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Long Chain Branching .- in Polyethylene 

Alfred Rudin, V .  Grinshpun and K. F. O'Driscoll 

Guelph-Waterloo Centre for Graduate Work in Chemistry 

University of Waterloo 

Waterloo, Ontario, Canada N2L 3G1 

Abstract 

Long chain branching frequency in polyethylene has bean measured. 

Molecular weights determined directly by low angle laser light scattering 

of eluting species in gel permeation chromatography were compared with 

those estimated by universal calibration. Erroneous values for long chain 

branching frequency are produced if care is not taken to disrupt 

polyethylene aggregates in the GPC solvent. 

Ethyl and hexyl side chains do not register as long branches in 

this analysis but sixteen carbon sidechains are counted. 

I n  low density polyethylene the long chain branching frequency 

is generally highest at low molecular weights. This is because these 

polymers are produced in a non-isothermal free radical polymerization. 

Chain transfer to dead polymer, which produces long branches, occurs most 

frequently under the reaction conditions that also yield low molecular 

weight polyethylene. 

Address communications to this author. 
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RUDIN, GRINSHPUN, AND O'DRISCOLL 1810 

i j i t r o d u c t i o n  

Gel permeat ion chromatography (CPC) e s t i m a t e s  of long  c h a i n  

branching  i n  polymers s t a r t  w i t h  t h e  s t r u c t u r e  parameter  g' which r e l a t e s  

t h e  i n t r i n s i c  v i s c o s i t i e s  of branched and l i n e a r  polymers w i t h  t h e  s a m e  

composi t ion and molecular  weight :  

9" where t h e  [ q I b  i s  t h e  i n t r i n s i c  v i s c o s i t y  o f  t h e  branched polymer and [n] 

i s  t h a t  of t h e  l i n e a r  c o u n t e r p a r t ,  i n  t h e  GPC s o l v e n t .  I t  i s  n e c e s s a r y  t o  

invoke a r e l a t i o n s h i p  between g' and g ,  which i s  t h e  r a t i o  of t h e  mean 

r . i d i i  of g y r a t i o n  <R.> of t h e  same polymers:  
2 
G 

The v a l u e  o f  g h a s  been c a l c u l a t e d  f o r  a number of  branched s t r u c -  

t u r e s  such as s ta r -shaped ,  randomly-branched and comb-type molecules  (1,Z). 

C a l c u l a t i o n  of  g '  f o r  use i n  e q u a t i o n  (1) i s  much more d i f f i c u l t  t h a n  t h a t  

of  g because  t h e  d e g r e e  of d r a i n i n g  of  t h e  macromolecules i s  n o t  known 

e x a c t l y  and because  t h e  d e g r e e  of expans ion  of  l i n e a r  and branched molecules  

i n  a given  s o l v e n t  may be  d i f f e r e n t  ( 1 , 3 ) .  

proposed o t  t h e  form: 

Var ious  r e l a t i o n s  have been 

(3)  k s' = g 

w h i r e  k has  been sugges ted  t o  have magnitudes between 0.5 and 1 .5  ( 4 , 5 ) .  

e q u a l  CPC e l u t i o n  volume and i n f i n i t e  d i l u t i o n  (6 )  t h e  molecular  

weights  o f  branched and l i n e a r  s p e c i e s  a r e  r e l a t e d  by 

whcre t h e  s u b s c r i p t  b and s u p e r s c r i p t  * r e f e r  t o  t h e  branched and l i n e a r  

Now, 
J. 

s p e c i e s  t h a t  e l u t e  a t  the same r e t e n t i o n  t i m e .  I n  g e n e r a l ,  3% 2 x'* . 
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1811 LONG CHAIN BRANCHING IN POLYETHYLENE 

[rllb = g"rll, = g'KM; = g ' K q  (5 1 

s i n c e  ?it is s p e c i f i e d  a s  e q u a l  t o  i n  t h e  d e f i n i t i o n  of g '  ( i n  eq.  (1)). 

I n  e q u a t i o n  ( 5 ) ,  K and a a r e  t h e  Mark-Houwink c o n s t a n t s  f o r  monodisperse  

v e r s i o n s  of  t h e  l i n e a r  polymer i n  t h e  GPC s o l v e n t :  

A l s o ,  

K X  
[ n ]  :"f = K ( t < k ) a + l  

Therefore ,  e q u a t i o n  ( 4 )  can be  w r i t t e n :  

p ' T a + '  = K(2.1'') a+l 

and 

X 
t I  , 1.1 and g '  can  be o b t a i n e d  d i r e c t l y .  A t  any g iven  e l u t i o n  

volume 1% is measured by low a n g l e  l a s e r  l i g h t  s c a t t e r i n g  ( I A L L S ) ,  w h i l e  

P1 i s  c a l c u l a t e d  from t h e  u n i v e r s a l  c a l i b r a t i o n  curve  f o r  l i n e a r  polymers .  

The long  c h a i n  branching  f requency  i s  measured i m p l i c i t l y  by g '  . To 

estimate t h e  a c t u a l  number of l o n g  branches  p e r  molecule  i t  is n e c e s s a r y  

t o  assume a v a l u e  f o r  k and a model f o r  t h e  a r c h i t e c t u r e  o €  t h e  branched 

s p e c i e s .  Fol lowing Axelson and Knapp ( 7 )  w e  have assumed t h e  Zimm-Stockmayer 

r e l a t i o n  f o r  a randomly branched macromolecule w i t h  t r i f u n c t i o n a l  branch  

p o i n t s  ( 2 ) :  

A 

Most of our  c a l c u l a t i o n s  were made w i t h  k = 0 . 5 ,  b u t  o t h e r  v a l u e s  were a l s o  

used ,  a s  d e s c r i b e d  below. 
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1812 RUDIN, GRINSHPUN, AND O'DRISCOLL 

Data h a n d l i n g  procedures  used i n  t h i s  s t u d y  were b a s i c a l l y  t h o s e  

sugges ted  e a r l i e r  by Axelson and Knapp ( 7 ) .  However, improvements i n  

a n a l y t i c a l  and computa t iona l  methods have produced long  c h a i n  branching  

d a t a  t h a t  a r e  q u i t e  d i f f e r e n t  from t h e  c i t e d  a u t h o r s ,  and ,  indeed ,  from a l l  

p rev ious  a n a l y s e s ,  s o  f a r  as w e  know. 

The r e s u l t s  of t h i s  i n v e s t i g a t i o n  p r o v i d e  new i n s i g h t s  i n t o  t h e  

mechanism o f  t h e  h i g h  p r e s s u r e ,  f r e e  r a d i c a l  p o l y m e r i z a t i o n  of e t h y l e n e .  

~~~ Experimental  

Polye thylene  s o l u t i o n s  were prepared  i n  t r i c h l o r o b e n z e n e .  A l l  

s o l u t i o n s  conta ined  0 . 1 I  (w/w) 4 , 4 - t h i o b i s  (3-methyl-6-t~r~-butylphenol) 

a n t i o x i d a n t .  GPC measurements were made at 145°C w i t h  a Waters 150 C l i q u i d  

chromatograph equipped w i t h  500 A',  l o 4  A' and l o 5  A o  (nominal p o r o s i t y )  

U l t r a s t y r a g e l  columns. 

good r e s o l u t i o n .  In some exper iments  d u  Pant  Zorbax porous s i l i c a  columns 

SE-60, SE-1000 and SE-4000, were used.  Both sets of columns gave e q u i v a l e n t  

r e s u l t s  and t h e  molecular  weight  parameters  t h a t  were c a l c u l a t e d  agreed  

very  c l o s e l y  w i t h  t i ios r  of ear l ier  a n a l y s e s  of r e f e r e n c e  p o l y e t h y l e n e s  ( 8 ) .  

A s o l v e n t  f low rate  of  0 . 5  mL/min w a s  found t o  g i v e  

Polymer c o n c e n t r a t i o n  i n  t h e  e l u a n t  was monitored w i t h  a Waters 

d i f f e r e n t i a l  r e f r a c t i v e  index  d e t e c t o r .  Plolecular  w e i g h t s  of the  e l u t i n g  

polye thylenes  were measured i n - l i n e  w i t h  a Chromatix KMX-6 low a n g l e  l a s e r  

l ighL s c a t t e r i n g  photometer  (LALLS) u s i n g  l i g h t  s c a t t e r e d  a t  6-7' t o  t h e  

i n c i d e n t  beam. This photometer  i n c o r p o r a t e s  a He-Ne l a s e r  s o u r c e  ( A  = 

6328 A " ) .  The s p e c i f i c  r e f r a c t i v e  index  increment  (dn/dc)  of t h e  v a r i o u s  

polye thylenes  i n  t r i c h l o r o b e n z e n e  were measured a t  145°C w i t h  a Chromatix 

l a s e r  d i f f e r e n t i a l  r e f r a c t o m e t e r .  PIolecular weights  (M.) of p o l y e t h y l e n e  

s p e c i e s  that appeared a t  e l u t i o n  (ve) i  were c a l c u l a t e d  
v Ci 1 ulle 

where K' i s  t h e  a p p r o p r i a t e  o p t i c a l  c o n s t a n t  ( r e l a t e d  t o  (dn/dc)*) ,  Ro i s  
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LONG CHAIN BRANCHING I N  POLYETHYLENE 1813 

t h e  e x c e s s  Kayleigh s c a t t e r i n g  determined from t h e  LALLS d e t e c t o r  response  

and A 2  is  t h e  second v i r i a l  c o e f f i c i e n t  of t h e  whole polymer. 

measured from s t a t i c  l i g h t  s c a t t e r i n g  a n a l y s e s  o f  t h e  whole polymer sample.  

I n  e q u a t i o n  (10) t h e  c o n c e n t r a t i o n ,  c i ,  o f  t h e  e l u t i n g  s p e c i e s  was o b t a i n e d  

A w a s  2 

from t h e  d i f f e r e n t i a l  r e f r a c t i v e  index  d e t e c t o r  response  by:  

where m i s  t h e  mass of polymer i n j e c t e d ,  Xi i s  t h e  d e t e c t o r  response  and 

V .  is t h e  increment  of  s o l u t i o n  volume between d a t a  p o i n t s .  

Universa l  c a l i b r a t i o n  f o r  l i n e a r  s p e c i e s  was based  on hydrodynamic 

volumes of a n i o n i c  p o l y s t y r e n e s  (9,101. The Mark-Houwink r e l a t i o n  f o r  poly- 

s t y r e n e  i n  t r ic l i lo robenzene  w a s  based  on K = 1.75 x 

(11). For l i n e a r  p o l y e t h y l e n e ,  t h e  v a l u e s  of R a m  and M i l t z  (12) (K = 5.96 x 

lo-' cm3g-', a = 0 . 7 )  were used .  

cm3g-', a = 0.67 

An a n a l y t i c a l  s o l u t i o n  t o  e q u a t i o n  ( 9 )  i s  n o t  a v a i l a b l e .  A n  

k i t e r a t i v e  computer program w a s  w r i t t e n  t o  c a l c u l a t e  n a t  each v a l u e  of P 

from e q u a t i o n s  (8) and ( 9 ) .  

W 

We have p r e v i o u s l y  shown t h a t  d i s s o l u t i o n  of p o l y e t h y l e n e  i n  t r i-  

chlorobenzene  a t  145" w i l l  u s u a l l y  n o t  produce a g g r e g a t e - f r e e  s o l u t i o n s  (13) .  

S o l u t i o n s  f r e e  of a g g r e g a t e s  can  be produced,  however, by s t o r i n g  t h e  

m i x t u r e s  a t  160°C f o r  a p p r o p r i a t e  t imes  b e f o r e  making molecular  weight  

measurements a t  145°C.  The e f f e c t s  of a g g r e g a t i o n  on measurements o f  l o n g  

c h a i n  branching  were examined i n  t h i s  s t u d y  by a n a l y s e s  of polymer s o l u t i o n s  

prepared  w i t h  and w i t h o u t  t h e  160'C t r e a t m e n t .  

one hour  was s u f f i c i e n t  t o  provide  a g g r e g a t e - f r e e  s o l u t i o n s  of t h e  poly-  

e t h y l e n e s  s t u d i e d  i n  t h i s  work. S t o r a g e  a t  t h i s  tempera ture  f o r  l o n g e r  

p e r i o d s  up t o  s e v e r a l  days had no e f f e c t  on molecular  weight  o r  branching  

r e s u l t s .  

NBS 1476 Polye thylene  

S t o r a g e  a t  160°C f o r  about  

F i g u r e  1 shows t h e  r e l a t i o n  between number of long  branches  p e r  

1000 carbons and molecular  weight  f o r  Nat iona l  Bureau of  S tandards  S tandard  
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1814 RUDIN, GRINSHPUN, AND O'DRISCOLL 
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F i g u r e  1 
Long branch  frequency-molecular  weight  r e l a t i o n  f o r  NBS 1 4 7 6  polye thylene .  

E s t i m a t e  made w i t h  k (en .  ( 3 ) )  = 0.5.  A :  polymer d i s s o l v e d  and ana lyzed  

i n  t r i c h l o r o b e n z e n e  a t  145OC; B: polymer d i s s o l v e d  a t  160'C and ana lyzed  

a t  145'C; C :  d a t a  of r e f e r e n c e  ( 7 ) ,  measured i n  a lpha-chloronaphtha lene  

a t  145'C and r e c a l c u l a t e d  by u s  from o r i g i n a l  d a t a .  

Reference  L.!aterial 1 4 7 6 .  T h i s  is a melt i n d e x  (14) 1 . 2 ,  0 .931  g d e n s i t y  

p d y m e r  t h a t  i s  r e p o r t e d  t o  be a low convers ion  t u b u l a r  r e a c t o r  product  (15). 

Curve A i n  F igure  1 r e c o r d s  l o n g  c h a i n  branching  f o r  samples  d i s s o l v e d  and 

mensured a t  1 4 5 O C .  Curve B i s  for t h e  same m a t e r i a l  a f t e r  t h e  p o l y e t h y l e n e  

s o l u t i o n  was g iven  a 160°C t r e a t m e n t  t o  d e s t r o y  polymer a g g r e g a t e s .  The 

branching  frequency 3t  low molecular  weights  i s  s e e n  t o  have d e c r e a s e d ,  w h i l e  

t h a t  at h i g h  molecular  weights  h a s  i n c r e a s e d  s l i g h t l y .  
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LONG CHAIN BRANCHING I N  POLYETHYLENE 1815 

'These changes can  be  e x p l a i n e d  a s  f o l l o w s .  The e r r o n e o u s l y  h i g h  

v a l u e s  f o r  long c h a i n  branching  a t  low molecular  weights  i n  aggrega te-  

c o n t a i n i n g  s o l u t i o n s  r e f l e c t s  t h e  behavior  of smaller agglomera tes  t h a t  

appear  e f f e c t i v e l y  i n  t h e  GPC a s  b i g g e r  e n t i t i e s  w i t h  branches .  This  w i l l  

occur  i f  on ly  a p o r t i o n  of  a molecule  i s  i n c o r p o r a t e d  i n t o  a n  a g g r e g a t e  w i t h  

t h e  d a n g l i n g  remainder  f u n c t i o n i n g  e s s e n t i a l l y  a s  a l o n g  branch.  Large 

a g g r e g a t e s  a r e  presumably composed of l a r g e  i n d i v i d u a l  macromolecules .  

These a g g r e g a t e s  w i l l  appear  i n  t h e  LALLS t r a c e  a s  "sp ikes"  t h a t  behave 

l i k e  d u s t  p a r t i c l e s .  These agglomera tes  w i l l  b e  r e j e c t e d  i n  t h e  molecular  

weight  computa t ions  (8,16). When t h e  s o l u t i o n  i s  t r e a t e d  t o  d i s s o l v e  t h e s e  

a g g r e g a t e s  t h e  "sp ikes"  a r e  no l o n g e r  p r e s e n t  and t h e  l a r g e  branched s p e c i e s  

produce s i g n a l s  t h a t  a r e  r e g i s t e r e d  by t h e  LALLS d e t e c t o r .  The f requency  

of  l o n g  c h a i n  branching  a t  h igh  molecular  weights  i s  s e e n  t o  i n c r e a s e  i f  

a g g r e g a t e - f r e e  s o l u t i o n s  of NBS 1476 a r e  ana lyzed .  

Curve C r e c o r d s  t h e  l o n g  c h a i n  branching  f r e q u e n c i e s  r e p o r t e d  by 

Axelson and Knapp ( 7 ) .  The d i s c r e p a n c i e s  between t h e i r  r o s d t s  and o u r s  

are, w e  b e l i e v e ,  due t o  d i f f e r e n c e s  i n  exper imenta l  proeedures .The c i t e d  

a u t h o r s  used r e l a t i v e l y  h i g h  c o n c e n t r a t i o n s  of  p o l y e t h y l e n e  d i s s o l v e d  i n  

alpha-chloronaphthalene,  which i s  a poor  s o l v e n t  f o r  t h i s  polymer. N o  s p e c i a l  

d i s s o l u t i o n  t i m e  o r  procedure  w a s  measured. A l l  t h e s e  f a c t o r s  u s u a l l y  l e a d  

t o  a g g r e g a t i o n  and u n c e r t a i n t i e s  i n  molecular  weight  measurements (8) .  

Furthermore,  f o r  molecular  w e i g h t s  > 8 x l o 5  t h e  c a l i b r a t i o n  procedure  used 

by Axelson and Knapp ( 7 )  may n o t  g i v e  r e l i a b l e  r e s u l t s .  

A s  mentioned earlier,  t h e  v a l u e  of k f o r  u s e  i n  e q u a t i o n  (8) i s  

u n c e r t a i n .  F igure  2 shows branching  frequency c a l c u l a t e d  w i t h  v a r i o u s  K ' s  

between 0 .5  and 1 . 5 ,  which i s  t h e  u s u a l  range  sugges ted  f o r  p o l y e t h y l e n e s  

( 1 7 ) .  The c h o i c e  of t h i s  exponent  a f f e c t s  t h e  magnitude of t h e  branching  

f requency  c a l c u l a t e d ,  b u t  t h e  form of t h e  branching-molecular  weight  r e l a t i o n  

i s  n o t  a l t e r e d .  

S i n c e  t h e  r e l a t i o n  observed d i f f e r s  from t h a t  r e p o r t e d  by earlier 

workers  i t  may be  a p p r o p r i a t e  h e r e  t o  defend  t h e  accuracy  of  t h e  p r e s e n t  
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Figure  2 

Long c h a i n  branch  f requency  of NBS 1476 p o l y e t h y l e n e  as a f u n c t i o n  o f  

molecular  weight .  E s t i m a t e s  u s i n g  k (eq.  ( 3 ) )  = 0.5 ( A ) ,  0.75 (B) and 

1 . 5  (C). 

r e s u l t s  by p o i n t i n g  o u t  t h a t  o u r  measurements of t h e  molecular  weight  para-  

meters of t h i s  sample a g r e e  very  w e l l  w i t h  t h o s e  from o t h e r  r e c e n t  c a r e f u l  

s t u d i e s  (8 ) .  T h i s  agreement  h o l d s  b o t h  f o r  LALLS and u n i v e r s a l  c a l i b r a t i o n  

methods of measurement. The branching  f requency  i s  c a l c u l a t e d  as  d e s c r i b e d  

above from a combinat ion of t h e s e  two procedures ,  each  of which is i n  good 

agreement w i t h  e a r l i e r  measurements on t h i s  polymer. 

How Long is  a Long Eranch? ____-__ 

S h o r t  c h a i n  branching  i n  p o l y e t h y l e n e  i s  b e l i e v e d  t o  have no 

s i g n i f i c a n t  e f f e c t  on  s o l u t i o n  o r  m e l t  r h e o l o g i c a l  b e h a v i o r ,  whereas  long 

c h a i n  branching  i s  c o n s i d e r e d  t o  be  impor tan t  i n  t h i s  connec t ion  (18). Long 

branches  can be d e f i n e d  g e n e r a l l y  as having  about  t h e  same dimensions as t h e  

main c h a i n  (19) .  I t  is obvious ,  however, t h a t  b ranches  much s h o r t e r  than  

t h i s  l e n g t h  w i l l  a f f e c t  t h e  r a d i u s  of g y r a t i o n  of  s o l v e n t - s w o l l e n  polymer 

c o i l s .  The minimum branch  l e n g t h  f o r  l o n g  c h a i n  b e h a v i o r  has  been i n d e t e r -  
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LONG CHAIN BRANCHING IN POLYETHYLENE 1817 

minate,to date. 

recent reviews of the subject (18,ZO). 

For this reason, the question is not usually addressed in 

Copolymers of ethylene and 1-olefins that are now available can 

be used to define long branch length more closely. In this study, linear 

polyethylene and ethylene copolymers with butene-1, octene-1 and octadecene-1 

were examined. Butene and octene comonomers are common bases for current 

linear low density polyethylenes. Linear polyethylene and ethylene copolymers 

with butene and octene register as having zero long chain branching with 

the GPC-LALLS method used here. The octadecene copolymer was counted as 

long branched, however. Thus, we can conclude that a long branch, as measured 

by GPC-LALLS, has a minimum length > 6 and < 16 carbons. Details of these 

measurements follow. 

Molecular weight parameters of the 1-olefin copolymers are 

recorded in Table I. Average molecular weights estimated from universal 

calibration are compared with those measured with the LALLS detector. 

values agree closely for the butene-1 and octene-1 copolymers that have the 

same molecular weight-hydrodynamic radius as linear polyethylene. En and l? 
are higher for the LALLS data because this detector is more sensitive than 

the differential refractometer to high molecular weight species and less 

sensitive to lower molecular weight polymers. 

RW 

Figure 3 shows the long chain branch frequency estimated for the 

ethylene-octadecene-1 copolymer. The long branch density is found to 

decrease with increasing molecular weight. 

ments that lower molecular weight copolymers are richer in the 1-olefin (22) 

and these results are consistent with those of fractionation experiments. 

It is known from other measure- 

Discussion --___ 

The dependence of long branch frequency on molecular weight of NBS 

sample 1476 is not typical of the majority of low density polyethylenes that 

we have examined. A more general relation is one in which branch frequency 

decreases monotonically from low to high molecular weights. This is not 
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LONG CHAIN BRANCHING IN POLYETHYLENE 

MOLECULAR WEIGHT 

Figure 3 

Long chain branching frequency versus molecular weight for ethylene- 

octadecene-1 copolymer. 

1819 

expected. Long branches are formed in free radical polymerizations by chain 

transfer to polymer (19). Since larger dead polymers offer bigger targets 

it is assumed that encounters with growing macroradicals and long chain 

branching will be greater at higher molecular weights. This reasoning is 

plausible €or isothermal polymerizations. Low density polyethylene polymer- 

ization reactions spanawide range of temperatures, however, and the molecular 

weight of the polymers produced decreases with increasing temperature. 

Chain transfer reactions are also enhanced at higher temperatures. The 

activation energy for chain transfer to polymer is greater than for the 

polymerization reaction (23). Thus chain transfer to polymer and long 

branch formation are most frequent under conditions where lower molecular 

weight polyethylenes are being formed. 

The measurements reported here suggest that macroradicals undergo 

chain transfer reactions primarily with dead polymer that was formed in the 

same microregion of the flow-through reactor. This is not very surprising, 

since most polyethylene reactors are not designed to provide back-mixing. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
0
2
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



1820 RUDIM, GRINSHPUN, AND O'DRISCOLL 

Our c o n c l u s i o n s  d i f f e r  from t h o s e  of p r e v i o u s  workers ,  who found 

e i t h e r  t h a t  long  c h a i n  branching  i n  low d e n s i t y  p o l y e t h y l e n e  i n c r e a s e d  w i t h  

molecular  weight  o r  w a s  independent  of m o l e c u l a r  weight  (18.20). The p r e s e n t  

d a t a  are b e l i e v e d  t o  be  more r e a l i s t i c ,  because  t h e y  a r e  d e r i v e d  w i t h  newer 

and more s e n s i t i v e  a n a l y t i c a l  methods. 

There h a s  a l s o  been some q u e s t i o n  as t o  whether  t h e  presence  of 

s h o r t  b ranches  should  b e  d i s c o u n t e d  i n  t h e  e s t i m a t i o n  of l o n g  branch  frequency 

(24 ,25) .  The p r e s e n t  d a t a  show t h a t  s h o r t  c h a i n  branching  can  b e  i g n o r e d ,  

i f  a s h o r t  b ranch  is d e f i n e d  as one w i t h  s i x  o r  less carbons .  
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