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A s ta t i s t ica l  theory of po lymer - so lven t  sys t ems  has been developed on the bas i s  of a s imple  lat t ice model 
a s suming  wholly random packing of the l inear  chain molecules  in the latt ice.  It is assumed that the ent i re  
sys tem is placed in s imple  tens ion  or compress ion .  The appl icat ions  of the model are d iscussed  in re la t ion  
to the cons t ruc t ion  of theor ies  of po lymer  solutions,  t rue  and forced high e las t ic i ty ,  and phase 
t r ans fo rma t ions  in po lymer  sys tems.  As dis t inct  from exist ing theor ies ,  the proposed model accounts for 
a number  of impor tant  observable  effects; the change in volume associa ted with the d issolv ing or diluting of 
a polymer ,  negative en t ropies  and heats of mixing, deviat ions from the c lass ica l  theory of h igh-e las t i c  
deformation,  etc. 

The pr inc ipa l  difficulty in cons t ruct ing  a physical  theory of po lymers  consis ts  in the computat ion of the par t i t ion  
function and the cor responding  thermodynamic  functions, especia l ly  in cases  in which the polymer  is subjected to 
external  influences.  The development  of s ta t i s t ica l  methods are applied to polymer  sys tems  (in pa r t i cu la r ,  methods 
based on the use  of var ious  lat t ice models)  was begun by Flory  and Huggins (see, for example, the review in [1]). Later ,  
these methods were cons iderably  improved [2, 3]. Our object here  is a genera l iza t ion  of the theory that will make it 
poss ib le  to evaluate in explici t  form the effect of the free volume of the sys tem and especia l ly  the s t r e s s e s  in the 
po lymer  m a t e r i a l  (and hence the associa ted anisotropy) on i ts  equ i l ib r ium states.  For  the sake of s impl ic i ty  we 
cons ider  only a s imple  var ian t  of the theory,  in which the quali ty of the invest igated phenomena is p rese rved ,  while 
detai s cha rac t e r i s t i c  of individual specif ic  po lymers  are neglected. The theory can be fur ther  ref ined with the object 
of more  closely approximat ing actual  s i tuat ions  by d iscard ing  ce r t a in  of the ini t ia l  assumpt ions ;  as a rule,  these 
r e f inement s  are obvious. The theory can be extended to branched po lymers  by means  of the r e su l t s  of [2, 3]. In what 
follows ne i ther  of these two points rece ives  special  mention.  

w MODEL AND COMPUTATION OF STATISTICAL SUM 

As our model of the po lymer - so lven t  sys tem we employ a lat t ice with n = no + ns + mnp ceils  and coordinat ion 
number  z,* occupied by n s solvent  molecules ,  np po lymer  molecules  containing m monomer  uni ts  (segments)  each, and 
n o vacanc ies  (holes). Thus, the volumes of the polymer  segments  and the solvent  molecule  are assumed to be the same 
and equaI to the cell  volume, which, however, may depend on t e mpe r a t u r e  and p re s su re .  

Let the number  of bonds between neighboring segments  of the j - th  po lymer  molecule oriented in the i - th  
d i rec t ion  ("bonds of type i") be ra'~J~; obviously, E~rn~0)~ m - - t  . 

We call  a s e q u e n c e  of two bonds of type i, i . e . ,  i ~ i ,  a t r a n s  i somer  of type i, and a s e q u e n c e i  ~ i ' ,  i '  ~ i  a 
"folded" i somer  of type i, where i is an a r b i t r a r y  number  from the set 1, 2 . . . . .  z. 

If the number  of i somer s  of type i in the j - t h  molecule  of the po lymer  is m~ i) , then s j) _~ m - - 2  ; if the 
f ract ion of folded i s o m e r s  of type i in this molecule  is [I ~. (0 .~ f~)- ~ t) , then ,~j~v#~)m(~)~ = f(J~(m - -2 )  , where .f(J> is the 
fract ion of folded i somer s  of any type in the molecule.  

We assume that the t r ans  i somer s  may occupy one of N tors iona l  v ibra t ion  levels  with energ ies  ek (k = 1, . . .  

*The coordination number z of the lattice is the total number of bonds possibie between a certain element (for 

example, a segment) and the dements in neighboring ceils of the network; generally speaking, z -> z', where z' is the 

number of possible bond directions between neighboring segments of the chain molecules (number of permissible 

isomers), so that a lattice with coordination number z' is, as it were, embedded in a lattice with coordination number 

z (see [2]). Below, for simplicity, we assume that z = z'; the extension to the arbitrary case z ~ z involves the 

simultaneous consideration of both lattices and does not present difficulties. 
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. . . .  N'), and the folded i s o m e r s  one of N' l eve l s  with e n e r g i e s  e k' + Ae (k = 1 . . . . .  N'), where  As is the energy 
d i f fe rence  be tween the lower  v ibra t iona l  l eve l s  for  the folded and t r ans  i s o m e r s .  

We assume  that the en t i re  s y s t e m  is located in a s imple  tens ion  (or compress ion )  field, so that a t ens i l e  force  T 
acts  on each chain molecu le ;  we or ien t  the la t t ice  so that one of its p r inc ipa l  axes coincides  with the d i rec t ion  of action 
of 7. 

We note that these  assumpt ions  a re  quite usual  in po lymer  s t a t i s t i ca l  physics  and do not affect the qual i ta t ive  
c h a r a c t e r i s t i c s  of the phenomena d i scussed  below. Where n e c e s s a r y  they can be d i scarded ,  the des i r ab i l i t y  of this 
s tep being de t e rmined  separa te ly  in each speci f ic  case.  For  example ,  the F lo ry -Huggins  theory  of po lym er  solutions 
comple te ly  d i s r e g a r d s  the vo lume change assoc ia ted  with mixing. In sec t ion  3 this effect  is desc r ibed  in t e r m s  of a 
co r respond ing  change in the number  of holes,  i . e . ,  the f ree  volume.  It may be expected,  however ,  that d i f fe rences  in 
the length of the covalent  i n t r a m o l e c u l a r  bonds and hydrogen or van de r  Waals i n t e rmo lecu l a r  bonds also make a 
ce r t a in  contr ibut ion to this  effect .  If the object  were  to de sc r ibe  the effect  of these  d i f fe rences ,  it would be natural  to 
s t a r t  by d i sca rd ing  the cons t ra in t s  imposed on the vo lumes  of the la t t ice  e l ements .  

After  computat ions,  we wr i te  the following re la t ion  for the number  of poss ib le  s ta tes  of the sys tem:  

W = W 1 W 2 W a W 4 W ~  

W 1  
\ 2 - ~ : v J  %~ (n~ + no)! ' J=~ ~=~ "(lcJ)~cs))~ ~ ((1 l(J)~ , m(J)~,~ ,, 

n p  __  . _ . z i 

j = t  i = l  x i i �9 

w , =  (~' + ~o), w ~ =  I111  (/~J)m~))! ((l-]i '~),,~")! x 
n s I  nol  ' 

i=]_ i=1 

= ~ i g  " i  i I = - i  , - - i  , ' -  k = l  / = l  

(1.1) 

Here,  c~n(J) and c~k'o') a re  the f rac t ions  of t r ans  and folded i s o m e r s  of type i in the j - th  po lym er  molecu le  at the 

k - th  v ibra t iona l  level .  The f i r s t  fac tor  in (1.1) d e s c r i b e s  the number  of packings of the np po lymer  molecu le s  in the 
la t t i ce  on the assumpt ion that the sequence and type of bonds a re  fixed in each molecule ,  the second factor  d e s c r i b e s  
t he  i n c r e a s e  in the number  of packings assoc ia ted  with the mix ing  of t r ans  and folded i s o m e r s ,  while the th i rd  factor  
d e s c r i b e s  the cor respond ing  i n c r e a s e  assoc ia ted  with the poss ib i l i ty  of i s o m e r  type changes.  

The fourth factor  in (1.1) is the number  of indis t inguishable  a r r a n g e m e n t s  of the n s solvent  mo lecu le s  in ns + n0 
ce l l s  and, finally, the fifth fac tor  d e s c r i b e s  the degene racy  of the s ta tes  with a given packing owing to the p r e s e n c e  of 
a l a rge  number  of to r s iona l  v ibra t ion  leve ls .  When expl ic i t  exp re s s ions  a re  subst i tuted for W i f rom (1.1) in the p r o d -  
uct  for W, the la t te r  is somewhat  s impl i f ied .  The f o r m  of (1.1) is convenient,  however ,  in the sense  that it makes  
it poss ib le  to dis t inguish in the e x p r e s s i o n s  for the var ious  the rmodynamic  functions t e r m s  assoc ia ted  with fac tors  of 

d i f ferent  phys ica l  origin.  

The quantity W can be ca lcula ted  f rom (1.1) as follows. We cons ide r  the p r o g r e s s i v e  occupation of the la t t ice  by 
po lymer  molecu le s  with a fixed bond sequence.  Assume  that j mo lecu le s  have a l ready  been introduced into the la t t ice;  
then the f i r s t  segment  of the (j + 1)-th molecule  can be placed in n - jm ways .  The conformat ion  of the mo lecu l e s  is 
a s sumed  given; the re fo re ,  any subsequent  (k + 1)-th segment  of the (j + 1)-th molecu le  can occupy, i f  the posi t ion of 
the ini t ial  s egment  is fixed, only one, pe r fec t ly  defini te  cell .  The p r o b a b i l i t y a j k  that this cel l  is f ree  can be 
es t ima ted  as the " su r face"  f rac t ion of f ree  ce l l s  in t roduced by Huggins, or l e s s  accura te ly ,  but m o r e  s imply,  as the 
"volume"  f rac t ion  of such ce l l s  introduced by Flory.  The cor responding  exp re s s ions  for  a jk  have the form: 

z (n - -  m / - -  k) n - -  ,hi - -  k ( 1.2 ) 
a j ~ : :  z ( n - - m / - - k ) - { - [ ( z - - 2 )  m ~ - 2 ] / . - ~ - ( z - - 2 )  k ~ - 2  a j~ , . - -  n 

A m o r e  accura te  calculat ion,  in which the nonequivalence of or ien ta t ion  of the (k + 1)-th segment  in di f ferent  
d i r ec t ions  f rom the k- th  segment  is  taken into account, can be based  on the r e su l t s  p re sen ted  in [3]. In what follows, 
for s impl ic i ty ,  we employ the second of exp re s s ions  (1.2); the quant i ta t ive  d i f fe rence  between calcula t ions  based on 
the d i f ferent  exp re s s ions  for a j k  is usual ly  ve ry  smal l .  As a resu l t  for  the number  of a r r a n g e m e n t s  of the (j + 1)-th 
molecu le  with fixed bonds we have the express ion  
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w~1~ +~> = (,~ - mi) 1-[ ~ : =  ~ - ~  (n --m ( / +  ~))1 

Mul t ip ly ing  the n u m b e r s  wx(r fo r  al l  the  m o l e c u l e s  and then  m u l t i p l y i n g  the p r o d u c t  by the  B o l t z m a n n  f a c t o r  
(npl) -~, which  t akes  into accoun t  the  i nd i s t i ngu i shab i l i t y  of the  p o l y m e r  m o l e c u l e s ,  and the  f ac to r  2 -ap ,  which  t a k e s  
into account  the  i n d i s t i n g u i s h a b i l i t y  of  the  two end s e g m e n t s  of e a c h  m o l e c u l e ,  we a r r i v e  at e x p r e s s i o n  (1.1) fo r  W~. 

The n u m b e r  of  ways  of s e l e c t i n g  fi(J)tn~ (~) fo lded i s o m e r s  f r o m  the  to ta l  n u m b e r  m~(J) of i s o m e r s  of type i in the  
j - t h  m o l e c u l e  is  equa l  to the n u m b e r  of c o m b i n a t i o n s  of rn~(J) e l e m e n t s  t aken  t~ (j) m~ (j) at a t i m e .  Obvious ly ,  the  n u m b e r  
of s e l e c t i o n s  #)(m --  2) of folded i s o m e r s  of  a r b i t r a r y  type  in the  j - t h  m o l e c u l e  is  equa l  to the p roduc t  of the l a t t e r  
n u m b e r s  wi th  r e s p e c t  to i. By add i t i ona l ly  m u l t i p l y i n g  t h e m  wi th  r e s p e c t  to j, i . e . ,  o v e r  a l l  np m o l e c u l e s ,  we ob ta in  
the  e x p r e s s i o n  W 2. 

In o r d e r  to t ake  into accoun t  the  r a n d o m n e s s  of  the d i s t r i b u t i o n  of  t ypes  of  fo lded o r  t r a n s  i s o m e r s  a long the 
p o l y m e r  m o l e c u l e s ,  i t  i s  n e c e s s a r y  to c a l c u l a t e  the n u m b e r  of  ways  of s e l e c t i n g  /i(~lm~ '~j) bonds of  type  i in the  j - t h  
m o l e c u l e  e n t e r i n g  into the  c o m p o s i t i o n  of  fo lded i s o m e r s  of th is  type  f r o m  the  to ta l  n u m b e r  f(Jl(m _ ~) of  such  bonds of 
a r b i t r a r y  type  (in the c a l c u l a t i o n  it  is  n e c e s s a r y  to e m p l o y  the  n u m b e r s  m~'(J} , and not mU > , as  m a y  e a s i l y  be  s e e n  by 
f o r m i n g  a r ing  f r o m  the  cha in  m o l e c u l e  by jo in ing  the  f i r s t  and l a s t  s e g m e n t s ) .  If any s e q u e n c e s  of h e t e r o g e n e o u s  
i s o m e r s  a r e  a l lowed,  the  n u m b e r  of  such  s e l e c t i o n s  for  the j - t h  m o l e c u l e  wi l l  be 

- -  I1.  mL ~t 12. " ' 2  . , . J z - 1  z - I  W~ (i)- C ' ( j )  ' ( D  . ( J ) _ ' ( J )  ~(D m ' ( J )  
](3 ) (m- l . )  ] (~ ) ( rn= l )_ /~ j )m~( j )  . . .  C ~ ( j ) /m  ~ , ( j )  m,(j ) ! x - , ]  . . . . .  J z - 2  z - 2  

z -1  

In r e a l i t y ,  for  e x a m p l e ,  a t r a n s  i s o m e r  i ~ i m a y  be  fo l lowed by fo lded i s o m e r s  not  of z, but  only of z - 2 
d i f f e r e n t  t ypes .  In fact ,  the  fo lded i s o m e r s  i ~ i and i - -  i ' ,  i '  = - i  a r e  fo rb idden .  T h e r e f o r e  the e x p r e s s i o n  for  w3'(J) 
should  be  m u l t i p l i e d  by the  quan t i ty  

((z-- 2) / z) l(j) (,n-2) 

If, m o r e o v e r ,  we m u l t i p l y  the  r e s u l t s  fo r  the  d i f f e r e n t  p o l y m e r  m o l e c u l e s ,  we a r r i v e  at a r e l a t i o n  fo r  W 3. 

F i n a l l y ,  W 4 and W 5 a r e  c a l c u l a t e d  in e x a c t l y  the  s a m e  way  as W2, if one t akes  into accoun t  the  
i n d i s t i n g u i s h a b i l i t y  of  the  s o l v e n t  m o l e c u l e s ,  the ho les ,  and a l so  the  d i t f e r e n t  i s o m e r s  in the  j - t h  m o l e c u l e  at the  
s a m e  v i b r a t i o n  l e v e l s .  

In an i s o t r o p i c  s y s t e m ,  when It(J) ~](J), m~(J)~ m (j) , e t c . ,  e x p r e s s i o n s  (1.1) a r e  c o n s i d e r a b l y  s i m p l i f i e d .  If we 
n e g l e c t  v i b r a t i o n a l  d e g r e e s  of  f r e e d o m  and the  p r e s e n c e  of a so lven t  and a l so  t r e a t  the  p o l y m e r  m o l e c u l e s  as 
c o o p e r a t i v e  s y s t e m s  q(J )z  ] , e tc . ) ,  then,  u s i n g  fo r  the  f a c t o r i a l s  the  a p p r o x i m a t i o n  %! ~ z ~ , we a r r i v e  at F l o r y ' s  
e x p r e s s i o n  fo r  the  n u m b e r  of  s t a t e s  [4] 

( z  ( z - -  2) ~ (~-2)~% n! ((m --  2) % ) !  . 

W•\  2 - ~  ,] nv!ns!(](m--2) np)!((l--f)(m--2)%~ 

When t o r s i o n a l  v i b r a t i o n s  a r e  t aken  into account ,  we ob ta in  the  m o d i f i c a t i o n  of  th is  e x p r e s s i o n  p r o p o s e d  by 
V o l ' k e n s h t e i n  [5]. 

Let us now consider the energy of a state with fixed parameters no,]i (~), m~(~) , etc. In calculating the 
intermolecular interactions we employ the "nearest neighbor" approximations. Then the energies of the hole-segment, 
hole-solvent molecule, and hole-hole interactions are identically equal to zero, and for the segment-segment, solvent 
molecule-solvent molecule and segment-solvent molecule interactions we use the notations epp, ess, and aps, 
respectively. In the Guggenheim approximation [6] for the total energy- of the intermolecular interactions in the 
system we obtain 

E, I = - -  U2{%p [(z - -  2) m -~-2] npSp -t- e~szn~S~ ~- 2ep~zn~S~} 

[(z-- 2) m+  2] n v zn~ 
S p  = [(z - -  2) m -}:- 21 n v § z (ns + no) ' S s  = [(z - -  2) m A- 2] np + z (n s ~-  no) ( 1 . 3 )  

57 



t " 
Here,  as the r e f e r e n c e  point for  the energy  E 1 we have taken the energy  of the sys tem with "d isconnected"  

in te rac t ions  (the comple te ly  d i s soc ia ted  sys tem).  It is convenient  to take as the r e f e r e n c e  point the energy of the 
i n t e r m o l e c u l a r  in te rac t ions  of the c rys ta l l ine  po lymer  and the pure solvent  without holes .  Then 

E1 = (1/2 epp -~- 1/e e. s _ eps) znsS p +. 1/2 zn ~ (eppSp -~- essSs) 

We note that the Huggins approximat ion  [7] 

E1 = k T %  r n n p n  s 

A m n p ~ - n  s 

is  f requent ly  employed.  

kT% 1 -- Sps) : z ( - ~ e p p  

Here,  X is  the Huggins constant,  which can be e x p r e s s e d  in t e r m s  of the speci f ic  ene rg i e s  of evapora t ion  or  
cohesion of the sys t em components,  k is Bo l t zmann ' s  constant,  and A is  Avogadro ' s  number.  Express ion  (1.5) 

co r r e sponds  to the model  of a sy s t em without holes,  when it coincides  with (1.4). In the p r e s e n c e  of a l a rge  f ree  
vo lume re la t ion  (1.5) becomes  mean ing less .  

The potent ial  energy  of the po lymer  m o l e c u l e s  in the field of a tens i le  fo rce  T is equal  (the energy  is reckoned 
f r o m  the energy  of a mo lecu le  extended in the d i rec t ion  of action of the load [5,817 to 

~p  z 

E~=Th F, F, ~i(J)(1--~osO~), 

(1.4) 

(i.5) 

T ) 0  (1.6) 

Here  0 i is the angle between the d i rec t ion  of the fo rce  T and the i - th  bond; h is the ef fec t ive  bond length. In 
inves t iga t ing  the effect  of c o m p r e s s i o n  it is insuff icient  s imply  to change the sign of T. In fact, this  co r re sponds  
m e r e l y  to r e f l ec t ion  of the sys t em about a plane pe rpend icu la r  to T, i . e . ,  to another  poss ib le  choice of d i rec t ion  on 
the axis of extension.  Accordingly,  we cons ide r  c o m p r e s s i o n  separa te ly ;  taking as ze ro  the energy  of a molecu le  
or ien ted  en t i re ly  in the indicated plane, we obtain an express ion ,  analogous to (1.6), for  the potential  energy  of the 
s y s t e m  

n p  z 

J=i i=i 

where  ~ i  i s  the angle between the d i r ec t ion  of the i - t h  bond and the plane. 

(1.7) 

The to r s iona l  v ibra t ion  energy  

n p  Z N" N 

z~ ~ c~'l~J)m~)(A~+ek ') + ~, t - - ,  ~ ~ k] (1.8) 

If we neglect  v ibra t iona l  d e g r e e s  of f reedom,  i . e . ,  a s sume  that  all  the i s o m e r s  a re  at the lower  leve ls ,  so that 
T 

Cil = Cil = 1, Cik = Cik = 0, k ~1,  exp re s s ion  (1.8) r educes  to the re la t ion  proposed  by F lo ry  for desc r ib ing  m o l e c u l a r  
chains with l imi ted  f lexibil i ty,  

n p  

E 3 =  ~ ff)(m--2)As (1.9) 

In the genera l  case  we will  hencefor th  a s sume  that  

e h = ( k - - t )  h(0, ek' = ( k - - t )  h(o', h = h / 2 ~  

Here ,  h is P lanck ' s  constant,  and w and w' a re  the f requenc ies  of the lower  ha rmon ic s  of the to r s iona l  
v ib ra t ions  of the t r a n s  and folded i s o m e r s ,  r e spec t ive ly .  * 

* F o r  s impl ic i ty ,  only two types of i s o m e r s  a re  d is t inguished-- fo lded  and t r ans  i s o m e r s .  In pr incipIe ,  it i s  
poss ib le  to d is t inguish  z - 2 d i f ferent  types  of folded i s o m e r s ;  then, instead of Ae, w' a se t  of z - 2 such quant i t ies  

will  f igure  in the theory.  
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Final ly,  the energy of the sys tem in an i sot ropic  p r e s s u r e  field P is  r ep resen ted  in the form (the energy of the 
analogous sys t em without holes is taken as the r e fe rence  point)  

E4 = Pnov (1.10) 

where v = v(P, T) is the volume of a la t t ice  cell. 

The par t i t ion  function of the sys tem has the form** 

Q =  ~ W(no ,  f i J ) , . . . ) e x p ( - - 7 1 ~ E ( n o ,  fin, �9 , = 
W ' ~ I  , k = l  

(i.ii) 

Here, the summat ion  is  ca r r i ed  over all poss ib le  values  of the p a r a m e t e r s  n0, f~J) etc. (apart  from P, np, and 
ns, which are  assumed  given), compatible with the condition W' -> 1, where W' = W/W5 is the number  of poss ib leways  
of packing the sys tem in the lat t ice.  

We as sume  that each chain molecule  and the sys tem as a whole is  a cooperative system,  so that the sum (1.11) 
can be replaced by its max imum t e r m  with n o = n0max, f [ J ) ~ f t  =f imax,  etc. Then, omit t ing the subscr ip t  max, for Q 
we have the app;oximate  express ion  

, / E(no, /~ . . . .  ))  
Q . ~ W ( n o , / i  . . . .  )exp ~ -  kT , W' (no ,[~  . . . .  ) ~ t  (1.12) 

The rep lacement  of the sum (1.11) by re la t ion  (1.12) is pos s ib l e  in view of the very  sharp dependence of the t e r m  
under  the summat ion  sign on the p a r a m e t e r s  involved and its very  sharp max imum at a cer ta in  point of p a r a m e t e r  
space, which is genera l ly  cha rac t e r i s t i c  of all sys tems  to which the methods of s ta t i s t i ca l  physics  are  fundamental ly  
applicable.  In the l imit ,  as the number  of e lements  of the sys tem tends to infinity,  the legi t imacy of subst i tut ing (1.12) 
for (1.11) is eas i ly  demons t ra ted ;  in pa r t i cu la r ,  the subst i tu t ion is justified, for example,  in [2], and also in [9], for 
sys t ems  of the type cons idered  here.  

Express ion  (1.12) for Q is valid only at W' >- 1. It is easy to see that W' is a dec reas ing  function of t empera tu re ,  
so that at a sufficiently low t empera tu re  this  condit ion is not sat isf ied,  and express ion  (1.12) leads to paradoxes,  for 
example,  the entropy of the sys tem proves  to be negative. In order  to formulate  the par t i t ion  function in the low- 
t empe ra tu r e  region,  we employ, as most  reasonable ,  the hypothesis of Gibbs and Di Marzio [2, 9], according to which 
the t empe ra tu r e  Tg, at which W' ~ 1, is regarded  as the t empera tu re  of a cer ta in  s econd-o rde r  phase t r ans i t i on  
(according to the Ehrenfes t  c lass i f ica t ion)  ident if iable  with the glass  t r ans i t i on  associated with infini tely slow 
(equi l ibr ium) cooling of the amorphous polymer .  At T < Tg the configurat ion of the sys tem is, as it were,  "frozen in": 
the values  of all the p a r a m e t e r s  are  assumed  constant  and equal to the i r  values at T = Tg. Thus, at T < Tg the 
par t i t ion  function is r ep resen ted  in the same form (1.12), but no, f i ,  etc. are  calculated at the t e mpe r a t u r e  T = Tg. 

w T H E R M O D Y N A M I C  F U N C T I O N S  

Using the St i r l ing  formula ,  for the entropy of the sys tem,  af ter  computations,  we obtain the express ion  

S = /~lnW= S i-+- $2 JF $3 JF $4 + $5 

S l =  - - R [ ( r ~ +  ro) l n ( q ~ +  %) + rp (lngp + m - -  I + in2)], R = kA 

z 

, t + l n m 0 ]  + t T (in/~ + In (i --/~) ~-  (~-- t ) In 2~} 

z z z 

**It is assumed that the in te rna l  state of the segments  and solvent  molecules  doesno t  depend e i ther  on the method 
of packing in the lat t ice or on the development  of to rs iona l  v ibra t ions .  Then the in te rna l  par t i t ion  functions are  
excluded from considera t ion.  
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t In + ~ 2 -  In /~m.(+ zT--~ ln2~} 
i = t  

% 
S 4 : - - R ( r s l n ~  + r o l n  %--~+-'%o ) 

z N" N 

S ~ :  - -Rrp  ~ {fiml ~ c~'lnci~' + ( t - - f i ) m  i ~ c~ilnclj + 
i = t  J = t  j=~- 

N '  N 

l [~, ln(ci[fim,)+ ~ ln(cis(i--i,)mi)--inidn,--]n(t--ii)m,]--( ,-~-(N -/- N')--t)hrl 2~} + y  
- -  j = t  �9 

mnp ns no 
~ P :  mnp_~_ns_~_no , q ) s - -  mnp_]_ns_[_no , q ) O = m n p _ [ _ n s _ ~ _ n  ~ (2.1) 

Here ,  the  t e r m s  S i d e s c r i b e  the c o n t r i b u t i o n s  to the en t ropy  due to the  f a c t o r s  Wi in  e x p r e s s i o n  (1.1) for the 
n u m b e r  of s t a t e s  of the s y s t e m ;  rp,  r s ,  and r0 a r e  n u m b e r s  of mo le s ,  and ~0p, q)s and q~0 the v o l u m e  f r a c t i o n s  of 
p o l y m e r ,  so lvent ,  and holes  in the s y s t e m .  F o r  s i m p l i c i t y ,  in  what  fol lows we a s s u m e  that  m i >> 1; m o r e o v e r ,  we se t  
N = N  , = ~ .  

Then  for the e n t r o p y  S and the  Gibbs  func t ion  4> of the  s y s t e m  we have the a s y m p t o t i c  e x p r e s s i o n s  

z 

S " ~ - - R ( r s l n % - ~ r o l n ~ o d - r v l n ~ p ) - - R r p { m - - y l n y +  ~ m~[]~lnfi-~ 
i=l  

-~- (1 - - / i )  In (i  - -  fi) -~ ]i In (f~mi) -~ ]i ~ ci~' In cij' + 

co 

7=1 

t .~ - -  TS @ E = -:- TS Jr- A {zrseS p Jr- ~2- zro (eppS v @ e,~Ss) @ 

+ P v r o + r  v mi ~ h X ~ + f i ~ c i / ( e j ' + A s ) + ( l - - f i )  ~c i j s j  
i = 1  ~=L : = I  

i = t  

(2.2) 

Here ,  Xi : 1 - cos  0 i for  t e n s i o n  and Xi = cos  ~ i  for  c o m p r e s s i o n .  F r o m  (2.2) it  is  e a sy  to ob ta in  e x p r e s s i o n s  
for  a l l  the o the r  t h e r m o d y n a m i c  p o t e n t i a l s ,  the  p a r t i a l  po t en t i a l s  of the com ponen t s ,  the coe f f i c i en t s  of t h e r m a l  
expans ion ,  the  c o m p r e s s i b i l i t y ,  spec i f i c ,hea t ,  e tc .  

The e q u i l i b r i u m  va lues  of the  p a r a m e t e r s  ci j ,  c~j, f i ,  m i  and n o y ie ld  an  e x t r e m u m  of the po ten t i a l  4~. 
C o n s i d e r i n g  �9 as a func t ion  of t h e s e  p a r a m e t e r s  and the quan t i ty  y f r o m  (2.2) and t ak ing  into account  the  c o n s t r a i n t s  
(def in i t ion  of y in  t e r m s  o f f i m i ,  cond i t i ons  of n o r m a l i z a t i o n  of ci j ,  c~j, f i , a n d  mi) ,  we ob ta in  equa t ions  for  the 
unknown p a r a m e t e r s .  As a r e s u l t ,  for  cij  we ob ta in  

: e x p  - -  ( / - -  1) h o  [ t  - -  e x p  - -  hco ~ -1  
~a' t -ZT-j 

(2.3) 

f o r m  
The e x p r e s s i o n  for  c[j d i f f e r s  f r o m  (2.3) only  in  the s u b s t i t u t i o n  of w' for w. The equa t ion  for n o (r0) has  the 

~o In ~ -~ G (Vo, ~v, Xpp, x~s, Ax, xp, z) = 0 

G = [z (i  + v0) - -  2vv] -~ {xpp (z - -  2) (z - -  2vv) vv d- xs~z (z - -  2vp) (l - -  v v ) - -  

- -  2Axz (z - -  2) v v (1 - -  vp)} + xp + v v (i + Vo) -1 

ro ~g p Zg pp ZEss 
~o-- ,nrp~_rs , ~p-- mr~_r s , xpv =--~,-, Xss=-21~T 

/~P ge 

Here ,  pp m a y  be r e g a r d e d  a s  a c h a r a c t e r i s t i c  of the c o n c e n t r a t i o n  of the s y s t e m  [7]. 

(2.4) 
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When ~0 << 1 Eq. (2.4) i s  e a s i l y  so lved ,  i f  i t  is  a s s u m e d  tha t  G ~- Go = G]~ = 0. We have  

v0 ~ e -a' (1 -- e-~ -1 ~ e -~176 (2.5) 

T h i s  f o r m u l a  g i v e s  a r e a s o n a b l e  a p p r o x i m a t i o n  at su f f i c i en t ly  l a r g e  v a l u e s  of  the x p a r a m e t e r s  in (2.4). In the  
s a m e  way,  it  is e a s y  to i n v e s t i g a t e  (2.4) on the a s s u m p t i o n  that  v0 >> 1, which  c o r r e s p o n d s  to v e r y  high s y s t e m  

t e m p e r a t u r e s .  

I 

= 

v0 

o zp 

Fig.  1 

It is e a s y  to s e e  that  v0 d e c r e a s e s  wi th  i n c r e a s e  in the  d i m e n s i o n l e s s  p a r a m e t e r s  Xpp, Xss,  and Xp and wi th  
d e c r e a s e  in the  p a r a m e t e r  Ax (i. e . ,  the  f r e e  v o l u m e  i n c r e a s e s  wi th  i n c r e a s e  in t e m p e r a t u r e ,  w e a k e n i n g  of  the  
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 ,  d e t e r i o r a t i o n  of  s o l v e n t  qua l i ty ,  and d e c r e a s e  in p r e s s u r e ) .  The  d e p e n d e n c e  of v0 on Xp in 
the  r e g i o n  w h e r e  the  e r r o r  of  f o r m u l a  (2.5) may  be  l a r g e  is  g iven  in Fig.  1 fo r  v a r i o u s  v a l u e s  of x = Xpp ( f i g u r e s  
ad j acen t  to the  c u r v e s ) .  We have  c o n s i d e r e d  only a b lock  p o l y m e r ,  when z = 4. The  e f f ec t  of  the  c o n c e n t r a t i o n  ~p on ~0 
is  m o r e  c o m p l i c a t e d .  The r e l a t i o n s  b e t w e e n  g = - l n ~  - Xp and ~p at v a r i o u s  Xpp and Xss a r e  p r e s e n t  in Fig.  2. H e r e ,  
it ha s  b e e n  a s s u m e d  tha t  Ax = 0; the so l id  c u r v e s  in Fig.  2 c o r r e s p o n d  to the  va lue  Xpp = 4 and the  v a l u e s  of Xss 
ind ica ted  by the  f i g u r e s  a d j a c e n t  to the  c u r v e s ;  the  d a s h e d  c u r v e s  have  b e e n  p lo t t ed  fo r  Xss = 4, the  f i g u r e s  a d j a c e n t  to 
the  c u r v e s  i nd i ca t i ng  the c o r r e s p o n d i n g  v a l u e s  of  Xpp. C l e a r l y ,  adding to the  p o l y m e r  a so lven t  of  the  s a m e  or  l e s s e r  
p o l a r i t y  c a u s e s  an i n c r e a s e  in f r e e  vo lume ,  whi le  adding a s o l v e n t  of m u c h  g r e a t e r  p o l a r i t y  l e ads  to a d e c r e a s e  in f r e e  
v o l u m e .  The  i n c r e a s e  in the f r e e  v o l u m e  of a m i x t u r e  of a p o l y m e r  and a so lven t  of the  s a m e  p o l a r i t y  as  the  p o l y m e r  
con ten t  of the  m i x t u r e  d e c r e a s e s  is o b v i o u s l y  a t t r i b u t a b l e  to the  fact  tha t  s e p a r a t i o n  of  the  p o l y m e r  s e g m e n t s  is 
s e r i o u s l y  i m p e d e d  by the  p r e s e n c e  of i n t r a m o l e c u l a r  bonds  be tween  the  s e g m e n t s  of the  s a m e  m o l e c u l e .  

F o r  the q u a n t i t i e s  f i ,  

i - - -  

! 

Fig.  2 

mi ,  and y we have  the  e q u a t i o n s  

in ]~ -- 2 t - - - ~  - l n z  z - 1 - 1 r ~ - ] - ~ l - - ~  = 0 ,  

1 

m i ~ m  f irni 

]~lnli  + ( t - - f i ) l n ( l - - f i ) - } -  f ~ l a i x i - - f i l a ( ( z - - 2 )  / z) q - f i ( a l - - ~ )  + zz~ ~ =:k ,  

--hco' = l n ( l - -  exp ~ y - )  
i = l  

a : "~h/kT, [3 = A s / k T  (2.6) 

w h e r e  X is  a c e r t a i n  cons t an t  ( L a g r a n g e  m u l t i p l i e r ) .  Combin ing ,  f r o m  (2.6) we obtain  the  e x p r e s s i o n s  

(t  --]~)er215 = e x : A, t~i : (1 - - / i ) ( z - - 2 ) ( / ~ z ) - l e  -:~+(:, (2.7) 

Af t e r  the  quan t i ty  A has  b e e n  d e t e r m i n e d  f r o m  the  condi t ion  Z i p  i = 1, the p a r a m e t e r s - m i  can  be found f r o m  the  
r e l a t i o n s  
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m * * = % - = 7 7  . 77/ 

In an i so t rop ic  sys t em Pi  = z - l ,  f i  = f  and A = eft (2 + eft) -1 

/ _ (z -- 2) e -=' 
e "~ + (z -- 2)e "-~ -- 

(z -- 2) [l -- exp (-- •c0 / kT)] exp (-- As / kT) 
= i -- exp (--/~m' / kT) -I- (z - -  2) [l -- exp (-- ~c0 / kT)] exp (-- As / IrT) 

(2.8) 

which coinc ides  with the exp re s s ion  for  f obtained in [5]. 

We note that within the f r a r n e w o r k o f t h e  model  cons idered  the p a r a m e t e r s  f i  and m i do not depend on the f ree  
vo lume of the sys tem,  and when co = co' they do not depend on the deg ree  of development  of the to r s iona l  v ibra t ions  
e i the r .  S imi la r ly ,  the population of the var ious  v ibra t iona l  l eve l s  and the f ree  volume of the sys tem do not depend on 
the mechan ica l  s t r e s s e s  in the po lymer .  

__k.2 ~ "3--- .% 
! 

- f  0 ! 

Fig. 3 

The dependence of the p a r a m e t e r s  f i  and mi* on oe at fl = 0 (dashed l ines)  and fl = 1 (solid l ines)  is p resen ted  in 
Figs .  3 and 4. In the calcula t ions  it was assumed that z = 4, the d i rec t ions  i = 1 and i = - 1  being or iented along the 
l ine of act ion of the force ,  and the d i r ec t i ons  i = 2 and i = - 2  at r ight  angles  to it. The va lues  of i a re  indicated by the 
f igures  adjacent  to the cu rves  in Figs.  3 and 4, where  pos i t ive  va lues  of c~ co r re spond  to tens ion  and negat ive va lues  to 
compress ion .  Obviously, in tens ion  and c o m p r e s s i o n  the d i r ec t ions  2 and - 2  are  equivalent ;  in c o m p r e s s i o n  the 
d i r ec t ions  1 and - 1  a re  also equivalent  (the f l  and f_t  cu rves  and also the ml* and m-l* cu rves  m e r g e  in the region of 
negat ive  a).  It can be seen f rom Figs.  3 and 4 that the extension or c o m p r e s s i o n  of an amorphous po lymer  is 
cont ro l led  by two s imul taneous  p r o c e s s e s :  f i r s t ly ,  by a r ed i s t r ibu t ion  of f ree  i s o m e r s  along the m o l e c u l a r  chains with 
p r e s e r v a t i o n  of t he i r  total  number;  secondly,  by a change in the re la t ionship  between folded and t rans  i s o m e r s ,  which 
p roceeds  d i f fe ren t ly  in d i f ferent  d i rec t ions ,  but is accompanied  by a d e c r e a s e  in the total  number  of folded i s o m e r s  

and t h e a p p e a r a n e e o f  a p r e f e r r e d  bond or ientat ion.  These  p r o c e s s e s  a re  cons iderably  faci l i ta ted by an i nc r ea se  in the 
s t i f fness  of the p o l y m e r  molecu les .  The f i r s t  p r o c e s s  is accompanied by a change in the entropy of the sys t em at 
constant  energy,  the second by a change in both entropy and energy.  These  conclus ions  a re  consis tent  with the r e su l t s  
of the ro ta t ional  i s o m e r i s m  theory  of extens ion of individual m o l e c u l a r  chains [10, 11] and also with the expe r imen t s  
d e s c r i b e d  in [5]. We note that the ef f ic iency of both these  p r o c e s s e s  is independent of the quant i t ies  c h a r a c t e r i z i n g  the 
i n t e r m o l e c u l a r  in terac t ions ,  in pa r t i cu la r ,  the solvent  content of the sys tem.  This  is easy  to unders tand if it is kept 
in mind that al l  tha t  has been said r e l a t e s  to equ i l ib r ium s ta tes  at tained af ter  v e r y  prolonged applicat ion of the s t r e s s ,  
but not to the ra te  at which these  s ta tes  a re  attained, which, of course ,  may depend on Vp and the i n t e r m o l e c u l a r  

in te rac t ion  ene rg i e s .  

We also cons ider  the equ i l ib r ium s ta tes  at a << 1, when it is poss ib le  to a s sume  that the p a r a m e t e r s  
c h a r a c t e r i z i n g  these  s ta tes  d i f fe r  by smal l  amounts (indicated by a p r ime)  f rom the i r  equ i l ib r ium values  in the 
i so t rop ic  sys tem,  i . e . ,  

fi = f~o + / i ' ,  I*~ = l~io -k Iq' ,  rni* = mio* -k rni*', A = Ao q- A'  

Using obvious e x p r e s s i o n s  for the quant i t ies  in the i so t ropic  s ta te  and the la t t i ce  g e o m e t r y  se lec ted  in 
cons t ruc t ing  Figs .  3 and 4, f rom (2.7) and (2.8) we obtain 
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A ' - -  2 ae~-t- e ~ ' I t ' =  2 ae~eg (~ -- t ) ' +  li( "~ -- a (2 "~- e~)8 (Zr - -  1) 

mi*' : --'/~a (t § (X~ -- t) (2.9) 

Hence it is easy  to see that the total  number  of folded i s o m e r s  at sma l l  ~ is equal, c o r r e c t  to t e r m s  of the 
second o rde r  in ~, to the number  of folded i s o m e r s  in the i so t ropic  state;  i . e . ,  in the p r e sence  of r e l a t ive ly  smal l  
fo rces  only the f i r s t  of the p r o c e s s e s  enumera ted  above is impor tant  and the r e s i s t a n c e  is pure ly  an entropy effect.  It 
is also c lea r  f rom (2.9) that f i '  and mi* d e c r e a s e  with i nc r ea se  in t e m p e r a t u r e  as follows f rom the "gas"  theory  of 

extens ion of chain mo lecu l e s  [5]. 

] lm; 

i t f 
I 

- !  0 o~ $ 

Fig. 4 

The above formulas  c h a r a c t e r i z e  the t he rmodynamics  of the equ i l ib r ium s ta tes  of the sys tem at T >- Tg, At T < 
< Tg the p rev ious  e x p r e s s i o n s  for the t he rmodynamic  potent ia ls  a re  re ta ined;  however ,  the p a r a m e t e r s  cij,  c i j ,  f i ,  
m i, and n o a re  calcula ted at the t e m p e r a t u r e  T = Tg (see [9]). 

w SOME APPLICATIONS 

The proposed  model  d i f f e r s  impor tant ly  f rom exis t ing  models  in two respec t s :  f i rs t ,  in the s imul taneous  
introduct ion of ce l l s  occupied by solvent mo lecu le s  and vacant  cel ls ;  second, in the expl ic i t  a l lowance for the effect  of 
the ex te rna l  load on the s t r u c t u r e  of the equ i l ib r ium s ta tes  of the po lym er  sys tem.  In o rde r  to i l lus t ra te  the 
pos s ib i l i t i e s  of this model  (and other  conceivabIe models  of the same type) in accounting for a number  of 
expe r imen ta l ly  obse rved  effects  not yet  explained by exis t ing  s t a t i s t i ca l  theor ies ,  it is applied below to a s e r i e s  of 
pa r t i cu l a r  p rob l ems  of amorphous  po lymer  physics:  to the theory  of solutions,  to h igh-e l a s t i c  deformat ion,  and to 
phase t r ans fo rma t ions  in po lymer  sys t ems .  In fact, all these  p rob lems  r e p r e s e n t  broad independent reg ions  of 
r e s e a r c h ,  each of which has been tbe subject  of a v e r y  l a rge  number  of both theore t i ca l  and expe r imen ta l  s tudies.  
The re fo re ,  we concen t ra te  only on the qual i ta t ive  aspec ts  of ce r t a in  se lec ted  phenomena that owe the i r  or igin  to the 
p r e s e n c e  of a f ree  volume (holes) or  an ex te rna l  load. 

The shortcomings of the present theory of polymer solutions are discussed, for example, in [12]. The most 
serious of these shortcomings is the fact that in these theories volume changes are neglected. Other phenomena that 
contradict the Flory-Huggins theory [i] include: i)the change inthe interaction parameter X (see Eq. (1.5)) with the 
concentration of the solution, this change being the more considerable the greater the difference between the 
polarities of the polymer and the solvent; 2) the negative entropies and heats of mixing observed when a polymer is 
dissolved or diluted in solvents of essentially different polarity; 3) the phase separation (thermodynamic instability) of 
polymer-solvent systems not only at low but also at high temperatures (the so-called "lower critical mixing 
temperature"). It is easy to see that the proposed model makes it possible to account for all these effects. 

In fact, let  us cons ider  a s table po lymer  solution in an i so t rop ic  situation. On the bas is  of the resu l t s  of sec t ion  
2 i ts  entropy and Gibbs function can be r e p r e s e n t e d  in the fo rm 

s ~ -- R (r s In % -1- r0 In 90 -~ rp In epp) - -  R%m [i -- ] In (z -- 2) ~- ] In ] 

-f- (t - -  ]) In (1 - -  1) ~- ] ~ i  c f  In c s' + (t - -  ]) ~ j  cj In ci]  

q~ = - -  TN ~- {zrseS • -}- 1/2 Zro (eppN:~ @ e~sNs) -t- 

+  ,r0+ %m [I Y; + (3.1) 

The entropy of rp mo le s  of po lymer  in the amorphous  s ta te  and r s moles  of pure  solvent  S ~ is equal to 
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S~ S(v) -t- S (s), S (p) ---- - -  R ~r In ~(V).ro + rp In q~(pv)) __ 

-4- (t --  ! ) ~ j  cj In cj],  S ( s ) = - - R ( r g a ) l n q / o S ) + r s l n r  (s)) 

_--mr, or r r (3.2) 

In the  s a m e  way, it is  e a s y  to w r i t e  e x p r e s s i o n s  fo r  the po t en t i a l  ~~ fo r  p u r e  p o l y m e r  and so lven t .  

The  e x p r e s s i o n s  fo r  the  t h e r m o d y n a m i c  m i x i n g  p a r a m e t e r s  a r e  e a s i l y  ob ta ined  f r o m  (3.1) and (3.2): 

A V =  R ( r  0 7- r0 (s) ~" ro(P)), A ~  ~ A E - -  T A S  

~r 
r~ s) In r + r(oP ) In q~]) ~ ro In q~o) 

A E  ~ ,4 {Zrse~q p -~  I/2 z [8~o p ( r o S  p - -  0 p ' 

S~S) rs 

r~ + go ~) 
S(pV) : [(z - 2) m + 2] rp ~ (z -- 2) rnrp 

[(z --  2) m + 21% + zr(oP) (z - -  2) mr v + Zr(oP) 
(3.3) 

In AS f r o m  (3.3) it  i s  p o s s i b l e  to o m i t  the  t e r m  wi th  c rp ln(~p(P)/%) in v i e w  of the  fact  that  m >> 1; fo r  s i m p l i c i t y  i t  
has  been  a s s u m e d  that  the e x c i t a t i o n  of t o r s i o n a l  v i b r a t i o n s  in the  a m o r p h o u s  p o l y m e r  d o e s  not  depend on the  amount  
of  so lven t .  F r o m  (3.3) i t  i s  c l e a r  tha t  in the  p r e s e n c e  of s h a r p l y  d i f f e r e n t  p o l a r i t i e s  of the  componen t s  (i. e . ,  
e s s e n t i a l l y  d i f f e r e n t  Xpp and Xss ) the  m i x i n g  e n t r o p y  AS m a y  w e l l  be  nega t ive .  M o r e o v e r ,  an a n a l y s i s  shows  that  
n e g a t i v e  AS a r e  p o s s i b l e  e v e n  when  the  p o l a r i t i e s  of the  p o l y m e r  and the  so lven t  a r e  qui te  s i m i l a r .  Nega t i ve  AS m a k e  
a p o s i t i v e  c o n t r i b u t i o n  to the quan t i ty  A+  which  is  g r e a t e r  in p r o p o r t i o n  to the  t e m p e r a t u r e .  T h e r e f o r e  at  l a r g e  T the  
quan t i ty  A+ m a y  b e c o m e  p o s i t i v e ,  e v e n  if  AE < 0; t h i s  c o r r e s p o n d s  to d i s t u r b a n c e  of the  t h e r m o d y n a m i c  s t ab i l i t y  of 
the  so lu t ion .  U n d e r  c e r t a i n  cond i t ions  the  hea t  of m i x i n g  a l so  b e c o m e s  nega t ive .  As it  i s  e a s y  to show, u s i n g  r e l a t i o n  
(2.4) and the  f i r s t  of  e q u a t i o n s  (3.3), the  change of  v o l u m e  AV i s  a lways  nega t ive ,  i . e . ,  m i x i n g  is  a c c o m p a n i e d  by 
c o m p r e s s i o n ,  which  is  p e r f e c t l y  c o n s i s t e n t  wi th  the  e x p e r i m e n t a l  d a t a  of  [12]. 

= .  4 2 -  I 3: k i 

a vp i 

Fig .  5 

F o r  the  p u r p o s e s  of a q u a n t i t a t i v e  a n a l y s i s  we have  e v e r y w h e r e  a s s u m e d  that  z = 4, Xp = 0, whi le  us ing  m o d e l  
so lu t ions  of  t h r e e  t ypes .  

1. Solu t ion  of  a p o l y m e r  in i t s  own m o n o m e r .  In th i s  c a s e  Xpp = x s s ,  Ax = 0. The  5V = 6V(~p) c u r v e s  a r e  
p r e s e n t e d  in Fig .  5, the  f i g u r e s  ad j acen t  to the c u r v e s  deno t ing  the d i m e n s i o n l e s s  t e m p e r a t u r e  n: 

T 2xvv = i. 6 V - -  AV (3.4) 
n = ~ 0 ,  kT0 v (mr v + r~) 

C l e a r l y ,  6V i s  a lways  n e g a t i v e  and has  a m i n i m u m  as a funct ion  of  Up c o r r e s p o n d i n g  a p p r o x i m a t e l y  to ha l f -  
c o n c e n t r a t i o n s .  As  n i n c r e a s e s ,  t he  abso lu t e  v a l u e  of  6V r i s e s  v e r y  sha rp ly ;  fo r  e x a m p l e ,  at n = 0.25 the  m a x i m u m  of 
16V[ is a p p r o x i m a t e l y  30 t i m e s  g r e a t e r  than at n = 0.75. At su f f i c i en t ly  h igh  t e m p e r a t u r e s  the  v o l u m e  change  r e a c h e s  
s e v e r a l  p e r c e n t .  All  t h i s  is in good a g r e e m e n t  wi th  e x p e r i m e n t  ( see  [7, 12]). We note  tha t  in t h e s e  c a l c u l a t i o n s  the  
q u a n t i t i e s  u0, v0(P)and~0(S) 'were  c o m p u t e d  in the  a p p r o x i m a t i o n  (2.5). 

2. Solu t ion  of a p o l a r  p o l y m e r  in a nonpo la r  so lven t .  In th i s  c a s e ,  to be  s p e c i f i c ,  we have  a s s u m e d  tha t  
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7Xpp(T0) = Xss(T0) = 1, 7 = 0.1 and have employed the approximat ions  that follow from (2.5) when Up ~ 0: 

W0 (z) ~ V 0 ~ V0 (p) ~ O, ~0 (s) ~ (e l/n - -  i )  -1 

The dependence of the reduced functions on Up and n was calculated on a computer:  

AS 

5 z  - a E _ _ _ _  ~ (i - %) _ ,~o ~) + 2 - ,~1 RTo (mrp -~ r~) 

A@ ---~SE--n6S x--hx 
6 0  ;-- RTo (mrp -~ rs) ' xss (3.5) 

3. Solution of a nonpolar  po lymer  in a polar  solvent.  In this  case, as before,  it has been assumed that 

xpp(To) = ,~%s(To) = i, 7 = O.i, vo(v)>~ Vo N %(~) and vo <v> ~ <&+I/~_ i>-*, Vp ~ i 

The reduced functions have the form 

6S ~ -- (l -- %)ln(l -- vp) + vpv0 (p) In  (v~ (p). / (1 -~ v(~(P))) 

6E ~vp[-- v0 (p) + 4• -- vp) (2 -- vp)-q, • = 5 x / x p p  (3,6) 

6O = 6E - -  nSS 

The dependence of the reduced entropy 6S for solutions of the second (solid curves)  and third (dashed curves)  
types is p re sen ted  in Fig. 6. It has been assumed that z = 0 and the f igures  adjacent  to the curves  indicate values  of n 
f rom (3.4). It is  c lear  that there  are regions  of negative 5S at low concentra t ions  (for solut ions of the second type) and 
large Up (for solut ions of the thi rd  type), these regions  broadening considerably  with inc rease  in the t e mpe ra tu r e  n. 
The analogous dependence of 54, on Up is p resen ted  in Fig. 7 (same notation). The regions  of posi t ive 54, are somewhat 
n a r r o w e r  than the regions  of negative 5S in view of the nega t iveness  of 6E. We note that the na ture  of these curves  for 
a solution of the second type is, as it were,  opposite to that of the curves  for a solution of the third type. Phase 
d i ag rams  of solut ions  of the second and th i rd  types,  const ructed on the bas i s  of the calcula t ions  descr ibed ,  a re  shown 
in Fig. 8, where the regions  of the rmodynamic  ins tabi l i ty  have been shaded. The region of ins tab i l i ty  adjacent  to the 
s t ra ight  l ine Vp = 0 re la te  s to the solut ion of the second type, and the r egion adj acent  to the s t ra ight  l ine Up = 1 r e l a t e s  to 
the solution of the third type. Despite the ex t reme s impl ic i ty  of the la t t ice  employed and the approximateness  of the 
calculat ions,  the shape of these regions is su rp r i s ing ly  close to the shape of the regions of ins tabi l i ty  observed 
exPer imenta l ly  at high t e m p e r a t u r e s  [13]; the r e su l t s  of calcula t ions  are  also in reasonable  agreement  with numerous  
exper imen t s  pe r fo rmed  on very different  sys t ems  (see, for example,  the review in [14]). A s imple  ana lys i s  of 
r e l a t ions  (3.3) also shows that, in accordance with exper iment ,  an i n c r e a s e  in the order  of the dissolved or  diluted 
po lymer  [14] and, equally, an inc rease  in the hydros ta t ic  p r e s s u r e  in the sys tem [15] tend to shift the curves  in Fig. 8 
in the d i rec t ion  of higher  t empera tu re s .  F r o m  an ana lys i s  of re la t ions  (2.1) it follows that for the solut ions considered 
the above-ment ioned effects, "anomalous" f rom the standpoint of the F lory-Huggins  theory,  are  intensif ied as the 
mo lecu l a r  weight of the po lymer  increases ,  which is also cons is tent  with the exper imenta l  data [13-15] .  

,, 

I 

Fig.  6 

I t  is easy to see that  the p r  inc ipa l  rea  son fo r  the d e t e r i o r a t i o n  of so lub i l i t y  w i t h  inc rease in t e m p e r a t u r e  and the 
appearance of a lower c r i t i ca l  mixing  t empe ra tu r e  is  the fact that in th is  t e mpe r a t u r e  region the coefficients  of 
the rmal  expansion (determined by the change of free volume) of the po lymer  and the solvent  are essen t i a l ly  different ,  
In a number  of cases  the t empe ra tu r e  of the solution may even be higher  than the boi l ing point of the pure solvent  [13]. 
The re la t ive ly  expanded state of the solvent at high t e m p e r a t u r e s  causes  a negative contr ibut ion to 5S (and also 5V) 
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when it  i s  used to d i lu te  a r e l a t i v e l y  compac t  p o l y m e r  and v ice  v e r s a ,  in acco rdance  with the view e x p r e s s e d  in [16]. 
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Fig.  7 

These  r e s u l t s  show that  at high t e m p e r a t u r e s  phase  s e pa ra t i on  may  be o b s e r v e d  even in ve ry  di lute  solut ions  of 
a p o l a r  p o l y m e r  in a nonpolar  so lvent  and in nonpolar  p o l y m e r s  containing s m a l l  amounts  of p o l a r  solvent .  
Expe r imen t a l  conf i rmat ion  for  d i lu te  so lu t ions  at o r d i n a r y  (room) t e m p e r a t u r e  is  r e p o r t e d  in [17]. It may  be that  
p r e c i s e l y  th i s  type of s epa ra t i on  occu r s  in c e r t a i n  aqueous d r a g - r e d u c i n g  p o l y m e r  solut ions ,  causing "aging" of the 
p o l y m e r  solut ion with the fo rma t ion  of a he te rogeneous  s y s t e m  of aggrega t ions  of m o r e  concen t ra ted  solut ion in a lmos t  
pure  solvent  [18]. On the o ther  hand, the appea rance  of an upper  c r i t i c a l  mix ing  point  and a reg ion  of t he rmodynamic  
in s t ab i l i t y  at low t e m p e r a t u r e s  is  caused  not by en t ropy ,  but p r i n c i p a l l y  by ene rgy  fac to r s .  The change in the 
dependence  of 5~ on Up for so lu t ions  of the second and t h i r d  types  (sol id  and dashed  l ines ,  r e spe c t i ve ly )  with 
d e t e r i o r a t i o n  of the qual i ty  of the solvent  (i. e. ,  with i n c r e a s e  in the p a r a m e t e r  ~ in (3.5), (3.6)) is  i l l u s t r a t e d  in Fig.  9. 
Clear ly ,  at suf f ic ient ly  low t e m p e r a t u r e s  when ~ > 0 r eg ions  of t h e r m o d y n a m i c  in s t ab i l i t y  of the usual  type appear .  
As the t e m p e r a t u r e  i n c r e a s e s ,  the effect  of "nona the rmic i ty"  (nonzero ~ )  monotonica l ly  d e c r e a s e s .  

04k -~>" I ; 
0 

Fig. 8 

We also cons ider  the change of  the in te rac t ion  paramete r  X wi th  the concentrat ion of the solut ions. Equating 
re la t ions  (1.4) and (1.5), fo r  the ef fect ive value of X in the ease w h e n x  = 0, i .e . ,wX = 0 accord ing to the F1ory -  
Huggins theory ,  we have the e x p r e s s i o n  

�9 t 

Z' = A~o ~ ~'v (i - -  vv) (xvvSv + x~sS~), Vo = vo (v v) (3.7) 

The r e s u l t s  of ca lcu la t ing  the p a r a m e t e r  •  for  so lu t ions  of the second (sol id  l ines )  and th i rd  (dashed l ines)  
t ypes  at v a r i o u s  t e m p e r a t u r e s  n ( f igures  adjacent  to the curves )  a r e  p r e s e n t e d  in Fig.  10. The r e s u l t s  a r e  a l so  
cons i s t en t  with expe r imen t ;  for  example ,  a r ap id  i n c r e a s e  in X with i n c r e a s e  in the concent ra t ion  of p o l a r  solvent  has 
been obse rved  in the case  of so lu t ions  of po ly i sobuty lene  in pentane [13], po lypropy lene  in ke tones  [14], etc.  

- -  

0 

Fig. 9 

Thus, the p r o p o s e d  model  m a k e s  i t  p o s s i b l e  to offer  a p e r f e c t l y  na tu ra l  exp l ana t ion fo r  a l l t he  p r inc ipa l  
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deviat ions  of the behavior  of actual po lymer  solut ions from that predic ted by c lass ica l  F lory-Huggins  s ta t i s t i cs  mere ly  
f rom an ana lys i s  of the free volume of the sys tem,  without in t roducing any more  ref ined ideas about the difference in 
the lengths of the i n t r a -  and in t e rmo lecu l a r  bonds, etc. These effects can be allowed for independently by means  of the 
compress ib le  cell and averaged potential  methods proposed by Prigogine [19]. We note that a t tempts  to apply these 
methods in the theory of po lymer  solut ions have a l ready been made,  for example,  in [12, 16]. 
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Fig. 10 

We now consider  the qual i tat ive laws of po lymer  deformation.  For  s impl ic i ty ,  we confine ourse lves  to the case 
of extension of a block po lymer  (without solvent),  neglect ing the p re sence  of holes and employing the same lat t ice 
geometry  as in cons t ruc t ing  Figs.  3 and 4. Clearly,  if the tens i le  load r i nc r e a se s  re la t ive ly  slowly, and the 
cha rac t e r i s t i c  t ime  of this  p rocess  is much g rea t e r  than the re laxat ion  t imes  of the system,  the po lymer  will pass  
success ive ly  through a set of equ i l ib r ium s ta tes  cor responding  to i nc r ea s ing  va lues  of r ,  so that the p rocess  of 
deformat ion is also an equ i l ib r ium process .  Obviously, this behavior  is typical  at high t empera tu re s ,  and in this ease 
the s t ruc tu ra l  cha r ac t e r i s t i c s  of the s ta tes  of the sys tem (the f ract ions  mi* of bonds or iented in different  d i rec t ions ,  
the s ta t i s t ica l  weights of the folded i somer s  f i ,  etc.) can be calculated by the method proposed in w In order  to 
obtain the dependence of the re la t ive  elongation X on the load r it is mere ly  ne c e s sa r y  to be able to re la te  X with the 
values  of the above-ment ioned s t ruc tu ra l  cha rac t e r i s t i c s .  In pr inciple ,  t h i s  can be done using the general  methods of 
configurat ional  s ta t i s t i cs  of po lymer  molecules  descr ibed  in [5]. Here, for the purposes  of a qual i tat ive es t imate ,  we 
employ a s imple  approximate  de te rmina t ion  of X assuming  an approximate ly  Gauss ian  d i s t r ibu t ion  of the i s o m e r s  along 
the molecu la r  chains.  We then have 

wri te  

k(z) = L(0)-Z(L(T) - -  L(0)) ,  L(T) ~ h(Vz.: - -  Az; + Az~) 

L(0) ~ hlfE0, Z~ = ml(~) + ~_l(~), Az~ = ml(~) -- m_z(~) (3.8) 

Introducing the coefficient q)l(~-) and (p2(7), which can eas i ly  be computed from the express ions  given in w we 

~(~) = ~1(~) / t:~0~, ~(~) = ~(~) / ~p~(0) (3.9) 

It follows f rom (3.9) that for equ i l ib r ium deformat ion  the shape of the X(r) curves  is s i m i I a r  to the shape of the 
(o(T) curves .  The equ i l ib r ium X(7) curves  at three  t e m p e r a t u r e s  T o > T 1 > T 2 are shown qual i ta t ively in Fig. 11 
(curves  0, 1, 2, respect ively) .  Clearly,  the theory based on the proposed model dif fers  from the "gas" theory of high 
e las t ic i ty  of amorphous po lymers  [5, 20] in three  basic  respec ts :  the inc lus ion  of energy changes dur ing deformat ion  
resu l t ing  from the change in the total number  of folded i s o m e r s  (this effect was prev ious ly  invest igated in [10, 11] for 
isolated chains), al lowance for deviat ions f rom Gauss ian  d i s t r ibu t ion  as the po lymer  molecules  approach the state of 
max imum extension,  and, moreover ,  allowance for cooperat ive effects in a lat t ice occupied by const ra ined po lymer  
molecules ,  which, as it is easy to see, play a ve ry  cons iderable  role  in the development  of large deformat ions .  These 
d is t inc t ions  are  respons ib le  for the deviat ion of the h igh-e las t i c  s t ra in  curves  in the d i rec t ion  of s m a l l e r  X as 
compared with the curves  cor responding  to the c l a s s i ca l  theory (a detai led physical  d i scuss ion  of the poss ib le  reasons  
for this  deviat ion may be found in [5]). For  example,  in Fig. 11 the curve 1' ,  desc r ib ing  the deformat ion  of a po lymer  
at a cer ta in  m '  < m at t empe ra tu r e  TI, is compared with a typical  curve following from the gas theory (dashed line). 

In real i ty ,  the h igh-e las t i c  s t r a i n s  of actual po lymers  are usual ly  essen t i a l ly  nonequi l ibr ium,  equ i l ib r ium being 
attained only in the l imit ,  when the load ~- va r i e s  slowly, or at ve ry  high t e m p e r a t u r e s  (see, for example,  [21]). 
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There  have been numerous  a t tempts  to take this  nonequi l ibr ium effect  into account,  both phenomenological ,  within the 
f r a m e w o r k  of the theory  of v i scoe la s t i c i ty ,  based on the int roduct ion of a re laxa t ion  spec t rum,  and physical ,  
a s soc ia ted  with the cons t ruc t ion  of specia l  models .  An example  is the work of C i f e r r i  and Hermans  [22], in which the 
nonequi l ibr ium effec ts  a re  de sc r ibed  by in t roducing ce r t a in  " lab i le"  nodes in the m o l e c u l a r  network (entanglements ,  
etc.) .  Here ,  we examine  a s imple  model ,  in which the p r e s e n c e  of i n t e r m o l e c u l a r  in te rac t ions  in the sys tem is  
r e spons ib le  for  the format ion  of labi le  nodes. 

% 

Fig. 11 

In accordance  with E y r i n g ' s  theory  of absolute  reac t ion  r a t e s  [23], the probabi l i ty  of the fluctuational 
d i sp l acemen t  of a segment  of a p o l y m e r  molecu le  acted upon by a fo rce  T can be r e p r e s e n t e d  in the form 

q(~) N e -% a = [ (z  - -  2 ) s '  - -  ~I] (kT)  -1 ,  s '  N s p p ,  

I N h (3.10) 

Here ,  (z - 2)e'  - Tl is the e f fec t ive  potent ial  b a r r i e r  that mus t  be ove rcome  to p e r m i t  the d i sp lacement  in 
quest ion.  The mean d imension  of the por t ion  of a m o l e c u l a r  chain, e x p r e s s e d  as the number  of segments  #, that can 
r e l a t i ve ly  rapidly  change its conf igurat ion in a fo rce  field, is  e s t ima ted  as follows: 

~ ~ I~'q (~F" -- (~ _ e_~) ~. (3.11) 

The dependence of # and T at va r ious  t e m p e r a t u r e s  is r e p r e s e n t e d  qual i ta t ive ly  in Fig. 12a. As T ~ T. = (z - 
- 2)s'/-'1 these  cu rves  go to infinity. However ,  if # is  bounded above by the s ize  of the mo lecu l e s  (or the spacing 
between c ross l inks )  m, the t rue  #(T) cu rves  approach the s t ra ight  line # = m (dashed l ines  in Fig. 12a). Fo r  example ,  
at the t e m p e r a t u r e  T1 let  #(0) = m '  (curve  1'  in Fig. 11). As T i nc r ea se s ,  the s ize  of the autonomous chains ~(~r) 
i n c r e a s e s  in accordance  with the c u r v e s  in Fig. 12a, and the X(r) curve  dev ia tes  f rom curve  1' in the d i rec t ion  of 
curve  1 in Fig. 11 co r respond ing  to g = m, acqui r ing  a c h a r a c t e r i s t i c  S shape. At r ~ % the deformat ion  curve  T1 
and cu rve  1 a lmos t  m e r g e  (we note that if  m r e p r e s e n t s  the length of the mo lecu l e s  in a po lym er  without e ros s l i nks ,  at 

high va lues  of ~- p las t ic  i r r e v e r s i b l e  de fo rmat ion  or  v i scous  flow, which, of course ,  is not de sc r ibed  by the cu rves  in 
Fig. 11, may be observed) .  It is easy  to see  that  curve  1 in Fig. 11 is s i m i l a r  in shape to the expe r imen ta l  cu rves  [51. 
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Let us consider the deformation of the same polymer at other temperatures. At T 2 < T I let the polymer be in 
the glassy state, so that at small T the deformation is basically determined only by the change in the lengths of the 
i n t r a -  and i n t e r m o l e c u l a r  bonds, while the mobi l i ty  of the units of the m o l e c u l a r  chain i s  l imi ted  and # f rom (3.11) is 
a lso  v e r y  smal l .  As T i n c r e a s e s  in the reg ion  T ~ T, the quantity ix f r o m  (3.11) should i nc r ea se  sharply,  causing an 
equal ly  sharp  i n c r e a s e  in the de fo rmat ion  X(T) (see  the curve  marked  T 2 in Fig. 11). Obviously, this co r r e sponds  to 
the forced  e l a s t i c  deformat ion  of the g lassy  po lym er  at high s t r e s s e s .  

The model  proposed  also makes  it poss ib le  to explain the phenomenon of t h e r m o e l a s t i c  invers ion  assoc ia ted  with 
the s t re tch ing  of a po lymer  [5]. As an example ,  suppose that at the t e m p e r a t u r e  T o > T1 a po lymer  is s t re tched  under  
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a lmost  equ i l ib r ium conditions,  i . e . ,  in accordance  with curve  0 in Fig. 11. It is e a s y t o  see tha twhenk  < k i and~ <~i 
r a i s ing  the t e m p e r a t u r e  f rom T 1 to T o causes  a d e c r e a s e  in the s t r e s s  7 at X = const or  an i n c r e a s e  in X at ~- = const. 

In the reg ion  h > Xi, ~- > ~i the opposite  i s  t rue .  

The curves  in Figs.  11 and 12a make it poss ib le  to cons t ruc t  the t he rmomechan ica l  cu rves  of the po lymer - - t he  
dependence of X on T at constant  T. An example  of such a curve  is p re sen ted  in Fig. 12b; its shape is s i m i l a r  to the 
shape of the co r respond ing  expe r imen ta l  cu rves  [7]. At l a rge  T v i scous  flow may develop in a noncross l inked  po lymer  
(solid line) or  (in the case  of a c ross l inked  po lymer)  the re  may be a ce r ta in  d e c r e a s e  in X with fur ther  i n c r e a s e  in 
t e m p e r a t u r e  (dashed l ine in Fig. 12b). 

We note that in the deformat ion  of amorphous p o l y m e r s  a ce r ta in  ro le  is  also played by effects  assoc ia ted  with 
the compet i t ion  between individual mo lecu le s  in the p roce s s  of spat ia l  or ientat ion,  which make an additional 
contr ibut ion to the total  entropy of the sys tem.  These  ef fec ts  were  examined in [24]; we note that they can eas i ly  be 
taken into account within the f r amework  of the proposed  model.  

Let  us b r ie f ly  d i scuss  the effect  of the p a r a m e t e r s  of the sys t em and the ex te rna l  load on phase t r a n s f o r m a t i o n  
in amorphous  po lymers .  The theory  of equ i l ib r ium c rys t a l l i za t ion  and mel t ing  of p o l y m e r s  was developed by FIory  [4]; 
taking the t o r s iona l  v ibra t ions  into account made it poss ib le  to obtain r e su l t s  v e r y  s i m i l a r  to those observed  
expe r imen ta l l y  for  polyethylene [5]. Cer ta in  impor tant  new fac tors ,  not desc r ibed  in [4, 5], a re  taken into account in 
the proposed  theory:  these  a re  the p r e s e n c e  of a f ree  volume in po lymer  solutions and the change in the s t ruc tu re  of 
the equ i l ib r ium s ta tes  in the d i r ec t ion  of an in tens i f ica t ion  of or ienta t ion  in the p r e s e n c e  of an ex te rna l  load. An 

analys is  shows that the p r e s e n c e  of a f ree  vo lume somewhat  fac i l i t a tes  the random packing of the po lymer  mo lecu l e s  
and r educes  the mel t ing  point or  c rys t a l l i za t ion  point in equ i l ib r ium p r o c e s s e s .  On the other  hand, the p r e f e r r e d  
or ienta t ion  of the mo lecu l e s  dur ing deformat ion  (espec ia l ly  in tens ion  and to a l e s s e r  ex ten t ' in  compress ion )  r educes  
the number  of p e r m i s s i b l e  random packings and i n c r e a s e s  the Gibbs function of the sys tem,  thereby  ra i s ing  the phase -  
t r ans i t ion  t e m p e r a t u r e .  This is  conf i rmed by the expe r imen ta l  data on the forced c rys ta l l i za t ion  of s t re tched  rubbery  
m a t e r i a l s  and is consis tent  with the accepted view [5]. 

1 
J 

J -" ",'j, f 

Fig. 13 

There is as yet no unanimity concerning the nature of the glass-transition effect and the corresponding 
temperature Tg, apparently because of the ambiguity of the various methods of determining Tg and the effect on them 
of the kinetic characteristics of the processes used in different experiments. Thus, for example, some authors deny 
that glass transition is essentially a second-order phase transformation (for example, [5, 25]), whereas others 
ascribe to it the properties of a phase transition of not only second, but first order [26]. Here, by the temperature Tg 
we understand the temperature of an Ehrenfest second-order phase transition in accordance with the glass-transition 
theory of Gibbs and Di Marzio [9], as mentioned at the end of w We note that most of the arguments of the partisans 

of a purely kinetic approach to the glass-transition problem enumerated, for example, in [5], confirm rather than 
refute the point of view expressed in [9]; in particular, the basic argument concerning the dependence of the glass- 
transition temperature, determined experimentally, on the rate at which the experiments are carried out is directly 
related with the hypothesis of [9] and, in fact, follows from it. Moreover, the true phase transition may be masked in 
the experiments not only by the influence of kinetic factors but also, for example, as a result of the degeneracy of 

the torsional vibrations, which persists even in the glassy state as the temperature is further reduced, as noted by 
U e b e r r e i t e r  [26]. 

The r e l a t ions  given in w167 and 2 make it poss ib le  to e s t ima te  the effect  on Tg of a va r i e ty  of fac tors .  Here  we 
cons ider  only two p a r t i c u l a r l y  s ignif icant  examples .  We f i r s t  inves t iga te  the dependence of Tg on the concent ra t ion  Vp 
of an i so t rop ic  solution of a p o l y m e r  in i ts  own m onom er  (solution of the f i r s t  type). Neglect ing,  for s impl ic i ty ,  the 
f ree  volume and taking z = 4, a f te r  s imple  computat ions we obtain the e s t ima te  
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s ' =  k lnW'N~l (vp) - -~2( ] ) ,  T I :  - -vp-l( i - -vp)  ln(t--~p) 

�9 ~ :  ~.-{-] ln f -[- (t -- f) in (t -- f) -- /ln (z -- 2) 

The functions ~ i a r e  p r e s e n t e d  in Fig.  13; when Ae > O we have f < 2/3,  so that  in the reg ion  f > 2 /3  the curve  
~I'2(f) i s  m e a n i n g l e s s  (dashed l ine  in Fig.  13). Accord ing  to [9] g l a s s  t r a n s i t i o n  occur s  at S' ~ 0, i .e . ,  ~l(Vp) ~ ~2(fg), 
where  f g  = fg (vp)  is  the root  of the l a t t e r  equation.  The quant i ty  f g ( r p )  i s  e a s i l y  d e t e r m i n e d  f rom Fig.  13; f rom the 
e x p r e s s i o n  for  f in w the re  then fol lows 

~he g - = -  ln-X ( z  t /g  (vv) - -  2 ~ - - / ~  (vv) ] 
(3.12) 

which f inal ly  g ives  the t e m p e r a t u r e  Tg. The dependence  of Tg (3.12) on Up is p r e sen t ed  in Fig.  14. Clear ly ,  in 
acco rdance  with e x p e r i m e n t s  on p o l y m e r s  that  swel l  in good so lven ts  [17], at suff ic ient ly  l a r g e  Vp the t e m p e r a t u r e  Tg 
depends  a lmos t  l i n e a r l y  on Vp. In the p r e s e n c e  of swel l ing  in poor  solvents ,  s t a r t i ng  f rom a c e r t a i n  Up, the 
t h e r m o d y n a m i c  s t ab i l i t y  of the s y s t e m  is  d i s t u rbed  and s e pa ra t i on  t a k e s  p lace ,  so that the p l a s t i c i z e r  in t roduced 
begins  to p lay  the p a r t  of an i n t e r s t r u c t u r a l  l ub r i can t  [17]. In th is  case  the fal l  of Tg ceases ,  which is convent ional ly  
r e p r e s e n t e d  in Fig.  14 by the dashed  l ine AB, a jump B ~ C being p o s s i b l e  when t h e r m o d y n a m i c  s tab i l i ty  is  a t ta ined 
in the reg ion  of c o m p a r a t i v e l y  s m a l l  Up. We note that  the t e m p e r a t u r e  Tg thus d e t e r m i n e d  r e l a t e s  to the s tab le  phase  
in the he te rogeneous  s y s t e m  obtained;  for  th is  s y s t e m  as  a whole a f o r m u l a  of the (3.12) type i s  i n c o r r e c t ,  and an 
i n t e r s t r u c t u r a l  l ub r i can t  may  cause  a fal l  in the ef fec t ive  g l a s s - t r a n s i t i o n  t e m p e r a t u r e  even in the reg ion  of cons tancy 
of Tg for  homogeneous  s t r u c t u r e s  A - B .  

o =4 1-,p 

Fig.  14 

W As a second  example  we wil l  cons ide r  the dependence  of the g l a s s - t r a n s i t i o n  t e m p e r a t u r e  g ,  d e t e r m i n e d  f rom 
the beginning of f o r ced  e l a s t i c i t y  of the g l a s s y  p o l y m e r ,  on the t ens i l e  load T. Accord ing  to (3.11), at suff ic ient ly  low 
t e m p e r a t u r e s  forced  e l a s t i c i t y  begin s at 

(z -- 2)s' - -  .rl ~ k T g ' ,  T. e. Tg '  = C1 - -  C~'r, Ci = const 

which c o r r e s p o n d s  exac t ly  to the e m p i r i c a l  equat ions  for  va r ious  p o l y m e r s  e s t a b l i s h e d  in [27]. 
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