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ABSTRACT: The relationship between the morphology and the mechanical properties of copolymer
ethylene-methyl methacrylate (EMMA) was estimated as a function of temperature by using polarized
light scattering, X-ray diffraction and 13C solid-state NMR. All of these measurements revealed unstable
crystallites within the EMMA films having a MMA content >14 mol %, crystallinity less than 10%, and
crystal size of about 3 nm. On the other hand, the ethylene sequences in the amorphous phase had an
ordered arrangement rather than a random orientation. It is evident that these characteristics are due
to the strong repulsion between MMA and ethylene. Namely, MMA side groups suppress the crystallization
as an essential property of ethylene sequences; consequently, the difficulty of accelerating the self-
arrangement of ethylene sequences as crystallites leads to a local ordered arrangement of long ethylene
sequences in the amorphous phase. The maximum draw ratio of the EMMA film reached 10 times at
room temperature. A specimen with a draw ratio <2 showed a reversible change of stress-strain curves
up to 40 repetitions at room temperature. This behavior appears to be within the framework of ideal
rubber elasticity. However, the stress at a fixed strain decreased with passing time as well as with
increasing temperature. This behavior is completely out of the framework. Such inconsistency is due to
the fact that small crystallites playing a cross-linking role became disrupted by chain slippage at a constant
strain and at elevated temperature.

1. Introduction
There has been considerable interest in the past three

decades in clarifying the intrinsic properties of the
amorphous phase of polymeric systems. As a general
concept of the amorphous phase of noncrystalline poly-
mers, Flory proposed a random coil model with a
number of entanglements and pointed out that the size
of the coil is equal to the expansion calculated by a
nonperturbation method.1 On the basis of electron
microscopy, Yeh proposed a model in which the amor-
phous phase consists of ordered and disordered regions,2
while Pechold et al. proposed a meander model based
on thermodynamics.3 Vollmert and Stutz pointed out
that the amorphous phase is made up of isolated
crashed-like coils.4 Recent developments in X-ray and
neutron scattering have provided a new method to
separate the scattering information associated with a
chain from that associated with a polymer chain matrix
by using polymer tagged by heavy hydrogen.5-6 The
results supported the concept of Flory1 that the amor-
phous phase consists of random coils with almost the
same inertia radius as in a Θ solvent. Even so, this
conclusion still leaves unresolved problems in applica-
tion to the amorphous phase of semicrystalline poly-
mers. Although solid polyethylene (PE) is a typical
example of a semicrystalline polymer, its amorphous
structure is unknown because of the difficulty of prepar-
ing specimens with very low crystallinity, which is due
to the considerable crystallization associated with the
essential properties of ethylene sequences.

To obtain a large amount of amorphous ethylene
sequences, a series of ethylene copolymers, ethylene-

dimethylaminoethyl methacrylate (EDAM),7-9 and cy-
cloolefin copolymers (COCs)10 are useful specimens. For
EDAM, the CH2 groups neighboring dimethylaminoet-
hyl (DAM) units are excluded from the crystalline
regions, but the ethylene chains between two DAM
groups can form crystallites that provide X-ray diffrac-
tion peaks similar to branched PE. Incidentally, the
X-ray diffraction profile and DD 13C NMR spectrum of
branched PE are essentially the same as those of linear
PE. The detailed analyses by Vander Hart et al. and
Perez et al.11-12 demonstrated that some methyl and
ethyl short branches and cross-linking carbons enter the
crystalline regions as defects, although their concentra-
tion is much lower than that in the amorphous (non-
crystalline) region. On the other hand, COCs provide
X-ray intensity distribution with a broad peak at 17°
(twice the Bragg angle), indicating scattering from the
amorphous phase and no existence of an orthorhombic
crystal form.12 This means that the crystallization of
ethylene main chains is strongly interrupted by the
steric hindrance of side groups and norbornene units.
To study the effect of side groups on the crystallization
of ethylene main chains, this paper deals with Ethylene-
Methyl methacrylate (EMMA), which is a copolymer of

ethylene and methyl methacrylate (MMA) manufac-
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tured by a high-pressure radical polymerization process
common to low-density polyethylene (LDPE).8 According
to detailed studies at the industrial level, it has been
reported that the rigidity, yield stress, impact strength,
and gas permeability depend on the content of MMA
as side groups. In a preliminary experiment, the ther-
mal decomposition of EMMA starts at 330 °C. This
temperature is similar to that of LDPE and higher than
that of ethylene-vinyl alcohol copolymer (EVOH). This
indicates that the thermal stability of EMMA is better
than that of EVOH.

Despite the many studies on branched PE, EDAM,
and EVOH, few papers have examined the detailed
morphology and mechanical properties of EMMA films
with different MMA contents.13 Accordingly, the char-
acteristics of EMMA films are investigated in compari-
son with the characteristics of EDAM and branched PE
in order to elucidate the important relationship between
morphology and molecular dynamics.

2. Experimental Section
EMMA, EDAM random copolymer and PE samples were

furnished from Sumitomo Chemical Co. Ltd., and the chemical
structures and the characteristics are listed in Table 1. The
EMMA specimens with different contents of side groups of
MMA were termed as EMMA-I, EMMA-II and EMMA-III. A
similar classification was done for the EDAM specimens. The
signs in bracket such as WD201 and DA3023 are commercial
names. The pellets of EMMA and EDAM were pressed at 150
°C under 0.5 MPa and the molded specimen was cooled to room
temperature. The thickness of all the specimens were about
300 µm.

The melting point was estimated by differential scanning
calorimetry (DSC). The specimens, weighing 5 mg, were placed
in a standard aluminum sample pan. Samples were heated at
a constant rate of 1 °C/min. With increasing content of MMA
side groups beyond 6.5 mol % and DAM side groups beyond
4.1 mol %, the melting point became lower, indicating very
small crystallinity and very small crystal size. Comparing the
maximum draw ratios of EMMA-I and EMMA-II films with
those of EDAM-I and EDAM-II films, it is evident that
chemical structure of side group influences the maximum draw
ratio. These results indicate that the melting point and
maximum draw ratio are hardly affected by molecular weight
but are sensitive to the content of side groups. Incidentally,
the same characteristics listed in Table 1 were measured for
annealed specimens but all the data for the EMMA and EDAM
films were almost the same as those for the quenched films,
independent of heat-treatment. Such a no-heat-treatment
effect has been observed for many kinds of PE films.

Small angle light scattering (SALS) patterns were obtained
with a 3 mW He-Ne gas laser as a light source. Diffuse
scattering was avoided by sandwiching the specimen between
cover glasses with silicon oil as an immersion fluid.

The X-ray measurements were carried out with a 12 kW
rotating-anode X-ray generator (Rigaku RAD-rA). WAXD
patterns were obtained with a flat camera using CuKR radia-
tion at 200 mA and 40 kV. The X-ray beam was monochro-
matized with a curved graphite monochromator. SAXS inten-

sity was detected with a position-sensitive proportional counter
(PSPC). Time resolution of WAXD was carried out by using a
curved PSPC to estimate the change in diffraction intensity
distribution as a function of twice of the Bragg angle under
the stress relaxation process. To pursue the accuracy of
accumulation of the intensity, the measured period was set to
be 200 s.

To measure stress-strain recovery, elongation was done at
30 °C with an Instron tester at the cross head speed of 1.8
mm/min. The initial dimensions of the samples were as
follows: length 100 mm and width 20 mm.

NMR measurements were carried out for the EMMA melt
films as a function of temperature by a JEOL, JM-EX270
spectrometer, operating at 67.8 MHz for 13C. Room tempera-
ture and 60 °C were adopted for the measurements. The actual
temperatures in the probe under spinning were confirmed to
be in the ranges 27-36 and 60-64 °C respectively. The magic-
angle spinning rate was 5-5.5 kHz. The contact time in 13C
CP/MAS measurement was 2 ms. The chemical shifts were
determined relative to the higher field signal (29.5 ppm) of
adamantine. 13C spin-lattice relaxation times (T1C) longer
than several tens of seconds were estimated on the basis of
the method developed by Torchia, while T1C shorter than a
few seconds was measured by employing the standard satura-
tion-recovery pulse sequence without CP.

3. Results and Discussion
3.1. Stress-Strain Behavior. Figure 1 shows re-

peated curves of stress-strain, in which films were
stretched up to λ ) 1.85 and then recovered. Parts a-c
show the behavior of three kinds of undrawn EMMA
films: EMMA-I, EMMA-II, and EMMA-III. Interest-
ingly, the repeated curves for the specimens pass
through almost the same route up to the 40th run. Such
reversible behavior is similar to rubber elasticity,
although hysteresis between the stretching and recover-
ing routes is observed. Such good reversible behavior
has never been observed for any kind of polyethylene
film or fiber, even when the drawn ratio is less than
1.1.

When the draw ratio increases beyond λ ) 3, the
stress increases and the curve deviates from the recycle
routes, indicating a large deviation from rubber elastic-
ity. This tendency was remarkable with decreasing

Table 1. Characterization of EMMA and EDAM

mol wt

specimen mol % mp (°C)
draw

ratio (max.)
Mh n

(×104)
Mh w

(×104)

EMMA-I (WD201) 3.0 100 5 4.7
EMMA-II (WH202) 6.5 85 6 4.3
EMMA-III (WM403) 14.6 64 10 3.1
EDAM-I (DA3023) 3.9 97 1.6 2.43 8.88
EDAM-II (DA3031) 4.1 66 1.6 2.93 8.29
LDPE (G201) 5.3b 104 4.6 4.13a

a Mh v (×104). b 2.8CH3/100 °C.

Figure 1. Stress-strain curves for three kinds of EMMA
films, EMMA-I, EMMA-II, and EMMA-III repeated up to 40
times measured at 25 °C.
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MMA content. Incidentally, such reversible behavior
was not observed for two kinds of EDAM films, EDAM-I
and EDAM-II, even with a lower draw ratio than 1.1.

Figure 2a shows the stress-strain curve for the
EMMA-III film. With increasing temperature, the maxi-
mum draw ratio and the stress at each draw ratio
become less pronounced. No such drastic decrease in
maximum draw ratio with temperature has ever been
reported for PE and atactic polystyrene films. However,
the decrease in stress at each draw ratio seems reason-
able for ensuring significant drawability due to the
smooth transmission of inner strain within linear
thermoplastic polymers. The unusual tendency of the
decreasing maximum draw ratio is also confirmed for
other specimens, EMMA-I and EMMA-II, but it is less
pronounced with increasing MMA content. The drastic
decrease in stress seems to reflect the drastic slippage
of molecular chains due to the disappearance of crys-
tallites as cross-linking points at elevated temperatures
followed by the inability of the inner stress within the
specimen to transmit smoothly under elongation. This
indicates that an increase in MMA side group hampers
the growth of large crystallites and that the small
crystallites become unstable at elevated temperatures.
The justification of this analysis will be discussed later
together with X-ray data. Figure 2b shows the temper-
ature dependence of the stress measured for the EMMA-
III film which were stretched up to λ ) 1.25, 2, and 3
and maintained at the same draw ratio. The rate of
temperature rise was 1 °C/min, and the measurement
was done after maintaining the sample for 10 min at
the fixed temperature. With increasing temperature, the
stress decreases drastically. In addition to the unusual
stress-strain curves in Figure 2a, the behavior shown
in Figure 2b is also quite different from rubber elastic-
ity. If the specimen follows rubber elasticity, as pointed
by Merret,13 the stress must increase with temperature.

3.2. Analysis by Polarized Light Scattering and
X-ray. To study the main cause of the stress relaxation
and great drawability (10 times) of EMMA-III, the
influence of MMA side groups on mechanical properties
was analyzed in terms of morphological aspects by using
WAXD and SALS. The SALS patterns under Hv polar-
ization showed no scattering in three kinds of undrawn
EMMA films: EMMA-I, EMMA-II, and EMMA-III,
indicating the absence of superstructures such as rods

or spherulites. However very indistinct structures were
observed under polarizing microscopy, and the corre-
sponding WAXD patterns showed a diffraction ring. The
magnitude of the ring became drastically weaker with
increasing MMA content, indicating a drastic decrease
in crystallinity. However, it should be noted that the
elongation causes a significant effect on the development
of superstructures within EMMA films as shown in
Figure 3.

When the EMMA samples were stretched up to 5
times and kept at the same draw ratio, an X-type
pattern was observed under Hv polarization. The cor-
responding WAXD pattern showed diffraction spots in
the equatorial direction. Incidentally, the SALS patterns
from EDAM-I films with 3.9 mol % DAM side groups
are shown together in this figure to emphasize that the
appearance of superstructures depends on the charac-
teristics of the side groups. It can be seen that the Hv
scattering from the three kinds of EMMA films provides
essentially the same X-type patterns with lobes ex-
tended in the horizontal direction, although the inten-
sity magnitude decreases with increasing MMA content.
The large difference in intensity is obviously due to the
crystallinity. The scattered intensity at a given azi-
muthal angle continuously decreases with increasing
scattering angle. In this regard, the patterns are typical
of an oriented assembly of anisotropic rods.14

The X-ray diffraction spots become weaker with an
increase in the MMA content and in particular, the spots
from EMMA-III (14.6% MMA) become drastically weaker.
This reflects the restrained crystallization of ethylene
sequences due to the increase in MMA content. Here
we must emphasize that Hv scattering from EMMA
films with a draw ratio of <3 showed no X-type pattern,
indicating that small crystallites dispersed in the amor-
phous regions without forming rods. On the basis of the
stress-strain curves in Figure 1, we can draw the

Figure 2. (a) Stress-strain curves of EMMA-III at the
indicated temperatures, (b) Stress relaxation behavior of
drawn EMMA-III film at elevated temperature.

Figure 3. Hv patterns and the corresponding WAXD patterns
for three kinds of EMMA films, EMMA-I, EMMA-II, and
EMMA-III with λ ) 5 and EDAM (EDAM-I) films at λ ) 1
and 1.6.
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interesting conclusion that the small crystallites play
an important role as cross-linking points, and the strain
is recovered and near zero with decreasing applied
stress. This ensures smooth transmission of inner stress
under the cyclic processes of elongation and shrinkage.

On the other hand, the pattern from EDAM-I film at
λ ) 1 (see bottom) shows a four-leaf clover type,
indicating scattering from perfect spherulites with its
maximum intensity at odd multiples of the azimuthal
angle (µ) of 45°,15 as has been observed for polyethylene
(G201).16 As shown in the pattern, the scattered inten-
sity becomes zero at the scattering center (θ ) 0°), since
the amplitude of scattering from different parts of the
spherulite tends to cancel out at very small angles due
to the symmetry of optical axis orientation and the
distribution of scattering elements. The same patterns
were also observed for EDAM-II films. The average radii
of spherulites of EDAM-I and EDAM-II were 4.68 and
2.94 µm, respectively. The lobes were extended in the
horizontal direction at λ ) 1.6, and scattered intensity
was not zero at θ ) 0°. This deviates from deformation
of perfect spherulites associated with the change from
a sphere to an ellipsoid while keeping uniform optical
density within the spherulite. The nonuniform deforma-
tion causes large orientation fluctuations of the optical
axes with respect to the radial direction and/or large
optical density fluctuation within the spherulites.16,17

Incidentally, X-ray diffraction patterns could not be
observed, since the specimen kept at λ ) 1.6 was cut
after 1 h.

Judging from the different pattern profiles between
EMMA (EMMA-I) and EDAM (EDAM-I and EDAM-II)
with similar side group contents (see Table 1), the
formation of superstructures is sensitive to the molec-
ular structure of side groups. The DAM side group is
bulkier than the MMA side group. The presence of
different types of superstructures indicates that the
MMA and DAM side groups have large but different
influences on drawability. The ethylene sequence of
EDAM-I (or EDAM-II) can form chain-folded lamellae
that are a more or less regular aggregation of crystal-
lites within spherulites. In this case, the amorphous
chain segments forming folded loops have a very small
possibility of forming tie molecules and/or entangle-
ments to connect with the lamellae because of the strong
repulsion between ethylene sequences and bulky DAM
side groups. This concept helps to explain how the
maximum draw ratios of EDAM films are less than 2
times those listed in Table 1. To pursue this concept,
the stress relaxation with time and the change in Hv
patterns are obtained for the EMMA and EDAM speci-
mens.

When an EMMA-III specimen is stretched up to 10
times, the scattering shows the superposition of broad
four-leaf lobes and sharp streaking as shown in Figure
4. The intensity of the streaks is much stronger than
that of the lobes. Accordingly, the appearance of streak-
ing is not due to the interparticle interference effects of
rods, indicating that the gravity of each rod within an
assembly is situated with respect to the stretching
direction.18-20 The streak is surely attributed to the
fissures parallel to the stretching direction,21 which were
observed under polarized light microscopy. Here we
must emphasize that silicon oil with a refractive index
similar to the refractive index of the specimen was
spread on the surface of the specimen at a fixed state.
Actually, as shown in Figure 4, the streak was not

observed for the specimens after 3 h but observed within
1 h, because of insufficient immersion of the silicon oil
into the fissures within the specimen. The X-type
pattern is attributed to the presence of rods with high
optical anisotropy taking a highly preferential orienta-
tion of the optical axes with respect to the rod axis.13

When the specimen was maintained at the same draw
ratio, the intensity became weaker and the streaks
disappeared, reflecting the disruption of an assembly
formed with an ordered orientation of rods with respect
to the stretching direction. The corresponding time
dependence of the applied stress indicates that drastic
stress relaxation occurs within 1 h and the applied
stress tends to level off. One month later, the scattered
intensity became very weak but the profile of the X-type
pattern was maintained. This suggests that the degree
of the optical anisotropy of rods becomes smaller with
time but the orientation of rods is independent of time.
Under drastic stress-relaxation, the orientation of
crystallites and the crystallinity were nearly main-
tained, and such behavior was confirmed by time-
resolved X-ray diffraction intensity as shown in Figure
5. The X-ray diffraction intensity distribution in the
horizontal direction was measured by setting the drawn
direction along the vertical direction. It can be seen that
the intensity distribution maintains an almost constant
profile. Of course, the drastic stress relaxation is due

Figure 4. Stress-relaxation curve of the EMMA (EMMA-
III) film with λ ) 10 and the Hv patterns observed at the
indicated times.

Figure 5. WAXD intensity distributions observed at the
indicated times under stress relaxation process shown in
Figure 4.
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to molecular slippage by disentanglements. This causes
less promotion of the scattered intensity by the disrup-
tion of the oriented rods.

In comparison with the EMMA-III films, Hv patterns
from drawn EDAM-II films are shown in Figure 6. The
pattern from the disordered spherulites shows no time
dependence of scattered intensity and maintains the
same profile before partial breaking of the specimen.
The specimen was cut off after 110 min by the inner
stress, which occurred at a constant external strain.
This indicates that the DAM side groups strongly
hamper the possibility of forming a sufficient number
of tie molecules and/or chain entanglements between
lamellae within the deformed spherulites and the shear
slippage between the isolated lamellae causes destruc-
tion of the specimen. Here, it is important to ascertain
whether crystallites within EMMA and EDAM films
become unstable and induce the disruption of crystal
lattice with increasing temperature. Therefore, WAXD
intensity distributions were observed for the undrawn
EMMA and EDAM films as a function of temperature.
Corrections of X-ray diffraction intensity were made for
air scattering, polarization, and absorption. The inten-
sity curve thus obtained was assumed to be due to the
contribution from the crystalline and amorphous phases.

Figure 7 shows the X-ray results for the undrawn
EMMA (EMMA-II and EMMA-III) and EDAM (EDAM-I
and EDAM-II) films, in which parts a and b of Figure 7
are the diffraction profiles for EMMA-II and EMMA-
III, respectively. The specimens were maintained for 10
min at the indicated temperatures prior to the measure-
ments. At 30 °C, the intensity distribution for EMMA-
II is similar to the distribution of PE with low crystal-
linity. Namely, two peaks appeared at 21.5° and 23.3°
(twice the Bragg angle), corresponding to the reflections
from the (110) and (200) planes of polyethylene crystals,
respectively. The large peak at 18.2° is attributed to the
contribution from the amorphous phase. On the other
hand, intensity distribution for the EMMA-III film
shows two peaks at 21.5 and 18.2°, respectively, and
no peak corresponding to the (200) reflection is observed,

indicating very low crystallinity. This indicates that the
crystallization of ethylene sequences is suppressed by
an increase in MMA content. Parts c and d of Figure 7
show the intensity distributions of EDAM-I and EDAM-
II films, respectively. For EDAM-I, the intensity distri-
bution at 30 °C has three peaks similar to the profile of
EMMA-II, but the distribution of EDAM-II with higher
content of DAM is slightly similar to that of EMMA-
III.

Despite the small differences in WAXD intensity
distribution between EMMA (EMMA-III) and EDAM
(EDAM-II) films, SAXS intensity distributions from both
films showed different profiles (Figure 8) when an
incident X-ray beam entered parallel to the film surface.

Figure 6. Stress-relaxation curve of EDAM (EDAM-II) and
the Hv patterns observed at the indicated times.

Figure 7. WAXD intensity distributions of undrawn EMMA
(EMMA-II, EMMA-III) films and undrawn EDAM (EDAM-I,
EDAM-II) films at elevated temperatures.

Figure 8. SAXS intensity distributions for EMMA (EMMA-
II and EMMA-III) films and EDAM (EDAM-I and EDAM-II)
films.
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Detailed observation reveals that EMMA films give a
monotonic curve while EDAM films give a curve with a
scattering peak corresponding to a long period of about
8.8 nm. The existence of the long period was already
reported for EDAM specimens.8 The small peak implies
the presence of crystal lamellae within two-dimensional
EDAM spherulites, while no peak denotes the absence
of crystal lamellae within EMMA films.

Returning to Figure 7, the diffraction intensity from
the (110) plane appearing at 21.5° becomes lower and
the scattering from the amorphous phase at 18.2°
becomes stronger with increasing MMA and DAM
contents. This tendency becomes more pronounced with
increasing temperature. Such a drastic change of the
profiles at temperatures of <90°C has never been
observed for PE (G201) films.22 This tendency at el-
evated temperatures is related to the drastic disappear-
ance of crystallites, showing that the crystallites within
EMMA and EDAM films are in a more unstable state
than those in branched PE (G201).

Here, it should be noted that for EMMA-III, the
intensity distributions appearing at 21.5°, -50, and
-110 °C are slightly different from that at 30 °C,
although the distributions at -110 and +30 °C were
confirmed to be essentially the same for PE (G201) in a
preliminary experiment. The slight increase in crystal-
linity observed at -50 and -110 °C, lower than the â
transition23 (amorphous transition) temperature of PE,
is attributed to the local motion of amorphous chain
segments of ethylene, which enhance crystallization.
Actually, this phenomenon is probably due to the
arrangement of amorphous ethylene chains with suf-
ficiently narrow intervals to promote crystallization by
small movement of chain fragments owing to the van
der Waals force. To pursue a more detailed analysis,
the intensity curves were separated into the contribu-
tion from the individual crystal planes and the amor-
phous phase, assuming that each peak had a complex
symmetric function given as Gaussian and Lorentzian
functions. To give the best fit by computer, the peak
separation of each component was carried out on the
basis of small changes from the intrinsic diffraction peak
position of each crystal plane at room temperatures, as
reported elsewhere.24

Figure 9 shows the results for EMMA at the indicated
temperatures. In these curves, the integrated fractions
of the respective crystal components are shown as a

dotted line, while a solid line shows the integrated
fractions of the first and second components of the
amorphous components. A solid line also shows the total
composite curve. The integrated fractions of lines ob-
tained by this analysis are given in Table 2 together
with their crystal size and peak position, which closely
match the observed curve (solid line). Furthermore,
crystal size was estimated by Scherrer’s equation after
the modification by the (331) plane of silicon powder as
a reference sample.25 For EMMA-II, the distribution at
30 °C shows a sharp peak of the (110) reflection and a
small duller peak of the (200) reflection in addition to
the large broad peak associated with the contribution
from the amorphous region. Furthermore, overlapped
small peaks for the (020), (011), (310), (111), and (201)
planes can be observed at diffraction angles (twice the
Bragg angle) higher than 35°. In relation to the DD 13C
NMR spectra (Figure 16), the diffraction peak from the
(010) plane of the monoclinic crystal form, which is close
to the scattering peak from the amorphous phase, was
taken into consideration to find the peak separation. At
90 °C, the amorphous contribution becomes larger, while
the peak of the (110) reflection becomes smaller, indi-
cating drastic disruption of crystallites. Such behavior
has never been observed, even for branched PE (G201).22

Instead of the disappearance of the reflection from the
(020), (011), (310), (111), and (201) planes with low
diffraction intensity, the very broad second-order scat-
tering peak from the amorphous phase appears at about
40°.

On the other hand, the profile of EMMA-III at 30 °C
shows a small peak from the (110) plane and a very
small broad peak from the (200) plane, while the
contribution from the amorphous region with the clear
second-order scattering occupies most of the total in-

Figure 9. Component analysis of total WAXD intensity
distributions for EMMA at the indicated temperature: (a)
EMMA-II at 30 °C; (b)EMMA-II at 90 °C; (c) EMMA-III at 30
°C; (d) EMMA-III at 60 °C.

Table 2. Crystallinity Estimated by WAXD Intensity
Distribution of EMMA

EMMA-II EMMA-III

temp (°C) 30 90 30 60
crystal content(%) (110) plane 21.6 4.9 8.4 6.0
(200) plane 5.5 1.7 0.6 0.4
other planes 13.6
content of amorphous phase (%) 59.3 93.4 91.0 93.6
peak position (deg) (110) plane 21.55 21.6 21.6 21.6
(200) plane 23.4 23.4 23.3 23.3
crystal size (nm) (110) plane 7.3 5.2 2.8 2.71
(200) plane 5.38 4.8 1.94 1.63

Figure 10. Total WAXD intensity distribution from the (110)
and (200) reflections calculated by eq 8 (dotted line) and the
experimental results (solid line): (a) EMMA-II at 30 °C; (b)
EMMA-II at 90 °C; (c) EMMA-III at 30 °C; (d) EMMA-III at
60 °C.

Macromolecules, Vol. 34, No. 14, 2001 Copolymer Ethylene-Methyl Methacrylate Films 4807



tensity distribution. This tendency becomes more pro-
nounced with increasing temperature (Figure 9d). Such
second-order scattering from the amorphous phase has
never been observed for branched PE (G201), even at
120 °C.22 Judging from the crystallinity (about 45.6%)
of branched PE (G201) films and the very low crystal-
linity (about 9.0%) of EMMA-II at 30 °C, the appearance
of the second peak is thought to be due to the suppres-
sion of the crystallization of ethylene sequences, as a
result of the repulsion between ethylene and MMA,
forcing the amorphous chain segments to induce a
highly ordered arrangement. In Table 2, the roughly
estimated crystallinity is less than 7% for EMMA-II at
90 °C and less than 9% for EMMA-III at 25 and 60 °C.
Of course, such low crystallinity has never been reported
for PE (G201), even at elevated temperatures of 100-
120°C.22

As listed in Table 2, the lengths of the crystallites in
the [110] direction and in the direction of the a axis are

less than 3 and 2 nm, respectively, for EMMA-III films.
This result implies that the crystallites were constructed
by the aggregation of a few ethylene sequences. To
confirm this concept, the intensity distributions of the

Figure 11. Total WAXD intensity distribution from the (110)
and (200) planes reflections calculated by eq 11 (dotted line)
and the experimental results (solid line): (a) EMMA-II at 30
°C; (b)EMMA-II at 90 °C; (c) EMMA-III at 30 °C; (d) EMMA-
III at 60 °C.

Figure 12. Normalized radial distributions P(r)/P(0) obtained
for undrawn EMMA films: (a) EMMA-II at 30 °C; (b) EMMA-
III at 30 °C; (c) EMMA-III at 60 °C. P(r)/P(0) must be shown
as a solid line but in order to make clear the very small
difference between two curves, the results were represented
as a dotted line.

Figure 13. 67.8 MHz CP/MAS and PST/MAS spectra mea-
sured for EMMA specimens: (a) EMMA-I; (b) EMMA-II; (c)
EMMA-III.

Figure 14. Semilogarithmic plot of the 13C magnetization of
the orthorhombic crystal component (peak I) of undrawn
EMMA (I, II, and III) films.
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(110) and (200) planes were calculated from the product
of the Laue function and the structural factor by
assuming that a crystal unit of EMMA corresponds to
a PE crystal unit. Assuming the number of crystal units
in the directions of the a, b, and c axes to be N1, N2,
and N3, respectively, the diffraction intensity as a
function of the Bragg angle θ may be given by

where

In eq 2, L and Fhkl are the Laue function and the
structural factor, respectively. They are given by

and

where fc is atomic scattering factor of carbon given as a
function of θ. θV is half of the valence angle of the C-C
bonds, and ω is the angle between the a axis and the
shadow axis of the main chains on the ab plane of a
crystal unit. On the basis of the geometrical arrange-
ment of a PE crystal unit, the values of θV and ω are
given as 54.8 and 39°, respectively.24

Judging from the broad diffraction peak profile due
to small and unstable crystallites, it is evident that the
position of the specimen sampled by the X-ray beam
contains distributions of the number of crystal units N1,
N2, and N3. The size distributions are also determined
by assuming that the numbers of crystal units in the
directions of the a, the b, and c axes have the distribu-
tion functions P(N1), P(N2), and P(N3), respectively, as
follows:

where Nh 1, Nh 2, and Nh 3 are the average numbers of the
crystal units in the directions of the a, b, and c axes,
respectively, and σN1, σN2, and σN3 are the corresponding
standard deviations. Consequently, the diffraction in-
tensity 〈I〉 in a real system may be given by

Figure 10 shows the calculated distributions (dotted
curve) and experimental diffractions (solid curve) of
intensity distributions for the (110) and (200) planes for
EMMA-II at 30 and 90 °C and those for EMMA-III at
30 and 60 °C. The solid curves are enlargements of the
curves obtained after peak separation (Figure 9). Since

Figure 15. Semilogarithmic plot of the 13C magnetization of
the noncrystalline component (peak II) of undrawn EMMA (I,
II, and III) films.

Figure 16. Component analysis of the total DD 13C NMR
spectra for undrawn EMMA specimens at the indicated
temperatures: (a) EMMA-II at 27-36 °C; (b) EMMA-II at 60-
64 °C; (c) EMMA-III at 27-36 °C; (d) EMMA-III at 60-64 °C.

I ) E2 (1)

E ) L × Fhkl (2)

L ) [sin(2πN1 hd sin θ/λ′) sin(2πN2 kd sin θ/λ′) sin
(2πN3 ld sin θ/λ′)]/[sin(2πhd sin θ/λ′) sin

(2πkd sin θ/λ′) sin(2πld sin θ/λ′)] (3)

Fhkl ) 2fc cos[2πmc(h cos θV cos ω/a +
k cos θV sin ω/b)] + 2fc exp{π(h + k)}cos[2πmc(-

h cos θV cos ω/a + k cos θV sin ω/b)] (4)
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(N1 - Nh 1)

2

2σN1

2 ]/ ∑
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2
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an absolute comparison between the experimental and
calculated distributions is impossible, the calculated
distribution is normalized by the experimental peak
height of the (110) plane. The relative intensity ratio
between the (110) planes and (200) planes for the
theoretical calculation was determined by considering
that from the experimental results. To pursue the
numerical calculation, the value of Nh 1 can be postulated
from the crystal size in the direction of the a axis.
Furthermore, Nh 2 ) 2Nh 1 is adopted on the basis of the
concept that the crystal size in the [110] direction is
bigger than that in the a axis experimentally, and the
crystal lamella axis of PE corresponds to the b axis. Nh 3
is independent of the normalized diffraction profile for
the (hk0) planes but depends on the intensity, thus
ensuring Nh 3 ) Nh 1. The parameters σN1, σN2, and σN3 are
fixed at 5, 3, and 3, respectively.

As shown in Figure 10, the peak becomes broader
with a decreasing number of Nh 1. The calculated results
are in fairly good agreement with the experimental
results except for the peak positions of the (110) and
(200) reflections. It can be seen that the small crystal-
lites with Nh 1 ) 3 and Nh 2 ) 6 provide a clear peak profile
of the (110) plane. Accordingly, small crystallites with
size distribution can be detected by X-ray diffraction and
the peak separation for EMMA-III shown in Figure 9
can be justified.

Returning to Table 2, the peak position of the (200)
reflection appears at 23.4°, which shifts to a lower
diffraction angle from 24.0° as has been reported for a
PE crystal unit.25 The longer distance between the (200)
planes for the EMMA specimens is thought to be due
to the fluctuation of the crystal lattice in the direction
of the a axis. The origin of this fluctuation is due to
residual stress26 and/or unstable lattice formation.
Moreover, the peak position of the (110) reflection
appearing at 21.5° is also due to the small shift from
21.6°. This is obviously attributed to the fluctuation of
the a axis.

To satisfy the experimental results in Figure 9, the
fluctuation effect of the distance between the (200)
planes is introduced in the case of Nh 1 ) 3-7. The
distance of an (n ) 3-7) is determined by postulating
that the length of the a axis within EMMA is longer
than the normal length, 0.74 nm, observed for PE
generally and the values are listed in Table 3. As the
most probable possibility, the value of the length of the
a axis is determined to be 0.76 nm from the experimen-
tal peak top of the (200) reflection. The reference length
of 0.76 nm is set as a3 at Nh 1 ) 3, a5 at Nh 1 ) 5, and a7 at
Nh 1 ) 3. The value of a1 is set to be 0.74 nm, correspond-
ing to the peak position at 24.0°,and the other values

of an are given arbitrarily to ensure the symmetrical
distribution of P(an). The fluctuation in the b axis is
neglected to avoid an increase in parameters. Thus, we
have

and

where dn is given by anb/xan
2+b2. Of course, an in

Table 3 is used instead of a in eq 4. By using eq 10, eq
8 can be rewritten as

Figure 11 shows the results calculated with eq 11. The
parameters σa and σd are fixed at unity. With increasing
lattice fluctuation in the direction of the a axis, the
relative intensity of the (200) plane becomes slightly
broader than that shown in Figure 9, although the
difference is too small to recognize. The reflection peak
of the (200) plane shifts toward the lower side to 23.4°,
and the reflection of the (110) plane shows a peak at
21.5°. The calculated curve is in good agreement with
the experimental one. This is one of the quantitative
assumptions postulated from a series of experimental
results showing that the crystallites within EMMA films
are in an unstable state in comparison with branched
PE (G201). The temperature factor was neglected in the
above numerical calculations.

Returning to Figure 9, the scattering from the amor-
phous phase depends on MMA content and measured
temperature. To check this, the structure of the amor-
phous phase is estimated by the radial distribution P(r).
The scattered intensity I(b) may be given by the radial
distribution generally as follows:

Here

By the Fourier transformation of I(b), P(r) may be given
by

At r ) 0, we have

Equation 15 denotes an invariant that is independent
of the structure of the scattering system. To simplify
the analysis, eq 14 may be normalized by eq 15, in which

Table 3. Length Fluctuation of the a Axis Used for
Numerical Calculation of Eq 11

Nh 1 ) 3 Nh 1 ) 5 Nh 1 ) 7

a1 0.740 0.740 0.740
a2 0.750 0.745 0.745
a3 0.760 0.750 0.750
a4 0.770 0.755 0.7525
a5 0.780 0.760 0.755
a6 0.765 0.758
a7 0.770 0.760
a8 0.775 0.765
a9 0.780 0.675
a10 0.770
a11 0.7725
a12 0.775
a13 0.780
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2 ]/ ∑
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2 ] (9)
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the first-order scattering was used as I(b) in the nu-
merical calculation.

Figure 12 shows P(r)/P(0): curve a obtained for
EMMA-II at 30 °C and curves b and c for EMMA-III at
30 and 60 °C respectively. The maximum peak position
of P(r)/P(0) appearing at r ) 5.7 Å (0.57 nm) is
independent of temperature, but the magnitude for the
EMMA-II film at 30 °C becomes slightly lower than that
of the others. For EMMA-III films, the very small
difference at 30 and 60 °C can be recognized by the
enlargement in Figure 12b. Namely, the magnitude
depends on the profile of the amorphous scattering. In
comparison with the experimental diffraction intensity
distribution in Figure 9, the amorphous scattering with
the second-order maximum provides a slightly higher
magnitude of P(r)/P(0), reflecting an ordered arrange-
ment of the amorphous chains, while the corresponding
diffraction peaks from the crystal planes become broader.
This result quantitatively justifies to the proposed
concept that the suppression of the crystallization by
MMA side groups induces ordering of the amorphous
chain segments.

Apart from the above static information, the morphol-
ogy of crystalline and amorphous phases within EMMA
films was investigated by high-resolution solid state 13C
NMR. Such an investigation of EMMA has never been
reported, but the spectra of analyzed EMMA could be
compared with the spectra of EDAM9 and PE (G201).22

3.3. Dynamic Properties by 13C NMR. Figure 13
shows the 67.8 MHz CP/MAS and PST/MAS 13C NMR
spectra of EMMA-I, EMMA-II, and EMMA-III films (λ
) 1) ranging from 20 to 56 ppm at room temperature.
These spectra are shown first to explain the outline of
our NMR experiments. As is known for semicrystalline
polymers, CP/MAS spectra emphasize the contribution
of the crystalline phase, while PST/MAS spectra ac-
quired with a short repetition time emphasize the
contribution of the amorphous phase. The CP/MAS
spectrum of EMMA-I shows two peaks with chemical
shifts of 32.81 ppm (peaks I) and 30.76 ppm (peaks II),
which can be assigned to the orthorhombic crystalline
and noncrystalline methylene carbons in the ethylene
sequence, respectively.27-30 The magnitude of peak II
is higher than that of the peak I in the CP/MAS
spectrum, indicating that even the crystallinity of
EMMA-I with the lowest MMA content is much lower
than that of PE. Of course, the relative intensity of peak
I becomes smaller with increasing MMA content, as
shown for EMMA-II and EMMA-III films. This tendency
becomes more pronounced for the PST/MAS spectrum,
and the contribution from the orthorhombic crystal
shows as a shoulder at 32.81 ppm.

The assignment of the other peaks was made accord-
ing to the DD/MAS spectra of EDAM reported else-
where9 as well as the solution NMR spectra.8 In a series
of the spectra, the signals of R and â carbons and signals
corresponding to the DAM unit are greatly enhanced
in reverse proportion to the orthorhombic signal in the
PST/MAS spectra. The signal of the γ carbon shall be
discussed later. This indicates that the two CH2 units
neighboring the MMA along the ethylene sequences are
located outside the crystalline regions. The mobility of
the MMA side groups as a function of temperature will
be discussed elsewhere in relation to positron annihila-
tion.31

On the basis of the above results, 13C spin-lattice
relaxation time (T1C) was measured by Torchia or by

the standard saturation-recovery pulse sequence to
inquire whether each resonance line comprises a single
component.

Figure 14 shows the variation of the relative intensity
of peak I measured by Torchia’s pulse sequence32 as a
function of decay time τ for the three EMMA specimens.
Peak deconvolution was carried out on each partially
relaxed spectrum due to the overlapping of peak I and
peak II. It is obvious that all of the T1C decay curves in
Figure 14 exhibit biexponential decay behavior. The two
corresponding T1C values of the orthorhombic crystal for
each specimen were obtained by least-squares fitting of
the decay curves and are listed in Table 4.

As for EMMA-III, the decay in the plots of 13C
magnetization againstt for the orthorhombic crystalline
and noncrystalline components was too rapid decay to
obtain a decay curve by Torchia. To confirm the accuracy
of the T1C value, the standard saturation-recovery
pulse sequence was adopted. The logarithm of 13C
magnetization ensures a linear relationship at τ < 2.5
s. The highest peak top for the orthorhombic crystalline
component could be detected clearly by varying values
of t. These results are summarized in Table 4. T1C values
of peak I by the standard saturation-recovery pulse
sequence was 1.5 s. This value is in good agreement with
the longer value (1.2 s) of the orthorhombic crystal form
measured by Torchia’s sequence.

Figure 15 shows the plots of the peak II around 30.76
ppm obtained after the peak separation discussed above.
The intensity of 13C magnetization against τ can also
be classified into two components by using a least-
squares method with a computer: a slow decay line and
a rapid decay line. The initial slope of each decay curve
yields T1C. Two kinds of T1C values estimated from the
initial slope of each decay curve are listed in Table 4.
Such an interesting behavior has never been observed
for PE.22 For EMMA-III, the T1C value measured by the
standard saturation-recovery pulse sequence was 0.3
s. This value is equal to the shorter value (0.3 s) of the
amorphous (noncrystalline) region measured by Tor-
chia’s sequence. In Table 4, it is evident that the shorter
T1C values of peak I corresponding to the crystalline
phase were shorter than the longer T1C values of peak
II associated with the amorphous component. This is
quite different from the decay behavior of PE. In
previous works,22 it has been reported that the orthor-
hombic crystal of the PE form has three different values
of T1C. The values of G201 melt film (branched PE) are
listed in Table 4 as a reference. The shortest value of
the orthorhombic crystal component of PE is longer than

Table 4. 13C NMR Spin-Lattice Relaxation Time (T1C) for
Undrawn EMMA Films by Torchia and Standard

Saturation Recovery Pulse Sequencea

T1C (s)
(by Torchia)

crystalline
component

noncrystalline
component

T1C (s)
(by saturation

recovery)

specimen Co I R Co

noncrystalline
component

EMMA-I 15.1 1.3 5.1 0.6
EMMA-II 10.9 1.1 4.7 0.6
EMMA-III 1.2 0.3 0.6 0.3 1.5 0.3
LDPE

(G201)b
145 15.8 1.27 0.375

a Key: Co, orthorhombic crystal form; I, interfacial component;
R, rubbery component. b The data of LDPE were from ref 22.
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the value of the noncrystalline component, and the same
tendency was confirmed for other PE samples. Here it
may be noted that the orthorhombic crystal within
EMMA films has no decay time beyond 100 s, as has
been confirmed for PE (G201) film. Namely, the longest
T1C of the orthorhombic crystal of EMMA is much
shorter than that of the PE (G201) film. This supports
the X-ray diffraction data of EMMA crystallites with
very small crystallinity, very small crystal size, and the
lattice expansion listed in Table 2. The longer and
shorter T1C values of the noncrystalline component are
thought to be due to interfacial and rubbery states,
respectively. The longer T1C beyond 0.6 s has never been
observed for PE.22 The shorter T1C value for each
specimen is close to the T1C value observed for PE. This
indicates that an interfacial component associated with
a longer T1C is attributed to a highly ordered molecular
arrangement of ethylene sequences. Namely, the amor-
phous phase (noncrystalline phase) within EMMA film
consists of ordered structures whose orientation fluctua-
tion is smaller than that of PE, since the MMA side
groups suppress the crystallization associated with an
essential property of ethylene sequences. The difficulty
in accelerating the self-arrangement of ethylene se-
quences as crystallites, which is due to strong repulsion
of MMA and ethylene, allows an ordered arrangement
of amorphous ethylene sequences rather than a random
orientation. X-ray intensity distributions in Figure 9
support the results in Table 4. As shown in Figure 9,
the amorphous halo shows the second peak associated
with the ordered arrangement of amorphous chain
segments. This phenomenon has never been observed
for branched PE (G201) films.22

Here, we shall refer briefly to the problem of estimat-
ing T1C in the present paper. Schmidt-Rohr and Spiess
have reported that solid-state chain diffusion between
the crystalline and amorphous (noncrystalline) phases
in linear PE at temperatures down to -173 °C can be
detected by two-dimensional and one-dimensional ex-
change 13C NMR experiments under the MAS condi-
tion.33 They explained chain diffusion in terms of NOE
factor and nonexponential T1C in the crystallites, as well
as the dependence of T1C on the crystallite thickness
reported by Axelson et al.,34 by excluding the possibility
of 13C spin diffusion to the exchange of magnetization
between the amorphous and crystalline phases. Re-
cently, Hu et al. studied the occurrence and rate of 180°
chain flip motions in the crystalline region of high-
density PE and ultrahigh molecular weight PE by
dipolar 13C NMR. They pointed out that the jumps occur
between two sites, with a rotation angle of 180°and a
jump rate of ∼10 s-1 at ambient temperature, and the
activation energy for the 180° chain flip was 93 ( 10
kJ/mol.35 In the present system, chain diffusion is
thought to be more extensive than the above two PE
samples. If the chain diffusion occurs mainly at the
exterior of the orthorhombic crystals, the orthorhombic
crystals then exhibit different morphologies at the
exterior and interior. This leads to the multiexponential
13C spin-lattice relaxation decay behavior of the orthor-
hombic crystals of the samples studied in this paper.

Figure 16 shows the DD/MAS 13C NMR spectra
without CP obtained for EMMA-II and EMMA-III at
elevated temperatures. Since the waiting time was set
at longer than 5 times the longest T1C for each sample,
these spectra reproduce the contributions from all of the
structural components quantitatively. The methylene

peaks of all spectra were deconvolved by computer
fitting into four components, namely orthorhombic,
monoclinic, interfacial, and rubbery. The initial values
of all components were given by adopting the corre-
sponding chemical shifts of G201 obtained elsewhere22

(listed in Table 5 as a reference). In addition to the four
components, a peak appeared at about 29 ppm, except
for the spectrum measured for EMMA-III at 60-64 °C.
This peak is thought to be the contribution from γ-CH2
(Figure 13) associated with an more entities with
ordered degree. Although the line corresponding to the
orthorhombic crystal form with a peak at about 33 ppm
consists of two components with different T1C, both
components were assumed to have the same line shape.
The purpose of the spectrum analysis is to estimate
crystallinity by 13C NMR. Actually, it has been reported
that the integrated fraction of the crystal line is in good
accord with the degree of crystallinity estimated by 1H
broad-line NMR analysis, and the latter coincides with
values obtained from density measurements.36,37 The
integrated fractions of the respective components are
shown as a dashed line. The composite curve is shown
by a dotted line, which closely reproduces the observed
spectrum (solid line). The integrated intensity fraction
and the corresponding chemical shifts thus obtained are
listed in Table 5.

It was observed that the chemical shift of each
component is nearly independent of the MMA content
and temperature. The mass fraction of the monoclinic
crystal form24 within EMMA-II and EMMA-III films
disappeared at elevated temperature. Interestingly, the
mass fraction of the monoclinic form within EMMA-II
film at room temperature is more than 12%, although
the monoclinic crystal form was not observed by X-ray
diffraction (Figure 9). The interfacial region for EMMA-
II and EMMA-III films decreased at elevated temper-
ature, and this tendency cannot be obtained by X-ray
diffraction. This indicates that 13C NMR has an advan-
tage in determining the phase structure of crystalline
polymers. It should be noted that an exact estimation
for the mass fraction in the interfacial region by X-ray
scattering is generally difficult except when crystal
lamellae are highly oriented with large flat faces and
the difference of density between the crystal and
amorphous regions is very large.38 For the present
EMMA films, the estimation of the interfacial thickness
was impossible on the basis of X-ray diffraction. As
another problem, the crystallinity by density measure-
ment must be estimated on the basis of the simple
assumption that the specimen consists of two phases,
the crystalline and amorphous (noncrystalline) phases.
Thus, the density measurements are also unable to
provide any information about the interfacial region.

Table 5. 13C NMR Chemical Shifts and Mass Fractions of
the Respective Components at the Indicated

Temperature Measured for EMMA Filmsa

chemical shifts (ppm) mass fraction (%)

specimen
temp
(°C) Co Cm I R Co Cm I R

EMMA-II 27-36 33.4 34.3 32.5 30.9 16.9 12.4 13.4 37.3
60-64 33.1 34.6 32.3 30.7 12.9 2.3 3.8 81.0

EMMA-III 27-36 33.5 32.4 30.9 7.6 12.3 80.1
60-64 33.5 31.8 30.7 2.0 2.5 95.5

LDPE 27-36 33.0 34.8 31.5 30.9 42.1 7.2 23.7 27.9
(G201)b 60-64 33.1 34.9 31.5 30.9 38.8 6.6 19.4 35.2

a Key: Co, orthorhombic crystal form; Cm,monoclinic crystal
form; I, interfacial component; R, rubbery component. b The data
of LDPE were from ref 22.
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Total mass fraction of the orthorhombic and mono-
clinic crystals can be estimated as crystallinity of the
given specimens at the indicated temperatures. The
results are listed in Table 6 together with the results
estimated by X-ray diffraction. At room temperature,
the crystallinity by 13C NMR is in good agreement with
that by X-ray diffraction. Interestingly, the crystallinity,
corresponding to total mass fractions of the orthorhom-
bic crystal and the monoclinic crystal estimated by 13C
NMR, is almost equal to the crystallinity estimated as
a fraction of the orthorhombic crystal by X-ray diffrac-
tion.

At elevated temperatures, the results by 13C NMR
tend to deviate from those of X-ray diffraction. The
difference is probably due to the different experimental
conditions: the 13C NMR data were obtained with the
length allowed to change freely during measurement at
elevated temperatures, while the X-ray data were
obtained with fixed length by clamping the film between
two metallic clamps. In our NMR instrument, it is
impossible to set the specimen to a fixed length in the
cylinder-type sample tube. In any case, it is evident that
the crystallinity of the EMMA films drastically de-
creased with temperature, although the degree of
decrease for branched PE (G201) is not so remarkable.22

This is due to the fact that small EMMA crystallites
are unstable and a number of defects as well as residual
inner stress.

Because of the strong repulsion of MMA and ethylene,
the MMA side groups suppress the crystallization
associated with an essential property of ethylene se-
quences and local aggregation of a few ethylene se-
quences provides small and unstable crystallites. The
difficulty in accelerating the self-arrangement of eth-
ylene sequences to form crystallites allows an ordered
arrangement of ethylene sequences in the amorphous
phase rather than a random orientation. Accordingly,
we may expect that since the amorphous chain seg-
ments do not behave like random work chains, the
possibility of making entanglements becomes lower as
MMA content increases. Furthermore, this phenomenon
ensures greater drawability (10 times) of EMMA (EMMA-
III) films than PE. This analysis is based on the concept
that the large difference of drawability between PE dry
gel films and melt films is attributed to the number of
entanglements. According to previous studies,39 the
drawability of PE dry gel films depends principally on
the concentration of solution from which a gel is made.
This phenomenon is attributed to the reduced number
of entanglements per molecule in solution cast/spun

polymers compared to those obtained from the melt.
Recently, Psarski et al. proposed very important phe-
nomena for the possibility of obtaining a linear PE melt
in which the polymer chains are disentangled.40 The
possibility was discussed on the basis of the reputation
theory and the verified experiments. In their samples,
a custom-made pressure cell was used to ensure high-
pressure crystallization. As a result, large chain-
extended crystals contained no entanglements and the
crystallinity was about 93%. They pointed out that
because the chain-extended crystal basal surfaces con-
tained very few chain folds, the chains were only
subjected to entropy-driven coiling, which does not
markedly increase the number of tight entanglements.
Their concept can be applied to the present system. If
the amorphous chains with an ordered arrangement
more or less form crystallites, it is evident that the
possibility of forming entanglements becomes very low.
The existence of extended segments was also reported
by Merrets.13 Actually, no spherulite associated with
folded chains could be observed for undrawn EMMA
films under Hv polarization.

Through a series of experimental results, it was found
that small unstable crystallites lead to the mechanical
behavior shown in Figures 1, 2, and 4. The few en-
tanglements and the presence of very few crystallites
as cross-linking points ensure the same recycle routes
of stress-strain curves of the EMMA films (λ < 2) up
to 40 times at room temperature. Despite such behavior
being similar to rubber elasticity, the drastic stress
relaxation confirmed at elevated temperatures is at-
tributed to the disappearance of unstable crystallites
that function as cross-linking points. The disappearance
induces drastic chain slippage, and thus drastic stress
relaxation occurs.

4. Conclusions

The relationship between the morphology and the
mechanical properties of EMMA films with different
MMA contents (EMMA-I with 3.0 mol %, EMMA-II with
6.5 mol %, and EMMA-III with 14.6 mol %) were
investigated as a function of temperature by using
polarized light scattering, X-ray diffraction, and 13C
solid-state NMR. X-ray diffraction measurement re-
vealed that the crystallites within EMMA films are
much smaller than those within branched PE (G201)
film and that the crystallinity is much lower. Further-
more, the number of crystallites drastically decreased
as temperature increased. This indicates the presence
of unstable crystallites with a disordered lattice. On the
other hand, the intensity distribution from the amor-
phous phase showed the first and second scattering
maxima, indicating that the ethylene sequences in the
amorphous phase has an ordered arrangement rather
than a random orientation. 13C NMR measurements
revealed that the overall decay curves for the orthor-
hombic crystals and the amorphous phase could be
classified into two components, i.e., a slow decay curve
and a rapid decay curve, indicating the existence of two
kinds of T1C. The shorter T1C value for the orthorhombic
crystal was shorter than the longer T1C values of the
amorphous component, indicating crystallites with un-
stable lattice formation. These results were in good
agreement with those estimated by X-ray. The EMMA
(EMMA-III) film with a maximum draw ratio of 10
times at room temperature provided a reversible change
of stress-strain curves when the specimen was stretched

Table 6. Crystallinity Estimated by DD 13C NMR Spectra
and X-ray Diffraction Profile for EMMA Films

crystallinity

specimen temp (°C) 13C NMR X-ray

EMMA-II 30 31.7
27-36 39.3
60-64 15.2
90 5.6

EMMA-III 30 9.0
27-36 7.6
60-64 2.0
60 6.4

LDPE (G201)a 30 55.3
27-36 48.4
60-64 45.4
70 50.7

a The data of LDPE were from ref 22.
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up to 2 times at room temperature. Even so, stress
relaxation occurred as the temperature of the EMMA
film (EMMA-III) increased. This is out of the framework
of rubber elasticity. The high draw ratio is obviously
due to the smaller number of entanglements per mol-
ecule in comparison with PE. Because of the strong
repulsion of MMA and ethylene, the MMA side groups
suppress the crystallization associated with an essential
property of ethylene sequences. Furthermore, the dif-
ficulty in accelerating self-arrangement of the ethylene
sequences as crystallites leads to a local ordered ar-
rangement of the ethylene sequences rather than a
random orientation in the amorphous phase. The drastic
decrease in stress at a constant strain with temperature
can be considered molecular slippage due to the disap-
pearance of unstable crystallites that function as cross-
linking points and induce rubber elasticity.
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