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Physical Chemistry of Disorder in Polymer
Chains Arrangement

YURY A. SHLYAPNIKOV
Institute of Chemical Physics, 117334, Moscow, Russia (USSR)

(Received April 6, 1992)

An individual homopolymer is considered as two-component system, one component being the polymer
as such, and other—the multitude of elements of disorder—UODs—dissolved in the polymer. These
elements are formed by various entanglements of long polymer chains and stable even in the polymer
melt, in many cases behave like molecules of a certain quasi compound.

Some physico-chemical phenomena based on this model are discussed.

INTRODUCTION

Among other characteristics of the polymer affecting its physical and chemical
properties there is the degree of the polymer chains entanglement, that is considered
as a stable disorder. During many years we studied this disorder and its effect on
various properties of various polymers. In this study we summarize the results of
our work.

ANALYSIS AND DISCUSSION

Individual crystalline homopolymers, such as polyethylene, contain two phases in
certain intervals of temperature and pressure. Applying formally the Gibbs phase
rule:

F+P=C+2 (1)

where F is the number of freedom degrees, P—that of coexisting phases, and C—
the number of components present in the mixture. For semicrystalline polymers,
we have F = 2 (temperature and pressure) and P = 2 (crystalline and amorphous
phases). Therefore, C = 2: an individual compound behaves like the mixture of
at least two different compounds. To solve this controversy consider the reason
preventing complete crystallization of polymers below certain melting temperature.

Polymers consist of long chain-like molecules, the arrangement of segments of
these molecules in some sites of the polymer melt is close to that in ideal crystal,
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that is the short range order is obeyed there, when in other sites it markedly differ
from it. Some of sites of short range order violation are those of polymer chains’
entanglements, these entanglements of long polymer chains are stable enough and
they are the very structures preventing complete crystallization of the melt. We
assumed these entanglements and the polymer chain ends, the units of disorder
(UODs), to be that lacking second component or the set of such components.!

The experiments show that sorption of numerous additives by polymers obey
Langmuir law, i.e. References 3-5:

_ _ a4},
[A]p - 1 + b[A],,, (2)

where [A], is the additive concentration in the polymer, [A],,—that in surrounding
medium, a and b— coefficients. The ratio a/b is the limit the additive concentration
in the polymer approaches with increasing concentration in the surrounding me-
dium. Transforming Equation (2) into inverse coordinates 1{A], vs 1/[A],, we get:

1 b 1
@), ~a Al @)

i.e., the Langmuir-type dependence Equation (2) in inverse coordinates transforms
into straight line intersecting the ordinate axis in the point x = 0,y = a/b.

Our experiments have shown*® that at sorption of many additives, of the polar
aromatic compounds, in polyolefins the ratio a/b remains constant in wide tem-
perature range, both below and above polymer melting temperature (Figure 1).
This constancy may be explained supposing that the sorption (dissolution) of the
additive A includes the real dissolution of A obeying the Henry law ({A] = v,[A],.)
and subsequent equilibrium formation of complexes:

Kai
A+ Z = AZ “4)

The formula connecting the additive concentrations outside and inside polymers
(the sorption isotherm) following from Equation (4) is:

(4l = vl + 3 TR )

150
100 2
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FIGURE 1 The sorption isotherms of phenyl benzoate by polypropylene from gas phase in the
coordinates of Equation 3. Temperatures 110° (1), 130° (2), and 200°C (3).
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It has been shown in References 4 and 5, that in many cases the sum in Equation
(5) may be substituted with Langmuir-type expression, i.e. that:

Kaya[Za][A]m

= 4+ ——— o

Al = wldle * T KAl ©
or, neglecting the concentration of really dissolved additive [A] compared to that
in the sorption centers Z [AZ}],

_ KNi[Z)A]
Al = T kAl (62)
where [Z,] = Z [Z)] is the concentration of all types of centers sorbing A, and X,
is the certain average meaning of equilibrium constants K.

Comparing Equation (5) with Equation (2) we find that the sorption limit a/b
for a given low-molecular compound A is equal to the sorption center concentration
(2.).

According to Equations (4) and (6), we can expect that any factor decreasing
the concentrations of sorption centers participating in the sorption of A will decrease
its concentration in the polymer. Thus if we immerse the polymer sample into low-
molecular solvent containing constant concentration of one additive A ([4], =
const.) and variable one of another, B, we can see that the concentration of A in
this sample, [A], decreases with increasing A concentration (Figure 2), the decrease
being approximately equal to second additive concentration in the sample ([A],,
~ [A], = [B],). This dependence may be explained by substitution of A with B
in the sorption centers:

AZ,+ B=A + BZ, 7

The role of second additive can play the solvent. For this reason the solubility
of additives in polymers, i.e. the concentration of A in polymer being in equilibrium
with the same A in crystals, varies depending on solvent surrounding both polymer
and crystals.®

[N}
.

On

[Alp +10°, mol/kg

00 05 10

1B]m ,mol/!

FIGURE 2 Concentration of azo-bis-isobutyronitrile in isotactic polypropylene [A], as a function of
concentration of phenyl benzoate [B),, in benzene solution, surrounding the polymer. 40°C, {A],, =
0.6 mol/kg.
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At crystallization of polymer melt UODs are being ejected from the growing
polymer crystals and accumulate in amorphous regions. As a result the sorption
center concentration [Z] = Z [Z,] and the solubilities of additives in the polymer
in some cases are independent of polymer crystallinity in wide ranges of the latter.”

Repeated melting and crystallization of the same sample of isotactic polypro-
pylene leads to the marked decrease of additives solubility in it. which may be
explained by disentangling the polymer chain entanglements (knots) by leading
facet of the growing crystal. In these experiments the centers sorbing larger mol-
ecules occurred to be more stable, apparently because they are based on more
complex knots.*

The polymer melt crystallization may be considered as the work of UOD solution
compression by growing crystal. Denote the chemical potential of crystalline pol-
ymer, calculated per monomeric unit, p_, and that of amorphous polymer p,. The
chemical potential of UODs dissolved in the polymer will be:

Nuo UODIM,,
KBy = p’d0+RT——1V_d: p’do+RT[—lm.1)— (8)

where M,, is the molecular weight of the monomeric unit, and 1000/M,, is the
monomeric unit concentration in the bulk polymer in mol/’kg. At the equilibrium
2, mdN;, =0, 0r

Ke ch t M dNa + By dNa =0 (9)

During the process of crystallization the increase in crystalline substance content
is equal to decrease of that of amorphous phase, i.e. dN, = —dN,, and the
concentration of UODs in amorphous phase is [UOD],/(1 ~ «), where a =
N./(N, + N,) is the polvmer crystallinity. In this case:

_ RT[UOD]M,,
e + Kq + HKdo = 1()%(1 _ (l) (10)

Assuming that each type of foreign units present in the polymer chain decreases
the chemical potential of crystalline phase in proportion to its content Ny, i.e.

THe T T T z xiNfi (11)

we get the resulting formula connecting the polymer crystallinity with UOD and
foreign units (FU) concentrations:

_ RT[UOD],
== TG, — s x [FUL (12)

where —AG,, is 1000(w, + w4, — /M, — the change of Gibbs potential at
crystallization of ideally ordered polymer calculated per one kilogram. Equation
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(12) shows that the polymer crystallinity depends, besides other factors, on UOD
concentration, i.e. on content of disorder present in the polymer.

The concentration of centers sorbing the additive A, [Z,], depends on molecular
mass of the additive M, as in Reference 8:

[Za] = [Zo]exp(_xMa) (13)

It is natural to suppose that some UODs can form several types of sorption
centers Z;. In the polymer melt the equilibrium must exist:

2 =2Z,=...22Z=...22, (14)

il

If the additive A is sorbed by only one type of center Z,, added to the polymer
melt it will move this equilibrium:

Z=2Z,=...=Z=...22,
) (15)
AZ,

For each type of UOD the condition X {Z)] + 2 [AZ] = {UOD,] = const. is
obeyed, thus the increase of Z, concentration will result in decrease of concentra-
tions of all other types of centers Z;(j # 1).

Experiments show that adding of phenyl benzoate to isotactic polypropylene
melt (220°C) with consequent rapid cooling of the melt and extraction of this
additive with ethanol results in marked increase of concentration of centers sorbing
the same compound (Figure 3) and in decrease of that of centers sorbing another
compound, diphenylmethane (Figure 4). Thus the same topological structure can
form various sorption centers in the solid polymer.* .

Elements of disorder play great role in kinetics of chemical reactions of low-

2
012 1 i
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FIGURE 3 Sorption isotherms of phenyl benzoate from benzene solution at 40°C by usual isotactic
polypropylene (1) and by the same polypropylene treated with phenylbenzoate, 0.6 mol/kg, in the melt
state and then rapidly cooled.
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FIGURE 4 Sorption isotherms of diphenyl methane from benzene by isotactic polypropylene: usual
(1) and treated with phenyl benzoate, 0.6 mol/kg, in the melt state (2) 40°C.

molecular compounds dissolved in polymer media. Three types of such reactions
have been studied:

A — products (16)
A + B — products, and )
2A + polymer — products. (18)

Reaction A — products is either additive decomposition, or its isomerization.
In the first case the reaction proceeds as:

A = (X + X) - products (19)
or, in the sorption center:
AZ = Z(X + X)— products (20)

If a certain portion of energy ¢ is necessary to to decompose the complex AZ,, a
part of this energy €/(g; < g;) is needed to liberate one of newly formed radicals.
It is natural to suppose that the more stable is AZ,, i.e. greater is ¢,, the greater
will be €/, and the less will be free radical X yield compared to reactions inside
the complex, namely 2X — A leading to decrease of apparent rate constant and
X — Y with consequent X° + Y' — XY leading to decrease of free radical yield
in the reaction. With increasing additive concentration in the polymer, [A],, the
first will be occupied the centers Z; in which the sorption energy e, is greater and,
consequently, free radical yield is lower. Our experiments proved this suggestion:
the apparent rate constant of benzoyl peroxide decomposition in polypropylene
increases with increasing peroxide concentration, and another additive, phenyl
benzoate, occupying some centers Z; increased the rate of peroxide decomposition
and the yield of free radicals formed in it.” In another reaction in polypropylene
media, decomposition of azo-bis-isobutyronitrile, the rate constant was virtually
independent of the additive concentration, but the free radical yield increased with
increasing concentration.%1}
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As known from chemical kinetics, the rate of chemical reaction between two
compounds is direct proportion to the product of reactant concentrations if at least
one reactant is composed from mobile particles. The reaction between two addi-
tives, A and B, dissolved in the polymer, can proceed either as transformation of
the triple complexes ABZ*, based on large centers Z*, or through reactions of
mobile molecules A + B; A + BZ, and B + AZ;. The complexes AZ; and BZ;
cannot interact because of their immobility. The rate of the first direction of reaction
will rapidly approach the limit equal to W,,. = k* im[ABZ*] = k*[Z*], where
k* is the rate constant of ABZ* transformation to products, and the apparent rate
constant of this reaction at high enough reactant concentrations will be:

. W.p- B k*[Z*]
“ = [ALIB],  [ALIB], @

and will be decreasing with both reactant concentrations. The rates of other re-
actions will be dependent on the ratios [A}/[A], and [B}/[B], which vary with
reactant concentrations [A], and [B],. The dependence of mobile molecules con-
centration on the overall concentration of additive can be found by substituting
[A] for y[A],, into Equation (6) and solving resulting equation. The dependence
calculated for several meanings of K, in coordinates [A])/[A], vs [A],/[Z,] is the
system of S-shaped ascending lines (Figure 5).!2

The experimental dependencies of apparent rate constants, i.e. of the ratio k =
WI/[A][B], of several bimolecular reactions in polymers may be presented by sum
of this ascending line and descending line corresponding to Equation (19). As an
example Figure 6 shows such dependence for interaction of benzoyl peroxide with
dibenzyl sulphide in atactic polypropylene and in polyisobutylene:

@) O O O
I I | I
C6H5—C_O—O_C_C6H5 + C7H7'_S"_C7H7 i C6H5_C /C_C(,HS
\O o
N S/
VAN

0 0 0
I

| )
- CGHS_"’C_O—C_CﬁHS + C7H7~S _C7H7

(22)

The rate constant of this reaction in low-molecular solvent (in isooctane) is
independent on reactant concentration, but in its high-molecular analog is expressed
by the curved line with minimum, i.e. may be considered as the sum of descending
and S-shaped ascending lines.!>!* The rate of reaction of substituted o-quinones
(Q) with polypropylene or polyethylene (RH):

20 + 2RH— QR, + QH, (23)
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FIGURE 5 The ratio of mobile additive molecules to overall additive concentration [A]/[A], as a
function of the ratio of the additive concentration 1o that of sorption centers {A],/[Z,], calculated from
Equation (6) assuming [Z,] = 0.01 molkg, K = 5 (1), 50 (2), 500 (3), and 5000 kg/mol (4).
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FIGURE 6 The apparent rate constant of interaction of benzoyl peroxide with dibenzyl sulphide as
a function of the peroxide concentration in atactic polypropylene (1) and polyisobutylene (2). 50°,
sulphide concentration 0.01 mol/kg (1) and 0.011 mol/kg (2).

proceeding in centers Z* rapidly reaches the limit equal to k,[Z*], where k, is the
rate constant of complexes QQZ* transformation to end products, and is in the
wide range virtually independent of the reactant concentration. 4

Thus many various properties and processes regulations in polymers can be
explained considering disorder existing in the polymer as the multitude of various
units of disorder (UODs), which in many cases behave like molecules.

In general, such usually used polymer characteristics, as composition, shape, and
size distribution of macromolecules must be supplemented with concentration, type
and spatial distribution of the units of stable disorder present in it.
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