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DETERMINATION OF THE MONODISPERSE MARK-HUUWINK EQUATION 

OF HIGH-VINYL POLYBUTADIENE BY GEL 

CHROMATOGRAPHY AND LIGHT SCATTERING* 

Shu-Qin Bo and Rong-Shi Cheng 

I n s t i t u t e  of  Applied Chemistry 

Academia S i n i c a  

Changchun, J i l i n ,  P e o p l e ' s  Republic o f  China 

ABSTRACT 

Gel chromatographic ,  l i g h t  s c a t t e r i n g ,  v i s c o s i m e t r i c  and 

Three a l t e r n a t i v e  
osmotic p r e s s u r e  measurements have been made for  h igh  v i n y l  
polybutadiene f r a c t i o n s  and whole polymer. 
methods f o r  deducing a monodisperse Mark-Houwink equat ion  from 
g e l  chromatographic, l i g h t  s c a t t e r i n g  and v i s c o s i m e t r i c  d a t a  
of samples wi th  unequal d i s t r i b u t i o n  wid ths  a r e  sugges ted .  
monodisperse Mark-Houwink e q u a t i o n s  o b t a i n e d  by t h e s e  methods 
f o r  h i g h  v i n y l  po ly(butad iene)  are a l l  a l i k e .  

The 

INTRODUCTION - 

The c h a i n  s t r u c t u r e  of po lydiene  h a s  s e v e r a l  p o s s i b i l i t i e s  

due t o  d i f f e r e n c e  of a d d i t i o n  scheme f o r  t h e  monomer. For 

example, when butad iene  i s  polymerized,  two k inds  o f  p r o d u c t s  

might be  o b t a i n e d ,  by 1 , 2  or  1 , 4  a d d i t i o n ,  and f o r  t h e  l a t t e r  

t h e  product  might b e  c l a s s i f i e d  a g a i n  i n t o  c is  and t rans  forms. 

*Presented a t  t h e  GPC Symposium, Chinese Chemical S o c i e t y ,  G u i l i n ,  
P e o p l e ' s  Republ ic  of China, June 2-6, 1981. 
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1406 BO AND CHENG 

Changing t h e  c a t a l y t i c  system, polybutadienes  with d i f f e r e n t  

composi t ional  cha in  u n i t s  might be o b t a i n e d ,  and t h e i r  s o l u t i o n  

p r o p e r t i e s  might a l s o  b e  d i f f e r e n t  i n  some r e s p e c t s .  In  r e c e n t  

y e a r s ,  h igh-v inyl  po lybutadiene  h a s  been prepared  by some organo- 

m e t a l l i c  c a t a l y s t s .  The molecular  comformation and t h e  s o l u t i o n  
p r o p e r t i e s  of  v i n y l  po lybutadiene  may b e  i n f l u e n c e d  s e r i o u s l y  by 

t h e  l a r g e  amount of  pendant s i d e  groups e x i s t i n g .  In t h e  s tudy 

of  polymer s o l u t i o n  p r o p e r t i e s ,  t h e  monodisperse Mark-Houwink 

equat ion  p l a y s  an important  r o l e .  F i r s t ,  f o r  measuring molecular  

weight of polymer, only t h e  monodisperse Mark-Houwink equat ion  

can g i v e  t h e  c o r r e c t  v i s c o s i t y - a v e r a g e  molecular  weight .  

i n  t h e  s tudy of t h e  e f f e c t  of  t h e  s t r u c t u r e  and p o l y d i s p e r s i t y  

on v a r i o u s  phys ica l  p r o p e r t i e s  o f  polymer, a monodisperse r e l a t i o n -  

s h i p  i s  f r e q u e n t l y  r e q u i r e d .  Howwer, t h e  Mark-Houwink e q u a t i o n s  

given i n  t h e  l i t e r a t u r e  are  almost  always determined from t h e  

weight-or  number-average molecular  weights  of  f r a c t i o n s  wi th  

u n c e r t a i n  molecular  weight d i s t r i b u t i o n s .  

ob ta ined  are 

Secondly, 

The r e l a t i o n s h i p s  t h u s  

both of them a r e  n o t  t h e  monodisperse e q u a t i o n .  

been suggested i n  t h e  l i t e r a t u r e s  ( 1 - 5 )  f o r  deducing t h e  parameters  

of  t h e  monodisperse Mark-Houwink equat ion .  

a requirement  must b e  s a t i s f i e d ,  i . e .  t h e  r e l a t i v e  width of t h e  

molecular  weight d i s t r i b u t i o n  of  t h e  sample used  must b e  t h e  same, 

and known e x a c t l y .  Under t h i s  c o n d i t i o n  t h e  a l p h a  v a l u e  o b t a i n e d  

i s  independent of  t h e  width of t h e  MWD o f  t h e  sample; t h e r e f o r e ,  

i t  i s  only necessary  t o  c o r r e c t  t h e  K v a l u e  f o r  p o l y d i s p e r s i t y .  

Since t h e  width o f  t h e  d i s t r i b u t i o n  may vary  from sample t o  sample, 

t h e  a p p l i c a b i l i t y  o f  t h e  suggested methods would be  l i m i t e d .  

h igh-v inyl  po lybutadiene ,  t h e  only d a t a  found i n  l i t e r a t u r e  was 

t h a t  r e p o r t e d  by Anderson e t  a l . ,  (6) i n  which t h e  number-average 

Severa l  methods have 

I n  a l l  o f  t h e s e  methods, 

For  
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HIGH-VINYL POLYBUTADIENE 1407 

molecular  weights  were measured by osmotic p r e s s u r e  and the Mark- 

Houwink equat ion  c i t e d  was t r e a t e d  as i n  Eq. 2.  

In t h e  p r e s e n t  work, t h e  molecular  weight  d i s t r i b u t i o n  of  

v i n y l  po lybutadiene  sample were measured by g e l  chromatography, 

and i n  connec t ion  w i t h  t h e  l i g h t  s c a t t e r i n g  and v i s c o s i t y  

measurements, t h r e e  a l t e r n a t i v e  methods f o r  deducing t h e  mono- 

d i s p e r s e  Mark-Houwink parameters  from samples wi th  unequal 

d i s t r i b u t i o n  widths  were employed. 

t h e s e  methods a r e  a l l  very much a l i k e .  

The r e s u l t s  o b t a i n e d  by 

EXPERIMENTAL - 

Sample: 

with molybdenum naphthenate-triisobutylaluminium as c a t a l y s t .  The ' 

product  was d e a c t i v a t e d  and coagula ted  by a d d i t i o n  of  e t h y l  a l c o h o l ,  

and t h e n  d r i e d  i n  vacuum. 

F r a c t i o n a t i o n :  The sample was d i s s o l v e d  i n  hydrogenated gas-  

o l i n e ,  f i l t e r e d  through a G5 s i n t e r e d  g l a s s  f u n n e l  and p r e c i p i t a t e d  

with 1:l methyl a lcohol -ace tone  mixture  f o r  p u r i f i c a t i o n .  The 

p u r i f i e d  polymer was then f r a c t i o n a t e d  by r e v e r s e  f r a c t i o n a l  p r e -  

c i p i t a t i o n  a t  3OoC i n  t o l u e n e  by a d d i t i o n  of  methyl a l c o h o l  as  
p r e c i p i t a n t .  

S t r u c t u r e  Analys is :  

determined by i n f r a r e d  a b s o r p t i o n  s p e c t r a  (PEKIN ELMER 599 B )  and 

13C n u c l e a r  magnetic resonance s p e c t r a  (JEOL FX 100) r e s p e c t i v e l y .  

Gel Chromatography: The molecular  weight d i s t r i b u t i o n s  o f  t h e  

samples were determined with a ARL 950 Gel Permeation Chromatograph. 

The column was packed with d e a c t i v a t e d  p o r o u s - s i l i c a  beads  prepared  

i n  t h i s  l a b o r a t o r y .  

ra te  1 ml/min a t  42OC. 

s o l u t i o n  was d e t e c t e d  with a 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 .  The 

e l u t i o n  volume was measured with a siphon tube  wi th  a volume of 

1.98 m l .  

The v i n y l  po lybutadiene  was prepared  i n  t o l u e n e  a t  5OoC 

The v i n y l  c o n t e n t s  o f  t h e  f r a c t i o n s  were 

THF was used  as  t h e  e l u t i o n  s o l v e n t  wi th  f low 

The c o n c e n t r a t i o n  of t h e  e l u t e d  polymer 
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1408 BO AND CHENG 

Light  S c a t t e r i n g :  The weight-average molecular  weights  of  t h e  

samples were determined s imultaneously with a Chromatix KMX-6 Low 

Angle Laser Light  S c a t t e r i n g  Photometer and a Shimadzu PG-21 Light  

S c a t t e r i n g  Photometer, us ing  cyclohexane a s  s o l v e n t  a t  ambient 

temperature .  

3OoC determined by a Chromatix KMX-16 D i f f e r e n t i a l  Refractometer  

a t  632.8 nm. 

0.094 were chosen f o r  t h e  convent ional  l i g h t  s c a t t e r i n g  measurements. 

Viscos i ty :  

us ing  an Ubbelohde viscometer  a t  30OC. 

was a p p l i e d .  

e x t r a p o l a t i o n  t o  i n f i n i t e  d i l u t i o n .  

Osmotic Pressure:  A Knauer Membrane Osmometer was used  t o  determine 

t h e  number-average molecular  weight of  a r b i t r a r i l y  s e l e c t e d  samples 

f o r  checking t h e  g e l  chromatographic d a t a ;  to luene  was used a s  s o l v e n t .  

The dn/dc of t h e  v i n y l  polybutadiene i s  0.0816 a t  

The i n c i d e n t  l i g h t  of 436 nm and a dn/dc v a l u e  of 

V i s c o s i t i e s  were measured f o r  to luene  and THF s o l u t i o n s  

A k i n e t i c  energy c o r r e c t i o n  

The i n t r i n s i c  v i s c o s i t y  of  t h e  sample was obta ined  by 

RESULTS AND DISCUSSIONS 

Experimental Resul t s :  

whole polymer determined by 13C NMR and IR are  l i s t e d  i n  Table 1. 

The v i n y l  c o n t e n t s  of t h e  f r a c t i o n s  and the 

TABLE 1 

Vinyl Contents  of Polybutadiene Samples 

Vinyl W t .  % Frac t ion  
I R  NMR 

S1 - A 89.2 - 
s1 
s2 

93.8 

94.0 

93.5 

93.2 

s 3  93.1 94.7 

54 94.3 - 

whole polymer 93.1 92.0 
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HIGH-VINYL POLYBUTADIENE 1409 

TABLE 2 

Weight Average Molecular Weights and I n t r i n s i c  V i s c o s i t i e s  of 
Vinyl Polybutadiene Samples 

F r a c t i o n  <M)w x lo-’ ml/g, 3OoC 

LALLS v a € d  THF Toluene Ls Ave a e 

S1 - A 2.33 2.33 2.33 162 148 

s1 6.85 6.06 6.46 388 330 

s2 10.8 10.5 10.7 540 484 

s 3  11.8 14.9 13.4 670 571 

s4 21.6 20.8 2 1 . 2  94 1 832 

whole polymer 19.2 22.9 21.1 760 646 

0.06 

0.05 

0.04 

.- 0.03 . .- 
I 

0.02 

0.01 

0.00 

90 100 110 120 130 140 150 160 170 180 

FIGURE 1 .  Normalized G e l  Chromatograms of Vinyl  Polybutadiene 
Samples. 
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TABLE 3 

BO AND CHENG 

GPC Data i n  Elu t ion  Volume Count of Vinyl Polybutadiene Samples 

I I 

'R ' < [ n ] >  2 - 
* T  V 'R <M)w F r a c t i o n  

S l  - A 46.36 133.87 131.27 131.82 

s1 79.17 127.28 123.11 123.93 

s2 60.96 120.40 117.15 117.80 

s 3  55.45 117.91 114.96 115.55 

s4  47.33 114.75 112.13 112.67 

whole polymer 232.7 123.48 

The v i n y l  c o n t e n t s  are a l i k e ,  independent of t h e  molecular  weight of 

t h e  sample, except  S1-A, which i s  a f r a c t i o n  of  a n o t h e r  sample wi th  

lower molecular  weight .  

shown i n  Table  2 .  The weight-average molecular  weights  measured by 

convent iona l  l i g h t  s c a t t e r i n g  were very  c l o s e  t o  t h o s e  measured by 

LALLS; t h e r e f o r e  t h e  average  v a l u e s  were used t o  c a l i b r a t e  t h e  g e l  

chromatographic column. 

f r a c t i o n  i s  shown i n  F igure  1; t h e  mean e l u t i o n  volumes and v a r i a n c e s  

c a l c u l a t e d  from experimental  chromatograms a r e  shown i n  Table  3 .  

The l i g h t  s c a t t e r i n g  and v i s c o s i t y  d a t a  are  

The normalized g e l  chromatogram f o r  each 

C a l i b r a t i o n  of  Gel Chromatographic Column: The c a l i b r a t i o n  

r e l a t i o n s h i p  of t h e  g e l  chromatographic column r e p r e s e n t s  t h e  

r e l a t i o n s h i p  between c e r t a i n  molecular  s i z e  parameters  of  mono- 

d i s p e r s e  polymer and i t s  r e t e n t i o n  column under  i d e a l  working 

c o n d i t i o n s .  For a l i n e a r  chromatographic column, t h e  monodisperse 

c a l i b r a t i o n  r e l a t i o n s h i p  may b e  w r i t t e n  as  
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HIGH-VINYL POLYBUTADIENE 1411 

The c o e f f i c i e n t s  of  t h e  above r e l a t i o n s h i p s  may b e  determined from 

t h e  known experimental  average  v a l u e s  (M) o r  <[ rl])of p o l y d i s p e r s e d  

polymer s t a n d a r d s ,  and t h e  corresponding r e t e n t i o n  volumes cal-  

c u l a t e d  by 

where W(V ) i s  t h e  t r u e  chromatogram of t h e ' p o l y d i s p e r s e d  sample 

( 7 ) .  If t h e  experimental  chromatogram F(V)  of t h e  polydispersed  

polymer i s  used  i n s t e a d  of W(V ), t h e  c a l c u l a t e d  r e s u l t s  a re  

t r a n s l a t e d  t o  corresponding r e t e n t i o n  volumes as 

R 

R 

'k,<M>w = ( - l /BM)ln  CF(VR) e-BMVR 

= ( l /BM)ln CF(VR) e BMVR 'A, ( M h  

due t o  t h e  e x i s t e n c e  o f  t h e  i n s t r u m e n t a l  spreading  effect .  

From Tung's i n t e g r a l  equat ion  

and i f  t h e  spreading  f u n c t i o n  G(V,VR) i s  Gaussian 

then (7)  
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1412 BO AND CHENG 

2 'k,(M)n = "R,<M)n + BMuo / , 

Hence, t h e  r e s u l t a n t  c a l i b r a t i o n  r e l a t i o n s h i p s  are t r a n s l a t e d  

c a l i b r a t i o n  r e l a t i o n s h i p s  M '  (V,) and [ 113 

displacement  d i r e c t l y  depends upon t h e  spreading  f a c t o r  0;  and 

t h e  s l o p e  of t h e  c a l i b r a t i o n  c u r v e ,  and a l s o  upon t h e  i n i t i a l  

c a l i b r a t i o n  parameter  chosen,  t h e  c o r r e c t i o n  f a c t o r s  f o r  t h e  

average molecular  weight and i n t r i n s i c  v i s c o s i t y  c a l c u l a t e d  from 

t h e  experimental  chromatogram F(V) u s i n g  t r a n s l a t e d  c a l i b r a t i o n  

r e l a t i o n s  are  l i k e w i s e  r e l a t e d  t o  t h e  i n i t i a l  c a l i b r a t i o n  p a r a -  

meter .  I f  t h e  c a l c u l a t e d  average  and t h e  i n i t i a l  c a l i b r a t i o n  

parameter  are of t h e  same type  spreading  c o r r e c t i o n  i s  unnecessary.  

F o r  example, f o r  t h e  t r a n s l a t e d  c a l i b r a t i o n  r e l a t i o n  M ( ) us ing  

weight-average molecular  weight as t h e  i n i t i a l  c a l i b r a t i o n  p a r a -  

meter, t h e  spreading  c o r r e c t i o n  f a c t o r s  f o r  t h e  average  molecular  

weights  c a l c u l a t e d  from experimental  chromatogram F(V) are  

(V,) . Since  t h e  volume 

k 'R 

r e s p e c t i v e l y .  

The t r a n s l a t e d  c a l i b r a t i o n  r e l a t i o n s h i p s  obta ined  from t h e  

corresponding r e t e n t i o n  volumes c a l c u l a t e d  from t h e  experimental  

chromatograms with <M)w and <[ n 1) as i n i t i a l  c a l i b r a t i o n  parameters  

f o r  v i n y l  po lybutadiene  are shown i n  F igure  2 .  

f i t  of t h e  d a t a  g i v e s  

The leas t  square  
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HIGH-VINYL POLYBUTADIENE 1413 

V 

FIGURE 2. The Translated Calibration Curves of Vinyl Poly- 
butadiene. 

(201 
2 

M'(VR) : 1nM = 26.8697 - 0.1103 VR (r =0.992), 

2 
[ I?] ' (V,)  : l n [ r l ] =  16.6242 - 0.0871 VR (r =0.984), ( 2 1 )  

respectively. 
viscosities of t he  samples studied, calculated from the experimental 
chromatogram using the above two relationships are listed in Table 4; 

both of them are very close to the experimentally determined values. 

The weight average molecular weights and intrinsic 
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1414 BO AND CHENG 

TABLE 4 

The Experimental and GPC Calcu la ted  Average Molecular Weights and 

I n s t r i n s i c  V i s c o s i t y  o f  Vinyl Polybutadiene Samples 

S1 - A 2.33 2 .41  - 1 . 3 9  1 . 6 7  162  1 7 1  1 .44  

s1 6 .46  5 .92  3 .00  2 .36  2 .83  388 340  2 . 0 9  

s2 10 .7  11 .4  - 5 .53  6.64 540 580  1 . 7 2  

s3 13 .4  1 4 . 5  8 . 6 9  7 . 5 1  9 . 0 1  670  706 1 . 6 1  

s 4  2 1 . 2  1 9 . 9  - 11 .4  13.6 941  907  1 . 4 5  

WhpO&Eymcr 21 .1  16 .4  1 . 2 1  1 .45  760 716 11.3 

The number-average molecular  weights ,  c a l c u l a t e d  from t h e  experimental  

chromatograms us ing  M’(V ) and t h e  c o r r e c t c d  v a l u e s  accord ing  t o  

Equation (17 )  are a l s o  i n  Table  4 .  Two f r a c t i o n s  were a r b i t r a r i l y  

s e l e c t e d  t o  t a k e  osmotic p r e s s u r e  measurement f o r  checking t h e  g e l  

chromatographic d a t a .  The c o r r e c t e d  numbcr-average molecular  weight 

from g e l  chromatography conforms t o  t h e  exper imenta l ly  determined 

va lue .  

w R  

Monodisperse Mark-Houwink Equation : 

The width of t h c  molecular  weight d i s t r i b u t i o n  of t h e  poly-  

bu tad iene  sample s t u d i c d  v a r i e s  cons iderably  as seen i n  Table  4 .  

I t  i s  d i f f i c u l t  t o  determine t h e  monodisperse Mark-Ilouwink para-  

meters  a c c u r a t e l y  f o r  such c a s e s  u s i n g  t h e  l i t e r a t u r e - p r o p o s e d  

methods. ‘I’he parameters  for t h e  monodispersc Mark-Houwink equat ion  

[q] = K Ma ( 2 2 )  

should be i d e n t i c a l  t o  t h o s e  of t h e  r e l a t i o n s h i p  between i n t r i n s i c  

v i s c o s i t y  and v i s c o s i t y - a v e r a g e  molecular  weight  f o r  t h e  polydispersed  

sa rnp 1 e s 
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HIGH-VINYL POLYBUTADIENE 

where t h e  v i s c o s i t y  average  molecular  weight i s  d e f i n e d  as 

1415 

( 2 3 )  

For deducing t h e  monodisperse Mark-Houwink parameters ,  t h r e e  a l t e r -  

n a t i v e  methods were employed i n  t h e  p r e s e n t  work. In method I and 

I1 t h e  v i s c o s i t y - a v e r a g e  molecular  weights  are  first c a l c u l a t e d  

fo l lowing  d i f f e r e n t  r o u t e s ,  whi le  i n  method I11 they  a r e  deduced 

from t h e  t h e o r e t i c a l  r e l a t i o n s h i p  between t h e  monodisperse c a l i b r a t i o n  

curve  [ q ]  (V,) a n d  M ( V R ) .  

Method I ,  Assuming t h e  molecular  weight d i s t r i b u t i o n  f i t s  t h e  

1 o g a r i  t6mic normal d i  s t r i b u t  ion 

then <M)w = Moe (1/4)82 I 

t h e  p o l y d i s p e r s i t y  index 

Combine above e q u a t i o n s ,  we s e e  t h a t  

Thus, t h e  v i s c o s i t y  average  molecular  weight  can b e  c a l c u l a t e d  

from t h e  exper imenta l  weight-average molecular  weight ,  p o l y d i s p e r s i t y  

index and t h e  parameter  c1 t o  be  determined.  For  t h i s  purpose ,  weight-  
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1416 BO AND CHENG 

average  molecular  weight from l i g h t  s c a t t e r i n g  measurement and poly-  

d i s p e r s i t y  index from g e l  chromatographic d a t a ,  a f t e r  apply ing  i n -  

s t rumenta l  spreading  c o r r e c t i o n ,  were used.  The parameter  a was 

determined by an i t e r a t i v e  procedure.  The i n i t i a l  v a l u e  of a was 

taken from t h e  l e a s t  square  f i t  of  t h e  exper imenta l ly  determined 

([ ,l])and <M)wJ wi th  which t h e  v i s c o s i t y  average  molecular  weight  

was c a l c u l a t e d  accord ing  Eq.30. 

was then deduced from aqn and (M) by t h e  l e a s t  square  f i t .  

This  i t e r a t i v e  procedure was r e p e a t e d  u n t i l  t h e  v a l u e  no longer  

changed. A similar procedure for  deducing t h e  monodisperse Mark- 

liouwink equat ion  f o r  poly isbutene  was employed by Mrkvickova and 

Lapour ( 8 ) ,  i n  which t h e  MWD of t h e  sample was assumed t o  be  a 

Schulz-Zimm d i s t r i b u t i o n .  

A new p a i r  of  parameters ,  K and a , 

Method 11, The same i n i t i a l  v a l u e  o f a  as  method I was used t o  

c a l c u l a t e  t h e  v i s c o s i t y - a v e r a g e  molecular  weight  d i r e c t l y  from F(V) 

and Mtw(VR) accord ing  t o  Equation 24.  The c a l c u l a t e d  (M) was then  n 
c o r r e c t e d  f o r  ins t rumenta l  spreading  by E q .  19. The new K and a 

va lues  were deduced a g a i n  from t h e  exper imenta l ly  determined i n t r i n s i c  

v i s c o s i t y  and t h e  c o r r e c t e d  v i s c o s i t y - a v e r a g e  molecular  weight  by a 

least  square  f i t .  The procedure i s  r e p e a t e d  u n t i l  t h e  v a l u e  of  a 

becomes c o n s t a n t .  

Method 1111, 

r e l a t i o n s h i p s  M(VR) and [ Q ]  (V,) as Eq. 3 and 4 are  known, s imple 

c o r r e l a t i o n s  between t h e  Mark-Houwink parameters  and t h e  c o e f f i c i e n t s  

of t h e  c a l i b r a t i o n  r e l a t i o n s h i p s  

I f  t h e  c o e f f i c i e n t s  of  t h e  monodisperse c a l i b r a t i o n  

must b e  s a t i s f i e d .  Since t h e  c a l i b r a t i o n  r e l a t i o n s h i p o b t a i n e d  from t h e  

i n i t i a l  c a l i b r a t i o n  parameter ,  and corresponding r e t e n t i o n  volume 

c a l c u l a t e d  by F(V), i s  a t r a n s l a t e d  c a l i b r a t i o n  r e l a t i o n s h i p ,  i . e .  
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HIGH-VINYL POLYBUTADIENE 1417 

7 (33) 
Mt(VR) : In M = A t  - BMVR M 

it i s  necessary t o  apply a displacement cor rec t ion  on c o e f f i c i e n t s  4 and A '  q f o r  deducing the  monodisperse r e l a t ionsh ip .  From Eqs. 

13 and 15, i f  t h e  spreading f a c t o r  o0  i s  considered as a cons tan t  

equal t o  the  middle value of t h e  va r i ab le  uo(VR) over t h e  e n t i r e  

range of e lu t ion  volume (9 ) ,  then 

2 .  

2 

(351 

A q  = A ' q +  (1/2)B2 c? (36 1 n o ,  

n u s ,  t he  r e s u l t a n t  monodisperse c a l i b r a t i o n  r e l a t ionsh ips  a r e  

M(VR) : 1nM = 26.9609 - 0.1103 VR , (37) 

[q](VR) : l n [ q ]  = 16.6811 - 0.0871 VR , (38 1 

respec t ive ly ,  and t h e  monodisperse Mark-Houwink parameters can be 

deduced. 

The a v a l u e  became cons tan t  simply a f t e r  two i t e r a t i o n s  f o r  

methods I and 11; t h e  ca lcu la ted  viscosity-average molecular weights 

a r e  l i s t e d  in  Table 5. The parameters f o r  t h e  monodisperse Mark- 

Houwink equation thus  obtained f o r  vinyl polybutadiene i n  THF a r e  
2 

l i s t e d  in  Table 6 ,  i n  which the  l i n e a r  co r re l a t ion  c o e f f i c i e n t  r , 
f o r  t h e  l e a s t  square f i t ,  and t h e  r e s u l t s  of method I11 a r e  a l s o  

l i s t e d .  

The data i n  Table 6 ind ica t e  t h a t  t h e  r e s u l t s  obtained by t h e  

three  a l t e r n a t i v e  methods a r e  very c lose  t o  each o the r  and near ly  

ind is t inguishable  i n  the  inves t iga ted  molecular weight range a s  

i l l u s t r a t e d  by Figure 3 .  That i s  t o  say, t h e  monodisperse Mark- 

Houwink equation could be deduced by any one of t he  above t h r e e  
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1418 BO AND CHENG 

TABLE 5 

Viscosity-Average Molecular Weight f o r  Vinyl Polybutadiene Samples 

THF Toluene 

Method I Method I1 Method I 

Frac t ion  

S1 - A 2.24 2.31 2.24 

s1 5.98 5.52 5.95 

s2 10.1 10.8 10.1 

s3 12 .8  13.9 12.7 

s4 20.4 19.1 20.3 

whole polymer 16.3 14.1 - 

methods i f  t h e  p o l y d i s p e r s i t y  o f  t h e  polymer spreading  effect i n  

g e l  chromatography a r e  cons idered .  The small d i f f e r e n c e  i n  t h e  

v a l u e s  of t h e  parameters  shown i n  Table  6 o r i g i n a t e d  from t h e  s l i g h t  

d i f f e r e n c e  of t h e  c a l c u l a t e d  v i s c o s i t y - a v e r a g e  molecular  weights  by 

methods I and 11. I f  t h e  average  v a l u e  of  <M) was cons idered ,  t h e  
rl 

TABLE 6 

The Monodisperse Mark-Houwink Parameters  f o r  Vinyl Polybutadiene 

i n  THF a t  3OoC 

2 Methods K l o3  01 r 

I 9.65 0.79 0.997 

I1 9.84 0.79 0.986 

111 9.87 0.79 - 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
5
9
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



HIGH-VINYL POLYBUTADIENE 1419 

FIGURE 3 .  The Intrinsic Viscosity-Viscosity Average Molecular 
Weight Log-Log Plots of Vinyl Polybutadiene in THF 
at 3OoC. 

0 Fractions 0 llhole Polymer/Method I 
A Fractions A Whole Polymer/Method I1 - For Method I11 

monodisperse Mark-Houwink equation of vinyl polybutadiene i n  THF 

3OoC could be expressed as 

[TI] = 9.97 x Moa7' THF, 3OoC , (391 

The experimental data for the toluene solution were treated 
with method I; the resultant monodisperse Mark-Houwink equation is 

2 toluene, 3OoC, r =0.999 (40) - 2 .  M0.78 
[ Q ]  = 1.04 x 10 

Anderson et al. ( 6 )  have reported some data including number- 
average molecular weight, polydispersity index, and intrinsic 
viscosity of high 1,2-polybutadiene samples in toluene, but the 
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1420 BO AND CHENG 

2000 

1000 

[VI 

100 

deduced Mark-Houwink equation was not the monodisperse equation. 

Suppose the molecular weight distribution of their sample fits the 
logarithmic normal distribution; the relationship between the 
viscosity-average and number-average molecular weight should be 

I 
I I I I ' r 1 1 1  I I 

- - 
L - - 
- 

I 1 I I I I l l 1  I I 1 

Their data were retreated by method I, using Eq. 41, to calculate 
( m n  . The monodisperse Mark-Houwink equation obtained by the 
least 

i 

M 

FIGURE 4. The Intrinsic Viscosity-Viscosity Average Molecular 
Weight Log-Log Plots of Vinyl Polybutadiene in 
Toluene a t  30 C. -2 0.78 - The Present Work: [ n ]  = 1.04X10 M 

a -  Anderson, et a1.(6): 
[ n ]  = 9.01x10-3Mn 

.... Anderson's Data, Corrected- 306~7glydispersity: 
[n ]  = 1.24X10 M 
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HIGH-VINYL POLYBUTADIENE 

[ n ]  = 1 .24  x lo-'. Mo 

Comparing it with our r e s u l t s  

1421 

2 76 toluene, 3OoC, r =0.996 , (42)  

t he re  a r e  no d i s t i n c t  d i f f e rences ,  

as shown i n  Figure 4 .  For the  th ree  a l t e r n a t i v e  methodsemployed i n  

the  present  work, t h e r e  a r e  no r e s t r i c t i o n s  on t h e  molecular weight 

d i s t r i b u t i o n  of t he  sample used. Thus, some conveniences a r e  

r ea l i zed  f o r  planning experiments and se l ec t ing  samples,. For 

samples with broad molecular weight d i s t r i b u t i o n ,  as f o r  t he  

whole polymer used i n  the  present  work ( the  po lyd i spe r s i ty  index 

i s  as high a s  11.3) t he  da ta  po in t s   of<[^]> aga ins t  (M) c a l -  

cu la ted  by method I o r  I1 a l s o  a r e  loca ted  nea r  t h e  determined 

monodisperse l i n e  as shown i n  Figure 3. 

t he  monodisperse Mark-Houwink equation obtained i s  va l id .  

n 

This f a c t  i n d i c a t e s  t h a t  
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