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SYNOPSIS 

A family of copolymers of ethylene and a-olefin resins with homogeneous branching dis- 
tribution, which behaves as elastomers at high short-chain branching levels and acts as 
typical thermoplastics at low short-chain branching levels, is now available. Control of this 
broad range of properties stems from the ability to control the molecular architecture more 
effectively using Dow's INSITE@' technology than in the past. Due to the unique combi- 
nation of narrow short-chain branching distribution ( SCBD ) and narrow molecular weight 
distribution (MWD) , these resins provide a unique opportunity to model structure/property 
relationships in branched ethylene-a-olefin copolymers. The modulus in branched ethylene- 
a-olefin copolymers with aliphatic branches is shown to be primarily dictated by crystallinity. 
It is shown that the branch distribution and the branch type have an insignificant effect 
on the modulus of ethylene copolymers containing aliphatic branches at a given crystallinity. 
Modulus data have been successfully modeled in such systems using a lamellar fiber-rein- 
forced amorphous matrix composite model. Switching from aliphatic branches to cyclic 
branches significantly affected the modulus at similar crystallinities. 0 1994 John Wiley & 
Sons, Inc. 

INTRODUCTION 

A family of short-chain-branched ethylene-a-olefin 
copolymers with a homogeneous branching distri- 
bution, which behaves as elastomers a t  high short- 
chain branching levels and acts as typical thermo- 
plastics a t  low short-chain branching levels, is now 
available. Control of this broad range of properties 
stems from the ability to control the molecular ar- 
chitecture more effectively using Dow's INSITE@$ 
technology than in the past. Copolymers of ethylene 
and a-olefins synthesized using conventional het- 
erogeneous ( multisite ) catalysts yield copolymers 
with a broad molecular weight distribution and a 
broad distribution of short-chain branches. Practi- 
cally all commercial linear low-density ethylene-a- 
olefin copolymers belong to this category, with vari- 
ations in short-chain branch type. Recently, using 
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Dow's INSITE technology, a new set of resins has 
been synthesized with fairly narrow distributions of 
short-chain branches ( SCBD) and molecular weight 
( MWD) . Typical analytical temperature rising elu- 
tion fractionation (ATREF) curves of conventional 
linear low-density polyethylene (LLDPE) and the 
INSITE technology polymers ( ITP) , of similar 
density, are compared in Figure 1. The significant 
breadth of the ATREF curve for the conventional 
heterogeneous LLDPE illustrates its broad SCBD. 

The unique combination of narrow SCBD and 
narrow MWD of the ITP resins provides a unique 
opportunity to model structure /property relation- 
ships in branched ethylene-a-olefin copolymers. In 
this report, the modulus response of various poly- 
ethylene resins, including a family of ITP resins, 
will be discussed. The modeling of the modulus re- 
sponse of semicrystalline polymers in terms of their 
crystalline and amorphous phase moduli has been 
attempted several times in the past by various re- 
searchers.'-'' All these modeling efforts considered 
ethylene-a-olefin copolymers of density 0.90 g/cc 
(about 32% volume fraction crystallinity) and above. 
In most of these papers, the amorphous phase mod- 
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Figure 1 
INSITE technology resin of similar density. 

ATREF curves for an LLDPE resin and an 

ulus was assumed to be independent of crystallinity. 
Boyd” suggested that properties of the amorphous 
layers in the semicrystalline composite could be in- 
fluenced by its proximity to and its connection to 
the crystal surfaces. In fact, in the same paper, Boyd 
also claimed that “the major effect of varying crys- 
tallization conditions and crystallinity is to vary the 
crystal thickness leaving the amorphous layer 
thickness, and perhaps the properties, relatively 
constant.” Crist et aLZ0 used the original Tsai-Hal- 
pin equation to calculate the amorphous modulus 
from the total modulus and claimed that the amor- 
phous modulus can increase by 2 orders of magnitude 
as the volume fraction crystallinity increases from 
10 to 70% in ethylene-a-olefin copolymers. The 
crystal aspect ratio-dependent parameter, [, in the 
Tsai-Halpin equation was arbitrarily taken to be 
equal to one by Crist et alFO They justified the strong 
dependence of amorphous modulus on crystallinity 
based on mechanical relaxations occurring in eth- 
ylene-a-olefin copolymers. Although the concept of 
an increasing amorphous modulus with increasing 
crystallinity may make physical sense, an increase 
of 2 orders of magnitude may not be acceptable. The 
role of the amorphous fraction and complexities of 
the chain microstructure on modulus of semicrys- 
talline ethylene-a-olefin copolymers over a very wide 
range of crystallinity will be addressed in this article. 

EXPERIMENTAL 

The initial modulus (below 1% strain) and general 
stress-strain behavior of a family of ITP resins have 
been experimentally determined. Density (crystal- 
linity) of these resins is the key variable in this 
study. Variations in melt index ( 12), as measured 
by ASTM D-1238 condition E, have been introduced 
in a few cases to study the effect of molecular weight. 

To examine the effect of short-chain branch (SCB) 
type on solid-state properties, a variety of resins with 
different SCB types was used. These include ITP 
resins with hexyl branches (octene copolymer), four 
single-site catalyst resins with ethyl branches 
( SSE) , a high-pressure low-density polyethylene 
(LDPE) with long-chain branching, and het- 
erogeneous LLDPE resins with hexyl branches. 
Compression-molded plaques were made out of these 
resins as follows: Resin, in pellet form, was heaped 
into the center of a rectangular, metallic mold. The 
mold was placed between two aluminum foil sheets, 
sandwiched between two photographic plates, and 
backed by two steel plates. Molding was done for all 
specimens under ASTM conditions of a 15’C/min 
cooling rate. Three air-quenched specimens were 
also included in the study to verify the effect of cool- 
ing rate. Density and melt index ( 12) of all the SCB 
resins chosen for this study are shown in Table I. 
The densities were measured on the plaques. 

Tensile experiments were done on an Instron 
Model 1125 primarily following the ASTM D-412 
test method. All initial modulus ( E ,  ) measurements 
were done by pulling each specimen in tension to 
5% strain, a t  test rates of 0.2 in./min, using a 3 in. 

Table I 
Branched Ethylene Based Copolymers 

Density and Melt Index of Short-chain 

Resin Type 

ITP  
ITP 
ITP 
ITP 
ITP 
ITP 
LLDPE A 
ITP 
ITP 
LLDPE B 
ITP 
LLDPE C 
ITP 
ITP 
ITP  
SSE 
SSE 
SSE 
SSE 
Cyclic olefin 
Cyclic olefin 
Cyclic olefin 

Branch 
Type 

Hexyl 
Hexyl 
Hexyl 
Hexyl 
Hexyl 
Hexyl 
Hexyl 
Hexyl 
Hexyl 
Hexyl 
Hexyl 
Hexyl 
Hexyl 
Hexyl 
Hexyl 
Ethyl 
Ethyl 
Ethyl 
Ethyl 
Norbornene 
Norbornene 

Density 
Wee) 

Melt Index 
( 1 2 )  

0.856 
0.878 
0.873 
0.886 
0.889 
0.902 
0.905 
0.908 
0.910 
0.912 
0.919 
0.920 
0.940 
0.950 
0.954 
0.872 
0.880 
0.882 
0.885 
0.940 
0.939 

1.0 
3.6 
0.6 
1.0 
3.4 
1.1 
0.8 
4.7 
1.0 
1 .o 
1.0 
1.0 

31.6 
1.0 
0.9 
2.8 

10.0 
35.0 
2.2 
- 

- 

Norbornene 0.934 - 
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grip separation. Ei was obtained by determining the 
slope of a linear fit of the stress-strain data between 
0.2 and 1.0% strain. Beyond 5% strain, all samples 
display extensive nonlinearity a t  this test rate. All 
modulus data used in this report are plotted with a 
20% error bar estimated from cumulative error 
analysis. The error bars in the plots represent ab- 
solute error. Actual standard deviations for the 
modulus data were less than 10%. 
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Figure 2 displays the effect of density on the modulus 
of the ITP resins for densities ranging from 0.856 
to 0.954. Initial modulus increased from 1.5 to 834 
MPa in the range of density studied. Since the data 
in Figure 2 include melt indices ranging from 0.6 to 
31.6, it is clear that melt index played an insignifi- 
cant role on the modulus. As mentioned earlier, the 
density of these resins is varied simply by changing 
the comonomer content. The specimens with the 
highest density have the lowest comonomer content. 
It is clear that either density or the comonomer con- 
tent could serve as an independent variable for cor- 
relating with the modulus. However, density is more 
appropriate due to its direct relationship with crys- 
tallinity. The effect of density on modulus is clearly 
nonlinear. 

To verify whether this nonlinearity can be de- 
scribed by a single exponential function, the modulus 
was plotted as a function of density on a semiloga- 
rithmic scale (Fig. 3 ) .  It is evident from Figure 3 
that a single exponent does not describe the modulus 
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Figure 2 
resins on a linear scale. 

Modulus vs. density of INSITE technology 
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Figure 3 
resins on a semilogarithmic scale. 

Modulus vs. density of INSITE technology 

data in the entire density range. In fact, one can 
argue that there are at least two types of exponential 
behavior centered around 0.92 density. Figure 3 
shows that below 0.92 density the slope of the line 
is higher than that above 0.92 density, as shown by 
the two intersecting lines representing the best fit 
of the data above and below 0.92. Whether this 
transition is determined by morphology needs to be 
addressed. First, let us investigate the semicrystal- 
line composition of the ITP resins. 

Role of Branches on Overall Density 

Since density is the primary variable, it is necessary 
to examine the chain microstructure that leads to 
the measured density. The octene in the copolymer 
results in the formation of hexyl branches. It is well 
known that the hexyl branches cannot be accom- 
modated in the crystal lattice. Thus, it is expected 
that the octene content of the resin will directly in- 
fluence the density, i.e., crystallinity. The relation- 
ship between density and wt % octene in the co- 
polymers of similar melt indices is shown in Figure 
4. It must be noted that the relationship between 
octene content and density can also be affected by 
processing and the molecular weight of the resin. 
However, in this study, the processing method is 
held constant by choosing compression molding fol- 
lowed by controlled cooling. Once again, it is noted 
in Figure 4 that the nature of the density-octene 
relationship is different above and below 0.92 den- 
sity. The volume fraction crystallinity can be cal- 
culated from the density as follows: 



890 SEHANOBISH ET AL. 

0.95 

0.93 

-2 0.92 
0.91 * 

" 0'94 

M 
v 

0.9 

2 0.89 
g 0.88 

0.87 

0.86 

0.85 7 

where p is the density of polymer; p c ,  the density of 
the crystalline fraction; pa, the density of the amor- 
phous fraction, and X,, the volume fraction crys- 
tallinity. To verify whether this relationship is lin- 
ear, the role of branches on the amorphous density 
needs to be determined. Direct measurement of 
amorphous density a t  low levels of branching is 
practically impossible, since ethylene-a-olefin co- 
polymers crystallize at a very fast rate, so that a t  
room temperature a completely amorphous polymer 
cannot be obtained. Experimental approaches based 
on extrapolation have been employed by several in- 
vestigators. This type of approach yields an amor- 
phous density of 0.852 ~ / c c . ' - ~  However, there is 
very little literature available on the effect of chain 
microstructure on amorphous density. Some work 
has been done on polyisoprene with vinyl branches 
and on hydrogenated polybutylene ( HPB ) . Hydro- 
genation saturates the backbone and converts the 
vinyl branches into ethyl branches. Graessley et aL4 
reported data on the effect of branching on density 
in noncrystalline HPB systems. Figure 5 shows a 
plot of the mol fraction of vinyl vs. density. As ex- 
pected, the data extrapolate to the amorphous den- 
sity of linear polyethylene at zero mol fraction: 

It is expected that the mol % octene will have a 
similar effect on the amorphous density. However, 
octene mol % in the entire range of density (0.96- 
0.86 g/cc) for ITP resins is between 0 and 20%. 
Since one can safely assume that the crystallites do 
not incorporate hexyl branches, all the hexyl 
branches will be in the amorphous phase. Based on 
Figure 5, for HPB systems, it will amount to less 
than 0.4% variation in amorphous density. Thus, 
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Mol fraction of vinyl branches vs. amorphous Figure 5 
density for HPB. 

amorphous density can be assumed to be constant 
equal to 0.852 g/cc. Thus, eq. (1) should provide a 
fairly good estimate of crystallinity, at least for the 
density region above 0.87 g/cc. Since the role of 
branches on amorphous density is practically insig- 
nificant, the density variation in ITP resins is dic- 
tated by crystallinity. Furthermore, one can confirm 
the density vs. crystallinity relationship by inde- 
pendent measurement of wt % crystallinity from 
DSC. Heat of fusion of 100% crystalline polyeth- 
ylene was taken to be 292 J/g. Figure 6 shows the 
calculated wt 5% crystallinity from density against 
the measured crystallinity from DSC. The error as- 
sociated with the measurements are within f5%. 
Good agreement is emphasized with all the data 
falling along the diagonal. 
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Crystallinity calculated from density vs. crys- Figure 6 
tallinity measured from DSC. 
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Effect of Branch Distribution and Branch Type on 
Modulus 

Next it was considered whether the modulus-density 
relationship is affected if the SCB distribution is 
broad, as in the case of heterogeneous (multisite 
catalyst) ethylene-a-olefin copolymers. Several 
heterogeneous ethylene-a-olefin copolymers were 
included in the modulus studies and compared with 
the ITP resins. These are LLDPE A (0.905 g/cc), 
LLDPE B (0.912 g/cc) , and LLDPE C (0.92 g/cc) . 
Figure 7 shows the effect of density on modulus, 
including these specimens, plotted on a semiloga- 
rithmic scale. It can be seen that the distribution of 
branches played an insignificant role on the density- 
modulus relationship. 

There are several possibilities if one considers 
branch type. For example, if the comonomer type is 
changed from 1-octene to 1-butene, branch type 
changes from hexyl to ethyl. In this section, single- 
site catalyst polyethylene with ethyl branches and 
ITP resins with hexyl branches are also considered. 
Additionally, a significant change in the branch type 
is introduced using norbornene as a comonomer, re- 
sulting in cyclic olefin copolymers. It is expected 
that introduction of norbornene will significantly 
affect the chain mobility, leading to an increase in 
amorphous modulus. Note that norbornene units 
would be totally excluded from the crystallites. Four 
single-site resins with ethyl branches were used for 
this study. All four specimens were in the density 
range between 0.87 and 0.885 g/cc. Moduli of these 
specimens are included in Figure 8 along with ITP 
resins to verify the effect of ethyl branches on mod- 
ulus. It is evident, within experimental error, that 
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Figure 7 Modulus vs. density for INSITE technology 
and multisite catalyst polyethylene on a semilogarithmic 
scale. 
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Figure 8 
polymers with different branch types. 

Modulus vs. density of ethylene-a-olefin co- 

the change in branch type from hexyl to ethyl did 
not make a significant difference in the modulus- 
density relationship. 

Since single-site resins with ethyl branches used 
in this study were limited in density range, a com- 
parison of ITP resin modulus data was made with 
published secant modulus data5 of single-site ethyl- 
and butyl-branched specimens in this range to verify 
the role of bran h type. Below 0.92 density, all mod- 
ulus data of the ITP resins and single-site resins 
practically superimposed. However, the published 
data did not elaborate enough on the experimental 
technique to make a direct comparison. To further 
confirm that density (i.e., crystallinity) is the pri- 
mary variable controlling the modulus of polyeth- 
ylene based resins, modulus of high-pressure low- 
density polyethylene ( LDPE ) with long-chain 
branches was measured. For an LDPE of density of 
0.919 g/cc and a melt index of 0.22, the modulus 
value is 208.64 * 20 MPa. This is well within the 
expectation of the modulus-density relationship 
discussed so far. 

However, if a cyclic structure such as norbornene 
is used as a comonomer, the amorphous density and 
the amorphous modulus will be significantly affected 
over the crystallinity range. In such systems, an in- 
crease in density does not always imply an increase 
in crystallinity, since the amorphous phase density 
changes with the amount of norbornene comonomer. 
At wt % crystallinity levels of 14.4,23.8, and 49, the 
measured densities of the cyclic olefins were 0.940, 
0.9386, and 0.934 gm/cc, respectively. It can be seen 
from Figure 9 that the modulus of an ethylene-nor- 
bornene copolymer at  a given crystallinity is slightly 
higher than that of ethylene-a-olefin copolymers 
within the limits of experimental error. This is 
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Figure 9 Comparison of modulus vs. crystallinity for 
the cyclic olefin copolymer and INSITE technology co- 
polymers. 

probably due to the higher amorphous modulus of 
the ethylene-norbornene copolymers. Note that the 
cyclic branch in the ethylene-norbornene copolymer 
is more rigid than is the aliphatic hexyl branch in 
the ethylene-octene copolymer, and both norbor- 
nene and hexyl branches are excluded from poly- 
ethylene crystallites. Thus, at similar crystallinity, 
both copolymers would have similar crystal aspect 
ratio. Also note that the glass transition temperature 
of the ethylene-norbornene copolymer increases 
with increasing norbornene content. For example, 
a t  45 mol 96 norbornene, the copolymer exhibited a 
glass transition temperature of about 100°C as mea- 
sured by DSC. 

Modeling Modulus Response 

Based on these observations, it appears that a com- 
posite model of crystalline and amorphous phases 
is the best way to describe the modulus of ethylene- 
a-olefin copolymers. To obtain the upper-bound and 
the lower-bound behavior, two simple combinations 
of amorphous and crystalline phases are first con- 
sidered. If X ,  is the volume fraction crystallinity, 
the upper- and lower-bound behavior can be ob- 
tained by simple linear combinations of amorphous 
and crystalline phase moduli as shown below: 
Upper-bound behavior (parallel element) : 

E, = E, X Xc + En X ( 1 - X , )  

Lower-bound behavior (series element): 

( 2 )  

1 x, 1 - x, 
Et Ec En 

+- _ = -  ( 3 )  

where En, E,,  and Et are the amorphous phase mod- 
ulus, crystalline phase modulus, and total modulus, 
respectively. 

It has been speculated in the past that the rubbery 
modulus of the amorphous content of the semicrys- 
talline material may not be completely independent 
of c r y ~ t a l l i n i t y . ' ~ ~ ~ ~  It is believed that the properties 
of the amorphous material will be influenced by its 
proximity to and its connection to the crystal sur- 
face. Unfortunately, there is no direct measurement 
for the amorphous modulus to confirm its role. 

In the present calculations, the amorphous mod- 
ulus was assumed to be independent of crystallinity. 
Extrapolation of the present data to 0.852 density 
yields an En of 1.72 MPa (250 psi). E, of 1.8 GPa 
(258,000 psi) from the literature was used in these 
calculations.6 As expected, the actual data points lie 
in the center of the upper- and lower-bound behavior 
(Fig. 10). This emphasizes that the actual model 
describing the modulus response should come from 
a composite theory. We chose to use a composite 
theory that considers the crystals as rigid fibers in 
an amorphous m a t r i ~ . ~ . ~ '  The model treats the sys- 
tem as randomly oriented plies that individually are 
unidirectional short-fiber composites. Based on this 
approach, the modulus of the semicrystalline com- 
posite with the b-axis of the crystal oriented in the 
tensile direction is given by the Tsai-Halpin equa- 
tion as follows: 

In eq. ( 4 ) ,  X ,  is the volume fraction crystallinity 

8 T  

7 

0 
0 3  

= 1  
E 
4 

1 

0 4  I 
0.85 0.9 0.95 1 1.05 

Density, glcc 

Figure 10 Comparison of predicted modulus using the 
composite model and the measured modulus as a function 
of density. Top and bottom curves represent the upper 
and lower bounds, respectively, whereas the curve in the 
center displays the fit of the composite model to the actual 
data points. 
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and E is the crystal aspect ratio-dependent parameter 
and is equal to 2 ( L / D ) ,  i.e., two times the ratio of 
the length or width of the lamellar fiber and lamellar 
thickness. It is believed that in the absence of any 
specific crystallization substrate and if the process- 
ing conditions are kept constant the aspect ratio 
should be a simple function of crystallinity. For 
simplicity, an exponential increase in the average 
aspect ratio [of the form A exp(BX,), where A 
= 4.7 and B = 5.5 are fitting constants with crys- 
tallinity was incorporated into eq. ( 4 )  1. It can be 
seen from Figure 10 that the Tsai-Halpin composite 
model, using aspect ratio-dependent parameter as 
described and a constant amorphous modulus, ad- 
equately describes the modulus data. No attempt 
was made to verify the assumed aspect ratio as a 
function of crystallinity. Extensive transmission 
electron microscopy performed in this laboratory has 
indicated that the length or width of the lamellar 
fiber increases much more rapidly than does the 
thickness with increase in crystallinity for the ITP 
resins. This lends some credibility to the above as- 
sumption of an exponential increase in the aspect 
ratio with crystallinity. However, for ethylene-a- 
olefin copolymers, it is extremely tedious and diffi- 
cult to quantitatively determine the aspect ratio 
from TEM micrographs or any other combination 
of scattering techniques. An approximate aspect ra- 
tio as measured from these micrographs changed 
from approximately 1 at  0.856 g/cc to 100 at 0.954 
g/cc. Exact experimental determination of this 
number cannot be accomplished due to curving of 
lamellae at  lower densities. A similar increase in as- 
pect ratio was also assumed by Halpin and Kardos 
in their attempt to model polyethylene modulus.” 

One may question the validity of the approach 
used earlier by Crist et a1.21 based on the Tsai-Hal- 
pin equation to model the modulus of polyethylene. 
Crist et al. used the Tsai-Halpin equation to cal- 
culate the amorphous modulus from the total mod- 
ulus and claimed that the amorphous modulus can 
increase by 2 orders of magnitude as the volume 
fraction crystallinity increases from 10 to 70% in 
polyethylene. A two orders of magnitude increase in 
amorphous modulus is highly improbable. Such a 
prediction is simply a result of assuming the param- 
eter ,$ to be constant throughout the entire density 
range. The original Tsai-Halpin equation refers to 
the parameter, C;, as an aspect ratio-dependent pa- 
rameter equal to 2 ( L I D ) .  Thus, for morphology 
with crystal dimensions continuously changing with 
crystallinity, C; cannot be assumed constant and must 
be greater than two. Thus, C; equal to one used by 
Boyd” and Crist et a1.21 is also physically impossible. 

Another approach to modeling the modulus crys- 
tallinity relationship is to use the filled elastomer 
approach based on hydrodynamic theories. These 
theories originate from Einstein’s viscosity equation. 
It predicts the modulus of the loaded rubber based 
on the modulus of the gum rubber. The model im- 
plicitly assumes high rigidity of the filler entities; 
thus, the dimensional changes in the filler due to 
Poisson’s effect is minimum. The semicrystalline 
ethylene-a-olefin copolymer structure is very anal- 
ogous, where the crystallites ( Lamellar platelets ) 
act as a filler in the rubbery amorphous matrix. Kri- 
gas et a1.22 actually considered such a model for 
polyethylene. Assuming crystals to be a spherical 
entity as required by the Guth-Gold equation for 
the rubbery matrix, they demonstrated good agree- 
ment of the model and the data for small crystallin- 
i t i e ~ . ~ ~ , ~ ~  However, the model underpredicted the 
modulus for high-level crystallinities. The authors 
expected the failure in predictability because crys- 
talline morphology in polymers is lamellar rather 
than spherical: Crystallite size and shape must also 
be determinants of modulus. However, this discrep- 
ancy can be effectively removed if one considers the 
equation by Guth that introduces a shape factor in 
the original The original equation then be- 
comes 

E, = Ea(l + 0.6fXc + 1.62f2Xc) (5)  

where f is the aspect ratio of the filler. It is inter- 
esting to note that assuming an exponential increase 
in aspect ratio, eq. (5)  predicted the modulus-den- 
sity relationship as good as did eq. (4 ) .  Thus, the 
role of the crystal aspect ratio changing with crys- 
tallinity overlooked by most researchers seems to 
be very important. 

CONCLUSIONS 

1. The branch distribution and branch type at  
similar crystallinities have an insignificant 
effect on the modulus of ethylene based co- 
polymers containing aliphatic branches. 

2. The modulus in branched ethylene-a-olefin 
copolymers with aliphatic branches over a 
broad crystallinity range appears to be pri- 
marily dictated by crystallinity. This has been 
successfully modeled in such systems using a 
lamellar fiber-reinforced amorphous matrix 
composite model with the crystal aspect ratio- 
dependent adjustable parameter and using a 
constant amorphous modulus. 
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3. Switching from aliphatic branches to cyclic 
branches as in the ethylene-norbornene co- 
polymer significantly increased the total 
modulus at similar crystallinities. This is 
probably due to an increase in the amorphous 
modulus due to rigid cyclic branches. 

The authors would like to acknowledge the contributions 
of Scott Mudrich for helping with some of the experi- 
mental activities. Thanks to G. W. Knight, C. P. Bosnyak, 
S. Y. Lai, and H. T. Pham for continuous discussions and 
interactions. 
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