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HYDRODYNAMIC VOLUME FLUCTUATION OF POLYSTYRENE BY COLUIQ4 
TEMPERATURE AND ITS EFFECT TO RETENTION VOLUME I N  

SIZE EXCLUSION CHROMATOGRAPHY 

Sadao Mori and M a s a m i  Suzuki 
Department of  I n d u s t r i a l  Chemistry, Facul ty  o f  Engineer ing,  

M i e  U n i v e r s i t y  
Tsu ,  Mie 5 1 4 ,  Japan 

ABSTRACT 

The f l u c t u a t i o n  i n  hydrodynamic volume of  po lys tyrene  i n  
s e v e r a l  s o l v e n t s  w a s  e v a l u a t e d  by changing s o l v e n t  temperature  and 
t h e  r e l a t i o n  between the  magnitude of t h e  f l u c t u a t i o n s  and t h e  
r e t e n t i o n  volume change w a s  exper imenta l ly  examined. Limi t ing  v i s -  
c o s i t y  numbers of po lys tyrene  i n  tetrahydrofuran(THF) , chloroform,  
to luene ,  cyclohexane, and a benzene-methanol mixed s o l v e n t  (77.81 
22.2 v o l / v o l )  were measured by us ing  a Ubbelohde-type viscometer .  
Temperature dependence of l i m i t i n g  v i s c o s i t y  number of  t h e  poly-  
s t y r e n e  s o l u t i o n  w a s  observed i n  some range of temperature ,  where 
a change of t h e  r e t e n t i o n  volume of po lys tyrene  would be assumed t o  
be observed wi th  t h e  change of column temperature  because of t h e  
change of i t s  hydrodynamic volume i n  s o l u t i o n .  The examinat ion of  
t h e  temperature  dependence of r e t e n t i o n  volume i n  SEC f o r  poly- 
s t y r e n e  s t a n d a r d s  confirmed t h i s  e f f e c t .  The recommended column 
temperature  i s  i n  t h e  range where t h e  temperature  dependence of  t h e  
l i m i t i n g  v i s c o s i t g  number of  po lys tyrene  s o l u t i o n s  i s  n e g l i  i b l e ;  
;.g., a t  25' - 50 C f o r  THF, 35' - 65OC f o r  to luene ,  and 20 - 30 

of 30° - 45 C i n  chloroform is  a l s o  recommended because of counter-  
ba lance  of  s e v e r a l  e f f e c t s  t o  r e t e n t i o n  volume f l u c t u a t i o n .  

B 
C and 45' 55OC f o r  chloroform.  Column temperature  i n  t h e  range  

INTRODUCTION 

The measurement of molecular  weight averages and t h e i r  d i s t r i -  

b u t i o n s  f o r  polymers by s i z e  e x c l u s i o n  chromatography (SEC, o r  GPC) 
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1842 MORI AND SUZUKI 

r e q u i r e s  t h e  c o n s t r u c t i o n  of  a c a l i b r a t i o n  curve  obta ined  by p l o t -  

t i n g  r e t e n t i o n  volumes v s .  molecular  weight  of  t h e  cor responding  

polymers. A r e l i a b l e  molecular  weight  - peak r e t e n t i o n  volume 

r e l a t i o n s h i p  is t h e  most impor tan t  f a c t o r  f o r  o b t a i n i n g  t h e  accu- 

rate and p r e c i s e  molecular  weight  averages .  The r e t e n t i o n  volume 

changes w i t h  changing column tempera ture  [ 1 , 2 ] .  I n  t h e  prev ious  

paper  [ 3 ] ,  w e  r e p o r t e d  t h e  e f f e c t  o f  column temperature  on t h e  

r e t e n t i o n  volumes o f  s o l u t e  p o l y s t y r e n e s  and i t  w a s  s t r e s s e d  t h a t  

a 10°C change i n  column tempera ture  caused a decrease  of about  1% 

i n  r e t e n t i o n  volume, which corresponds t o  an e r r o r  of more than  10% 

i n  molecular  weight  a t  t h e  same r e t e n t i o n  volume. Two main f a c t o r s  

which cause t h e  r e t e n t i o n  volume f l u c t u a t i o n  were assumed t o  be  (1) 

an expansion o r  a c o n t r a c t i o n  of  t h e  mobile  phase i n  t h e  column due 

t o  t h e  temperature  d i f f e r e n c e  between column and s o l v e n t  and (2 )  

t h e  a d s o r p t i o n  e f f e c t s  of a s o l u t e  t o  t h e  gel phase .  

I n  SEC, s o l u t e s  a r e  s e p a r a t e d  accord ing  t o  t h e i r  hydrodynamic 

volumes i n  s o l u t i o n .  Cantow e t  a l .  [l] and L i t t l e  and P a u p l i s  [ 2 ]  

have expla ined  t h e  e f f e c t  of  column tempera ture  t o  r e t e n t i o n  volume 

by t h e  v a r i a t i o n  of  polymer c o i l  s i z e .  However, a t  a molecular  

weight  o f  100,000 and an i n c r e a s e  i n  tempera ture  of 115OC from 35 

OC, t h e  l i n e a r  expansion c o e f f i c i e n t  o f  p o l y s t y r e n e  i n  1 , 2 , 4 - t r i -  

chlorobenzene w a s  1.05 [I], s o  t h a t  t h e  e s t i m a t e d  change i n  re ten-  

t i o n  volume caused by t h e  i n c r e a s e  i n  hydrodynamic volume was about  

0.07% when an i n c r e a s e  i n  tempera ture  w a s  10°C [3]. 

ous paper  [ 3 ] ,  i t  has  been assumed t h a t  t h e  e s t i m a t e d  change i n  

hydrodynamic volume caused by t h e  change i n  column tempera ture  w a s  

n e g l i g i b l y  s m a l l .  

I n  t h e  prev i -  

However, i t  i s  obvious t h a t  t empera ture  of a polymer s o l u t i o n  

a f f e c t s  i t s  l i m i t i n g  v i s c o s i t y  number [ 4 , 5 ] .  which i n c r e a s e s  o r  

d e c r e a s e s  w i t h  temperature  and e x h i b i t s  a maximum i n  an l i m i t i n g  

v i s c o s i t y  number vs.  tempera ture  curve  when i t  i s  measured over  

s u f f i c i e n t l y  wide range  o f  tempera ture  IS]. Because t h e  v a l u e  of 

hydrodynamic volume of  a polymer i n  s o l u t i o n  i s  p r o p o r t i o n a l  t o  t h e  

product  of i t s  l i m i t i n g  v i s c o s i t y  number [Q] and molecular  weight  

M ,  t h e  change i n  l i m i t i n g  v i s c o s i t y  number w i t h  temperature  w i l l  
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HYDRODYNAMIC VOLUME OF POLYSTYRENE 1843 

a l s o  a f f e c t  t h e  r e t e n t i o n  volume of t h e  polymer.  

t h e  e v a l u a t i o n  of  t h e  change of t h e  l i m i t i n g  v i s c o s i t y  number w i t h  

t e m p e r a t u r e  c a n  e s t i m a t e  t h e  change o f  t h e  r e t e n t i o n  volume caused  

by t h e  v a r i a t i o n  of  t h e  hydrodynamic volume w i t h  column tempera- 

t u r e .  

I n  o t h e r  words,  

I n  t h i s  p a p e r ,  t h e  t e m p e r a t u r e  dependence o f  l i m i t i n g  v i s c o s -  

i t y  number o f  p o l y s t y r e n e  d i s s o l v e d  i n  s e v e r a l  s o l v e n t s  commonly 

used  i n  SEC i s  demons t r a t ed  and  t h e  c o n t r i b u t i o n  t o  t h e  r e t e n t i o n  

volume o f  hydrodynamic volume f l u c t u a t i o n  w i t h  t e m p e r a t u r e  i s  

e s t i m a t e d .  

EXPERIMENTAL 

Determination of limiting viscosity number. 
L i m i t i n g  v i s c o s i t y  number o f  polymer s o l u t i o n s  i n  t h e  r a n g e  o f  

c o n c e n t r a t i o n  0.2 - 1.0 g / d l  w a s  measured by u s i n g  Ubbelohde-type 

v i s c o m e t e r s  (one h a s  t h e  r ange  o f  dynamic v i s c o s i t y  1 . 7  - 5 c s t  and 

t h e  v i s c o m e t e r  c o e f f i c i e n t  0.00463 c s t / s  and t h e  o t h e r  3 - 10 c s t  

and 0.00980 c s t / s ) .  A sample polymer used  f o r  t h e  measurement of 

l i m i t i n g  v i s c o s i t y  number w a s  a commercial  p o l y s t y r e n e  ESBRITE (Gw 

= 2 . 8 7 ~ 1 0  V i s c o s i t y  numbers of  t h e  polymer 

s o l u t i o n s  were c a l c u l a t e d  by d i v i d i n g  t h e  s p e c i f i c  v i s c o s i t i e s  ( 

which are r e l a t i v e  v i s c o s i t i e s  minus 1) by t h e  c o r r e s p o n d i n g  con- 

c e n t r a t i o n s .  The l i m i t i n g  v i s c o s i t y  number o f  a polymer s o l u t i o n  

w a s  t h e n  o b t a i n e d  by p l o t t i n g  v i s c o s i t y  numbers vs .  c o n c e n t r a t i o n s  

and  by e x t r a p o l a t i n g  t h e  l i n e  t o  t h e  i n t e r s e c t i o n  a t  z e r o  concen- 

t r a t i o n .  S o l v e n t s  u sed  f o r  t h e  measurements o f  l i m i t i n g  v i s c o s i t y  

number o f  p o l y s t y r e n e  w e r e  t e t r a h y d r o  f u r a n  (THF) , t o l u e n e ,  ch lo ro -  

form,  cyc lohexane  and a benzene-methanol mixed s o l v e n t  (77.8/22.2 

5 5 and Zn = 1 . 0 8 ~ 1 0  ) .  

v o l / v o l )  . 
Determination of retention vohme. 

A J a s c o  ( Japan  S p e c t r o s c o p i c  Co. L t d . ,  H a c h i o j i ,  Tokyo 192 ,  

J apan)  TRIROTAR h i g h  pe r fo rmance  l i q u i d  chromatograph was used  w i t h  

a Shodex Model SE-11 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  (Showa Denko Co.,  
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1844 MORI AND SUZUKI 

Minato-ku, Tokyo 105, Japan) .  Column systems were DuPont Bimodal 

SEC columns (PSM-60s and PSM-1000s) packed w i t h  d e a c t i v a t e d  s i l i c a  

g e l  and two Shodex A80M SEC columns packed w i t h  p o l y s t y r e n e  g e l .  

Columns were thermosta ted  a t  s p e c i f i e d  tempera tures  t o  an accuracy 

of 0 . l o C  i n  a water b a t h .  

f o r  DuPont columns and cyclohexane f o r  Shodex columns. 

Mobile phases  were t o l u e n e ,  chloroform 

Monodisperse p o l y s t y r e n e  (PS) s t a n d a r d s  ( P r e s s u r e  Chemical 

C o . ,  Pa., USA) were used 2s test samples. A p o r t i o n  of 0 . 1  m l  of  

0.05% p o l y s t y r e n e  s o l u t i o n s  w a s  i n j e c t e d  i n t o  columns. The flow 

r a t e  of t h e  pump d i a l  was a d j u s t e d  t o  0.5 mlfmin f o r  PSM columns 

and 1.0 mlfmin f o r  Shodex columns and t h e  a c t u a l  f low r a t e  w a s  

checked a t  t h e  o u t l e t  o f  t h e  R I  d e t e c t o r  by measuring t h e  t i m e  

r e q u i r e d  t o  f i l l  a 10-ml measuring f l a s k  w i t h  s o l v e n t  e l u t e d  from 

t h e  s y s t e m .  

Measurement of peak r e t e n t i o n  volumes was performed f i v e  times 

and average v a l u e s  were obta ined .  These r e t e n t i o n  volumes were 

f i r s t  t aken  i n  u n i t s  of t i m e  and t h e n  c a l c u l a t e d  by m u l t i p l y i n g  t h e  

r e t e n t i o n  t i m e  by t h e  flow rate  measured a t  t h e  o u t l e t  of t h e  R I  

d e t e c t o r .  The r e t e n t i o n  volume t h u s  o b t a i n e d  w a s  then c o r r e c t e d  by 

s u b t r a c t i n g  o r  by adding  t h e  amount due t o  t h e  d i f f e r e n c e  between 

columntemperature  and t h e  mobile  phase tempera ture  i n  t h e  reser- 

v o i r .  

dard w a s  c a l c u l a t e d  as f o l l o w s :  

The p a r t i t i o n  c o e f f i c i e n t  (KsEC) of each p o l y s t y r e n e  s t a n -  

where V i s  the c o r r e c t e d  r e t e n t i o n  volume of a p o l y s t y r e n e  s t a n -  

dard ,  V 

umns (V 

of g e l  i n  t h e  columns (Vi f o r  PSM 4.37 m l  and f o r  A80M 2 1  ml) .  

t h e  void  volume o r  i n t e r s t i t i a l  volume of  g e l  i n  t h e  col-  

f o r  PSM 5.33 m l  and f o r  A80M 20 m l ) ,  and Vi i n n e r  volume 

RESULTS and DISCUSSION 

The dependence of  l i m i t i n g  v i s c o s i t y  number on tempera ture  f o r  

PS ( u n f r a c t i o n a t e d  PS) i n  f i v e  s o l v e n t s  i s  shown i n  F i g u r e s  1 and 

2 .  I n  t h e s e  f i g u r e s ,  we  can see t h a t  a range of  tempera ture  where 
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")I 

Chloroform 1 0. 

0.6 THF 

I I I 1 I I I I I I I I I I 
20 30 4 0  50 60 70 

Temperature (OC) 

FIGURE 1. P l o t  of l i m i t i n g  v i s c o s i t y  number v e r s u s  temperature  f o r  
u n f r a c t i o n a t e d  polys tyrene  i n  chloroform and TIIF. 

a v a r i a t i o n  of l i m i t i n g  v i s c o s i t y  number i s  below 0.01 i s  a t  25' - 
5OoC f o r  THF, 35' - 65OC f o r  to luene ,  20' - 3OoC and 45' - 55OC f o r  

chloroform,  and 25' - 45OC f o r  benzene/methanol (77.8122.2 v o l / v o l )  . 
I n  t h e s e  temperature  ranges ,  t h e  c o n t r i b u t i o n  of hydrodynamic vol-  

ume d i f f e r e n c e  due t o  temperature  f l u c t u a t i o n  t o  r e t e n t i o n  volume 

would be n e g l i g i b l e .  The l i m i t i n g  v i s c o s i t y  number of PS i n  cyclo- 

hexane i n c r e a s e d  w i t h  i n c r e a s i n g  temperature  and t h a t  i n  benzene/ 

methanol increased  s i m i l a r l y  over  45OC. 

t u r e  dependence of l i m i t i n g  v i s c o s i t y  number i s  o u t  of o u r  scope.  

The mechanism of tempera- 

I n  t h e  prev ious  paper  [ 3 ] ,  i t  w a s  observed t h a t  a 10°C change 

i n  column temperature  caused about  a 1% s h i f t  o f  r e t e n t i o n  volume 

and r e s u l t e d  i n  e r r o r s  of more than  10% i n  molecular  weight a t  t h e  

same r e t e n t i o n  volume. I n  t h i s  experiment ,  a 10°C i n c r e a s e  from 

25Oc f o r  to luene  o r  a 15OC i n c r e a s e  from 3OoC f o r  chloroform w a s  

found t o  cause an about  10% i n c r e a s e  o r  decrease  i n  hydrodynamic 

volume of  PS i n  t h e s e  s o l v e n t s ,  r e s p e c t i v e l y ,  r e s u l t i n g  i n  t h e  
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- 
Ben zene-Me thano  1 

- 
- - x / x  / ::ohexan. 

- HX 
,x/x 

I I I I I I I I I I I I I I I I 

0 Temperature ( C )  

F I G U R E  2 .  P l o t  of l i m i t i n g  v i s c o s i t y  number v e r s u s  tempera ture  f o r  
u n f r a c t i o n a t e d  p o l y s t y r e n e  i n  t o l u e n e ,  cyclohexane and a benzene - 
methanol mixed s o l v e n t .  

change of 0.5% i n  r e t e n t i o n  volume which corresponds t o  a 5% change 

i n  molecular  weight .  

A s h i f t  of r e t e n t i o n  volume w i t h  i n c r e a s i n g  column temperature  

w i l l  be r e s u l t e d  i n  next  t h r e e  main f a c t o r s :  

( i )  An expansion of  t h e  mobile  phase i n  t h e  column due t o  t h e  

d i f f e r e n c e  of tempera tures  between t h e  column and a s o l v e n t  

r e s e r v o i r  (and a pumping sys tem) .  

( i i )  The a d s o r p t i o n  e f f e c t s  of a s o l u t e  t o  t h e  g e l  phase.  

( i i i ) A  change o f  hydrodynamic volume of  a s o l u t e .  

In t h e  prev ious  paper  [ 3 ] ,  t h e  t h i r d  f a c t o r  w a s  excluded.  In t h e  

exper imenta l  range o f  25O - 4 5 O C  i n  the mobile  phase THF, i t  i s  

observed t o  be c o r r e c t  ( s e e  F igure  1). However, i n  t h e  range where 

t h e  l i m i t i n g  v i s c o s i t y  number f l u c t u a t e s ,  t h e  e f f e c t  of a change of  
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KSE 
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0 P i n  To luene  \ 

\ \  
\ 0 

't '\ Q+ 4 0 i n  Cyclohexane 
'\ ', 

\ \  
\ \  
\ \  
\ \  ' \\ 

PS 180000 \ \,PS 9 7 2 0 0  
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PS 9 7 2 0 0  

D----., 
-a+- 

-- -+- '\ PS 180000 
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\ 
\ 

ps 411000 \ \\ 

\ 

v 

a PS 411000 

PS 670000 
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20 30 40 50 60  

0 Tempera tu re  ( c )  

FIGURE 3. The r e l a t i o n s h i p  between column t e m p e r a t u r e  and p a r t i t i o n  
c o e f f i c i e n t s  f o r  p o l y s t y r e n e  s t a n d a r d s  i n  c h l o r o f o r m ,  t o l u e n e  and 
cyc lohexane .  
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KSEC 

MORI AND SUZUKI 

1.2 

1.1 

1.0 

0.9 

a- in Toluene 

in Chloroform 

- -  in Cyclohexane -- 

I I I I I I I 1 I 
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Temperature (OC) 

FIGURE 4 .  The r e l a t i o n s h i p  between column tempera ture  and p a r t i t i o n  
c o e f f i c i e n t s  f o r  n-hexane i n  chloroform,  t o l u e n e  and cyclohexane.  

hydrodynamic volume can n o t  be  ignored .  The i n c r e a s e  i n  column 

temperature  causes  t h e  expansion of t h e  mobile phase i n  t h e  column 

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

phase,  r e s u l t i n g  i n  t h e  d e c r e a s e  o f  t h e  r e t e n t i o n  volume. On t h e  

o t h e r  hand,  i n  c a s e  o f  t h e  temperature  dependence of  t h e  l i m i t i n g  

v i s c o s i t y  number, a s  shown in Figures  1 and 2 ,  t h e r e  a r e  t h r e e  

types ;  c o n s t a n t  over  some range of temperature  d i f f e r e n c e ,  t h e  in-  

c r e a s e  o r  t h e  decrease  wi th  i n c r e a s i n g  tempera ture .  When t h e  l i m -  
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i t i n g  v i s c o s i t y  number i n c r e a s e s  w i t h  tempera ture ,  then t h e  r e t e n -  

t i o n  volume d e c r e a s e s ,  as i s  t h e  case  i n  ( i )  and ( i i ) .  I f  t h e  l i m -  

i t i n g  v i s c o s i t y  number d e c r e a s e s  w i t h  i n c r e a s i n g  tempera ture ,  t h e  

r e t e n t i o n  volume w i l l  i n c r e a s e  and r e s u l t  i n  t h e  counterba lance  t o  

t h e  e f f e c t s  of expansion o f  t h e  mobile  phase and of t h e  a d s o r p t i o n  

t o  t h e  g e l  phase.  

i n  chloroform.  

This  w i l l  be t h e  c a s e  f o r  t h e  range 30' - 4 5 O C  

F igures  3 and 4 show t h e  r e l a t i o n s h i p s  between column tempera- 

t u r e  and t h e  p a r t i t i o n  c o e f f i c i e n t s  KSEC f o r  f o u r  pS s t a n d a r d s  and 

n-hexane i n  t h r e e  d i f f e r e n t  mobile phases .  I n  chloroform,  a p l a t -  

eau  i n  t h e  curve i s  observed a t  35' - 4 5 O C  a s  i s  expected from t h e  

above d i s c u s s i o n .  

I n  t o l u e n e ,  t h e  d e v i a t i o n  of t h e  v a l u e s  oE K between 2 5 O C  
S E C  

and 3 5 O C  i s  much than those  between 3 5 @ C  and 4 5 O C  and between 4 5 O C  

and 5 5 O C ,  which corresponds t o  t h e  i n c r e a s e  i n  the  l i m i t i n g  v iscos-  

i t y  number a t  25OC with  i n c r e a s i n g  tempera ture .  

I n  cyclohexane,  t h e  v a l u e s  of  K d e c r e a s e  s i g n i f i c a n t l y  w i t h  

i n c r e a s i n g  i n  tempera ture .  T h i s  phenomena may be a t t r i b u t e d  t o  t h e  

i n c r e a s e  of t h e  l i m i t i n g  v i s c o s i t y  number wi th  temperature  i n  addi-  

t i o n  t o  t h e  decrease  of  t h e  a d s o r p t i o n  e f f e c t  w i t h  i n c r e a s i n g  i n  

tempera ture .  

SEC 

The v a l u e s  of KSEC f o r  n-hexane decrease  uniformly w i t h  in-  

c r e a s i n g  i n  tempera ture ,  s u g g e s t i n g  t h e  p a r t i c i p a t i o n  o f  t he  hydro- 

dynamic volume e f f e c t  i n  t h e  tempera ture  dependence of  t h e  va lues  

KSEC of p o l y s t y r e n e  s o l u t e s .  

I n  conclus ion ,  t h e  recommended column temperature  i s  i n  t h e  

range where t h e  temperature  dependence of t h e  l i m i t i n g  v i s c o s i t y  

number of  p o l y s t y r e n e  s o l u t i o n s  i s  n e g l i g i b l e ;  e . g . ,  a t  2 5 O  - 5 0 ° C  

f o r  THF, 35' - 6 5 O C  f o r  t o l u e n e ,  and 20° - 30°C and 4 5 O  - 55'C f o r  

chloroform.  

chloroform,  though t h e  temperature  dependence of l i m i t i n g  v i s c o s i t y  

number i s  s i g n i f i c a n t ,  t h e  counterba lance  of  t h e  t h r e e  e f f e c t s  

makes t h e  temperature  dependence of  t h e  r e t e n t i o n  volume minimum. 

Though hydrodynamic volume o r  s i z e  of polymer i n  s o l u t i o n  should  

e s s e n t i a l l y  be measured by l i g h t  s c a t t e r i n g  technique ,  our  d i scus-  

Column temperature  i n  t h e  range of 30' - 4 5 O C  i n  
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h i o n  would s t i l l  b e  e f f e c t i v e  i n  t h e  p o i n t  o f  t h e  f a c t o r s  t h a t  

, i f f e c t  t h e  r e l i a b i l i t y  t o  a m o l e c u l a r  we igh t  - r e t e n t i o n  volume 

r e l a t i o n s h i p .  
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