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APPLICATIONS OF HIGH PERFORMANCE 
SIZE EXCLUSION CHROMATOGRAPHY TO 

THE ANALYSIS OF OLIGOMERS 
AND SMALL MOLECULES 

Oscar Chiantore and Marino Guaita 
Istituto di Chimica Macromolecolare 

dell 'Universita di Ton'no 
Via G. Bidone 

36 - I0125 Torino, Italy 

ABSTRACT 

S i z e  exc lus ion  chromatography of small molecules  h a s  been 
i n v e s t i g a t e d  wi th  h igh  e f f i c i e n c y  columns of c r o s s 1  nked 
polys tyrene .  Performance e v a l u a t i o n s  and c a l i b r a t i o n s  have been 
determined i n  to luene  and i n  t e t r a h y d r o f u r a n ,  and t h e  e f f e  t of 
t h e  s o l v e n t s  on s o l u t e  r e t e n t i o n  i s  d iscussed .  Oligomer 
s e p a r a t i o n s  of samples obta ined  i n  t h e  thermal  d e g r a d a t i o n  of 
s e v e r a l  polymeric m a t e r i a l s  are r e p o r t e d ,  and t h e  u t i l i t y  of t h e  
technique f o r  polymer degrada t ion  s t u d i e s  i s  c l e a r l y  
e v i d e n t i a t e d .  

INTRODUCTION 

The development of porous packings w i t h  smal l  p a r t i c l e  s i z e  

and smal l  pores  h a s  l e d  t o  t h e  a v a i l a b i l i t y  of very  e f f i c i e n t  
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1342 CHIANTORE AND GUAITA 

column systems f o r  s i z e  exc lus ion  chromatography (SEC) of low 

molecular weight (50-2000)  compounds. Such s e p a r a t i o n  systems a r e  

i d e a l l y  s u i t e d  f o r  t h e  a n a l y s i s  of ol igomers  and of small 

molecules which can be p r e s e n t  a s  a d d i t i v e s  o r  can be formed 

through chemical r e a c t i o n s  i n  polymeric m a t e r i a l s .  Chemical 

compounds i n  a mixture  can be o f t e n  reso lved  a s  i n d i v i d u a l  peaks 

and t h e r e f o r e  molecular  weights  can be a s s i g n e d  o r  subs tance  

i d e n t i f i c a t i o n  can  be performed. 

The p r i n c i p a l  problems i n  SEC of l o w  molecular  weight 

compounds were e a r l y  recognized a s  the  fo l lowing  : ( i )  t h e  

molecules a r e  separa ted  according t o  t h e i r  molecular  volume i n  

s o l u t i o n  and not  t h e i r  molecular  weight  (1) ;  ( i i )  so lu te -so lvent  

and so lu te -ge l  i n t e r a c t i o n s  may i n f l u e n c e  t h e  r e t e n t i o n  volumes 

of the  s o l u t e  (2,3). Many i n v e s t i g a t i o n s  r e p o r t  on the  e l u t i o n  

behaviour  of d i f f e r e n t  o r g a n i c  compounds i n  SEC. Reten t ion  

volumes were used t o  c a l c u l a t e  molar volumes of s o l u t e s  (4), and 

i n  o t h e r  cases  c o r r e l a t i o n s  were e s t a b l i s h e d  wi th  dimensions of 

t h e  molecules a s  obtained from molecular  models ( 5 , 6 ) .  

The r e s u l t s  ob ta ined  i n  t h e  s e p a r a t i o n  of smal l  molecular  

weight molecules wi th  SEC systems a r e  s t r o n g l y  dependent on t h e  

n a t u r e  of t h e  e l u e n t s  and of t h e  e l u t e d  compounds. In  f a c t ,  when 

t h e  s o l u t e s  are s o l v a t e d  by e l u e n t  molecules  t h e i r  e f f e c t i v e  

molar volumes are h i g h e r  t h a n  t h o s e  c a l c u l a t e d  f o r  t h e  bulk 

compounds, and t h i s  i s  r e f l e c t e d  in t h e  measured r e t e n t i o n  

volumes ( 2 , 3 , 5 , 7 ) .  Adsorption of t h e  s o l u t e s  on t h e  porous 

packings may t a k e  p lace  and g ive  h i g h e r  r e t e n t i o n  volumes than 
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OLIGOMERS AND SMALL MOLECULES 1343 

expected ( 7 ) .  The i n t e r a c t i o n s  between s o l u t e ,  s o l v e n t  and 

o r g a n i c  g e l s  can be p r e d i c t e d  by t h e  s o l u b i l i t y  parameters ,  and 

when t h e  e n t h a l p i c  c o n t r i b u t i o n s  t o  t h e  s e p a r a t i o n  become 

important  t h e  s e p a r a t i o n  mode i s  seen  t o  s h i f t  from pure SEC t o  

a d s o r p t i o n  o r  t o  p a r t i t i o n  chromatography (8).  Hybrid modes, 

s i z e - p a r t i t i o n  and s ize-adsorp t ion  chromatography were r e c e n t l y  

reviewed (9). A thorough e x p l o i t a t i o n  of t h e  p o s s i b i l i t i e s  g iven  

by the  d i f f e r e n t  s e p a r a t i o n  modes h a s  been made by Sa t0  e t  a l .  

(10)  who performed f r a c t i o n a t i o n  by molecular  weight of s t y r e n e  

ol igomers  and then s e p a r a t e d  i n d i v i d u a l  x-mers i n t o  pure 

d i a s t e r e o i s o m e r s  by changing s o l v e n t  on t h e  same column system. 

For t h e  assignement of molecular  weights  t o  t h e  compounds 

f r a c t i o n a t e d  i n  SEC the  c a l i b r a t i o n  of t h e  column s y s t e m  i s  

needed. When d e a l i n g  wi th  ol igomers  or g e n e r a l l y  w i t h  low 

molecular  weight compounds, the c a l i b r a t i o n  should be performed 

on t h e  same e l u e n t  by us ing  s t a n d a r d s  s i m i l a r  t o  t h e  ones which 

must be s e p a r a t e d ,  i n  o r d e r  t o  t a k e  i n t o  account t h e  p o s s i b l e  

e f f e c t  of t h e  s o l v e n t  on t h e  molar volumes. It has  been a l s o  

suggested t h a t  such c a l i b r a t i o n s  can be r e l a t e d  w i t h  those  

obta ined  wi th  o l i g o s t y r e n e s  o r  n-alkanes (11,121, which a r e  t h e  

most u s u a l l y  employed s tandards .  In  some i n s t a n c e s  t h e  

c a l i b r a t i o n  f o r  a given ol igomer s e r i e s  i s  not  a v a i l a b l e ,  or t h e  

s t r u c t u r e  of t h e  f r a c t i o n a t e d  molecules  i s  n o t  known: due t o  t h e  

very h i g h  r e s o l u t i o n  a t t a i n a b l e  i n  t h e  low molecular  weight 

reg ion ,  t h e  components of a mixture  can be s e p a r a t e d  i n t o  

i n d i v i d u a l  peaks and c o l l e c t e d  f o r  f u r t h e r  c h a r a c t e r i z a t i o n ,  e.g. 

by i n f a r e d  spec t roscopy,  NMR, mass-spectrometry. 
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1344 CHIANTORE AND GUAITA 

For s e v e r a l  s e r i e s  of ol igomers  and smal l  molecules t h e  

v a l i d i t y  of t h e  " u n i v e r s a l  c a l i b r a t i o n "  approach, through the use  

of t h e  parameter ME?] p r o p o r t i o n a l  t o  t h e  hydrodynamic volume of 

the molecules has  been a l s o  proposed (13-15); an on-l ine 

v i s c o s i t y  d e t e c t o r  would be needed and i t  should be c a r e f u l l y  

checked whether the  p r e c i s i o n  of the measurement of i n t r i n s i c  

v i s c o s i t y  of such low molecular  weight molecules  i s  high enough. 

In  the  present  work a r e  repor ted  a p p l i c a t i o n s  of s e p a r a t i o n  

by s i z e  of small molecules ,  us ing  very  h i g h  e f f i c i e n c y  columns of 

m i c r o p a r t i c u l a t e  c ross - l inked  polys tyrene  ( 1 6 ) .  Performances and 

e l u t i o n  behaviour as determined i n  to luene  and i n  t e t r a h y d r o f u r a n  

(THF) a r e  shown, and t h e  a n a l y s i s  of samples obta ined  from 

polymer degrada t ion  s t u d i e s  i s  d iscussed .  

MATERIALS AND METHOD 

The SEC columns were U l t r a s t y r a g e l  type  (Waters Ass.,USA), 

3 30 cm x 7.8 mm i .d . ,  wi th  10 A ,  500 A and 100 A nominal 

p o r o s i t i e s .  A Waters M45 pump was employed, t o g e t h e r  with a 

Rheodyne i n j e c t i o n  v a l v e ;  f low r a t e  was 1 cm /min. Sample 

i n j e c t i o n  volumes of 50 o r  100 ~1 were used,  depending on t h e  

number of columns, and sample c o n c e n t r a t i o n s  were between 0.2 and 

0.5 X (w/v).A Siemens 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  was used a s  a 

d e t e c t o r  and a l s o ,  when p o s s i b l e ,  a Ze iss  PM2 UV 

spectrophotometer  a t  260 nm wavelength. Measurements were c a r r i e d  

3 

out  a t  ambient temperature .  
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OLIGOMERS AND SMALL MOLECULES 1345 

Polys tyrene  s t a n d a r d s  from Toyo Soda (Japan)  and Arro 

L a b o r a t o r i e s  (USA) were used f o r  c a l i b r a t i o n s ,  t o g e t h e r  w i t h  

n-alkanes ( C .  Erba,  I t a l y )  and a l i p h a t i c  a ldehydes (F luka ,  

Swi tzer land) .  

Polymers used i n  t h e  degrada t ion  s t u d i e s  were e i t h e r  

commercial m a t e r i a l s  (phenol-formaldehyde r e s i n  from SIR, I t a l y ;  

ABS and s t y r e n e - a c r y l o n i t r i l e  from Montedison, I t a l y )  o r  

synthes ized  i n  our  l a b o r a t o r y  ( p o l y s t y r e n e s  and poly-p-methyl 

s t y r e n e s ) .  

RESULTS AND DISCUSSION 

Performance 

The c a l i b r a t i o n  curves  of t h e  i n d i v i d u a l  columns, a s  

ob ta ined  i n  to luene  wi th  PS s t a n d a r d s  are shown i n  Fig.  1. The 

columns with p o r o s i t i e s  500 A and 10' A p r e s e n t  p r a c t i c a l l y  

the  same s e p a r a t i o n  range and s e l e c t i v i t y ;  i t  can be noted t h a t  

a l s o  w i t h  t h e s e  two columns f r a c t i o n a t i o n  of ol igomers  down t o  

the  s i z e  of monomers, d imers ,  trimers, i s  s t i l l  f e a s i b l e ,  

a l though with lower r e s o l u t i o n  than  t h a t  p o s s i b l e  wi th  t h e  100 A 

column. Severa l  column combinat ions were t e s t e d  by de termining  

t h e  s p e c i f i c  r e s o l u t i o n  R f o r  v a r i o u s  p a i r s  of n-alkanes 

according t o  the  equat ion  
SP 

- v  1 1 
("R,2 R , l  

R -  
SP w1+w2 l o g  ( M ~ / M ~ )  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
0
2
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



1346 CHIANTORE AND CUAITA 

log M 

z 

4 

3 

2 

1 I I I I I 
4 6 0 10 12 

V, (cm3 

FIGURE 1 .  C a l i b r a t i o n s  o f  i n d i v i d u a l  U l t r a s t y r a g e l  c o l u m n s  
w i t h  P S  s t a n d a r d s  S o l v e n t :  t o l u e n e .  0 : 100 A ;  
o : 5 0 0  A ;  0 : 1 0  A .  3 

1 

and w2 a r e  b a s e l i n e  wid ths ,  and M1 and M2 a r e  

molecular  weights  of n-alkanes 1 and 2 r e s p e c t i v e l y .  In  Table  1 

a r e  repor ted  t h e  v a l u e s  of R ob ta ined  w i t h  t h e  100 A 

column, with t h e  500+103 A, and with t h e  t h r e e  columns, 

10 +500+100 A, connected i n  series. 

and V a r e  r e t e n t i o n  volumes, w 
R,  1 R , 2  

where V 

SP 

3 

The r e s u l t s  for t h e  two-column system can be compared w i t h  

obtained by Krishen and Tucker (11) w i t h  a 60 cm TSK-2000 H those 
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OLIGOMERS AND SMALL MOLECULES 1347 

TABLE 1. S p e c i f i c  Resolu t ion  Values ,  R f o r  D i f f e r e n t  P a i r s  of n-Alkanes 
S P ’  

c l o  

‘1 3 

‘16 

‘20 

‘24 

‘3 2 

‘10 

‘13 

‘16 

‘20 

‘24 

‘32 

- 
‘5 

5 0  

‘8 

‘1 3 

‘16 

‘20 

‘24 

‘32 

- 

c1 ‘5 ‘8 ‘10 ‘13 ‘16 ‘20 ‘24 

9.32 

8.66 9.87 

9.72 11.15 9.96 

8.64 9.70 8.63 9.25 

8.47 9.44 8.33 8.90 7.63 

8.05 8.87 7.72 8.17 6.90 6.44 

7 .OO 

10.82 11.85 

13.46 14.31 16.80 

12.71 12.68 14.83 10.40 

13.24 12.98 15.15 12.87 15.89 

11.55 11.18 12.59 11.14 12.04 10.73 

7.43 

8.54 12.22 

9.74 13.60 14.52 

10.30 14.00 14.80 16.29 

10.70 14.27 15.01 16.52 16.80 

11.11 14.55 15.25 16.78 17.08 17.34 

11.26 14.45 14.99 16.37 16.41 16.20 14.83 

12.54 15.73 16.21 17.79 17.79 17.63 17.02 17.55 

Columns 

100 A 

lo3 

+ 

500 A 

lo3  

+ 

500 

+ 

100 A 
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1348 CHIANTORE A N D  GUAITA 

column, whereas t h e  r e s u l t s  obtained with t h e  t h r e e  columns (90 

cm) can be compared with t h e  ones determined by Kuo e t  a l .  (17) 

on a 100 cm column bank (TSK-2000 H + TSK-3000 H ) .  In both c a s e s  

the  columns employed i n  t h i s  work g i v e  h i g h e r  v a l u e s  of R 

f o r  almost a l l  t h e  molecular  weights  covered. 
SP 

The column system which has  been most ly  employed f o r  

3 oligomer a n a l y s i s  i s  t h e  10 +500+100 A one. Examples of 

s e p a r a t i o n s  which can be obtained wi th  such columns are shown i n  

Fig.2, where t h e  chromatograms of d i f f e r e n t  low molecular  weight 

PS s tandards  a r e  repor ted .  The ol igomers  a r e  f r a c t i o n a t e d  i n t o  

i n d i v i d u a l  components up t o  degree of  po lymer iza t ion  x = 10; t h e  

molecular  weights  of t h e  peaks a r e  e a s i l y  ass igned  because t h e  

A-500 and A-1000 s t a n d a r d s  (Toyo Soda Co. ,  Japan)  a r e  suppl ied  

with a f u l l  molecular  c h a r a c t e r i z a t i o n .  The a v a i l a b i l i t y  of such 

s t a n d a r d s  a l lows  f o r  a d e t a i l e d  c a l i b r a t i o n  of t h e  columns i n  t h e  

range of molecular  weights  100-1000; the degrees  of 

polymerizat ion of t h e  f r a c t i o n s  shown by t h e  s tandard  PS 800 

(Arro L a b o r a t o r i e s ,  USA) were ass igned  accord ing  t o  such 

c a l i b r a t i o n .  It can be seen t h a t  t h e  two s t a n d a r d s  A-1000 and PS 

800 from d i f f e r e n t  producers  are very  similar but  do p r e s e n t  some 

d i f f e r e n c e s  i n  t h e  number and r e l a t i v e  amount of t h e  i n d i v i d u a l  

x-mers. 

C a l i b r a t i o n  and E f f e c t  of t h e  Solvents .  

Complete c a l i b r a t i o n s  of the  system 10’ 

were performed i n  t o l u e n e  and i n  THF w i t h  d 

t 500 + 100 A 

f f e r e n t  s e r i e s  of 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
0
2
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



OLIGOMERS AND SMALL MOLECULES 

A - 5 0 0  

1349 

4 

1 I I I I i i i 

18 20 22 24 26 20 30 32 

v, ( C m 3  

F I G U R E  2. Ol'gostyrenes fractionated on the column system 3 10 + 5 0 0 + 1 0 0  A. Numbers o n  the peaks indicate degrees 
of polymerization of the x-mers. 
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1350 CHIANTORE AND GUAITA 

homologous compounds, and a r e  shown i n  Figs .  3 and 4. Reten t ion  

vo lume s Vo f o r  excluded samples were measured with PS 

s t a n d a r d s ,  whereas t h e  t o t a l  permeation volume V t  of the  

columns was g iven  by t h e  peak of methane. The pore volume of t h e  

columns, a s  obtained from t h e  d i f f e r e n c e  V - Vo, was 

s l i g h t l y  h igher  i n  to luene  (18.2 c m  ) t h a n  i n  THF (17.6 

cm ); t h e  d i f f e r e n t  pore volumes i n  t h e s e  two s o l v e n t s  were 

a l s o  r e f l e c t e d  i n  t h e  h i g h e r  number of t h e o r e t i c a l  p l a t e s  

measured i n  to luene  (32000), compared w i t h  t h a t  i n  THF (28600). 

t 
3 

3 

Even l a r g e r  d i f f e r e n c e s  of g e l  c a p a c i t y  were repor ted  by Mori 

(12) comparing e l u t i o n s  i n  THF and i n  chloroform w i t h  Shodex type  

columns. 

The e f f e c t  of t h e  s o l v e n t s  i s  shown not  only by t h e  

d i f f e r e n t  r e t e n t i o n  volumes of t h e  n-alkanes and of t h e  PS 

s t a n d a r d s ,  which a r e  a l l  l i k e l y  t o  e l u t e  wi thout  any s p e c i f i c  

i n t e r a c t i o n  wi th  the  g e l  o r  wi th  t h e  s o l v e n t s ,  bu t  a l s o  by t h e  

d i f f e r e n t  e l u t i o n  behaviour  of t h e  a l i p h a t i c  a ldehydes,  a s  seen  

i n  F igs .  3 and 4. It i s  e v i d e n t  t h a t  i n  t o l u e n e  some a d s o r p t i o n  

phenomena occur ,  as t h e  r e t e n t i o n  volume of e t h a n a l  i s  h igher  

t h a t  t h e  V t  of the  columns; on t h e  o t h e r  hand, i n  THF 

s o l v a t i o n  of t h e  s o l u t e  molecules might be p r e s e n t ,  s i m i l a r  t o  

t h a t  repor ted  f o r  o t h e r  p o l a r  compounds ( 2 , 3 ) ,  and p a r t i c u l a r l y  

f o r  ketones both i n  THF (3) and i n  chloroform ( 7 ) .  The presence 

of t h e s e  two e f f e c t s  can be d e p i c t e d  by p l o t t i n g  t h e  logar i thm of 

t h e  molar volumes a g a i n s t  t h e  r e t e n t i o n  volumes of t h e  aldehydes 

and comparing t h e  r e s u l t s  with those  of t h e  n-alkanes. The molar 
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I I I I I 1 I 1 I I 1 

14 I8 22 26 30 34 

3 
FIGURE 3. Calibration curves of 10 +500+100  A columns in toluene 

for different series of homologous compounds. 

standards; : oligomers from P S  degradation; 0 : 
styrene. 

a : n-alkanes; A : aliphatic aldehydes; o : P S  
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1 1 I I 1 I I I 1 I I 

14 18 22 26 30 34 38 
v, ( C d )  

3 
F I G U R E  4 .  Calibration curves of 10 +500+100 A columns in THF. 

0 : n-alkanes; A : aliphatic aldehydes; o : PS 
standards; 8 : oligomers from PS degradation; a : 
styrene. 
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OLIGOMERS AND SMALL MOLECULES 1353 

TABLE 2 

Molecular C h a r a c t e r i s t i c s  of A l i p h a t i c  Alde ydes and Retent ion  Volumes i n  
Toluene and i n  THF f o r  t h e  Column System 10 +500+100 A. !# 

3 
Sample MW Molar Volume l o g  V M VR(cm 1 

THF Toluene 3 (cm /mole) 

Ethanal 

Propanal 

B u t  ana 1 

Pent ana 1 

Heptanal 

Oc t a n a l  

44.05 

58.08 

72.12 

86.14 

14.19 

28.22 

Nonanal 142.24 

Decanal 156.27 

56.23 

72.08 

88.27 

106.41 

134.42 

156.16 

172.12 

188.28 

I. 750 

1.858 

1.946 

2.027 

2.128 

2.194 

2.236 

2.275 

30.9 

30.3 

29.7 

28.8 

27.9 

27.4 

27.1 

26.9 

~ 

34.0 

32.4 

31.0 

30.3 

29.1 

29.0 

28.2 

27.4 

volumes of the  aldehydes were c a l c u l a t e d  by t h e  r a t i o  of t h e  

molecular  weights  t o  t h e  d e n s i t y  of t h e  samples, and t h e  d a t a  of 

i n t e r e s t  are repor ted  i n  Table 2. 

The r e s u l t s  a r e  repor ted  i n  Fig. 5, where i t  i s  seen  t h a t  i n  THF 

t h e  aldehydes e l u t e  e a r l i e r  than t h e  a l k a n e s ,  thus  i n d i c a t i n g  

t h a t  t h e i r  e f f e c t i v e  molar volume is  h i g h e r  than  c a l c u l a t e d .  In 

t o l u e n e ,  on t h e  c o n t r a r y ,  a d s o r p t i o n  on t h e  g e l  l e a d s  t o  

r e t e n t i o n  volumes h i g h e r  than t h o s e  of a l k a n e s ;  i n  both cases t h e  

d i f f e r e n c e  of r e t e n t i o n  volumes tends t o  v a n i s h  w i t h  i n c r e a s i n g  

s i z e  of t h e  aldehydes,  and p r a c t i c a l l y  d i s a p p e a r s  wi th  decanal .  
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I I I I I 
18 22 26 30 34 

V, (crn3) 

F I G U R E  5 .  Logarithms of molar volumes vs. retention volumes 
in T H F  (a) and in toluene (b). o : n-alkanes; A : 
aliphatic aldehydes. 
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OLIGOMERS AND SMALL MOLECULES 

Analys i s  of o l igomers  and of  d e g r a d a t i o n  p roduc t s .  

1355 

Many o r g a n i c  polymers undergo t h e r m a l ,  photo o r  h y d r o l y t i c  

d e g r a d a t i o n  wi th  p roduc t ion  of c h a i n  f r agmen t s ,  o l igomers  and ,  

e v e n t u a l l y ,  monomer o r  o t h e r  low molecu la r  weight  compounds. 

Short  c h a i n  fragments  and o l igomers  can be c o n v e n i e n t l y  

f r a c t i o n a t e d  and c h a r a c t e r i z e d  by SEC. An example i s  g i v e n  by t h e  

p roduc t s  ob ta ined  i n  t h e  thermal  d e g r a d a t i o n  of  p o l y s t y r e n e ,  

which a r e  known t o  be monomer and o l igomers  up t o  deg ree  of 

po lymer i za r ion  x z 7 (18). I n  a n  experiment  of thermal  

degradat iom under  vacuum of a PS sample,  t h e  f r a c t i o n  which is 

n o t  v o l a t i l e  a t  t h e  d e g r a d a t i o n  t e m p e r a t u r e s  (300-500 "C)  was 

c o l l e c t e d  and t h e  chromatogram showed t h e  peaks of o l igomers  w i t h  

d e g r e e s  of polymerizat iom x = 235. For t h e  molecu la r  weight  

ass ignement  of t h e s e  o l igomers  i t  i s  n o t  p o s s i b l e  t o  r e l y  on t h e  

c a l i b r a t i o n  ob ta ined  w i t h  t h e  a n i o n i c  PS s t a n d a r d s  because t h e  

chemical  s t r u c t u r e  of t h e  l a t t e r s  is d i f f e r e n t ,  p r i n c i p a l l y  due 

t o  t h e  i n i t i a t o r  f ragments .  Dimers and t r i m e r s  of PS 

c h a r a c t e r i z e d  by NMR ( 1 9 )  were used f o r  c a l i b r a t i o n  pu rposes  and 

t h e i r  chromatograms a r e  shown i n  Fig.  6. I n  Tab le  3 are r e p o r t e d  

t h e  molecu la r  c h a r a c t e r i s t i c s  of t h e  d i f f e r e n t  PS o l igomers ;  t h e  

c a l i b r a t i o n  r e l a t i v e  t o  t h e  samples  from the rma l  d e g r a d a t i o n  i s  

a l s o  shown i n  F igs .  3 and 4. 

Oligomers ob ta ined  i n  t h e  thermal  d e g r a d a t i o n  of  

poly-p-methyl s t y r e n e ,  (PPMS), were a s  w e l l  f r a c t i o n a t e d  on t h e  

same columns and t h e  chromatogram i n  Fig.  7 was o b t a i n e d .  Peak 
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I I I I I 

2 4 2 6 2 0 X I 3 2  
VR (cm3) 

31 

1 I I I I 
24 26 20 30 32 

FIGURE 6 .  O l i g o m e r s  f r o m  P S  d e g r a d a t i o n s .  Numbers  on t h e  p e a k s  
i n d i c a t e  m o l e c u l a r  w e i g h t s .  

assignement h a s  been done on t h e  b a s i s  of t h e  r e s u l t s  ob ta ined  

from mass spectrometry of t h e  f r a c t i o n s  (20)  and c o l l e c t e d  in 

Table 4. The presence of d i f f e r e n t  dimers ,  having small 

d i f f e r e n c e s  i n  molecular  weights ,  could be guessed from t h e  shape 

of  the  peak having t h e  h i g h e s t  VR. In c a s e s  l i k e  t h i s , t h e  

s e p a r a t i o n s  of isomers  and of compounds wi th  almost t h e  same 

molecular  weight a r e  b e t t e r  performed by HPLC (20). 

In t h e  thermal  degrada t ion  under  vacuum of 

phenol-formaldeyde r e s i n s  i t  h a s  been repor ted  that t h e  l a r g e s t  
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TABLE 3 

Molecular C h a r a c t e r i s t i c s  of PS Oligomers from Anionic Polymer iza t ion  and 
from Thermal Degradation. 

Oligomer Anionic Polymerizat ion MW Thermal Degradat ion MW 

Dimer C4H9-( CH2-CH ) 2-H 266 CH2=C-CH2-fH2 
I I 

208 

‘gH5 C6H5 C6H5 

T r  ime r c~H~-(cH~-cH)~-H 370 CH2=C-(CH2-CH)2-H 312 
I 1 1 
‘gH5 ‘gH5 ‘gH5 

Te t rame r c~H~-(cH~-€H)~-H 474 CH~=C-( CH~-CH )3-~ 416 
I I I 
‘gH5 ‘gH5 C6H5 

1 I I 1 1 I I 

18 20 22 24 26 20 30 
vR (crn3) 

FIGURE 7 .  C h r o m a t o g r a m  o f  t h e  o l i g o m e r s  o b t a i n e d  i n  t h e r m a l  
d e g r a d a t i o n  o f  p o l y - p - m e t h y l  s t y r e n e .  
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1358 CHlANTORE AND GUAITA 

TABLE 4 
Oligomers Obtained from Thermal Degradation of Poly-p-Methyl Styrene.  

Structure Mw 

CH2-CH2-CH 

@ Q2 

G2 -C H c  H 

CH3 CH3 

CH2=C-CH2-CH2 

@ @  
CH3 CH3 

CH =C-CH2-C=CH 

2@ @ 
CH3 CH3 

CH2=C-(CH2-CH)2-H 

@ @  
CH3 CH3 

CH2=C-( CH -CH)3-H 

@ 2@ 

2 2 4  

236 

2 36 

248 

354  

26.5 

24.9 

472 23.5 

CH3 CH3 
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OLIGOMERS AND SMALL MOLECULES 1359 

f r a c t i o n  of products  which a r e  formed is c o n s t i t u t e d  by s e v e r a l  

ol igomers ,  o r i g i n a t e d  e i t h e r  by evapora t ion  o r  f ragmenta t ion  of 

t h e  o r i g i n a l  r e s i n  (21). A commercial, novolak t y p e ,  

phenol-formaldehyde r e s i n  was submit ted t o  thermal degrada t ion  a t  

d i f f e r e n t  temperatures ,  and t h e  ol igomers  formed i n  t h e  process  

were c o l l e c t e d  f o r  SEC a n a l y s i s .  In  Fig. 8 a )  i s  shown t h e  

chromatogram of t h e  o r i g i n a l  r e s i n  and i n  Fig. 8b)  t h e  

chromatogram of the  low molecular  weight compounds which 

evaporate  under vacuum a t  150 "C: dimer and trimer peaks a r e  

found i n  both samples a t  24.8 and 23.7 cm r e s p e c t i v e l y ,  

3 t o g e t h e r  with some o t h e r  compounds ( a t  26.8 and 25.3 c m  

r e t e n t i o n  volumes) which a r e  due t o  o x i d a t i o n  products  of t h e  

novolak. In t h e  degrada t ion  a t  h igher  temperatures  (270 and 500 

'C)  t h e  same ol igomers  a r e  found (Fig.9) .  bu t  a t  t h e s e  

3 

3 temperatures  t e t r a m e r s  ( V  = 22.6 c m  ) and pentamers 

(VR= 21.8 cm ) can a l s o  d i s t i l l  from t h e  degrada t ion  

s i t e ,  and a d i f f e r e n t  composi t ion of t h e  mixture  is obtained.  

R 
3 

ABS polymers form a n  important  c l a s s  of m a t e r i a l s  which have 

a wide spectrum of a p p l i c a t i o n s .  Thei r  thermal  behaviour  i s  

inf luenced  not  on ly  by t h e  composition of t h e  

but  a l s o  by t h e  method of p r e p a r a t i o n  

S t y r e n e - a c r y l o n i t r i l e  cop0 lyme r 8 ,  

b u t a d i e n e - a c r y l o n i t r i l e  copolymers, a r e  used 

copolymers p r e s e n t ,  

of t h e  m a t e r i a l .  

blended wi th  

n some formula t ions  

of ABS polymers, whereas i n  o t h e r  systems s t y r e n e - a c r y l o n i t r i l e  

copolymers g r a f t e d  with polybutadiene a r e  present .  I n  the  thermal  

degrada t ion  of t h e s e  products  t h e  c h a i n  fragments  can be 
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b) 

F I G U R E  8. Chromatograms of novolak resin (a) and of products(b) 
obtained after heating at 150 "C. 
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I I I 1 I I I I 
16 18 20 22 24 26 28 30 

FI G U R E  9. C h r o m a t o g r a m s  of t h e  p r o d u c t s  of d e g r a d a t i o n  of 
a n o v o l a k  resin. T e m p e r a t u r e s  of d e g r a d a t i o n  : 
a), 270 'C; b), 500 "C. 
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I 1 I I 1 I I I I 
I0 12 14 16 18 20 22 24 26 

vR (cm3) 

FIGURE 10. Oligomeric products formed in the thermal degradation 
of a) : styrene-acrylonitrile copolymer; b) : styrene- 
acrylonitrile-g-butadiene terpolymer. 
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OLIGOMERS AND SMALL MOLECULES 1363 

convenient ly  analysed by SEC. The i n t e r p r e t a t i o n  of the  r e s u l t s  

i s  accomplished by comparing t h e  behaviour ,  under t h e  same 

experimental  c o n d i t i o n s ,  of t h e  s i n g l e  components which might be 

present  i n  t h e  ABS. A s  a m a t t e r  of example, t h e  chromatograms of 

the  ol igomeric  products  obtained i n  the  thermal  degrada t ion  of 

e i t h e r  a s t y r e n e - a c r y l o n i t r i l e  copolymer o r  a 

styrene-acrylonitrile-g-butadiene based ABS r e s i n  a r e  shown i n  

Fig. 10 a )  and 10 b ) ,  r e s p e c t i v e l y .  It is known t h a t  i n  t h e  

thermal degrada t ion  of pure polybutadiene more than 80% of cha in  

fragments  a r e  formed ( 2 2 ) ,  whereas i n  t h e  degrada t ion  of 

s t y r e n e - a c r y l o n i t r i l e  copolymers t h e  f r a c t i o n  which i s  not  

v o l a t i l e  a t  ambient temperature  i s  mainly c o n s t i t u t e d  by dimers  

and t r i m e r s  ( 2 3 ) .  The broad peak i n  t h e  h igher  molecular  weight 

reg ion  of Fig. 10 b)  can be a t t r i b u t e d  t o  t h e  fragments  

o r i g i n a t e d  from chain  s c i s s i o n  of polybutadiene,  whereas t h e  

remaining p a r t  of t h e  chromatogram more c l o s e l y  compares wi th  t h e  

peaks of Fig. 10 a) .  By employing a d u a l  d e t e c t o r  (UV and D R I )  

system i t  should be p o s s i b l e  t o  determine t h e  r a t i o  of s t y r e n e  t o  

a c r y l o n i t r i l e  u n i t s  i n  the  ol igomers  which a r e  formed throughout 

t h e  degrada t ion  process ,  and consequent ly  to  e s t a b l i s h  which is 

the i n f l u e n c e  of the  butadiene cha ins  on t h e  mechanism of 

degrada t ion  of t h e  s t y r e n e - a c r y l o n i t r i l e  copolymers. The 

i n v e s t i g a t i o n  on such systems i s  be ing  cont inued and t h e  r e s u l t s  

w i l l  be subsequent ly  publ ished.  
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