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ABSTRACT: A new type of urethane segmented copoly-
mer was prepared from hydroxyl-terminated trans-polyiso-
prene (HTTPI) and toluene diisocyanate (TDI). The struc-
tures of the copolymer were characterized by FTIR and GPC.
Crystalline properties of trans-polyisoprene (TPI) segments
were investigated using WAXD and DSC techniques. The
crystals of TPI segments are inclined to exist in low-melting
form (LM). The melting temperature of TPI shifts to a lower
temperature as the urethane segment was introduced. DMA
studies show that, when TPI crystals were at the melting
state, the storage modulus of the copolymer depended on

the content of urethane segment. The hard segment here
serves as physical crosslinkage. Nonisothermal crystalliza-
tion kinetics of TPI segment was studied on the basis of the
Ozawa equation. It was found that the hard segment sup-
presses the crystallization of the TPI segment. Morphology
of two-phase separation was observed in the copolymer by
SEM. © 2004 Wiley Periodicals, Inc. ] Appl Polym Sci 94:
2286-2294, 2004

Key words: block copolymers; trans-polyisoprene; crystalli-
zation; morphology; shape memory

INTRODUCTION

Polyurethanes are segmented copolymers consisting
of soft segment domains derived from a polyol mono-
mer and hard segment domains derived from a dis-
socyanate and a chain extender.! The hard-segment
domains, dispersing in the soft matrix, act as physical
junction points. In conventional polyurethanes the soft
segment is a polyether or polyester polyol. A number
of investigations has focused on novel polyurethanes
based on nonpolar macromolecular polyols such as
polyisobutylene, polybutadiene, and cis-polyisoprene
polyols.>* In the nonpolar polyol-based polyure-
thanes there is not a hydrogen bonding between the
soft segment and the hard segment. The hydrogen
bonding but also other interactions are just confined to
the hard-segment domains. As a result, the segmented
copolymers usually exhibit a more complete mi-
crophase separation relative to those based on the
polar polyols, along with a high tensile, superior wa-
ter-resistant properties and a high modulus.®> The
polymers, in addition, can serve as model compounds
of interests for theoretical study of structure—property
relations,” because the influences of thermodynamic
interactions are considered negligible.

In this paper we prepare segmented copolymers
from hydroxyl-terminated trans-polyisoprene (HT-
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TPI), toluene diisocyanate (TDI), and 1,4-butanediol
as the chain extender. trans-1,4-Polyisoprene (TPI)
has the same chemical “building block” as natural
rubber (cis-1,4-polyisoprene) but special configura-
tion. The polymer is easy to crystallize owing to its
regular structure. TPI is of polymorphism and the
crystals exist in two forms, i.e., high melting form
(HMF) and low melting form (LMF).>"® Because of
the crystalline nature, TPI displays plastic behaviors
quite different from the flexibility of natural rubber.
TPI is not found today in applications other than
antiques and fabrication of golf balls. The TPI-
segmented copolymer synthesized in this paper is a
new material based on TPI. The monomer HTTPI
was prepared according to the procedures of the
photochemical degradation developed by Ravind-
ran et al.” Our primary experiments implied that
TPI segments can crystallize depending on the con-
tent of urethane segment. Generally, in semicrystal-
line copolymers, the crystalline block plays an im-
portant role in the microphase separation and for-
mation of high-order structures.'®™'? The objectives
of the present study were to investigate the crystal-
lization behaviors of TPI segments and to under-
stand the effects of the hard segment incorporated
on the crystallization of TPI segments.

According to the molecular mechanism of shape
memory effects of polymers,'>'* TPI segmented co-
polymer can exhibit shape memory effects respon-
sive to the thermal stimuli. For a shape memory
polyurethane, the crystalline soft segment serves as
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a molecular switch and enables the fixation of the
temporary shape. The hard segment serves as the
physical crosslinkage and is responsible for the per-
manent shape. If the polymer in the temporary
shape is heated up, the permanent shape can be
recovered. The transition temperature of the poly-
mer is the melting temperature of the soft segment.
It is believed that the crystalline properties of TPI
segments in the copolymer affect the shape memory
temperature and the ability of the copolymer to
memorize its permanent shape. Knowledge of the
crystallization behaviors of TPI segments allows a
proper designing of shape memory materials from
the TPI-urethane segmented copolymer.

EXPERIMENTAL
Materials

HTTPI with M, = 3.2 X 10% M,/M, = 1.8 was
used. The molecular weight is measured using gel
permeation chromatography (GPC). The hydroxyl
value was estimated according to the method of
ASTM D1957-86. Toluene diisocyanate (a 80/20
mixture of 2,4 and 2,6 isomers) was supplied by
Medicine and Chemicals Co. of China. 1,4-Butane-
diol was used as received. Dibutyltin dilaurate
(DBTDL) was used as a catalyst for the reaction of
hydroxyl groups with isocyanates. Toluene was of
reagent grade, distilled before use.

Synthesis of TPI-urethane copolymers

TPI-urethane copolymers were prepared by a two-
shot process of polyurethane synthesis. HITPI was
dissolved in 30 mL toluene in a round-bottomed,
four-necked flask equipped with a mechanical stir-
rer, nitrogen inlet, and a reflux condenser. Two
to three drops of DBTDL catalyst was added into
the solution. After the solution was stirred for
30 min, a desired stoichiometric amount of TDI was
added dropwise into the solution over a period of
90 min and the reaction was continued for 60 min
to ensure endcapping of HITPI. A required quan-
tity of 1,4-butanediol was then added over a period
of 45 min. The reaction was continued for 3 h at
80°C.

Solution crystallization

The polymer product obtained was dissolved in hex-
ane at a dilute concentration of 0.2% wt/vol. The
polymer solution was placed at —20°C for 24 h for
crystallization. The crystalline samples, participated
from the solution, were filtered and dried under vac-
uum at room temperature before tests.
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Gel permeation chromatography

The molecular weights of HTTPI and the synthetic
copolymers were measured by GPC (HP Aligent 1100)
and calibrated by standard polystyrene. The solvent
was THF and the fluent rate was 1.0 mL/min.

Spectroscopic analysis

FTIR spectroscopy was recorded on Magna-IR™550
(Nicolet). 'H-NMR spectra were recorded on a DMX
500 NMR spectrometer at 500 Hz using deuterated
chloroform (CDC1;) as solvent and tetramethylsilane
(TMS) as an internal standard.

Differential scanning calorimetry

DSC curves were recorded on a Perkin-Elmer Pyris 1
DSC instrument. The sample was scanned from 20 to
80°C at a heating rate of 10°C/min. During the tests of
the nonisothermal crystallization, each of the crystal-
line samples (about 4 mg) was heated to 140°C in
nitrogen atmosphere and stayed at this temperature
for 5 min to eliminate the thermal history. It was
subsequently cooled to —10°C at cooling rates of 2.5,
5.0, 10, and 20°C/min, respectively. The fusion heat of
the TPI crystals was taken as 140.82 J/g®"° for calcu-
lations of the degree of crystallinity.

Wide angle X-ray diffraction (WAXD)

Wide angle X-ray diffractograms were recorded on a
D/Max—IIIA diffractometer at 300 K. The scanning
range was 5° to 50° at a rate of 4° 6/min. The wave-
length of the beam was 1.5418 A (CuK_line). The
values of the crystallinity were calculated using the
X-ray diffraction software by Tsing-hua University.

Scanning electron microscopy

To study the microphase structure of the copolymer
and the crystalline morphology of the samples pre-
pared from the solution crystallzation, scanning elec-
tron microscopy (HITACHI S-520) at 20 KV was used.
Fracture surfaces were prepared at the room temper-
ature and coated with gold using a Eiko IB3 coater.

Dynamic mechanical analysis

The samples in film were prepared by casting the
solution of the copolymer onto a PTFE plate and heat-
ing at 70°C for 24 h. Prior to the dynamic mechanical
analysis, the samples were placed at room tempera-
ture for at least 2 weeks to ensure relaxation. DMA
was carried out using a dynamic mechanical thermal
analyzer (Netzsch DMA 242) at 10 Hz and at a heating
rate of 5°C/min.
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Figure 1 FTIR spectra of TPI (a) and HTTPI (b).

RESULTS AND DISCUSSION
Proofs of hydroxyl groups in HTTPI

The stretching vibration of hydroxyl groups at 3,442
cm ™! was clearly observed in the FTIR spectrum of
HTTPI (Fig. 1), confirming hydroxyl groups in HTTPL
In the 'H-NMR spectrum of HTTPI [Fig. 2(b)], the
chemical shift of methyl proton is 1.59 ppm for trans-
1,4 structure and 1.67 ppm for cis-1,4 structure, respec-
tively.® From the ratio of areas of the two peaks, the
trans-1,4 content of HTTPI is estimated to be close to
that of TPI [Fig. 2(a)]. As a consequence, the trans-
configuration can be well retained in HTTPI regard-
less of the photochemical modification. Figure 2(c)
shows the "H-NMR spectrum of HTTPI treated with
deuterated water (D,O). It is found that the exchange
with D,O causes the peak at 3.5 ppm of HTTPI to
disappear. This allows identification of the peak as the
protons of the hydroxyls, and thus provides extra
evidence of hydroxyl groups in HTTPI in addition to
the FTIR proof.

The functionality of HTTPI was measured to be
close to that of hydroxyl-terminated natural rubber
(HTNR) prepared through the photochemical degra-
dation of natural rubber (NR).'® The functionality of
the polymer was measured to be 1.84. It is considered
that the reaction mechanism of TPI is the same as that
of NR owing to the same method of photochemical
degradation employed.

Structure of the segmented copolymer

Figure 3 shows the FTIR spectrum of the TPI-
urethane copolymer synthesized. After HTTPI is
reacted, the diagnostic absorption of OH groups
(3,440 cm™ ') is found to disappear. A newly ap-
peared peak at 3,313 cm ' is the diagnostic absorp-
tion of N-H stretching. On the basis of the FTIR
identifications for polybutadiene segmented poly-
urethanes,'” ™ the peak at 1,720 cm ™! here is indic-
ative of C=0O stretching. The peaks at 1,535 and
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1,230 cm ™' are assigned to NH bending and CN
stretching in the copolymer. To ensure a complete
convert of hydroxyls, the excess isocyanate was
used in this study. The peak at 2,270 cm ™' is indic-
ative of the unreacted isocyanate groups remaining
in the copolymer.

Table I lists the molecular weights of the copolymer
synthesized. The most interesting result to arise from
Table I is that the copolymer is different in structures
from the common polyurethanes prepared via the

2

CH2y 4

~—CHj —C 2==CH ~—CHy~—

R

ppm‘
(©)

Figure 2 'H-NMR spectra of TPI (a), HTTPI (b), and the
sample of HTTPI exchanged with D,O (c).
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Figure 3 FTIR spectrum of the TPI-urethane copolymer.

two-shot process (Scheme 1). The data in the table
shows that M, of the copolymer is higher than that of
the starting HTTPI, confirming the successful incorpo-
ration of the urethane segment onto HTTPI chains.
However, M,, for most of the copolymers doesn’t ex-
ceed the value as twice M, of the staring HTTPIL The
result indicates that the copolymer may be two-block
or triblock, different from the multiblock structure of
the common polyurethanes. It is most likely that the
chain of the copolymer consists of one TPI-segment
end-capped with urethane segments. It is believed
that in this case there has been the reaction of HTTPI
with diisocyanate taking place in the same way as the
usual two-shot process but special with chain-exten-
sion with 1,4-butanediol.

To be consistent with the terms of the common
polyurethanes, the TPI segment in the copolymer is
called the soft segment and the urethanes are the hard
segment. The TPI-segmented copolymer is a new type
of urethane copolymer based on nonpolar polyols.
Apart from the structure, the copolymer is character-
ized as having no significant interaction between the
soft segment and the hard segment.

Crystallization behaviors of TPI segments

In order that the crystalline properties of the TPI seg-
ment can be clearly revealed, solution-grown crystal-
lization was employed. The urethane segment is in-
soluble in the solvent of hexane, whereas the TPI
segment has certain solubility in the solvent. Their
difference in solubility may lead to a complete two-
phase separation in the solution, where each moiety
manages to behave with its own properties during the
crystallization. It is worthwhile to mention that many
studies concerning solution crystallizations of polyole-
fins have found that the polymer crystals generated
almost appear in single form.**° Although TPI usually
crystallizes in two forms (HM and LM), the polymer is

ready to crystallize into the HM crystals during the
solution crystallization at —20°C.*® An interesting
question arising is whether the urethane segment in-
troduced affects the crystal forms of TPL

Figure 4 shows WAXD patterns of the copolymer
samples obtained from the solution crystallization.
The hard segment contents of the samples have been
listed in Table I. The data dotted on the curves are the
values of interplanar spacings (d) of the polymer crys-
tals. All the interplanar spacings detected for the co-
polymer are consistent with that of the pure TPL® Any
other crystalline signals exclusive of TPI crystals were
not observed in the patterns, indicating the amor-
phous structure of the hard segment. Hopff and Su-
sich®! have identified each of the interplanar spacings
of TPI to the different crystal forms: the four interpla-
nar spacings of 4.9, 4.6, 3.9, and 3.3 A to HM crystals;
the three interplanar spacings of 4.7, 3.9, and 2.9 to LM
crystals. The information enables us to conclude that
both HM crystals and LM crystals are produced si-
multaneously during the solution crystallization of the
copolymer. It is important to find that the signals of
LM crystals are intensified with the increase in ure-
thane content. The result implies that the urethane
segment inclines the TPI segment to crystallize into
LM crystals.

Figure 5 shows DSC curves of the copolymer with
different TPI contents at a fixed heating rate of 10°C/
min. Both the endotherm peak of HM crystals and the
peak of LM crystals are clearly observed. The melting
temperature of each peak is found to shift toward
lower temperature while the content of hard segment
increases. The peak of LM crystals becomes stronger
when the content of the hard segment increases. The
result agrees with the conclusion drown from the
WAXD patterns. In Figure 5 there is a small peak
appearing at 20°C along with the endotherm peaks of
HM and LM crystals. A similar phenomenon was also
observed by Edward and David** and the forming
mechanism remains unknown as yet.

Figure 6 shows the crystallinity of the soft segment
plotted against the content of the hard segment. As
observed in this figure, the crystallinity of TPI de-

) TABLE 1
M,, of the Copolymers and the Calculated Values of the
Urethane Segment Content

M,, of M,, of
HTTPI Copolymer Urethane segment Samples
(X 10% (X 10% content (%) in Figure 4
3.2 7.0 54.5 a
32 6.7 52.2 b
3.2 58 44.8 c
3.2 43 25.6 d
32 39 17.9 e
3.2 32 0 f
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Scheme 1. Reaction pathway to urethane copolymer (two-shot process).

creases with the content of the hard segment increas-
ing. There have been many studies that have eluci-
dated comprehensively the crystalline properties of
TPL> 82%%2 polymers of modified TPI were not in-
volved, in contrast. Our studies find that TPI block
in the copolymer is still capable of crystallizing but
displays the crystallization behaviors distinguishing
it from that of TPL It appears that the modification
to TPI would serve as an effective tool to obtain
TPI based materials with a desired crystalline prop-
er’cy.23

Dynamic mechanical properties

The dynamic mechanical features of TPI-urethane co-
polymers can be seen in Figures 7 and 8 presenting the
storage modulus E’ and tan 8. The peak of tan 8§
around 50°C is assigned to the melting point of TPI
The peak at —50°C is assigned to the glass transition of
TPI segments. It is seen that the melting point of TPI
inclines to shift to a lower temperature when the con-
tent of hard segment increases. This phenomenon is
easily understood in consideration of the fact that LM

crystals of TPI are promoted in presence of the ure-
thane segment (Fig. 5).

E’ is a measure of material stiffness and can be
used to provide information regarding polymer mo-
lecular weight and crosslink density. For shape
memory materials, E’ at the melting state is impor-
tant to fabricate the temporary shape. Figure 8
shows that, at a fixed molecular weight of the soft
segment, the modulus at the melting state increases
with the content of the hard segment. A similar
phenomenon has been detected by Kim et al.** for a
shape memory polyurethane. It was considered
that, in case the soft segment is melted, the modulus
of the copolymer is devoted by the urethane seg-
ments acting as the physical crosslinkages.

For the shape memory polymers based on thermal
stimuli, the copolymer consisting of a crystalline block
is typically encountered. This is the case for the TPI-
urethane copolymer synthesized in this paper. As
mentioned earlier, the TPI segment takes the role of
the switching molecule. The urethane segment acts as
the physical crosslinkage. The transition temperature
is determined by the melting temperature of the TPI

{4t
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Ui @ VAL 33,
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Figure 4 WAXD patterns of TPI-urethane copolymers. Urethane-segment contents of the samples are listed in Table I.
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Figure 5 DSC curves of TPI-urethane copolymers at a heat-
ing rate of 10°C/min.

segment. The results of this study, regarding the in-
terrelations of the hard segment content and the crys-
talline properties of TPI, are expected to play an im-
portant role in designing shape memory materials
from the copolymer.

Crystallization kinetics of TPI segments

In view of the nonisothermal processing of shape
memory materials, it is meaningful to assess the
nonisothermal crystallization of the copolymer. Fig-
ure 9 shows the nonisothermal crystallization
curves of the copolymers at different cooling rates.
The curves of the pure TPI are shown in Figure 10.
For each of the two polymers, the initial tempera-
ture of crystallization (T,) shifts to a lower temper-
ature when the cooling rate increases. The exotherm
peak temperature (T,,.,) exhibits the same tendency,
but T,,.. of TPl segments decreases more sharply
relative to the pure TPI, as shown in Figure 11. The
figure also shows that, at a fixed cooling rate, the
urethane segments make T, change in the direc-
tion of a lower temperature.

50 |

i ' I |
o]

44.8

w N
(=1 [S)
T

Crystallinity (%)
3
T

Content of Urethane-segment (%)

Figure 6 The degree of crystallinity of the copolymer ver-
sus the content of urethane segment.
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Figure 7 Tan & of the film of the copolymer with TPI
content: 30% (a); 50% (b); 70% (c).

Efforts are made to describe the kinetic of the
nonisothermal crystallization on the basis of Ozawa®
equation as follows:

log[—In(1 — X;)] = logK(T) — nlogD (1)

where X is the crystal conversion at a temperature
T. D is the cooling rate. K is the cooling constant. n
is the Avrami exponent. The Ozawa equation was
developed from the Avrami equation of isothermal
crystallizations and has been wide used to describe
the processes of nonisothermal crystallizations of
polyolefins.*® From this equation, it follows that the
slope of the plot, log[—In(1 — X;)] versus logD,
represents the value of n and the intercept is a
measure of the rate of nonisothermal crystalliza-
tion.?®

Figure 12 shows Ozawa plots of the copolymer and
the pure TPIL. The plot of the copolymer is found to
possess a lesser intercept and a lower slope relative to
the pure TPL It is apparent that the urethane segment
suppresses the crystallization rate of the TPI segment

10°1
_ 102k
3
@
K a. ®
w 10'F % TPl Segment o
a: 30 |
b: 50 Nt
o'k c: 70
L L 1 ! t )
-150 -100 -50 0 50 100

Temperature ('C)

Figure 8 Storage modulus of the film of the copolymer
with TPI content: 30% (a); 50% (b); 70% (c).
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Figure 9 Thermograms of nonisothermal crystallization of
TPI-urethane copolymer at various cooling rates.

and brings about a lower value of n. Since the Avrami
exponent 7 is associated with dimensions of growth
including space dimensions and time dimensions,* it
is thus clear that the urethane segment may limit the
growth of the crystals in space. In this case, the ar-
rangement of TPI chains may also be influenced by the
urethane segment so that the crystals in various forms
can be produced.

Figure 13 shows the exotherm curves of the co-
polymers with different TPI contents at a fixed cool-
ing rate of 10°C. When the urethane content in-
creases, both T, .. and T, shift to lower tempera-
tures, as shown in Figure 14. The value of (T, —

Tmax) is @ measure of the overall rate of crystalliza-
tion.”” The higher the value of (Ty — Tpn.y), the lower
rate of the crystallization. Figure 15 shows that the
value of (T — T,,.) increases with the content of the
hard segment. It indicates that the urethane segment
suppresses the crystallization rate of the TPI seg-
ment. This result is in a good agreement with the
conclusion drawn from the kinetic studies based on
the Ozawa equation.

EXO

a: 2.5 deg/min
b: 5 deg/min

¢: 10 deg/min
d: 20 deg/min

0 20 40

Temperature ('C)

Figure 10 Thermograms of nonisothermal crystallization
of TPI at various cooling rates.
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Figure 11 Demonstration of the shifts in the exotherm peak
temperature as a function of the cooling rate.

Morphology of TPI-urethane copolymer

Figure 16 shows SEM photographs of the copolymer
samples obtained from the solution crystallization.
A well-defined microphase separation is observed.
The domains of the urethane segments are well
organized into spherical beads. Since there is hydro-
gen bonding among the urethane chains but no
significant interaction between TPI and urethane
segments, a self-assembly is expected to occur
among the urethane segments. The formation of the
spherical domains for the hard segments is consid-
ered to be a result from the strong self-assembly of
the urethane chains. It has been mentioned earlier
that any other crystal signals exclusive of TPI crys-
tals were not observed in the WAXD patterns; the
domains of the hard segment are therefore consid-
ered amorphous. From a point of view of the chain
structure, the uneven disposition of the -NCO
group onto TDI molecules actually inhibits the chain
alignment of the urethane from forming crystalline
superstructures.

Apart from the beads of the urethane moiety, the
morphology of the TPI moiety is clearly observed in

= o Pure TPI
00F s Copolymer
o
=
[
X o-04f
-~
= 0
T 08| N
[ ~.
of) ~.
Q S
~ 2| s,
[SIEN
16 L 1 1 1 1 1 1

02 04 06 08 10 12 14 16
Log D

Figure 12 Plots of log[—In(1 — X;)] against logD at the
temperature of 0°C.
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Figure 13 Thermograms of nonisothermal crystallization
of the copolymer at the cooling rate of 10°C/min. TPI con-
tent: 100% (a); 97.4% (b); 54.0% (c).

the photographs. It is seen that the TPl segments can
form the spherical-like regular congeries growing
from lamellar crystals [Fig. 16(a)]. Because of the
regular trans-conformation of TPI, the polymer in-
clines to arrange regularly, especially in a dilution
solution.?® It has been elucidated in this paper that
the trans-configuration can be well retained in
HTTPI regardless of the photochemical modifica-
tion. So that TPI segments of the copolymer are
able to rearrange in the dilution solution to form
crystals.

It is observed that the boundary of the hard phase
turns blurry at an enhanced soft-segment content,
simultaneously the congeries of TPI segments are
somewhat irregular [Fig. 16(b)[rsq]. It suggests that
the morphology of the copolymer depends on its
composition. Because of the poor interaction be-
tween the two segments, poor adhesion is reason-
ably expected to occur between the two phases. A
copolymer with a complete phase separation usu-
ally exhibits high tensile modulus. The poor adhe-
sion of the phase usually gives a relatively low
elasticity. The TPI-segmented copolymer synthe-
sized in this study is probably stiff and can find
applications in surgery splint materials. The me-

O‘;
24 | Tl
o
. Tl
~ 20} ~
o .
N O O
o 16 |
St
=
g 12h T T
a T O
§ sl
=
4 . . .
TPI TPI-97.4 TPI-54

Figure 14 Demonstration of the shifts in T,,,, and T, as a
function of the TPI content.
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Figure 15 Demonstration of the value of (T, — T,,.,) as a

function of the TPI content.

chanical properties and shape memory effects of the
copolymers will be described in another paper.

CONCLUSION

A novel type of urethane-segmented copolymer was
synthesized. The TPI segments in the copolymer
keep the crystallizability but its crystallinity de-
creases with an increase in the content of the hard
segment. The presence of the hard segment makes
the melting points of the TPI crystals shift to lower
temperatures. The crystals of the TPI segment in the
copolymer are ready to exist in LM form. The stud-
ies of nonisothermal crystallization show that the
crystallization rate of TPI is suppressed by the hard
segment. Because there is strong interaction among
the urethane chains and no interaction exists be-
tween TPI and urethane segments, the two segments
are incompatible. The microphase separation was
clearly observed in the copolymer samples prepared
from the solution-grown crystallization. The phase
boundary is distinct. The copolymer synthesized
this study can have shape memory effects.

Figure 16 SEM photographs of the copolymers. Urethane
content: 54.4% (a); 17.9% (b).
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