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ChANGES IN THs CROSS-LINKING DENSITY OF
THHe=-DIMENSTONAL MACROMOLECULAR NETWORKS

MILKO MATEEV AND PASKAL KARTALOV
University of Plovdiv,4000 Plovdiv, Bulgaria

Abstract Equations are suggested for the
strand concentration in three-dimensional
macromolecular networks and for their numn-
ber-~average molecular weight. Concepts of
time dependences of spatial cross-linxing
density have been referred to. The kinetics
of phnysical cross=linking has vbeen studied.
Complex values are introduced for describing
the frequency dependences of network strands
concentration and their correspoanding num-
ber-average molecular weights.

INTROUDUCTIUN

Polymers can become cross-linked as a result of
processes of synthesis or chemical modifications
with cross-linkage agents. Cross-linked macromo-
lecular chains (MMC) form spatial macroumolecular
networks (SMMN) with different characteristics as
network chain concentration (NC), number-—-average
molecular weight of strands (<Mn,é>)’ different
topological features (entanglements, MMC meshing)
etc.1 After the chemical processes of MMC cross-
linking have ceased, the values NC and<:Mn_C >
are considered as corls’czilrztt;s.1"3 When examiﬂing
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the viscoelastic behaviour of chemically non-cross
linked polymers which are in a rubbery state it
is assumed that SMMN are unstable and fluctua-
ting.1"5 In these SMMN macromolecular chains
cross-link by means of physical bonds (entangle-
ments, mechanical meshing, intermolecular forces
of interaction) of kinetic nature.® As a result
01 examining the behaviour of MMN of polymers in
a rubbery state and explaining the deviations of
viscoelastic functions from the type which ensues
from the linear kinetic theory of viscoelasticity
discussed in a previous paper? an equation has
been suggested for the temperature dependence of
N, = £(D).

The purpose of this work is to work out equa-
tiong for the time and frequency dependence of
network chain concentration N, = £(t,f) and the
nuaber~average molecular weights of strands
>= £(t,t).

i
<Hp,e

ThEORETICAL RESULTS AND DISCUSSION

At the formation of three-~dimensional macromole=~
cular networks strand concentration (NC) is a sum
of the concentrations of network chains, confined

within the chemical cross-link bonds (Nc ch) and
»
the physical links (Nc,ph)’
N, = Nc,ch + Nc,pn . (1)

When there are different kinds of chemical
and physical network bonds, the corresponding
strand concentration will be given by the follow-
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ing expression:

N, = ) ‘
¢ "N, cn,i ¥ &No,pn,; (2)
According to the suggested hypothesis 8 for
the time dependence of N, equation (2) takes the
form

(L) +

No(8) = 0, o (8) + ¢, ch, i

c,pn(t) =N

ZINc’ph,i(t) . (3)

If no mechanochemical, radiation chemical,
oxidation-destructive, vulcanization agnd other
processes take place, Nc,ch(t) = const. and equa-
tion (%) takes the torm

N(t) =W + +

c,Ch Nc,phkt) = Nc,ch

%Nc,yn,i(t). (4)

Upon chemical cross-linking or MMC, part of
the physical bonds become t;rapped?'15 the proba-
bility fox this phenomenon to occur being Tc.The
physical bonds trappea in the course of chemical
cross-linging cannot be destroyed and the follow-
ing expression is valid for Nc,pn(t)

Nc,ph(t) :zéTc,iNc,pn,i *
Z(1 -1 (%) . (5)
1

)Nc,ph,l

c,1i

The conecrete form of the time dependences
Nc,yh(t) will depend on the type of outside im-
pacts causing structural relaxation of taree-di-
mensional macromolecular networks14’15. After fi-
nal relaxation of the macromolecular structure,
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three~dimensional networxs will have an equili-
brium value of strand concentration (“c e)
’

Nc,e lm}N (v) = c,ch ZJ':’_Tc,iNc,ph,i =
Nooen * Ne,ph,e (6)
where Nc is the equilibrium density of spa-
yohye

tial physical cross-linking (the concentration of
network chains contined within the pnysical
bonds).16

Upon macromolecular structural relaxation,
the non-trapped physical links of the network are
destroyed with time and form new links which are
ineffective in relation to the given outside im~
pact, since they are not under strain.

In the general case, besides on time (t),
Nc,ph will depend also on temperature7, on the
magnitude of tne corresponding type of sample re-
lative deformation (er), the polymer volumetric
part in the swelled gel (Vr), the hydrostatic
pressure(<).

Nc’pn = F(t,T,er,Vr,P) (7)

Since NC is an integral characteristic gi-
ving the strand concentration, average molecular
weights of stranas ( 1 WJ R ) have to be determined
for the structural microheterogeneity of three-

dimensional networks
J J=1 ,
<MLC> PNClm:J/F&:ﬁ%J]d 1,2... (8)

where Mc i is tne molecular weight of the i strana
?

of three-~dimensional network.
At j = 1, from equation (8) we obtain tne
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the formula for the number-average molecular wei-
ght (<Mn,c>) of three-dimensional MMN chains; at
J = 2 - the weight-average molecular weight
(<Mw,c>); at j = 3 - the Z4-average molecular wei-
ght (<Mz,c>) and S0 on.

As the relation between Nc’<Mn,c> and poly-
mer density (dp) is expressed by the equation

No <My  >=4d,, (9}

when there exist time dependences Nc(t) and
< (t)>, according to eguation (4) we obtain
?

o Sp SN (8) =N+ Ny (8) L (10)
<My (1) >

Upon relaxation of macromolecular structure
as a result of labile physical bond destruction,
<M c(*(:)>w.1;ll tend to the equilibrium value

’
<Mn,c,e7’ i.e.

%i'.f 4‘Mn’ c( t) >=uM

n,c,e>= const. (11)

From equations (6), (10) and (11) we derive the

following equation for,<Mn’c,e>
<My c,e>= 9 =% . (1)
\ N
NC,Cn M Nc,ph,e ¢,€

From equations (4), (5), (10) and (12) we ob-
tain the following expression for the time depen-
dence <Mn,c(t) >

() &

o g — 1 -
<“n,,c(t)y~ Nl Zj_’“ Tc,i)Nc,ph,l

v (13)
<Mn,c,e7
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The magnitude of<Mn c.e” can be experimen-
14 1

tally established by determlm.ng the equilibrium

static modulus of tor51on (G )

gd RT Lry > 2<M >
Gy = 1 - Rt (1)
n c7<rf > 4Mn,o >

where g is a front-factor, giving the energy di-
fference between trans- and gosh-conformations;
R - the gas constant 41- >is the mean quadratic
length of the end-to-end distance vector in three-
dimensional macromolecular networks; <'r§ >is the
mean guadratic length of network chains, provided
they are not strained; <Mn,o7 is the number-ave-
rage molecular weight of the non-cross-linked po-
lymer.

After substituting equation (14) in eguation
(13), we obtain the folliowing for time dependence
<Mn’c(t)>

<My (1) 7= [5‘—21(1-'1‘ I, o, 1 (8) +
1Y
2 =1 P
G - 2
e (e, . (15)

. 2
gdPR‘I‘ LTy )/ <Mn,o>

In general, the following eguation is valid
for <Mn, c >

<M .>= F(t,T,er, Vr,P) . (16)
?
.2 2 18 .
As the term LTy >/<rf >~1'" and at high
cross~linking densities 1 = 2<I*'In c,e 7/<‘M 0”7 =h

after substituting equation (9) in equatlon (14)
we obtain the following

Go = gN,RT . (17)
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By applying dynamo-mechanical treatments,the
complex modulus G* = G' + iG' has been determined
(G' - storage modulus, G" - loss modulus, i? =
-1). 1 At low frequencies (f)]¢*|with cross-linked
polymers in a rubbery state is close to Ge in ma-

gnitude, i.e.

lim G*(f) =G, . (18)

=0

There being a dependence of strand concen-
tration on frequency (f), the following complex
guantity can be introduced for describing the vi-
scoelastic behaviour of cross-linked polymers

Ng(f) = Né(f) + ing(f) , (19)

where Né(f) is the storage strand concentration,
determining elastic energy storage at dynamic
treatment of the polymer, and Ng(f) is the loss
strand concentration, determining mechanical enem
gy dissipation at cyclic deformation.

Correspondingly, equation (17) takes the fo-
llowing form

G *(f£) = gN:(f)RT . (20)

Since g is a parameter that is close to 1,
from equation (20) we can obtain the following
expressions for Né(f) and Né(f)

N (£) = ﬂeNg(f) = G'(f)/RT (21)
NI(£) = ImNY(£)

il

G"(£)/RT , (22)

and for tghy(f)
JuN(£) _NXE) G"(£)

B ReN*(£) NL() G'\f)
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= tgby (L) , (23)

where tgbG(f) is the mechanical dissipation co-
efficient.

At low frequencies (f) N;(f) will tend to=-
wards the equilibrium value Nc o? i.e.

’
. ¥ _

%ig Nc(f) - Nc,e

The dependence of NC on f determines respec-
tively the dependence of the complex quantity,
number-average molecular weight of network

= Ge/RT . (24)

strands <Mn,c7’ on f

d qa N'(f
PR O P S L N
n,c NX(£) Néz(f)+N52(f)

qug(f) 1 d,

i 12 “ - 2
W ]
N “(£)+me(£) 1+ 180 (f) NI(E)

1 dp
- i 5 =4M;1 c(f)7_
1+ 1/tg%0(f)  NX£) ‘

—iuy (£) >, (25)

whereA:MA’c(f);>is the number-average molecular
weight of storage network chains, and<fM£’c(f);>
- that of loss network chains.

Accordingly, the following expression is ob-
tained for tg bM

» "
Jmet Ne: 17> ) 4Mnlc(f) >

tg by(f) = =
M RecM, (£)> &My (£)7
NIE)
= L = tg by . (26)

W (£)
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In general, the following eguation will be
s v *
valid for <Mn,c >

‘<Mg:c = F(f,T,e,,V..,P) . (27)

These time /Nc(t) andﬂ(Mn,c(t)>/ and fre-
quency /N;(f) and«imgic(f)>d dependences can be
used for quantitative determination of the pheno-
mena thixotropy, strain relaxation, relaxation
transitions, etc.
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