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The Influence of Programming Conditions on the
Triple-Shape Effect of Copolymer Networks with
Poly(w-pentadecalactone) and Poly(c-caprolactone)
as Switching Segments

Jorg Zotzmann," Marc Behl,"? Andreas Lendlein™'?

Summary: A versatile triple-shape material based on the two crystallizable segments
poly(w—pentadecalactone) and poly(s-caprolactone) was synthesized showing triple-
shape capability after application of the typical two-step triple-shape creation
procedure at elevated temperatures (TSCP) as well as a one-step programming
procedure at high temperature or at room temperature by cold drawing. By applying
TSCP and varying the sequence of programming temperatures, the influence of the
programming procedure on the triple-shape capability was investigated. The appli-
cation of such a modified TSCP enabled to a certain extent the control of triple-shape
capability by influencing the crystallization behavior of the two switching segments
in these copolymer networks.
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Introduction

Shape-memory polymers (SMP) and com-
posites thereof are actively moving materi-
als with the ability to change their shape
when triggered by an external stimulus.!'~”]
SMP have developed to a technology
platform that allows the tailored design of
multifunctionality, which comprises addi-
tional to the shape-memory effect func-
tionalities such as biodegradability or the
ability to load and controllably release
drugs.[g’”] Besides such multifunctional
dual-shape polymers recently biodegrad-
able multiphase polymer networks were
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introduced, which showed a triple-shape
effect.'>131 In this paper we report on
biodegradable materials being able of
switching between three different shapes.
Triple-shape polymers are an emerging
class of SMP, being able to perform two
consecutive shape changes in response to
heat.>141 These shape changes corre-
spond to the recovery of two different
deformations in reversed order, which were
programmed before at elevated tempera-
ture levels by application of external stress
(triple-shape creation procedure, TSCP).
Triple-shape polymers can switch from a
first temporary shape (A) to a second
temporary shape (B) and from there to the
permanent shape (C) by subsequent
increase of temperature. The thermal
transitions associated to the two necessary
switching segments can be glass transitions
(T,) or melting points (Tp).

Recently, a triple-shape material based
on the two crystallizable segments poly(w—
pentadecalactone) (PPD) and poly(e-
caprolactone) (PCL) was synthesized show-
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ing triple-shape capability also after gentle
programming procedures applying only one
deformation at high temperature or even at
ambient temperature.[12’13] In these PPD/
PCL copolymer networks the two switching
segments were introduced by hydroxytelec-
helic star-shaped precursors, which were
then crosslinked by a diisocyanate cross-
linker in a polyaddition reaction. Copoly-
mer networks with a certain composition
show a reversible triple-shape behavior
under constant stress, which is based on
crystallization induced elongation
(CIE).”% By determining the triple-shape
characteristics of these copolymer networks
of different compositions it became evident
that the two segments influence each other
during crystallization. This influence
became apparent in the crystallization
temperatures (7.) determined by DSC
measurements. Independently from the
cooling rate the PPD segment tends to
crystallize from a mixed PPD/PCL fraction
near the T, of the pure PCL segment.['*]
Depending on the weight ratio of the two
segments in the copolymer networks, one,
two or three T, could be found. Only a very
restricted composition led to the indepen-
dent crystallization of both segments result-
ing in a triple-shape effect during cooling
under stress (ratio of the segments
50:50 wt%).1*"! After TSCP the triple-shape
characteristics such as switching tempera-
ture (Tsw), relative recovery (Agg), recov-
ery ratio (R,), and the temperature range of
each recovery step (AT, strongly
depended on the composition of the
respective copolymer network. 3!

For two different triple-shape materials
as well as nano-composites thereof it could
be shown, that a modification of the typical
two-step TSCP (TSCP1) by changing the
sequence of programming temperatures
could influence the triple-shape capabil-
ity.[l()] This new programming method
(TSCP2) was applied on copolymer net-
works based on PCL and poly(cyclohexyl
methacrylate) segments (MACL) as well as
copolymer networks with a PCL backbone
and grafted poly(ethylene glycol) side
chains (CLEG). MACL incorporates one
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crystallizable and one glassy switching
segment, while CLEG consists of two
crystallizable switching segments but only
one of them contributes to the overall
elasticity. In the PPD/PCL copolymer net-
works both switching segments are crystal-
lizable and contribute to the overall
elasticity. TSCP2 could also be used to
improve the triple-shape characteristics of
PPD/PCL copolymer networks since the
triple-shape effect is based on two melting
transitions and requires sufficiently sepa-
rated crystallization processes. We report
on the investigation as to which extent the
triple-shape effect of these copolymer net-
works could be influenced by application of
TSCP2.

The shape-memory properties of three
sets of copolymer networks based on PPD
precursors with an average molecular
weight (M,) of 5100 g-mol~!, and PCL
precursors with three different M, were
investigated in.®1 To compare the triple-
shape capability after the TSCP2 the set of
copolymer networks based on the PCL
precursor with M,=9600 g-mol™ ' was
chosen since in each of the two other sets
one copolymer network was found exhibit-
ing only one crystallization process. Within
these set of copolymer networks the mass
fraction of the PCL precursor in the
network synthesis (upcr) was varied
between 25wt% and 75 wt%.

Experimental Part

Preparation of Copolymer Networks

The copolymer networks were based on
hydroxytelechelic star-shaped PPD and
PCL precursors synthesized by ring open-
ing polymerization. Three arm PPD with
M, =5100 g - mol ! and four arm PCL with
M,=9600 g-mol~' (according to GPC
measurements) were synthesized and cross-
linked by polyaddition reaction using an
aliphatic diisocyanate as described in.!*!

Characterization Techniques
The GPC measurements, DSC measure-

ments, and tensile tests were performed as
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stated in.”"! For investigations in cyclic
thermomechanical measurements polymer
films were cut into standard samples (ISO
527-2/1BB) and strained at an elongation
rate of 10 mm-min~—'. TSCP and recovery
experiments were conducted in cyclic,
thermomechanical ~measurements. In
TSCP1 the sample was stretched
€% =50% at Thgn (100°C), equilibrated
for Smin, cooled with a cooling rate of
5 K-min~! to Tpig (60°C) under stress-
controlled conditions and unloaded after
120 min equilibration time resulting in
shape (B) being represented by ¢g. The
sample was then further stretched to the
maximum programmed elongation of
€% =100% and cooled to Tiow (0°C) under
stress-control with a cooling rate of
5 K-min~'. After 10min the sample was
unloaded leading to shape (A) being
represented by ¢5. In TSCP2 the sample
was cooled with 5 K-min™" to Tjow (0°C)
under stress-control after the first stretching
to 50% and unloaded after 10min equili-
brating at T}ow. The sample was then heated
t0 Tmia (60°C) with 2 K-min~' 10 min
equilibrated while assuming shape (B)
(represented by ¢g) and was then further
programmed according to TSCP. The
recovery process of the samples was
monitored by reheating with a heating rate
of 1K -min~! from Tj,,, to Thignh while the
stress was kept at 0 MPa. The two steps of
the shape recovery were separated by a
minimum of the recovery rate at the
inflection point of the recovery curve being
represented by &;,, while the recovered
shape (C) is represented by ec. The
Tsws, which represent the temperatures at
the maximum shape recovery rates were
determined at maximal absolute values of
A¢/AT during the recovery process. The
strain recovery ratios R, were determined
using the following equations (N is the cycle
number):

R(A —B)=-2 """t/ (1)

ea(N) — ec(N)
EA(N) — €C(N — 1)

R(A — C) = 2
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All cyclic thermo-mechanical measure-
ments were conducted five times. The ratio
of a single recovery step relative to the
overall recovery  Ag(A—B) and
Age)(B—C) in all recovery experiments
were calculated according to Equation (3
and 4):

Aert(A — B) = €A — Cip 3)
EA —EC

Acra(A — C) = P € (4)
EA —EC

The temperature interval between 10
and 90% of shape recovery (AT;..) was used
as a measure for the distinctiveness of the
recovery steps, calculated according to
Equations (5) and (6), whereas &9 and &g
denote the elongations at 10% respectively
90% shape recovery of the related recovery
step:

ATrec(A — B) = T(e9p(a—n)) — T(c10(a—B))
)

ATrec(B — C) = T(e9p-0)) — T(€10B-0))
(6)

Results and Discussion

All five synthesized copolymer networks
exhibited gel content values between 92
and 98% indicating an almost complete
crosslinking reaction. Thermal character-
ization was performed by DSC measure-
ments and resulted in two sufficiently
separated (AT >20K) T,s and T.s asso-
ciated to the two switching segments. The
only exception was the copolymer network
having ppcr. =75 wt% showing a third 7,
close to T, pcy, but being related to the PPD
segment. The PCL melting point (7, pcr)
was found between 35 and 43 °C, while the
PPD related Ty, ppp varied between 70 and
79°C.l

In order to obtain TSC, the influences of
the segments on each other in the crystal-
lization process during the programming
procedure have to be limited, which was
achieved so far by adjustment of the

www.ms-journal.de

l149



150l

Macromol. Symp. 201, 309/310, 147-153

A) 140 — T T T T . )
) 100
programming recovery
120 -
80
¢ 100 o o
§ 80 60 o
= 3
5 60 40 8
& £
40 )
20
20
0L , , , , , 0
1350 1400 1450 1500 1550 1600 1650
time / min
140 T : - r
B) _ 100
programmin recover
1201 g 9 y
80
« 100 - o
S 80f 60 o
& 6o 40 &
© £
40 - 2
20
20 F
O 1 1 1 1 O
850 900 950 1000 1050
time / min

Figure 1.

Comparison of two TSCP, 5" cycle of triple-shape experiments; A: In TSCP1 samples were stretched to 50%
elongation at Tygn, cooled to Tr,g and unloaded after 2 hours equilibration time. The sample was then further
programmed to 100% elongation, cooled to T, under stress-control, and unloaded after 10 min equilibration
time. B: In TSCP2 samples were stretched to 50% elongation at Tygp, cooled to Ty, under stress-control and
unloaded after 10 min equilibration time. The sample was then heated to T4, further programmed to 100%
elongation, and again cooled to Ty, under stress-control before unloading after 10 min equilibration.

copolymer composition. After application
of TSCP1 TSC could be obtained from
copolymer networks based on PPD pre-
cursors with M,;,=5100 g -mol~!, PCL
precursors with M, >5000 g-mol ' and a
PCL content ppcr. > 25 wt% in the network
synthesis. A clear triple-shape effect was
obtained for the materials with upcp =50
or 60 wt%.!"* Values of ypcr, of 25, 40 or
75 wt% were considered to be unfavorable
since triple-shape characteristics deterio-
rated: AT, of a recovery step was increas-
ing with decreasing content of the related
segment in the copolymer network. Also,
the Ag¢, values were shifting with increas-
ing difference to the 50%:50% ratio in
which the programming steps were per-
formed. All these differences could be
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explained by the crystallization behavior
of the copolymer networks, especially by
the tendency of the PPD segments to
crystallize from a mixed amorphous phase
at lower temperatures with the 7. close to
the T, of the PCL phase and thus negatively
affecting the shape fixation during the first
programming step.

Applying TSCP2, the crystallization of
the segments could be influenced by
variations of the sequence of programming
temperatures leading to enhanced triple-
shape characteristics of the copolymer
networks. In TSCP2 the first cooling step
after the first deformation of the sample
was carried out until Ty, (0°C) was
reached. That ensured a completed crystal-
lization of the crystallizable PPD domains.
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temperature / °C

Recovery curves, elongation as function of the temperature; solid line: after TSCP; dashed line: after TCSP2.
A: 3PPD*PCL(25); B: 3PPD*PCL(40); C: 3PPD*PCL(50); D: 3PPD*PCL(60); E: 3PPD*PCL(75).

The subsequent heating step to Tiyg
resulted in the melting of the crystallized
PCL domains, which then could be
deformed during the second programming
step (see Figure 1). In this way the fixation
of the two temporary shapes was limited to
only one switching segment respectively.
The recovery curves as function of the
temperature are shown in Figure 2, the
values of the triple-shape characteristics
are summarized in Table 1. The recovery
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steps were characterized by the tempera-
ture interval between the two temperatures
determining 10 and 90% recovery (AT..) of
the related recovery step. It can be seen that
AT,.. for the second shape-recovery step
related to the PPD switching segment after
TSCP2 with values between 7 and 14 K was
up to 5K smaller as after application of
TSCP1 reaching values between 9 and 15 K.
Hence, as a result of TSCP2 the first
programmed deformation could be fixed
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Table 1.

Triple-shape effect of copolymer networks. Values are average values over cycles 2-5 (1-5 for temperatures) &

standard deviation.

sample 1D? R R Atre Aérer Tem Taws  ATee  ATrec
(AHB) (A~>C) (A~>B) (BHC) (A~> B) (BHC)
[%] [%] [%] [%] [ [°q K] (K]

TSCP1  3PPD*PCL(25) 78.6+25 99.9+25 24+3 763 5942 8441 2643 941
3pPD*PCL(40) 86.24+55 99.9+4.0 2843 72+3 57+t2 84+1 20+3 1241
3PPD*PCL(50) 84.0+0.7 99.940.5 361 6411 55+2 8241 20+1 13+1
3pPD*PCL(60) 88.240.9 99.94+07 512 49+2 48+1 7641 2041 1441
3pPD*PCL(75) 86.340.5 99.9+0.5 83 %1 17£1 40+1  70#+1 17+£1 15+1

TSCP2  3PPD*PCL(25) 79.3+0.4 99.1+05 4243 58 +3 57+t1  79+1 3341 7+1
3PPD*PCL(40) 86.441.0 99.0+£0.9 45+3 5543 4941 80o£1 27E1 741
3pPD*PCL(50) 92.9+0.8 99.84+0.1 3641 6441 4841  754+1 1841 1341
3pPD*PCL(60) 96.8415 98.94+07 67+6 33+6 47+2 81k2 2242 1442
3pPD*PCL(75) 97.7+0.2 99.940.4 8041 201 42+1 70%2 1241 13+1

ABppp4pCL(x) are copolymer networks from 3PPD segments and *PCL segments with e, (X Wt%) given in

parenthesis.

by PPD crystallites exhibiting a smaller
melting range.

In TSCP1 and TSCP2 both temporary
shapes were programmed by a deformation
of 50% each (50% in the first step and a
total of 100% in the second step). There-
fore, assuming sufficient shape fixation by
the related switching segment, a nearly
equal shape recovery was expected, being
characterized by the ratio of the shape
recovery relative to the overall recovery
(Agr). This can be illustrated by the
difference in the Ae. values of both
recovery steps D(Ag..;), which should be
close to zero. However, after application of
TSCP1 relative recovery ratios near 50%
were only obtained in copolymer networks
with ppcr. =50 or 60wt%. After applica-

Table 2.

Positive (“+”) and negative (“—”) influence of TSCP2
on triple-shape properties (compared to TSCP1), “0”
no influence.

copolymer networks

Hecr [Wt%] 25 40 50 60 75
R(A— B)? 0 0 + + +
R(A— C}a) o 0 o o o
D(Ag,e))” + + 0 - +
AT,ec(A — B)? - - + - +
AT, (B — Q)9 + + o o +

Ap change in R, values is only indicated if the differ-
ence is more than 1%; ¥a decrease of the difference D
is beneficial;% decrease of the AT, values is
beneficial.
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tion of TSCP2, the relative recovery ratios
of both recovery steps were closer to the
expected 50:50 recovery in all investigated
copolymer networks except for
upcr, =60wt%. This result is also attrib-
uted to a better shape fixation by the
respective switching segment.

After TSCP1 the switching temperatures
showed a strong dependence from the
copolymer composition by decreasing with
increasing PCL content. After TSCP2 this
effect was significantly diminished, which
could be attributed to the separated crystal-
lization processes of the switching seg-
ments. However, after TSCP2 in copolymer
networks with ppcp < 60 wt% the switching
temperatures were reduced.

Conclusion

The application of the modified TSCP2
enabled to a certain extent a better control
of the TSE in copolymer networks based on
star-shaped PPD and PCL precursors by
influencing the crystallization behavior of
the two switching segments.

Compared to the TSE after application
of TSCP1, the shape fixation by the
respective switching segment was signifi-
cantly enhanced by TSCP2. The tempera-
ture interval of T;..(B—C) was reduced for
three compositions of the copolymer net-
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work. Furthermore, the relative ratios of
the shape recovery for both recovery steps
were closer to the programmed ratio. The
change in the values characterizing the
triple-shape properties of all five copolymer
networks is summarized in Table 2.
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