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Synopsis

A comparative study of the stress induced crystallization of natural (Hevea, Guayule) and synthetic
high cis-1,4-polyisoprenes at room temperature is presented. Hevea and Guayule are both found
using WAXS to crystallize into the unit cell of Morss and Bunn previously described for Hevea. DSC
studies of polyisoprenes held at —25°C indicate that Hevea and Guayule crystallize more rapidly
than synthetics. Studies of relative birefringence and stress decay following uniaxial extension
confirm this. Under conditions of comparison at the same stress, raw Hevea crystallizes more rapidly
than extracted Hevea, Guayule, and the other polyisoprenes.

INTRODUCTION

Cis-1,4-polyisoprenes play an important role in technology, especially as a
major component of tires. For many years, the only generally available cis-
1,4-polyisoprene elastomer was the polymer naturally occurring in the latex of
the Hevea brasiliensis tree.l:2 It has, however, long been realized that this
material is only one of many cis-1,4-polyisoprenes occurring in plants,3-% though
most of these are of low molecular weight. Certainly the most important of these
is the high molecular weight cis-1,4-polyisoprene deriving from the Guayule
bush. While this material has a long history,”8 it has only been in recent years
that a high quality relatively resin-free grade has become available in sizeable
quantities through the efforts of the Mexican government.®10 In addition,
various synthetic polyisoprenes, many of them with high cis-1,4-microstructures,
have been synthesized through the years.11-1¢ At least two synthetic polyiso-
prenes are commercially available.

One of the most striking characteristics of the Hevea cis-1,4-polyisoprene is
its ready ability to crystalize on stretching.15-21 It is known that synthetic high
cis-1,4-polyisoprenes may also crystallize upon stretching.1213:22 There has,
however, been little direct comparison of this tendency among different poly-
isoprenes in the literatuare. Researchers on synthetic polyisoprenes generally
remark that crystallization occurs more slowly than for Hevea. Preliminary
studies for Guayule have indicated that it also crystallizes more slowly than
Hevea.2?? The differences in rates of crystallization have been hypothesized to
be due to varying levels of cis-1,4 content or to impurities. Evidence for the latter
has come from studies on raw and extracted Hevea, which indicates the former
crystallizes more readily.?4
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TABLE I
Unit Cells Determined for Natural Rubber
Unit cell dimensions (A) Angles of unit cell

Author a b c a B8 ¥ Remarks
Mark and von Susich2® 12.3 8.3 8.1 90° 90° 90° Orthorhombic

Morss?6 1 26.3 8.9 8.15 90° 90° 109.5° Monoclinic
I 124 8.9 8.15 90° 90° 90° Orthorhombic

Bunn? 12.46 8.89 8.10 90° 92° 90° Monoclinic

In this paper, we present a hasic comparative study of stress-induced crys-
tallization of high cis-1,4-polyisoprenes. We investigate both naturally occurring
and synthetic polyisoprenes, including Hevea and Guayule. Specifically, we
compare (i) wide angle X-ray diffraction patterns of stretched polyisoprene
samples, (ii) rates of stress-induced crystallization as determined by the reiative
rates of birefringence and stress relaxation, (iii) uniaxial stress-strain mea-
surement, and (iv) differential scanning calorimetric responses of amorphous
and crystalline elastomers.

BACKGROUND

Crystal Structure

There have been numerous studies of the crystal structure of Hevea rubber25-23
using wide angle X-ray diffraction (WAXS). Layer line spacings have indicated
a repeat distance of 8.1 A. Stretched highly oriented samples possess two strong
equatorial reflections at 6.2 A and 4.1 A.

The detailed WAXS pattern results have been interpreted in terms of both
orthorhombic and monoclinic unit cells as summarized in Table I. In terms of
the unit cells of Morss (II)26 and Bunn,?” the 6.2 A reflection corresponds to the
200 reflection and the 4.1 A reflection to the 120.

A planar zigzag cis-1,4-polyisoprene unit may be shown from molecular models
to have a polymer chain axis repeat distance of 9.2 A, which differs significantly
from the 8.1 A value found. This must indicate rotations about a single bond
in the backbone as noted by Morss,2¢ Bunn,2? and Nyburg.28

Birefringence in Stretched Elastomers and Crystallization

The birefringence of stretched elastomers corresponds to molecular orienta-
tion. As first shown by Hermans and his co-workers,?? the birefringence of a
uniaxially oriented homogenous material may be expressed as

An = A0 W
with
f= %[3 o576 = 1| @

where An is the observed birefringence, A? is the maximum on intrinsic bire-
fringence, and f is the Hermans orientation factor. In a partially crystalline
polymer, An may be expressed as the sum of birefringences of two different
phases, and a form birefringence30:31:
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TABLE II
Polyisoprene Samples Used in This Study
Polymer Supplier % cis-1,4 M, My/M,
Hevea BFGoodrich 100 7.06 3.24
Guayule CIQA 100 5.92 2.19
2200 Goodyear Natsyn 97 5.67 3.08
305 Shell Cariflex 93 6.10 2.73
An = ¢¢:ch2 +(1-9) faAg + An¢oem 3)

Here ¢. is the volume faction crystallinity, Angoem, is the form birefringence,32
and the subscripts ¢ and a correspond to the crystalline and amorphous
phases.

It has been well established that various elastomers and molten plastics!7-32-37
including Heveal732:34¢ obey the Rheooptical Law, which may be stated as

ny—ng = C(oy — 03) (4a)
or for uniaxially stretched samples
An=Co (4b)

where o represents stress, C the stress optical constant, and the subscript  refers
to the principal direction. From eq. (1) this implies that, in uniaxial extension,
the Hermans orientation factor is related to the stress in amorphous polymers
through

fa = (C/AYo (5)

When crystallization occurs in uniaxial stretching, there is generally a sudden

rise in birefringence.16:17-3839° This would seem to correspond to the much higher

level of orientation in the crystalline as opposed to the amorphous regions.

Taylor and Darin%® have proposed that the level of crystallinity ¢. may be de-

termined experimentally by solving Eq. (3) to give
_ An - f a Ag

¢c =
feAQ = falq

(6)

On-Line Measurement of Birefringence in
Crystallizing Sampies

Load Cell
Telescope with Babinet Air Clamp
Compensatar
- /Samplo , s
~Light Source
H— ’
= —

Stretching Rate: 2500%/min.

Temperature: 24-26 °C
Fig. 1. Apparatus for on-line birefringence of stretched samples.
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Hevea (Raw) . Exposed for 3hrs after stretching

Fig. 2. WAXS pattern for stretched and crystallized Hevea.

where An¢om, is neglected.
The value of f, at low levels of crystallization was taken to be given by eq. (5).
This leads to

de = (An - Ca)/(f.A? = Co) N

Equation (7) was used by Taylor and Darin4? to investigate crystallization of
polybutadiene and more recently by Kraus and Gruver#! for polypentenamer,
and by Hashiyama, Gaylord, and Stein?? for synthetic cis-1,4-polyisoprene
vulcanizates.

Guayule ( Extracted) 1R2200

A=4 3 hrs
Fig. 3. WAXS pattern for stretched, cooled (—3°C), crystallized Guayule, and 2200.
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In order to apply eq. (7) it is necessary to know f., C, and A%. The value of f.
can be surmised from WAXS and C from birefringence-stress data on the
amorphous elastomer. Various values of A have been quoted in the literature.
Treloar!” surmised a value of 0.28 for A2 of Hevea. Hashiyama et al.42 calculated
a value of 0.13, presuming tensor additivity of bond polarizabilities.

EXPERIMENTAL

Materials

Four high cis-1,4 polyisoprenes were used in this study. These include samples
of Hevea and Guayule natural rubber and Goodyear Natsyn® 2200 and Shell
Cariflex® 305 synthetic high cis-1,4 polyisoprenes. Table II summarizes mi-
crostructures and molecular weight distributions determined for these elastomers
in the laboratories of CIQA.

Samples of the Hevea and Guayule were also extracted by acetone with a
Soxhlet extractor for 3 days.

Preparation of Films

Films of the various polyisoprenes were prepared by compression molding at
110°C for 2 h.

WAXS Measurements on Films

Films were stretched in a mechanical device consisting of one fixed clamp and
one clamp attached to a screw. After stretching to the desired draw ratio, the

Hevea

Raw DSC

Hevea
Extracted

(-]

Guayule N\
Raw

-59.5

Guayule
Extracted

Tramo .
\vsv\
1R 305 — - —
*N/
-56
- incresase
st 10°C /min.

i N b bl 1 A, 4 4 e "
80 =76 -e0 <50 40 -39 26 -0 o 10 20

Fig. 4. DSC traces for Hevea, Guayule, 2200, and 305.
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entire device could be placed in a collimated X-ray beam from a Philips X-ray
generator. In this arrangement the specimen to film distance was 3.7 cm. The
radiation was Ni filtered Cu Ko with wavelength 1.5418 A.

Uniaxial Tensile Stretching

The films were stretched in an Instron tensile testing machine at room tem-
perature at a crosshead velocity of 8.33 cm/s.

Hevea DSC

Hevea <115
Extracted

Guayule
Extracted -9

* Heating rate. 10°C/min,

* Prior to heating. Crystallized
for 6 hr in the sample-

hoider at -25°C.

-11.5 15

IR 2200
2
- e
-25-20 -0 0 < 16 20 30 35

Fig. 5. DSC Traces for Hevea, Guayule, 2200, and 305 crystallized at —25°C.

TABLE III
WAXS Reflections Observed for Cis Polyisoprenes
WAXS reflection d-spacing Caled from Indices,
Hevea Guayule Bunn unit cell Bunn unit cell
{Equatorial) (Equatorial)
7.39 7.39 711 200
10.69 10.69 10.61 120
(First layer)
9.15 — 9.13 201
12.02 — 12.03 121

i21
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TABLE IV

DSC Transitions Observed for Polyisoprenes

Melting peaks

Polymer Ty Lower Temp Peak High Temp Peak
Hevea —60 -11.5 1.5
Guayule -60 -9 1.5
2200 -58 -13 -1.5
305 -56 —_ —_—

Hevea -59.5 ~-11.5 1.5

(extracted)

Guayule —58.5 -115 2.0

(extracted)

Birefringence Measurements

On-line birefringence measurements were made following the deformation
process using the experimental apparatus shown in Figure 1. An optical bench
containing polarizer, analyzer, and Babinet compensation were used. Both stress
and birefringence decay were measured.

Differential Scanning Calorimetry

Measurements were made using a Perkin-Elmer Differential Scanning Calo-
rimeter (DSC) Model IB. The amorphous elastomers were heated from —95°C
at a rate of 10°C/min. The low temperatures were achieved using a liquid ni-
trogen cooling attachment.

Experiments were also carried out in which the samples were maintained for
a period of 6 h at —25°C in the DSC using an ethanol/dry ice mixture for coolant.
They were then heated at a rate of 10°C/min.

RESULTS

WAXS Measurements

The on-line WAXS measurements only perceived the development of crys-
tallinity in Hevea (see Fig. 2). The existence of sharp spots rather than partial
Debye rings indicates a high level of crystalline orientation.

It was possible to obtain WAXS patterns for Guayule and the 2200 by taking
samples stretched and slightly crystallized and reducing their temperature to
—3°C. The WAXS patterns are shown in Figure 3. The existence in both cases
of sharp spots again also indicates a high level of crystalline orientation.

The observed d-spacings for Hevea and Guayule are summarized in Table IIIL
These correspond to the principal reflections computed from Morss’ and Bunn'’s
unit cells of Table I. The comparison with d-spacings computed from Bunn’s
unit cell are shown in Table III. All three cis-1,4-polyisoprenes.seem to have
the same unit cell.
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Differential Scanning Calorimetry (DSC)

DSC traces for the amorphous polymers studied at a heating rate of 10°C/min
are shown in Figure 4. All of the polymers show glass transition temperatures.
These are summarized in Table IV.

Each of the polyisoprenes was held in the calorimeter at —25°C for a period
of 6 h during which crystallization proceeded. Following this treatment, the
elastomer was heated at a rate of 10°C/min. The traces are shown in Figure 5.
Endotherms representing melting transitions are observed for Hevea, Guayule,
and 2200 polymers. The 305 polymer did not show such an endotherm and it
must be concluded that this material does not thermally crystallize within 6 h
at —25°C.

4.8¢

Stress Optical Hevea
Coefticient Raw
' 5 7Hevea
4.0f ./ Extracted
IR2200/
3. /
'°_ Guayu ,o I/'
» ’ ,’
IR iy
2.4r J
[ /I
< J/
1.6}
0.8
o i n i I
(o] Qo8 16 24 32
c , MPa

Fig. 6. Birefringence-stress data for Hevea, Guayule, 2200, and 305 at 20°C as well as for extracted
Hevea and Guayule at 20°C.

TABLE V
Stress-Optical Constants
Polymer C x 102 (Pa~!) Reference
Hevea 1.64 This paper
Guayule 2.38 This paper
2200 1.87 This paper
305 2.64 This paper
Hevea 1.64 This paper
(extracted)
Guayule 2.38 This paper
(extracted)
Hevea 2.33 Treloar!?

1.88 Saunders34
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st o |s
4} lg +4
:°- S (o]
"3 s 6" }3 -
= » x
RS 3 -
2 (o] 4:'2 °|
[ -
5
1t .i.\"\l\.\._*‘ S
o e - o lo
0" Time.n 19

Fig. 7. Birefringence, stress, and stress-optical coefficients for Hevea (A = 2) as a function of
time.

Birefringence Measurements

Birefringence measurements as a function of stress are shown in Figure 6 for
the Hevea, Guayule, 2200, and 305. Figure 6 also contains a similar plot for the
extracted Hevea and Guayule. All of the plots are linear except the Hevea at
high stresses. The stress optical constants corresponding to this are summarized
in Table V.

Birefringence and stress relaxation data together with apparent stress optical
constants are plotted as a function of time for Hevea in Figures 7 and 8 at dif-
ferent extension ratios.

Stress—-Elongation Curves

Plots of true stress AF/A, where F is force, A is extension ratio, and A is
cross-sectional area as a function of extension ratio A, are shown in Figures 9-11.
We compare Hevea and extracted Hevea in Figure 9 and Guayule and extracted

20 6

M8 5

An . x10°

07 time.n 10° oo

Fig. 8. Birefringence, stress, and stress—optical coefficients for Hevea (A = 4) as a function of
time.
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100r

8

Raw

g

Extracted

. Mpa

&

9

AF/A
g

5 8 B &

Fig. 9. True stress (AF/A) as a function of elongation A for Hevea and extracted Hevea.

Gauyule in Figure 10. In each case, extraction increases the stress at a fixed
extension ratio. Figure 11 compares the stress—elongation curves for the 2200

and 305 polyisoprenes.

40t
30+
a
= Extracted
<
T %r
-
10r
Raw
A=z L/L
(]

1t 2 38 4 5 6 7
A
Fig. 10. True stress (AF/A) as a function of elongation A for Guayule and extracted Guayule.
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40r
IR2200

ks,
2
=
- 204
< IR 305
.
/'S
<

10+
A=L/Lo

B I B

Fig. 11. True stress (\F/A) as a function of elongation A for 2200 and 305.
DISCUSSION

Unit Cells

The WAXS observations of this paper seem to indicate that Guayule and
Hevea crystallize into the same unit cell, and this is the unit cell described by

Morss,?6 Bunn,?” and Nyburg.28

8k

x10"* pa-!

Fig. 12. Stress—optical constant as a function of extension ratio and time for Hevea. Time (h):
(A) 1.6 X 10™3; (Aa) 1.6 X 1072 () 1.6 X 10~1; (a) 1.6 X 109,
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T e ¢ - ——

-1 ]
10 Time, h 10

Fig. 13. Fraction of crystallinity, ¢. as a function of time for Hevea as a function of time at different
extension ratios. A\: (@) 2.0; (0O) 3.0; (@) 4.0; (a) 5.0; (O) 6.0.

Stress-Optical Constants

Stress-optical constants computed from birefringence and stress measure-
ments are summarized in Table V. The values range from 1.64 to 2.38 X 10°
Pa—~l. Earlier measurements of C from the literature are also listed. There is
general agreement. The Hevea data and the 2200 are lower than the Guayule
and the 305.

Stress-Induced Crystallization

The on-line measurements of WAXS as well as the DSC traces of Figure 5
following 6 h at —25°C indicate that Hevea crystallizes more rapidly than the
other polyisoprenes of this study. The IR 2200 crystallizes less at —25°C than
the Hevea and Guayule. The IR 305 crystailizes hardly at all.

At higher extension ratios, the birefringence does not decay and C increases
with time. This was observed for all the polyisoprenes except the IR 305. This
indicates that crystallization is occurring. Figure 12 shows the variation of C
for Hevea as a function of extension ratio and time. The level of crystallinity,
¢., may be computed from eq. (7). To carry out these calculations, we need to
know A% and .. Following Hashiyama et al.,22 A? was taken as 0.13. The WAXS
patterns observed in Figure 2 indicate high levels of orientation. In particular,
the 200 and 120 reflections are concentrated at the equator. This implies that
the a and b crystallographic axes are perpendicular to the direction of stretch
and ¢ parallel to this direction. We have taken f; to be 1.0. Figures 13—-15 show
calculations of ¢, as a function of time for raw Hevea, extracted Guayule, and
IR 2200.

Detailed comparisons of the crystallization of the different elastomers are
shown in Figures 16-18. A comparison at a fixed extension ratio is given in
Figure 16. This indicates that at an extension ratio of 3 the extracted Hevea
crystallizes more rapidly than the raw Hevea and the other polyisoprenes hardly
crystallize at all. The development of crystallinity in the cis-polyisoprenes is
plotted vs. stress in Figures 17 and 18. Data from different extension ratios
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1+

ob—c-z‘ﬁ/:/:—:‘

-1 0
10 Time . h 1

Fig. 14. Fraction of crystallinity, ¢. as a function of time for Guayle as a function of time at dif-
ferent éxtension ratios. \: (@) 2;(m) 3;(®) 4.

QLH_._@"__
107 " Time . h

Fig. 15. Fraction of crystallinity, ¢., as a function of time for IR 2200 as a function of time at dif-
ferent extension ratios. A: (@) 2; (®) 3; (@) 4.

s-
4-
R
3k
<
2r
’-
G O— OO O——O
o8- oo & &
10" time. nh 10

Fig. 16. Fraction of crystallinity, ¢., for polyisoprenes as a function of time at fixed extension
ratio A = 3: (@) Hevea (extracted); (O) Hevea (raw); (®) Guayule (extracted); (a) IR 2200; (@) IR
305.
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obtained at the same time are included. The level of ¢, is seen in Figure 17 to
be higher in the raw Hevea than in the extracted Hevea. Figure 18 contains a
comparison of Hevea, Guayule, and the IR 2200 on this basis. Raw Hevea is
found to show a more rapid development of stress. The extracted Hevea and
Guayule are about the same, indicating similar behavior of natural rubber hy-
drocarbon from different sources.

The reason for the inverted order of the Hevea data between Figures 16 and
17-18 is due to the plasticization of the elastomer by the extract.

12+

o Mpa

Fig. 17. Fraction of crystallinity, ¢., as a function of stress at fixed time (1.6 X 10~ h) for raw (O)
and extracted (@) Hevea.

or

Fig. 18. Fraction of crystallinity, ¢, as a function of stress at fixed time (1.6 h) for the polyisoprenes
of this study: (©) Hevea (raw); (®) Hevea (extracted); (O) Guayule (extracted); (a) IR 2200.
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