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ABSTRACT: The thermal expansion of the crystal lattice of the isotactic poly(4-methyl-l
pentene) (P4M1P) was studied by X-ray diffraction in the temperature range between -170°C and 
180°C. The range was divided into nine small regions of different expansion coefficients. Various 
kinds of molecular motions in some of these regions and transition points are discussed in relation 
to the anisotropy of the expansion and the dynamic mechanical properties of the sample. 
Interestingly, in two lower temperature-ranges between - 126oC and -72°C, and between - 45°C 
and - 13°C the expansion coefficients abruptly increased along the a-axis whereas decreased along 
the c-axis. The thermal expansibility of the chain is also discussed in relation to the anisotropy of 
the elastic modulus of the crystal. 
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Molecular motion in poly( 4-methyl-1-
pentene) (P4MIP) was investigated in the 
1960's. 1 -Is Takayanagi et al. successfully elu
cidated the dynamic mechanical behavior by 
using its single crystals. 9 -II On the other 
hand, Ranby et a!. undertook the first sys
tematic investigation on the dependency of 
the dynamic mechanical properties on the crys
tal structural variation with temperature.1.2 
However, he measured the crystal expansion in 
the range only above 20°C. Therefore, some 
mechanical relaxation processes below room 
temperature have not yet been compared with 
the molecular motion in the crystal phase. 
Thus, in this paper, we report on the thermal 
expansion of the crystal lattice in the range 
between -170oc and 180°C. Such a technique 
of X-ray diffraction has already been used for 
polyethylene (PE) crystals. 16 •17 

us to do this work: one is that the molecular 
motion in the crystal phase would not be 
negligible, owing to the extraordinarily small 
density of the crystal phase and the other 
that the expansion along the chain axis 
would be responsive to the conformational 
variation with temperature, owing to the 
small elastic modulus along it. 

The following two expectations motivated 

EXPERIMENTAL 

Sample Preparation 
The P4MIP used in this study was a product 

of Mitsui Petrochemical Co., Ltd. (TPX®). 
Films with about 0.5 mm thickness were pre
pared by pressing polymer pellets at 260°C and 
quenching in ice water. One of these films was 
then annealed at 200oc for 20 min in a silicone 
oil bath. This unoriented specimen was used 
for the dynamic mechanical measurement. The 
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others were drawn uniaxially to five times the 
original length using a manually operated de
vice in boiling water, and subsequently an
nealed at 200°C for 20 min. These specimens 
were used for X-ray diffraction. The crystal
linity estimated by the usual X-ray diffraction 
method of these two types of specimens was 
33%. 

Measurements 
Throughout this work, Ni-filtered Cu-Ka 

radiation was used for X-ray diffraction. The 
X-ray diffraction photographs were taken by a 
flat plate camera. The expansion of the crystal 
lattice was measured by use of meridional 007 
reflection and equatorial 200, 220, and 420 
reflections. These diffraction profiles were re
corded by a Rigaku-Denki scintillation count
er at various temperatures. The temperature 
was controlled by blowing nitrogen gas evap
orated from liquid nitrogen. It was necessary 
to use an inert gas such as nitrogen in order to 
avoid oxidation at high temperature and con
densation of water at low temperature. 

Dynamic mechanical properties were mea
sured as a function of temperature by using a 
Toyo-Seiki Reolograph. The frequency was 
10Hz and the heating rate was 3°Cmin. 

RESULTS 

(l) X-ray Diffraction Pattern 
X-ray diffraction patterns of the sample 

were taken at -80, 25, and 160oC. No change 
of the pattern was observed, as already re
ported.2 Namely, it was confirmed that the 
crystal lattice is tetragonal and the confor
mation of the chain is a 7/2 helix throughout 
the temperature range of measurement. 

(2) Thermal Expansion along the a-Axis 
Figure I shows the crystal lattice parameter 

a as a function of temperature, which was 
derived from the spacings of (200), (220), and 
( 420) planes. These plots were obtained by 
repeatings two times the heating and cooling 
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Figure 1. Change in the lattice parameter a with tem
perature. The three symbols in the Figure show the 
diffractions from which the parameter was calculated. 
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Figure 2. Change in the lattice parameter c with 
temperature. 

processes. Assuming that the expansion was 
partially linear with temperature, the curve 
could be divided into seven smaller regions by 
six bending points. They were termed regions 
C, D, · · ·,I in the order of ascending tempera
ture. The most significant observation was 
that, at regions C, E, and G, the parameter 
abruptly increased. 

(3) Thermal Expansion along the c-Axis 
Figure 2 shows the temperature dependency 

of the lattice parameter c calculated from the 
spacings of the (007) plane. The curve could be 
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divided into six straight lines. The divisions in 
Figure 1 could be also applied to this case, 
provided that regions A and B were added to it 
and regions F, G, H, and I were taken as one 
region. The expansion was noticeably re
strained at regions C and E. It was noted that, 
in these regions, the expansion along the a
axis increased. 

(4) Dynamic Mechanical Property 
Figure 3 shows the tensile storage modulus 

E' and the loss modulus E" as a function of 
temperature. Five relaxations were observed 
on the E" curve: f3sc' f3a, o:a, f3c, and o:c in the 
order of ascending temperature. After a series 
of measurements performed on various kinds 
of samples with different crystallinity. 
Takayanagi et a!. reached the following con
clusion :9 - 11 f3sc -relaxation is due to the side 
chain activity associated with the frozen amor
phous chains (f3sc-A) and with the defect region 
within the crystal phase (f3sc-C); f3a-relaxation 
is due to the local rotational mode of the main 
chain around its chain axis which is associated 
with the bulky side chain (isobutyl group); 0:3 -

relaxation is due to the micro Brownian mo
tion of the amorphous segments (primary re
laxation); f3c-relaxation is due to the intermo
lecular friction and the torsional rigidity of 
the molecular axis which are activated by the 
thermal expansion in the crystal phase and o:c
relaxation is due to the translational vibration 
along the molecular axis in the crystal phase. 

The drawing effects of the sample on the 
temperature range of the relaxation is con
sidered to be negligible from Choy et al.'s 
report. 15 Thus, the ranges observed for the 
unoriented sample were compared with the 
crystal expansion for the oriented sample, as 
shown in Figure 3, to give the following three 
points: 

(a) The transition point of Tl from regions 
A to B, and that of T2 from H to I corre
spond to the f3sc- and o:c-peaks, respectively. 

(b) Regions E and G overlap with f3a- and 0:3 -

relaxations, respectively. 
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Figure 3. Tensile storage modulus E' and loss modulus 
E" versus temperature for the unoriented specimen. 
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Figure 4. Variation of volume of the unit cell (VJ 
with temperature which was calculated from the data 
in Figures 1 and 2. 

(c) Corresponding relaxation and expansion 
regions are not found for region C and f3c
relaxation, respectively. 

(5) Volumetric Expansion of the Crystal Unit 
Cell 
Figure 4 shows the volume of the crystal 

unit cell as a function of temperature, which 
was calculated from the data in Figures I and 
2. The greater part of its expansion depends on 
the expansion along the a-axis. 

As Figure 5 shows, the density of the crystal 
phase was calculated as a function of tempera-
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Figure 5. Densities of the crystal and amorphous 
phases as a function of temperature. The former 
was calculated from the data in Figure 4, and the latter 
was after Griffith et al.'s. 1 

ture from the data in Figure 4, assuming four 
molecular chains to be involved in the unit cell. 
The amorphous density shown in the figure 
was after Griffith et al.'s. 1 It was clearly shown 
that the crystal density is less than the amor
phous one below room temperature, and that 
the cross point of the two densities is 58oC. 

DISCUSSION 

(I) Anisotropy of the Crystal Expansion 
Figure 6 shows the thermal expansion coef

ficients along the a-axis (a.) and c-axis (ac) as a 
function of temperature. The coefficient of 
thermal expansion is a two-rank tensor. In 
orthogonal lattices, the principal axes of the 
expansion coincide with those of their crystal 
unit cell. In this case, the tensor is expressed as 

[ 

0 0 ] 
0 0 
0 0 IX0 

3 ' 

The thermal expansion coefficient in an op
tional direction in the ac-plane can be ex
pressed as a function of the azimuth angle (11) 
made by a-axis and temperature (1): 

a ( T, 11) ( 1) cos2 11 + a3 ( 1) sin2 11 (1) 

The patterns of the anisotropy are shown for 
the various temperature ranges (Figure 7), 
which are calculated by applying the data in 
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Figure 6. Changes in the thermal expansion coef
ficients with temperature. 

Figure 7. Anisotropic patterns of the thermal expan
sion coefficient in the ac-plane for the various tempera
ture ranges. 

Figure 6 to eq 1. Two types of expansion 
anisotropy can be distinguished from these 
patterns, the group of regions D, F, H, and I, 
and that of regions C, E, and G. In the 
former group, the coefficient increases step
wise in the order of the temperature range 
in all the directions. In the latter group, on 
the other hand, positive and negative project
ing changes occur in the directions of a

and c-axes, respectively. 
In general, the expansion can be affected 

either by conformational change of the chain 
itself, or by activated intermolecular interac
tion. The former is caused by changes in bond 
length, bond angle, or rotational angle around 
the bond axis. Thus it can be detected with 
greater correspondence in the dimensional 
change in c-axis. The latter effects largely the 
lateral expansion with respect to the chain 
axis. From these points of view, the special 
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expansions of P4MlP were characterized on 
the two transition points and in the two types 
of transition regions as follows. However, it 
was noted that some speculation still cannot be 
avoided from the discussion on the expansion 
along a-axis, since the equatorial diffraction 
profile unfortunately could not be obtained 
below - l20°C by our apparatus. 

(i) Transition Point Tl from Regions A to B. 
The expansion along c-axis was conspicuous at 
about -150°C (Tl), where the Psc-relaxation 
peak was located. Interestingly, also in some 
polymers of planar zigzag chains such as nylon 
6(ct-form)18 and ethylene-tetrafluoroethylene 
copolymer/9 the occurrence of the (negative) 
expansion along the chain axis was observed 
with "y-relaxation" which was attributed to 
local motion of amorphous chains. The neg
ative expansion is attributed to an extended 
conformation which is easily shrunk by a 
rotational motion around the bond axis. In the 
7/2 helix, the rotational motion should cause 
positive expansion. 

(ii) Transition Regions C and E. In both 
regions C and E, a. abruptly increases accom
panying with an abrupt decrease of etc. This 
linkage of the two expansions indicates the 
existence of a certain kind of small but abrupt 
conformational change. The effect of this cha
nge is not so big as to make the total etc 

negative. Furthermore, it would be caused by a 
relaxation mode characteristic of each region. 
The twisting motion of the side chain has been 
observed at - 60°C by ESR and NMR 
measurements (/1.-relaxation) and attributed 
to that in the amorphous phase rather than the 
crystal one.9 However, the crystal expansion at 
these rigions supports the attribution of the 
crystal phase to this relaxation, which may be 
more effective in this polymer than in the other 
crystalline polymers because of its small crys
tal density. 

(iii) Transition Region G. In region G, ct. 

abruptly increases without any change of etc. 
This may also be related to a.-relaxation orig
inarily attributed to the motion of the amor
phous chain. It is difficult to determine 
whether the motive motion of the expan
sion is intramolecular or intermolecular. 
Probably, both the motions may cause this 
expansion. 

(iv) Transition Point T2 from Regions H to I. 
At the transition point of T2 (l43°C), only ct. 

slightly increases. The rotational motion 
around the axis of the crystal molecule would 
cause the intermolecular expansion, when it is 
activated by etc-relaxation. 

From the above discussion, it seems that the 
transitions at Tl and T2 are of second-order 
and the transition at regions C and E are of 

Table I. Comparison of expansion coefficients with the elastic modulus 
of crystals for P4MlP and polyethylene 

Polymer 

Poly( 4-methyl-1-pentene) 

Polyethylene 

• Our data from region H. 
b Ref 21. 
' Ref 22. 
d Ref 23. 
' Ref 24. 

Expansion coefficient x I 04 /K- 1 

IX a IXb IX, 

1.048 

o.8s· 
(1Xa = 1Xb) 

2.21' 0.38' -0.035d 

Subscripts a, b, and c attached to IX and E denote the unit cell axes. 
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Elastic modulusjGPa 

E. Eb E, 

2.9b 
2.9b 

(E.=Eb) 

3.2' 3.9' 235' 
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Figure 8. Absolute value of the density difference be
tween the crystal and amorphous phases as a function of 
temperature. 

first -order. 

(2) Comparison of the Thermal Expansion 
Coefficient with the Elastic Modulus 
The thermal expansion is compared with the 

elastic modulus for PE and P4M1P crystals in 
Table I. The anisotropy between the parallel 
and perpendicular directions to the chain axis 
is comparable to that between the thermal 
expansion coefficient and the elastic modulus. 
The observed value of the expansion coef
ficient seems to be almost proportional to the 
reciprocal of that of the modulus. The small 
anisotropy ofP4MlP could be due to the small 
elastic modulus in the chain axis. Further
more, the loosely spiraled chain structure 
with the large side chain introduces a large 
cross-sectional area of the molecule, extraor
dinarily small density of the crystal phase, and 
this small modulus in the chain axis. 

(3) Density Difference between the Crystal and 
Amorphous phases 
Figure 8 shows the absolute values of the 

density difference (11p) as a function of tem
perature, calculated from Figure 5. As 11p is 
very small at room temperature, the intensity 
of small-angle X-ray scattering (SAXS) could 
not be observed. However, it was shown that 
heating is effective to increase the SAXS in
tensity.20 The lowest temperature above which 
the intensity could be observed was 95°C. Thus 
the lowest density difference to be detected by 
SAXS may be about 0.01 gcm- 3 as shown in 
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Figure 8, if a conventional SAXS apparatus is 
used. 
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