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ABSTRACT: A series of new shape memory polymers are synthesized by the cationic
copolymerization of regular soybean oil, low saturation soybean oil (LoSatSoy oil),
and/or conjugated LoSatSoy oil with styrene and divinylbenzene, norbornadiene, or
dicyclopentadiene initiated by boron trifluoride diethyl etherate or related modified
initiators. The shape memory properties of the soybean oil polymers are characterized
by the deformability (D) of the materials at temperatures higher than their glass-
transition temperatures (7), the degree to which the deformation is subsequently fixed
at ambient temperature (FD), and the final shape recovery (R) upon being reheated. It
is found that a T, well above ambient temperature and a stable crosslinked network are
two prerequisites for these soybean oil polymers to exhibit shape memory effects. Good
shape memory materials with high D, FD, and R values are prepared by controlling the
crosslink densities and the rigidity of the polymer backbones. The advantage of the
soybean oil polymers lies in the high degree of chemical control over the shape memory
characteristics. This makes these materials particularly promising in applications
where shape memory properties are desirable. © 2002 Wiley Periodicals, Inc. J Appl Polym
Sci 84: 1533-1543, 2002; DOI 10.1002/app.10493
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INTRODUCTION

Shape memory refers to the ability of some mate-
rials to remember a specific shape on demand,
even after very severe deformations. In recent
years, new shape memory polymers have received
attention because of their low cost, low density,
high shape recoverability, and easy processibility
compared to conventional shape memory metals
(alloys).! Shape memory polymers basically con-
sist of two phases: a reversible phase and a fixed
phase. The reversible phase refers to the polymer
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matrix, which has a glass-transition temperature
(T,, amorphous polymer) or a melting tempera-
ture (T, crystalline polymer) well above the ap-
plication temperature, which is usually the ambi-
ent temperature for most practical applications.
The fixed phase is composed of either chemical or
physical crosslinks that are relatively stable at
temperatures higher than the 7, or T,, of the
reversible phase. Typically, at a temperature
above the T, or T, the shape memory polymer
achieves a rubbery elastic state in which it can be
easily deformed by an external force. When the
polymer is cooled to room temperature, the defor-
mation is fixed because of the frozen micro-
Brownian motion of the reversible phase. The
hardened reversible phase effectively resists the
elastic recovery resulting from the tendency of the
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ordered chains to return to a more random state,
and thus the fixed deformation is regarded as a
“permanent deformation” at room temperature.
The deformed shape readily returns to its original
shape upon being reheated. The driving force for
the shape recovery is primarily entropy, specifi-
cally the strong relaxations of the oriented poly-
mer chains between crosslinks.

The first shape memory polymeric material of
commercial importance was a polyethylene that
was chemically crosslinked by using ionizing ra-
diation during processing.? However, high capital
expenditure and complicated techniques are both
required in the preparation and the use of high-
energy radiation is limited to the preparation of
articles with a thin cross section. Therefore, var-
ious routes have been developed to prepare new
shape memory polymers, especially those with
physical crosslinks. This new class of thermoplas-
tic shape memory polymers consists of a number
of segmented block copolymers,®> ! grafted copol-
ymers,'? and hybrid copolymers'® with deliber-
ately designed segmental structures. Most of the
thermoplastic shape memory materials are seg-
mented block copolymers, such as segmented
polyurethanes®° and polyether-esters.!! In
these copolymers the soft segments constitute the
polymer matrix (the reversible phase) with a T, or
T,, higher than room temperature, and the hard
segments form a physically crosslinked network
(the fixed phase) resulting from microphase seg-
regation of the incompatible hard and soft seg-
ments. Introducing a chemically crosslinked
structure not only facilitates full recovery of the
deformation but also renders better shape mem-
ory behavior under complex deformations.® In ad-
dition to the segmented block copolymers, some
grafted copolymers (polyethylene/polyamide-6
grafted copolymers) have been found to show typ-
ical shape memory effects.'? These grafted copol-
ymers are prepared by a melt-blending process.
The crystalline polyethylene matrix acts as the
reversible phase whereas the polyamide-6 grafts
aggregate and form physical crosslinks (fixed
phase). Jeon et al.'® recently reported a number of
norbornyl-polyhedral oligomeric silsequioxane
hybrid copolymers with chain entanglements as
the fixed phase. They claim that their new hybrid
copolymers have fairly high shape recovery and,
more importantly, POSS reinforcement in the co-
polymer leads to significant enhancement of the
thermal stability.'?

We recently reported a series of new random
copolymers prepared by the cationic copolymer-
ization of regular soybean oil (SOY), low satura-
tion soybean oil [LoSatSoy oil (LSS)], or conju-
gated LoSatSoy oil (CLS) with various alkene
comonomers, including styrene (St), divinylben-
zene (DVB), norbornadiene (NBD), and dicyclo-
pentadiene (DCP).'*® A wide variety of viable
chemically crosslinked polymeric materials were
obtained, ranging from elastomers through tough
to relatively brittle plastics. These new soybean
oil polymers not only exhibit competitive thermo-
physical and mechanical properties'*~!7 but also
possess very good damping properties over wide
temperature and frequency ranges.'® By deliber-
ately designing the structures, the soybean oil
polymers possess stable crosslinked networks, as
well as high T, values, well above the ambient
temperature. Thus, a study of the shape memory
effects of these new materials was particularly
attractive. In this study we systematically inves-
tigated the shape memory properties of these new
soybean oil polymers. The effect on the shape
memory behavior of the chemical stoichiometry
and types of soybean oils and alkene comonomers
employed is discussed in detail.

EXPERIMENTAL

Materials

The soybean oils used in this study are SOY and
LSS; both are commercially available in super-
markets and were used without further purifica-
tion. The CLS was prepared by rhodium-cata-
lyzed isomerization of LSS in our laboratory.'®
The percentage of conjugation of the CLS was
calculated to be approximately 100%. The compo-
sitions of the three different soybean oils used in
this study are listed in Table I. The St, DVB (80%
DVB plus 20% ethylvinylbenzene), NBD, and
DCP were purchased from Aldrich Chemical
Company and used as received. The distilled
grade boron trifluoride diethyl etherate (BFj
- OEt,, BFE) used to initiate cationic polymeriza-
tion of the various soybean oils was also supplied
by Aldrich. Norway Pronova fish oil ethyl ester
(EPAX 5500 EE, NFO) was used to modify the
original BFE initiator.

Polymer Preparation

The polymeric materials were prepared by the
cationic copolymerization of SOY, LSS, or CLS



Table I Compositions of Triglyceride Soybean Oils
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C=C Fatty Acids® (%)
Soybean
Entry 0il Type No.? C16:0 C18:0 C18:1 C18:2 C18:3
1 SOY Nonconjugated 4.5 10.5 3.2 22.3 54.4 8.3
2 LSS Nonconjugated 5.1 4.5 3.0 20.0 63.5 9.0
3 CLS Conjugated 5.1 4.5 3.0 20.0 63.5 9.0

SOY, Soybean oil; LSS, LoSatSoy oil; CLS, conjugated LoSatSoy oil.
2 The average number of carbon—carbon double bonds per triglyceride was calculated by *H-NMR spectral analysis.
® For example, C18 : 2 represents the fatty acid (ester) that possesses 18 carbons and 2 C=C bonds.

with St (comonomer) and DVB, NBD, or DCP
(comonomers used as crosslinking agents) initi-
ated by BFE or related modified initiators. The
detailed reaction procedures are described else-
where.'® Briefly, a polymer sample prepared from
45 wt % LSS, 32 wt % St, 15 wt % DVB, and 8 wt
% NFO-modified BFE initiator (5 wt % NFO plus
3 wt % BFE) is designated as LSS45-St32-
DVB15-(NFO5-BFE3). Because the amount of
ethylvinylbenzene present in the DVB is mini-
mal, we omitted it from our nomenclature to avoid
confusion.

Characterizations

The dynamic mechanical properties of the bulk
polymers were obtained by using a Perkin—Elmer
dynamic mechanical analysis (DMA) instrument
(Pyris-7e) in a three-point bending mode. A rect-
angular specimen was made by injecting the re-
actants into an appropriate mold. Thin sheet
specimens of 2-mm thickness and 5-mm depth
were used, and the span to depth ratio was main-
tained at approximately 2. Each specimen was
first cooled to about —35°C and then heated at
3°C/min and a frequency of 1 Hz under helium.
The viscoelastic properties [storage modulus (E')
and mechanical loss factor (damping, tan 6)] were
recorded as a function of temperature. The T, of
the polymer was obtained from the peak of the
loss factor curve. The crosslink density (v,) was
calculated from the high temperature elastic
modulus of the DMA results, based on the theory
of rubber elasticity.'®

The shape memory behavior of the soybean oil
polymers was examined by a bending test.® Fig-
ure 1 shows that the specimen (80 X 12 X 3 mm)
was first deformed to a maximum angle (6,,,,) at
the 7, plus 50°C by an external force. (The spec-
imen tended to break at angles > 0,,,,.) The de-

formed specimen was quenched in a water bath at
ambient temperature while still under the exter-
nal force. When the external force was released at
room temperature, minor shape recovery could
occur and the deformed angle changed from 6,
t0 Ogyeq- (The deformed angle 05,4 that was fixed
at room temperature was typically a little smaller
than the originally deformed angle 6,,,..) Finally,
the deformed specimen was heated to various
temperatures at a heating rate of approximately
50°C/min, and the remaining angle (0g,,) Was
recorded after 10 min at each temperature. The
following definitions are used to quantitatively
characterize the shape memory properties of the
polymers: the deformability (D) of the specimen at
the T, plus 50°C is defined as D = 0,,,,/180
X 100%. The fixed deformation (FD) at room tem-
perature, which depicts the ability of the speci-
men to fix its deformation at ambient tempera-
ture, is defined as FD = 64,.4/0max X 100%. The
shape recovery (R) is defined as R = (0g40q — Oaina)
Ofixoa X 100%.

Original position

Figure 1 A schematic illustration of the shape mem-
ory test.
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Figure2 The dynamic mechanical behavior of the SOY polymers prepared by varying

the SOY concentration.

RESULTS AND DISCUSSION

A shape memory polymer exhibits mechanical be-
havior that includes fixing the deformation of the
plastic at room temperature and recovering the
deformation as an elastomer at relatively high
temperatures.>~® Thus, a T, well above ambient
temperature and the formation of stable
crosslinks are necessary for a soybean oil polymer
to show the shape memory effect. Figure 2 shows
the dynamic mechanical behavior of three SOY
polymers prepared by varying the SOY concentra-
tion with a constant ratio of ~2:1 for the St/DVB
comonomers. The storage moduli of the SOY poly-
mers initially remain constant at low tempera-
tures. As the temperature increases, the storage
moduli exhibit large and sharp drops in the tem-
perature region between 20 and 100°C, which
correspond to the glass transitions of the SOY
polymers as determined by the corresponding loss
factor peaks. At temperatures above their T, val-
ues the moduli appear to be on the order of mag-
nitude of rubbery materials (10 Pa),?° and the

rubbery modulus plateaus indicate the existence
of stable crosslinks in the bulk SOY polymers.
Table II (entries 1-3) gives the T, and v, values
of the three SOY polymers illustrated in Figure 2.
These SOY polymers possess T, values higher
than room temperature, and various degrees of
crosslinking are obtained. As expected, the SOY
polymers exhibit a shape memory effect. Table II
(entry 1) shows that the polymer SOY35-St39-
DVB18-(NFO5-BFE3) exhibits a deformability of
83% at the T, plus 50°C. Upon releasing the ap-
plied force, the deformation of the specimen can
be fixed effectively with an FD of 98% at room
temperature. No further recoverable strain is
found until it is reheated to high temperatures.
As the SOY concentration increases, the resulting
polymer shows an improved deformability (D
= 100%) at the T, plus 50°C, but its ability to fix
the deformation at room temperature is reduced
to an FD of 80% (entry 2). When the SOY concen-
tration exceeds 50%, the resulting polymer actu-
ally behaves like an elastomer with an FD of 11%
(entry 3). The above results indicate that the 7,



SOY-ST-DVB THERMOSETTING COPOLYMERS. V

Table II Shape Memory Properties of SOY Polymers

1537

Shape Memory Results (%)

T, v,

Entry Polymer °C) (mol/m?®) D FD R
1 S0OY35-St39-DVB18-(NFO5-BFE3) 79 4.7 X 102 83 98 100
2 S0Y45-St32-DVB15-(NFO5-BFE3) 68 1.8 X 102 100 80 100
3 S0Y55-St25-DVB12-(NFO5-BFES3) 30 1.0 X 102 100 11 100
4 S0Y45-St42-DVB5-(NFO5-BFE3) 36 3.3 X 10 100 23 100
5 S0Y45-St37-DVB10-(NFO5-BFE3) 44 1.4 x 10? 100 64 100
6 S0Y45-St32-DVB15-(NFO5-BFE3) 68 1.8 x 10? 100 80 100
7 S0Y45-St30-DVB17-(NFO5-BFE3) 72 5.4 X 102 94 90 100
8 S0Y45-St27-DVB20-(NFO5-BFE3) 80 6.0 X 102 92 97 100
9 S0Y45-St22-DVB25-(NFO5-BFE3) 96 9.4 X 102 69 93 100

10 S0Y45-St17-DVB30-(NFO5-BFE3) 107 1.5 x 108 50 99 100
11 S0Y45-St12-DVB35-(NFO5-BFE3) 100 2.9 x 10® 33 100 100
12 S0Y45-St07-DVB40-(NFO5-BFE3) 86 4.8 x 10° 17 100 100
13 S0Y45-St00-DVB47-(NFO5-BFE3) 72 5.7 X 103 8 100 100

and crosslinking density play very important
roles in determining the shape memory proper-
ties. An increase in the SOY concentration results
in a decreased rubbery modulus at the T, plus
50°C (Fig. 2), which is inherently associated with
the decreased crosslink density. A lower degree of
crosslinking leads to a greater number of confor-
mations that the polymer can adopt upon being
loaded and deformed,?! thus enhancing the de-
formability as an elastomer at the higher temper-
atures. An increase in the SOY concentration also
reduces the T, due to the decreased rigidity of the
polymer chains and crosslink density. Thus, the
micro-Brownian motion of the polymer chains
cannot be effectively frozen, which leads to a low
percentage of fixed deformation at room temper-
ature. As the T, is reduced to the vicinity of room
temperature, the room temperature modulus is
equivalent to that of a rubbery material (10° Pa)
and the polymer actually behaves like an elas-
tomer with a very small amount of stable defor-
mation fixed at ambient temperature (entry 3).
For a typical shape memory material, the frozen
Brownian motion is released upon being reheated
and the extended polymer chain segments relax
and return to the original random state. Lin and
Chen found that less crosslinks lead to incomplete
recovery of the deformed specimen.® Note that the
three polymers show 100% recovery of the fixed
deformation upon reheating to the 7, plus 50°C,
indicating that the crosslink density is high
enough to effectively store and release the elastic
energy in the shape memory process.

Unlike the flexible soybean oil molecule, the
crosslinking agent DVB is a very rigid aromatic
molecule with more reactive C—C bonds (Fig. 3).
An increase in the DVB concentration increases
the degree of crosslinking and the T, values of the
resulting polymers. Thus, contrary to the SOY
concentration discussed above, an increase in the
DVB concentration gradually reduces the deform-
ability of the materials from 100 to 8% at the T,
plus 50°C and evidently enhances the ability of
the polymers to subsequently fix their deforma-
tions as the FD increases from 23 to 100% at
ambient temperature (Table II, entries 4-13).
Complete shape recovery was obtained for all of
these specimens. Optimal combinations of the
shape memory properties are found in the two
SOY polymers SOY45-St30-DVB17-(NFO5-BFE3)
and SOY45-St27-DVB20-(NFO5-BFE3), which pos-
sess D, FD, and R values over 90% (entries 7, 8).

Aside from the chemical stoichiometry, the
type of soybean oil employed also greatly affects
the shape memory properties of the resulting
polymers (Table III, entries 1-3). The three soy-
bean oils used in this study (SOY, LSS, and CLS)
have a similar triglyceride structure, but the com-
positions of the fatty acid side chains are varied
(Table I). Specifically, the SOY has approximately
4.5 nonconjugated C=C bonds per triglyceride
whereas the LSS has approximately 5.1 noncon-
jugated C=C bonds per triglyceride. Conjugation
of the LSS does not change its triglyceride struc-
ture or the degree of unsaturation, but approxi-
mately 100% of the C=C bonds that can be con-
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Figure 3 The molecular structures of the crosslink-
ing agents divinylbenzene (DVB), norbornadiene
(NBD), and dicyclopentadiene (DCP).

jugated are conjugated in the CLS. Thus, the re-
activity toward cationic polymerization is SOY
< LSS < CLS. Due to the triglyceride structure
and multiple C=C bonds, the soybean oils also
contribute to crosslinking like the crosslinking
agent DVB. As a result, the CLS polymer pos-
sesses a higher degree of crosslinking and T, than
the corresponding SOY and LSS polymers.'® As
expected, the more reactive soybean oil results in

a polymer with a higher FD value and a lower D
value. Complete shape recovery is also obtained
for the above three soybean oil polymers.

Despite the fact that 100% R is obtained for all
of these materials, good shape memory polymers
should also possess high D and FD results. It is
known that the D and FD results are determined
presumably by the crosslink densities and T, val-
ues of the materials. A low crosslink density gives
rise to a high D value but it significantly reduces
the R whereas a high crosslink density greatly
reduces the D value. In addition, a T, well above
ambient temperature is necessary to afford a high
FD value. Thus, good shape memory materials
should simultaneously possess appropriate com-
binations of T, values and crosslink densities,
which are high T, values well above ambient tem-
perature and moderate crosslink densities. Ap-
parently, appropriate combinations of these prop-
erties cannot be readily achieved by employing
different soybean oils or simply varying the chem-
ical stoichiometries as previously mentioned. In
the above cases the T, values are enhanced to
well above room temperature, which is usually
accompanied by a significant increase in the
crosslink densities. As a result, the D and FD
values cannot be improved simultaneously. How-
ever, it is noted that, in addition to crosslinking,
increasing the rigidity of the polymer backbones
can also be an effective means to enhance the T,.
Thus, less reactive and more rigid crosslinking
agents have to be employed so that the T, values
can be increased to well above the ambient tem-
perature without significantly increasing the
crosslink densities.

Figure 3 shows the molecular structures of the
three crosslinking agents (DVB, NBD, and DCP)
that we studied. It was found that DVB is the
most reactive crosslinking agent whereas DCP is
the least reactive crosslinking agent.'® " How-
ever, the rigidity of the three comonomers in the
resulting polymer chains appears to be DVB
< NBD < DCP. We found that simple replace-
ment of DVB with either NBD or DCP does not
result in viable materials. Thus, mixed crosslink-
ing agents were employed in our copolymeriza-
tions. Table III shows that, as expected, mixed
crosslinking agents result in a polymer with a
lower crosslink density (entry 4) than the corre-
sponding pure DVB-based SOY polymer (entry 1).
Although the increased rigidity of the polymer
chains tends to enhance the 7, the polymers are
not apparently rigid enough to compensate for the
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Table III Shape Memory Properties of Soybean Oil Polymers

Shape Memory
Results (%)

T, v,

Entry Polymer (°C)  (mol/m®) D FD R
1 S0Y45-St32-DVB15-(NFO5-BFE3) 68 1.8 X 10> 100 80 100
2 LSS45-St32-DVB15-(NFO5-BFE3) 61 5.3 X 102 86 96 100
3 CLS45-St32-DVB15-(NFO5-BFE3) 76 2.2 X 10® 77 98 100
4 S0Y45-St32-(DVB5-NBD5-DCP5)-(NFO5-BFE3) 42 9.8 X 10 100 63 100
5 (S0Y22.5-1.SS22.5)-St32-(DVB5-NBD5-DCP5)-(NFO5-BFE3) 43 1.3 X 102 100 74 100
6 (SOY15-LSS15-CLS15)-St32-(DVB5-NBD5-DCP5)-(NFO5-BFE3) 44 2.7 X 102 100 75 100
7 S0Y45-St20-(DVB9-NBD9-DCP9)-(NFO5-BFE3) 68 3.1 x10* 100 97 100
8 (SOY22.5-1.SS22.5)-St20-(DVB9-NBD9-DCP9)-(NFO5-BFE3) 70 3.7x 102 100 98 100
9 (SOY15-LSS15-CLS15)-St20-(DVB9-NBD9-DCP9)-(NFO5-BFE3) 74 52 x 102 100 99 100

T, depression resulting from the decreased
crosslink density. Thus, a high D value is ob-
served, but a very low FD value is obtained. It
was also found that the addition of more reactive
soybean oils, such as LSS and CLS, does not ap-
parently increase the T, values and the shape
memory results (entries 5, 6). Further increasing

the rigidity of the polymer chains appears to be
necessary to achieve good shape memory results.
Based on the above results, moderate crosslink
densities and high T, values, which were well
above ambient temperature, were simultaneously
obtained by appropriately increasing the concen-
tration of the rigid crosslinking agents. Thus, the
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Figure 4 The shape recovery results for the polymers of entries 1 and 4—6 in Table

IIT as a function of temperature.
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Figure 5 The shape recovery results for the polymers of entries 7-9 in Table III as a

function of temperature.

resulting polymers show D, FD, and R values of
over 97% and are apparently good shape memory
materials (entries 7-9).

Figure 4 gives the shape recovery results at
various temperatures for the soybean oil poly-
mers of entries 4—6 in Table III. All of the poly-
mers appear to show shape recovery behavior
similar to one another. The SOY45-St32-DVB15-
(NFO5-BFE3) polymer exhibits shape recovery at
a relatively high temperature, and 100% shape
recovery is reached at about 65°C. The other
three specimens based on mixed crosslinking
agents show shape recovery results that essen-
tially overlap, and complete shape recovery is
reached at about 55°C. Note that the onset of
shape recovery is observed at temperatures
slightly higher than ambient temperature, mak-
ing the fixed deformations relatively unstable at
room temperature. Thus, the polymers afford FD
values of 63-75% (Table III, entries 4—6), which
make these materials inferior shape memory ma-
terials. As previously discussed, by increasing the
concentration of the mixed crosslinking agents,
the resulting plastics possess appropriate combi-

nations of 7, values and crosslink densities, thus
improving their shape memory properties. Figure
5 shows that the polymers of entries 7-9 in Table
III not only possess high D and FD values (>97%)
but also exhibit much better shape recovery pro-
cesses. No significant shape recovery is observed
at temperatures slightly higher than ambient
temperature, making the fixed deformations rel-
atively stable at room temperature. Upon being
reheated, complete shape recovery is achieved at
approximately 85°C. Thus, the materials appear
to be more suitable for applications at room tem-
perature. Figure 6 shows the dynamic mechanical
behavior of the soybean oil polymers shown in
Figure 5. Apparently, the wide temperature re-
gion for the shape recovery process is ascribed
primarily to the broad glass transitions of the
materials. The initial shape recovery processes
are inherently related to the onset of segmental
motion (glass transition) of the soybean oil poly-
mers. Because the shape recovery was measured
in steps at different temperatures but the DMA
was carried out by heating the samples continu-
ously, the shape recovery processes do not cover
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Figure 6 The dynamic mechanical behavior of the soybean oil polymers in Figure 5

exactly the same temperature regions as the cor-
responding glass transitions.

The shape recovery process of the materials at
each temperature may be modeled by the vis-
coelastic behavior of the polymers. In the defor-
mation of a linear viscoelastic polymer, the total
strain (e;) can be described by a series combina-
tion of the Maxwell and Kelvin—Voigt models,?!:?2
which is used to predict the creep and recovery
behavior of viscoelastic materials:

ep=¢e; 1+t &9+t €3
_0'+0'[1 ( E2t>}+0't D
_E1 E, exp T2 M3

Here €, is the instantaneous elastic deformation
resulting from covalent bond stretching and the
distortion of bond angles; €, is the delayed elastic
deformation resulting from micro-Brownian mo-
tion of the polymer chains; and €5 is the irrevers-
ible strain resulting from Newtonian flow, which

is identical to the deformation of a viscous liquid
obeying Newton’s law of viscosity. For the shape
memory soybean oil polymers, the deformation
and shape recovery are conducted in a rubbery
state, and the final recovery of the fixed deforma-
tion was found to be essentially 100%. Thus, €,
< €, and €5 = 0. The total strain can be defined as
in eq. (2):

g Ezt
ST:E 1_8Xp _E

a t
=L, [1 - exp(— T)} (2)

where 7 is the retardation time and 7 = my/E,.
Because of the heterogeneity of the copolymer
chains, a single retardation time is not sufficient
to describe the deformation and shape recovery of
the viscoelastic polymers. In fact, a viscoelastic
polymer involves a spectrum of retardation times
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Table IV Repeatability of Shape Memory Behavior of Soybean Oil Polymers

Shape Memory

Shape Memory Polymer

Results (%)

1st 2nd 3rd 4th 5th 6th 7th

S0Y45-St20-(DVB9-NBD9-DCP9)-(NFO5-

BFE3) D
FD
R
(S0Y22.5-LSS22.5)-St20-(DVB9-NBD9-
DCP9)-(NFO5-BFE3) D
FD
R
(SOY15-LSS15-CLS15)-St20-(DVB9-
NBD9-DCP9)-(NFO5-BFE3) D
FD
R

100 100 100 100 100 100 100
97 95 94 93 90 90 89
100 100 100 100 100 100 100

100 100 100 100 100 100 100
98 96 93 93 90 90 89
100 100 100 100 100 100 100

100 100 100 100 100 100 100
99 97 93 93 89 90 90
100 100 100 100 100 100 100

following a Gaussian distribution. Thus, the de-
formation is rewritten as follows.

n

er(t) = 2 si(oo)[l—eXp<— :)] (3)

i=1

Here the €,(<) is the equilibrium strain when time
is infinity. Therefore, the shape recovery at a cer-
tain temperature is actually described by a num-
ber (n) of Voigt-—Kelvin models joined in series.
At a temperature below the glass transition poly-
mer segmental motions are frozen and all of the
retardation times (1; to 7,) are equal to infinity.
Thus, no shape recovery is observed. At a temper-
ature within the glass-transition region the retar-
dation times of some segments become measur-
able whereas others approach infinity. The elastic
response is retarded by the viscous resistance of
the material, and only partial shape recovery is
observed. At a temperature well above the glass
transition complete shape recovery is achieved
because of the shortening of all of the retardation
times (7; to 7,).

Table IV shows the relationship between the
shape memory properties and the number of
times the three polymers in Figure 5 were tested.
The FD values of the polymers slowly decrease
and reach steady values after about five tests. The
D and R values approach 100% and are not evi-
dently affected by the number of tests. Appar-
ently, each of the three polymers show very good
reusability as a shape memory material.

CONCLUSIONS

A series of new polymers were prepared by the
cationic copolymerization of SOY, LSS, and/or
CLS with St and DVB, NBD, or DCP initiated by
the BFE initiator or related modified initiators.
The shape memory properties of the soybean oil
polymers were investigated in relation to the
chemical stoichiometry and the type of oil and
comonomers employed. The shape memory prop-
erties are closely related to the crosslinking den-
sities and glass-transition temperatures. By
achieving appropriate combinations of crosslink
densities and glass-transition temperatures
through structural design of the polymer chain
rigidity, soybean oil polymers exhibiting good
shape memory effects with high deformability,
degree of fixed deformation, and final shape re-
covery results can be prepared. In addition, these
new shape memory polymers also showed good
reusability.
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