
� 23 � � 3 � Vol.23 No.3

2 0 0 9 � 6 � CHINESE JOURNAL OF MATERIALS RESEARCH June 2 0 0 9

� � � � � �

1H��������	
��Cr 
�������

����������
����� ∗

 ! 1 "#! 1 $%� 1 &�' 1 Alina BUDA2 Blümich BERNHARD2
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ABSTRACT Using different 1H solid–state NMR techniques, the Cr–catalyzed ethylene–hexene
copolymer with different hexene content was investigated, and the effects of comonomer content on
the phase composition, molecular mobility and domain size of the copolymer were studied. The results
showed that the mass fraction of crystalline phase was decreased with the hexene content increasing,
while the fractions of the other two components were increased. Meanwhile, the fraction of the interface
and amorphous component was increased in the NMR long period. Furthermore, we choose the variance
of MI/MA, the ratio of mass fraction of interface component to the fraction of amorphous component,
with temperature as the qualitative determination of the confined degree of the segment in non–crystalline
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region. Cr–catalyzed PE copolymer for pipe application with different duration grade was investigated.
It was found that the mass fraction of rigid component decreased with the duration-grade increasing,
while the fractions of the other two components increased. The same trend of the fraction in NMR
long period was illustrated by the 1H spin diffusion result. The variance of MI/MA showed great
correspondence to the duration grade of the materials.

KEY WORDS measurement and analysis for materials, 1H solid-state NMR, ethylene–hexene copoly-
mer, phase structure, hexene content
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�#+'/1)&,0, $ 1– 0-0 1– (-, ��

1Æ23,)&,0.)%, 124)&2'3-5

'43,, 52'.463.&'44/6. Huang

7 [1] 350'0"78Æ12)&2(9.(2,

86:'.)4;)&,0.)'3,239, 5

:136.(2,86:.)'0'1;). Yeh

7 [2] 4+<<:,86:'70=0, 8>5?.

9@:;.(' PE ,-, <=6778.(2'8

*A'-51, /&++4&'-, =>?9()B

9. Yoon7, [3] 35/)&,0::0.)',;

��1Æ, )&,0@-'()512&>CÆ.(
.6:28*',<A. ;+?/, ,86:'.)

/&��'D0<�.!, $12==>3D.!0

1@>=<?=.!(-@=.51 [4].
13C A0 NMR A?B& 13C 'C3B4B6,

4E F5D0BD [5]. 1H A0 NMR A?(-C

64+7',@ABC7EG.  9DB89ECH

IF%2F=63CDF:"7''D,!EF:A

0+&2ÆG7',97GJH6:HK.637(

9E'FI@A [6,7]. H1;G 1H A0 NMR ?G

/>H)&,0.)''-)&27',4I6C

<JI�L. MKH1 1H A0HN)JA?6O1

(->H)&,0.)%0LKÆ.(.-PHK

LJ, 5:1 MI/MA, 8 NMR K/(.),M=N

(.)*Q4O4'C'5PÆ.(.HK<Q-
P.)'=.IM. R11S7JGN35 ISO9080

RO=8'>H1S7J'&'-*��%0LK

P��/T, QB>H7J&'-*��'&KU'

,<A, 78>9 (MI/MA 4O4'C') 26C>

H1S7J&'-*��'?1..

1 6789
&'-*��%0LKL�B@MA'LM-

QNV5O. WR 4 P*��GP%& Cr ,&'%

''-/(-)&2, Q�@A$1 1 WB.  9Q�

C0NK=O (MI) 0+46STR ASTM D1238–

1998 0 ASTM D1505–1998 F=. (-.)B 13C

NMR F=, :U8PPVPD%, O4 120 W, Q�

E4SP 15%(W/V ). XX,'-/0- (PE80, PE63)

Q'-/(- (PE100) )&2L�Q 50 WTRRU

24 h =YZ&S.�0TY9. W-Q�L�G2

170 WH10 MPa ZSVJ 1 mm 4[&, /O=O

20 W ·min−1.

&'-Q�'\))FGH6C2 DSC–

7(Perkin–Elmer Corp., USA) WI;4I, YU�

N2, N= 20 mL·min−1. &'- 5 mg 6 10 K·min−1

'JO=O,F] 180 W, '.4 XC=ΔHm/ΔH0,

 9 ΔHm PQ�CK;, ΔH0 P 100%'.Q�'

CK;, L 293 J·g−1[8].

&'-Q�' X MBXMF52NM0�

D/max–rAXMW;4I, CuKα VM,*^S 40 kV,

*^N 80 mA. GH<SP 0.02◦, GH=OP

2◦·min−1. Q�''.4W9K[ [9] 4I36

&'-Q�'A089HY:Z\IF%2H]

):TUOB (double–quantum build–up curve) 6

3Y:CDF:"72 Bruker DSX200 WI;4I,

89POP 200.02 Hz, Q�>QD[, W-"7G2

QOZ4I. 90◦ R_D4P 3.5 μs, `Q2X 2.5 μs,

R_YZ%2 5 s.

Y:Z\IF%2BROa0/YZR_ [10] F

=. ^S9_'[6/[,%2'-VOB6,G

6<13D\1TD. Y:CD/F:"7R1])

: Z \N'U45W`X'R_`X4I [11].

2 <=>?@
2.1 ABCDEF

&'->H7(9-PHK.>H, 78Y:2

G 1 $) – Y) "�%�Za\

Table 1 Physical properties of the ethylene-hexene

copolymer studied

Sample ID 1# 2# 3# 4#

MI(21.6 Kg, 190 b,

g·10 min−1) 9.2 9.9 9.6 10.3

Density/(g·cm−3) 0.947 0.946 0.945 0.943

Hexene content

/(molar fraction,%) 0.35 0.46 0.60 0.86
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Table 2 Phase structure results obtained from the separation of proton wide-line spectra of polyethylene

sample with different hexene contents

Hex.-%(molar Fraction composition/% Line width/kHz
Sample ID

fraction, %) C I A C I A

1# 0.35 80.5 17.3 2.2 50.8 10.6 2.96

2# 0.46 79.6 17.9 2.5 50.8 10.7 2.96

3# 0.60 78.9 18.2 2.9 50.8 10.7 2.93

4# 0.86 76.1 19.8 4.0 50.7 10.8 2.86

Note: The standard fitting error was less than 3%

'Y` – Y`HD51B&-PHK2ÆZG'c
4]>H, ^J>H7(W/='899BD4>

H. -PHK<_'7(,/=&9_9'DG6,2

-PHK.BU'7(, `/=&9_9'aG6.

Q�'89EC'a$1 2 WB. 9BdbD,7

(9Y:H'c\IF%2JIQ,bXBc^G'

a_64IG6.)06:HK.'=)6C [5].

2.2 IJKLMN67
=)6C7(ef, [c)\=d7(.'CD

F:,1. `]'.7G6 (rigid component) 0F

^M=N7G6 (soft component) W/=^S9B

BN6SP+d0_`d,7(.Y:CDF:,1

BZ)F: [6]:

Drigid ≈ 1
12

√
π

2ln2
〈r2〉Δv1/2 (1)

Dsoft ≈ 1
6
〈r2〉[αΔv1/2]1/2 (2)

Δυ1/2 P/='.70F^M=NG6^S9Bd

bD, BDB89EC'aF:. α PF^M=NG

6_`d9B'abe, 〈r2〉 Pf8cHCD2'G
?b, /&'- 〈r2〉LP 0.0484 nm2[12], B&K/7

G6W/=-PHK.d&'.70F^M=N7

*2, bX CDF:,1LP Drigid 0 Dsoft '6

?ZGe.

_ 1 9F:1>HF:%2ZCD5R='.

7\K/73M=N7G69F:=efZ'DB

89_. (F:%2B3%, 9_'()G6P'.

7, 4;F:%2'3,, '.7.)gg/6, 2K

/70M=N7'.)gg3,.("7eO%2P

50 ms %, CDF:%M;]Zf. /a+eO%2

WE]'899_4IEC_6E]>H7(Y)

614CDF:%2'C', $_ 2 WB. 2MKW

R='CDF:%2gY.,b-eO]B&Q�Z

\IF'heW^J'F:OBZfP'C'. X

X, Z\IF%2F='a1Æ, PE Q�'Y:Z

\IF%22 0.9–1.0 s 'gY., 99+&CDF

:;]ZfWf)'%2. bXb-g)4IZ\

IFhe'gi.

C0'.&'-3/(-&.',,j, Alina

7,k/&.',&'-, E]1cG6H+hF:

d:'CDF:?c'ECE [5,13]. hd:`=C

O 1 eijlkhfgm%\bVWl, lnhbm

$*lkhfiijjk%\bVWl

Fig.1 Proton wide-line spectra recorded at room

temperature in the spin diffusion measure-

ment. The proton spectra of polyethylene are

recorded in different spin diffusion time td
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O 2 eij"$)oj%\plkhfgmnl#k

ÆolpX^mql, gbmlpX^hb

Fig.2 Proton spin diffusion measurements of differ-

ent polyethylene samples at room tempera-

ture. The bold lines represent the best fit us-

ing 1–D spin diffusion model

DF:r;+h?\4I,7hs&CDF:?\;

'7(eft9&ZI&F:?\;'ef. MK

=1c+d:/&'-Q�'CDF:"7194

I1dT. _ 2 9"BF:1d:TD'a. _6m

]W`11�d:/MKWR1Q�(-Bi'?

1., TDROn\6& 5%, 7(44'TD'a

q\6& 10%. 1 3 F:1Q�'>H7(44T

D'a.

2.3 PQRSTUVWXYZ[<\]F
267"7q\%, >HQ�*2'\u>Æ

r. c�B&Q�'&KU',>5<-','h

e, 27jQ�'Fi05cn+7-. MKPQB

>HQ�*2'\u, `L7H'FdS&5c, c

4E5B-',>HW24'',\u7/Bo. o

*$X, B&A0 NMR A?WA-'F5p\4+

'EG,p!v':kq.'19: (1)4)&,0.

)'3,, NMR'.7.)rq, K/(0F^M=

N(.)gg3,; (2)4# Q�, 8(-.)f+Q

�, F^M=N(BDB sQ�ÆrBa, 1Æh

(w.Z2B+HK.-P; (3) '.7'7(44

4(-.)'3,2/6,F^M=NG6'444

(-.)'3,23,, K/(44`7\>9, H

% NMR F='DD04(-.)'3,jZ/r

s. c1ÆK/(0M=N('442DD09W?

'Qs4)&,0.)'3,23,.

2.4 Y^_ NMR `abcXdefg
B NMR ?GWF=''.7.) (NMR '.

4)HDSC'.463 XRD'.4$_ 3WB. NMR

'.4, XRD '.4BP+4, 299+& DSC

'.4, 1Æ NMR '.79?.Æ.(6:-'l

[.t`] DSC'.4cÆP��9.(.),`m

/ (XNMR–XDSC) 4)&,0.)'3,239. V

,]Q�7','F='a, =P'-(-)&25

C0'.%, B&D49&t%'5-k>!4-.

n [1,14], 52)&,0.)3,% PE6:-4-.

G 3 $*Y)][%"$)""#oj%txolm

Table 3 Domain sizes of polyethylene pipe materials with different hexene contents

Amorphous NMR long
Sample Hex.-% Crystalline Interface

fraction period
ID /(molar fracton,%) fraction/nm fraction/nm

/nm (dr+2di+dm)

1# 0.35 16.0 1.6 0.3 19.6

2# 0.46 14.0 1.5 0.4 17.3

3# 0.60 13.4 1.5 0.4 16.8

4# 0.86 12.0 1.5 0.6 15.6

Note: The uncertainties were less than 10%
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nu<]p9'_n, 24'.4/6, .(44C

E. 2BD5-Æuo].(*X, 4E.&1/'

-P4)&,0.)'3,23:. c+p6-P

HK_!<]1A'510.&1/^q'].h
e52(-'.7<A, bXÆ?.] NMR '.7

9.

W96;"7'a, _6E] 1H A0HN)J

?G/p6'.&'-&KU','r6,$_ 4 W

B. 2 NMR '.79>5--PkIuXHNJ.

n',''.(, <?.-HK<_'Æ.(-P.

cp6-PuX>kIb2>!NJ.n',, 52

/F;'l[996&.(, 4E NMR ?GWFE

''.4+& DSC ?G. X MB?GWE]''.

4]?.1Æ.(9-P'l[, b2, NMR '.

4BPvc. F^M=N(9-PHK_6=P,

O 3 $*Y)][""#%]wqrv!s

Fig.3 Comparison between the crystallinities of

polyethylene pipe material measured by DSC,

XRD and NMR

O 4 to]w"$)"su]t%�' NMR uo

Fig.4 Phase structure of semicrystalline poly-

ethylene in the view of solid-state NMR

DyLU:Æ,2p6'.&'-9_6vwP-x

)Hvt%(-wuxHK<A-P63Æ.(9

_!Z2'q)66:2Y [15]. /&MKW��'

6:)B+'++4 (9+4&'-), F^M=N7

2Æ.(9W?'QsBE. K/(G69-PH

K.d&'.7(0F^M=N7(*2, /c+(

w-Pyx-Æ\'vw. 5>6�/]b++4
&'-' NMR 7',6C'a1Æ, K/7'.)

,��9,86:'.)n+7- [12].

2.5 hiQjRSTUVWklXabcmano
]Jpqrst]F

_ 5 F:1 1# Q� (hex.–%=0.35%)'DB8

94O4'C', NMR '.7G6 (DG6) 4O4

'J+Ær/6, 9BdbD]jZ/rs. _ 6 0

_ 7 6SF:189'EC'a. _ 6 9, Q�'

'.7G6.)4O4J+2/6,M=N(G64

O4J+2J+,2K/(G6.)`2 340 Kuz
Z2f9e. (-.){+,  '.7G6.){6,

O 5 $)/Y) """#\bVWyiq%v�

Fig.5 The variance of wide-line spectra of ethylene-

hexene copolymers with the temperatures

O 6 $*Y)][$)/Y) "�txwyiqv�

Fig.6 Effect of temperature on the phase com-

position of the ethylene–hexene copolymer

with different hexene contents (EH1: hexene,

0.35%; EH2: hexene, 0.46%; EH3: hexene,

0.60%; EH4: hexene, 0.86%)
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O 7 $*Y)][$)/Y) "�VWb\yiq

v�

Fig.7 Effect of temperature on the line-width of

ethylene-hexene copolymer with different hex-

ene contents (EH1: hexene, 0.35%; EH2: hex-

ene, 0.46%; EH3: hexene, 0.60%; EH4: hex-

ene, 0.86%)

K/(3M=N(G6.){+. _ 7 9, Q�''

.7G69BdbD2O46& 330 K %C'>9,

(O44+<J+%, 9BdbDggrE, 1Æ'

.7(.-PHK.g<39. K/(0M=N(

'-PHK.`4O4'J+g<J+. /&>H

(-.)')&2Q�, '.7G6'9BdbD7

\B9, 2 s^G6\u>Ær. (-.){+, '

.7G69BdbD{E, c+\u2O4B+%p

PÆr. W9 2.3 y9''a, )&,0.){+%,

'.7('44{E, bX7(.-PHK<O4h

ep9. B 2.4 y''G, zz=P NMR '.7(

?.1Æ.(HK<_-P'l[.cp6-P()

9&.&'1/7>NJ.n',. 4;O4'J

+, K/(.'p6-PwE1!), HK993U,

H%<-_!m#-PEA', 52NJp:HKC

B':Æ&M=N(HK'-P,c4EM=N(G

6.)4O4'J+23,..&1/HK<_-P

]ggÆxx'y2\K/([', 52'.7(.

)gg/6.K/(.)L@&c^P[''7/c

4, 2MKWR='O4gY.-f9e 340 K. c

1Æ2 340 K, p:'-P5'.7([']K/7

(, 2(O44+<J+=, -P\M=N7(['

,z.

_ 8 9F:1>H*��K/(.),M=N

(.)*Q MI/MA 4O4'C'OB, _6m/:

(1) O4BQO?{J+%, MI/MA yz/6, 7)

&,0.){6, /6{r|; (2) (O44+<J

+%, MI/MA 4O4'/6r&Zz, 7dQ�'

O 8 $*""#oj MI/MA yiqv�hb

Fig.8 The variance of MI/MA with the temperatures

(EH1: hexene, 0.35%; EH2: hexene, 0.46%;

EH3: hexene, 0.60%; EH4: hexene, 0.86%)

MI/MA Æ/vc. 82B+'O4Z, K/7(0

M=N7('.)Q>}{&)&29)&,0'

.). c+'a, Yoon 7,''a�+4', 8)

&,0.)'C', z>heÆ.('F<�LU,

2p{�^J1Æ.(.-P8*A'LU'C';

(3) 2"7O4gY., )&,0.){+, MI/MA

4O4C''rs{o. O4J+, Æ.(.6:-

PHK.gg39. ()&,0.)3,%, 9)'

(-BD5-'6:-MGu-.n, Æ.(.'|

|c439, Æ.(2NJ,86:0-A''{O

gg39, bX,-P<Qc439, -P27|51
'!<{U, -H&x}}yB&6:HK.'>C

@m'7','C', 8-H&x}}yÆ.(.-

P8*A'LU'C', 3U1Æ.(.1X<51
'!<.

2.6 hivwxySTUz{VWXABCDEF
<=

`1 1HA0HNA?/>H1S7J&'-*

��'&KU',<A4I��. B1 4 _6m/:

(1) 4;1S7J'3,, *��Q�''.7.)

gg/6, 2K/73M=N7.)`gg3,; (2)

>HQ�''.7BDZ2+=(S, 1ÆECWE

]''.7z>F^B-PkIuX''.7GJ,

 9_!?.1Æ.(-P'l[; (3)PE100 Q�

F^M=NG6'BDB6, 2 PE63 Q�''.7

G6BDB+.

2.7 hivwxySTUXan|}<=
1 5 F:1>H1S7J&'-*��Q�'

7(44TD'a. 4;1S7J'J+, Q�'.

7('44gg/6, 2K/(G644%M>C,

F^M=N7('44gg3,.W9c7(443
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Table 4 Results of fraction composition and line-width obtained by the fitting to the wide-line proton

spectra of different polyethylene samplesa

Fraction composition Line width/kHz
Sample

C I A C I A

PE63 0.81 0.17 0.02 51.4 10.6 2.92

PE80 0.78 0.19 0.03 50.6 11.0 2.98

PE100 0.76 0.20 0.04 50.7 10.8 2.86

Note: a The standard fitting error are less than 3%.

G 5 $*�+ $%"$)""#oj%txolm

Table 5 Domain sizes of the polyethylene pipe materials with different duration gradesa

Crystalline Interface fraction Amorphous fraction NMR long period
Sample

fraction/nm /nm /nm (dr+2di+dm)

PE63 16.0 1.6 0.3 19.5

PE80 14.0 1.6 0.5 17.7

PE100 12.0 1.5 0.6 15.6

Note: a The uncertainties are lower than 10%.

O 9 "$)""#t|xw (a), op~{a|n (b) ~ NMR ~}|][�}}~|][�s (c) yi

q%v�

Fig.9 Plots of the phase composition, molecular mobility parameters and MI/MA versus temperatures
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6E]' NMR DD041S7J'J+2/6. ;

G'a1Æ2,; NMR F='DD09, K/7G

60M=N7G6W?'0[Qs41S7J'3

,239.
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F

P4+<(6>H1S7J*��Q�'7'

,<A, MKF=1 299 K ] 360 K O4gY.'
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7G6'.)4O4'J+gg/6,M=N7.)

gg3,,2K/7(.)`2 340 Kuz:/f+
e, c,�K"7'a+4. *��Q�'1S7J

{+, W/=''.7.){6, 2K/70M=N

7G6.){+, 7>HQ�7GJ'\b2+O%

pPÆr.

QB>HO4ZQ�899B'BD'a_6

m/,'.(G6'dbD2O4?{J+%%MY

~>C, (O44+<J+%`gg/6. 2K/(

G60M=NG6'dbD`/6.*��Q�'1
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