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There are two qualitatively different conditions for the stretching of 
liquid fibers formed by moderately concentrated polymer solutions [1]. 
If the longitudinal gradient of the drawing rate is rather small the 
structure of the solution remains unchanged. If this gradient exceeds 
a certain critical value, some of the solvent is expressed from the 
solution in and the liquid filament is converted into a slightty swollen 
fiber. The solvent released settles as droplets on the filament surface. 
This effect is of very great importance for a number of industrial pro- 
cesses pertaining to the production of filaments and films from polymer 
solutions. In addition, as was reported in [1], the drawing of a liquid 
filament, accomapnied by orientational formation of the solid phase, 
can serve as a most simple imitation of the formation of silk and gos- 
samer filaments in nature. 

This paper presents a qualitative theory for ttds phenomenon, based 
on investigation of the thermodynamic stability of a polymer solution 
in a longitudinal hydrodynamic field. 

In a c c o r d a n c e  wi th  c u r r e n t  c o n c e p t s  we c o n s i d e r  

the  d e s c r i b e d  s t r a t i f i c a t i o n  of the  p o l y m e r  so lu t i o n  in 

d r a w i n g  as  c o n s i s t i n g  of two m a i n  s t a g e s :  

1. c o o p e r a t i v e  o r d e r i n g  of t he  p o l y m e r  m o l e c u l e s  

in ind iv idua l  r e g i o n s  of the  so lu t ion ,  a c c o m p a n i e d  by 
f o r m a t i o n  of l o c a l  q u a s i - e r y s t a I l i n e ,  s u p r a m o l e e u l a r  

s t r u c t u r e s  c o n t a i n i n g  a r e l a t i v e l y  s m a l l  n u m b e r  of 

s o l v e n t  m o l e c u l e s .  Th i s  o r d e r i n g  i s  m a n i f e s t e d  in a 

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

w h i c h  the  p o l y m e r  m o l e c u l e s  in the  so lu t ion  can  a s -  

s u m e .  
2. c l o s e r  p a c k i n g  of t he  o r d e r e d  s u p r a m o l e e u l a r  

s t r u c t u r e s  and e n h a n c e m e n t  of the  r o l e  of i n t e r m o l e c -  

u l a r  i n t e r a c t i o n s  in t h e i r  e n s u r i n g  s t a b i l i t y  of the  new 

s t a t e .  
S i m i l a r  s t a g e s  w e r e  d e s c r i b e d  by F l o r y  [2], f o r  

i n s t a n c e ,  who po in t ed  out,  in  p a r t i c u l a r ,  t ha t  t he  i n -  

c r e a s e  in  f r e e  e n e r g y  r e q u i r e d  f o r  the  p r e c i p i t a t i o n  of 

so l id  p o l y m e r  f r o m  a so Iu t ion  o r  a m e l t  i s  a s s o c i a t e d  

wi th  t he  f i r s t  s t a g e ,  whi le  the  s e c o n d  s t a g e  of the  p r o -  
t e s s  is n s u a l l y  a c c o m p a n i e d  by a r e d u c t i o n  in the  f r e e  

e n e r g y  of the  s y s t e m .  Thus ,  the  s t a t e  a t t a i ned  a f t e r  

the  f i r s t  s t a g e  is  a s p e c i a l  kind of m e s o p h a s e ,  and we 

a r r i v e  a t  t he  p r o b l e m  of i n v e s t i g a t i n g  the  c o n d i t i o n s  

of t h e r m o d y n a m i c  e q u i l i b r i u m  b e t w e e n  the  in i t i a l  s o l u -  

t ion  and t h i s  m e s o p h a s e .  
In a c c o r d a n c e  wi th  the  l a t t i c e  t h e o r y  of p o l y m e r  

s o l u t i o n s  d e v e l o p e d  by F l o r y  and Hugg ins ,  we r e g a r d  

the  p o l y m e r  m o l e c u l e  as  a cha in  c o n s i s t i n g  o f m  m o n o -  

m e r  u n i t s  ( s e g m e n t s ) .  F o r  s i m p l i c i t y  we a s s u m e  
tha t  t he  s e g m e n t s  in the  m o l e c u l e  a r e  f r e e l y  a r t i c u -  
l a t ed  and tha t  e a c h  s e g m e n t  i s  equa l  in v o l u m e  to  a 
s o l v e n t  m o l e c u l e .  We r e g a r d  the  s o l u t i o n  i t s e l f  a s  a 

q u a s i - c r y s t a l l i n e  l a t t i c e  wi th  c o o r d i n a t i o n  n u m b e r  
z,  wi th  e a c h  of i t s  n c e l l s  occup i ed  e i t h e r  by  a p o l y -  
m e r  s e g m e n t  o r  by a s o l v e n t  m o l e c u l e .  

In spite of the fauks of the lattice model discussed in [3], the 
over-all qualitative results obtained from it are rather reliable. In the 
subsequent calculations two assumptions are most important. 

1. The mean density of the segments is the same along the lattice. 
This assumption, which is valid for solutions in high and moderate 
concentrations, does not hold for dilute solutions in which the distance 
between the polymer molecules in the solution is considerable. 

2. All the free ceils of the lattice can be occupied with equal 
probability by segments of the polymer molecules or by solvent mole- 
cules. This hypothesis is only approximately valid if the considered 
solution is not athermal. 

We can  a s s o c i a t e  s e g m e n t s  s i t u a t e d  in  z a d j a c e n t  

c e i l s  wi th  e a c h  s e g m e n t  s i t u a t e d  in a l a t t i c e  ce l l .  The 

l a t t i c e - c e l l  s e g m e n t  can  be  c h e m i c a l l y  a t t a c h e d  to  
one of t h e s e  a d j a c e n t  c e i l s .  We o r i e n t  the  l a t t i c e  so  

tha t  two p o s s i b l e  bonds  a r e  p a r a U e l  to  the  t e n s i l e  ax i s  
( x - a x i s )  of the  so lu t ion :  t he  type  y and the  type  1 bonds ,  

o r i e n t e d  t o w a r d s  the  p o s i t i v e  and n e g a t i v e  x - a x e s  r e -  

s p e c t i v e I y .  All  the  o t h e r  bonds  f o r m  a n g l e s  0 --< O k --< 
-< 7r wi th  the  x - a x i s .  When  a t e n s i l e  s t r e s s  p is app l i ed  
to the  s o l u t i o n  we  a s s u m e  tha t  a t e n s i l e  f o r c e  ~- = ~p 

(~ i s  the c r o s s - s e c t i o n  of the s e g m e n t ,  i . e . ,  the  

a r e a  of the  c e n t r a l  s e c t i o n  of the  ce l l )  a c t s  on e a c h  

p o l y m e r  m o l e c u l e .  If the  p o s i t i o n  of one of the  end 
s e g m e n t s  of the  p o l y m e r  m o l e c u l e  is  f i xed  (x = xo), 

a l l  o t h e r  s e g m e n t s  of the  m o l e c u l e  can be  r e g a r d e d  

as b e i n g  in a po t en t i a l  f i e ld  U = - r ( x  - xo). A p o l y m e r  
m o l e c u l e  s t r e t c h e d  in the  x - d i r e c t i o n  wi l l  have  m i n -  

i m u m  p o t e n t i a l  e n e r g y  in t h i s  f i e ld .  Th i s  we r e g a r d  as  
t he  z e r o  p o t e n t i a l  e n e r g y .  

We c o n s i d e r  the  bond w h i c h  c o n n e c t s  the  i - t h  and 

(i + 1 ) - th  s e g m e n t s  of the  m o l e c u l e  and m a k e s  an angle  

O k wi th  the  x - a x i s .  If t h i s  bond is of the  y type  the  a s -  

s o e i a t e d  c o n t r i b u t i o n  to  the po ten t i a l  e n e r g y  of the  
m o l e c u l e  i s  z e r o ,  and 0y = 0. If O k ~ 0, we a s s u m e  th 

t h a t  t h i s  c o n t r i b u t i o n  e k = r / k  = ~-h(1 - cos  Ok), w h e r e  
h is  the  l eng th  of the  bond {the d i s t a n c e  b e t w e e n  the  

c e n t e r s  of a d j a c e n t  c e i l s ) .  We d i s t r i b u t e  the  z p o s s i b l e  

b o n d s  on y g r o u p s  in s u c h  a way tha t  fo r  b o n d s  of e a c h  

k - t h  g r o u p  the  v a l u e s  of O k or  l k a r e  the  s a m e  ( Ii > 

> 12 > . . .  lk > . . .  /y). G e n e r a l l y  s p e a k i n g ,  y -< z, 
and we c a n  i n t r o d u c e  the  q u a n t i t i e s  gk --- 1 wh ich  r e p -  
r e s e n t  the  n u m b e r  of bond t y p e s  in  d i f f e r e n t  g r o u p s ;  
t h e s e  q u a n t i t i e s  ac t  as  s t a t i s t i c a l  w e i g h t s  f o r  the  bonds .  

We a s s u m e  tha t  j m  c e l l s  of the  l a t t i c e  a r e  a l r e a d y  
f i l l ed  wi th  s e g m e n t s  of j p o l y m e r  m o l e c u l e s ,  so  tha t  

n - j m  c e l l s  a r e  f r e e .  The in i t i a l  s e g m e n t  of the  (j + 
+ 1) - th  m o l e c u l e  can  be  p l a c e d  in  the  l a t t i c e  in n - j m  

d i f f e r e n t  w a y s .  The nex t  s e g m e n t  of t h i s  m o l e c u l e  can 
be p l a c e d  in any of the  z a d j a c e n t  c e I i s  w h i c h  a r e  f r e e  
at  t h i s  i n s t a n t .  As u s u a l ,  we u s e  in the  c a l c u l a t i o n  
the  m e a n  f r a c t i o n  of f r e e  c e l l s ,  and we f ind  tha t  the  
n u m b e r  of ways  of p l a c i n g  the  s e c o n d  s e g m e n t  is  zn  - I  
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(n - j m  - 1). In a s i m i l a r  way,  i t  i s  e a s y  to  w r i t e  e x -  

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

s u b s e q u e n t  s e g m e n t s .  Wi th  s u c h  a m e t h o d  of c a l c u l a -  
t ion ,  h o w e v e r ,  t h e  n a t u r e  of the  bond  b e t w e e n  any  two 

s u c c e s s i v e  s e g m e n t s  is  o b s c u r e  and,  h e n c e ,  we u s e  
a s l i g h t l y  d i f f e r e n t  m e t h o d .  

L e t  qk , j+ l  be  t he  n u m b e r  of b o n d s  of t h e  k - t h  t ype  
in  t he  (j + 1 ) - t h  p o l y m e r  m o l e c u l e  u n d e r  c o n s i d e r a t i o n .  
It i s  c l e a r  t h a t  t he  s t u n  of t h e s e  q u a n t i t i e s  w i t h  r e s p e c t  
to  k i s  m - 1 - - t h e  t o t a l  n u m b e r  of b o n d s  in  one m o l e -  
cu l e .  L e t  t he  b o n d  b e t w e e n  the  i - t h  and  (i + 1 ) - t h  s e g -  

m e n t s  b e  of t ype  1 o r  y. A b o n d  of t y p e  1 (or  t y p e  y) 

b e t w e e n  t h e s e  s e g m e n t s  is  p o s s i b l e  on ly  f o r  the  c a s e  
in w h i c h  t h e  (i - 1 ) - t h  and  i - t h  s e g m e n t s  a r e  c o n n e c t e d  
by  any  bond ,  e x c e p t  a bond  of t y p e  y (or  t y p e  1). S ince  

gl = gy = 1, t h e  n u m b e r  of p o s i t i o n s  of t he  (i + 1 ) - t h  

s e g m e n t  in  t h e s e  c a s e s  i s  n -~ (n - j m  - i).  If t he  bond  
b e t w e e n  t he  i - t h  and  (i + l ) - t h  s e g m e n t s  is  of t ype  k, 
in  the  g e n e r a l  c a s e  f o r  the  n u m b e r  of p o s i t i o n s  of t he  
(i + 1 ) - t h  s e g m e n t  we h a v e :  

(1) gk n - t  (n - j m  - i ) - - i f  t he  bond  b e t w e e n  the  (i - 
- 1 ) - t h  and  i - t h  s e g m e n t s  i s  no t  of t ypek ;  and  

(2) (gk - 1) n -1 (n - j m  - i ) - - i f  t h i s  b o n d  i s  of type  

k. 
We t ake  in to  a c c o u n t  t h a t  the  r e l a t i v e  f r e q u e n c y  of 

o c c u r r e n c e  of a t ype  k bond  in  t h e  (j + 1 ) - t h  p o l y m e r  

m o l e c u l e  i s  (m - 1) -~ q k , j + b  and  f ind f o r  t he  n u m b e r  
of p o s i t i o n s  of t he  (i + 1 ) - t h  s e g m e n t  c o n n e c t e d  w i t h  t he  
p r e c e d i n g  s e g m e n t  by  a t y p e  k b o n d  t h a t  

n - - / m - - i (  q~,,i+~ ) q~'j+l 
~- g~ ~_~ (i) 

R e c o r d i n g  t he  n u m b e r s  qk,  j+ l  and  a l s o  t he  s e q u e n c e  
of b e n d s  in  t he  (j + 1 ) - t h  p o l y m e r  m o l e c u l e  we o b t a i n  an  
a n  e x p r e s s i o n  f o r  t he  n u m b e r  Sj+l of i t s  c o n f i g u r a t i o n s  
in  the  s o l u t i o n :  

Y qk, j+l 
( n - - l ' m ) [  ~I~I( qt.:, j+r ) (2) 

SJ+l (n - -  i m - -  m)! n i - m  g~ m - -  t 

We note that  this expression ignores the in i t i a l  condit ion,  according 
to which the probabi l i ty  of formation of a type k bond between the first 

and second segments is propoitional to gk" It was assumed, in fact, that 
the number of ways of placing the second segment is also determined 
by an expression of type (1), and not by the exact relationship given 
above. The use of asymptotic representation (2) is equivalent ~o the 
introduction of a large number of segments with negative numbers and 
is fully justified if m >> 1, which is assumed. In fact, it is clear from 
the foregoing that the successive construction of the bonds in the poly- 
mer molecule is a regular Markov process, whose asymptotic behavior 
is independent of the initial conditions. For the qualitative theory of 
the approximate relationship Eq. (2) is quite adequate, particularly 
since the increase in accuracy which can be obtained by taking the 
initial conditions into account is lost by the further approximation en- 
tailed in the use of StArling formula for factorials, and so on. 

F o r  a s y s t e m  of n l  p o l y m e r  m o l e c u l e s  d i s t i n g u i s h a b l e  
by  t h e  n u m b e r  and  p o s i t i o n  of b o n d s  of d i f f e r e n t  t y p e s  
in  e a c h  of t h e m ,  t he  t o t a l  n u m b e r  of c o n f i g u r a t i o n s  is  
e q u a l  to the  p r o d u c t  of the  n u m b e r s  s j  f o r  e a c h  m o l e -  
cu l e .  In c a l c u l a t i n g  the  n u m b e r  of c o n f i g u r a t i o n s  we 
a s s u m e  t h a t  t he  t o t a l  n u m b e r  of t y p e  k b o n d s  in a l l  
m o l e c u l e s  i s  e q u a l  to  the  m e a n v a l u e  o v e r  the  e n s e m b l e .  

N~ = ~  ql~.j ~ , n t ( m - - t ) ,  ~,~ = t .  
j = l  ~:=1 

The  p o s s i b i l i t y  of s u c h  an  a s s u m p t i o n  fo l l ows  d i -  

r e c t l y  f r o m  the  c o n c e p t  of a p o l y m e r  s o l u t i o n  as  a s t a -  
t i s t i c a l  s y s t e m .  If t h i s  h y p o t h e s i s  i s  i n c o r r e c t ,  t h e  
a p p l i c a b i l i t y  of s t a t i s t i c a l  m e t h o d s  b e c o m e s  q u e s t i o n -  
a b l e  in  p r i n c i p l e .  A s s u m i n g  a l s o  t h a t  e a c h  p o l y m e r  
m o l e c u l e  i s  a c o o p e r a t i v e  s y s t e m ,  i . e . ,  a s s u m i n g  
qk, j  >> 1, as  w e l l  as  m >> 1, we c a n  t a k e  

q~..j ~ q ~  = ~ ( m - -  t ) .  

The  n u m b e r  of p o s s i b l e  o c c u r r e n c e s  qk  of t ype  k 
b o n d s  in  an  e n s e m b l e  of m - 1 b o n d s  is o b v i o u s l y  e q u a l  

to  t h e  n u m b e r  of c o m b i n a t i o n s  of m - 1 t a k e n  qk  at  a 
t i m e .  H e n c e ,  if  the  s e q u e n c e  of b o n d s  in  the  m o l e c u l e s  

i s  no t  s p e c i f i e d  a l l  t h e  n u m b e r s  sj  m u s t  be  m u l t i p l i e d  b y  

C~ 1Cm q' C qy-1 - - 1 - q l  " " " m - i - q i - * , . - q y _ 2  �9 

In c o n s i d e r i n g  i n d i s t i n g u i s h a b l e  p o l y m e r  m o l e c u l e s ,  
a c c o r d i n g  to t he  " c o r r e c t  B o l t z m a n n  c a l c u l a t i o n "  we 
h a v e  to  i n t r o d u c e  t he  f a c t o r  (ni l )  -~ in to  the  e x p r e s s i o n  
f o r  t h e  t o t a l  n u m b e r  of c o n f i g u r a t i o n s .  In a d d i t i o n ,  i t  
i s  e a s y  to s e e  t h a t  in  the  above  c o n c l u s i o n  the  x - a x i s  
c a n  b e  o r i e n t e d  in  e i t h e r  s e n s e  a l o n g  the  d i r e c t i o n  of 

s t r e t c h i n g  o r ,  in  o t h e r  w o r d s ,  any  of the  t e r m i n a l  s e g -  
m e n t s  of t he  p o l y m e r  m o l e c u l e  c a n  be  c h o s e n  as  t he  

i n i t i a l  s e g m e n t .  H e n c e ,  a f a c t o r  2 - n l  a p p e a r s  in  

t he  e x p r e s s i o n  f o r  t he  n u m b e r  o f  c o n f i g u r a t i o n s .  F o r  
t h i s  n u m b e r  we f i n a l l y  o b t a i n  the  e x p r e s s i o n  

s [2~'(nt)!] -1 ~ r ~ q~ i: % 1 "&x ( Cra-t Cm-l -q l  . . . .  m-l-q1-.. .-qy_2] 

X ~ s i t n! 
J=l 2 TM (n~)! (n - -  nlm)[ X 

\ q ~ ! q ~ . ! , . . % !  
j ~ t  k =1 

n! N[ n n~(i-m) [~Y N k 

2"n,!n~! N~TVT-::N,! " i t  (g~:--v~) , 

n2 = n - -  nl ,n �9 (3) 

H e r e  n2 is  the  n u m b e r  of l a t t i c e  c e l l s  f i l l ed  by  s o l -  
v e n t  m o l e c u l e s .  The  p o t e n t i a l  e n e r g y  of the  p o l y m e r  
m o l e c u l e  in  the  e x t e r n a l  f o r c e  f i e l d  i s  

Y ?! 
"\l 

J~j = ~ c!k ,j% = ~h ~ q ~ , j ( l - - c o s 0 ~ ) .  

F o r  the  p o t e n t i a l  e n e r g y  of a s y s t e m  of n~. m o l e -  
c u l e s  we h a v e  

~' - ~  Z j -  ~r ,1  ( . ~ -  t )  ~ v~ ( 1 -  c o s % ) =  
j= t  k~r  

Y 

= n~(m-- t )  ~ a,~v~. (4) 
k = l  

The  t o t a l  i n c r e a s e  in  e n e r g y  due  to r e p l a c e m e n t  of 
s o m e  of t he  i n t e r m o l e c u l a r  b o n d s  b e t w e e n  s o l v e n t  
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m o l e c u l e s  and  b e t w e e n  s e g m e n t s  of t he  p o l y m e r  m o l e -  
c u l e s  by  b o n d s  b e t w e e n  the  s e g m e n t s  and  s o l v e n t  m o l e -  
c u l e s  c a n  b e  w r i t t e n  in  the  f o r m  [4] 

A H  = k T x m n l n 2 n  -1, 

k T  x = A z  (1/2ell + 1/2822 - -  El2). (5 )  

H e r e  • i s  t he  Hugg ins  c o n s t a n t ;  A i s  t he  A v o g a d r o  

n u m b e r ;  e l l ,  e22, and  ela a r e  t he  e n e r g i e s  of i n t e r -  
m o l e c u l a r  i n t e r a c t i o n  b e t w e e n  s e g m e n t s ,  b e t w e e n  s o l -  
v e n t  m o l e c u l e s ,  and b e t w e e n  s e g m e n t s  and s o l v e n t  
m o l e c u l e s ,  r e s p e c t i v e l y ;  k i s  t h e  B o l t z m a n n  c o n s t a n t .  
The  q u a n t i t y  X c a n  a l s o  be  e x p r e s s e d  in  t e r m s  of 
s p e c i f i c  e v a p o r a t i o n  e n e r g i e s  o r  d e n s i t i e s  of c o h e s i o n  

e n e r g y  of t he  s o l u t i o n  c o m p o n e n t s .  
E q u a t i o n s  ( 3 ) - ( 5 )  e n a b l e  u s  to  w r i t e  the  f o l l o w i n g  

e x p r e s s i o n  fo r  t h e  s t a t i s t i c a l  s u m  Q of a s o l u t i o n  c o n -  
s i s t i n g  of n l  p o l y m e r  m o l e c u i e s  and  n2 s o l v e n t  m o l e -  

c u l e s :  

Q n, n- n[ N[n n'(i-m) 
= Q1 Q2 2'%~!n,! U ~ i j ? . . . ~ !  [ [  x 

- L=I 

Y 

l i = l  

H e r e  Q1 and  Q2 a r e  the  i n t e r n a l  s t a t i s t i c a l  s u m s  of 

t h e  m o I e c u l e s  of p o l y m e r  and  s o l v e n t .  
All the formulas are obtained on the assur~ption of i dea l  f e lx ib i l -  

i ty  of the polymer  chains.  The theory can be extended to molecules  
of arbitrary rigidity by our introducing the additional energy ~(ki, kD 
associated with the replacement of a type k 1 bond by a type kz bond 
along the chain, as was done by Flory [2] in an investigation of the 
statistical thermodynamics of polymer molecules of arbitrary rigidity. 
Consideration of the deviations of actual flexibility from ideal flexibil- 
ity complicates the calculations, but does not introduce fundamentally 
new concepts. 

W i t h  the  S t i r I i n g  f o r m u l a  f o r  the  f a c t o r i a l s  and  h e -  

g l e c t i n g  t e r m s  of o r d e r  In n and  l o w e r ,  we o b t a i n  f r o m  

(6) the  f o l l o w i n g  e x p r e s s i o n  f o r  In Q: 

In Q = nl In Qi + n~ In Q~ -- ni  In (Pi -- n~ In ~ + 

+ n~ In (~hm) - -  nl  ( m - -  t )  - -  

11 Y 

k=l g~ -- v~ kT L=i 

toni n~. 
(~i : m n i  + n~ ' ~)~ = m n l  + n~' " 

H e r e  q~l and  ~P2 a r e  the  v o l u m e  f r a c t i o n s  of the  p o l y -  
m e r  and s o l v e n t  in  t he  s o l u t i o n .  I n t r o d u c i n g  r l  and  rz,  
w h i c h  a r e  t he  n u m b e r  of m o l e s  of p o l y m e r  and  s o l v e n t ,  

we o b t a i n  a r e l a t i o n s h i p  f o r  t he  c h a n g e  in f r e e  e n e r g y  
of the  s y s t e m  f o r  a s o l u t i o n  of p u r e  p o l y m e r  in p u r e  

s o l v e n t  

AF = B T  {rl In ~l + r~ In % ~ rl In (X/~m) + 

+ r im  + x r im~z  + r im  X 

X 'v~. i n  ak'vlr , . 
g k  - -  V k  ~= 

H e r e  R i s  the  g a s  c o n s t a n t .  

The  q u a n t i t y  A F  f r o m  (7) c a n  n a t u r a l l y  b e  d e c o m -  

p o s e d  i n to  two t e r m s ,  n a m e l y  A F I ,  i n d e p e n d e n t  of the  

n u m b e r s  v k in  the  s y s t e m ,  i n d e p e n d e n t  of the  v o l u m e  
c o n c e n t r a t i o n  of the  s o l u t i o n  and  AF2, X. The  f i r s t  
t e r m  is  the  c h a n g e  in  f r e e  e n e r g y  due  to m i x i n g  of t he  
p o l y m e r  and  s o l v e n t  m o l e c u l e s  w i t h o u t  d i s t u r b a n c e  of 
t he  o r d e r i n g  of the  p o l y m e r  m o l e c u l e s  in  the  m i x i n g  
p r o c e s s  [2]. It i s  g i v e n  b y  

A F  i = R T  (r l ln(h + r21n% + Xrlm%).  (8) 

The  s e c o n d  t e r m  i s  the  c h a n g e  in  f r e e  e n e r g y  due  
to  d i s o r i e n t a t i o n  of the  p o l y m e r  m o l e c u l e s  in  t he  s o l u -  

t ion .  
Wi th  the  s t a n d a r d  m e t h o d  i t  i s  e a s y  to c a l c u l a t e  a l l  

t h e  p a r t i a l  q u a n t i t i e s  r e l a t i n g  to  d i f f e r e n t  c o m p o n e n t s  
of t he  s o l u t i o n  [4]. F o r  i n s t a n c e ,  f o r  the  m o l a r  c h e m -  
i c a l  p o t e n t i a l s  g i  and  #2 of the  p o l y m e r  and  s o l v e n t  in  

the  s o l u t i o n  we o b t a i n  the  e x p r e s s i o n  

~h = ~I ~ + A H I - -  T A S I  = ~i ~ + 
y 

I 91 + + B T  l n - ~ - + ( m - - t ) c p t - { - m  ~] ,v~ln v~ 
k=l gk " - -  vk 

+ l + In2 + xm (t  - -  %)s], 

~2 = ~2 ~ + AHs  - -  T AS2 = ~s ~ + 

~-)~i X% ~] + B T  [In (l - -  qh) + (i  - -  + , 

0 (As) 
AS, = o - ~  ' AH i_-Wnq~i, 2 (i '4=f). (9) 

H e r e  AS i and  AH i a r e  the  p a r t i a l  e n t r o p y  and  e n t h a l p y  
of t he  c o m p o n e n t s ,  and #~ a r e  t he  v a l u e s  of the  c h e m i -  

c a l  p o t e n t i a l s  f o r  a p u r e  p o l y m e r  and  a p u r e  s o l v e n t .  
The  f r a c t i o n s  ~ of type  k b o n d s  in  a s o l u t i o n  in  

t h e r m o d y n a m i c  e q u i l i b r i u m  a r e  g i v e n  by  t he  s o l u t i o n s  
of t he  e q u a t i o n s  o b t a i n e d  by  o u r  e q u a t i n g  to z e r o  the  
d e r i v a t i v e s  of A F  f r o m  (7) w i t h  r e s p e c t  to  the  d i f f e r e n t  

u k.  H e n c e ,  we h a v e  a s y s t e m  of e q u a t i o n s  f o r  Vk: 

v~ g~ 
In g~--v~ -~ g~- -v~  

- -  I n  vt  g i  _ ai  - -  % 
gi  -- vl gt  -- v i  k T  

( k = f ,  2 . . . . .  i - - f ,  i + t  . . . . .  y) .  ( 1 0 )  

The number i is se lected arbi t rar i ly  from the sequence 1, 2, . . . ,  
y.  Solving Eqs. (10), we obtain equi l ibr ium values of v k as functions 
o f n  = 7h (kT) -i .  These values should be used in Eqs. (7)-(9) .  We 

introduce x k = vk(q k - Vk) -1 and i t  is easy to show that  a solution of 
system (10) satisfying the condition Zv k = 1 always exists and is unique. 
Whenn = 0, v k = z - i g k a n d a s n  o ~  we have Vy~ 1. We canalso 
show that the sum contained in (7) and (9). 

y 
M ( z ) =  E v ~ l n  v~ ~ - -  ~h 

gk  - -  v k  ' k T  k=l  

is a function of ~ which increases monotonoica l ly  from -- ln(z -- 1) to 
infinity when x changes from 0 to 0% The last conclusion can also be 
derived directly from (9), since the state of the polymer in the solu- 
tion when ~ increases must become less and less stable, and so the 
corresponding chemical potential will increase. 

The  c h a n g e  in  f r e e  e n e r g y  on t r a n s i t i o n  f r o m  a 
p u r e  p o l y m e r  and  a p u r e  s o l v e n t  to  an  o r d e r e d  s o l u -  
t i o n  (i.  e . ,  to  t he  m e s o p h a s e  s t a t e )  i s  due e n t i r e l y  to  
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m i x i n g  of t he  s o l v e n t  and  p o l y m e r  m o l e c u l e s .  F o r  d e -  

f i n i t e n e s s  in  c a l c u l a t i o n  of t he  t h e r m o d y n a m i c  f u n c t i o n s  

of the  o r d e r e d  s o l u t i o n  the  p o l y m e r  m o l e c u l e s  c a n  bc 
r e g a r d e d  as  d r a w n  in  t he  s t r e t c h i n g  d i r e c t i o n  [2]. The  
n u m b e r  of p o s s i b l e  c o n f i g u r a t i o n s  in  t h i s  e a s e  i s  e q u a l  
to the  n u m b e r  n~ of s e g m e n t  p o s i t i o n s  on a n  a x i s  c o n -  

t a i n i n g  n * / m  c e l l s ,  m u l t i p l i e d  by  t h e  B o l t z m a n n  f a c t o r  
(n~ ! ) - l .  A f t e r  c a l c u l a t i o n  we h a v e  f o r  the  f r e e  e n e r g y  
of f o r m a t i o n  of an  o r d e r e d  s o l u t i o n  

AF* = / ~ T  x 

All  q u a n t i t i e s  m a r k e d  w i t h  a n  a s t e r i s k  r e l a t e  to  
t he  o r d e r e d  s o l u t i o n .  The  a r g u m e n t s  of the  l o g a r i t h m s  
in  (11) a r e  the  m o l e  f r a c t i o n s  of t he  p o l y m e r  and  s o l -  

ven t ,  as  d i s t i n c t  f r o m  t he  v o l u m e  f r a c t i o n s  c o n t a i n e d  
in  (8), f o r  i n s t a n c e .  We u s e  the  p r e v i o u s  m e t h o d  to  
o b t a i n  e x p r e s s i o n s  f r o m  (11) f o r  the  c h e m i c a l  p o t e n -  
t i a l s  of the  c o m p o n e n t s  in  t he  m e s o p h a s e  s t a t e  

~l* = P,i ~ + 

oh" Im 
+ RT [ln l _ qh" (I - - t / m )  + %m (t --- %. )2 ] ,  

u ~ -t- R T [ l n  I t --  ~p,* -~- %%*~]. (12) [~* = ' s --cpl* (t - - l /m)  

The i n i t i a l  p o l y m e r  s o l u t i o n  c e a s e s  to be  s t a b l e  on 
a t t a i n m e n t  of t h e r m o d y n a m i c  e q u i l i b r i u m  b e t w e e n  i t  
and  t h e  m e s o p h a s e ,  i . e . ,  

~h = ~1", ~t~ = ~ * .  ( 1 3 )  

T h e s e  e q u a t i o n s  g ive ,  f o r  i n s t a n c e ,  ~ and  the  c r i t -  
i c a l  v a l u e  of the  p a r a m e t e r  ~ a t  w h i c h  the  a p p e a r a n c e  

of a m e s o p h a s e  in  the  s y s t e m  b e c o m e s  p o s s i b l e ,  i . e . ,  
a t  w h i c h  the  i n i t i a l  s o l u t i o n  b e c o m e s  s t r a t i f i e d .  W h e n  
~0~ i s  known,  i t  is  e a s y  to  c a I c u l a t e  t h e  a m o u n t  of s o l -  
v e n t  e x p r e s s e d .  

We c o n s i d e r  t he  s i t u a t i o n  in w h i c h  m >> 1. The  

f i r s t  e q u a t i o n  h a s  t he  f o r m  

l n ( t - - % ) + % + l n [ t  + 

+ %*m -r (t -- ~l*) -r] .~  % (%~* -- %~). 

We t ake  

%* = t - - m  -~% ~ = % + % ~ +  .... 

' h  = *~ (%). 

F r o m  the  c a l c u l a t i o n s  we ob t a i n ,  w i th  a c c u r a c y  to  

t e r m s  p r o p o r t i o n a l  to  X: 

%* ~ t - -  m - i  {(t - -  %) [ e - ~ - -  (t - -  %)]-1__ 

- -  % (t § %) e~, [e . . . .  (1 - -  ~)]~}.  (i4) 

inclusively. 
The solution has the form of (14) when the inequality 

(t - -  %) e - ~  

I~;~ l  [1 + ~ )  [e - ~  - -  (t - -  ~ ) l  ~ 

is  s a t i s f i e d .  

Thus, expression (14) is valid for solutions which 
do not differ greatly from an athermal solution. As 
m ~, qo~ ~i. In the general case, whenm >>> i, 

solid phase formed from the solvent under the action 

of a longitudinal hydrodynamic field is in fact, a 
slightly swollen fiber, as was indicated in [I], and the 
degree of swelling increases with improvement of the 

solvent (i. e., with decrease in X). 
From the second equation of (13) we obtain 

Y 

M (• ~ v~ In % = ~-- %-- % (I -- ~Oi) ~ 
1,~1 gl~: - -  vk  

It is  e a s y  to s e e  t h a t  a u n i q u e  s o l u t i o n  ~ = • of 
t h i s  e q u a t i o n  e x i s t s  if  

% + % ( i  - -qh)  e ~ - m i n  {M(• = 

= - M  ( 0 )  = in (~ - t )  

T h i s  c o n d i t i o n  i s  a c t u a l l y  the  c o n d i t i o n  f o r  e x i s -  
t e n c e  of the  i n i t i a l  s o l u t i o n  a t  z e r o  r. At l a r g e  X, 
w h i c h  c o r r e s p o n d s  to p o o r  s o l v e n t s ,  t h e r e  i s  a c r i t i -  

c a l  c o n c e n t r a t i o n  of the  s o l u t i o n  ~10, so  t h a t  w h e n  qh > 

> rpl 0 t he  s o l u t i o n  c a n n o t  e x i s t .  

The  c r i t i c a l  v a l u e  of the  t e n s i l e  s t r e s s  T O = u oh- tkT, 
i . e . ,  i t  i s  p r o p o r t i o n a l  to the  t e m p e r a t u r e .  It i s  e a s y  
to c o n v e r t  f r o m  r 0 to  the  c r i t i c a l  v a l u e s  of the  t e n s i l e  
s t r e s s  o r  l o n g i t u d i n a l  v e l o c i t y  g r a d i e n t :  P0 = g-1 r0(V v )0 = 
= U-lp0, w h e r e  ~? i s  the  l o n g i t u d i n a l  ( T r o u t o n )  v i s c o s i t y  

of the  p o l y m e r  s o l u t i o n .  
In the model under consideration thermodynamic equilibrium be- 

tween the solution and mesophase is possible only because stretching 
of the polymer molecules reduces the number of possible configurations 
and thus reduces entroyp of the solution. There is a parallel increase 
in the free energy of the solution (7). The model under consideration 
involves isoenergetie stretching of the polymer moleeules~ so that 
precipitation of a solid polymer from a solution is a typical entropy 
effect. A more thorough treatment will necessitate consideration of 
retardation of the internal rotation of the segments through our in- 
troducing some rigidity characteristics of the molecule. These char- 
acteristics could have a wide range of values [3]. It is possible also 
phase is accompanied by the suppression of several internal degrees of 
freedom of the molecules. Consideration of the latter effect will pre- 
sumably lead to lower values of the critical quantitites (see the anal- 
ysis of the effect of torsional vibrations of the segments on the melting 
point of a crystalline polymer in [3]). 

We note also that all the arguments relate to the possibility of 
formation of a solid phase during stretching of a solution, but not to 
the actual occurrence of this process in a specific control period. In 
concentrated solutions the mobility of the polymer molecules can be 
too low, while in dilute solutions the distance between the polymer 
molecules can be too great, to lead to appreciable expression of sol- 
vent from the solution during the experiment. Analysis of the condi- 
tions of thermodynamic equilibrium is obviously inadequate for investi- 
gation of this question and it will be necessary to consider the Mhetics 
of transition between different states. 

In c o n c l u s i o n  the  a u t h o r  t h a n k s  S. Ya. F r e n k e l  f o r  

k i n d l y  p r o v i d i n g  i n f o r m a t i o n  a b o u t  the  e x p e r i m e n t s  
c o n d u c t e d  in  h i s  l a b o r a t o r y .  
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