystalline PCL and the
urethane hard segment versus the strain of the PEU during
the recovery process. It can be seen that first the orientation
function of the hard segment starts to decrease at 165%
extension and goes down to 0 at ∼140% strain; then, the
amorphous PCL starts to lose its preferred orientation at
∼150% strain and becomes randomly oriented when the
PEU recovers to ∼130% strain. The crystalline PCL retains
its orientation at small recovery, which then decrease fairly
quicklywhen the strain reduces from∼140 to 100%and then
slowly goes down when the sample further recovers. These
results indicate that in the recovery process, the hard seg-
ments restore first,maybe because of the strengthening of the
hydrogen bonds discussed below, recovering the randomly

oriented state and serving as the physical cross-links, and
then the stretched and oriented amorphous PCL chains
between the “hard” domains retract and lose their preferred
orientation. With the retraction of the amorphous domains,

Figure 4. Plots of peak position of the (a) 1535 and (b) 1295 cm-1 bands and (c) the PCL crystallinity versus strain during the cold drawing process and
(d) the DSC heating traces of the film at various strains.

Figure 5. Orientation function versus strain recovery for the PEU at
36 �C (4, amorphous PCL; 2, crystalline PCL; 9, hard segment).
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the crystalline PCL chains lose their alignment and partially
recover to the original state with some residual orientation,
which probably is due to irreversible deformation of the
lamellae in the drawing process.

Figure 6a shows the frequency shift of the 1535 cm-1

band, which is primarily from the N-H bending. The
parallel component shows a positive frequency shift of ∼2
cm-1, and the perpendicular component is almost constant.
The positive frequency shift is an indication of strengthening
of the hydrogen bonds.39 The frequency shifts rapidly first
and reaches a maximum at ∼140% strain and then remains
constant upon further recovery. This trend is similar to that
of the orientation function of the hard segments, revealing
that during the recovery process, the hard segments form
stronger hydrogen bonds while losing the orientation, the
opposite of what we observed in the stretching process.

The frequency shift of the C-C and C-O stretching band
located at ∼1295 cm-1 is shown in Figure 6b. The parallel
component exhibits a positive frequency shift of ∼1 cm-1,
and the perpendicular component does not change, which is
indicative of the release of the stress applied to the PCL
crystals. This allows the crystals to rotate and adopt a more
random orientation. The trend of the frequency shift is
similar to that of the orientation function of the crystalline
PCL during the recovery process.

Summary

On the basis of the experimental results discussed above, we
can now summarize the evolution of the microstructure of the
segmented PEU SMP in the cold drawing and the recovery
processes. This is schematically illustrated in Scheme 3. In the

cold drawing programming, the amorphous PCL chains orient
first at small extensions, whereas the hard segments and the
crystalline PCL largely maintain their original state. When
stretched further, the hard segments and the crystalline PCLchains
start to align along the stretching direction and quickly reach a
high degree of orientation; the hydrogen bonds between the
urethane units along the stretching direction are weakened, and
the PCL undergoes stress-induced disaggregation and recrystalli-
zation while maintaining its overall crystallinity. The SMP now
adopts its temporary shape fixedby the oriented harddomains and
thenewly formedPCLcrystals.When the temperature is increased,
the SMP starts to recover to its permanent shape. The hard
segments start to restore first at small recovery, and the hydrogen
bonds along the extension direction between the urethane units
become stronger; then, the amorphous PCL segments connecting
the hard and the crystalline domains restore to the original random
orientation state, and finally the crystalline PCL chains lose their
alignment via rotation to a less-oriented state.Eventually, the SMP
is back to its original shape and is ready for the next cycle of the
shape-memory process. This detailed understanding of the struc-
ture evolution of SMPs at the molecular level associated with the
shape-memory effect may help the design of better SMPs for
potential applications in various fields.
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Supporting Information Available: Parallel spectra of the
SMP film showing the frequency shifts under stretch for bands

Figure 6. Plots of peak position versus strain during the recovery process of (a) the 1535 band and (b) the 1295 cm-1 band.

Scheme 3. Schematic Illustration of the Structural Evolution of the PEU SMP during the Cold Drawing and the Recovery Processes
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at ∼1295 and ∼1535 cm-1. This material is available free of
charge via the Internet at http://pubs.acs.org.
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