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The effect  of the fundamental  mo lecu la r  p a r a m e t e r s  on the behavior  of po lymers  in the r e -  
gion of the r u b b e r l i k e - e l a s t i c i t y  plateau is analyzed to find "cor responding  s t a t e s "  of d i f -  
f e ren t  po lymer s  and methods for  reducing the exper imenta l  data to a genera l ized  form.  

The core  p rob lem in the desc r ip t ion  of the v i scoe la s t i c  p rope r t i e s  of po lymer s  is to de te rmine  the 
p a r a m e t e r s  that can be used to c h a r a c t e r i z e  thei r  individual f ea tu res  as  s imply  as  poss ible ,  along with 
functions that predic t  the dependence of the p rope r t i e s  of po lymer s  on their  mo lecu la r  s t ruc tu re  and the 
p a r a m e t e r s  of wha tever  ex terna l  influences a r e  felt. The var ia t ion  of the v i scoe las t i c  p rope r t i e s  as a 
function of the t e m p e r a t u r e  and t ime is s i m i l a r  for  many  amorphous  l inear  po lymer s ,  so that  the p rob lem 
reduces  to the se lec t ion of "cor responding  s t a t e s , "  in which the po lymer s  a r e  mechan ica l ly  equivalent.  
This p rob lem has been expounded in the l i t e r a tu re  s ince 1939, at  which t ime  A. P. Aleksandrov and Yu. 
S. Lazurk in  demons t ra ted  the equivalent  influence of t e m p e r a t u r e  and cyclic  deformat ion  f requency on the 
p rope r t i e s  of a po lymer  [1]. This  r e su l t  was la te r  fo rmula ted  as  the pr inciple  of t e m p e r a t u r e - t i m e  or 
t e m p e r a t u r e - f r e q u e n c y  superpos i t ion  and acquired  signif icant  development  in the schools  of F e r r y  [2] 
and Tobolsky [3]. Also of cons iderab le  theore t ica l  impor t ance  is the equivalence of the t e m p e r a t u r e  de-  
pendences of the re laxa t ion  t imes  of va r ious  po lymer s  for  a p roper  choice of normal iza t ion  t e m p e r a t u r e  
[4, 5]. 

In r e s e a r c h  on the  p rope r t i e s  of po lymers  in the 'f luid s ta te  the pr inciple  of " logar i thmic  addi t ivi ty" 
has  been es tabl i shed [6], and it has been shown [7] that the v i scoe las t i c  p rope r t i e s  of l inear  po lymers  in 
the fluid s ta te  a r e  de te rmined  p r i m a r i l y  by two individual p a r a m e t e r s ,  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  
Tg and the number  of segments  N = M / M c ,  where  M is the molecu la r  weight of the po lymer  and M c is the 
c r i t i ca l  mo lecu la r  weight cor responding  to the fo rmat ion  of a t h ree -d imens iona l  l inkage configurat ion [8, 
9]. Then, adopting the quanti t ies  Tg and N as  the a rgumen t s  of the v i scoe las t i c  c h a r a c t e r i s t i c s ,  one can 
der ive  a se t  of un iversa l  functions cha rac t e r i z ing  the pr incipal  f ea tu res  of the behavior  of l inear  po lymers  
in the fluid state.  

It has been es tabl ished in the invest igat ion of po lymer s  in the g las sy  s ta te  that the v i scoe las t i c  p rop-  
e r t i e s  depend only sl ightly on the molecu la r  c h a r a c t e r i s t i c s  of the po lymers  [2, 3]. Also,  the e las t ic  
modulus of g l a s s y  po l ym er s  is of the o rder  101~ d y n / c m  2, i r r e s p e c t i v e  of the nature  of the po lymer  chain 
[10]. 

The rubber l ike  e las t ic  s ta te  is the mos t  c h a r a c t e r i s t i c  s ta te  of po lymers .  It occurs  in definite ranges  
of t e m p e r a t u r e s  or appl icat ion t imes ,  when the deformat ions  of the po lymers  turn  out to be mainly  i r -  
r e v e r s i b l e ;  this i r r e v e r s i b i l i t y  has an entropy cha rac t e r .  The rubber l ike  e las t ic  s ta te  has been m e a g e r l y  
studied in the case  of uncross l inked  po lymers .  

The rubber l ike  h igh-e las t i c i ty  s ta te  is manifes ted  in the t e m p e r a t u r e  and f requency dependences  of 
the e las t ic  modulus,  as  we know, by what we call  the r ubbe r l i ke - e l a s t i c i t y  plateau. It is a l so  well  known 
that the width of this plateau i n c r e a s e s  with the molecu la r  weight [11]. For  different  po lymers ,  however,  
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T A B L E  1. C h a r a c t e r i s t i c s  of the  I n v e s t i g a t e d  P o l y m e r s  

Polymer 
Microstructure~ 

Itrans_ ~ cis- 1,2 
Catalyst** 

Pol~butadiene PB-2 0,89513,421 3,72 11,12 40,5 33,5 26 [ 193 1 s. 
1:26 / i80 I Polybutadiene PB-3 1 63 1,43 11,1 47,2 44 

Polybutadiene PB-4 1,02..11 ! 44 42 I I 180 1 n-BuLf 
Polystyrene 1,05 --  8,6"t'fll Atactic /388 / - -  - -  

*The value of I~ 1 was determined for solutions in toluene at 25"C. 
1"The molecular weights of the polybutadienes were calculated according to the equation 

I r/ I = 1.56.10"4M ~ starting with the values found for I~ ](see [12). 
$ The microstructure was determined by infrared spectroscopy. 
**All the samples were prepared by anionic polymerization from "live* chains. 
t~fThe sample was prepared at the Mellon Institute in the USA; the molecular weight data 

were fumished by the Institute. 

T A B L E  
a t u r e s  (~K) 

2. In i t i a l  V i s c o s i t y  of P o l y b u t a d i e n e s  a t  V a r i o u s  T e m p e r -  

M.,o..- i i~176  I 217,5 225 233,5 254 293 315 334 353 371 

38 ] 1260 295 [ 115 ] 18,6[ 1,26 I 
. . . .  200  7 ,5 

the  r e l a t i o n s h i p  b e t w e e n  the  m o l e c u l a r  c h a r a c t e r i s t i c s  and width  of the  r u b b e r l i k e - e l a s t i c i t y  p l a t eau ,  on 
the  one hand,  and the  he igh t  of the  p l a t eau ,  on the  o t h e r ,  has  been  i n v e s t i g a t e d  by  d i v e r s e  m e t h o d s  and 
wi th  o b j e c t s  hav ing  d i f f e r e n t  m o l e c u l a r  we igh t  d i s t r i b u t i o n s  (MWD's) .  F o r  th i s  r e a s o n  i t  i s  i m p o s s i b l e  
to c o m p a r e  the  da ta  ob ta ined  by d i f f e r e n t  a u t h o r s  in o r d e r  to de ve lop  g e n e r a l  l aws .  

The  p r e s e n t  a r t i c l e  i s  c o n c e r n e d  wi th  the  i n v e s t i g a t i o n  of the  e f fec t  of the f u n d a m e n t a l  m o l e c u l a r  
p a r a m e t e r s  on the b e h a v i o r  of p o l y m e r s  in  the  r e g i o n  of the  r u b b e r l i k e - e l a s t i c i t y  p l a t e a u  in  o r d e r  to f ind 
" c o r r e s p o n d i n g  s t a t e s "  of un l i ke  p o l y m e r s  and m e t h o d s  fo r  the  r e d u c t i o n  of the  e x p e r i m e n t a l  da t a  to a 
g e n e r a l i z e d  f o r m .  

We used  p o l y m e r s  hav ing  v a r i o u s  cha in  r i g i d i t i e s  and n a r r o w  M W D ' s ,  so  tha t  t hey  could  be  r e g a r d e d  
a s  e s s e n t i a l l y  m o n o d i s p e r s e ,  thus  p r e c l u d i n g  the  in f luence  of the  MWD and conf in ing  the  i n v e s t i g a t i o n  to 
the  i n f luence  of the  l eng th  and r i g i d i t y  of the  p o l y m e r  cha in  ( i .e . ,  the  n u m b e r  of s e g m e n t s )  on the  v i s c o -  
e l a s t i c i t y  in  v a r i o u s  t e m p e r a t u r e - t i m e  d e f o r m a t i o n  r e g i o n s .  

EXPERIMENTAL METHOD 

The objects of our study were potybutadiene and polystyrene having a polydispersity ratio no greater 
than I.i. The latter was determined by ultracentrifuge sedimentation rate measurements. The physico- 
chemical characteristics of the samples are listed in Table I. The densities of the polybutadienes at vari- 
ous temperatures were found with the use of the bulk expansion coefficient given in [13], 7.5.10 -4. Our 
antioxidants were N-phenyl-N'-isopropyldiamine (for the PB-I and PB-2 samples) and ionol (for the PB-3 
and PB-4). The temperature dependence of the density was taken from [14] for polystyrene. The glass- 
transition temperatures of all the samples were determined from the position of the loss maximum at a fre- 
quency of I Hz by means of a torsional pendulum executing freely damped oscillations. 

The torsional pendulum used in the investigation is described in [15]. The dynamical characteristics, 
i.e., the elastic modulus G' and mechanical loss tangent tan 5, were calculated from the measurement re- 
sults by conventional methods (see, e.g., [16]). 

We obtained the dynamical characteristics over a wide frequency range by the temperature-frequency 
superposition method, plotting the dependence of the reduced modulus G~e = G'(P0T0/pT) on the reduced 
frequency wa T (where p and P0 are the densities of the polymer at temperatures T and To; w is 
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Fig. 1. Reduced elast ic modulus G~e ve rsus  r e -  
duced f requency for polybutadiene PB-4 at 265 (1) 
and 220~ (9.), and for polystyrene at 473~ (3). 

I 
Coordinates log (Gre), dyn/cm2;  log (coaT) , see -1. 

TABLE 3. Coefficients of theWLF Eq uat ionfor  
the Adopted Reduction Tempera tu r e s  

Polymer I rg 
/ 

PB-1, FB-2 } 193 
PB-3, PB-4 t 180 

I c0 /c0  
236 [ 5,9 ] 85,5 
220 6,9 102 

the cycl ic  frequency; and a T is the t empera -  
ture  coefficient of shear). 

In l o g - l o g  coordinates the major i ty  of the 
! 

graphs of Gre ve r sus  co were essent ia l ly  para l -  
lel to the horizontal  axis and could not be used 
to determine the shear  coefficient a T of the 
curves  along the axis over the entire t empera -  
ture range. 

We used the following methods to determine the functions aT(T ). It is well known (see, e.g., [8]) that 
a T is independent of the molecular  weight of polymers  with M > Mc. Then the coefficient a T can be de te r -  
mined at var ious  t empera tu res  f rom the express ion  a T = (~T/~/T0)(P0T0/pT) (where ~T and VT ~ a re  the 

initial v iscos i t ies  of the polymer at t empera tures  T and To) , by using the tempera ture  dependence of the 
v i scos i ty  for samples  in which such measurements  a re  re la t ively easy  to perform.  

The foregoing method was used to determine the function aT(T ) for the PB-3 and PB-4 samples.  
The values of the initial v iscos i ty  r/0 were  determined on a cons tan t -p res su re  capi l lary  v i scos ime te r  [17]; 
at  low tempera tures  we used a polybutadiene sample with M = 3.8 �9 104 whose mic ros t ruc tu re  was close to 
that of PB-3 and PB-4. The result ing data a re  summar ized  in Table 2. 

F r o m  these data we calculated the coefficients a T and, assuming that the function aT(T ) is descr ibed 
by the well-known W i l l i a m s - L a n d e l - F e r r y  (WLF) equation [2], we plotted the dependence of (T - T0) 
/ l o g a  T on (T - To). F r o m  the graph of this dependence, which fo rms  a s t ra ight  line, we determined the 
coefficients C 1 and C 2 in the WLF equation. 

For the PB-I and PB-2 samples we determined the coefficients C i and C 2 in the WLF equation by 
the same method, except that, due to the absence of low-molecular samples having a similar micro- 
structure, we determined the values of loga T directly by shifting the dependences Gre(W ) along the fre- 
quency axis in the temperature range from 260 to 373~ 

For the polystyrene (PS) we borrowed the function aT(T - TO) from [18]. 

The reduction temperature T O for the various polymers was determined on the basis of the condition 
To/Tg = const, which, as will be shown presently, guarantees the analysis of the fundamental rubberlike 
elasticity characteristics of polymers in "corresponding states." The choice of values for the reduction 
temperature was dictated by the fact that the viscoelastic properties of PS, according to published data 
[18], are known for T o =473~ i.e., for T0/Tg = 1.22. The values of Tg at a frequency of I Hz, To, and 
the coefficients C~ and C O of the WLF equation for the investigated polybutadiene samples are given ~n Table 
3. 

RESULTS AND DISCUSSION 

It is cus tomar i ly  assumed that the coefficients in theWLF equation a re  "universal"  for calculations 
of the shear  t empera ture  coefficient a T. Then, at a tempera ture  differing f rom the g lass - t rans i t ion  point 
by a cer ta in  amount (at T = Tg + AT), the relaxat ion t imes must  decrease  relat ive to the relaxation t imes 
at  Tg in the same proport ion for  different polymers .  It is not c lear ,  however, whether the different poly- 
mer s  turn out to be equivalent at Tg + AT with respec t  to the regions of t ransi t ion f rom the rubberl ike to 
the fluid and glassy  states when all three regions a re  est imated f rom the frequency scale. Inasmuch as the 

! 
curves  for Gre(coaT) a re  s imi la r  for  d i ss imi la r  l inear polymers ,  in order  to solve this problem it is neces -  
s a r y  to determine on those curves  charac te r i s t i c  points in the transit ion regions f rom the rubberl ike to 
the fluid and g lassy  states.  If these charac te r i s t i c  points on the curves for  Gre' (COAT) occupy the same 
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t Fig. 2. Normal ized  e las t ic  modulus Gpl .  Z e {a) and mechanica l  
loss  tangent (b) v e r s u s  reduced f requency a t  T o = 1.22 Tg for  poly-  
s ty rene  (1) and polybutadiene PB--4 (2). The numbers  at tached to 
the cu rves  indicate the number  of dynamic  segments  in the poly-  
m e r  chains. Coordinates  log (G~I. Ze), dyn/cm2;  log (COaT) , sec  -t .  

posi t ion on the f requency  sca le  for  different  p o l y m e r s ,  then these  po lymer s  may  be r ega rded  as equivalent 
f r o m  the standpoint of the i r  rubber l ike  t rans i t ion  tendency. 

Let  us examine the exper imenta l  data for  PS and PB-4 (Table 1), p roces sed  so that  the reduct ion 
t e m p e r a t u r e  in both cases  d i f fers  by the s a m e  amount.  This c i r c u m s t a n c e  is i l lus t ra ted  in Fig. 1, for  which 
the reduct ion t e m p e r a t u r e  was a s sumed  equal to 473~ PS and to 265~ for  PB, i .e. ,  in both cases  the 
reduct ion t e m p e r a t u r e  was Tg + 85 ~ 

We note f i r s t  of all  that  the in te rva l  of rubber l ike  e las t ic i ty  for  monod i spe r se  po lymers  co r re sponds  
to an a lmos t  constant  value of the modulus G~e. It is a wel l -known fact  that the t rans i t ion  reg ion  f r o m  the 
rubber l ike  to the g las sy  s ta te  is v i r tua l ly  independent of the molecu la r  weight and is the re fo re  specif ic  to 
a pa r t i cu la r  po lymer  homologous s e r i e s .  We denote the beginning of this t rans i t ion  by the point COg, which 
we de te rmine  f r o m  the graph of G~e(coaT) as  the value of CO at which the tangent to the graph of G~e(coa T) 
a t  high f requenc ies  r e aches  10 ~ . Taking into account  the essen t ia l ly  inconsequential  va r ia t ion  of the modulus 
in the vicini ty of the rubbe r l i ke - e l a s t i c i t y  plateau,  we specify  i ts  low-f requency  l imit  ( transi t ion into the 
fluid state) as  the f requency  cof at  which G~e d e c r e a s e s  0.2 of a dec imal  o rde r  (i.e., by 1/1 .6)  re la t ive  to 
i ts  value at  co = COg. This  definit ion of the plateau l imi ts  is conditional, but all  that m a t t e r s  in the presen t  
study is  that  the a s s e s s m e n t  p rocedure  be cons is tent  for  the var ious  po lymers .  Thus, the cha r ac t e r i s t i c  
point COg re f l ec t s  the specia l  f ea tu res  of the po lymer  homologous s e r i e s ,  i .e . ,  it is re la ted  to the s eg -  
menta l  p rope r t i e s  of the po lymer  chain, and the influence of the molecu la r  weight on the width of the plateau 
is  re f lec ted  in the dis tance of COl f r o m  the point cog on the f requency  scale .  The dependence of COg on the 
segmenta l  p rope r t i e s  is a consequence of the fact  that  the rubbe r l i ke -e l a s t i c i t y  plateau degenera tes  as the 
molecu la r  weight of the po lymer  d e c r e a s e s .  The f requency ~f  moves  c lose r  to COg with dec reas ing  m o l e c -  
u la r  weight. In the l imi t  as  the molecu la r  weight c o r r e s p o n d s  to the onset  of the plateau, cof m e r g e s  with 
COg. Then cog turns  out to be an in t r ins ic  c h a r a c t e r i s t i c  of the v i scoe las t i c  p rope r t i e s  of a po lymer  whose 
mo lecu l a r  weight is equal to the " segmenta l "  molecu la r  weight for  the po lymer  homologous se r i e s .  

It is apparen t  f r o m  Fig. 1 that with reduct ion to T O = Tg + 85 ~ the value of COg for  polybutadiene is 
2.1 dec imal  o rde r s  higher than for  polys tyrene.  Consequently,  the reduct ion to T o = Tg + eonst  does not 
guaran tee  the equivalence condition for  different  p o l y m e r s  in the sense  that the cha r ac t e r i s t i c  t rans i t ion  
to the g las sy  s ta te  for  the di f ferent  po lymer s  will be observed  at  the s a m e  frequency.  

We t h e r e f o r e  choose for  the polybutadienes a reduct ion t e m p e r a t u r e  T o such that the complete  a t -  
t a inment  of the rubber l ike  e las t ic  s ta te  co r r e sponds  to the s ame  f requency  as  for  polys tyrene,  i .e. ,  in 
both ca se s  we let  logCOg = 3.2. The value of logCOg 3.2 is  at tained for  PB-4 a t  a reduct ion t e m p e r a t u r e  
of 220~ A c o m p a r i s o n  of the reduct ion t e m p e r a t u r e s  for  polys tyrene  {473~ and PB--4 (220~ with the 
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T A B L E  4. 

Polymer M o  ;vI e z e 

Polystyrene 104 1,94.104 I 187 
Polybutadiene PB-4 54 2,0.103 37 
Poly-a-methylstyrene 118 1,2.104 101,6 

* The values of @1 are based on the data of [20]. 

C h a r a c t e r i s t i c  P a r a m e t e r s  fo r  V a r i o u s  P o l y m e r s  

10 ~ " 2 G '  Z 10 ~ ~ ' . -  - dvn/cml nl' e" " '  p . t  �9 J r - 

, dyn/cmZ .. 

2,0 [ 3,74 
8,7 1 3,22 
3,4 I 3,46 

T A B L E  5. R e l a t i o n s h i p  b e t w e e n  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  and M o n o m e r - E l e m e n t  M o l e c u l a r  We igh t  of V a r i o u s  P o l y -  
mers 

No. 

4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

Polymer 

Polybutadiene (14~ 1,2-; 42% trans-; 
44070 cis-) 

Polybutadiene (8:8% 1,2-; 44% trans-; 
47.2~ cis-) 

Polybutadiene (28% 1,2-; 31.5~ trans-; 
40~o cis-) 

Polystyrene 
cis-Polyisoprene 
Polyvinylacetate 
Polyisobutylene 
Polybutadiene (70% 1,2-; 30% 1,4-) 
Polyvinylmethyl ether 
Polyvinylethyl ether 
Potyvinylpmpyl ether 
Polyvinyl-n-butyl ether 
Polymethylacrylate 
Polyethylaerylate 
Polybutylacrylate 
Polyvinylchloride 

Tg 

180 

180 

193 

388 

223 

306 

225 

236 

263 

256 

246 

241 

298 

268 

239 

363 

Mo 

54 

54 

54 

104 

68 

86 

56 

54 

58 

72 

86 

i00 

86 

I00 

128 

62.5 

Tg/Mo 

3.34 

3.34 

3.57 

3.73 

3.28 

3.56 

4.01 

4.37 

4.53 

3.56 

2.86 

2.41 

3.47 

2.68 

1.87 

5.8 

Note: The values for Nos. 1-4 are taken from the results of the present study, for 
Nos. 5-16 from [21]. In every case the values of Tg were measured by the dyna- 
mic method at a frequency of 1 Hz. 

c o r r e s p o n d i n g  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 s  y i e l d s  the  r a t i o  T o / T g  = 1.22. Ana logous  r a t i o s  w e r e  o b -  
t a i ned  f o r  the  o t h e r  p o l y b u t a d i e n e  s a m p l e s ,  w h o s e  r e d u c t i o n  t e m p e r a t u r e s  a r e  i n d i c a t e d  above .  The  c o n -  
s t a n c y  of the  r a t i o  T o / T g  in c o r r e s p o n d e n c e  wi th  the  a b o v e - i n d i c a t e d  cond i t i ons  i s  h a r d l y  f o r t u i t o u s .  On 
the c o n t r a r y ,  i t  i s  r e a s o n a b l e  to a s s u m e  tha t  t h i s  f ac t  i s  a t t r i b u t a b l e  to the  b e h a v i o r  of the  t e m p e r a t u r e  d e -  
p e n d e n c e  of the r e l a x a t i o n  c h a r a c t e r i s t i c s  of the  p o l y m e r s .  In f ac t ,  an  equa l  d i s t a n c e  f r o m  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  d o e s  not  c o r r e s p o n d  to an  equa l  m o l e c u l a r  e n e r g y  s t a t e ;  the  l a t t e r  i s  d e t e r m i n e d  by the 
t e m p e r a t u r e  r a t i o .  

I t  i s  c l e a r  f r o m  F ig .  1 tha t  a t  T o = 1.22 Tg the c ond i t i ons  fo r  t r a n s i t i o n  f r o m  the r u b b e r l i k e  to the  
g l a s s y  s t a t e  e q u a l i z e  fo r  p o l y s t y r e n e  and p o l y b u t a d i e n e ,  but  the  c o r r e s p o n d i n g  v a l u e s  of the  e l a s t i c  modu lus  
do not  b e c o m e  equal .  The a v e r a g e  v a l u e s  of the  e l a s t i c  m o d u l i  in  the  v i c i n i t y  of the  r u b b e r l i k e  e l a s t i c i t y  

a ~ T  
pl teau ,  Gpl  , d i f f e r  fo r  p o l y s t y r e n e  and po lybu tad i ene ;  fo r  the  f o r m e r  i t  i s  2 �9 l 0  G d y n / c m  2, and fo r  the  

- - !  
l a t t e r  (PB-4)  i t  i s  8.7 �9 106 d y n / c m  2. Th i s  d i s p a r i t y  in  the  v a l u e s  of Gpl  i s  not  r e l a t e d  to a d i f f e r e n c e  in  the  
l eng th s  of the  m o l e c u l a r  c h a i n s  of d i s s i m i l a r l y  s t r u c t u r e d  p o l y m e r s ,  but  to the  p r o p e r t i e s  of the d y n a m i c  
s e g m e n t ,  m a i n l y  i t s  r i g i d i t y .  

- - ?  
The  m o l e c u l a r  we igh t  Me of the  d y n a m i c  s e g m e n t  can  be  c a l c u l a t e d  f r o m  the a v e r a g e  modu lus  Gpl 

- - !  

by  us ing  the w e l l - k n o w n  r e l a t i o n  be tween  M e and Gpl  f r o m  the t h e o r y  of r u b b e r  e l a s t i c i t y  [19]. The  s e g -  
m e n t a l  r i g i d i t y  i s  c h a r a c t e r i z e d  by the  n u m b e r  of m o n o m e r  e l e m e n t s  con ta ined  in i t ,  Z e = M e / M  0 (M 0 is  the  
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l Fig. 3. Reduced e las t ic  moduli Gre  v e r s u s  reduced 
frequency.  Coordinates  l o g G r e  , dyn/cm2;  log (COAT) , 
see  -1. a) PB-1 (1); PB-2 (2); PB-3  (3); PB-4 (4); b) 
po lys ty rene  with molecu la r  weights  8.6- 105 (5); 5.1 
�9 105 (6); 2.67.105 (7). 

mo lecu la r  weight of the m o n o m e r  element) .  In po lymer s  having different  segmenta l  r ig id i t ies  and dif -  
f e r en t  monomer  e lementa l  s t r uc tu r e s  the densi ty  of the th ree -d imens iona l  f luctuation entanglement  of 
physica l  bonds d i f fers ,  as  de te rmined  by the number  N of segmen t s  per  unit length, i .e. ,  the f requency  
of entanglement  nodes and the length l 0 of the monomer  element�9 It is ins t ruc t ive ,  the re fore ,  to c o m p a r e  
the moduli,  normal ized  on the number  of l inkage nodes per  unit chain length and on unit monomer  e lement  
length, i .e. ,  the quantity G~I/N/0�9 It  is  read i ly  seen  that  N/0Z e = 1, so that Z e = l / N / 0  and G~I/N/0 = G~I 
�9 Z e. This normal iza t ion  of the moduli enables  us to compa re  the p rope r t i e s  of physical  l inkages that a r e  
equivalent  in t e r m s  of the node f requency (spacing) and length of the monomer  element .  In other words ,  

- - ?  

the c h a r a c t e r i s t i c  p a r a m e t e r  Gpl .  Z e = p R T / M  0 m a y  be r ega rded  as the e las t ic  modulus of a rubber  for  
which the linkage node spacing is equal to the length of one monomer  element .  

A compar i son  of the dependences of G~I" Ze on coa T for  po lys tyrene  and PB--4 a t  T O = 1.22 Tg is  made 
in Fig. 2a, f r o m  which it  is evident that the indicated normal iza t ion  p rocedure  can be used effect ively  to 
a l ign not only the values  of cog, but a l so  the e las t ic  moduli in the vicini ty  of the rubbe r l i ke - e l a s t i c i t y  plateau. 

P r o c e s s i n g  of the exper imen ta l  data given in [20] for  monod i spe r se  p o l y - a - m e t h y l s t y r e n e  yields for 
this po lymer  a value of the c h a r a c t e r i s t i c  p a r a m e t e r  G~I" Ze c lose  to the cor responding  values  for  poly-  
s ty rene  and polybutadiene. This conclusion is evident f r o m  the data presented  in Table 4. 

In o rde r  to a s c e r t a i n  the genera l i ty  of the above -desc r ibed  method of reduct ion on the plateau height 
m ?  

for  d i s s i m i l a r  p o l y m e r s ,  we use  the re la t ion  Gpl = P0RT0/Me and recognize  that T o = 1.22 Tg to obtain Gpl 
= (1.22P0R)Tg / M0. 

As the l a t t e r  equation a t t e s t s ,  the compar i son  of di f ferent  po lymers  on the bas i s  of the cha r ac t e r i s t i c  
p a r a m e t e r  Gpl" Ze is equivalent  to thei r  compar i son  on the bas i s  of the ra t io  T g / M  0 (we neglect  the fac tor  
P0, s ince i t  v a r i e s  over  the na r row  in te rva l  f r o m  0.85 to 1.00 g / c m  3 for  the po lymer  group cons idered  here) .  

~ f  
The values  of Gpl have not been de te rmined  for  a l a rge  c lass  of monod i spe r se  po lymers ,  but the values  of 
Tg a r e  r e l i ab ly  known for  many  po lymers ;  consequently,  in Table  5 a l a rge  number  of amorphous  po lymers  
a r e  compared  on the bas i s  of the ra t io  T g / M  0. 
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Fig. 4. Width Alog  w of the rubbe r l i ke -  
e las t ic i ty  plateau v e r s u s  the number  of 
dynamic segments  in the po lymer  chain 
for  var ious  po lymers .  Polybutadienes  with 
with molecu la r  weights:  1) 8.42 - 105; 2) 
3.72- 105; 3) 1.43- 105; 4) 1.02. 105; 5) 5.1 
�9 105; 6) 1.8 -105 [13]; po lys tyrene  with 
mo lecu l a r  weights:  7) 8.6.  105; 8) 5.10 
�9 105 [18]; 9) 2.67.105 [18]; polyvinyl-  
ace t a t e s  with molecu la r  weights:  10) 7.56 
�9 105; 11) 3 . 2 "  105 [24 ] .  
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Fig. 5. Mechanical  loss  tangent v e r s u s  reduced f r e -  
quency. 1) PB-1;  2) PB-2;  3) PB-3;  4) PB-4;  poly-  
s ty renes  (dashed curves)  with molecu la r  weights: 
5) 8.6" 105; 6) 5.1-105; 7) 2.67" 105 . Absc i s sa  log (o)aT) , 
see  -1. 

It is evident f r o m  Table  5 that for  one group of po lymer s  (Nos. 1-7) the ra t io  T g / M  0 is c lose,  on the 
ave r age ,  to 3.62, with ~:10~c deviat ion f r o m  the average .  As the length of the side subst i tuents  is i nc reased  
the values  of T g / M  0 d e c r e a s e  (in the case  of polybutylacryla te ,  for  example ,  T g / M  0 = 1.87), and with the 
addit ion of polar  subst i tuents  they i n c r e a s e  {for polyvinylchlor ide,  for  example ,  T g / M  0 = 5.8). These  data 
c h a r a c t e r i z e  the tendency of the po lymer  r igidi ty  to v a r y  as  a function of the specif ic  a t t r ibu tes  of the i n t e r -  
mo lecu la r  couplings and r e v e a l  that the method proposed above for  normal iza t ion  of the plateau modulus 
is only un iversa l  for  nonpolar po lymer s  without long side branchings  in the m o n o m e r  element .  

As evinced by Fig. 2 a, the widths of the r u b b e r l i k e - e l a s t i c i t y  plateaus for  I~S and l~ a r e  close 
together  when the i r  molecu la r  weights  differ  by a fac tor  of app rox ima te ly  eight. This  r e su l t  is a t t r ibu tab le  
to the fact  that both of these  po lymer s  have s i m i l a r  numbers  of dynamic segments  (44 for  po lys tyrene  and 
51 fo r  polybutadiene) and, accord ing  to our e a r l i e r  paper  [22], the plateau widths for  these  po lymer s  mus t  
be close (amounting to 2.9 and 3.3 dec imal  o rde r s  for  these r e spec t i ve  polymers) .  It is r easonab le  to a s -  
sume  that, with an equal number  of segments  in the po lymer  chains,  these  subs tances  should be  equivalent  
at T o =1.22 Tg. 
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Fig. 6. Influence of the number  of dynamic segments  
in the po lymer  chain on the reduced f requency  c o r r e -  
sponding to the min imum of the dependence tan 5(coaT) 
(a) (log comin, sec-1) and the min imum value of the 
mechanica l  loss  tangent (b) ( logtan 5min). 

As for  the dependence of tan5  on coaT, as seen  in Fig. 2b, the values  of t anSmi  n and the posit ions of 
these  min ima  on the f requency  axis  for  PS and PB--4 a r e  c lose  together ,  conf i rming the inference  of M a r -  
v in ' s  theory  [23] concerning the propor t ional i ty  of tan 5mi n to the number  of segments ,  i r r e s p e c t i v e  of the 
na ture  of the po lymer  chain. At this point a m o r e  genera l  conclusion a s s e r t s  i t se l f  r ega rd ing  the equi-  
va lence  of the dependences of tan6  on waT over the en t i re  f requency range  under the condition T O = const  
�9 Tg for  po lymer s  with s t r i c t ly  ident ical  numbers  of segments  in the chain. 

We now analyze  the width of the r u b b e r l i k e - e l a s t i c i t y  plateau in the f requency dependence of the 
dynamic  modulus.  

The method of es t imat ing  the width of the plateau region on these  curves  was descr ibed  above. It 
has  been shown in [22] that the plateau width A log co is d i rec t ly  propor t iona l  to X, where  X = log (M/Mpl) 
and Mpl is the molecu la r  weight cor responding  to the onset  of the plateau. The exper imenta l  r e su l t s  of 
the p re sen t  study pe rm i t  us to conf i rm the conclusions and to ref ine  the values  found for  the coeff icients  in 
our e a r l i e r  work.  

The dependence of the e las t ic  moduli G~e(coaT) for  the polybutadienes and polys tyrene  and widths 
A log co of the rubber l ike  plateau a r e  given in Fig. 3a and 3b. Also shown in Fig. 3b a r e  the exper imenta l  
data of [18] for  two po lys tyrene  s am p l e s  with molecu la r  weights  of 5.1 �9 105 and 2.67 �9 105. The molecu la r  
weights  M e of the dynamic segments  for  the invest igated samples  have the following values:  2.33 �9 103 for  
PB-1 and PB-2;  2.0 �9 103 for  PB-3  and PB--4; 1.94 �9 104 for  polys tyrene .  

The dependence of the rubber l ike  plateau width A log co on the logar i thm of the number  of segments  
M / M  e in the po lymer  chain is  shown in Fig. 4. Also plotted in this f igure  a r e  the ana log -p roces sed  data 
of [13] for  two polybutadie.ne s am p l e s  (molecular  weights  of 5.1.105 and 1.8 �9 105) and of [24] for  two poly-  
v inylace ta te  s am p l e s  {molecular weights of 7.5" 105 and 3.2 �9 105). The molecu la r  weights Me of the dynamic 
segmen t s  for  these  po lymers  a r e  2.22 �9 103 and 1.75 �9 104, respec t ive ly .  As apparen t  f r o m  Fig. 4, which 
is plotted in l o g - l o g  coordina tes ,  the plateau width exhibits  a power- law dependence on the number  of 
dynamic  segments  in the po lymer  chain�9 The power exponent, which is equal to 3, is un iversa l  for  al l  
the given po lymers .  It is  impor tan t  to note that the re la t ionship  between A log co and log (M/Me) is  in-  
dependent of the choice of reduct ion t empe ra tu r e .  It  is only impor tan t  a t  each reduct ion t e m p e r a t u r e  to 
e s t ima te  A log co by the s ame  method and to calcula te  Me f r o m  the value of Gpl" For  example ,  the data of 
[13] for  polybutadiene at  T O = 298~ and the exper imen ta l  data given in this a r t i c l e  for  the polybutadienes 
provide  comparab le  r e su l t s  on the dependence A log co (log M/Me) .  

The line given in Fig. 4 in te rcep t s  the horizontal  ax is  at  log (M/Me) ~ 0.6. This fact  indicates  that 
l inear  po lymer s  have a c r i t i ca l  mo lecu la r  weight Mpl , a t  which the f requency dependence of the e las t ic  
modulus begins to acqui re  a r u b b e r l i k e - e l a s t i c i t y  plateau. It is evident f r o m  the cited data that Mpl = 4M e. 
Consequently,  the dependence A log co (log M/Me)  can be descr ibed  by the re la t ion  

A lg (o = 31g (M/4Me). (1) 

This  dependence is un ive r sa l  both for  a typical  t he rmop la s t  having a long rigid chain, such as  polys tyrene,  
as  well  as  a typical  e l a s t o m e r  having a v e r y  f lexible chain, such as  polybutadiene. 
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Fig. 7. Elast ic  modulus versus  t empera tu re  at  1 Hz for poly- 
butadiene (a) and relat ionship between the width of the rubber -  
l ike-e las t ic i ty  plateau on the t empera tu re  curves  of the elast ic  
modulus and the number of dynamic segments  in the polymer 
chains (b). Coordinates logG' ,  dyn /cm2;  t, ~ 1) PB-1;  2) PB-  
2; 3) l~B-3; 4) PB--4; 5) polystyrene:  M = 8.6 �9 105. 

It has a l ready been demonstrated above that under the condition T O = const .  Tg the dependence tan 6 
�9 (coa T) is determined solely by the number of dynamic segments  in the polymer chain, i r respec t ive  of the 
nature of the latter. The numbers  attached to the curves  in Fig. 5 indicate the number of dynamic segments  
for  each sample.  It is c lear  f rom the f igure that for monodisperse  polymers  the dependence tan 6(coaT) has 
in the plateau region a distinct minimum, which shifts toward higher frequencies  as the number of segments  
is diminished. Moreover ,  the minimum value of tanh(coa T) is lower, the g rea te r  the number of dynamic 
segments  composing the polymer  chain. 

This resu l t  admits  the following interpretation.  We know that the value of tan 6 for vulcanized rub-  
bers  dec reases  more  rapidly, the higher the c ross l ink  density. The fluctuation linkage configuration in 
uavulcanized rubber  differs f rom the chemical  c ross l ink  configuration in that each linkage has a definite 
lifetime, i.e., d isappears  and reappears  at a definite frequency. Only at frequencies commensura te  with 
or g rea te r  than the natural f requencies  of the generat ion and disintegrat ion of the temporal  linkages can 
this network produce an effect analogous to the spatial network of chemical  bonds. F r o m  this point of view 
the position of the minimum for tan 5(coaT) on the f requency axis must  be attributable to a cer ta in  cha r ac -  
te r i s t ic  ("mean") f requency of disintegrat ion and generat ion of physical linkages in the polymer.  The de-  
pendence of the position comin of the minimum of tan 6(coaT) along the frequency axis on the number of seg-  
ments in the polymer  chain is shown in Fig. 6a. As the molecular  weight inc reases  the mobility of the 
chain as a whole is reduced, causing an inc rease  in the "mean" lifetime of the linkages; this effect is 
equivalent to the position comin" 

With increas ing  molecular  weight the value of tan 5mi n also decreases .  This behavior is i l lustrated 
in Fig. 6b, in which the number of dynamic segments  in the polymer chain for  polystyrene and polybutadiene 
is adopted as the argument.  This figure was plotted on the basis  of our original experimental  resul ts  as 
well as the data of [13, 18]. 

The dashed curve represen t s  the dependence corresponding to the theoret ical  equation [23] 

tg t~i. = 1.02 (M/2M~) -~ (2) 

As seen in Fig. 6b, for N = M/2M e less than 70 the experimental  and theoret ical  dependences a re  
close. For  N > 70, however, the value of tan 5mi n becomes constant, deviating f rom the theoretical.  
This resul t  is probably a consequence of the fact that, beginning with a cer ta in  value of N, the ends of the 
polymer chains introduce a negligibly small  contribution to the deformation losses ,  inasmuch as they a re  
small  re la t ive to the total length of the polymer chain�9 The effect of the finite chain length is not incor -  
porated in the theory of [23]. 

The concept of the rubber l ike-e las t ic i ty  plateau was treated above solely as an interval  defined on 
the f requency curve of the dynamic modulus under i so thermal  conditions. However, there  is a widely held 
view of the rubberl ike plateau as a t empera ture  interval  AT corresponding to a constant modulus (or 
compliance) measured  for a constant s t r e s s - t i m e  regime�9 A general  quantitative correspondence be-  
tween these two types of plateau was established in our ear l ie r  paper [22], using the following relat ion as 
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the bas i s  of the theore t ica l  ana lys i s :  

lg (M/Mpl) = 
B AT 

C-q-AT 
(3) 

which was f i r s t  proposed in [11, 25]. Here  B and C a r e  empi r i ca l  constants .  The width of the plateau on 
the f requency  dependence of the modulus,  accord ing  to [22], is exp re s sed  in t e r m s  of the ra t io  of these 
constants .  

The t e m p e r a t u r e  dependences of G' obtained in the p resen t  study at  a f requency of 1 Hz for the poly-  
butadienes a r e  given in Fig. 7a. The i r  p rocess ing ,  which was analogous to that  for Fig. 1, made it pos -  
s ible  to find the plateau width for  the va r ious  s amples  invest igated.  The re la t ionship  between AT and log (M 
/Mpl )  is shown in Fig. 7b, f r o m  which it is apparen t  that the solid curve  plotted accord ing  to Eq. (3) ag rees  
well  with the exper imen ta l  data for  va lues  of the constants  B = 3.22 and C = 1.22. The ra t io  B / C  = 2 .6 .10  -2, 
which is c lose  to the value obtained in [25], although the values  of the constants  t hemse lves  differ  for  poly-  
isobutylene and the po l ym er s  invest igated in our work. It may  be a s sumed  that the cause of this d i s c r e -  
pancy l ies both in the d i spar i ty  of the methods used to de t e rmine  the t he rmomechan ica l  curve  and in the 
fact  that the c h a r a c t e r  of the rubber l ike  plateau depends on the MWD. 

The r e su l t s  conf i rm the mot ion of equivalence between the rubbe r l i ke - e t a s t i c i t y  plateaus in the t e m -  
pe r a tu r e  and f requency  curves  of the dynamical  p rope r t i e s  of a po lymer  (cf. Figs.  4 and 7b), as well  as  the 
un iversa l i ty  of the plateau width as a function of the number  of segments  in the chain, i r r e s p e c t i v e  of the 
chemica l  na ture  of the la t ter .  

The re fo re ,  the main  inference  to be drawn f r o m  the foregoing exper imenta l  facts  is that the v i s c o -  
e las t ic  p rope r t i e s  of different  po l ym er s  a r e  quant i ta t ively de te rmined  by two p a r a m e t e r s :  the g l a s s - t r a n s i -  
t ion t e m p e r a t u r e  and the s ize  of the dynamic  segment .  This conclusion was obtained e a r l i e r  [7] in app l i ca -  
tion to the p rope r t i e s  of different  po lymer s  in the fluid state.  In the p resen t  study it is conf i rmed and 
genera l ized  for the rubber l ike  in terval .  

The authors  exp re s s  thei r  apprec ia t ion  to V. A. Grechanovski i  for  de te rmin ing  the po lydispers i t i es  
of the invest igated po lymer  s amples  and to G. V. Montseva for  a s s i s t ance  with the exper iments .  
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