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SEPARATION SCIENCE AND TECHNOLOGY, 16(6), pp. 657-670, 1981 

Determination of Molecular Weight Distribution of 
Polymers by Thermal Field-Flow Fractionation 

J .  JANCA and K. IUEPARNIK 
INSTITUTE OF ANALYTICAL CHEMISTRY 
CZECHOSLOVAK ACADEMY OF SCIENCES 
61142 BRNO. CZECHOSLOVAKIA 

ABSTRACT 

The Thermal Field-Flow Fractionation method was used to de- 
termine average molecular weights for standard polystyrene samples 
with narrow distribution whose molecular weight ranged from 3600 
to 867000. An effective calibration method was proposed and 
verified, and through the use of this method experimental fracto- 
grams could be interpreted in terms of sample molecular weight. 
Results were obtained by measuring at three temperature differ- 
entials (AT = lo", 15" ,  and 40'C). The average molecular weights 
calculated from the fractograms were in very good agreement with 
the data given for these polystyrene standards by the supplier, 
and with the results calculated from size exclusion chromatography 
data. Polydispersity indices were calculated from the fractograms 
without corrections for longitudinal zone broadening. In view of 
the potential experimental errors associated with any measurement 
of polydispersity such corrections do not appear necessary for 
proper evaluation of data collected even in channels of standard 
efficiency. A substantial increase in efficiency can be reached 
e.g., by reducing the thickness of the channel by a factor of two. 

Results presented in this paper confirm the prospects offered 
by the Field-Flow Fractionation method for determinations of 
molecular weights, and eventually also molecular weight distribu- 
tions for polymers. The method used to analyze the experimental 
results indicates that the Field-Flow Fractionation technique may 
be used as a standard high efficiency method for characterizing 
polymers. 
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- INTRODUCTION 

JANCA AND KLEF'ARNIK 

Reliable determinations of average molecular weights and 

molecular weight distributions (MWD) of polymers are matters of 

permanent interest to polymer chemists and physicists. Classic 

absolute methods, such as osmometry or light-scattering, make it 

possible to determine average molecular weights of polymers; the 

distribution of molecular weights can then be determined by exami- 

nation of the various fractions of the initial polymer sample, 

which result from application of some classic fractionation 

method such as precipitation fractionation. During the past 

fifteen years chromatographic methods have been developed to such a 

degree of refinement that today's polymer molecular weights and 

molecular weight distributions are routinely determined from 

chromatographic data. Size exclusion chromatography (SEC) has in 

this respect gained a dominant position. Recently even other 

liquid chromatographic techniques, such as adsorption or partition 

methods, have found a place beside those methods which rely on 

simple steric exclusion for polymer characterization. In compari- 

son with SEC, adsorption chromatography suffers from certain 

drawbacks with respect to universal applicability, in that differ- 

ent polymers will require different sorbent types and mobile 

phases for proper fractionation. Experimental results are often 

difficult to interpret because of a separation mechanism which is 

complicated and at times poorly understood. On the other hand, 

adsorption chromatography has an advantage over SEC in its wide 

range of pratical achievable retentions. The separation range of 

SEC is determined exclusively by the pore volume of the employed 

gel packing, i.e. it lies between the dead volume of the column 

Vo and the sum of volumes Vo + Vi, where Vi, the internal volume 
of the pores in the gel, is usually approximately equal to Vo. 

In this situation a search for new alternatives to existing 

separation methods which would permit polymer fractionation is 

obviously very important. Thermal Field-Flow Fractionation (TFFF) 

is one such promising alternative (1,Z). Some of the theoretical 

and experimental aspects of this technique which are associated 
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MOLECULAR WEIGHT DISTRIBUTION OF POLYMERS 659 

with retention and dispersion have already been studied by Giddings 

and co-workers ( 3 , 4 ) .  The applicability of the TFFF method to 

measurements of thermal diffusion factors (5) has been demonstrated. 
A theoretical comparison of SEC with TFFF for the separation of 

polymers (6) pointed at a number of advantages inherent in the 
latter technique of which the most important is its superior 

fractionating power. TFFF was also used to study the thermal 

diffusion of polystyrene [PS) in diverse solvents differing in 

thermodynamic quality (7). In a number of other studies experi- 

mental factors were investigated which have bearing on the TFFF 

technique, and which once optimized have improved its performance. 

The use of a pressurized system permits extension of the working 

range of temperatures across the channel with resulting effective 

separation of PS with molecular weights of several hundreds. 

the other hand this method was also shown (9) to have potential 

for fractionation of polymers with extremely high molecular weights 

(up to 10").  Programming of the temperature gradient ( l o ) ,  and 
even of the flow rate (ll), made it possible to improve fractiona- 

tion to such an extent that PS samples covering a wide range of 

molecular weights could be separated with retentions which were 

acceptable both from the standpoint of experimental arrangement 

and time. Miniaturization of the TFFF channel and some other 

design changespermitted a time of analysis of around one minute ( 1 2 ) .  

Further studies were oriented towards a theoretical elucidation of 

factors influencing peak broadening in TFFF ( 1 3 ) ,  such as non- 

equilibrium and polydispersity effects. The possibility of per- 

forming accurate determinations of polymer polydispersity by 

measuring peak width at various linear velocities of the solvent 

(14) has also been explored. In this treatment one determines 

the velocity independent residue in the plate height expression 

by extrapolation to zero carrier velocity thus eliminating con- 

tributions due to non-equilibrium processes. 

On 

Enhancement of the TFFF can also be reached by using the 

thermogravitational effects, i.e. by relying on the thermal con- 

vection in a non-horizontal channel to produce a complicated, non- 
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660 JANCA AND KLEF'ARNIK 

p a r a b o l i c  v e l o c i t y  p r o f i l e  ( 1 5 ) .  I n  a l l  t h e  above l i s t e d  s t u d i e s  

t h e  polymer sample c o n s i s t e d  of p o l y s t y r e n e .  J u s t  r e c e n t l y  work 

h a s  been p u b l i s h e d  which d e c i s i v e l y  shows t h a t  t h e  TFFF t e c h n i q u e  

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

PS ( 1 6 ) .  

Up t o  t h e  p r e s e n t  t i m e  no work h a s  been  p u b l i s h e d  c o n c e r n i n g  

d e t e r m i n a t i o n s  o f  m o l e c u l a r  w e i g h t  d i s t r i b u t i o n s  and a v e r a g e  

m o l e c u l a r  w e i g h t s  f o r  p o l y d i s p e r s e  polymer samples  by means o f  t h e  

TFFF method, i . e .  d e a l i n g  w i t h  o b j e c t i v e  q u a n t i t a t i v e  e v a l u a t i o n  

based  on m o l e c u l a r  p a r a m e t e r s  of  a g i v e n  polymer.  T h i s  k i n d  o f  

s t u d y  i s  t h e  s u b j e c t  of  t h e  p r e s e n t  p a p e r .  Commonly a v a i l a b l e  PS 

s t a n d a r d s  w i t h  na r row m o l e c u l a r  w e i g h t  d i s t r i b u t i o n s  were s e l e c t e d  

as t h e  sample b e s t  s u i t e d  f o r  t h e  s t u d y .  The s e l e c t i o n  w a s  moti-  

v a t e d  by ce r t a in  a d v a n t a g e s  p r o v i d e d  by PS s t a n d a r d s .  On t h e  one 

hand they  are  commonly c h a r a c t e r i z e d  by m i s c e l l a n e o u s  methods,  

b o t h  a b s o l u t e  and ch romatograph ic  i n  n a t u r e ,  and a comparison 

between r e s u l t s  o b t a i n e d  by t h e  v a r i o u s  methods c a n  e a s i l y  b e  made. 

On t h e  o t h e r  hand,  m o l e c u l a r  p a r a m e t e r s  f o r  PS are h i g h l y  r e l i a b l e  

f o r  t h e  v e r y  r e a s o n  t h a t  t h e y  a r e  b e i n g  s t u d i e d  s o  f r e q u e n t l y .  

F i n a l l y ,  i n  c o n s i d e r a t i o n  o f  t h e  na r row MWU ( p o l y d i s p e r s i t y  i n d e x  

M /M i s  f o r  t h e  mos t  pa r t  1 .05 )  t h e s e  samples  r e p r e s e n t  t h e  case 

o f  h i g h l y  s o p h i s t i c a t e d  f r a c t i o n a t i o n  from t h e  v i ewpo in t  of  b o t h  

p r e c i s i o n  and a c c u r a c y .  

w n  

EXPERIMENTAL 

A d u a l  h a i r p i n  TFFF column used i n  t h i s  work i s  i n  p r i n c i p l e  

i d e n t i c a l  t o  t h e  columns used  by Gidd ings  e t  a l .  i n  t h e  e x p e r i -  

m e n t a l  work c i t e d  above.  The 0 . 2  mm t h i c k  s p a c e r  de t e rmined  t h e  

c h a n n e l  t h i c k n e s s  w .  The t o t a l  volume o f  t h e  c h a n n e l  was 2 .283  m l  

which gave  a r a t i o  of  t h i c k n e s s  t o  w i d t h  amounting t o  1:50.  The 

t e m p e r a t u r e  g r a d i e n t  a c r o s s  t h e  channel w a s  lo" ,  15O o r  40°C de- 

pending on  t h e  r a n g e  of  PS m o l e c u l a r  w e i g h t s  f o r  which e f f i c i e n t  

s e p a r a t i o n  w a s  t o  b e  c a r r i e d  o u t .  Even unde r  t h e  h i g h e s t  e x p e r i -  

men ta l  t e m p e r a t u r e  d i f f e r e n t i a l  t h e  t e m p e r a t u r e  o f  t h e  h o t  w a l l  w a s  

several  d e g r e e s  below t h e  b o i l i n g  p o i n t  o f  t h e  s o l v e n t ,  which 
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MOLECULAR WEIGHT DISTRIBUTION OF POLYMERS 661  

e l i m i n a t e d  t h e  n e c e s s i t y  f o r  working a t  a n  e l e v a t e d  column p r e s s u r e .  

S o l u t i o n s  of  t h e  samples  of  PS s t a n d a r d s  were i n j e c t e d  w i t h  

t h e  a i d  of a 6-port  i n j e c t i o n  v a l v e  (Rheodyne I n c . ,  Be rke ley ,  C a .  

U.S.A.). The volume of t h e  sampling loop  was 20 p 1  which i s  l e s s  

t han  1% of t h e  t o t a l  volume of t h e  TFFF channe l .  

A d i f f e r e n t i a l  UV d e t e c t o r  w i t h  a c o n s t a n t  wavelength of  2 5 4  

nm (Development Workshops of t h e  Czechoslovak Academy of  S c i e n c e s ,  

Czechoslovakia)  w a s  used f o r  t h e  d e t e c t i o n .  

A c o n s t a n t  s o l v e n t  f low of 2.287 ml/h w a s  ma in ta ined  by a 

home-made s y r i n g e  pump. The co r re spond ing  l i n e a r  v e l o c i t y  <v> of  

s o l v e n t  through t h e  channe l  was 0.032 cm/s.  Under t h e  above con- 

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

t h e r e f o r e  t h e  f low w a s  n o t  swi t ched  o f f  f o r  zone e q u i l i b r a t i o n  

f o l l o w i n g  i n j e c t i o n .  

The c a r r i e r  l i q u i d  was t e t r a h y d r o f u r a n  (THF), which had been 

p u r i f i e d  p r i o r  t o  u s e  by d i s t i l l a t i o n  from copper (1 )  c h l o r i d e  and 

po ta s s ium hydrox ide .  

PS s t a n d a r d s  (Waters A s s o c i a t e s ,  I n c . ,  M i l f o r d ,  Mass., U.S.A.) 

w i t h  narrow molecu la r  weight  d i s t r i b u t i o n  were used f o r  t h i s  s t u d y .  

Mw/Mn w a s  less t h a n  1.05 i n  t h e  m a j o r i t y  of c a s e s ;  a few samples  

showed Mw/Mn i n  e x c e s s  of  1.1. 

molecu la r  we igh t s  f o r  t h e s e  PS s t a n d a r d s  are p r e s e n t e d  i n  Tab le  1. 

S o l u t i o n s  of  t h e  v a r i o u s  PS s t a n d a r d s  were i n j e c t e d  in concen t r a -  

t i o n s  amounting t o  0.1%, 0.5%, and 1.0% on a we igh t  p e r  volume 

b a s i s .  

The s u p p l i e r ’ s  d a t a  on a v e r a g e  

The e l u t i o n  volume f o r  a n o n r e t a i n e d  s o l u t e ,  which i s  r e q u i r e d  

f o r  c a l c u l a t i o n  of t h e  r e t e n t i o n  r a t i o  R ,  w a s  determined by means 

of  a d d i t i o n s  of s m a l l  amounts of  benzene t o  t h e  sample s o l u t i o n s  

and subsequen t  c a r e f u l  mon i to r ing  of t h e  e l u t i o n  p o s i t i o n  of t h i s  

i n e r t  marker .  I n  some i n s t a n c e s  i t  was unnecessa ry  t o  add a marker 

t o  t h e  s o l u t i o n ,  s i n c e  t h e  vo id  volume w a s  i n d i c a t e d  by t h e  e l u t i o n  

of  o x i d a t i o n  p r o d u c t s  of  THF whose c o n t e n t  i n  t h e  sample d i f f e r e d  

from t h e  c o n t e n t  i n  t h e  s o l v e n t  o r  mob i l e  phase .  
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MOLECULAR WEIGHT DISTRIBUTION OF POLYMERS 663 

RESULTS AND DISCUSSION 

Polymers are  o f t e n  c h a r a c t e r i z e d  by t h e i r  mo lecu la r  we igh t  

d i s t r i b u t i o n  and t h e i r  ave rage  molecu la r  w e i g h t s ,  where t h e  l a t t e r  

pa rame te r s  a r e  d e f i n e d  by t h e  v a r i o u s  s t a t i s t i c a l  moments of  t h i s  

d i s t r i b u t i o n .  The we igh t  ave rage  molecu la r  we igh t  M and t h e  

number a v e r a g e  molecu la r  weight  M a r e  t h e  most commonly used 

a v e r a g e s  s i n c e  t h e s e  pa rame te r s  a r e  e a s i l y  measured e x p e r i m e n t a l l y  

th rough  o b s e r v a t i o n s  of l i g h t - s c a t t e r i n g  (M ) and osmometry (M ) .  

These ave rage  molecu la r  we igh t s  a r e  d e f i n e d  by t h e  f o l l o w i n g  

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

W '  

W n 

M W = jr Mfw(M) dM/!I fw(M) dM 

and 

M n = !I fw(M) d M / j I  M-' fw(M) dM 

where M i s  a d i s c r e t e  v a l u e  of t h e  molecu la r  weight  which f o r  a 

g i v e n  d i s t r i b u t i o n  co r re sponds  t o  t h e  v a l u e  of t h e  unnormalized 

we igh t  d i s t r i b u t i o n  f u n c t i o n  fw(M). 

i s  no rma l i zed ,  t h e  f o l l o w i n g  r e l a t i o n s h i p  a p p l i e s  

I f  t h e  d i s t r i b u t i o n  f u n c t i o n  

/Ifw(M) dP1 = 1 

By u s i n g  f r a c t i o n a t i o n  methods t h a t  pe rmi t  t h e  s e p a r a t i o n  of  

molecu la r  s p e c i e s  a c c o r d i n g  t o  t h e i r  mo lecu la r  w e i g h t s ,  i t  i s  

p o s s i b l e  w i t h  a s u i t a b l e  i n t e r p r e t a t i o n  of expe r imen ta l  d a t a  t o  

o b t a i n  b o t h  t h e  d i s t r i b u t i o n  and t h e  ave rage  v a l u e s  of  t h e  molecu- 

l a r  w e i g h t s .  Thermal FFF i s  such  a method. The f r a c t o g r a m ,  

o b t a i n e d  as a d e c t e c t o r  r e sponse  t o  c o n t i n u o u s l y  e l u t i n g  molecu la r  

s p e c i e s  of t h e  f r a c t i o n a t e d  polymer,  i s  i n  p r i n c i p l e  d e f i n e d  by a 

c e r t a i n  t y p e  o f  d i f f e r e n t i a l  d i s t r i b u t i o n  cu rve  i n  non-standard 

c o o r d i n a t e s .  I f  t h e  d e t e c t o r  r e sponse  i s  p r o p o r t i o n a l  t o  t h e  

we igh t  amount of t h e  polymer f r a c t i o n  i n  t h e  e l u t i n g  s o l u t i o n ,  and 

i f  t h e  r e l a t i o n s h i p  between e l u t i o n  volume and molecu la r  we igh t  i s  

known t h e  f r ac tog ram can  be i n t e r p r e t e d  t o  y i e l d  a n  unnormalized 
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664 JANCA AND KLEPARNIK 

differential distribution curve. 

used to calculate average molecular weights according to relation- 

ships 1-3. 

Such a curve can then easily be 

With aid of the above procedure it is possible to interpret 

the fractogram only under ideal conditions with no axial dispersion 

effects contributing to the peak broadening. However, even the 

fractogram of an ideally monodisperse polymer will have a final 

width. This broadening is responsible for the fact that the eluate 

from the column at any given moment is not a strictly monodisperse 

fraction, but a mixture of macromolecular species with molecular 

weights both above and below the theoretical value corresponding 

to the particular elution position. The resulting fractogram thus 

provides the information on both fractionation and dispersion and 

can be described quantitatively by Tung's integral equation (17) 
+- 

F(v) = I W(Y)~(V,Y) dy 
-03 

where function F(v) describes the uncorrected chromatogram in units 

of elution volume v. Function W(y) is the corrected chromatogram, 

and G(v,y) denotes the spreading function whose physical meaning 

can be explained as the broadening which is caused by a particular 

separation system during passage of a unit amount of a given 

polymer fraction. This fraction is assumed to be injected in an 

infinitely small volume, and its molecular weight corresponds to 

elution volume y .  Function G(v,y) is usually approximated by a 

Gaussian function in the case of SEC. 

A number of methods are described in the literature which make 

it possible to solve Equation 4 for SEC, and to correct the result- 

ing chromatograms. A review of these methods can be found else- 

where (18). The same type of corrections to the experimental 

fractogram can be used in the case of TFFF. However, in each case 

it is necessary to establish whether or not such corrections are 

truly needed. The agreement between average molecular weight 

values for standard polymer samples which are on the one hand 

calculated from experimental fractograms without corrections, and 
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MOLECULAR WEIGHT DISTRIBUTION OF POLYMERS 665 

on t h e  o t h e r  hand measured by independent  ( e .g .  a b s o l u t e )  methods 

can  s e r v e  b e s t  as a c r i t e r i o n  t o  de t e rmine  t h e  n e c e s s i t y  f o r  a 

c o r r e c t i o n .  A s  l ong  as t h e  d i f f e r e n c e  between t h e  two v a l u e s  l i e s  

w i t h i n  t h e  r ange  of expe r imen ta l  e r r o r s  i n h e r e n t  i n  r e s p e c t i v e  

method t h e  c o r r e c t i o n  i s  unnecessa ry .  

I f ,  f o r  t h e  s a k e  of s i m p l i c i t y ,  one n e g l e c t s  t h e  c o n t r i b u t i o n  

of  a x i a l  d i s p e r s i o n  t o  t h e  shape o f  t h e  f r ac tog ram t h e  MWD can be 

c a l c u l a t e d  on t h e  b a s i s  of t h e  f o l l o w i n g  c o n s i d e r a t i o n s :  

The r e t e n t i o n  r a t i o  R i s  t h e  expe r imen ta l  parameter  which i s  

a c c e s s i b l e  d i r e c t l y  from t h e  f r ac tog ram.  

where v s t a n d s  f o r  t h e  e l u t i o n  volume of a g i v e n  macromolecular  

s p e c i e s ,  and <v> is  t h e  ave rage  e l u t i o n  volume of a non- re t a ined  

s o l u t e .  L e t  u s  n o t i c e  t h a t  f o r  p r a c t i c a l  r e a s o n s  w e  have i n t r o -  

duced a n o t a t i o n  which is r a t h e r  d i f f e r e n t  t h a n  t h e  one used i n  

t h e  works by Giddings and co-workers;  t h e  p h y s i c a l  meaning of r e -  

t e n t i o n  R ,  however, remains unchanged. The dependence of  R on 

molecu la r  pa rame te r s  o f  t h e  f r a c t i o n a t e d  polymer ( e . g .  t h e  molecu- 

l a r  we igh t )  has  so f a r  been d e s c r i b e d  by a s t r i c t l y  e m p i r i c a l  

r e l a t i o n s h i p  due t o  t h e  f a c t  t h a t  t h e  p h y s i c a l  p r o c e s s  which l e a d s  

t o  a c o n c e n t r a t i o n  d i s t r i b u t i o n  of macromolecules i n  a t h e r m a l  

f i e l d  ( 4 )  is as y e t  p o o r l y  unde r s tood .  I n  a n  earlier pape r  (16) 

i t  w a s  shown e x p e r i m e n t a l l y  t h a t  t h e  dependence of  r e t e n t i o n  R on 

molecu la r  weight  v a r i e s  w i t h  polymer type .  

A t  t h e  p r e s e n t  s t a t e  of knowledge i t  is n e c e s s a r y  t o  f i n d  a 

s e p a r a t e  e m p i r i c a l  r e l a t i o n s h i p  between R and M f o r  eve ry  polymer 

t y p e  w i t h  t h e  a i d  of  w e l l  d e f i n e d  s t a n d a r d s ,  and t o  u s e  t h e  c a l i -  

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

of a n  unknown polymer sample of  t h e  same chemical  compos i t ion  and 

g e n e r a l  s t r u c t u r e .  An a l t e r n a t e  r o u t e ,  which from t h e  view p o i n t  

of experiment  i s  more e x a c t i n g  and expens ive ,  is  t o  equ ip  t h e  TFFF 

channe l  w i t h  a d e t e c t o r  which d i r e c t l y  mon i to r s  molecu la r  we igh t  o r  

a q u a n t i t y  p r o p o r t i o n a l  t o  i t .  S u i t a b l e  d e t e c t o r s  f o r  t h i s  pu rpose  

are e .g .  au tomat i c  f low-through v i s c o m e t e r s  (19) o r  m o n i t o r s  of 
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666 JANCA AND KLEPARNIK 

low-angle l i g h t  s c a t t e r i n g  ( 2 0 ) .  

The performance of a n  SEC column i s  most commonly c a l i b r a t e d  

through u s e  of  w e l l  d e f i n e d  s t a n d a r d  polymers .  An e x h a u s t i v e  re- 

view of v a r i o u s  c a l i b r a t i o n  p r o c e d u r e s  can  b e  found e l sewhere  (21) .  

I n  t h e  p r e s e n t  c a s e  of  TFFF w e  s e l e c t e d  a c a l i b r a t i o n  f u n c t i o n  of 

t h e  f o l l o w i n g  polynomial  t y p e  

where M i s  t h e  m o l e c u l a r  we igh t  co r re spond ing  t o  a g i v e n  r e t e n t i o n  

R. A s  a f i r s t  i t e r a t i v e  s t e p ,  v i r i a l  c o e f f i c i e n t s  a t o  a of n 
t h e  above polynomial  were c a l c u l a t e d  by non- l inea r  r e g r e s s i o n  u s i n g  

M v a l u e s  and t h e i r  co r re spond ing  e m p i r i c a l  a v e r a g e  r e t e n t i o n s  

Rave f o r  a set of  PS s t a n d a r d s .  

f o l l o w i n g  r e l a t i o n s h i p  

W 

Rave i n  t u r n  i s  d e f i n e d  by t h e  

where v 

beginning of an e l u t i n g  zone.  T h i s  f i r s t  c a l i b r a t i o n  f u n c t i o n  was 

used to a n a l y z e  t h e  TFFF f r a c t o g r a m s ,  which w e r e  r eco rded  f o r  each 

of t h e  PS s t a n d a r d s ,  t h e r e b y  d e t e r m i n i n g  a m o l e c u l a r  we igh t  d i s t r i -  

b u t i o n  f u n c t i o n  f o r  each sample.  T h i s  sample mass spectrum was 

t h e n  used as base  f o r  d e t e r m i n a t i o n  of t h e  s a m p l e ' s  expe r imen ta l  

Mw and M 
v a l u e  was s u b s e q u e n t l y  i d e n t i f i e d  w i t h  i t s  co r re spond ing  R v a l u e  

through u s e  of  t h e  f i r s t  c a l i b r a t i o n  f u n c t i o n  (Eqn. 6 ) .  I n  t h i s  

manner a new s e t  of R v a l u e s  w a s  o b t a i n e d  which cou ld  be  r e l a t e d  

t o  t h e  o r i g i n a l  ( m a n u f a c t u r e r ' s )  v a l u e s  f o r  M f o r  f i t t i n g  t o  a 

second c a l i b r a t i o n  f u n c t i o n  (Eqn. 6) through non- l inea r  r e g r e s s i o n .  

T h i s  i t e r a t i v e  p rocedure  w a s  r e p e a t e d  u n t i l  v a r i a t i o n s  i n  t h e  c a l -  

c u l a t e d  v a l u e s  f o r  t h e  a v e r a g e  molecu la r  w e i g h t s  were w i t h i n  t h e  

r ange  of t h e  expe r imen ta l  e r r o r s .  I n  t h i s  manner i t  w a s  p o s s i b l e  

t o  o b t a i n  a s o - c a l l e d  e f f e c t i v e  c a l i b r a t i o n  dependence.  

and v,, are e l u t i o n  volumes co r re spond ing  t o  t h e  end and 

by means of Equa t ions  1 and 2 .  Each expe r imen ta l  M 
W 

W 
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MOLECULAR WEIGHT DISTRIBUTION OF POLYMERS 667 

I n  t h i s  work t h e  deg ree  of t h e  polynomial  i n  Equat ion 6 w a s  

n o t  p rede te rmined ,  bu t  was i n c r e a s e d  s t a g e  by s t a g e  s t a r t i n g  from 

a l i n e a r  f u n c t i o n .  A t  t h e  moment when f u r t h e r  i n c r e a s e  i n  t h e  

d e g r e e  of  t h e  polynomial  d i d  n o t  l e a d  t o  enhancement of  t h e  

r e s u l t s  of t h e  e f f e c t i v e  c a l i b r a t i o n ,  t h e  p rocedure  w a s  d i scon-  

t i n u e d .  I n  c a s e s  of a l l  expe r imen ta l  d a t a  p r e s e n t e d  h e r e  ( c o l -  

l e c t e d  a t  t empera tu re  d i f f e r e n t i a l s  of 4 0 ° ,  15" ,  and 10°C r e -  

s p e c t i v e l y )  a t h i r d  deg ree  polynomial :  

M = a + a,R + a l R Z  + a 3 R 3  ( 8 )  

w a s  s u f f i c i e n t  t o  y i e l d  h i g h l y  r e l i a b l e  approx ima t ions  w i t h  

d e v i a t i o n s  i n  t h e  c a l c u l a t e d  v a l u e s  of  Mw f o r  observed r e t e n t i o n s  

which were comparable i n  magnitude t o  t h e  expe r imen ta l  e r r o r s .  

By u s i n g  t h e  c a l i b r a t i o n  f u n c t i o n s  t h u s  o b t a i n e d ,  v a l u e s  f o r  

M and M w e r e  de t e rmined  as d e s c r i b e d  above. I n  c a r r y i n g  o u t  t h i s  

p rocedure  no a t t e m p t  was made t o  c o r r e c t  f o r  zone b roaden ing  due 

t o  nonequ i l ib r ium e f f e c t s .  Already t h e  f i r s t  approximate c a l i b r a -  

t i o n  f u n c t i o n  (Eqn. 8) p rov ided  Mw and M 

of e x p e r i m e n t a l  e r r o r s ,  which made f u r t h e r  i t e r a t i v e  s t e p s  un- 

n e c e s s a r y .  The r e s u l t s  a r e  summarized i n  Tab les  2 ,  3 and 4 f o r  

t e m p e r a t u r e  g r a d i e n t s  AT = 4 0 ° ,  15" and 1 0 ° C ,  r e s p e c t i v e l y .  A s  

f o l l o w s  from t h e  comparison of t h e  v a l u e s  of Mw and Mn c a l c u l a t e d  

from t h e  TFFF f r ac tog rams  (Tab les  2 ,  3 and 4 )  w i t h  t h e  v a l u e s  

r e p o r t e d  by t h e  s u p p l i e r  (Tab le  l), t h e  a v e r a g e  d i f f e r e n c e  between 

t h e s e  v a l u e s  i s  w i t h i n  t h e  r ange  5-10% r e l .  f o r  b o t h  ave rage  

molecu la r  w e i g h t s .  With r e g a r d  t o  a l l  p o s s i b l e  expe r imen ta l  e r r o r s  

of a l l  p rocedures  f o r  t h e  d e t e r m i n a t i o n  of  mo lecu la r  w e i g h t s  of 

polymers  ( 2 1 ) ,  t h i s  agreement can  be  cons ide red  as v e r y  good. Even 

under  t h e  g i v e n  expe r imen ta l  c o n d i t i o n s ,  which have n o t  by f a r  been 

cons ide red  as h i g h - r e s o l u t i o n  TFFF ( 1 2 ) ,  t h e  c o r r e c t i o n  

f o r  l o n g i t u d i n a l  b roaden ing  i s  o b v i o u s l y  n o t  n e c e s s a r y .  T h i s  i s  

proved n o t  on ly  by t h e  above agreement of Mw and M 

t h e  f i r s t  p l a c e ,  by t h e  f a c t  t h a t  t h e  p o l y d i s p e r s i t y  i n d i c e s ,  

Mw/Fln, t h a t  are c a l c u l a t e d  from TFFF f r ac tog rams  are ,  i n  t h e  major- 

i t y  of  cases, lower t h a n  t h e  v a l u e s  of Mw/M 

W n 

v a l u e s  w i t h i n  t h e  r ange  

v a l u e s  b u t ,  i n  n 

c a l c u l a t e d  from SEC 
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TABLE 2 

Retentions and Molecular Weights Calculated from Fractograms 
Obtained by TFFF at AT = 40°C 

Standard Rave 

PS 1 
PS 2 
PS 3 
PS 4 
PS 5 
PS 6 
PS 7 

0. 960a) 
0.880 
0.831 
0.822 
0.737 
0.657 
0.493 

a) peak maximum volume 
b) unresolved peak 

M, lo-’ 

- b) 
11.2 
18.6 
19.9 
34.0 
48.3 
102.7 

M, lo-’ Mw’Mn 

- b) - 
- b) - 
15.4 1.20 
17.2 1.16 
31.4 1.08 
44.6 1.08 
99.9 1.03 

TABLE 3 

Retentions and Molecular Weights Calculated from Fractograms 
Obtained by TFFF at AT = 15’ 

Standard Rave M W x M~ x lo-’ Mw‘Mn 

PS 7 0.821 125.0 97. Oa) 1.29 
PS 8 0.745 182.3 169.9 1.07 
PS 9 0.574 414.5 374.3 1.11 
PS 10 0.510 564.5 482.3 1.17 
PS 11 0.420 854.5 815.4 1.05 

a) unresolved peak 

TABLE 4 

Retentions and Molecular Weights Calculated from Fractograms 
Obtained by TFFF at AT = 10°C 

M~ x lo-’ Mw‘Mn M, x lo-’ Rave Standard 

- a> PS 7 0.909 129.8 - 
PS 8 0.860 199.1 125. 3ai 1.59 
PS 9 0.740 415.9 315. sa) 1.32 
PS 10 0.712 503.8 368.9 1.37 
PS 11 0.571 824.3 719.5 1.15 

a) unresolved peak 
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MOLECULAR WEIGHT DISTRIBUTION OF POLYMERS 669 

d a t a  and v e r y  c l o s e  t o  t h e  v a l u e s  r e p o r t e d  by t h e  s u p p l i e r s  (+3% 

r e l .  on a v e r a g e ) .  I n  t h e  c a s e  of some PS s t a n d a r d s ,  i n d i c a t e d  i n  

T a b l e s  2,  3 and 4,  t h e  v a l u e s  of  t h e  p o l y d i s p e r s i t y  i n d i c e s ,  Mw/Mn, 

o b v i o u s l y  a r e  h i g h e r  t h a n  t h o s e  g i v e n  by t h e  s u p p l i e r .  I n  a l l  

t h e s e  cases d e t e r m i n a t i o n s  were based on f r ac tog rams  w i t h  a n  i m -  

p e r f e c t  s e p a r a t i o n  of t h e  polymer from t h e  peak co r re spond ing  t o  

non- re t a ined  s o l u t e s  i n  t h e  low-molecular weight  r ange .  T h i s  means 

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

t h e  c a l i b r a t i o n  f u n c t i o n  i n t o  t h e  r a n g e  of  molecu la r  we igh t s  o r  

r e t e n t i o n s  which were n o t  measu rab le  e x p e r i m e n t a l l y .  The p o o r e r  . 

t h e  r e s o l u t i o n  of  peaks i n  t h i s  r ange ,  t h e  h i g h e r  w a s  t h e  d i s c r e p -  

ancy between t h e  v a l u e s  of  Mn c a l c u l a t e d  from TFFF f r ac tog rams  and 

t h o s e  g i v e n  by t h e  s u p p l i e r .  Consequent ly ,  a l s o  t h e  agreement 

between Mw/Mn w a s  p o o r e r .  It i s  t h u s  obvious t h a t  f o r  t h e  e x a c t  

i n t e r p r e t a t i o n  of  t h e  TFFF d a t a  by u s i n g  t h e  d e s c r i b e d  method of 

e f f e c t i v e  c a l i b r a t i o n ,  good separation i n  the low-molecular we igh t  

r ange  o f  t h e  f r ac tog ram should n e c e s s a r i l y  be reached i n  o r d e r  t o  

c a l c u l a t e  t h e  v a l u e s  of  M w i t h  a s u f f i c i e n t  r e l i a b i l i t y .  n 
It  f o l l o w s  from t h e  above r e s u l t s  t h a t  t h e  TFFF method i s  

w e l l  s u i t e d  f o r  de t e rmin ing  bo th  molecu la r  we igh t s  of polymers 

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

r e s u l t s  were o b t a i n e d  by u s i n g  t h e  s t a n d a r d  TFFF channe l ,  t h e  

assumption is j u s t i f i e d  t h a t  t h e  p o t e n t i a l  a p p l i c a t i o n s  of t h i s  

method f o r  c h a r a c t e r i z i n g  polymers have ,  by f a r ,  n o t  been exhausted.  
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