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Molecular characteristics and crystalline structure 
of et hylene-dimet hylam inoet hyl met hacry late 
copolymers (Technical Report) 

A B S T R A C T :  The relationship between molecular and 
crystalline structural characteristics of the ethylene 
-dimethylaminoethylmethacrylate copolymers (EDAM) was 
investigated and related to melt flow index MI and 
average gross content of DAM comonomer, in comparison 
with low density polyethylene (LDPE) produced by the 
common high-pressure radical polymerization process. 
Although the average molecular weight and its distri- 
bution are influenced predominantly by the polymeriza- 
tion conditions, DAM-content seems not to depend 
significantly on molecular weight according to the 
GPC-FT/IR measurement. 
Comonomer sequence distributions were determined quan- 
titatively with the 13C-NMR spectra entirely assigned 
by DEPT and 'H-I3C COSY techniques. The result 
suggests the alternating copolymerization tendency and 
suprisingly coincides with the simulation out-puts 
based on the assumption of continuous complete mixing 
reactor model, using Mayo-Lewis equation and the same 
9-e values as previously reported on different types 
of copolymers such as EVA and St-DAM (VA;vinylacetate, 
St;styrene). 
It was confirmed by WAXD and SAXS analyses that the 
crystallinity X, and the thickness of lamellar crys- 
tal Q decreased with increasing DAM-content, whereas 
the a-lattice and b-lattice dimensions enlarged. X, 
and Q , can definitely be correlated to the heats of 
fusion and crystallization measured by DSC. The ave- 
rage size of spherulites measured with light scatter- 
ing photometry tends to be enlarged with decreasing 
molecular weight (increasing MI) and DAM-content. 

INTRODUCTION 

Copolymers (EDAM) of ethylene with N, N-dimethylaminoethylmethacryl- 
ate (DAM) are manufactured by the high-pressure radical polymeriza- 
tion process common to low density polyethylenes (LDPE). The copo- 
lymers are useful and important particularly as dyeing modifiers for 
polypropylene fibers (ref. 1 - 5 ) .  The dimethylamino-group branches 
afford effective dyesites toward acid- or premetallized-type dye- 
stuffs, while the polyethylenic main chain contributes to fine 
dispersing into polypropylene, and thus the smooth melt-spinning 
of the blended compound is attained. 

The melt flow index MI, an industrial standard of melt fluidity 
parameter which fairly reflects the average molecular weight, and 
the average gross content of DAM monomer are the macroscopic copoly- 
mer characteristics controllable during the polymerization opera- 
tion. 

1826 
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Therefore, the practical properties in actual applications have so 
far been evaluated merely in connection with these two characteris- 
tics. 

The East Asia Sub-Group meeting of IUPAC Working Party m-2-1 has 
been working to investigate the molecular microstructures of the E- 
DAM copolymer chain and the higher order structural characteristics, 
such as crystalline/amorphous size, spherulite size and thermal 
properties, in relation to the above macroscopic copolymer charac- 
ters. Some kinds of LDPE produced under nearly the same polymeriza- 
tion conditions were also studied for comparative considerations. 

This paper is concerned with the results on experiments and discuss- 
ion which have been made by the Sub-Group in the last four years. 
Particular emphasis will be placed to highlight the copolymerization 
mode between ethylene and DAM monomer, making reference to a simula- 
tion based on the 8-e values of each comonomer, and also the co- 
rrelation of crystalline and thermal characteristics. 

EXPERlM ENTAL 

Materials 

Samples of EDAM copolymers and low density polyethylenes (LDPE) pro- 
vided by Sumitomo Chemical are listed in Table 1. All the samples 
were produced by continuous radical polymerization processes with a 
vigorously stirred vessel-type reactor under the conditions of 1300 
-2300kg/d and 165-210°C. 

DA1701 is the only commercial product, and the others are all non- 
commercial samples. 

Measurements 
DAM-contents of EDAM copolymer samples were calculated from the 
results of N-content analysis by Kjeldahl method. 

Melt flow index'MI was measured at 190°C with 2.16kg load according 
to ASTM D1238. 

Intrinsic viscosity [ v ]  was measured in tetralin solution at 135°C 
by using Ubbelohde's viscometer. 
Density was measured according to ASTM D1505 at 20°C after 
annealing. 

Thermogravimetric analyses (TGA) were carried out to investigate 
thermochemical reaction under N P  atmosphere during temperature ele- 
vation from 20°C to 600°C at the rate of lO"C/min, using a SEIKO 
ELECTRICS model TGA/DTA 200 analyzer. 

Exothermic and endothermic curves were measured using a SEIKO ELECT- 
RICS model DSC 200 (Differential Scanning Calorimeter). Each sample 
of about 5 mg was held at 150 "C for 5 min, cooled and heated at the 
rate of 1O0C/min. Heat of fusion AH, was calculated from the 
area of the endothermic curve using indium sample (28.5 joul/g) as a 
standard, and the peak point of the curve was taken as the melting 
temperature T,. Heat of crystallization AH, and crystallization 
temperature T, were also determined similarly with the exothermic 
curve. 

Average molecular weights, M, and M,, and molecular weight distri- 
bution (MWD) were measured from calibration curve obtained on poly- 
styrene by gel permeation chromatography (GPC), TOSOH HLC 811, 
equipped with both a refractometer and a Chromatix low-angle laser 
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TABLE 1 .  Molecular characteristics and thermal properties of EDAM copolymrs 
and low density polyethylenes (LDPE) . 

Content Density Thermal properties 
* ( ' I  at20"C T, T ,  A H (  AH, 
Tetralin, E D A M  N D A M 

wi$ ml% g/lhin. 135°C g/cd "c "C joul/g joul/g 
DA 3032 3.5 39 10.2 300 0.49 0.9392 65.5 48.1 21.8 - 15.9 

DA 3002 2.7 30 7.1 400 0.49 0.9345 83.6 61.6 42.3 - 38.5 

DA 1701 2.5 28 6.5 100 0.59 0.9358 88.0 68.0 45.2 - 46.5 

DA 3012 2.5 28 6.5 20 0.77 0.9351 87.8 64.5 43.9 - 44.4 

DA 3023 1.8 20 4.3 400 0.51 0.9291 92.3 73.2 62.8 - 61.5 

DA 3011 1.8 20 4.3 90 0.59 0.9313 93.0 72.7 56.5 - 58.6 

DA 3013 1.8 20 4.3 17 0.66 0.9317 96.3 77.0 68.2 - 62.4 

DA 3014 1.8 20 4.3 2 0.95 0.9303 99.3 81.7 74.5 - 69.9 

DA 3024 1.3 15 3.0 400 0.51 0.9274 93.9 75.5 66.5 - 77.4 

DA 3005 1.3 15 3.0 6 0.79 0.9317 97.8 80.1 72.8 - 68.2 
PE 3341 - - - 2 0.94 0.9341 120.6 107.7 152 -162 
PE 3246 - - - 2 0.99 0.9276 113.8 99.8 126 -146 

light scattering apparatus. Tetrahydrofuran solutions containing 
0 . 1 5  wt% copolymer and 0 . 5  wt% n-butylamine were fed into a column 
controlled at 6 0 ° C .  

The absolute weight-average molecular weight of the sample DA1701 
was measured by low-angle laser light scattering method in the 
Institute of Chemistry, Chinese Academy of Sciences, in three 
solvents, o-dichlorobenzene, chlorobenzene and cyclohexane. The 
refractive index increments of the copolymer solutions in these 
solvents at 50'C were determined on an OHTSUKA model RM 1 0 2  differ- 
ential refractometer, using an incandescent light source with a 
A = 6 3 2 8  8, interference filter. The determination of the apparent 
molecular weight M,,, in the three solvents was made on a Chromatix 
model KMX-6 low-angle laser light scattering photometer using a 
He-Ne laser of ) , = 6 3 2 8  8, as the light source. The detailed 
procedure to evaluate M, will be described later. 

The molecular weight dependence of copolymer composition was 
measured using GPC, TOSOH HLC 802UR, equipped with a FT-IR spectro- 
meter (Perkin Elmer 1 7 5 0 ) .  Chloroform containing a small amount 
of n-butylamine ( 0 . 2  wts) was used as an eluent. The system was 
maintained at 40'C.  IR spectrum acquisitions were carried out 
continuously during the elution. DAM-content was evaluated from the 
peak intesity ratio of the band at 1 7 2 0  an-', y c - o  , to that at 
2 9 2 9  an-', y ,,(CHt). The intensity ratios for about 3 0  spectra 
obtained in every 3 0  sec were averaged to make one data point. 

13C-NMR spectra were obtained on a Bruker AM 4 0 0  spectometer opera- 
ting at 1 0 0 . 6  MHz at 6 0 ° C .  Polymer solutions for NMR measurement 
were prepared in deutero-chloroform with concentration maintained at 
1 0  % by weight. Tetramethylsilane was used as a chemical shift refe- 
rence. The conditions for measurement were as follows: pulse inter- 
val, 1 0  sec; spectral width, 2 9  KHz; pulse width, 4 . 8  ysec ( 9 0 "  ) ;  
acquisition time, 0 . 6  sec; number of data points per spectrum, 3 2  K. 

DEPT (Distortionless Enhancement by Polarization Transfer) spectrum 
and 13C-lH COSY (Correlation 2D spectoscopy) were measured in order 
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to assign NMR peaks more precisely. 

X-ray crystallinity X, and the thickness of lamellar crystal , 
were determined using wide angle X-ray diffraction (WAXD) and small 
angle X-ray scattering (SAXS), respectively. WAXD and SAXS were 
measured with a Rigaku RAD-RB X-ray diffractometer. Lamellar thick- 
ness E , was calculated from the following relationship, consider- 
ing a two-phase model for EDAM solid; 

where L is a long period determined by SAXS, and the densities of 
crystalline and amorphous phases were taken to be 1.00 and 0.86, 
respectively (ref. 6). 

Lamellar crystalline morphology of EDAM was observed by transmission 
electron microscopy (TEM). A hot-press molded sample specimen was 
sectioned at room temperature with an ultramicrotome and stained by 
phosphotungstenic acid (PTA) aqueous solution at 60°C for 1 hour. 
It is supposed that only amorphous phase is dyed as a result of a 
relatively easier penetration of the staining reagents, s o  a clear 
contrast is visible only when the lamellae and the amorphous phase 
are perpendicular to the surface of the thin section, and under this 
condition, the lamellar thickness can be directly measured. The 
thickness was measured with about 200 lamellae and the number 
average thickness was calculated. 

Morphological study on spherulites was carried out in the Changchun 
Institute of Applied Chemistry, Chinese Academy of Sciences, with 
Light Scattering System JSY-390, made by the workshop of the Insti- 
tute. Samples for the measurement were hot-press molded at 140°C 
and quenched in air. The radius of spherulite R, was evaluated with 
Stein's procedure (ref. 7 )  shown below: 

where A=6328 8, is the wavelength of light obtained from a He-Ne 
laser, and e m a x  is the scattering angle. 

RESULTS A N D  DISCUSSION 

Molecular characteristics 

DAM-content, MI, [ r ] ] ,  and density of EDAM copolymers and LDPE used 
in this study are summarized in Table 1 .  

Logarithms of MI, a parameter of melt viscosity, decrease almost 
linearly with increasing solution viscosity [ r ] ]  as shown in 
Fig. 1 ,  and there is little difference between the EDAM copolymers 
and EVA (ethylene-vinylacetate) copolymers prepared by the same 
high-pressure polymerization process, in spite of differences in 
polarity and bulkiness of side residures of each copolymer. 

DAM-content dependence on density for EDAM copolymers is shown in 
Fig. 2, where a moderate similarity with EVA copolymers (broken 
line) is seen as a function of molar concentration of DAM and VA. 

Thermal characteristics 

Some representative DSC heating and cooling curves are shown 
in Figs. 3 and 4, respectively. T,, T,, AH, and AH, obtained 
from those curves are summarized in Table 1 together with those of 
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z t  

0.1 " " " " '  
0.4 0.6 0.8 1.0 1.2 

[ 77 ] (in tetralin, at 135'C) 
0 S 10 IS 

DAM (VA) content (mol%) 

Fig. 1. M I  vs. [ 71 I correlation for EDAM Fig. 2. Density vs. DAM-content correla- 
tion for EDAM copolymers (open circles) 
referred to EVA copolymers (broken line). 

copolymers (open circles, solid line) 
and EVA copolymers (broken line). 

LDPE. Melting temperature T, and crystallization temperature 
T, decrease with increasing DAM-content as shown in Fig. 5, where 
fairly good agreement with EVA series (broken lines) are seen. It 
might be suggested that the degree of defective influence on crysta- 
lline structure by DAM-side chain is approximately close to that by 
VA-side chain. Both the heats of fusion AH, and o f  crystallization 
AH, are strongly dependent on DAM-content as shown in Figs. 6 and 
7, respectively, which are copsistent with the great decrease in 
lamellar thickness due to a little insertion of DAM units, 'as will 
be mentioned in the later section of this paper. 

Figure 8 illustrates TGA curves of several EDAM copolymers of 
different DAM-contents and LDPE. It is apparent from the curves 
that thermal degradation of EDAM copolymer proceeds in two steps. 
The first region of the degradation could be defined approximately 
as from 250°C to 44OoC, and the second one from 440'C to 500 'C.  
An approximately linear relationship between weight loss in the 
first step degradation and DAM-content was held as shown in Fig. 9. 
The slope of the line found, 0 . 5 6 5 ,  is just the molecular weight 
ratio of (CH3)2NC2H,OH to DAM, which strongly suggests that the 
first thermal degradation occurred at the ester-bond position to 
eliminate dimethylaminoethanol. 

Average molecular weight 

Number- and weight-average molecular weight, M, and M,, based on 
the calibration with polystyrene, and the molecular weight distri- 
bution parameter M, /M, were measured by GPC and are listed in 
Table 2. Viscosity-average molecular weights M, were also calcu- 
lated as listed in the table, applying the Harris equation (ref. 8) 
for the samples of LDPE produced under nearly the same conditions 
as EDAM copolymers. 

where [ Q  ] is the intrinsic viscosity. Molecular weight distribu- 
tion (MWD) was recognized to be narrow for EDAM copolymerized under 
lower-temperature and/or higher-pressure condition like a normal 
tendency in LDPE, regardless of obscure correlation with DAM- 
content. 

Regarding the copolymer DA1701, the determination of the absolute 
value of weight-average molecular weight M, was carried out by low- 
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6 Temperature ("C) 

Fig. 3. DSC endothermic curves of EDAM Fig. 4. DSC exothermic curves of EDAM 
copolymers. copolymers. 
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Fig. 5. T, and T, vs. DAM-content correlation for  EDAM 
copolymers (circles and triangles) referred to EVA 
copolymers (broken l i n e s ) .  
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Fig. 6. Influence of DAM-content on heat 
of fusion, AH,. 
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Fig. 7. Influence of DAM-content on heat 
of CrystaUiZation, AH,. 
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I %.. .... ....... .. . 

- 20 

0 
0 10 20 30 10 50 

DAM-content (wt%)  

degradation vs. DAM-content correlation 
f o r  EDAM copolymers. 

Fig. 9. Weight loss i n  t h e  f i r s t  s t ep  

a n g l e  l a se r  l i g h t  s c a t t e r i n g  (LALLS) e x p e r i m e n t s  i n  t h r e e  s o l v e n i s  
o f  d i f f e r e n t  r e f r a c t i v e  i n d i c e s  a c c o r d i n g  t o  t h e  t h e o r y  o f  B e n o i t  
a n d  F r o e l i c h  ( r e f .  9 ) .  

w h e r e  M,,, is  t h e  a p p a r e n t  m o l e c u l a r  w e i g h t  o f  EDAM a s  e v a l u a t e d  
f r o m  t h e  l i g h t  s c a t t e r i n g  d a t a  i n  e a c h  s o l v e n t ,  f , ,  f , ,  a n d  f a r e  
t h e  r e f r a c t i v e  i n d e x  i n c r e m e n t s  o f  t h e  s o l u t i o n s  o f  h o m o - p o l y e t h y -  
l e n e ,  homo-poly(DAM) a n d  EDAM c o p o l y m e r ,  r e s p e c t i v e l y ,  i n  e a c h  
s o l v e n t ,  a n d  P a n d  Q a re  t w o  p a r a m e t e r s .  The  r e f r a c t i v e  i n d e x  n ,  
o f  homo-poly(DAM) is c a l c u l a t e d  f r o m  t h e  e m p i r i c a l  r e l a t i o n  

w h e r e  n E D A M  is t h e  r e f r a c t i v e  i n d e x  o f  EDAM c o p o l y m e r  a n d  W ,  ( 0 . 7 2 )  
is t h e  w e i g h t  f r a c t i o n  o f  e t h y l e n e  i n  t h e  c o p o l y m e r ,  w h i c h  is  f o u n d  
f r o m  N - a n a l y s i s .  The  v a l u e  o f  n E o r M  was e s t i m a t e d  t o  b e  1 . 4 7 9  b a s e d  
o n  GPC m e a s u r e m e n t  i n  t o l u e n e  a t  5 0 ° C ,  w h e r e a s  n g  was t a k e n  a s  
t h a t  o f  LDPE t o  b e  1 . 5 1 0  f r o m  t h e  l i t e r a t u r e  ( r e f .  1 0 ) .  C o n s e q u e n -  
t l y ,  n, is  c a l c u l a t e d  t o  b e  1 . 3 9 5 .  

T h e  a p p a r e n t  m o l e c u l a r  w e i g h t  M , , ,  c a n  b e  e v a l u a t e d  f r o m  e q s .  ( 6 )  
a n d  ( 7 )  b y  e x t r a p o l a t i n g  t h e  l i n e a r  p l o t  o f  HC/AR ( C )  v s .  C t o  c=o , e 

HC/AR ( C ) = l / M  ., , + 2A2C (6) 

H = 2 n  2 / (  ' N ) ( ~ + c o s *  0 ) n 2 f z  ( 7 )  

w h e r e  R ( C )  is t h e  i n c r e m e n t  o f  t h e  R a y l e i g h  r a t i o  o f  t h e  s o l u t i o n  
a t  t h e  s c a t t e r i n g  a n g l e  8 a n d  c o n c e n t r a t i o n  C ,  A 2  i s  t h e  s e c o n d  
V i r i a l  c o e f f i c i e n t ,  h is t h e  w a v e l e n g t h  o f  i n c i d e n t  l i g h t ,  a n d  N is 
t h e  A v o g a d r o  n u m b e r .  T h e  o p t i c a l  c o n s t a n t s  o f  t h e  s o l u t i o n  a r e  
l i s t e d  i n  T a b l e  3 a n d  t h e  l i g h t  s c a t t e r i n g  d a t a  a r e  p r e s e n t e d  i n  
F i g .  1 0 .  T h e  f i t t i n g  o f  t h e  d a t a  o f  M .,, a s  a q u a d r a t i c  f u n c t i o n  
o f  ( f B  - f D  ) / f  was a c c o m p l i s h e d  b y  a p p r o x i m a t i n g  t h e  v a l u e  o f  
( f ,  - f ,  ) t o  t h e  v a l u e  o f  ( n ,  - n ,  ) ,  a s  s h o w n  i n  F i g .  1 1 ,  
f r o m  w h i c h  M, o f  DAlW1 a n d  t h e  p a r a m e t e r s  P a n d  Q a r e  e v a l u a t e d ;  
M, = 4 . 5 2 x  l o 4 ,  P = 2 . 3 2 x  l o 3  a n d  Q = 8 . 6 8 x  l o 2 .  

e 
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TABLE 2. Average molecular weight measured by GPC. 

DAM content M I M, n ,  M, a )  [ v 1 b ,  M, = )  

wt% g / l  Omin. x 1 0 - 4  x 1 O - b  dl/g x 
EDAM M w  / M n  

DA 3 0 3 2  3 9  300 
DA 3 0 0 2  3 0  400 
DA 1701  28 100 
DA 3 0 2 3  2 0  400 
DA 3011  20 90 
DA 3 0 1 3  20 17 
DA 3 0 1 4  2 0  2 

3 . 3 7  7 . 6 3  2 . 3  0.49 1 . 1 6  
1 .50  3 . 2 0  2.1 0.49 1 . 1 6  
2. 84 6 . 0 9  2.1 0 . 5 9  1 . 5 5  
2 . 4 3  8 . 8 8  3.7 0.51 1.23 
2 . 6 4  1 1 . 2  4.2 0.59 1 . 5 5  
2.94 8 . 2 9  2 . 8  0 . 6 6  1 . 8 6  
7.80 2 5 . 4  3 . 3  0 . 9 5  3.31 

2 PE 3341  - 
PE 3 2 4 6  2 - 0 . 9 4  3 . 2 5  

0 . 9 9  3 . 5 3  
- d )  - d )  - 
- d )  - d )  - 

a)reduced to polystyrene 
Apparatus:TOSOH HLC 811 
Conditions:THF solution containing n-butylarnine ( 0 . 5 % ) ,  60°C 

b)Intrinsic viscosity:tetralin solution, 135°C 
c)calculated by Harris equation [ v ] = 1 . 3 5 ~ l O - ~ M .  O ,  6 3  

d)Insoluble in THF solvent at 60°C 

TABLE 3.  Optical constants of the EDAM solution at 50°C 
and M,,, observed. 

Solvent n ( A = 6 3 2 8 8 , )  f M,,, x 10-4  

o-dichlorobenzene 1 . 5 3 8 3  - 0 . 0 7 2 7  4 . 0 6  

chlorobenzene 1 . 5 0 2 7  - 0 . 0 4 6 6  3 . 9 6  

cyclohexane 1 . 4 0 8 3  -0 .0720  5.54 

' 1.00 - 8 
0 '  I 

0 1.00 2.00 3.00 4.00 5-00 6-00 

c x i 0 3  ( g m )  

Fig. 10. Light scattering data of DA1701 
in three solvents. (1 : o-dichlorobenzene, 
2 : chlorobenzene , 3 : cyclohexane ) 

c 
I 

2 
X 

0 

e 
e 

I: 

-5.00 -4.00 -3-00 -2.00 - 1 - 0 0  0.00 1.00 2 - 0 0  

(fE - fD)/f 

Fig. 11.  Plot Of Ma,, VS. (fE-f,)/f for 
DA1701 in three solvents fitted to eq. 4. 
(1 : o-dichlorobenzene, 2 : chlorobenzene, 
3 : cyclohexane) 
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Molecular weight dependence of copolymer composition 

M o l e c u l a r  w e i g h t  d e p e n d e n c e  o f  DAM-content i n  E D A M  c o p o l y m e r s  e v a l u -  
a t e d  by  m e a n s  o f  GPC-FT/IR s y s t e m  i s  shown  i n  F i g .  1 2 .  The p e a k  
i n t e n s i t y  r a t i o  ( 1 1 7 2 ~ / 1 2 9 2 9 ) ,  w h i c h  i s  a m e a s u r e  o f  DAM-content ,  
d o e s  n o t  show a n y  p a r t i c u l a r  d e p e n d e n c e  on m o l e c u l a r  w e i g h t  ( c h a i n  
l e n g t h )  i n  t h e  r e g i o n  o f  t h e  m a i n  p a r t  o f  M U D ,  t h o u g h  i t  s l i g h t l y  
i n c r e a s e s  near  t h e  b o t h  e n d s  o f  MWD i n  t h e  ca se  o f  t h e  s a m p l e  o f  
h i g h  DAM-con ten t  (DA3032) .  

10' 10' 10' 10' 10' 10' 10 '  10' 1 0 3  1 0 4  10' 10' 
C h a i n  Length ( A )  Chain Length ( A )  

Fig. 12. Molecular weight dependence of DAM-content ( l e f t )  and molecular 
weight dis t r ibut ion (r ight)  fo r  EDAM copolymers measured by GPC-FT/IR. 
(Chloroform solution, 40°C ) 

Micro-structure of polymer chain 

F i g u r e  13  s h o w s  t h e  1 3 C - N M R  s p e c t r u m  o f  t h e  r e p r e s e n t a t i v e  EDAM 
c o p o l y m e r  s a m p l e ,  DA1701. I n  o r d e r  t o  a s s i g n  t h e  p e a k s  p r e c i s e l y ,  
DEPT s p e c t r u m  a n d  1 3 C - l H  c o r r e l a t i o n  2D s p e c t r u m  were m e a s u r e d .  The 
f o r m e r  t e c h n i q u e  i s  u s e f u l  t o  d i s t i n g u i s h  t h e  n u m b e r  o f  p r o t o n s  
a t t a c h e d  t o  c a r b o n .  I n  t h i s  p u l s e  t e c h n i q u e ,  q u a t e r n a r y  c a r b o n s  d o  
n o t  a p p e a r ,  a n d  o n l y  C H  c a r b o n s  a p p e a r  i n  t h e  case  o f  9 0 "  ' H  p u l s e .  
A l l  t h e  C H 3 ,  C H 2  a n d  C H  p e a k s  a p p e a r  p o s i t i v e l y  by  4 5 "  p u l s e .  By 
1 3 5 "  p u l s e ,  h o w e v e r ,  C H 2  p e a k s  a p p e a r  n e g a t i v e l y ,  a s  o p p o s e d  t o  C H 3  
a n d  CH o n e s .  F i g u r e  1 4  s h o w s  a n o r m a l  1 3 C - N M R  s p e c t r u m  ( a )  a n d  D E P T  
s p e c t r a  ((b) a n d  ( c ) )  o f  DA1701. T h e  p e a k s  a t  4 6 . 0 3  a n d  4 5 . 3 0  ppm 
i n  t h e  s p e c t r u m  ( a )  d i s a p p e a r e d  i n  DEPT s p e c t r a ,  s u g g e s t i n g  t h a t  
t h e s e  p e a k s  a r e  d u e  t o  q u a t e r n a r y  c a r b o n .  C o m p a r i n g  t w o  D E P T  
s p e c t r a ,  t h e  p e a k  a t  4 3 . 3 9  ppm c a n  b e  a s s i g n e d  t o  C H 2  c a r b o n .  

1 3 C - ' H  c o r r e l a t i o n  2D s p e c t r u m  makes  1 3 C - N M R  p e a k  a s s i g n m e n t  e a s i e r  
b y  u s i n g  cross  p e a k s  l i n k e d  w i t h  ' H - N M R  p e a k s  a s  shown  i n  F i g .  1 5 .  

B e s i d e s  t h e  p e a k s  d u e  t o  DAM comonomer s e q u e n c e s ,  many o t h e r  p e a k s  
d e r i v e d  f r o m  a l k y l  s h o r t  c h a i n  b r a n c h i n g  a r e  o b s e r v e d  i n  1 3 C - N M R  
s p e c t r u m .  A s s i g n m e n t s  f o r  t h e s e  p e a k s  were c a r r i e d  o u t  by u s i n g  
Lindeman-Adams e m p i r i c a l  e q u a t i o n  ( r e f .  1 1 )  a n d  by r e f e r i n g  t o  t h e  
r e p o r t e d  a s s i g n m e n t s  f o r  h i g h - p r e s s u r e  l o w  d e n s i t y  p o l y e t h y l e n e  
( r e f .  1 2 - 1 6 )  a n d  shown  i n  T a b l e  4 .  I t  i s  i n t e r e s t i n g  t h a t  b o t h  
k i n d s  o f  E D A M  s a m p l e s  d o  n o t  h a v e  a n y  p e a k s  d u e  t o  e t h y l  b r a n c h i n g  
b u t  h a v e  p e a k s  d u e  t o  n - b u t y l  b r a n c h i n g  a n d  b r a n c h i n g s  e q u a l  t o  a n d  
l o n g e r  t h a n  n - h e x y l .  The EDAM c o p o l y m e r  c o n t a i n i n g  more DAM comono- 
mer h a s  l e s s  a l k y l  b r a n c h i n g s  a s  s h o w n  i n  t h e  same t a b l e .  It  i s  
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TABLE 4. Degree of alkyl branching in EDAM copolymer. 

DAM M I  n-Butyl .,I bn-Hexyl b ,  

Sample 
wt% g/l Omin. 1 /1 OOOC 1 /1 oooc 

DA1701 28 100 4.02(4.27) c ,  5.33(5.67) c ,  

300 1.75(1.96) c ,  2.06(2.31) c ,  DA3032 39 

a)Ethyl branching was not observed in both samples. 
b)Including long chain branching. 
c)Calculated on the basis of only ethylene carbons. 

suggested by those results that the 1st back-biting reaction which 
results in alkyl branchings (ref. 17-19), not to speak of the 2nd 
one, becomes more difficult to occur toward growing radical species 
with increasing bulky DAM sequences. 

In the most up-field region, i.e., in alkyl CH3 region, the small 
peaks was observed at 8.87 pprn. This peak can be considered to be 
due to the end alkyl CH3 because it increases with decreasing 
molecular weight. Since some kinds of end structure are probable, 
chemical shift of CH3 carbon for each structure was calculated using 
Lindeman-Adams equation (ref. 11 ) .  As a result, the structure shown 
in Fig. 13 was estimated to be the most plausible one (calculated 
chemical shift is 8.86 ppm). 

In Table 5, the whole assignments for chemical shifts in 13C-NMR 
spectra of EDAM copolymers are summarized, and the chemical 
structures corresponding to each assignment are shown in Fig. 16. 

r 

I 
-C- 

H I  N-CHI 

HJ 

L 

R 

d 
4 U L  

cp 

Ti' 
c H,C H-$- I \ c-0 

I 
I 

Fig. 13. l T-NMR spectrum of DA1701 without 3-coupling and NOE. 
(CDCl3 solution, 60 "C, 1 OOMHz) 
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I -F- 

C H r N  

-w- 
Fig. 14. Alkane region of ' 3C-NMR spectrum 
of DA1701 (a) , and DFPT spectra measured 
with 45" (b) and 135 O (c) pulses. 
I n  the spectrum (b) ,  methyl, Ethylene 
and methylidyne groups appear posit ively,  
whereas Ethylene group negatively. 

I 
-C- 

I . l . 1 . I . I . I . l . L  
48.0 47.0 48.0 4 5 . 0  44.0 43.0 

PPM 

=3c 

10 7s  70 I S  I 0  IS $0 IS I 0  11 $0 ZS 20 I S  10 S 0 -I w m  

Fig. 15. H-I 3C correlation 2JJ NMR spectrum of DA1701. 
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Fig. 16. Structures of chemical shift assignment in ' )C-NMR 
spectra of EDAM copolymer. 

Comonomer sequence distribution 

The monomer composition, and diad triad sequence distributions of 
EDAM copolymers can be calculated from "C-NMR peak intensities of 
alkane region by the following eqs. ( 8 ) - ( 2 3 ) ,  where E and M 
indicate ethylene and DAM, respectively, and I,, denotes the peak 
intensity in each region defined in Fig. 13 and Table 5. 

[MMI = a a 
[EM] = a r + a + a b  
LEE1 = ( 6 6 + 6 + B + B 8 ) / 2  + 7 / 4  

MMM] = 0.0 
MME] = 2 x 1 6  
MEM] = 11 
EME] = 1s 
EEM] =(I2 + 1 4  - 2 X [MEM])/2 
EEE] =(I3 - [MEE]/2)/2 

I, , = [EEEI + [EEMI + [EMEI + [MEM] + [MME] + [MMM] 
EEE = [EEE]/I,,,,, , and s o  on. 
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TABLE 5. Chemical s h i f t  assignment i n  13C-NMR spectra of EDAM copolymers. 

Relative intensity Intensity Chemical 
Sample A Sample B Assignment 

[DAM 28wt%I [DAM 3%%1 B/A 
s h i f t  DA1701 DA3032 r a t i o  

8.86 
14.09 
18.76 
19.70 
21.32 
21.85 
22.68 
23.17 
24.05 
24.61 
26.68 
29.57 
29.72 
30.27 
30.88 
31.97 
34.01 
37.65 
39.50 
39.86 
40.70 
43.39 
45.30 
45.71 
46.03 
48.10 
57.75 
57.97 
62.31 
62.51 

3.0 
11.9 
2.8 
3.2 

37.9 
2.0 
7.7 
5.8 
3.5 

73.0 
12.6 

119.6 
1000.0 

92.7 
10.3 
6.6 

16.0 
7.4 

71.2 
5.9 
1.6 
3.2 
4.1 

105.6 
36.7 

1.7 
6.1 

40.1 
41.5 
5.7 

6.9 
10.4 
13.3 
9.8 

92.9 
6.7 
4.0 
3.4 

16.6 
155.1 

7.1 
236.6 

1 000.0 
187.1 
19.7 

12.1 
5.8 

156.1 
26.1 

- 

5.1 
10.1 
21.5 

270.7 
95.1 
5.0 

30.4 
91.1 
94.8 
26.4 

2.30 
0.87 
4.75 
3.06 
2.45 
3.35 
0.52 
0.59 
4.74 
2.12 
0.56 
1.98 
1 .oo 
2.02 
1.91 

0.76 
0.78 
2.19 
4.42 
3.19 
3.16 
5.24 
2.56 
2.59 
2.94 
4.98 
2.27 
2.28 
4.63 

- 

b' 
B B  
b 

a a  
d' 
d 

C' 
C 

(E):End s t ructure  
(B) :Sequence containing n-butyl branching 
(H) :Sequence containing n-hexyl branching 

TABLE 6. Monomer composition, and TABLE 7. Run numbers ( R ) ,  numerical 
diad and t r i ad  sequence distributions 
of EDAM copolymers. 

average sequence lengths ( T )  , relative 
monomer react ivi ty  ratios(r1 .r2) , and 
persistence r a t i o s  ( p ) calculated 
from 3C-NMR data. DA1701 DA3032 

DA1701 DA3032 
[DAM 28wt%l [DAM 3%%1 

E 93.89 89.33 
M 6.11 10.67 R 11.42 20.28 

EM 11.42 20.28 - Q B. r s n d o m  16*4 9.37 

............................................................... 11.47 19.06 
EE 88.34 79.19 - Q E  16.4 8.81 

MM 0.24 0.53 - Q u  1.07 1.05 
............................................................... 1.06 1.12 

EEE 82.93 68.78 rl rz 0.65 0.41 
m 10.62 17.71 P 1 .o 0.94 
EME 5.76 11.99 

0.45 1.01 E : Ethylene , M : DAM m 
MME 0.24 0.51 

0.00 0.00 p>l , rl .rz>l ; block character MMM 

- r a n d o m  

Q u .  r s n d o m  

p=1, r, . r 2 = 1  ; random (Bernoullian) 
p <1 , rl .r2<l ; al ternate  tendency E : Ethylene , M :DAM 
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Peak intensity of each region; 
I1 = B B  
1 2 =  B + B 6  
I s = 6 6 +  6 - k  7 
I S =  a + a b + c x 7  
1 5  = q B +  4 
I 6 =  a a  

The calculated results are listed in Table 6.  It is interesting 
that isolated M units are predominant in the chain microstructure 
and alternating MEM sequences appear much more than block-like MME 
sequences. 

In order to discuss the randomness of the sequence more quantitati- 
vely, some statistical treatments were applied and results are 
described in Table 7. The product of monomer reactivity ratio 
(r1-r2) is less than 1.0, suggesting the copolymerization mode to be 
alternating. 

Comonomer sequence distribution simulated with the probability theory 

For the purpose of confirming both the pertinency of the comonomer 
sequence distribution and the alternating copolymerization tendency 
as estimated by the above 13C-NMR investigations, some simulation 
studies were carried out by applying the probability theory (ref.20) 
with the assumption of complete mixing continuous flow model and 
statistical stationarity. 

Firstly, 8-e values for E ( M I )  and DAM ( M 2 )  were adopted as shown 
in Table 8 by making reference to the prior studies (ref. 21-22), 
regardless of different counter comonomers and copolymerization 
conditions. 
Secondly, rl and r2 values (comonomer reactivity ratio) were calcu- 
lated to be 0.03 and 14.7, respectively, according to Alfrey-Price 
equation (ref. 23). The product (0.44) of these r l  and rz is not 
very different from that (0.53) by 13C-NMR estimation. 

Thirdly, the copolymer composition, diad concentration and triad 
fraction were calculated with the r l  and r2 values by using Mayo- 
Lewis equation (ref. 24), Ito's procedure (ref. 20) and the actual 
data of ethylene conversion in each polymerization (10% for DA1701 
and 9% for DA3032). In course of this calculation, the Terminal 
Model (ref. 2 0 ) ,  a stationary Markov process of first order 
(ref. 2 5 )  in which the last one monomer unit in the growing polymer 
chain affect the probability of monomer addition, was assumed 
after checking its applicability with "C-NMR data shown in Table 6. 
Lastly, run numbers (R), numerical average sequence length ( T ) ,  and 
persistence ratio ( 0 )  were calculated with the general statistical 
process developed by Coleman and Fox (ref. 26). 

All the results calculated according to the above procedures are 
listed in Table 9 together with those by 13C-NMR estimation. It is 
surprising that good coincidence is recognized as a whole between 
two different ways of estimation. This may be resulted from the 
propriety of the treatment of each "C-NMR peak on one hand and Q-e 
values adopted from the literatures on the other, regardless of 
high-pressure and high-temperature polymerization conditions. 

As f o r  the alternating copolymerization tendency, a small ambiguity 
for random manner (Bernoullian) still remains, because the persis- 
tence ratio ( p  ) is close to 1.0 in cases of DA1701 and DA3032, in 
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w h i c h  D A M - c o n t e n t s  a r e  n o t  l a r g e  e n o u g h  t o  d i s t i n g u i s h .  The  a d d i -  
t i o n a l  s i m u l a t i o n  d o n e  on  t h e  s u p p o s i t i o n  o f  a c o p o l y m e r  o f  85 w t %  
( n e a r l y  50 m o l % )  DAM-content ,  h o w e v e r ,  c l e a r l y  l e a d s  t o  t h e  a l t e r -  
n a t i n g  c o p o l y m e r i z a t i o n  t e n d e n c y  a s  s h o w n  i n  T a b l e  1 0  ( p  = 0 . 8 3 ) .  

A s  a c o n c l u s i o n ,  t h e  r e a l  mode o f  c o p o l y m e r i z a t i o n  b e t w e e n  E a n d  DAM 
is  a l t e r n a t i n g ,  a l t h o u g h  i t  l o o k s  q u i t e  c l o s e  t o  r andom c o p o l y m e r i -  
z a t i o n  u n d e r  l o w e r  DAM-content  c o n d i t i o n .  

Crystallinity and lamellar thickness 

X-ray  c r y s t a l l i n i t y  X ,  a n d  u n i t  c e l l  d i m e n s i o n  ( a , b )  o f  E D A M  c o p o -  
l y m e r s  h a v i n g  v a r i o u s  DAM-con ten t  were m e a s u r e d  by W A X D  a n a l y s i s ,  
a n d  a r e  s h o w n  i n  F i g s .  17,  18,  a n d  19,  a n d  i n  T a b l e  1 1 .  

C r y s t a l l i n i t y  X ,  c l e a r l y  d e c r e a s e s  w i t h  i n c r e a s i n g  DAM-con ten t ,  
w h i l e  a - l a t t i c e  d i m e n s i o n  i nc reases .  The  i n c r e a s e  o f  b - l a t t i c e  
d i m e n s i o n  w i t h  DAM-con ten t ,  h o w e v e r ,  i s  n o t  s o  much a s  t h a t  o f  a -  
l a t t i c e  o n e .  C o m p a r i n g  t h e  r e s u l t s  on  t h e  s a m e  DAM-con ten t  ( 4 . 3  
m o l % ,  f o r  e x a m p l e ) ,  t h e  EDAM c o p o l y m e r  o f  l o w e r  m o l e c u l a r  w e i g h t ,  
n a m e l y  h i g h e r  M I ,  h a s  l o w e r  c r y s t a l l i n i t y  X , .  

Lamellar t h i c k n e s s  Q , w h i c h  was d e t e r m i n e d  f r o m  l o n g  p e r i o d  L by 
SAXS a n d  c r y s t a l l i n i t y  X ,  u s i n g  e q .  ( l ) ,  d e c r e a s e s  w i t h  i n c r e a s i n g  
DAM-content  a s  shown  i n  F i g .  20 .  

T h e  c h a n g e s  i n  X ,  l a t t i c e  d i m e n s i o n s ,  a n d  Q w i t h  comonomer c o n -  
t e n t  h a v e  b e e n  r e p o r t e d  f o r  e t h y l e n e / a - o l e f i n  c o p o l y m e r s  ( r e f .  27- 
- 3 2 )  f o r  many y e a r s ,  a n d  t h e  l o c a t i o n  o f  s h o r t  c h a i n  b r a n c h i n g  i n  a 
s o l i d  p o l y e t h y l e n e  h a s  b e e n  a s u b j e c t  o f  c o n t r o v e r s y  f o r  a l o n g  
time. X-ray d i f f r a c t i o n  ( X R D )  h a s  b e e n  u s e d  m o s t  f r e q u e n t l y  f o r  t h e  
a n a l y s i s  o f  t h e  c r y s t a l l i n e  r e g i o n  h a s  b e e n  d i s c u s s e d  on  t h e  b a s i s  
o f  c r y s t a l  l a t t i c e  e x p a n s i o n  w i t h  i n c r e a s e  i n  t h e  c o n t e n t  o f  b r a n -  
c h e s .  A s s u m i n g  t h a t  a c c o m m o d a t i o n  o f  b r a n c h e s  w i t h i n  t h e  c r y s t a l  
l a t t i c e  r e s u l t s  i n  !'a 2 g l  k i n k  d e f e c t "  ( r e f .  3 3 ) ,  i t  i s  s u g g e s t e d  
t h a t  t h e  a m o u n t  o f  b r a n c h e s  i n  t h e  c r y s t a l l i n e  p h a s e  c a n  b e  estima- 
t e d  ( r e f .  3 0 ) .  However ,  a s  s e v e r a l  a u t h o r s  h a v e  i n d i c a t e d  ( r e f .  34-  
3 7 ) ,  t h e  l a m e l l a r  c r y s t a l  t h i c k n e s s  i t s e l f  l a r g e l y  a f f e c t s  t h e  u n i t  
c e l l  d i m e n s i o n ;  t h e  t h i n n e r  t h e  l a m e l l a e ,  t h e  more t h e  u n i t  c e l l  is  
e x p a n d e d .  T h e r e f o r e ,  i t  seems r e a s o n a b l e  t o  c o n s i d e r  t h a t  t h e  X R D  
m e t h o d  d o e s  n o t  n e c e s s a r i l y  e v a l u a t e  o n l y  t h e  b r a n c h e s  i n c l u d e d  i n  
t h e  c r y s t a l  b u t  r a t h e r  t h e  o v e r a l l  e f f e c t  o f  t h e  b r a n c h e s  on 
c r y s t a l l i n e  m o r p h o l o g y .  

T A B L E  8.  Q-e v a l u e s  a d o p t e d  f o r  s i m u l a t i o n  o f  comonomer 
s e q u e n c e  d i s t r i b u t i o n .  

C o u n t e r  monomer a )  a n d  
c o p o l y m e r i z a t i o n  c o n d i t i o n  b ,  

Comonomer 9 e 

E t h y l e n e  n - B u t y l - a c r y l a t e ,  v i n y l - c h l o r i d e ,  

( r e f .  2 1 )  7O-9O0C, t o l u e n e  s o l u t i o n  

( r e f .  2 2 )  O m 6 '  O S 4 '  60°C ( n o  f u r t h e r  d e s c r i p t i o n )  

0 . 0 3  - 0 . 4 3  v i n y l  a c e t a t e ,  1 0 0 0  atm, 

D A M  S t y r e n e  , 

a ) , b ) :  d e s c r i p t i o n s  i n  t h e  c i t e d  r e f e r e n c e s  ( r e f .  2 1 - 2 2 )  
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TABLE 9. 
obtained from 13C-NMR data with that from simulation. 

Comparison of comonomer sequence distribution in EDAM copolymers 

Sample name DA1701 DA3032 

Test method 3C-NMR data Simulation 'C-NMR data Simulation 

Feed concentration 
of DAM (wtz) - 4.39 - 7.31 

Conversion 
of ethylene (9s) 10 10 9 9 

(1) Composition n, 
93.89 94.0 89.33 89.4 
6.11 6.03 10.67 10.6 

(26.7 wt%) (26.4 wt%) (40.1 wt%) (39.8 wt%) 

p1 {El 
p1 IM) 

........................................................................................................................... 
(2) Diad 

88.34 88.1 79.19 79.4 
11.42 11.7 20.28 20.0 

p2 {W 
P2 {EM) + P2 {EM} 
p2 {MMJ 0.24 0.17 0.53 0.56 

(3) Triad a )  

p3 IEw 
P3 {EEM} + P3 {MEE] 10.62 

5.76 5.69 11.99 9.50 
0.45 0.36 1.01 1.12 

p3 {WJ 

0.24 0.33 0.51 1.06 
p3 
P3 {MME} + P 3  {EMM) 
p3 IM) 0.00 0.00 0.00 0.03 

........................................................................................................................... 

82.93 82.6 68.78 70.5 
11.0 17.71 17.8 

.......................................................................................................................... 
(4) Run number, etc. 
R (Run number) 11.42 11.7 20.28 20.1 

- Q 1. r s n d o m  16.4 16.6 9.37 9.45 

1.. r s n d o m  1.06 1.06 1.12 1.12 

- r a n d o m  11.47 11.3 19.06 18.9 
- Q E  16.4 16.1 8.81 8.92 

- Q M  1.07 1.03 1.05 1.06 

p (Persistence ratio) 1 .OO 0.97 0.94 0.94 
rl xr2 product 0.65 0.441 0.41 0.441 

a) E:Ethylene, M:DAM 

0 I 8 12 16 0 I 8 12  16 
DAM content (molZ) DAM content (mol%) 

Fig. 17. X-ray crystallinity vs. DAM- Fig. 18. a-lattice dimension vs. DAM- 
content correlation for EDAM copolymers. 
Numerals in branckets show melt flow 

content correlation for EDAM copolymers. 
Numerals in branckets show melt flow 
index (MI). index (MI). 
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TABLE 10. 
copolymer of 85 wt% DAM content. 

Simulation of comonomer sequence distribution in an EDAM 

Target of DAM content (wtk)  85 

Conversion 
of ethylene (k) 2 4 6 8 10 

Feed concentration 
of DAM ( w t % )  27.8 32.1 36.8 40.9 44.4 

DAM content (wtg) 85.6 85.0 85.0 85.0 85.0 
(mol%) 51.5 50.3 50.4 50.4 50.3 

(1) Composition 
48.5 49.7 49.7 49.6 49.7 
51.5 50.3 50.4 50.4 50.3 

PI {El 
p1 {MI 

p2 {W 
P 2  {EM} + P2 {EM} 

.................................................................................................................... 

(2) Diad ,,I 

18.5 18.5 19.7 19.6 19.6 
60.0 60.1 60.1 60.1 60.1 

p2 WJ 21.4 20.3 20.3 20.4 20.3 

(3) Triad a )  

p3 {EEEJ 
P3 {EEMJ + P3 {MEE} 
p3 {Ew 
p3 {Mw 
P3 {MME) + P 3  {EMMI 
p3 IMJ 

.......................................... 
(4) Run number, etc. 
R (Run number) 
- r a n d o m  

- 1, 

- Q M  

p (Persistence ratio) 
rl xr2 product 

- E K. r s n d o a  

Q M .  r a n d o m  

7.07 
22.9 
17.5 
18.6 
25.0 
8.94 

................ 

60.0 
50.0 
1.62 
1.94 
1.71 
2.06 
0.83 
0.44 

... 

7.77 
23.8 
18.0 
18.2 
24.2 
8.16 

7.74 
23.7 
17.9 
18.2 
24.2 
8.19 

7.71 
23.7 
17.9 
18.2 
24.3 
8.22 

7.75 
23.7 
17.9 
18.2 
24.2 
8.18 

... 

60.1 
50.0 
1.65 
1.99 
1.67 
2.01 
0.83 
0.44 

60.1 
50.0 
1.65 
1.99 
1.68 
2.01 
0.83 
0.44 

60.1 
50.0 
1.65 
1.99 
1.68 
2.02 
0.83 
0.44 

60.1 
50.0 
1.65 
1.99 
1.68 
2.01 
0.83 
0.44 

a) E:Ethylene, M:DAM 

5.20 

v -T----l - 160 I I 

DAM content (1~01%) DAM content (molgd) 

Fig. 19. &Lattice dimension vs. DAM- Fig. 20. Lamellar thickness vs. DAM- 
content correlation for EDAM copolymers. 
Numerals in branckets show melt flow 
index (MI). index (MI). 

content correlation for EDAM copolymers. 
Numerals in branckets show melt flow 
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Recent advanced technique in solid-state NMR revealed that the short 
chain branchings are located mostly in the amorphous region and par- 
tially near the surface of crystalline core (ref. 3 8 - 4 3 ) .  Further- 
more, the detailed studies on 13C-NMR spectra of the residures from 
fuming nitric-acid degradation of various ethylene/ a -olefin copo- 
lymers made it clear that only a small fraction ( 4 - 1 0  % )  of total 
short chain branchings is included in the crystalline region 
(ref. 4 4 ) .  

Taking these results into consideration, a bulky DAM unit can hardly 
be included into the crystalline region o f  EDAM copolymer. Conse- 
quently, the lattice expansion with increasing DAM-content described 
above is considered to be due to the stress on the crystal surface 
o r  in the interface region between the amorphous phase and the 
crystalline core, which is derived from the exclusion of DAM unit to 
the amorphous region, leading to more surface crowding (ref. 3 2 ) .  

TABLE 11.  WAXD and SAXS data of EDAM copolymers. 

DAM content M I  L x c  Q a-Lattice b-Lattice 
EDAM 

(wt%) (~01%) (g/lOmin.) ( A )  (&%I ( A )  ( A )  ( A )  

DA 3032 39 10.2 300 191 14.5 24 7.720 5.098 
DA 3002 30 7.1 400 170 22.7 34 7.687 5.039 
DA 1701 28 6.5 100 172 27.8 42 7.655 5.01 5 
DA 3012 28 6.5 20 172 26.4 40 7.720 5.043 
DA 3023 20 4.3 400 178 34.9 56 7.635 5.027 
DA 3011 20 4.3 90 176 38.6 61 7.635 5.020 
DA 3013 20 4.3 17 182 40.5 67 7.603 5.016 
DA 3014 20 4.3 2 189 44.3 76 7.597 5.004 
DA 3024 15 3.0 400 178 41.7 67 7.642 5.018 
DA 3005 15 3.0 6 189 44.6 77 7.603 5.023 

PE 33'41 - - 2 209 73.3 146 7.552 4.991 
PE 3246 - - 2 215 60.7 122 7.527 4.998 

L 
X, :Crystallinity 
1, :Lamellar thickness 

:Long period determined by SAXS 

Spherulites and lamellae morphology 

The spherulitic morphology of EDAM copolymer was studied with light 
scattering photometry. Even small spherulites could be evaluated. 
As is evident from Figs. 21 and 2 2 ,  the average size of the spheru- 
lite is greatly affected by molecular weight, namely MI, and compo- 
sition. There is a marked tendency that the diameter of spherulite 
increases with MI for constant composition, but decreases with DAM- 
content. 

The observation of lamellar crystalline was tried for DA1701 and 
DA3005 by transmission electron microscopy (TEM). As shown in 
Fig. 2 3 ,  thin and waved lamellae were observed, which are similar to 
those of LDPE prepared by a high-pressure radical polymerization 
process (ref. 4 5 ) .  The average values of the lamellar thickness 
obtained from TEM-Image analyzer were approximately 5 0  A for both 
samples, as shown in Table 1 2 ,  and not affected by DAM-content s o  
much as those by WAXD and SAXS analysis shown in Table 1 1 .  The dis- 
crepancy between them might come from the ambiguity of this staining 
and TEM observation method, particularly in lamellae of less than 
4 0 A  thickness. It is supposed that only the amorphous phase is 
dyed as a result of a relatively easier penetration of the staining 
reagents, s o  a clear contrast is visible only when the lamellae and 



1844 COMMISSION ON POLYMER CHARACTERIZATION AND PROPERTIES 

t h e  a m o r p h o u s  p h a s e  a r e  p e r p e n d i c u l a r  t o  t h e  s u r f a c e  o f  t h e  t h i n  
s e c t i o n .  A s  a ma t t e r  o f  f a c t ,  t h e  i n t e r f a c e  c o n t r a s t  i n  t h e  TEM 
p h o t o g r a p h  is  f a i r l y  o b s c u r e  a s  a w h o l e  c o m p a r e d  t o  t h a t  o f  HDPE o r  
L D P E  ( r e f .  4 5 ) ,  w h i c h  m i g h t  l e a d  t o  t h e  l a c k  o f  r e l i a b i l i t y .  

As f o r  t h e  l a m e l l a e  m o r p h o l o g y ,  s l i t - d e s m e a r e d  SAXS s t u d i e s  were 
a l s o  c a r r i e d  o u t  s e p a r a t e l y  i n  C h u n g c h u n  I n s t i t u t e  o f  A p p l i e d  C h e m i -  
s t r y ,  C h i n e s e  A c a d e m y  o f  S c i e n c e s ,  a n d  i t  was c o n s i d e r e d  from t h e  
r e s u l t s  o f  B u c h a n a n ' s  p r o c e d u r e  ( r e f .  4 6 )  o n  t h e  SAXS c u r v e s  t h a t  
t h e  l o n g  p e r i o d ,  l a m e l l a r  t h i c k n e s s ,  a n d  o n e - d i m e n s i o n a l  c r y s t a l l i -  
n i t y  o f  EDAM c o p o l y m e r s  a r e  h a r d l y  c h a n g e d  w i t h  D A M - c o n t e n t .  T h i s  

h 

E 
Y I '  - 

12 

&! 10 

.d $ 8  

c $ 2  

6 
3 
= 4  

go'  I 

I 10 100 IOU0 
M I (g/lOmin) 

Fig. 21. S p h e r u l i t e  diameter  i n  average 
vs. MI c o r r e l a t i o n  f o r  EDAM copolymers. 
Numerals i n  branckets  show DAM-content 
(&%I * 

DAM content  (wtz) 

Fig. 22. S p h e r u l i t e  diameter  i n  average 
vs. DAM-content c o r r e l a t i o n  f o r  EDAM 

Numerals i n  branckets  show melt flow 
index ( M I ) .  

copolymers. 

0.1 f i  
DA3005 DA1701 

. 
0.1 

Fig. 23. "EM photographs of  lamellae i n  EDAM copolymers. (Magnification:60,000) 
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TABLE 12. Lamellar thickness observed by TEM-Image analyzer. 

M I DAM Number of Number average Lamellae thickness 
sample content lamellae thickness of by WPXD and SPXS 

counted lamellae analysis 
(g/l o h .  1 (&%I ( A )  ( A )  

DA3005 6 15 173 54 77 

DA1701 100 28 165 51 42 
~ ~ ~~ 

a)Area observed: 2 . 8 2 ~ 1 0 5  mz, Magnification: 60,000 

s u g g e s t i o n ,  h o w e v e r ,  i s  q u i t e  i n c o n s i s t e n t  w i t h  t h e  c o r r e l a t i o n  o f  
DAM-content  t o  m e l t i n g  p o i n t  T, a n d  h e a t  o f  f u s i o n  AH, w h i c h  w i l l  
b e  d i s c u s s e d  i n  t h e  n e x t  s e c t i o n ,  a n d  c o n s e q u e n t l y  remains a s  a 
s u b j e c t  t o  b e  s t u d i e d  f u r t h e r .  

Correlation of crystalline and thermal characteristics 

I t  is  v e r y  i n t e r e s t i n g  t o  n o t e  t h a t  q u i t e  g o o d  p a i r w i s e  l i n e a r  c o r -  
r e l a t i o n s  a r e  o b t a i n e d  among c r y s t a l l i n i t y  ( X ,  b y  W A X D ) ,  l a m e l l a r  
t h i c k n e s s  ( 1  by W A X D  a n d  SAXS) a n d  h e a t  o f  f u s i o n  ( A H ,  by DSC), 
b y  p l o t t i n g  a l l  t h e  r e l a t e d  e x p e r i m e n t a l  v a l u e s  f o r  E D A M  c o p o l y m e r s  
a n d  LDPEs l i s t e d  i n  T a b l e  1 a n d  T a b l e  1 1 ,  a s  s h o w n  i n  F i g s .  24 a n d  
2 5 .  

200 

60 - 
I50 

h 

.Q 
v 

100 

2 
50 

0 
0 50 100 150 200 0 50 I00 I50 200 

AH, (joul/g) AH, (joul/g) 

Fig. 24. Lamellar thickness (1,) vs. Fig, 25. Crystal l ini ty  (X, )  vs. heat 
heat of fusion (AH,) correlation 

Lamellar thickness:estirnated by WAXD 
and SAXS. 
H e a t  of fusion:estimated by DSC. 

of fusion (AH,) correlation fo r  EDAM 

Crystal l ini ty:  estimated by WAXO. 
H e a t  of fusion:estirnated by DSC. 

f o r  EDAM copolymers. copolymers. 

A s  is known a s  t h e  T h o m s o n - G i b b s  e q u a t i o n ,  l a m e l l a r  t h i c k n e s s  c a n  
a l s o  b e  c o r r e l a t e d  t o  m e l t i n g  p o i n t  ( r e f .  4 4 , 4 7 ) ,  

w h e r e  T ,  i s  t h e  o b s e r v e d  m e l t i n g  p o i n t ,  T: i s  t h e  e q u i l i b r i u m  
m e l t i n g  p o i n t  o f  a n  i n f i n i t e  p o l y e t h y l e n e  c r y s t a l ,  A h ,  i s  t h e  
e n t h a l p y  o f  f u s i o n  p e r  u n i t  v o l u m e ,  (T i s  t h e  s u r f a c e  f r e e  e n e r g y  
o f  p o l y e t h y l e n e  c r y s t a l ,  a n d  Q is  t h e  t h i c k n e s s  o f  l ame l l ae  w i t h  
m e l t i n g  p o i n t  T,. Lamellar t h i c k n e s s  Q f o r  e a c h  E D A M  c o p o l y m e r  
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150 - 
h 

4 
v 

100 - 
" 

4 

50 

0 

0 

Fig. 26. Lamellar thickness (1,) vs. 
melting point (T,) correlation f o r  
EDAM copolymers. 
0 - ~ ~ - ~ ~ ~ ~ ~ ~  1, estimated by W A X E  and 

SAXS (eq. 1). 
A ~ ~ . ~ ~ ~ ~ ~ ~ -  1, estimated by DSC (eq. 24). 

a n d  L D P E  was c a l c u l a t e d  w i t h  i t s  m e l t i n g  p o i n t  ( T ,  b y  DSC l i s t e d  
i n  T a b l e  1 ,  t h o u g h  n o t  e q u i l i b r i u m  o n e s ) ,  f r o m  t h e  e q .  ( 2 4 )  by u s i n g  
t h e  numerical  v a l u e s  f o r  l i n e a r  u n b r a n c h e d  PE a s  f o l l o w s  ( r e f .  4 8 ) :  
T m 0 = 4 1 4 ' K ,  0 = 8 7  m J / m 2 ,  A h ,  = 2 . 7 8  x 1 0 8  J/m3.  A s  i s  e v i d e n t  
f r o m  F i g .  2 6 ,  t h e  r e s u l t i n g  Q v s .  T ,  p l o t  s h o w s  a s m o o t h  
r e l a t i o n .  

Lamellar t h i c k n e s s  e s t i m a t e d  f r o m  e q . ( l )  f r o m  WAXD a n d  SAXS m e a s u r e -  
m e n t s  was a l s o  p l o t t e d  i n  F i g .  2 6 .  A s a t i s f a c t o r y  a g r e e m e n t  i s  
r e c o g n i z e d  a s  a w h o l e  b e t w e e n  t h e  t w o  i n d e p e n d e n t  w a y s  o f  es t ima-  
t i o n ,  w h i c h  s u p p o r t s  t h e  v a l i d i t y  o f  t h e  e x p e r i m e n t a l  d a t a  o b s e r v e d  
a n d  p r o c e d u r e s  a d o p t e d  a s  f o r  c r y s t a l l i n e  a n d  t h e r m a l  c h a r a c t e r -  
i s t i c s .  
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