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ABSTRACT:  In order to find some of the fundamental characteristics of 1,2-poly-
butadiene, a series of samples with different degrees of crystallinity y (below 46%) were
prepared. Infrared and !3C-NMR spectra indicated that the weight fraction of the 1,2
unit with a syndiotactic configuration is mainly responsible for y. X-ray diffraction
analysis, differential scanning calorimetry (DSC) analysis and dynamic measurement of
viscoelasticity showed the following: (1) The structure of the unit cell of the crystal is
identical with that assigned by G. Natta to syndiotactic 1,2-polybutadiene (orthorhombic).
(2) The fusion of the crystal occurs over a wide range of temperature and y decreases
almost linearly with increasing temperature. (3) Certain characteristic temperatures of
the fusion behavior of the crystal increases linearly with y. (4) The specific heat of
fusion is proportional of y and an extrapolation gives 14.5cal/g for 100% crystallinity.
This value is fairly small when compared to those for polyethylene (66 cal/g) and poly-
proplylene (33cal/g), and nearly the same as those for polydecamethylene sebacate
(13.8 cal/g) and polydecamethylene adipate (13.4 cal/g). (5) The temperature dependence
of the storage modulus, E’, may be estimated fairly well with a simple assumption that
“E’ depends on y alone”. The mechanical and thermal properties of this polymer
indicate that they behave as random copolymers with crystallizable (1,2 unit with syn-

diotactic conformation) and noncrystallizable components.

Polymers with high y are

composed of molecules with long crystallizable sequences.
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A number of samples of 1,2-polybutadiene
with different microstructures were prepared by
the polymerization method reported previously
by Takeuchi, et al.! The polymers are semi-
crystalline (below 469 in degree of crystallinity)
thermoplastics with characteristic thermal prop-
erties. They have more than 90-% 1,2 unit
and syndiotactic configuration.

In the series of studies on the ‘‘Bulk prop-
erties of syndiotactic 1,2-polybutadiene’’, certain
bulk properties of polymers will be discussed
in relation to industrial processing technique,
such as injection molding, the blow molding
and the biaxial stretching. In such processes,
the specimen is usually deformed mainly over
a range of temperature covering the melting as
well as the crystallization temperatures.

In this paper, some fundamental bulk prop-
erties of the polymer are discussed in relation
to the degree of crystallinity for temperatures

around the melting range of the polymer.

EXPERIMENTAL AND DISCUSSION

Characterization of Samples

Polybutadiene is composed of three isomeric
units, cis-1,4, trans-1,4 and 1,2-vinyl. Their
contents were estimated by Morero’s method?
with the data from the infrared spectra. The
results are listed in Table I. The method pro-
posed by Mochel® was used to estimate the
tacticity of 1,2-polybutadiene samples. The re-
sults obtained are listed in the same table.

Although the methods herein adopted are not
fully accepted as established,’ it may be said
that 1,2-unit is always predominant in our
samples and the amount of 1,4-trans is negli-
gible. Further, the content of syndiotactic con-
figuration increases with the content of 1,2-unit.
Intrinsic viscosity, [»] was measured at 25°C in
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Table I. Characteristic values for molecular chain conformation and degree of crystallinity

Isomeric structure, %

Tacticity, %

Sample s o
code 1% % 1,2 1,4-cis 1,4-trans synd. iso. atac 7, difg
S00 0 82 18 0 23 36 41 2.20
S10 10 2.48
S15 15 1.38
S18 18 90 10 0 51 0 49 1.83
S25 25 92 8 0 66 0 34 1.24
S32 32 97 3 0 77 0 23 0.65
S42 42 1.20
S46 46 1.18

= Degree of crystallinity at 30°C measured by density gradient tube.

toluene and listed in Table I.

For crystalline polymers, the degree of crys-
tallinity is one of the most important factors
affecting the mechanical properties of polymers.
Mechanical properties are also largely affected
by the thermal history of the specimen before
measurement. Test specimens were prepared by
the method discribed in the next paragraph and
their densities measured by means of the density
gradient tube technique at 30°C. Denoting the
weight fraction of the crystalline phase by y, it
follows that

x—1
D,

1 _«
DD, (1)
where D is the density of a sample and the
subscripts a and c stand for the amorphus and
crystalline phases, respectively.

Natta and Corradini® have presented a value
of 0.963 g/cm® for D, by an electron diffraction
analysis. For D,, a value of 0.889 g/cm", the
density of the sample S00*, was used, because
it appeared from its X-ray diffraction pattern
to be noncrystalline. The real value of D,
however, may be slightly smaller than 0.889,
because a weak Debye—Scherrer ring was ob-
served in the X-ray photograph and a small
endothermic peak also observed. The value of
y determined by eq 1, however, seems to have
an error small enough to be neglected. The
values of y are listed in Table I.

Another factor which characterizes the mo-
lecular chain conformation of the polymer is
the sequence length distribution of the confor-
mational component such a 1,2-unit with the
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syndiotactic conformation. No information on
this factor is available.

Table I may indicate, however, that the 1,2
unit with syndiotactic conformation is the main
component which affects the degree of crystal-
linity, since the other components such as the
1,2 unit with atactic conformation and the 1,4-
cis configuration are known to be apparently
noncrystallizable over this temperature range.
Further, the degree of crystallinity per weight
fraction of the 1,2-unit with syndiotactic con-
formation are 0.39, 0.41 and 0.43 for S18,* S25*
and S32,* respectively. This suggests that the
degree of crystallinity increases linearly or with
a slightly upward curvature with increasing
weight fraction of this particular component.

Preparation of Test Pieces

Each sample was press-molded at a designated
temperature under the following conditions; the
periods for preheating, compression at 300 Kg/cm®
and cooling with water being 5 min, 10 min and
5 min, respectively. The molding temperature
was selected by taking account of the melting
temperature and the melt viscosity of the sample.
They were 160°C for S00, S10, S15, S18 and
S25, 130°C for S32, and 200°C for S42 and S46,
respectively.

Since differences is thermal history are known
to have little effect on crystallization at tem-
peratures above 130°C, we may expect that,
for the samples thus press-molded, they would
be in nearly the same situation from the thermal

* The figures indicate the degree of crystallinity
in percent.
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Figure 1. X-ray diffraction patterns of sample with different degree of crystallinity; S46
(-O-), 832 (—), 825 (——), 810 (---), SO0 (—-—).

history point of view.

Analysis of X-Ray Diffraction Peaks

Figure 1 shows the scintillation counter reg-
istration curves for the transmission diffraction
of a Cu-Ka X-ray radiation measured at room
temperature for the samples. Diffraction angles,
26 at maximum intensity of S46 correspond to
spacings of 6.42, 5.49, 4.13 and 3.74 A, respec-
tively. The values are almost identical with
those reported by Natta and Corradini.® Such
agreement leads to the conclusion that our
specimens have the same lattice structure as
that attributed by Natta, et al., to syndiotactic
1,2-polybutadiene with a density of 0.92 g/cm®.*
Thus the structure of a unit cell is estimated
to be orthorhombic with a=10.98, 5=6.60 and
c(molecular chain axis)=5.14 A.

Assignment of the diffraction peaks was made
by comparing the inverse square of the space
distance, //d®, observed with the one of [kkl]
plane calculated by the following relation.

I _r KB P
PR

* The density of 0.92g/cm3 corresponds to a de-

gree of crystallinity of about 4495 from eq 1.

(2)
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Table II. Assignment of diffraction peaks
for sample S46

Peak  Mdentified 172 obsd. 1/a2, caled.
P 010 0.0243  0.0230
P2 2% 0.0332 Q-0
S TR
P4 o 0.0715 o001
P5 120 0.1001  0.1001

Results are shown in Table II, designating the
peaks PI1, P2, P3, P4, and PS5 in the order of
increasing 26.

In Figure 1, it can be observed that the
diffraction angle 26 of P1 corresponding to the
(010) plane varies with y, while those of the
other peaks do not. The values of 26 (P1) of
S46, S32 and S25 are 13.8°, 14.2°, and 14.5°,
respectively. It seems to be inadequate to ex-
plain these results as the change of space dis-
tance of the (010) plane with the change in the
degree of crystallinity. It would be better dis-
cussed in connection with the fact that the size
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No. 1, S00

No. 3, S46

No. 4, S25

Figure 2. X-ray diffraction photographs of samples S00, S25, and S46 taken from through

view and of S25 taken from edge view.

of the crystal is extremely small and the crys-
tallite contains many defects due to the random
distribution of noncrystallizable isomeric com-
ponents. The size of the crystal has been esti-
mated from the electron microscopic photo-
graphs.’” The defects contained in the crystallite
will be discussed later in this paper.

Figure 2 shows X-ray photographs of the press-
molded specimens of S00, S25, and S46. The
photographs No. 1, No. 2, and No. 3 in the
figure were taken from a through view (where
the incident beam of X-ray is perpendicular to
the film surface). As seen in Figure 1, each
diffraction ring becomes sharper with increasing
degree of crystallinity.

In the photograph of S00, an amorphous hallow
is predominant suggesting that the sample S00
is noncrystalline, though some weak rings due
to crystalline diffraction are also observed.

The photograph No. 4 for S25 was taken
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from an edge view (the incident beam is parallel
to the film surface) to compare it with the
photograph No. 2 (through view). It is found
that the orientation of the crystals is random
in the press-molded specimen.

Temperature Dependence of Degree of Crystallinity

The degree of crystallinity in samples is ex-
pected to vary with temperature and it was
estimated by analysis of the X-ray diffraction
intensity distribution scanned at respective tem-
peratures. A sketch of the specimen holder
consisting of a plate of Bakelite and thin poly-
ester film is shown in Figure 3.

The specimens were measured along 20 at a
scanning rate of 2°/min after annealing for
10 min at given temperatures in a thermo-con-
trolled chamber. Typical diffraction curves at
27.5, 70 and 100°C are shown in Figure 4. In
the figure it is seen that the degree of crystal-
linity decreases with increasing temperature. No

Polymer J., Vol. 7, No. 2, 1975
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S\

Mylar film specimen

| - - VIIEITL 1]

Figure 3. Schematic diagram of a specimen and
its holder used to measure the X-ray diffraction
pattern at temperatures above 30°C.

Intensity

definite method has been established as yet to
divide the X-ray diffraction intensity distribu-
tion into two parts, namely one due to the
crystalline and the other due to the amorphous
contributions. Usually a curve is drawn like
the dotted curve in Figure 5, but naturally it
is ambiguous. In this paper, only a limited
range of the diffraction intensity curve was used
in a range of 20 between 19.6° and 27°, and a

<« 26

Figure 4.
and 100°C (—).

Intensity

|
il L
30 25 20 15 10 5°

Figure 5. Schematic representation by drawing
a base line which may be expected to due to the
amorphous contribution (---) and a straight line
drawn for convenience to derive the contribution.

Polymer J., Vol. 7, No. 2, 1975

Diffraction patterns of a sample S25 measured at 27.5°C (——), 70°C (---),

straight line was drawn as shown in Figure 5.
In the figure, the areas 4, B, and C are as-
sumed to be due to the crystalline, amorphous
and blank, respectively. Putting 4 and B as a
function of temperature, y(7T) is defined by the
following equations.

i)_:]{ T 3-1

AT+ BT) G-
_ R(T)

wT)= R(T) 1(Ty) (3-2)

Here y(T,) is the degree of crystallinity esti-
mated from the density at a reference tempera-
ture (7,) of 30°C. Values of y(7T) of samples
S25, S32, and S46 are shown as a function
of temperature in Figure 6. From the figure,
it is found that the degree of crystallinity
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Temperature, °C
Figure 6. Temperature dependence of the degree

of crystallinity; from X-ray, S46 (O), S32 (),
S25 (O); from DSC, S46 (@), S32 (H), S25 (@).

decreases almost linearly with increasing tem-
perature.
Thermal Analysis by Means of DSC

It is well known that the DSC thermogram
of a crystalline polymer is largely affected by
the heating rate as well as the thermal history
of the sample. The main purpose of this para-
graph is to characterise the thermal properties
of this polymer in relation to its degree of
crystallinity. In this experiment, the rate of
heating was set at 20°C/min, and the effects
of superheating were not very large at this
heating rate.

Experiments were planned for the following
points; (1) the dependence of both 7', and tem-
perature range of fusion on the degree of crys-
tallinity, (2) the specific heat of fusion of the
crystal and (3) the temperature dependence of
the degree of crystallinity in a DSC thermogram.
Measurements were performed by using the
Thermoflex (Type 8001) manufactured by Rigaku
Denki Co. The press-molded specimen of 15
to 20 mg sealed within an aluminum pan was
cooled previously from room temperature to
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Figure 7. A series of DSC thermograms of the
samples scanned at constant heating rate 20°C/min.

—78°C at a cooling rate of about 40°C/min
and then heated at the heating rate of 20°C/min,
while recording the differential power input.

Figure 7 shows typical DSC thermograms of
the samples with different degrees of crystallinity.
It is seen from the figure that the fusion of the
crystal occurs over a very wide range of tem-
perature, and that the thermogram changes
systematically with the degree of crystallinity.
For the fusion of crystalline polymers, either
the temperature at the peak of the thermogram
or the temperature at the terminated point of
the fusion is generally used as a measure of
the melting temperature. Certain characteristic
temperatures such as an apparent glass transi-
tion temperature 7', temperatures at the endo-
thermic peaks T, T,, and T, and also the tem-
perature at the terminated point of the fusion
T, are pointed out in Figure 8. The values of
T,, T,, and T, of the samples are listed in
Table III. From the table, it was found that
T, and T, increase with the degree of crystal-
linity, but 7, remains practically unchanged.
The value of T, is plotted as a function of the
degree of crystallinity y in Figure 9, showing
that T, changes almost linearly with yx.

It should be remembered that 7', thus obtained
depends on the heating rate. As an example,
it was observed that T, of S25 decreases about

Polymer J., Vol. 7, No. 2, 1975
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Endothermic —»

Temperature —»
Figure 8. A Schematic representation of a method
determining an apparent glass transition tempera-
ture Ty, melting temperatures T, Tk, T;and tem-
perature at the termination of the melting Te.

Table III. Characteristic temperatures from
DSC thermograms

Sample Tg, °C T, °C T, °C Te, °C
S00 —38 61
S10 —18 51 96
S15 =21 48 75 112
S18 —24 49 76 116
S25 —19 48 93 124
S32 —14 47 101 148
S42 5 50 144 165
S46 7 48 154 177
200 -
o 150 |
A
[
100
50 1 1 1 1 ]
0 10 20 30 40 50
X, %
Figure 9. A relation between the 7, and y at
30°C.

10°C when the heating rate changes from 20°C
to 4°C/min.
The Heat of fusion of the crystallite was

Polymer J., Vol. 7, No. 2, 1975

AHf , cal/g

X, %

Figure 10. Specific heat of fusion 4H; as a func-
tion of .

obtained by integrating the endothermic peaks
as illustrated in Figure 8, comparing the area
with that of a known weight of reference sample
Indium (6.81cal/g). The heat of fusion per
gram of the sample (4H) is shown as a func-
tion of the degree of crystallinity in Figure 10.
A linear relation between 4H; and y seems to
exist as shown in the figure. An extrapolation
gives 14.5 cal/g for 100-%4 crystallinity. Although
the extrapolation was made by using data for
a relatively low degree of crystallinity (below
46%), it is very small as compared to those of
polyethylene (66 cal/g)’ and polypropylene (33
cal/g)® and is nearly the same as those of poly-
decamethylene adipate (13.4 cal/g)’ and polydeca-
methylene sebacate (13.8 cal/g).’

Since the polmer molecules are composed of
crystallizable (1,2-unit with syndiotactic confor-
mation) and noncrystallizable sequences, the
sequence length and its distribution may be
different for individual molecules. Block co-
polymers with a long sequence length, which
is one of the extremes, lead to a high crystal-
linity and to a high melting temperature. Ran-
dom copolymers with a very short sequence
length (the other extreme), form small and im-
perfect crystallites to give lower melting tem-
peratures. The broad melting temperature range
may indicate that the sample is a mixture of

213



Y. OBaTA, C. Tosakl, and M. IKEYAMA

molecules with a variety of sequence lengths
and distributions.

T, evaluated from the DSC thermogram,
which is an apparent value of T, is usually
slightly different from T, at equilibrium. T’
in Figure 8 can be converted to T, by

T,=1.05T",—12. (4)

Equation 4 is the calibrated relationship* be-
tween the values of T, in literature’ and those
observed for T, for various materials. The
values of T, thus obtained are also listed in
Table III.

Temperature dependence of the degree of cyrs-
tallinity may be measured with a DSC thermo-
gram when the heating rate is sufficiently small.
%(T) was calculated by eq 5

- A(T)
x(T)—x(Tr)A(Tr)
where A(T) is the hatched area shown in Figure
8 and T, is the reference temperature 30°C.
The results are illustrated in Figure 6 compared
with those obtained via the X-ray diffraction
method in a sort of static manner. The data
from both the X-ray diffraction and DSC methods
show fairly good agreement with each other.
Although some questions may arise in the ac-
curacy of the value of y obtained by the methods
mentioned above, the data may be regarded as
those at a quasi-equiliblium state. The results
shown in Figure 6 are reliable enough to draw
the following qualitative conclusions and the
fact that the samples have a broad range of
melting temperature and that the melting tem-
peratures depends largely on the degree of
crystallinity (Figure 9) indicate that they are
qualitatively identical with the results predicted
by Flory" for copolymers consisting of crystal-
lizable and noncrystallizable units.

(5)

Dynamic Measurement

To investigate the relationship between me-
chanical properties and the degree of crystallinity,
dynamic Young’s modulus E’ and tand were
measured at temperatures ranging from —50° to
130°C at a fixed frequency of 10Hz. Test
specimens were cut out of the press-molded
films prepared by the method described in the
previous paragraph and measured using a direct-

* Unpublished work by one of the authors (C.T.).
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reading dynamic mechanical spectrometer. The
measurements were performed from lower to
higher temperatures in a stepwise manner. Fig-
ures 11 and 12 shows the temperature dependence
of E' and tan 4, respectively, for all specimens.

In the figures, the temperature dependence of
E’' and tand changes gradually from, those
typical of an amorphous polymer to those of a
semicrystalline polymer as the degree of crystal-
linity increases. In order to investigate how E’
depends on y, E’ at 30°C was replotted in
Figure 13 as a function of y at 30°C. At this
temperature, the values of tan ¢ of the specimens
are nearly the same (Figure 12) and any melting
of the crystal was not observed in the DSC
thermogram. The figure shows that E’ increases
exponentially with y and it is approximately
expressed by

E'=E, exp (ky)
=E,/(14+11.25+62.7¢" 4+ - +) (6)
This indicates that the dependence of E’ on

x is much stronger than that in filled rubber
10
9
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[ ! 1 1 J
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Temperature, °C
Figure 11. Temperature dispersion of dynamic

Young’s modulus E’ of samples S00 (O), S10 (&),

S18 (@), S25 (@), S32 (O), S42 (P), and 546 (@),
measured at 10 Hz.
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on volume fraction of filler ¢, which was de-
rived by Guth, er al.'® That is,

E=E(142.5¢+14.1¢*+...) . (7)
T
[-)
c
bt
o
°
-3 | | | I .
-50 0 50 100 150

Temperature, °C

Figure 12. Temperature dispersion of tané of the
samples S00 (O), S10 (@), S18 (@), S25 (@), S32

(CI)), S42 (), and S46 (‘) measured at 10 Hz.
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Figure 13. A relation between E’ and y at 30°C.
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For the description of the viscoelasticity of
semicrystalline polymer whose degree of crystal-
linity varies with temperature, Ninomiya, et al.,
presented a phenomenological theory and ex-
amined the validity for a gell of Cellulose
Nitrate.” Some investigations for viscoelasticity
of the polymer including both temperature and
frequency dependences will be reported in a
succeeding paper of this series.

In this paper attention was directed towards
the temperature dependence of E’ in relation
to the temperature dependence of y(7") as shown
in Figure 6. As an approximation, we assumed
that “E’ could be directly derived from y(T)
alone’’, neglecting the temperature dependence
of viscoelasticity in the amorphous phase as
well as the interaction force between the crystal
and the amorphous phases. E’(T’) was then
formulated from two relationships; the one be-
tween E’(30°C) and %(30°C) which is shown in
Figure 13 and the other between y and T ob-
tained from the X-ray diffraction method shown
in Figure 6. The estimated values of E'(T) of
sample S25, S32, and S46 are shown in full
lines together with E’(T) observed (circles) in
Figure 14. The observed and estimated values
of E'(T) show fairly good agreement taking
the roughness in the assumptions proposed into
account. For $32, the estimated values of E'(T),

10

log E', dyne/cm2

100

Temperature, °C

Figure 14. Estimated and measured values of E’.
The estimation was made using the temperature
dependence of y by X-ray.
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however, are larger than the observed ones. This
may be related to the lower intrinsic viscosity
of S32 as shown in Table I.
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