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iULK0 XAPhV AN0 PASnAL KkRTALOV 
U n i v e r s i t y  o f  f l o v d i v , 4 0 W  P lovd iv ,  B u l g a r i a  

Abstract d q u a t i o n s  a r e  sugges t ed  f o r  t h e  
s t r a n d  c o n c e n t r a t i o n  i n  three-d imens iona l  
macromolecular networks and f o r  t n e i r  nun- 
ber-average molecu la r  weight .  Concepts o f  
t ime dependences o f  s p a t i a l  c r o s s - l i n x i n g  
d e n s i t y  have been r e f e r r e a  t o .  line k i n e t i c s  
of‘ p i iys ica l  c r o s s - l i n k i n g  n a s  oeen s t u a i e d .  
Complex va lues  are i n t r o u u c e a  f o r  a e s c r i b i n g  
t n e  f r equency  dependences o f  network strands 
c o n c e n t r a t i o n  and thiyir  co r re spona ing  nun- 
ber-average molecu la r  weights .  

Polymers can become cross- l inKed as a r e s u l t  of 
p r o c e s s e s  o f  s j n t h e s i s  o r  cnemical  m o d i f i c a t i o n s  
wi th  c ros s - l inkage  agen t s .  Cross- l inked rnacromo- 
l e c u l a r  c h a i n s  fM4C) forffi spatial macroao lecu la r  
networks (SM~ylj\l) w i t h  d i f f e r e n t  c h a r a c t e r i s t i c s  as 
network c h a i n  Concent ra t ion  ( Xc> , number-average 
molecular  weignt of strands (<PInJ c>), d i f f e r e n t  
t o p o l o g i c a l  f e a t u r e s  ( en tang lemen t s ,  MMC inesning) 
e t c . ’  A f t e r  t h e  chemical  p o c e s s e s  o f  MMC c ross -  
1inKing have  ceased ,  t h e  Vahies l\lc and(M > 
a r e  cons ide red  as c o n s t a n t s .  ’-‘ when examining 
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384 M. MATEEV AND P. KARTALOV 

t h e  v i s c o e l a s t i c  behaviour of’ chemically non-cross 
linKea polymers which a r e  i n  a rubbery s t a t e  it 
i s  assumed that  SiWN a r e  uns tab le  and f l u c t u a -  
t ing  . I-’ I n  ixese  SMIW macromolecular chains  
cross-linK by means o f  physical  bonds (entangle-  
ments, mechanical Lneshing, intermolecular  f o r c e s  
of i n t e r a c t i o n )  o f  k i n e t i c  nature.’ A s  a r e s u l t  
o f  examining t h e  behaviour of PIIW of polyrners i n  
a r u b b e r y  s t a t e  and exylaining t h e  d e v i a t i o n s  o f  
v i s c o e l a s t i c  func t ions  f r o m  the  type which ensues 
f ro in  t h e  l i n e a r  k i n e t i c  theory o f  v i s c o e l a s t i c i t y  
discussed i n  a previous paper? an equation has  
been suggested f o r  t h e  temperature dependence o f  
N c  = f ( T ) .  

The purpose o f  t h i s  work i s  t o  work  out equa- 
t i o n s  f o r  t h e  time and frequency dependence of 
network chain concentrat ion Nc = f ( t , l ’ )  and the 
nuiiber-average molecular weights o f  s t r a n d s  
(M 7 =  f ( t , f ) .  n, c 

At %Lie forlaation of three-dimensional macromole- 
c u l a r  networm strand concentrat ion ( N c )  i s  a sum 
o r  the  concentrat ions of network chains, confined 
witnin t h e  chemical c ross - l ink  bonds (Nc ) and 
the  ynysical  l i n k s  ( N c  

, ch 
, dS 

Bc = I?c,ch + llc ( 1 )  
8 lm 

dhen t n e r e  a r e  d i f f e r e n x  K i n d s  o f  cnemical 
anti physical  a e t w o r K  bonds, the corresponding 
strand concentrat ion w i l l  be given by the  follow- 
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CHANGES IN CL DENSITY OF 3-DLMENS. MMN 385 

i n g  expres s ion :  

N, =Z,N 1 c , c h , i  + F N c , p h , i  

According t o  t h e  sugges ted  h y p o t h e s i s  f o r  
t n e  t i n e  dependence o f  N c ,  e q u a t i o n  ( 2 )  taxes the  
form 

If no mechanocnemical, r a d i a t i o n  chemica l ,  
o x i d a t i o n - d e s t r u c t i v e ,  v u l c a n i z a t i o n  and o t h e r  
p r o c e s s e s  t a k e  p l a c e ,  N c , c h  ( t )  = c o n s t .  and equa- 
t i o n  ( 5 )  takes t h e  lo rm 

Upon chemical  c ross - l in ic ing  01’ IQTC, p a r t  of 
t h e  p h y s i c a l  bonas become t r apped ,  j - ’ ’  t n e  proba-  
b i l i t y  f o x  t h i s  phenomenon t o  occur  be ing  !/!,.The 
p h y s i c a l  bonds t r a p p e a  i n  t h e  c o u r s e  o f  chzlnical  
c ros s - l i nKing  cannot be des t royed  and t h e  fo l low-  
i n g  e x y r e s s i o n  i s  v a l i d  f o r  Nc ( t )  , Pb 

The c o n c r e t e  d o r m  ol t h e  t ime  aependences 
( t )  w i l l  depend on t h e  t y p e  o f  o u t s i d e  i m -  “c , $h 

p a c t s  caus ing  s t r u c t u r a l  r e l a x a t i o n  o f  t n r e e - d i -  
rnensional macromolecular networks 14’15. After Xi- 
n a l  r e l a x a t i o n  o f  t n e  macromolecular s t r u c t u r e ,  
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386 M. MATEEV AND P. KARTALOV 

th ree-d imens iona l  networlts w i l l  nave a n  e q u i l i -  
brium va lue  o f  s t r and  c o n c e n t r a t i o n  (14 ) 

c ,  e 

wnere IJc i s  t h e  e q u i l i b r i u m  d e n s i t y  o f  spa- 
,i?h, e 

t i a l  p h y s i c a l  c ros s - l i nn ing  ( the c o n c e n t r a t i o n  of  
network c h a i n s  conf ined  w i t h i n  t h e  g n y s i c a l  
bonds).  

t h e  non-trapped p h y s i c a l  l i n k s  or' t h e  network a r e  
des t royed  wi tn  t ime and f o r n  new l i n k s  whicn a r e  
i n e f f e c t i v e  i n  r e l a t i o n  t o  t h e  g i v e n  o u t s i d e  i m -  
p a c t ,  s i n c e  t h e y  are n o t  under s t r a i n .  

i\l 

magnitude of  t n e  cor resgonding  t y p e  o f  s w p l e  r e -  
l a t i v e  deformat ion  (e,), t n e  polymer vo lumet r i c  
p a r t  i n  t h e  swe l l ed  g e l  ( I f r ) ,  the h y d r o s t a t i c  
G r e s s u r e ( r ) .  

16 

Upon macromolecular s t r u c t u r a l  r e l a x a t i o n ,  

I n  t n e  g e n e r a l  c a s e ,  b e s i d e s  on t i m e  (t), 
w i l l  degenu a l s o  on t e i n p e r a t ~ r e ' ~ ,  on t n e  

C,Ph 

= F(t,!P,er,Vr,P) Nc , $h 
Since  l\Tc i s  an i n t e g r a l  c h a r a c t e r i s t i c  g i -  

v ing  t n e  strand c o n c e n t r a t i o n ,  ave rage  Luolecular 
weights  o f  s t r a n u s  ( PI ) have  t o  be  de te rmined  

J l C  
for t n e  s t r u c t u r a l  m i c r o h e t e r o g e n e i t y  of' three- 
uiniensional networks 

where 14c,i i s  t n e  molecular  weight of t h e  i s t r a n u  
o X t n r  e e-dim ens i o n a l  n e t  work. 

A t  j = I ,  f'rorn e q u a t i o n  (8) we o b t a i n  t n e  

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
15

 1
9 

Fe
br

ua
ry

 2
01

3 



CHANGES IN CL DENSITY OF 3-DIMENS. MMN 387 

t n e  formula f o r  t n e  number-average molecular wei- 
g h t  kPIfi,,>) o f  three-dimensional MFZN chains;  a t  
J = 2 - the  weight-average molecular weight 
(<iqWt,>); a t  j = 3 - t n e  L-average molecular wei- 
g h t  (<Mztc>) and s o  on. 

>and  poly-  
m e r  d e n s i t y  ( d  ) i s  expressed by t h e  equation 

A s  t h e  r e l a t i o n  between N c , 4 M  

I?, <Mn,c  > = d 

n, c 
P 

( 9) P '  
when t h e r e  e x i s t  time aependences lVc(t) anci 

.&I (t)), accoraing t o  equation ( 4 )  we o b t a i n  n,  c 

Upon r e l a x a t i o n  of macroinolecular s t r u c t u r e  
as a r e s u l t  o f  l a b i l e  phys ica l  bond d e s t r u c t i o n ,  

~ i v i  ( t ) >  w i l l  tend t o  t h e  equi l ibr ium value 
n,c  

<;qn, c, e)* i e 

l i m  iivi ( t )  > - d M n ,  c,e 2 = const.  
t-8 n s c  

Prom equat ions (b), ( 10) and (11) we der ive  t h e  
following equation for dih ? n t c , e  

( 112) d 

Nc,e  

=A. d. < c,  e >=  
N C ,  C h  + Hc ,Ph, e 

From equations { 4 ) ,  ( 5 ) ,  (10) and ( 1 2 )  we ob- 
t a i n  the following expression f o r  t h e  t ime depen- 
dence <pin ( t )  > ,c  

&< 1 I -Tc, i )Nc,ph, i ( t )  +r 

1 ( 13) 
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388 M. MATEEV AND P. KARTALOV 

The magnitude o f < M  > c a n  be experimen- 
n , c , e  

t a l l y  e s t a b l i s h e a  b y  determining t h e  equilibrium 
17 - s t a t i c  moclulus of  t o r s i o n  (G,) 

where g i s  a f r o n t - f a c t o r ,  g iv ing  tne energy d i -  

f f e r e n c e  between trans- anu gosh-conformations; 
2 R - the gas constant ,Lrc > i s  the  mean quadra t ic  

length  o f  t n e  end-to-end d is tance  vec tor  i n  three-  
dimensional macromolecular networm ; <'r, pis the  
mean quadrat ic  length  of netwodc chains ,  provided 
tney a r e  n o t  s t r a i n e d ;  C M  7 i s  t h e  nuiriber-ave- 
rage  lilolecular weight of t h e  non-cross-linked po- 
lymer. 

After  s u b s t i t u t i n g  equation (14 )  i n  equat ion 
( I S ) ,  we obta in  the  following f o r  time dependence 

2 

n, 0 

4 q 1  ( t ) > n,c  - 

I n  genera l ,  the  fol lowing equat ion i s  v a l i d  
f o r  cM,, > 

< M n , c ) =  F ( t ,T ,e r .  V,,P) . (16 )  

> = I ,  

2 2 A s  the  term +(rc >/<rf >;z1 I' and a t  high 

a f t e r  s u b s t i t u t i n g  equat ion (9) i n  equation ( 14) 

cross- l inking d e n s i t i e s  1 - 2<Mn? c, I 

we obta in  the  following 
Ge = gN,KT . 
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CHANGES IN CL DENSITY OF 3-DIMENS. MMN 389 

By applying dynamo-mechanical t rea tments ,  t n e  
complex modulus G' = G' + i G "  has  been determined 
(GI - s t o r a g e  modulus, G" - l o s s  modulus, i2 = 

-1) .  A t  l o w  f requencies  ( f ) / G " ) w i t n  cross- l inked 
polymers i n  a rubbery s t a t e  i s  c l o s e  t o  Ge i n  ma- 
gnitude,  i . e .  

l i m  G * ( f )  = Ge . 
f 4  

There being a dependence of strand concen- 
t r a t i o n  on frequency ( f ) ,  t h e  fol lowing complex 
quant i ty  can be introduced f o r  descr ib ing  t n e  v i -  
s co e l a s t i c  b ehaviour o f  c ross  -1 inked polymers 

N,"((f) = N i ( f )  + i I$ i (€)  , (19)  

where N A ( f )  i s  the  s t o r a g e  s t r a n d  concent ra t ion ,  
determining e l a s t i c  energy s torage  a t  dynamic 
t reatment  o f  t h e  polymer, aqd N i ( f )  i s  t h e  l o s s  
s t rand  concentrat ion,  determining mechanical e n e r '  
gy d i s s i p a t i o n  at c y c l i c  deformation. 

l lowing f o r m  
Correspondingly, equation ( 1 7 )  takes  t h e  f o -  

Since g i s  a parameter t h a t  i s  c lose  t o  1 ,  
f rom equation (21)) we can o b t a i n  t h e  fol lowing 
exgressions f o r  l?;(f) and N g ( f )  

TJi(f) = l i e q f )  = G ' ( f ) / R ! t  

N l ( f )  = I m N l ( f )  = G " ( f ) / K I I  , 
(21) 

( 2 2 )  

and f o r  tgbiJ ( f )  

t g b N ( f )  = JmNZ(f) - - N $ f )  - - G"(f) - - 
ReNz(f) NA(f) G ' ( f )  
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390 M. MATEEV AND P. KARTALOV 

= t g b G ( f )  , ( 2 3 )  

where tgbG(f) i s  t h e  mechanical d i s s i p a t i o n  co- 
e f f i c i e n t .  

At. low frequencies  (f) Nz(f) w i l i  tena to-  
wards t h e  equilibrium value H, i . e .  

9 e'  

l i m  NE(f) = N c , e  = Ge/RT 
f 4  
The dependence of' N, on f deteimines respec- 

t i v e l y  t h e  dependence of t h e  complex quant i ty ,  
number-average molecular weight o f  network 
strands on f 

where.dN1 
weight of storage networK chains ,  and4.M; 
- that of l o s s  network chains.  

( f )  2 i s  t h e  nurnber-average molecular 
n,  c 

( f ) >  , c  

Accordingly, t h e  following expression is  OD- 

t a ined  f o r  t g  % 
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CHANGES IN CL DENSITY OF 3-DIMENS. MMN 39 1 

I n  genera l ,  t n e  fol lowing equat ion w i l l  be 
v a l i d  f o r  4 MnYtc 7 

These time /Nc( t) and <PIn, c(  t)>/ and f r e -  
quency / i q l ( f )  and LMZc(f )>/  dependences can be 
used f o r  q u a n t i t a t i v e  determinat ion of' t h e  pheno- 
mena th ixot ro2y ,  s t r a i n  r e l a x a t i o n ,  r e l a x a t i o n  
t r a n s i t i o n s ,  e tc .  

1. P, Perry, Viscoelas t ic  P r o p e r t i e s  o f  Pol.wlers 
(w'ileg, New York, l m -  

2 .  I. ria&, IJlechanical Proiserties of S o l i d  P o l s -  
mers - (wiley,  New Y O r k ,  1983). 

3 .  I. Sper l ing ,  Inkroduction t o  Yh.ysical Polymer 
Science ('wiley, New York, lY86). 

4. A .  Tobolsky, h .  Mark, E d s . ,  Pol  e r  Science 
,and N a t e r i a l s  ( J i l e y ,  New York- 

5 .  2 .  de Gennes, S c a l i n ?  Conce t s  i n  Polymer Phy- 
s i c s  - (CUP, London, 137>? 

6. A .  Tobolsky, P r o p e r t i e s  and S t r u c t u r e  of Y o l x -  
mers (Wiley, New York, 1362). 

' I .  M. Mateev, P. kaxtalov,  Nauchni Trud. PU, Phx- 

8. Pi. Mateev, P. i iar ta lov,  Nauchni l r u d . ,  Sof ' i i-  

3. B. I ioff ,  J, Macromol. S c i .  (Qiem.), ~1, '747 

u, u, 201 (19dT). 

ska rrauchna s e s s i a ,  fi ( 1387) 

( 1367). 
10. H. Maneice, H. DicKie, J. E'erry, J. Polymer 

11. N .  Langley, Irlacromol., 1 ,  348 ( 1968). 
12. M. ka teev ,  LJ. Rartalov,-Pol.mers, 2 L (1983).  
13. IVl. IJlateev, P. Kartalov, B a ,  2, 53-(1983). 
14. M. Mateev, P. har ta lov ,  Mecn. T-nol. Come. 

15. i4ateev ivI., P. Kartalov, Polymers, r ,  a6( 1386). 
16. Pi. IVIateev, P. Kartalov, ISCMP, Fiolecular I&%- 

11.  L. Nielsen, IJiechanical P r o p e r t i e s  o f  Yolvmers 

hi., A;r, 6 ,  (1973, 1 9 b T  

Maker., 4, 226 (1385) .  

t roi i ics ,  2, 13 ( 1 9 % ) .  

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
15

 1
9 

Fe
br

ua
ry

 2
01

3 



392 M. MATEEV AND P. KARTALOV 

and Cornaosites (Mareel Dekker Inc., New York, 
1974) 

18. G .  Aklonis, ui. McKni h t ,  In t roduc t ion  t o  Poly- 
mer Viscoe1asticit:L fkfiley,  New York, 19113). 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
15

 1
9 

Fe
br

ua
ry

 2
01

3 


