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CALIBRATION PROCEDURES FOR 
BRANCHED POLY(VINYL ACETATEI'IN 
SIZE EXCLUSION CHROMATOGRAPHY 

T. A. Coleman and J.  V .  Dawkins 
Department of Chemistry 

Loughborough University of Technology 
Loughborough, Leicestershire LEI 1 3TU, England 

ABSTRACT 

Bulk monomer polymerisat ions have been performed a t  low 
and h igh  temperatures i n  order t o  produce samples o f  po ly (v iny1  
acetate) having l i n e a r  and branched s t ruc tu res .  
branching attached through the acetate group i n  po ly (  v i n y l  
acetate) was removed by a process o f  hydro lys is  and reacety la -  
t i on .  Frac t ions  were i s o l a t e d  by f r a c t i o n a l  p r e c i p i t a t i o n  from 
l i n e a r  polymers and from reacety la ted  whole polymers. 
c a l i b r a t i o n  procedure i n  s i ze  exc lus ion  chromatography (SEC) 
i n v o l v i n g  the o f f - l i n e  experimental measurement o f  the i n t r i n s i c  
v i s c o s i t y  o f  polymers and f r a c t i o n s  was examined, from which i t  
was concluded t h a t  long-chain branching i n  samples o f  po l y (v iny1  
acetate) obtained by the h igh  conversion polymerisat ions a t  353 K 
i s  o f  t he  hydrolysable type. 
proposed by Ram and M i l t z  f o r  branched polymers was inves t i ga ted  
and found t o  provide acceptable molecular weight data f o r  
branched samples o f  po ly (v iny1  ace ta te) .  

Long-chain 

A 

The SEC c a l i b r a t i o n  method 

INTRODUCTION 

Polymerisat ion o f  v i n y l  acetate i s  commonly performed t o  
high monomer conversion a t  an elevated temperature. Such cond i t ions  
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1192 COLEMAN AND DAWKINS 

f o r  the rad i ca l  polymerisat ion o f  t h i s  monomer i n e v i t a b l y  lead t o  
po ly (v iny1  acetate) (PVA) having branched s t ruc tu res  (1 ) .  

a r ises  through chain t rans fe r  reac t ions  i n v o l v i n g  propagating 
rad ica ls ,  and the branching s t ruc tu res  which r e s u l t  may be 
c l a s s i f i e d  as hydrolysable ( i .e.  detachable from the main chain 
by hydro lys is )  and permanent o r  non-hydrolysable ( i  .e. no t  
removed by hyd ro l ys i s ) .  
o f  branching i s  important no t  on ly  f o r  PVA b u t  a lso  f o r  po ly  
( v i n y l  a lcoho l )  which i s  genera l l y  produced by the hyd ro l ys i s  
o f  PVA ( 2 , 3 ) .  Consequently, cha rac te r i sa t i on  o f  the s t r u c t u r a l  
changes t h a t  may occur i n  PVA on hydro lys is  and subsequent 
reace ty la t i on  can provide in fo rmat ion  on the types o f  branching 
i n  PVA and on the  existence o f  branching i n  po l y (v iny1  a lcoho l ) .  

chromatography (SEC) have been studied f o r  the  charac ter i  sa- 
t i o n  o f  molecular weight d i s t r i b u t i o n  (MWD) and degree o f  long- 
chain branching (LCB) i n  branched polymers (43). 
provides a molecular s i z e  d i s t r i b u t i o n ,  these methods character-  
i s i n g  MWD and LCB requ i re  an independent measurement o f  polymer 
s ize,  e i t h e r  on - l i ne  o r  o f f - l i n e  t o  the  chromatograph w i t h  a 
technique such as viscometry o r  l i g h t  sca t te r i ng .  The p r i n c i p l e s  
o f  methods i nvo l v ing  a n a l y t i c a l  SEC w i t h  a concentrat ion de tec tor  
and the o f f - l i n e  determinat ion o f  s o l u t i o n  v i s c o s i t y  f o r  the  
whole polymer were es tab l i shed by the work o f  D r o t t  and 
Mendelson ( 6 )  who showed t h a t  determinat ions o f  both MWD and 
LCB required the app l i ca t i on  o f  un iversa l  c a l i b r a t i o n  based on 
hydrodynamic volume and r e l a t i o n s  f o r  the dependence o f  molecular 
dimensions on LCB f o r  var ious branching models. Var iants o f  the 
D r o t t  and Mendelson procedure have been used t o  deduce values o f  
the branching index x (de f ined as the number o f  branches per 

u n i t  molecular weight)  f o r  PVA (7.8). 
A major aim i n  our cha rac te r i sa t i on  programe on PVA has 

been the determinat ion o f  accurate molecular weight data. We 

have there fore  considered the SEC c a l i b r a t i o n  method proposed 

Branching 

The cha rac te r i sa t i on  o f  these two types 

I n  the past two decades methods i n v o l v i n g  s i ze  exc lus ion  

Because SEC 
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BRANCHED POLY(V1NYL ACETATE) 1193 

by Ram and M i l t z  ( 9 )  f o r  branched poly&ers (RM method) which 

a l so  invo lves  a n a l y t i c a l  SEC and the  o f f - l i n e  measurement o f  
s o l u t i o n  v i scos i t y ,  s ince t h i s  c a l i b r a t i o n  method requ i res  no 

assumptions on branching model and branching index A .  The RM 
method does no t  appear t o  have been app l ied  w ide ly  t o  P V A ,  
although i t  has been reported t h a t  t h i s  method provides e x c e l l e n t  
molecular weight r e s u l t s  f o r  polyethylene having long-chain 
branching (10). 
c a l i b r a t i o n  p l o t  o f  l o g  hydrodynamic volume aga ins t  r e t e n t i o n  
volume VR t o  be v a l i d .  

Grub is ic  and co-workers ( l l ) ,  i s  def ined by [n]M, where [ n ]  i s  
the i n t r i n s i c  v i s c o s i t y  ( d l  g - l )  o f  the polymer i n  the  SEC 

e luent  and M i s  the molecular weight o f  the polymer. A t  a 
given value o f  VR, we may w r i t e  

The RM method does requ i re  the un iversa l  

Hydrodynamic volume, as proposed by 

where subsc r ip t  ps represents polystyrene , subsc r ip t  e represents 
l i n e a r  PVA, and subscr ip t  b represents branched P V A .  
uni versa1 c a l i b r a t i o n  procedure assumes t h a t  separat ion i n  SEC 
i s  by a s t e r i c  exc lus ion  mechanism and t h a t  non-exclusion 

secondary mechanisms are no t  invo lved (12). 
A f u r t h e r  aim o f  our  work has been a comparison o f  as- 

polymerised PVA w i t h  PVA produced by reace ty la t i on  o f  hydrolysed 
PVA. 

the chemical mod i f i ca t i on  o f  polymers (13), i t  i s  impor tan t  t o  
demonstrate t h a t  t he  PVA r e s u l t i n g  from the  h y d r o l y s i s l r e -  
ace ty la t i on  reac t ions  i s  separat ing i n  SEC by a s t e r i c  exc lus ion  
mechanism. The presence o f  res idua l  hydroxyl groups or  o the r  
groups introduced by s ide  reac t ions  dur ing  chemical m o d i f i c a t i o n  
might r e s u l t  i n  secondary separat ion mechanisms i n  SEC 

i nvo l v ing  polymer-substrate i n te rac t i ons .  
secondary adsorpt ion mechanisms, f o r  example, can lead t o  the  

displacement o f  the l o g  hydrodynamic volume p l o t  t o  high VR (12).  

This 

I n  view o f  the  possible d i f f i c u l t i e s  which may a r i s e  i n  

The occurrence o f  
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1194 

RAM AND MILTZ CALIBRATION METHOD 

COLEMAN AND DAWKINS 

SEC charac ter isa t ion  o f  branched polymers requires a 
r e l a t i o n  between [n] and M. 

Houwink equation may be used 
For l i n e a r  polymers, the  Mark- 

where K and a are assumed t o  be constants. 
Ram and M i l t z  ( 9 )  extended equation (2 )  i n t o  the  polynomial 
form 

For branchedpolymers, 

( 3 )  I n  [n] = I n  K + a I n  M t b l n 2  M + c i n 3  M 

The t h i r d  and f o u r t h  terms on the r i g h t  hand s ide  i n  equation (3 )  
are only considered t o  be s i g n i f i c a n t  when long-chain branching 
i s  present above a minimum molecular weight Mo. 

having M s Mo, equation ( 2 )  w i l l  then be va l i d ;  i t  fo l lows from 
equation ( 3 )  t h a t  when M = Mo 

For polymers 

b l n 2  Mo + c in3 Mo = o ( 4 )  

and therefore t h a t  b and c are r e l a t e d  by 

= -b / l n  Mo (5) 

A value o f  [nIcalcof a whole polymer may be ca lcu la ted  from the 
summation o f  the v i s c o s i t y  [nI i  o f  each species i according t o  
the r e l a t i o n  

where wi i s  the weight f r a c t i o n  o f  each species i which i s  

obtained from the  SEC chromatogram. 
equations (3) and (6)  y i e l d s  

Therefore, combination o f  
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BRANCHED POLY(V1NYL ACETATE) I195 

With the independent experimental measurement o f  [n ]  f o r  the 
whole polymer, a c y c l i c  i t e r a t i o n  procedure i n v o l v i n g  equat ion 
(7 )  t o  f i n d  the dependence o f  molecular weight Mi on VR i s  then 

employed on a computer as fo l lows.  As a f i r s t  approximation, the 
uni  versa1 c a l i b r a t i o n  r e l a t i o n  

which fo l lows from combining equations (1 )  and (2)  i s  used t o  
convert  the ax i s  o f  VR on a chromatogram t o  molecular weight.  
Equation ( 7 )  i s  then i t e r a t e d  t o  ca l cu la te  b f o r  a given Mo 
by matching [nIcalc w i t h  the experimental [ n ] ,  when the value o f  

c i s  a l so  known from equation ( 5 ) .  
then used w i t h  the un iversa l  c a l i b r a t i o n  which i s  represented 
by equat ion (8) f o r  Mi < Mo and by 

These values o f  b and c are 

f o r  Mi > Mo. A second value o f  b i s  then ca lcu la ted  by repeat ing  
the i t e r a t i o n  o f  equat ion ( 7 )  t o  match [nIcalc w i t h  the  experimen- 
t a l  [n], and the whole process continued u n t i l  the Mi c a l i b r a t i o n  
curves d i f f e r  by less  than 1%. 

EXPERIMENTAL 
Polymer Samples 

through a Vigreux column a t  323 K under a reduced pressure o f  

n i t rogen.  
was s u f f i c i e n t  t o  remove the qu ino l  s t a b i l i s e r  from the as-received 

monomer. 
a z o b i s i s o b u t y r o n i t r i l e  as i n i t i a t o r  which had been r e c r y s t a l l i s e d  
twice from absolute ethanol by coo l i ng  a saturated so lu t i on ,  

obtained a t  273 K, t o  253 K. 

Viny l  acetate monomer (B.D.H.) was p u r i f i e d  by d i s t i l l a t i o n  

A s ing le  d i s t i l l a t i o n  c o l l e c t i n g  the  middle f r a c t i o n  

The p u r i f i e d  monomer was polymerised immediately w i t h  
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1196 COLEMAN AND DAWKINS 

Low temperature polymerisat ion o f  bu lk  monomer was i n i t i a t -  
ed by the p h o t o l y t i c  decomposition o f  azob is i sobu ty ron i t r i  l e  by 
u l t r a v i o l e t  i r r a d i a t i o n .  The photochemical reac to r  was purged 
w i t h  ni t rogen. 
268 K. 
conversion. 
la rge  f r a c t i o n  o f  the unreacted monomer by d i s t i l l a t i o n  a t  
reduced pressure, fo l lowed by adding acetone t o  the remaining 
monomer-polymer so lu t i on ,  and then adding t h i s  mix tu re  w i t h  
s t i r r i n g  t o  the p r e c i p i t a n t  cons i s t i ng  o f  a l a rge  excess o f  
isopropanol/hexane (1:5). 
by r e p r e c i p i t a t i o n  twice from methanol s o l u t i o n  i n t o  d i s t i l l e d  
water, and the polymer was f i n a l l y  d r i e d  under vacuum. 

i n i t i a t e d  by the thermal decomposition o f  azobis isobutyro- 
n i t r i l e  a t  353 K. 

tubes which were f i l l e d  and sealed by standard vacuum l i n e  
procedures. Polymerisations were performed f o r  about 100 min 

i n  order t o  achieve a t  l e a s t  80% conversion o f  monomer. 
I s o l a t i o n  o f  the polymer invo lved opening the tube and adding 
acetone fol lowed by p r e c i p i t a t i o n  i n t o  isopropanol/hexane ( 1  : 5 )  
as before. Fur ther  p u r i f i c a t i o n  was performed as described f o r  
polymers produced by low temperature polymerisat ion.  

Two comnercial PVA products which we designate B160T and 
B500T were obtained from B.D.H. Chemicals Ltd. f o r  comparison 
w i t h  laboratory-prepared samples. 

quoted by the supp l i e r  o f  these products were 160,000 and 
500,000. 

Hydrolysis and Reacetylat ion 
Complete hydro lys is  o f  PVA t o  po ly (v iny1  a lcoho l )  was 

performed i n  methanol s o l u t i o n  w i t h  sodium hydroxide (0.2 molar) 
a t  313 K. The p r e c i p i t a t e d  product was recovered by f i l t r a t i o n ,  
washed ex tens ive ly  w i t h  methanol i n  a Soxhlet ex t rac to r  and 
d r i e d  under vacuum. 
was performed according t o  the method descr ibed by Braun and 

Polymeri sa t i on  temperatures were between 233 and 

Polymerisat ion was al lowed t o  proceed t o  about 5% 
I s o l a t i o n  o f  the polymer f i r s t  invo lved removing a 

Fur ther  p u r i f i c a t i o n  was e f fec ted  

High temperature polymerisat ion o f  bu lk  monomer was 

Polymerisations were performed i n  sealed 

The nominal molecular weights 

Ace ty la t i on  o f  po l y (v iny1  a l coho l )  t o  PVA 
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BRANCHED POLY(V1NYL ACETATE) 1197 

co-workers (14). The determinat ion o f  the degree o f  reacety la -  

t i o n  requ i red  t i t r i m e t r i c  ana lys is  o f  the remaining a c e t y l a t i n g  
agent. 
F rac t i ona t ion  

Frac t ions  o f  PVA were obtained by 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  298 K w i t h  methanol as so lvent  and water as non-solvent. 
Non-solvent a d d i t i o n  was made c a r e f u l l y  u n t i l  a s l i g h t l y  t u r b i d  
s o l u t i o n  was obtained. Each f r a c t i o n  was then red isso lved by 
heat ing the mixture t o  303 K. The mixture was then al lowed t o  
cool w i t h  s t i r r i n g  t o  298 K. S t i r r i n g  was then stopped and the 
f r a c t i o n  al lowed t o  s e t t l e  ou t  overn igh t .  A f t e r  i s o l a t i o n  from 
the supernatant so lu t i on ,  a f r a c t i o n  was red isso lved i n  methanol, 
rep rec ip i t a ted  w i t h  a la rge  excess o f  water, and d r i e d  under 

vacuum. 
procedure. 
So lu t i on  Viscometry 

i n  te t rahydro furan  (BDH AR, s t a b i l i s e d  w i t h  0.1% qu ino l )  was 
measured w i t h  an Ubbelohde suspended l e v e l  d i l u t i o n  viscometer 

a t  298 K. 

and k i n e t i c  energy cor rec t ions  were there fore  no t  s i g n i f i c a n t .  
The viscometer al lowed up t o  5 successive d i l u t i o n s ,  and the 
i n i t i a l  concentrat ion o f  PVA i n  the  viscometer was adjusted so 
t h a t  the  r e l a t i v e  v i s c o s i t y  was below 2 and so t h a t  the most 

d i l u t e  s o l u t i o n  had a r e l a t i v e  v i s c o s i t y  above 1.2. 
v i s c o s i t y  data were extrapolated l i n e a r l y  according t o  the  
Huggins p l o t  t o  i n f i n i t e  d i l u t i o n  i n  order t o  f i n d  [ n ]  ( d l  g - l ) .  

Size Exclusion Chromatography 

a mod i f ied  Waters 502 ALC/GPC instrument having r e f r a c t i v e  
index de tec t ion .  The so lvent  was THF a t  a constant f l ow  r a t e  
of 1 cm3 min-’. 

bed PL ge l  column (60 cm) conta in ing  c ross l inked polystyrene 
gels and was ca l i b ra ted  w i t h  polystyrene standards (Polymer 
Laborator ies) having molecular weights from 200 t o  2 x l o 6 .  

Fur ther  f r a c t i o n s  were c o l l e c t e d  by repeat ing the  

The s o l u t i o n  v i s c o s i t y  o f  PVA whole polymers and f r a c t i o n s  

The f l ow  t i m e  f o r  te t rahydro furan  (THF) was 157 s ,  

So lu t i on  

SEC o f  PVA whole polymers and f r a c t i o n s  was performed w i t h  

The column (Polymer Laborator ies) was a mixed 
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1198 COLEMAN AND DAWKINS 

Solu t ion  i n j e c t i o n  volumes were 200 pL w i t h  sample concentra- 
t i ons  i n  the  range 0.02-0.05% (w/v). 
performed w i t h  a "Tr ivec tor  Systems" microprocessor, and 
because the computer output was i n  terms o f  r e t e n t i o n  t ime ,  
resu l t s  f o r  VR i n  Tables and Figures are i n  s u n i t s  (which 
are d i r e c t l y  r e l a t e d  t o  volume u n i t s  by the e luen t  f l ow  r a t e ) .  
Calculat ions o f  t he  number average and weight average molecular 
weights, ITn and $ respect ively,  and the po lyd i spe rs i t y  Rw/Rn, 
were obtained from a chromatogram w i t h  a computer program 
employing the molecular weight c a l i b r a t i o n  M 
polystyrene standards. 

Data analysis was 

es tab l i shed w i t h  
PS 

RESULTS AND DISCUSSION 
Hydrolysi s and Reace ty 1 a t i  on 

Polymerisation o f  v i n y l  acetate t o  low conversion a t  
temperatures below 273 K i s  assumed t o  produce l i n e a r  PVA (1 ) .  
Chromatograms f o r  three polymers obtained by low temperature 
polymerisat ion are shown i n  Figure 1. These samples were then 
hydrolysed and reacetylated, and the chromatograms f o r  the re -  
acetylated polymers i n  Figure 1 c l e a r l y  i nd i ca te  no s i g n i f i c a n t  
change i n  the shape o f  the chromatograms before and a f t e r  
hydrolysis and reacety la t ion .  The d i f f e rence  between Rw f o r  the 
as-polymerised and reacety la ted  samples i n  Figure 1 was 
ca lcu la ted  t o  be 4% and the degree o f  reace ty la t i on  was 
estimated t o  be 399.9%. These r e s u l t s  suggest there fore  t h a t  
samples produced i n  our low'temperature polymerisations do n o t  
contain hydrolysable branches and t h a t  the reace ty la t i on  method 
was capable o f  f u l l y  reace ty la t i ng  the polymers. 

PVA whole polymers (B3M and B4M) obtained by h igh  tempera- 
t u r e  polymerisat ion t o  h igh  monomer conversion were hydrolysed 
and reacetylated t o  remove hydrolysabl e branches (samples 
designated B3R and B4R). Molecular weight d i s t r i b u t i o n s  i n  
Figure 2 f o r  as-polymerised PVA from h igh  conversion poly-  
mer isa t ion  a t  h igh  temperature are much broader than the 
d i s t r i b u t i o n s  given i n  Figure 1. The wide d i s t r i b u t i o n s  a r i s e  
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FIGURE 1 

Size exc lus ion  chromatograms o f  l i n e a r  PVA samples 1, 2 and 3.  
, as-polymerised; ----- , a f t e r  hyd ro l ys i s  and reace ty la t i on .  

from long-chain branching i n  l a rge  macromolecules. 
molecular weight t a i l  seen i n  the  chromatograms f o r  the as-poly-  
merised samples i n  Figure 2 i s  decreased considerably a f t e r  
the hydro lys is  and reace ty la t i on  o f  the samples, so t h a t  these 
reacety la ted  samples have narrower d i s t r i b u t i o n s  and lower 
molecular weights than the as-polymerised branched samples. 
SEC C a l i b r a t i o n  w i t h  I n t r i n s i c  V i scos i t y  

Tables 1 and 2 .  

were hydrolysed and reacety la ted  before f rac t i ona t ion .  
Consequently, the  f r a c t i o n s  i n  Table 2 w i l l  n o t  con ta in  

hydrolysable branches bu t  could have non-hydrolysable branching . 
I n  o rder  t o  compare the  f rac t i ons  i n  Tables 1 and 2 ,  SEC c a l i b r a -  

This h igh  

Charac ter isa t ion  data f o r  the  f r a c t i o n s  are sumnarised i n  

Samples from h igh  temperature polymerisat ions 
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FIGURE 2 

S ize  exclusion chromatograms o f  PVA samples 83 and 84 obtained 
by high conversion polymerisat ion a t  high temperature. -, 
as - po 1 y me ri s e d ; - - - - - , a f t e r  hydrolysis and r e a c e t y l a t i o n .  
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TABLE 1 
I n t r i n s i c  V i scos i t y  and Retent ion Results, and Molecular Weight 
Data (Based on Polystyrene Ca l i b ra t i on )  for  Fract ions o f  L inear  
PVA (Polymerised a t  Low Temperature). 

LF6 1.241 667 247400 395000 1.60 

LF7 1.220 670 248700 374800 1.51 

L F8 1.185 674 251800 337300 1.34 

LF9 0.640 712 117100 148600 1.27 

LF14 0.408 742 68930 83510 1.21 

LF15 0.378 748 63090 75630 1.20 

TABLE 2 

I n t r  ns i c  V i scos i t y  and Retent ion Results,and Molecular Weight 
Data (Based on Polystyrene Ca l i b ra t i on )  f o r  Fract ions o f  PVA 
Samp e B4R (Polymerised a t  High Temperature t o  High Conversion 
Hydrolysed and Reacetylated) . 

RF3 1.460 655 340400 536900 1.58 

RF5 1.256 670 258800 369700 1.43 

RF4 1.105 678 207400 309000 1.49 

RF2 0.913 687 192000 251900 1.31 

RF7 0.862 696 165000 206900 1.25 

RF9 0.468 730 86 5 80 104400 1.21 
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FIGURE 3 

SEC ca l ib ra t ion  of i n t r i n s i c  v i scos i ty  o f  P V A  aga ins t  weight 
average re ten t ion  volume (determined with ps c a l i b r a t i o n ) .  0, P V A  
f rac t ions  from l i n e a r  polymers; 0 ,  P V A  f r ac t ions  from whole 
polymer B4R (hydrolysed and reacetylated before f r ac t iona t ion )  ; 
0, as-polymerised whole polymers B3M, B4M, B160T and B500T; m ,  
whole polymers B3R and B4R a f t e r  hydrolysis and r eace ty l a t ion .  
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t i o n  data are presented i n  Figure 3, where i t  i s  ev ident  t h a t  
there i s  l i t t l e  d i f f e rence  between the two types o f  f r a c t i o n s .  
Therefore, the f r a c t i o n s  obtained by reace ty la t i on  o f  hydrolysed 

PVA and the  f r a c t i o n s  o f  l i n e a r  P V A  appear t o  separate by the  
same SEC mechanism. 

o f  un iversa l  c a l i b r a t i o n  f o r  l i n e a r  PVA and Ps i n  te t rahydro-  
fu ran  (15), i t  i s  concluded t h a t  SEC separations o f  the r e -  
ace ty la ted  samples o f  PVA produced here do no t  i nvo l ve  non- 
exc lus ion  secondary mechanisms. 
i n  F igure  3 a l so  i n d i c a t e  t h a t  i n  the molecular weight range 

examined long-chain branching o f  the non-hydrolysable type ( i f  
present)  i s  no t  s i g n i f i c a n t  enough t o  i n f l uence  i n t r i n s i c  

v i s c o s i t y  behaviour. 

the f r a c t i o n s  must be considered. C a l i b r a t i o n  methods f o r  
broad d i s t r i b u t i o n  samples have been reviewed elsewhere (16).  
The r e t e n t i o n  volume parameter Vw i n  Figure 3 was assigned as 
fo l lows.  Values o f  Rn(ps) and Flw(ps) f o r  each sample i n  
Tables 1, 2 and 3 were computed from a chromatogram us ing  a 

polystyrene c a l i b r a t i o n .  
the weight average r e t e n t i o n  volume Vw corresponding t o  Rw(ps) was 
i d e n t i f i e d .  One reason f o r  choosing t h i s  procedure was t h a t  
f r a c t i o n s  obtained by f r a c t i o n a l  p r e c i p i t a t i o n  appear t o  have 
chromatograms which are  c lose ly  represented by an exponent ia l  
d i s t r i b u t i o n  func t i on  (17), when the  molecular weight correspond- 

i n g  t o  the  r e t e n t i o n  volume a t  the peak p o s i t i o n  o f  the 

chromatogram i s  Rw. The values o f  Vw i n  Tables 1 and 2 were equal 
t o  o r  c lose t o  peak r e t e n t i o n  volumes. A second reason f o r  
choosing the Vw parameter was t o  f a c i l i t a t e  a comparison w i t h  the 
whole polymers having broader d i s t r i b u t i o n s ,  because methods 
based on peak r e t e n t i o n  volume must be a r b i t r a r y  f o r  samples 
having a range o f  po l yd i spe rs i t i es .  
the whole polymers are  sumnarised i n  Table 3. 
t i o n  data i n  Figure 3 c l e a r l y  show t h a t  the as-polymerised whole 

I n  view o f  the  establ ishment o f  the v a l i d i t y  

The r e s u l t s  f o r  the  f r a c t i o n s  

When p l o t t i n g  SEC c a l i b r a t i o n  data, the po lyd i spe rs i t y  o f  

From t h i s  c a l i b r a t i o n  curve a value o f  

Charac ter isa t ion  data f o r  
The SEC c a l i b r a -  
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TABLE 3 
I n t r i n s i c  V iscos i ty  and Retent ion Results, and Molecular Weight 
Data (Based on Polystyrene Ca l i b ra t i on )  f o r  Whole Polymers o f  PVA 
(B3M and B4M from High Conversion Polymerisat ion a t  High Tempera- 

t u r e ¶  B3R and B4R a f t e r  Hydrolysis and Reacetylat ion,  B160T and 
B500T Commercial Samples). 

Po 1 yme r 

B3M 1.744 630 186700 1014100 5.43 

B3R 0.852 693 97000 219200 2.26 

B4M 2.722 606 304800 2016600 6.62 

B4R 0.927 690 103700 238100 2.30 

B160T 1.204 657 143200 511300 3.57 

B500T 1.403 643 164500 713100 4.34 

polymers deviate from the  c a l i b r a t i o n  curve, whereas the  whole 
polymers a f t e r  hydro lys is  and reace ty la t i on  correspond t o  the  
c a l i b r a t i o n  curve f o r  the f rac t i ons .  The observat ion f o r  as- 
polymerised whole polymers i s  cons is ten t  w i t h  these samples having 
hydrolysable long-chain branching. This fo l l ows  because the curve 
i n  Figure 3 may be regarded as a double l oga r i t hm ic  p l o t  o f  [ n ]  
against  M, s ince the SEC c a l i b r a t i o n  r e l a t e s  l o g  M t o  Vwy and so 
the dev ia t ion  a t  h igh Vw ar ises  from branched molecules a t  a given 

M having a smal ler  molecular s i ze  and there fore  lower [n]  than 
l i n e a r  chains. 
prepared here a t  353 K branching through the acetate group 
r e s u l t i n g  i n  hydrolysable branching i s  f a r  more important than 
branching a t  t he  main chain. 
w i t h  o ther  observations ( 1  , 18-20). 
Ram and M i l t z  Method f o r  SEC C a l i b r a t i o n  

o f  the Mark-Houwink constants K, and a, f o r  l i n e a r  PVA i n  t e t r a -  

Consequently, our  r e s u l t s  i n d i c a t e  t h a t  f o r  PVA 

This conclusion i s  i n  agreement 

I n  o rder  t o  perform the ca l cu la t i ons  i n  the RM method, values 
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hydrofuran are requ i red  i n  equations (8) and (9 ) .  Agreement 
between the  most recent  determinat ions o f  these constants (8, 15) 
i s  n o t  good. Values o f  K, and a, cons is ten t  w i t h  our  un iversa l  
c a l i b r a t i o n  data were estimated as fo l lows.  From equations (1 )  
and (2),  the molecular weight Me o f  l i n e a r  PVA a t  a g iven  vw i s  

r e l a t e d  t o  a c a l i b r a t i o n  es tab l i shed w i t h  polystyrene standards by 

l o g  Me = l o g  KpsMps + / [n l ,  

From the ca re fu l  s tud ies  o f  s o l u t i o n  v i s c o s i t y  o f  polystyrene i n  
te t rahydro furan  (15, 21), we employed the constants f o r  ps i n  the 
fo l l ow ing  Mark-Houwink equation 

0.724 [ n ]  = 1.16 x 10-4 M 

Since [n], has been measured f o r  the l i n e a r  PVA f r a c t i o n s  (see 
Table l ) ,  values o f  Me may be determined w i t h  equat ion (10) .  A 
double l oga r i t hm ic  p l o t  o f  the values o f  [rile i n  Table 1 aga ins t  
the der ived  values o f  Me was then made, from which the f o l l o w i n g  
values o f  K, and a, were obtained 

(12) 
0.737 [ n ]  = 0.942 x l o - "  M 

It i s  ev ident  i n  Table 4 t h a t  these constants l i e  between values 
reported by o ther  workers. C lear ly ,  equations ( l o ) ,  (11) and (12)  
show t h a t  the  SEC molecular weight c a l i b r a t i o n s  f o r  l i n e a r  samples 
o f  ps and PVA w i l l  be c lose together.  

s ince we have SEC chromatograms and the  data f o r  [n], f o r  the  
l i n e a r  PVA f rac t i ons ,  i t  i s  poss ib le  t o  determine K, and a, by the 
procedure f i r s t  proposed by Weiss and Cohn-Ginsberg (22).  

r e s u l t s  i nd i ca ted  t h a t  w h i l s t  values o f  K and U, determined by 

the Weiss/Cohn-Ginsberg procedure f o r  f r a c t i o n s  were i n  f a i r  
agreement w i t h  equat ion (12) est imates o f  the  constants when 
whole polymers were used i n  t h i s  procedure were much less  
s a t i s f a c t o r y .  

It should be noted t h a t  

Our 

0 

It i s  poss ib le  t h a t  the breadth o f  the molecular 
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TABLE 4 
Mark-Houwink Constants f o r  Poly(v iny1 acetate) i n  Tetrahydrofuran. 

K/ 1 0-4 U Reference 

0.51 0.791 8 
1.56 0.708 15 
0.942 0.737 Equation (12) 

weight d i s t r i b u t i o n  o f  the  whole polymers may con t r i bu te  t o  
e r ro rs  i n  the procedure. Several o the r  workers have observed 

d i f f i c u l t i e s  i n  ob ta in ing  reasonable values f o r  K and u by the  
Weiss and Cohn-Ginsberg procedure, as reviewed elsewhere (16). 

The R l l  method was app l ied  t o  a l l  f r a c t i o n s  and whole 
polymers. Ca l i b ra t i on  curves were obtained f o r  a ser ies  o f  Mo 

values. 
polymers, average molecular weights were computed, as shown i n  
Table 5 .  
an Me c a l i b r a t i o n  c l e a r l y  shows t h a t  Rw i s  much more sens i t i ve  
t o  the l a r g e r  (and hence more h igh l y  branched) macromolecules 
than s"i,. 
al lowed f o r  i n  the  c a l i b r a t i o n  method, i .e .  a t  a given VR a 
branched macromolecule has a higher value o f  M than a l i n e a r  
macromolecule having the same hydrodynamic volume. 
the molecular weight d i s t r i b u t i o n  i n  Table 5 i s  broader f o r  the 
branched whole polymers than samples o f  l i n e a r  PVA (see f o r  
comparison the chromatograms i n  Figure 2) .  
o f  average molecular weight i n  Table 5 are obtained from i t e r a -  
t i ons  i n  which although the molecular weights are no longer 
changing, [ r ~ ' ] ~ ~ ~ ~  from equat ion (7 )  does n o t  match the experimental 
value. 
value o f  Mo i s  too  high. As Mo i s  increased, the f r a c t i o n  o f  

From these Mb c a l i b r a t i o n s  f o r  the branched whole 

Comparison w i t h  average molecular weight data based on 

As expected, I$ increases i n  Table 5 when branching i s  

Consequently, 

The bracketed values 

The poss ib le  cause of t h i s  problem i s  t h a t  the selected 
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TABLE 5 

Average Molecular Weights f o r  Whole Polymers o f  PVA Obtained by 
SEC w i t h  the Ram and M i l t z  C a l i b r a t i o n  Method. 

B160T B500T 
- 

MO 

'n t4 'n % 
- 

1 i near 149 , 300 520,250 171,200 727,250 

20,000 155,550 600 , 250 1 78,400 845,600 

50,000 153,700 601,500 176,300 847 , 500 

100,000 152,300 602,900 175,000 848 , 700 
200,000 (151,100) (605,700) (173,200) (850,300) 

B 3M B4M 

MO 

'n t4 'n 

l i n e a r  192,700 1,026,900 313,600 2,026,900 

20,000 200,740 1,217,600 330,470 2,436,300 

50,000 198,300 1,219,800 326,100 2,438,000 

100,000 (196,200) (1,210,100) 322,450 2,439,050 

200,000 194,700 1,149,200 (319,100) (2,439,300) 

polymer o f  a given sample above t h i s  value decreases. The values 
o f  Mi > Mo have t o  be i nc reas ing l y  mod i f ied  i n  order  t o  f i t   TI]^^^^ 
t o  the experimental value o f  [TI]. 

mod i f i ca t i on  s u f f i c e s  and the i t e r a t i o n  r o u t i n e  f a i l s .  Therefore, 
the behaviour o f  the computer program provides a poss ib le  check 

on the choice o f  value f o r  Mo. 

considerat ion no t  on ly  f o r  the RM method b u t  a l so  f o r  the general 
problem o f  the proper t ies  o f  branched PVA i n  so lu t i on .  

c a l i b r a t i o n  curves generated f o r  the f rac t i ons  and whole polymers 

I f  Mo i s  t oo  high, no amount o f  

The se lec t i on  o f  the c o r r e c t  value f o r  Mo i s  an impor tan t  

The 
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I 1 

5 0 0  750 I000 
"R 

FIGURE 4 

SEC c a l i b r a t i o n  curves f o r  PVA computed by the Ram and M i l t z  
method w i t h  Mo = 20,000. 
whole polymers B3R and B4R; Curve 2, as-polymerised whole polymers 
B3M and B4M; ----- , curve f o r  l i n e a r  PVA. 

Curve 1, f r a c t i o n s  and w a c e t y l a t e d  

are  displayed i n  Figures 4, 5, 6 and 7, and i t  can be seen t h a t  

the c a l i b r a t i o n s  f o r  the branched species do no t  deviate from the 
l i n e a r  c a l i b r a t i o n  u n t i l  a molecular weight o f  about 100,000, 

almost i r r e s p e c t i v e  o f  the choice o f  value f o r  Mo. 

molecular weight end o f  the c a l i b r a t i o n  curves f o r  Mo = 100,000 

are  displayed enlarged i n  Figure 8 t o  show how d i f f e r i n g  degrees 
o f  branching in f luence the % c a l i b r a t i o n .  
Mo i s  no t  s t ra igh t fo rward  because the onset o f  branching w i l l  depend 
on polymerisat ion conversion (1 ) .  Park and Graessley (8) est imated 
Mo t o  be about 300,000 f o r  conversions o f  41 and 71%; o the r  workers 
have proposed values o f  a t  l e a s t  70,000 (23) and about 200,000 (24).  
I n  Figure 8 i t  i s  ev ident  from the c a l i b r a t i o n  curves t h a t  samples 
B160T and B500T conta in  the h ighes t  LCB which i s  presumed t o  a r i s e  

The h igher  

The i d e n t i f i c a t i o n  o f  
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FIGURE 5 

SEC c a l i b r a t i o n  curves f o r  P V A  computed by the  Ram and M i l t z  
method w i t h  Mo = 50,000. 
whole polymers B3R and B4R; Curve 2, as-polymerised whole polymers 
B3M and B4M; -----, curve f o r  l i n e a r  P V A .  

Curve 1, f rac t i ons  and reacety la ted  

I 1 

7 5 0  I000 

FIGURE 6 

SEC c a l i b r a t i o n  curves f o r  PVA computed by the Ram and M i l t z  
method w i t h  Mo = 100,000. 
whole polymers B3R and B4R; Curve 2 ,  as-polymerised whole polymers 
B3M and B4M; ----- , curve f o r  l i n e a r  P V A .  

Curve 1, f rac t i ons  and reacety la ted  
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I I 

750 I000 
"R 

FIGURE 7 

SEC calibration curves for  PVA computed by the Ram and Miltz 
method with M = 200,000. Curve 1 ,  fractions and reacetylated 
whole polymer? B3R and B 4 R ;  Curve 2 ,  as-polymerised whole polymers 
B3M and B4M; ----- , curve for  l inear  PVA. 

because these comnercial samples should have been polymerised t o  a 
higher conversion than our  laboratory-prepared samples. 
retention volume data in Figure 3 were based on a molecular weight 
calibration curve established with polystyrene standards. I t  i s  
now possible to use the calibration curves generated by the RM 
method t o  find iw for the PVA whole polymers. These results are 
plotted in  Figure 9 where the positions of the branched polymers 
have moved t o  lower V R  as a consequence of the higher RW in Table 5 ,  
whereas the positions of the reacetylated whole polymers have stayed 
relatively constant. 
influence of branching on the p l o t  in Figure 3 in which the reten- 
tion parameter iw was used for polydisperse samples are  confirmed 
to  be satisfactory.  

The 

Therefore, the observations regarding the 

Finally, i t  should be noted t h a t  the RM method 
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FIGURE 8 

SEC c a l i b r a t i o n  curves f o r  PVA computed by the Ram and M i l t z  
method w i t h  Mo = 100,000. Curve 1, f r a c t i o n s  and reace ty la ted  
whole polymers B3R and B4R; Curve 2, as-polymerised whole 
polymers B3M and B4M; Curve 3,  whole polymers B160T and B500T; 
----- , curve f o r  l i n e a r  PVA. 

includes equation ( 2 )  which assumes t h a t  the constants K and a are 
independent o f  molecular weight. 
f ac to ry  assumption f o r  narrow d i s t r i b u t i o n  samples, i t  i s  poss ib le  
f o r  K and a t o  change f o r  a polydisperse whole polymer whose 
chromatogram extends over a wide range o f  VR ( 2 5 ) .  

suggest t h a t  even i f  the values of K and a are  no t  t r u l y  constant 
over a wide range o f  M the RM method w i l l  provide reasonable c a l i -  
b r a t i o n  data. On the o ther  hand, i t  i s  poss ib le  t h a t  the e r r o w  i n  

Whi ls t  t h i s  should be a s a t i s -  

Our r e s u l t s  
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FIGURE 9 

SEC c a l i b r a t i o n  o f  i n t r i n s i c  v i scos i t y  aga ins t  weight average 
re ten t i on  volume f o r  PVA whole polymers. 0 0 ,  as-polymerised 
whole polymers B3M, B4M, B160T and B500T; 0 m y  whole polymers 
_B3R and B4R a f t e r  hydro lys is  and reace ty la t i on ;  ope; symbols, 
Vw determined w i t h  ps c a l i b r a t i o n ;  f i l l e d  symbols, Vw determined 
w i t h  PVA c a l i b r a t i o n  computed by the Ram and M i l t z  method: ----- , curve f o r  l i n e a r  PVA f r a c t i o n s  from Figure 3. 
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our determinations o f  K and Q f o r  our polydisperse whole polymers 
obtained by the c a l i b r a t i o n  procedure proposed by Weiss and Cohn- 
Ginsberg (22 )  may a r i s e  because K and a are no t  constants over a 

wide range o f  VR. 

CONCLUSIONS 

I t  has been demonstrated t h a t  f u l l y  reacety la ted  
hydrolysed l i n e a r  PVA d isp lay  i d e n t i c a l  SEC behaviour 
as-polymerised l i n e a r  samples, con f i rm ing  the r e l i a b i  
hydro lys is  and reace ty la t i on  techniques. PVA samples 

samples o f  
t o  the 
i t y  o f  the 

produced by h igh  conversion po lymer isa t ion  a t  h igh  temperature 
have been hydrolysed and reacetylated. SEC r e s u l t s  on these 
samples before and a f t e r  chemical mod i f i ca t i on  show t h a t  long-chain 
branching i n  PVA i s  o f  the hydrolysable type, and t h a t  non-hydro- 
l ysab le  branching i f  present i n  the molecular weight range examined 

here i s  n o t  detected by the c a l i b r a t i o n  method i n v o l v i n g  [TI]. I t  

i s  proposed t h a t  a c a l i b r a t i o n  method i n v o l v i n g  [q] and the reten- 
t i o n  parameter Pw i s  v a l i d  f o r  f r a c t i o n s  and polydisperse samples 
pe rm i t t i ng  a comparison o f  l i n e a r  and branched PVA. For branched 
polymers the SEC c a l i b r a t i o n  method of Ram and M i l t z ,  which 
involves no i n i t i a l  assumption on the ex ten t  o f  branching i n  a 
sample, was found t o  provide s a t i s f a c t o r y  molecular weight data 
f o r  PVA. 
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