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Abstract

In order to clarify the origins of cocrystallization and phase segregation phenomena observed for blend samples between fully-deuterated
high-density polyethylene (DHDPE) and hydrogeneous linear low-density polyethylene (LLDPE) with various degrees of ethyl branchings,
diffusion process of deuterated (D) and hydrogeneous (D) polyethylene chains through the contact interface between the D and H films was
traced in situ by time-resolved Fourier-transform infrared spectroscopic measurement at temperatures above the melting points, from which
the diffusion coefficients were evaluated. Spatial distribution of D and H chains in the interfacial region of the contacted films was also
observed at room temperature by infrared spectral measurement for the melt-quenched samples: the homogeneous mixing was observed for a
pair of DHDPE and LLDPE(2) with 17 ethyl branchings per 1000 carbon atoms and the heterogeneous distribution for a pair of DHDPE and
LLDPE(3) with 41 ethyl branchings per 1000 carbon atoms. From the spatial distribution data the diffusion coefficients were evaluated again,
consistent with that obtained by the time-resolved experiment. Activation energy for the diffusion motion of chains was also estimated from
the temperature dependence of the diffusion coefficient. A large difference in diffusion coefficient and activation energy was found between
the above-mentioned two sample systems, relating well with the difference in the aggregation state of D and H chains in the melt as well as in
the crystallized sample: cocrystallization phenomenon for DHDPE/LLDPE(2) and phase segregation for DHDPE/LLDPE(3). © 2001

Elsevier Science Ltd. All rights reserved.
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1. Introduction

In order to understand the relationship between structure
and properties of polymer blends, a clarification of aggrega-
tion state of different polymer species in the blend is basi-
cally important. A typical example is the blends of
polyethylene (PE) with different degrees of side branching,
which have been investigated for a long time from various
points of view in order to clarify the aggregation state of the
different components [1-43]. But, because of the similarity
in chemical structure of the PE components, it is not easy to
trace the behavior of the individual components separately.

As one of the useful techniques for this purpose, the
utilization of deuterated species has been proposed. The
blends between the hydrogeneous (H) and deuterated (D)
PE species were investigated by means of vibrational spec-
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troscopy and neutron scattering. In case of infrared spectro-
scopy the difference in vibrational frequency between the
CH, and CD, groups can be utilized, making it possible to
trace the behavior of each species separately [1-4,7,28,32—
35,39,40,43—-46]. Especially a Fourier-transform infrared
spectrometer (FTIR) is particularly useful for this purpose
because the H and D infrared bands can be detected simul-
taneously and separately. Krimm et al. showed that the
splitting widths of the crystalline bands of methylene bend-
ing and rocking modes change sensitively depending on the
aggregation state of the H and D chain stems in the crystal-
line lattice [1—-4,7]. Neutron scattering technique is another
useful method to trace the spatial distribution of the D and H
chains in the PE blends, where the difference in the coherent
scattering amplitude between the H and D species is utilized
[47-60]. In this way the PE blends between the D and H
species are useful for the study of aggregation state of PE
chains, but there had been one serious problem in these
studies. This was about the phase segregation between the
D and H species. For a long time people had used the blends
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of the D and H species of high-density PE (HDPE) with no
side chain branching. But, when these blend samples were
cooled slowly from the molten state, the D and H chains
were found to crystallize separately, i.e. the phase segrega-
tion phenomenon occurred [44,47—-50]. Therefore, the H/D
blend samples had to be prepared by quenching from the
molten state to avoid the phase segregation between these
two species. That is to say, the study of PE blends between
D and H species had been limited to the samples prepared in
a special manner. This was a dilemma for the study of chain
aggregation structure in the samples crystallized under the
normal conditions.

In a series of papers, Tashiro et al. reported that the blend
samples of deuterated high-density PE (DHDPE) and hydro-
geneous linear low-density PE (LLDPE) with a certain
degree of side chain branchings show almost perfect cocrys-
tallization phenomenon and both the components coexist in
the same crystalline lamella even when they are cooled
slowly from the melt [28,29,32—35,38—40,43]. Aggregation
structure of chains and crystallization behavior were inves-
tigated from the molecular level by means of wide-angle
and small-angle X-ray scatterings (using a synchrotron
radiation), infrared spectra, differential scanning calorime-
try, small-angle light scattering, neutron scattering, and so
on. The crystallization behavior was found to depend on the
degree of branching of the H species. For example, in case
of the blend between DHDPE and LLDPE(2) with 17 ethyl
branchings per 1000 carbon atoms, almost perfect cocrys-
tallization is observed, while for the blend between DHDPE
and LLDPE(3) with ca. 41 ethyl branchings the sample
segregates into the two phases of the H and D species
when the sample is crystallized by slow cooling from the
melt. The blend between DHDPE and HDPE without any
side group exhibits also the phase segregation. Neutron scat-
tering experiments showed that the H and D chains are
homogeneously mixed in the molten state for all of the
above-mentioned pairs of D and H species.

In what mechanism do the segregation and cocrystalliza-
tion occur from the homogeneously mixed molten state? For
example, it might be reasonable to speculate that the D and
H chains in the melt experience the diffusional motion at
different rates and the chains of similar species gather to
crystallize into their own lamellae, resulting in the phase
segregation. In the case of cocrystallization phenomenon,
the D and H chains diffuse at almost the same rate in the
melt and are stabilized into the state of coexistence in the
same lamella. In this way, both kinetic and thermodynamic
factors need to be considered when a formation mechanism
is discussed about the aggregation structure of the different
species [40]. As for the thermodynamic factor, the analysis
about the DSC data observed for the cocrystallized DHDPE/
LLDPE(2) blend samples was already made: the D/H blend
content dependence of the melting temperature could be
simulated reasonably [43]. As another important factor for
the phenomena of cocrystallization and segregation, we
need to study the kinetic problem, i.e. the diffusion of D

and H chains in the melt. In other words, we need to clarify
the interpenetration behavior of the H and D chains in the
molten state.

Such a study about the diffusion of H and D chains in the
melt is important also from the industrial point of view. For
example, two kinds of pipes, each of which is made of a
different kind of PE, are connected to each other to be used
as a hybrid water pipe [61,62]. The strength of the connec-
tion part of these two pipes is determined by the degree of
cocrystallization of the two kinds of PE used for these pipes.
Therefore, interpenetration of different kinds of PE chain at
the interfacial part of these two pipes must be clarified in
relation with the formation process of the aggregation struc-
ture of different kinds of PE chains in the vicinity of the
connection part.

In the present paper, we will investigate the diffusion of
H- and D-PE chains in the molten states in order to under-
stand the aggregation process of these two kinds of PE
chains to form the crystalline lamellae. More concretely
speaking, the H- and D-PE samples were connected and
the interpenetration process of D and H chains was observed
by measuring the change in the relative content of the H and
D chains at the interfacial part of these connected samples as
functions of time and position. The diffusion process was
traced in situ by carrying out the time-resolved measure-
ment of FTIR spectra at various temperatures above the
melting points by means of an infrared microscope. From
the thus obtained experimental data, the mutual diffusion
coefficients were evaluated by analyzing the concentration
profile of the D and H chains as a function of time. In situ
measurement of FTIR spectra in the process of interpene-
tration of H- and D-PE chains may be the first trial as long as
we know in the references. As another type of experiment,
the band profile of infrared spectra was analyzed at the
various positions of the H/D interface, where the spectra
were measured at room temperature for the samples
quenched after being kept for a while in the molten state.
The band profile reflects quite sensitively the aggregation
structure of the H and D chains. At the same time, an analy-
sis was made for the concentration profile in the vicinity of
the interfacial part, giving us an information about the diffu-
sion process of the H and D chains in the molten state. After
the completion of our experiments, we came to know that
our investigation of spatial distribution of the H and D
chains in the melt-quenched sample was not the first trial
but was already reported by Klein et al. [63,64] for a pair of
HDPE and DHDPE, although they evaluated only the
concentration distribution at the interfacial part but did not
analyze the spectral profile to clarify the aggregation struc-
ture of the H and D chains. As for the evaluation of diffusion
coefficient of PE, there have been reports of studies by NMR
method [65-68] and by a technique of microlayer melting
temperature convergence [69], but the infrared spectro-
scopic method seems apt in that the concrete and local
aggregation state of H and D chains can be searched in
detail, as will be described in this paper.
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Table 1
Characterization of PE samples used in the present study

M, M, Ethyl branching/ Melting point
1000C (°C)
DHDPE 107k 34k 2-3 116.0
LLDPE(2) 75k 37k 17 102.0
LLDPE(3) 61k 20k 41 60.0

2. Experimental
2.1. Samples

DHDPE was purchased from Merck Chemicals. For the
H-PE samples, LLDPEs with different degrees of ethyl
branching were used, which was supplied by Exxon.
These samples were the same as those used in the previous
papers and the behavior of these samples was already known
well [28,29,32-35,38—-40,43]. The characterization of these
samples is listed in Table 1. These samples were melted and
pressed on a hot stage at ca. 160°C and then cooled slowly to
the room temperature. The film thickness was 20 pm for the
infrared measurement.

For the measurements of infrared spectra at the interfacial
part, the contact of the two films must be made perfectly.
The films were cut into pieces of ca. 1 X 1 mm? so that the
edges of the films were as sharp as possible. The D- and H-
PE films were connected at their edges carefully and tightly
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Fig. 1. An illustration of infrared microscopic measurement of diffusion
process in the contacted DHDPE and LLDPE films. The infrared beam was
focused on the interfacial part covered with thin slit of 39 wm width. The
heater stage could be moved horizontally by using a micrometer.

and were fixed by being sandwiched between a pair of KBr
single crystals. These processes were done under an optical
microscope to keep the perfect contact of the two films at the
edges. The sample was set on a hot stage of the infrared
microscope, as illustrated in Fig. 1.

For the experiment about the spatial distribution of the D
and H chains in the boundary region, the connected films
were heated above the melting points for a predetermined
time, followed by quenching into liquid nitrogen to freeze
the aggregation state of the melt.

2.2. Measurements

Fig. 2 shows the sample and the area for infrared
measurement. In this study, two types of measurements
were made. One was an in situ infrared measurement of
the contact films at the boundary part shown in Fig. 2(a).
The slit width of the microscope was 39 wm. The time-
resolved measurement was made at an interval of ca. 40 s
at a resolution power of 4 cm™'. The sample was heated
above the melting points of the D and H films (Table 1).
In order to avoid the oxidation of the sample, nitrogen gas
was made to flow around the sample. Another type of
measurement was made at room temperature for the sample
in contact, which had been heated above the melting points
for a suitable time and quenched into liquid nitrogen to fix
the spatial distribution of the D and H chains in the molten
state. The infrared spectra were measured at the various
parts of the sample by using a slit width of 8 pum at the
resolution power of 2cm . The sample position was
moved on a stage equipped with a micrometer. All the
measurements of infrared spectra were made by using a
Japan Spectroscopic Company FTIR microscope ‘Janssen’
equipped with an MCT (mercury cadmium telluride) detec-
tor.

3. Results and discussion
3.1. DHDPE/LLDPE(2) samples

3.1.1. Time-resolved measurements

A pair of DHDPE and LLDPE(2) shows the cocrystalli-
zation phenomenon when the blend sample was cooled
slowly from the melt. In Fig. 3 is shown the time depen-
dence of FTIR spectra in the frequency regions of CH, and
CD, scissoring modes (6(CH,) and 8(CD,), respectively),
which were measured at the positions close to the contact
interface between the D and H films at 133°C. When the
observation was made at the H film side of the boundary, the
infrared bands of the molten H species decreased in inten-
sity with time, and at the same time the intensity of the D
bands increased in intensity in parallel. The reverse
phenomenon was observed at the boundary of the D film
side: the D bands decreased in intensity and the H bands
increased instead. Fig. 4 shows these situations more
clearly, where the relative intensities of the §(CH,) and
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Fig. 2. Schematic illustration of the sample used for (a) time-resolved
measurement and (b) space-resolved measurement.
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6(CD,) bands were plotted against time, which were eval-
uated from the date of Fig. 3 by integrating the areas
enclosed by base lines drawn from 1480 to 1420 cm ™' for
8(CH,) and from 1150 to 1060 cm ™' for §(CD,). In this
way, the mutual diffusion of the H and D chains into the
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Fig. 3. Time dependence of infrared spectra in the regions of CH, and CD,
scissoring modes measured for the molten sample at 133°C: (upper) H-side
and (lower) D-side (refer to in Fig. 2).
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Fig. 4. Time dependence of integrated intensities of §(CH,) and 6(CD,)
bands measured in the H film side of contacted films (refer to Figs. 2 and 3).

D and H film sides, respectively, could be observed directly
by carrying out the time-resolved FTIR measurements.

The relative content of the D and H chains in the inter-
facial region can be estimated as a function of time in the
following way. Integrated intensity of the D and H bands,
A(D) and A(H), respectively, are expressed by the following
equations on the basis of Lambert—Beer’s law.

A(D) = &D)c(D)d (1)

AH) = e(H)c(H)d (2)

where €(i) and c(i) are, respectively, a molar extinction
coefficient and a molar concentration of the component i
(=D or H) and d is the film thickness. Since ¢(D) + c¢(H) =
1, then we have

AD) = —[e(D)/e(H)JAH) + e(D)d 3)

Fig. 5 shows the plot of A(D) vs. A(H) made by using the
data of Fig. 4. A straight line was obtained, from the slope of
which the ratio €(D)/e(H) could be evaluated as indicated in

8.0
~ DHDPE/LLDPE(2), 133°C
=} H-side
< 7.0
2>
g 6.0F A(D) = 8.80 - 0.48*A (H)
=
B 5.0
s
o 4.0
=
30...|...|...|...|...m..
2 4 6 8 10 12 14

Integrated Intensity A (H)

Fig. 5. Linear relation between integrated intensities A(D) and A(H)
evaluated in Fig. 4.
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Fig. 6. Time dependence of relative concentrations evaluated from the data
of Fig. 5: (a) for D species in the H side and (b) for H species in the D side.
The solid lines represent the theoretical curves calculated from Eq. (6) in
the text.

this figure. On the other hand, from Egs. (1) and (2), the c¢(D)
is expressed as follows.

B A(D)/A(H)
D) = e(D)/e(H) + A(D)/A(H) @)

Therefore, by substituting the values of A(D) and A(H)
into Eq. (4), the relative content of the D species can be
evaluated as a function of time. Fig. 6(a) shows the thus
obtained time dependence of c¢(D) at 133°C. Fig. 6(b) is
the case of c(H), the relative content of the H chain species
migrated into the D film side, where the data are a little more
scattered than that of c¢(D) possibly due to some experi-
mental problem.

Now, by using the curves shown in Fig. 6, the mutual
diffusion coefficient D may be estimated on the basis of
the Fickian diffusion. It is assumed here that no anomalous
effect occurs for the diffusion of these polymers and that
the D is independent of the concentration and the measure-

DHDPE/LLDPE(2) 160°C
8(CH,) 71 umJ 5(CD,) -69p,mJ
30 |H D
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Fig. 7. Infrared spectra in the regions of CH, and CD, scissoring modes
measured at various positions for a pair of contacted DHDPE and
LLDPE(2) films quenched after being kept at 160°C for 10 min. The
measured positions were indicated by figures with wm unit (refer to in
Fig. 2).

ment position, and then
dclot = D[0*clox?] (5)

where ¢ is the concentration distribution of a particular
species, x is the distance from the origin or the interface
and ¢ is a diffusion time in the molten state. For the system
of two infinitely long plates connected at one edge, a solu-
tion for ¢ can be given by the following equation [70].

c(x, 1) = (112)cq-erfe[x/(2/D)] ©)
erfe() = 1 — (21/m) J exp(—?) dy )
0

where ¢ is the initial concentration at a boundary (= 1).
The theoretical curve given by Eq. (6) could reproduce the
observed data of Fig. 6 by choosing a proper D value by a
trial-and-error method, as indicated by solid curves in Fig. 6.
The thus evaluated D coefficient is 5.0 X 10> cm?/s for the
mutual diffusion of D and H chains at 133°C.

Similar experiments were tried at different temperatures,
but an oxidation of the sample proceeded seriously at higher
temperature, as detected by an increasing intensity of C=0
stretching band at 1750 cm ™', even when nitrogen gas was
made to flow in the sample box.

3.1.2. Spatial distribution and aggregation structure of D
and H chains

The infrared spectra measured for the molten state cannot
give us any details of the spatial distribution of the H and D
chains in the boundary region of the contacted samples,
although an information is obtained about the population
of H and D chains at various positions. In order to know
the spatial distribution of the H and D chains in more detail,
the sample was kept for a predetermined time above the
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Fig. 8. Schematic illustration of the relation between molecular aggregation state and infrared spectral profile. Open and solid circles represent, respectively,
the H and D chain stems in the crystal lattice. As the D chain stems are isolated by the H chain stems, the singlet component increases for the D band and the

band splitting width becomes narrower.

melting point and was quenched into liquid nitrogen to
freeze the aggregation state in the molten state. In spite of
drastic quenching, the crystallization occurred very fast and
the IR spectra of the crystalline state were obtained at room
temperature. We assume here that the centers of mass of the
chains in the melt do not change even after quenching and
only the local regularization of the chain segments is
allowed to occur to give the crystalline lamellae. This
assumption is similar to the ‘Ersterrungsmodell (solidifica-
tion model)’ proposed by Stamm et al. [56,58]. According to
this model, the radius of gyration of a chain is kept even
after the crystallization. In fact, the small-angle neutron
scattering data supported it also for the present DHDPE/
LLDPE(2) blend sample [43].

Fig. 7 shows the infrared spectra in the regions of §(CH,)
and 6(CD,) modes. The spectra were measured at room
temperature at various positions in the vicinity of contact
interface of the H and D films, which were quenched after
being kept at 160°C for 10 min. Figures with pwm unit indi-
cate the position of the infrared measurement: the 0 position
is just the interface and the plus and minus values corre-
spond to the positions in the H and D film side, respectively,
as illustrated in Fig. 2(b). The 6(CH,) band is seen to
decrease in intensity as the measurement position moves
from the H to D side through the interfacial boundary. In
contrast to it, the 6(CD,) band decreases in intensity as the
measurement position changes from the D to H side. A more
important point is that the band profile changes depending
on the measurement position. As already discussed in the

previous papers [32-35,38-40], the profile of infrared
bands of orthorhombic PE crystal changes depending on
the aggregation state of the H and D chains, as illustrated
in Fig. 8. For pure H (or D) sample, the §(CH,) [or 6(CD,)]
splits into two due to the intermolecular vibrational
coupling between the adjacent two chain stems arrayed
along the (110) direction in the unit cell. If an H (D)
chain is isolated from the surrounding H (D) chains by an
invasion of the D (H) chains and the vibrational coupling
between the adjacent H (or D) chains is cut, then the band
profile changes into a singlet [1-4]. In this way, depending
on the environmental atmosphere, the band profile changes
continuously between doublet and singlet. In fact, the band
profile measured for the DHDPE/LLDPE(2) blend samples
with various D/H ratios changes continuously as shown in
Fig. 9. The change in the band profile observed in Fig. 7
indicates an occurrence of similar phenomenon in the inter-
facial region of the H and D films. In the boundary of the H
film side, the D chains migrate from the D film side and are
mixed up with the originally-existing H chains and cocrys-
tallize together when the sample is cooled to room tempera-
ture. Because the concentration of the D chains in the H film
decreases gradually as the position is more distant from the
interface, the 6(CD,) band profile changes from doublet to
singlet. As for the §(CH,) band, the situation is reverse and
the band profile changes from doublet to singlet as the
measurement position changes from the H side to the D side.

In this way the change in the band profile depends on the
spatial arrangement of the D and H chains in the crystal
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Fig. 9. Infrared spectra in the regions of CH, and CD, scissoring modes measured at room temperature for a series of DHDPE/LLDPE(2) blend samples. The

resolution power of the spectra was 1 cm ™.

lattice. Therefore, by analyzing the band profile, we may
estimate the aggregation structure of the D and H chains in
the crystal lattice more quantitatively. As reported in the
previous papers [32-35], the band profile was separated
into components of doublet and singlet. Originally, the
band splitting width should change continuously and the
band profile needs to be separated into infinite number of
doublets and singlet, and so the unique answer is difficult to
obtain. Therefore, in the present study, the doublet compo-
nent was assumed to be only one, corresponding to the
average of the doublets with various splitting widths [32—
35]. Fig. 10 shows the thus analyzed results for the 6(CH,)
band profile. The intensity of doublet and singlet compo-
nents changed continuously depending on the position of the
measurement. The singlet component of the H band
increased in intensity and simultaneously the band splitting
width decreased gradually as the measurement position
shifted from the H side to the D side. In the D side, on the
other hand, the band intensity of the H chains decreased and
the band profile became singlet as the position was distant
from the boundary. The infrared band intensity of the singlet
component shows a maximum at the boundary, since the
relative content of the singlet increases in the D side but
the absolute concentration of the H chain is lower.

At the starting point we intended to estimate the diffusion
of the D and H chains and their spatial distribution in the
molten state of the contacted D and H films. As long as we
assume that the spatial distribution of the centers of mass of

molten PE chains is frozen by quenching (or even by slow
cooling) and only the small changes in the local conforma-
tions of chains result in the regularization of the whole
system [43], the information obtained in Fig. 10 may be
directly translated to the D/H chain distribution in the
molten state. Fig. 11(a) shows the concrete spatial distribu-
tion of the D and H chains in the melt. As the contact time of
the D and H films in the molten state increases, migration of
these chains is more evolved, and the H (D) chains are
dispersed into the D (H) film. The migrating H (D) chains
are diluted gradually by the surrounding D (H) chains and
the H (D) chains reached at a distance quite far from the
boundary are isolated from each other. It must be noticed
here that such a homogeneous mixing phenomenon of the H
and D chains can be observed for the sample system of
DHDPE and LLDPE(2), which shows the perfect cocrystal-
lization under any condition. The result on the DHDPE/
LLDPE(3) system will be discussed in a later section,
where the H and D species cannot be diluted homoge-
neously but the phase segregation occurs between these
two species.

3.1.3. Diffusion coefficient

At this stage where we know the details of the spatial
distribution of the H and D species, the diffusion coefficient
D can be evaluated on the basis of Eq. (6). Fig. 12 shows the
distribution of D species in the interfacial part, which was
evaluated by using Eq. (4) from the integrated intensities of
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Fig. 10. Position dependence of (top) the relative intensity of doublet and
singlet band components, (middle) the contribution of the singlet compo-
nent, and (bottom) the splitting width of the doublet band component eval-
uated for the CH, scissoring band of the contacted DHDPE and LLDPE(2)
films, which were quenched from 160°C after being kept for 10 min.

6(CH,) and 8(CD,) bands. Similar to the case of time-
dependent ¢(D) curve (Fig. 6), the D coefficient was esti-
mated by fitting the curve of Fig. 12 to the theoretical one.
The obtained D coefficient was 5.8 X 10~% cm?/s for the
sample melted at 137°C for 10 min. Similar analysis was
made for the samples treated at various temperatures and the
obtained D coefficients are listed in Table 2. The D values
are in relatively good coincidence with those reported in the
references when the molecular weights of the samples are
taken into account [64—69].

The thus-obtained D value was found to change with
temperature where the samples were melted. As being
usually made, this temperature dependence can be
expressed by an Arrhenius type of equation.

D = D, exp(—E,/RT) (8)

where E, is an activation energy of diffusion, R is a gas
constant and D, is a constant. By plotting In D against
I/T, E, can be evaluated as a slope of the straight line,
as shown in Fig. 13, where the D value evaluated from the

time-dependence of c¢(D) is also included. The E, for a pair
of DHDPE and LLDPE(2) is 19.9 kJ/mol, which is in good
agreement with the values 21-28 kJ/mol reported for HDPE
[66,68,69].

3.2. DHDPE/LLDPE(3) samples

3.2.1. Segregation of D and H chains

When DHDPE and LLDPE(3) are blended together and
cooled slowly from the melt, the segregation phenomenon is
observed between the D and H lamellae, different from the
case of DHDPE/LLDPE(2) system. Fig. 14 shows a series of
FT-IR spectra in the 6(CH,) and 6(CD,) regions measured
at room temperature for the contacted D/H samples which
were heated at 160°C for 10 min followed by quenching into
liquid nitrogen temperature. Since the degree of crystallinity
is low for LLDPE(3), the splitting of 6(CH,) band is difficult
to detect, while the 6(CD,) band shows clear splitting and
does not change its profile at any position, very different
from the case of DHDPE/LLDPE(2) system. Fig. 15
compares the position dependence of the splitting width of
0(CD,) band between DHDPE/LLDPE(2) and DHDPE/
LLDPE(3) systems. For DHDPE/LLDPE(2) system, the
band splitting width changes continuously depending on
the position and no difference is detected for the behavior
between the two different temperatures of 129 and 180°C.
On the other hand, for DHDPE/LLDPE(3) system, the band
splitting width of 6(CD,) changes slightly in the interfacial
region of the H side but does not change perfectly to singlet
profile even when the D chains migrate deeply into inner-
side of the H film. This tendency was seen more clearly for
the case at 133°C. Therefore, main conclusion obtained
from these experimental data about the DHDPE/
LLDPE(3) system is that the D and H chains migrate to
mix in the molten state but they show a kind of microscopic
segregation when viewed from the scale detected by infrared
spectroscopy and they form segregated crystalline domains
consisting of pure D or H species when crystallization is
induced by quenching. Quite slight change in band splitting
width, as observed in the spectra measured at room tempera-
ture, means an occurrence of local coexistence of DHDPE
and LLDPE(3) chains in the interfacial region in a small
scale. This is consistent with the observation reported in
the previous papers [32-35].

On the basis of these experimental data about the

Table 2
Diffusion coefficients D evaluated at various temperatures

Temperature (°C) DHDPE/LLDPE(2) DHDPE/LLDPE(3)
129 4.6%x107% cm?/s -

133 5.0° 1.5% 1072 cm%s
137 5.8 -

160 75 4.0

180 9.2 -

* Evaluated from the data of time-dependence of relative concentration
(see Fig. 6).



K. Tashiro, N. Gose / Polymer 42 (2001) 8987-8998 8995

(a) DHDPE/LLDPE(2) System (b) DHDPE/LLDPE(3) System
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Fig. 11. Ilustration of diffusion process of D (solid circles) and H (open circles) chains passing through the interface between the D and H films: (a) the case of
DHDPE/LLDPE(2) system and (b) the case of DHDPE/LLDPE(3) system.
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Fig. 12. Position dependence of the relative concentration of D (solid Fig. 13. Plot of logarithm of diffusion coefficient D against an inversed
circles) and H (open circles) species for the contacted DHDPE and temperature made for (open circles) DHDPE/LLDPE(2) pair and (solid
LLDPE(2) films, which were quenched from 137°C after being kept for circles) DHDPE/LLDPE(3) pair. E, is the activation energy for the mutual

10 min. diffusion motion.
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Fig. 14. Infrared spectra in the regions of CH, and CD, scissoring modes
measured at various positions for a pair of contacted DHDPE and
LLDPE(3) films quenched after being kept at 160°C for 10 min. The
measured positions were indicated by figures with wm unit (refer to in
Fig. 2).
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Fig. 15. Position dependence of band splitting width evaluated for the CD,
scissoring band for (upper) the contacted DHDPE/LLDPE(2) films which
were quenched after being kept at 180 and 129°C for 10 min and (lower) the
connected DHDPE/LLDPE(3) films quenched from 160 and 133°C after
10 min.
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Fig. 16. Position dependence of the relative concentration of D (solid
circles) and H (open circles) species for the contacted DHDPE and
LLDPE(3) films, which were quenched from 160°C after being kept for
10 min.

aggregation structure of the D and H chain components, the
diffusion of these chains in the melt at the interfacial part
may be drawn illustratively as shown in Fig. 11(b). In the
case of DHDPE/LLDPE(2), the D and H components
migrate into the regions of the other components homoge-
neously and are gradually diluted at deeper positions of the
films. For DHDPE/LLDPE(3), diffusion occurs with keep-
ing coagguration of D (or H) chains and the partial mixing
of the D and H components occurs in limited parts. In the
previous papers we measured the small-angle neutron scat-
terings (SANS) for the molten DHDPE/LLDPE(3) blend
samples and indicated a homogeneous mixing of the D
and H chain components [38,43] but, the present infrared
spectral data showed the segregation of individual compo-
nents in the molten state. This might be a contradiction
between these two experimental data. This apparent
contradiction is considered to come from the difference
in the scale viewed by SANS and FTIR spectroscopy.
In the scale of several tens nanometers or from the view
of neutron scattering the D and H chains are seen to
mix homogeneously in the melt. But, the infrared spec-
tra showed us a local structure of much smaller scale.
As shown in Fig. 11, in the case of DHDPE/LLDPE(3)
system, the microscopic segregation of H and D
domains is considered to occur when viewed from the infra-
red spectroscopy but it is viewed to be rather homogeneous
from SANS eye.

3.2.2. Diffusion coefficients

By integrating the total areas of the §(CH,) and 6(CD,)
bands, concentration distribution of H and D chains were
evaluated in a similar way to that described in the previous
section. Fig. 16 shows the spatial distribution of relative
concentration of D species for the sample treated at 160°C
for 10 min. The solid curve is the calculated result on the
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basis of Eq. (6), and the D coefficient was evaluated as D =
4.0x 107 cm?/s. This value is smaller than the D value
(7.5 % 10~° cm?/s) of DHDPE/LLDPE(2) system at almost
the same temperature, indicating higher difficulty of the diffu-
sion of the chains through the interface between DHDPE and
LLDPE(3) films. In Table 2 are listed the D coefficients eval-
vated for DHDPE/LLDPE(3) samples at the different
temperatures. Fig. 13 includes the Arrhenius plot for
DHDPE/LLDPE(3) sample also. The activation energy
was evaluated to be 53.1 kJ/mol, about 2.7 times higher
than that of DHDPE/LLDPE(2). In this way, for the system
of DHDPE/LLDPE(3), the diffusion coefficient is smaller
and the activation energy of diffusion is higher, reflecting a
strong tendency of segregation between the D and H chains,
quite contrast to a strong tendency of mutual mixing of the
D and H chains in the DHDPE/LLDPE(2) system.

4. Conclusions

In the present paper the time-resolved infrared measure-
ment was made for the first time in the vicinity of the
interfacial region of the connected D and H films by using
an FTIR microscope. At the same time, the spatial distribu-
tion of the D and H chains was also investigated by
measuring the infrared spectra at the various positions of
the samples quenched from the molten state. From these
data, the time dependence and spatial dependence of the
relative concentration of D and H species could be evaluated
reasonably and the mutual diffusion coefficients were esti-
mated as a function of temperature on the basis of Fick’s
second law of diffusion.

As discussed repeatedly, a large difference between
DHDPE/LLDPE(2) and DHDPE/LLDPE(3) exists in the
phenomenon of cocrystallization and phase segregation of
the D and H chain components when they are cooled from
the melt. The present infrared spectral study clarified the
homogeneous mixing of D and H chains for the DHDPE/
LLDPE(2) system in the molten state, while the hetero-
geneous separation of D and H chains was observed for
the DHDPE/LLDPE(3) system even in the molten state.
From the SANS data, a homogeneous mixing was
speculated for the latter system but maybe in a much
wider scale than the local structure viewed by infrared spec-
troscopy. Based on these data, concrete image of diffusion
of the D and H chains in the molten state could be drawn
reasonably (Fig. 11). A large difference between DHDPE/
LLDPE(2) and DHDPE/LLDPE(3) systems in the diffusion
behavior and spatial distribution of the D and H chain
components means a remarkable difference in the kinetic
and thermodynamic behaviors, which reflects on the
difference in the crystallization behavior between these
two systems. It must be noticed that small differences in
the degree of side branching between LLDPE(2) and
LLDPE(3) results in large difference in diffusion and
crystallization behaviors.
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