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SUMMARY 

Functional type separation of hydroxyl-containing poly(bu- 
tyien terephtaiates) by llquld chromatography of molecuies in 
"critical conditions" was investigated. Under such conditions 
the change in the free energy, &F, of a homogeneous macromo- 
lecule equals zero when enterlng a pore, irrespective of lts 
length; in thls case the chromatogram obtalned 1s not compli- 
cated by the separation of the molecules in terms of slzes, 
and contalns • only on the types of functionality. 
The crltlcai conditions of investigation have been determined 
on slllca in a heptane-tetrahydrofuran (THF) mlxture. 

INTRODUCTION 

An essent• quantitative characteristic feature of reac- 
t• ol• along with the molecular mass distribution 
(MMD) is the funct•177 type distribution (FTD) determ• 
n• the content of zero-, mono- and b•177 macromole- 
cules in a sample (ENTELIS et al. 1973). "Defect" functiona- 
lity molecules together with defin• efficient funct•177 
molecules are formed in the process of oligomer synthes• as 
a result of different side reactions. Depend• on the syn- 
thes• cond•177 the share of these defect functionality 
molecules may be very substantial. Such defect functional• 
macromolecules will have a notable influence on the proper- 
t• of oligomer based polymers, converting them, for exam- 
ple, from linear to branched. Therefore, it is • to 
determine the quantity and type of defect molecules or, • a 
general case, the FTD function. 

One such method wh• proved to be sensit• to macromo- 
lecule functionality • liqu• chromatography. By using the 
difference • the interact• of the end funct• group 
and macromolecule cha• groups w• a stat• phase and 
choos• the necessary mobile phase, it • poss• to deve- 
lop, • a number of cases, a technique which allows one to 
analyse the FTD. However, to develop such a techn• requi- 
res sign• time, because • is, as a rule, carr• out 
by the tr• method. These spec•177 techn• are 
not versatile and the chromatograms produced with the• help 
often complicate the• interpretat• • v• of the fact 
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t h a t  the m o l e c u l a r  mass s e p a r a t i o n  superpose the f u n c t i o n a -  
l i t y  t ypes  s e p a r a t i o n .  

The purpose of  t h i s  paper  i s  to  d e s c r i b e  a p r i n c i p a l l y  
new approach to d e t e r m i n e  the FTD o l i g o m e r s  us ing  h y d r o x y l -  
c o n t a i n i n g  p o l y ( b u t y l e n  t e r e p h t a l a t e )  (PBT) as an example .  
T h i s  approach i s  based on the g e n e r a l  r e g u l a r i t i e s  of  macro- 
m o l e c u l a r  ch roma tog raphy ,  and was a p p l i e d  e a r l i e r  f o r  the 
a n a l y s i s  of  p o l y ( d i e t h y l e n g l y c o l a d i p a t e s )  FTD (GORSHI<OV et 
a l .  1983a) .  

A fundamen ta l  f e a t u r e  d i s t i n g u i s h i n g  ch romatog raphy  of  
mac romo lecu les  from t h a t  of  low m o l e c u l a r  subs tances  i s  the 
e x i s t e n c e  of  two c h r o m a t o g r a p h i c  reg imes :  e x c l u s i o n  and ad- 
s o r p t i o n .  In  the f o rmer  case when the e n t r o p y  c o n t r i b u t i o n  
o f  T AS to the change i n  the f r e e  ene rgy ,  AF, of  the molecu-  
l e s  which e n t e r  the s t a t i o n a r y  phase pore exceed the change 
i n  the energy  E a t  the expense of  the c o n t a c t i n g  of  the 
l i n k s  w i t h  the pore w a l l s ;  and in  the l a t t e r  case when AE> 

> T AS. These modes are  c h a r a c t e r i z e d  by the e l u t i o n  seq-  
uence of  m o l e c u l e s  w i t h  d i f f e r e n t  m o l e c u l a r  masses l e a v i n g  
the c h r o m a t o g r a p h i c  co lumn.  Under e x c l u s i o n  reg ime,  the h i g -  
her  the m o l e c u l a r  mass of  the m o l e c u l e s ,  the sooner  i t  e l u -  
tes  from the column, whereas under a d s o r p t i o n  reg ime,  i t  i s  
q u i t e  the r e v e r s e . T h e s e  two reg imes are  s e p a r a t e d  by a p o i n t  
r e f e r r e d  to " c r i t i c a l  c o n d i t i o n s "  whereat  the e n t r o p y  l o s s e s  
a re  compensated by the energy  g a i n .  In  so do ing ,  the f r e e  
energy  of  the homogeneous macromo lecu le  t h a t  has e n t e r e d  the 
pore equa ls  z e r o ,  AF = O, w h i l e  the d i s t r i b u t i o n  c o e f f i c i e n t  
between the m o b i l e  and s t a t i o n a r y  phases,  K d equa ls  u n i t y .  
A c c o r d i n g  to the t h e o r y  deve loped  f o r  the l a t t i c e  model i n  
s l i t - l i k e  pores  (SI<VORTSOV and GORBUNOV 1980; GORBUNOV and 
SKVORTSOV 1980; GORSHKOV et a l .  1982 ) and the e q u a l i t y  i F =  
= 0 i n  c r i t i c a l  c o n d i t i o n s  i s  reached,  i r r e s p e c t i v e  of  the 
cha in  l e n g t h  and pore s i z e .  Hence, i t  f o l l o w s  t h a t  the d is . .  
t r i b u t i o n  c o e f f i c i e n t  f o r  the f u n c t i o n a l  mac romo lecu les ,Kh  1) ,  
i n  c r i t i c a l  c o n d i t i o n s  depends on the f u n c t i o n a l i t y  t ypes  U 

( t h e  number of  f u n c t i o n a l  groups in  the m a c r o m o l e c u l e ) .  
The t h e o r y  was used f o r  s u f f i c i e n t l y  long f l e x i b l e  macro-  

m o l e c u l e s  which can be s i m u l a t e d  by the l a t t i c e  model t h e r e -  
f o r e  the a p p l i c a t i o n  of  t h i s  t h e o r y  to o l i g o m e r s ,  s t r i c t l y  
s p e a k i n g ,  i s  i n a d e q u a t e .  However,  the main c o n c l u s i o n  t h a t  
the m o l e c u l a r  mass s e p a r a t i o n  v a n i s h e s  in  c r i t i c a l  c o n d i t i -  
ons,  remains a l s o  v a l i d  f o r  o l i g o m e r s ,  as w i l l  be shown in  
t h i s  paper  as w e l l  as in  works GORSHKOV et a l .  ( 1 9 8 3 a , b ) .  

Thus, the chromatogram of  the o l i g o m e r  sample o b t a i n e d  in  
c r i t i c a l  c o n d i t i o n s  c o n t a i n s  i n f o r m a t i o n  o n l y  on FTD which 
i s  not  c o m p l i c a t e d  by the m o l e c u l a r  mass s e p a r a t i o n .  The mo- 
l e c u l e s  hav ing  a d i f f e r e n t  number of  f u n c t i o n a l  groups e l u t e  
a t  v a r i e d  t i m e s .  The e l u t i o n  t ime  f o r  macromo lecu les  hav ing  
a s i m i l a r  number of  f u n c t i o n a l  groups but d i f f e r i n g  in  t h e i r  
m o l e c u l a r  mass i s  one and the same. 

EXPERIMENTAL 

PBT o l i g o m e r  samples a t  p o l y m e r i s a t i o n  degree ,  n , r ang ing  
from n = 0 to n = 10 were i n v e s t i g a t e d .  The o l i g o m e r  r e s i d u e  
assumes the fo rm:  
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{ 0 - C(O) - ~ - C(O) - 0 - (CH2) 4 {n 

The PBT samples a long  w i t h  b i f u n c t i o n e l  macromo lecu les  hav ing  
the  s t r u c t u r e  

HO - [ - - ] n  - OH 

c o n t a i n e d  zero  f u n c t i o n a l  m o l e c u l e s  

H3C - [ - - ] n  - CH3 

and m o n o f u n c t i o n a l  m o l e c u l e s  

H3C - [ - - ] n  - OH 

The e x p e r i m e n t  was c a r r i e d  out on a h igh  p r e c i s i o n  l i q u i d  
ch romatograph  (HPLC) "SP8700",  the so rben t  be ing " L i c h r o s o r b  
S i  60 " ,  the pore s i z e s  be ing 60 A, the p a r t i c l e  s i z e  be ing 
7um. D e t e c t i n g  was c a r r i e d  out w i t h  a UV d e t e c t o r  "SP8400" 
o p e r a t i n g  on a 264 nm wave leng th  ( t h e  sample a b s o r p t i o n  ma- 
x imum),  the volume of  the i n t r o d u c e d  specimen be ing 10 u l ,  
the sample c o n c e n t r a t i o n  in  the specimen be ing  0.1/~ v o l .  A 
"SP4100" i n t e g r a t o r  was used f o r  q u a n t i t a t i v e  p r o c e s s i n g  of  
the  chromatogram.  

RESULTS AND DISCUSSION 

I t  i s  v e r y  s i m p l e  to f i n d  the c r i t i c a l  c o n d i t i o n s  f o r  any 
p o l y m e r .  For t h i s  purpose i t  i s  necessa ry  to s e l e c t  two s o l -  
v e n t s  in  one of  which the e x c l u s i o n  regime i s  r e a l i z e d  on 
the chosen adso rben t  ( i n  our  case on s i l i c a )  w h i l e  in  the 
o t h e r  - the a d s o r p t i o n  regime (GORSHKOV et a l .  1983b) .  For 
PBT, such s o l v e n t s  a re  THF and hep tane .  By smoo th l y  chang ing  
the  heptane c o n t e n t  i n  mixed e l u e n t ,  i t  i s  p o s s i b l e  to pass 
o v e r  from a d s o r p t i o n  to e x c l u s i o n  ( o r  on the c o n t r a r y )  t h r o -  
ugh the c r i t i c a l  c o n d i t i o n s ,  F i g .  1. 

In  the a d s o r p t i o n  mode the s m a l l  m o l e c u l e s  a re  the f i r s t  
to  e l u a t e ,  i n  the e x c l u s i o n  mode - the l a r g e  m o l e c u l e s ,  which 
i s  i n  agreement  w• the t h e o r e t i c a l  c o n c e p t i o n s .  The p resen -  
ce o f  f u n c t i o n a l  g roups ,  w i t h o u t  chang ing the e l u t i o n  sequ-  
ence,  c o r r e s p o n d i n g  to the a d s o r p t i o n  or  e x c l u s i o n  reg imes 
s h i f t  a l i  the peaks to the r e g i o n  of  l a r g e  r e t e n t i o n  voiumes 
V R. In  c r i t i c a l  c o n d i t i o n s  t h e r e  i s  p r a c t i c a l l y  no m o l e c u l a r  

mass s e p a r a t i o n ;  m o l e c u l e s  of  d i f f e r e n t  degrees  o f  p o l y m e r i -  
s a t i o n  w i t h  one and the same f u n c t i o n a l i t y  have one and the 
same r e t e n t i o n  vo lume.  

The r e t e n t i o n  volume o f  ze ro  f u n c t i o n a l  m o l e c u l e s ,  V~ ~  , "  

i n  c r i t i c a l  c o n d i t i o n s  • V~ ~ = V 0 + Vp , a c c o r d i n g  to ~ the 

main c h r o m a t o g r a p h i c  e q u a t i o n .  For the d i s t r i b u t i o n  c o e f f i -  
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F i g .  1. Chromatograms of  a PBT o l i g o m e r  sample in  d i f f e r e n t  
reg imes of  s e p a r a t i o n  upon changing the c o m p o s i t i o n  of  the 
THF-heptane e l u e n t .  Peaks 1,2 r e p r e s e n t  the s o l v e n t ,  peaks 
3 to 7 - the zero  f u n c t i o n e l  ( i=O)  homologs w i t h  p o l y m e r i s a -  
t i o n  degree n=O-4; peaks 8-12 m o n o f u n c t i o n a l  ( i = l , n = O - 4 )  ; 
peeks 13-17 b i f u n c t i o n a l  ( i = 2 ,  n=O-4) .  

c i e n t s  o f  mono- and b i f u n c t i o n a l  mo lecu les  K (1) and K (2) 
f ~ d . 1 . 2  d ' we have a simple approximate relat ion,  % 2 , =  [K~ )] (SKVO- 

RTSOV and GORBUNOV 1980) .  For the system under i n v e s t i g a t i o n  

S ince i n  K d = AF, the change in  the f r ee  energy i s  a d d i -  

t i v e  in  respec t  o f  the number of  f u n c t i o n a l  g roups .  T h i s  may 
be accounted f o r  by the f a c t  t ha t  in  such narrow p o r e s , 6 0  A, 
at  l e a s t  f o r  a h i g h - m o l e c u l a r  t a i l  o f  the HHD, the s i z e  of  
the macromolecu les  become comparable w i t h  t ha t  o f  the po res ,  
which leads  to s t a t i s t i c a l  independence and a d d i t i v e  c o n t r i -  
b u t i o n  of  the cha in  t e r m i n a l s  to the change in  the f r e e  ener -  
gY. 

Chromatograms of  s e v e r a l  PBT o l i g o m e r  samples in  c r i t i c a l  
c o n d i t i o n s  are i l l u s t r a t e d  in  F i g . 2 .  The same f i g u r e  shows 
t h e i r  ge l - ch roma tog rams  f o r  compar ison .  I t  i s  seen t h a t  the 
chromatograms of  the samples hav ing d i f f e r e n t  ( t o t a l )  MMD 
are i d e n t i c a l  in  c r i t i c a l  c o n d i t i o n s  and d i s t i n g u i s h  o n l y  by 
d i f f e r e n t  c o n t e n t s  o f  mo lecu les  of  d i f f e r e n t  f u n c t i o n a l i t i e s .  
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Fig.2. Gel-chroma- 
tograms (a)  and 
chromatograms i n  
c r i t i c a i  c o n d i t i -  
ons (b)  of  t h r e e  
PBT samples .  
a - m i c r o s t y r o g e l  
50 ,100 ,500  A, c h i o -  
r o f o r m ,  1 m l / m i n .  
b- L i c h r o s o r b  
S i - 6 0 ,  THF-hep ta -  
ne (65~-35~ v o l ) ,  
1 ml/min. 
Sample volume - 
10 ul. 

CONCLUSION 

In  c o n c l u s i o n ,  we w ish  to note  the f o l l o w i n g .  In  those  
cases when the d i f f e r e n c e  i n  e n e r g i e s  between the i n t e r a c t i -  
on o f  the e n d - f u n c t i o n a l  groups and the cha in  groups i s  
s m a l l ,  because of  the b r o a d e n i n g ,  the peaks of  d i f f e r e n t  
f u n c t i o n a l i t i e s  may not r e s o l v e  i n  c r i t i c a l  c o n d i t i o n s .  In  
t h i s  case i t  i s  n e c e s s a r y  to  choose o t h e r  s t a t i o n a r y  phase 
o f  more s e l e c t i v i t y .  When the f u n c t i o n a l  group i s  s t r o n g l y  
adsorbed in  c r i t i c a l  c o n d i t i o n s  t h i s  i s  a l s o  not  a d e s i r a b l e  
s i t u a t i o n ,  s i n c e  the r e t e n t i o n  volumes of  m o n o f u n c t i o n a l  and 
p a r t i c u l a r y  b i f u n c t i o n a l  m o l e c u l e s  may become v e r y  l a r g e ( t h i s  
i s  n o t i c e a b l e  i n  the case of  rubber  c o n t a i n i n g  -OH groups on 
s i l i c a ) .  I n  t h i s  case one shou ld  make the pore s i z e  l a r g e r ,  
choose some o t h e r  s t a t i o n a r y  phase or  make use o f  the g r a d i -  
e n t .  In  the l a t t e r  case one shou ld  bear  i n  mind t h a t  peaks 
a t t r i b u t e d  to d i f f e r e n t  f u n c t i o n a l i t y  t ypes  may o v e r l a p  and 
t h a t  t h e r e  may take  p l a c e  a change i n  the s e p a r a t i o n  reg ime .  
F i n d i n g  the c r i t i c a l  p o i n t  i s  a l s o  v e r y  u s e f u l  i n  t h i s  case.  

The a b o v e - i n d i c a t e d  c o n s i d e r a t i o n  a long  w i t h  the t h e o r y  
was r e f e r r e d  to a case o f  l i n e a r  m a c r o m o l e c u l e s .  In  p r a c t i c e  
however ,  we o f t e n  e n c o u n t e r  cases w i t h  branched m o l e c u l e s  o f  
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the s t a r -  o r  c o m b - l i k e  t y p e s .  In  o r d e r  to s e p a r a t e  such mole-  
c u l e s  i t  i s  n e c e s s a r y  to c o m p r e h e n s i v e l y  s t u d y  f i r s t  of  a l l  
the  c h r o m a t o g r a p h i c  b e h a v i o u r  of  the branched m o l e c u l e s  near  
c r i t l c a l  c o n d i t i o n s .  In  t h l s  case o n l y  the a d j a c e n t  branch 
nodes w111 make a c o n t r i b u t i o n  to the change ln. the f r e e  
ene rgy ,  s l n c e  AF=O both f o r  t a l l s  and l l n e a r  s e c t l o n s  i n  
c r i t i c a l  c o n d i t i o n s .  
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