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ABSTRACT: Typical shape memory polymers are hot-programmed and show a shape
transition over a broad temperature range of 10 K and more. Cold-programmed shape memory
natural rubber (SMNR) recovers more than 80% of its original shape within 1 K. The trigger
point can be increased upon aging the stretched SMNR over several weeks without losing the
narrow trigger range. This process can be accelerated by treatment of the stretched SMNR with
nonaffine solvent vapors. Affine solvent vapors of low concentrations afford higher trigger points
than that achieved by aging. This way, even higher cross-linked natural rubber can be cold-

programmed.
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B INTRODUCTION

Shape memory materials are capable of memorizing a
temporary shape unless they are exposed to an external
stimulus that triggers them to recover their permanent shape.’
Although stimuli such as chemical vapors™ or liquids,*~’
mechanical stress,®® IR/UV light,10 or alternating magnetic
fields'" have been described, the majority of all shape memory
materials is triggered thermally by heating above a certain
material-dependent temperature, which is referred to as trigger
temperature ng.n Generally, shape memory polymers (SMPs)
do not recover their shape in full at this temperature but over a
fairly broad range of several kelvin. For SMPs based on glassy
polymers the trigger range is caused by the naturally broad glass
transition. SMPs composed of semicrystalline polymers are
triggered at the melting point, T,,, of the crystals, which usually
stretches over a broad temperature range.>'* This is due to the
dependence of T, on crystal size and the naturally broad size
distribution of those crystals. The same is true for liquid
crystalline shape memory polymers.'>'® Even shape memory
alloys are often described to have a fairly broad trigger range."”
Such behavior is sufficient for most applications of shape
memory materials. However, there are several applications of
smart materials that benefit from a discrete transition point
such as safety systems, for example, valves, switches, and shape-
adaptive medical devices.'®"’

In contrast to most other SMPs, the recently discovered
shape memory natural rubber (SMNR) fully recovers within 1
K when being cold-programmed.”® The highest achievable
trigger temperature upon cold-programming with the highest
possible straining rate and the lowest possible degree of cross-
linking (X) was found to be 26 °C, which is too low for most
applications.

One common way to increase the tri§§er temperature is to
program at higher temperatures.”’”>" A more recently
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discovered way of obtaining higher trigger temperatures of
already programmed SMNRs is recrystallization of the
constrained sample upon solvent vapor exposure.”> Both
methods allow increasing the trigger temperature of SMNR
to up to 42 °C, but this comes at the expense of the
exceptionally narrow trigger range of cold-programmed SMNR.
A possible explanation for the discrepancy between the
trigger range of the cold-programmed SMNR, as well as the
hot- and solvent-programmed SMNR, is that, in the first case,
all crystals start growing simultaneously with the same rate. In
the latter two scenarios, only a fraction of the crystals grow at
the programming temperature or in the swollen network. After
cooling or drying, more crystals of different size are formed,
which broadens the melting range and thus the trigger range.
In the cause of investigations on SMNR, we observed that
programmed samples show a higher T, after several days of
storage. To explore this in detail, we stretched SMNR with a X
= 0.2% to 800% under ambient conditions and held in this state
for up to 49 days. In intervals, samples were explored regarding
their trigger behavior.?® As shown in Figure 1, aging of the
samples results in a significant increase in trigger temperature
without losing the exceptionally narrow trigger range for up to
12 days. After this, the change of trigger temperature is
negligible but the trigger range significantly broadens.
Additionally, higher cross-linked not cold-programmable NR
with a Xc = 0.42% was stretched to 560% and clamped at
ambient conditions for 4 days. After 1 h, the stress of the
sample was released, and the NR completely recovered its
original shape. In contrast, unclamping the sample after 4 days
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Figure 1. (a) Trigger processes of a SMNR samples (X = 0.2%, € =
800%) directly after stretching and after 1, 4, 12, and 49 days of aging.
(b) Depiction of the dependency of the trigger temperature on the
days of aging after stretching.

resulted in a fixity of 70%, that is, the nonprogrammable NR
was cold-programmed upon aging the stretched network.

To figure out if the effect is truly a shifting of the trigger
point, we repeated the same experiment, and the samples were
both cooled with liquid nitrogen prior to unclamping. Then,
the samples were continuously heated in a TMA measuring the
trigger temperature by monitoring the thickness increase. As
shown in Figure 2, the aging process indeed causes a trigger
temperature shift for 4 K (Table 1).
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Figure 2. Trigger processes of stretched NR samples (X¢ = 0.42%, & =
560%), directly after stretching and after 4 days of aging, respectively.

Table 1. Trigger Temperatures and Fixity Ratios R; of SMNR
(Xc = 0.20) after 0, 1, 4, 12, and 49 Days of Aging and
Natural Rubber (X = 0.42) after 0 and 4 Days of Aging

days of  Try(Xe = 020)/ Try(Xe = 042)  R(Xc = 0.20)/RiXc =
aging (°C) 0.42)
0 23.7/18.3 0.69/0.69
1 25.6/— 0.62/—
4 26.2/22.5 0.67/0.71
12 27.8/— 0.53/—
49 28.6/— 0.55/—

A possible explanation for this behavior is the literature
known lamellar thickening*®*” which increases the melting
point of crystals with time. In order to explore if this is the case
for our samples aswell we monitored the width of the (002)
reflection of stretched SMNR with time using wide-angle X-ray
scattering (WAXS) experiments (Figure 3). According to these
preliminary experiments no significant lamellar thickening but a
slight increase in crystallinity was observed.

Although lamellar thickening does not seem to be the reason,
the aging method is suited to increase the trigger temperature
of stretched SMNR without broadening the trigger range.
However, a time scale of weeks of programming of shape
memory polymers is not practical. Thus, we investigated the
possibility to accelerate the aging process by treatment with
solvent vapor. We performed an initial experiment by treating a
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Figure 3. WAXS measuring of the (002) reflection (carried out with
Bruker Nanostar) of stretched SMNR (X = 0.2, ¢ = 800%) using a
bin-normalized integration (Ay = 1°, 0° < 20 < 30°). The sample was
tilted by an angle of 10° to obtain the (002) reflection.

stretched SMNR (X = 0.2%, ¢ = 800%) with toluene vapor at
equilibrium vapor pressure (EVP). This results in an
inacceptable trigger width of about 30 K after 12 h of
treatment, as shown in Figure 4.
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Figure 4. First derivative of the thickness increase versus temperature
of a SMNR (X¢ = 0.2, € = 800%) after 12 h of treatment with toluene
vapor at EVP and further 12 h of drying monitored with a thermal
mechanical analyzer (TMA 2940, TA Instruments, Inc.).

A similar result was found in previous work where the same
solvent was used to reprogram a stress-free constrained
programmed SMNR.>> We propose that good solvents at
high concentrations swell the matrix of the polymer network to
such an extent (Syjuene = 467, Xc = 0.2%, ¢ = 800%) that
already formed crystals collapse, and recrystallization occurs
upon drying. This did not lead to narrow trigger ranges. To
avoid high swelling, we used affine solvents at lower
concentrations in the following.

Figure S shows the degrees of swelling S of stretched natural
rubbers at different solvent concentrations. Values of the
solvent vapor concentrations are listed in Table 2. The
concentrations for the solvents were chosen to match the
activities of 0.5, 0.7, and 0.9, respectively, of the EVP of each
used solvent. It is clearly seen that decreasing the solvent vapor
concentration drastically lowers S. This is a typical behavior of
swelling of natural rubber.”**’

For example, toluene swells a stretched sample (X = 0.2%, ¢
= 800%) at EVP to S = 4.67. Lowering the solvent vapor
concentration to 90% of this value (0.10 g L™") results in S =
1.36. The sample with X = 0.42 (& = 560%) swells to S = 4.19
at EVP(toluene) and to S = 1.39 at 90% of EVP(toluene).
Surprisingly, solvent vapor at concentrations below the
respective equilibrium vapor pressure afford similar degrees of
swelling for the two differently cross-linked stretched networks
(Figure S). Also, strain changes do not significantly affect the
degree of swelling of those samples. For example, a sample with
Xc = 0.2, stretched to 800%, shows only a slight decrease of
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Figure 5. Dependency of the degree of swelling S on solvent vapor
concentration after 12 h exposure to (A and A) cyclohexane, (M and
0) toluene, and (@ and O) THF. Experiments were performed with
stretched SMNR (X = 0.2%, & = 800%, solid symbols) and NR (X =
0.42%, € = 560%, open symbols). The concentrations at EVP for the
respective solvents are indicated by vertical lines.

Table 2. Applied Vapor Concentrations of Toluene, THF,
and Cyclohexane and the Resulting Degrees of Swelling (S)
of the Stretched Samples After 12 h of Exposure

label of concn  solvent vapor concn (g L)  S(Xc = 0.20)/S(X¢ = 0.42)

Cosstol toluene 0.06 1.11/1.12
Coyol toluene 0.08 1.21/1.21
Cogyol toluene 0.10 1.36/1.39
Cosriir THF 026 1.11/1.11
Corae THF 0.36 1.21/120
Cosrrir THF 046 1.33/1.35
Coss,epe cyclohexane 0.18 1.12/1.12
Co7eyc cyclohexane 0.25 1.22/1.23
Cog,eye cyclohexane 0.32 1.32/1.33

swelling from S = 1.51 to S = 1.36 compared to the unstretched
sample. The same is true for the other affine solvents
cyclohexane and THF. The lower solvent vapor concentrations
were applied to the stretched cross-linked natural rubbers for
12 h, followed by 12 h of air drying, and subsequently, the
trigger behavior was measured. Figure 6a,b depicts the trigger
behavior of toluene vapor treated samples. Treating the SMNR
sample with air containing 0.06 g L™" toluene results indeed in
a trigger shift of 6.5 K within 1d without losing the discrete
trigger behavior. Increasing the toluene concentrations to 0.08
and 0.10 g L' results in greater shifts of 8.0 and 9.2 K,
respectively. The NR sample shows similar shifts. Higher
concentrations of toluene in the gas phase seem to broaden the
trigger range slightly, but even at the highest applied
concentration, 80% of the trigger process takes place within 1
K. Interestingly, toluene vapor treatment results in higher
trigger points than pure aging alone even after 49 days.
Treatment with THF also results in significant trigger point
shifts without changing the narrow trigger range. The trigger
shift cannot be strongly increased by raising the THF
concentration above 0.26 g L™". Using cyclohexane vapor for
trigger point shifting results in a high shift of 8.9 K. Varying the
concentration of this compound does not affect the trigger shift
but results in a slight broadening of the trigger range. In all
cases, the affine solvents accelerate the aging process for
obtaining higher trigger points with narrow trigger ranges. The
shifts depend on the concentration and result in higher trigger
points than aging alone.

Additionally, we explored if nonaffine solvents can be used
for this purpose. Figure 7 shows the trigger behavior of
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Figure 6. Trigger processes of stretched (a, ¢, and e) SMNR (X =
0.2%, & = 800%) and (b, d, and f) NR (X¢ = 0.42%, & = 560%) before
and after treatment with vapors of (a and b) toluene, (c and d) THF,
and (e and f) cyclohexane. Solvent exposure time was 12 h at room
temperature followed by air drying for 12 h. The respective solvent
vapor concentrations are listed in Table 2.

stretched SMNR and cross-linked NR left over liquid acetone
and ethanol for 12 h and subsequent drying for a further 12 h.
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Figure 7. Trigger processes of stretched (a) SMNR (X = 0.2%, € =
800%) and (b) NR (X = 0.42%, &€ = 560%) directly after stretching
and after treatment with vapors of ethanol and acetone, respectively, at
EVP. Solvent exposure time was 12 h at room temperature followed by

air drying for 12 h.

While ethanol treatment results in the same shift that was
found after 1 day of aging, the acetone treated sample shows a
shift of 5.5 K. This indicates that even nonaffine solvent vapors
are capable of accelerating the trigger point shifting. In contrast
to the affine solvent vapors, the highest achieved trigger point
shift does not exceed that found for aging (Table 3).

Mechanistic Considerations. Because the aging effect and
its acceleration by solvent vapor treatment does not correlate to
changes of the crystal dimensions as approved by WAXS
measurements we propose that the controlling parameter might
be alteration of the microstructure of the noncrystalline phase.
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Table 3. Trigger Temperatures and Fixity Ratios, R, of
SMNR (X¢ = 0.2) and NR (X = 0.42) after Solvent Vapor
Exposure”

TTrig(XC = 0-2)/ TTrig(XC = 042) Rf(XC = 0-2)/ Rf(XC =
label of concn (°C) 0.42)

Cosol 30.2/24.7 0.59/0.68
Co7 ol 31.6/26.3 0.58/0.59
Cogpol 32.8/28.3 0.58/0.67
Cos;rur 30.6/26.1 0.55/0.71
Corrar 31.3/26.5 0.56/0.76
Cosrrie 33.1/283 0.59/0.69
Cos,eye 32.5/27.0 0.55/0.47
Cozeye 32.3/27.1 0.53/0.59
Coseye 32.5/27.4 0.56/0.59
toluene at EVP 42.9/— 0.48/—

ethanol at EVP 25.8/19.6 0.61/0.66
acetone at 29.2/23.5 0.61/0.71

EVP

“Respective concentrations given in Table 2; air drying for 12 h.

This is supported by previously published findings where
trigger points can be shifted by stressing the amorphous phase
externally.®” Taking this into account, the aging effect might be
a slow reorganization of the stressed entanglements in the
amorphous phase which were originally tensioned by straining
the sample. This is supported by the literature known slow
relaxation processes of strained natural rubber.*”*' The
influence of solvent vapors might be either acceleration of
this relaxation (nonaffine solvent vapors) or a rearrangement of
the microstructure (affine solvent vapors). To find whether the
investigated SMNR is chemically altered during the storage, we
determined M of the SMNR after 1 and 49 days of storage,
respectively. Additionally, the 1 day old and the long-term
stored sample were programmed and Tr,;, was determined
directly. The results are shown in the Supporting Information,
Figures S1 and 82. M and T, are the same for both samples,
indicating that the SMNR is not chemically altered during
storage.

B CONCLUSION

Cold-programmed shape memory natural rubber exhibits one
of the most narrow temperature-induced shape transitions of all
shape memory materials. It was shown that the relatively low
trigger temperature is increased by aging of the stretched
sample without losing the narrow transition range. This way,
even nonprogrammable higher cross-linked natural rubber can
be cold-programmed. The process was significantly accelerated
by exposing the stretched natural rubber samples to solvent
vapors. While nonaffine solvents shift the trigger point faster
but not further than aging does, affine solvents shift the trigger
point to higher temperatures. Investigations of this process with
WAXS measurements could not confirm the originally
suggested lamellar thickening as reason for the higher trigger
point. Further investigations will be necessary to fully
understand this.

B EXPERIMENTAL SECTION

Synthesis. Natural rubber (Standard Malaysian Rubber—SMR10)
with an initial molecular weight of about 3000000 g mol™" was
masticated for 10 min using a heatable double-roller operated at 80 °C,
subsequently mixed with dicumylperoxide (DCP) for S min and cross-
linked in a heating press at 160 °C for 35 min. Using 0.2 and 0.5 parts
per hundred rubber DCP resulted in an M, of 34 000 g mol™" (0.20%
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degree of cross-linking) and 16000 g mol™ (0.42% degree of
crosslinking) measured according to the Mooney—Rivlin theory.**
The samples are always stored in a desiccator in the dark.

SMNR Stretching and Solvent Treatment. SMNRs were
stretched at room temperature (25 °C) to a strain of 560 and
800%, which is 80% of maximum strain (maximum strain is the
fracture strain determined as average value of 10 samples), according
to the degree of cross-linking, using a strain rate of 200% sh
Subsequently, the specimen was clamped in a holder to fix the strain.
To treat the SMNR samples under constrained condition at the
respective strain with different solvent vapor concentrations, we put
the clamped sample into a closed chamber with the required solvent.
The quantity of solvent was calculated according to the ideal gas law
(Bl = MRTVamper - with ng = Vi pM ™). After solvent vapor
treatment for 12 h, the sample was weighed using an analytical balance
(Mettler Toledo XS105; accuracy, 10™* g) to determine the degree of
swelling. Subsequently, the samples were dried at room temperature
(25 °C) for 12 h and then unclamped to measure their trigger
behavior. All used solvents were of analytical grade or purer and were
obtained from Sigma-Aldrich.

According to the Hildebrand theory, affine solvents are those having
a Hildebrand parameter, J, similar to that of natural rubber.>* We have
defined nonaffine solvents as those that have AS (I6yg — Ssopvend) Of at
least 3.4 MPa®>.

The values of strain fixity and strain recovery were obtained by
using the following equations:

&
R; =
€m,80
£, —¢€
m,80 p
R =——
€m,80

where & is fixed strain, and &, is 80% of maximum strain. The
dimension changes were measured with a conventional ruler using
markings on the samples. R, values were determined for all samples to
at least 99%.

Determination of Trigger Temperature. Trigger temperatures
were obtained by using a thermal mechanical analyzer TMA 2940 (TA
Instruments, Inc.). The penetration probe was used with a preload
force of 0.05 N to measure the thickness increase upon continuously
increasing the temperature with 1 K min™". To evaluate the trigger
process kinetic, we differentiated the relative thickness change &, with
respect to temperature.”® The trigger temperature Tryg is at the
maximum of the curve.

B ASSOCIATED CONTENT
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Mooney-Rivlin- and TMA plots of differently stored and
programmed SMNR samples. This material is available free of
charge via the Internet at http://pubs.acs.org.
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