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SUMMARY

An attempt is made fo extend the model of Leibler for the emulsifying activi-
ty and interfacial properties of A-b-B diblock copolymers in incompatible blends
of the homopolymers A and B - which are identical with the respective copoly-
mer components - to enthalpically inferacting C-5-D diblock copolymers, the
block C being thermodynamically compatible with A and D with B. Dug to the
altractive enthalpic inferaction the A/C-b-D/B compatibilized blends are promi-
sing for optimum phase adhesion (bold types for thermodynamically compatible
partners). Thus, the extended madel for a plane interfacial layer includes the
enthalpic inferaction of the compatible polymer pairs beside the enfropic
effects. The apprcach starts with the equilibrium supposition, not taking infe con-
sideration enthalpy driven migrafion effects of the block copelymer from the bulk
to the inferface, The model confirms a dominant role of the enthalpic interaction
between blocks of the diblock copalymer and the respective hemopolymers fo
the compatibilization of incompatible blend components. It is applicable also for
blends compatibiized with block copolymers of unfavourable repulsive type
Interaction, A/C-b-D/B, and for blend systems with mixed type interactions, &. g.
A/C-b-B/B or A/C-b-D/B.

INTRODUCTION AND PROBLEM

The essential question related with the compatibilization of multiphase poly-
mer blends fs how o design the compatiblizing agent for maximal efficiency. In
contrast fo low molecular welght emulsicns, in macromolecular systems not only
minimum interfacial energy and maximum dispersion, consequently, has applica-
tional relevance. Efficient adhesion is asked because only In this way energy may
be transferad from cne phase to the other, This is evident, for instance, for a high
impact blend where a thermcplastic glassy polymer is combined with a rubbher,
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() - The classical way to emulsify the systern and to reclize an effective adhe-
sion between the two Immiscible phases is the use of diblock copolymers - A-B-B -
with blocks identical with the respective compoenents - A and B - of the blend to
be compatibilized . Provided the blocks of the copolymer exceed the respec-
five entanglement length, they anchor in 'their’ pertaining bulk phass, yielding by
compatiblization not anly a relatively stable, fine dispersed morphology, but also
enhanced mechanical propertiss due to the effective phase connection ¥, The
type and the sfrength of the cohesion of o block in 'its' blend component corres-
ponds o that within the pure blend milieu, which typically may be glassy or semi-
crystalline. The synthesis of sufficiently long block copolymers, however, may be
crucial in many cases,

(I - Thus, in order to compensata a lack of entrepic by enthalpic interaction, It is
attractive to substitufe copolymers with blocks identical with the respective
blend partners by shorter block copolymers - C-£-D - with blocks thermodynami-
cally compatible with the blend components. In spite of some experimental evi-
dence In this field 7' the question of the efficiency of this fype of compatibiliza-
ticn - A/C-b-D/B (bold Types for compatible partners) - is still under discussion. It
has been shown, however, that the theclogical efficiency in A/A-H-D/JB is superior
to that of the A/A-b-B/B system 7, It seerns plausible that interacting blocks - C or
D in C-b-D - may be shorfer than A or B in A-b-B, because their favourable,
atiractive inferaction with the blend partners - A and B - is superior.

{Ily - Recently, Vigis et al. reported on a 'universal emufsifier, which just
inverts the sifuation concemning enthalpic interaction: They have shown '# that
even unfavourably inferacting - repulsive fype - block partners of a chemical
structure, C-b-D, different from that of the blend polymers - A and B - are migrat-
ing from the bulk phases fowards the interface, reducing the interfacial tension
and promoting the dispersion degree. Becouse of lack of attractive interactlon
with their blend partners, the phase adhesion with such type of blocks should be
interior in the comesponding A/C-6-D/B systems than in those discussed before.

It is evident that a more detailed study of the enthalpic type A/C-b-D/B com-
pafibilized blends may be useful with respect to the high applicaticnal relevancs
of phase adhesion. Consequently, an aftempt for a phenomenciogical descripti-
on of this prablem is given in the following, with Inclusion cf A/C-b- D/B systerms. ‘

In literature there are essentlally two types of approaches to attack the prob-
lem of compcatiblization of thermodynamically incompatible polymer partners:

(M - The stafic modei': One starts with the equilibriurmn situation, with the bleck

copolymer situated at the interface of the blend components.

(i - In the 'dynamic model’ the effect of the enthalpy driven migration of

the block copolymer from the bulk phases towards the interface and its con-

sequences to the interfacial tension are taken infe account.

Both of the gpproaches are not selaborated up te now for enthalpically inter-
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acting A/C-b-D/B type sysfems or for those which exhibit different types of inter-
actions for both blocks, A/A-b-D/B or A/C-£-B/B.

() - Leibler ' has discussed some thermodynamic agpects of the interfacial
and emulsifying activity of A-b-B diblock copolyrmers in the incompatible biend of
the compenents A and B. He assumed the interlayer between the incompatible
polymers a5 o plane interface (a wall) to which the diblock copolymer s atte-
ched, so that eqch of the two blocks extends info his pertaining bulk phase, Con-
sidering only one of the sides of this inferface, the picture resembles to the con-
cept of de Gennes' ‘bolymer brushes' %, 1. e. a polymer chain grafted with the
one end to a rigid wall. Starting with this sfafic mode), Leibler has calculated the
free energy of the A/A-B-B/B system, taking info account the contributions of the
entropy of mixing, of repulsions and of the elastic stretching of the brushes, which
fakss place in wef brushes.

(i - Another more complex dynamic approach was derived by Noolandi et
al. '* 15 within the framework of statistical thermodynamics. Again for the simple
system A/A-D-B/B he accounts for the effect of migration of the diblock copoly-
mers from the bulk fo the interface and the arientation of the bliocks into their
respective bulk phases. The migration of the block copalymer Itself is enthalpy dri-
ven: In the A as well as in the B bulk phase the respective incompatibe block
either induces the migration fowards the inferface, or micelles are buitt up (self-
organization). The effect of the migration is an increasing reduction of the inter-
facial tension. Also the cose of unfavourably interacting repulsive fype biock sys-
tems ¥ - A/C-b-D/B, as cited before - has been siudied in the dynamic ap-
proach. Such inert' block copolymers will show a pronounced tendency to self-
organisation, o form micelles.

We decided to extend the simple staffc mode! of Leibler ¢ enthalpically
interacting A/C-b-D/B systems not cnly because of mathematical simplicity. With
respect fo applicational relevance we argue that for the assumed final situation,
i. &, with the block copolymer already at the inferface, a contribution due to mi-
graticn from the bulk t¢ the interface is relevant with respact to dispersion prima-
rily, not to adhesion. The repuisive type universal emulsifiers, A/C-b-D/B, may give
the indication that high dispersion does not mean strong adhesion, the lafter be-
Ing optimized by enthalpic atfractive fype interaction, Thus, our simple approach
may conttibute fo design compatibllized blend systems with optimum achesion .

Extending. consequently, the model of Leibler for the more general situation
of the plans inferlaver in the A/C-b-D/B blend, we assume for this systfem the wet
trushes as the redlistic model. The goal is to estimate how the different parame-
ters influence the inferfacial properties and to derive analylical expressions that
confain known parameters of the plend system, i. e. the degresas of polymerizati-
on and the Flery-Huggins inferaction parcmeters, Using these analytical expres-
slons it should be possitle to dasign the best block copolymer for a given blend,
The A/C-B-D/B may be treated in parallel, supposing o dry brush interface.
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DESCRIPTION OF THE MODEL

We assume the immiscible polymer blend comprising the two homopolyrmaers
A and B, compdatibilized by the diblock ceopolymer C-£-D. A is compatible with C
and B with D. Accordingly we have to disfinguish between the respective wet
brushes | (A/C) and Il (B/D). We further assume that the junction between the two
blocks is situated at the inferface and that each brush is penstrated only by 'its'
miscible blend partner. That means the volume fractions of A in brush It and of B
in brush |, respectively, are neglected, as well as the corresponding interaction
parameters between A/B, A/D. B/C and C/D. Additionally. the interaction bet-
ween identical blocks af the interface Is neglected.

Consequently, only the following contributions fo the free energy are ac-
counted for: () The mixing entropy betweaen the macromeolecules - (i) enthalpic
interactions between the contactic polymers - (i) repulsion betweasn the immis-
cible blocks of the block copolymer - (V) stretching of the copolymer blocks due
to excluded volume effects, and - (v) the Interfacial energy.

According fo the wef brush model, the polymers of the bulk phase pene-
trate only the brushes containing the pertaining compatible block of the block
copolymer. The model seems realistic for the supposed favourobie enthalplc
interaction between the cocmponents. The dry brush mode! characteristic for
negligible polymer penatration is unreclistic for the enthalpic fovaurably inter-
acting system, A/C-b-D/B, but appears applicable for the unfavourably infer-
acling A/C--D/B,

A detalled answer, however, which model represents better a redt situation
must be given by the experiment. An estimation of the maximum inferfacid aredi
density is passible by considering the blend composition and by using morpholo-
glcal images from eiectron microscopy. Some of our results * support, however,
that the wet brush supposition is redlistic for A/C and for D/B brushes, raspectively.

FREE ENERGY OF THE SYSTEM

In order to deduce an expression for the change of the free energy of the in-
terfacial layer by adding the interacting block copolymer, we assume that the
molecular weights, the nomalized polymerization degress of the polymers - N,
and N, - and of the diblock copolymer - N, = N.+N,, - are given as well as the
respective specific interaction paramsters. y.. anNd e Kae IND Xy NaAve not 1o
be marked with bold or normal types, because this is not relevant for the respec-
five %'s,

In the following, the change of the free energy is evaluated for a wer brush .
Introducing the respective volume fractions, @, @, and &, the number of
polymers, &, and &, and the end-fo-end distance of the ideal chain, R, the
change of the free energy is given by:
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The first two terms reprassnt the entropy of mixing, the 3rd the enthalpic inferac-
tion, the fourth the repulsion * and the fifth the elastic stretehing of the blocks 2,

For unfavourably inferacting dry brushes, A/C and D/B, the 5th term in (1)

| 2
%@'CD [RLJ should be omitted because of lack of elasiic sirefching of the blocks
o

We continue with the wet brush situation. The dry brush easily can be freated
by ofnfﬂing the relevant stretching ferms. Using molecular parameters (segment
length, a, degree of polymerization, N) and characteristics of the interfacial geo-
geometry (brush thickness, L, interfacial area, A) one can substitute the unknown
volume fractions by
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X is defined by £=A/Q,.. After substitution the change of free energy Is given by:
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Using the last expression (3) it is evident that the decrease of the free energy
depends on both, the chain length of the polymers (expressed by the degree of
polymerization) and the inferaction parameters between the interacting blocks
and the corresponding homepolymers. The thickness of the interfacial layer, L s
determined by the minimum condition of the free aenergy.
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The respective expressions for brush Il are obtained by appropricte substi-
tution of the indices in equations (1-3).

THICKNESS OF THE INTERFACIAL LAYER

At equilirium the thickness of the inferfacial layer is determined by the con-
dition of minimization of the free energy. Since Eq. (3) depends only on L. the
rminimization can be performed for the two brushes separately, the whole thick-
ness of the interfacial layer being given by the sum L'+’ of the fwo inter-
connected brushes. For brush | the thickness s obtained from the condition:

) AF!
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Assuming cIJ'c << 1, the following cubic eguation for L' results:
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Eq.(5) has one redl solution if condition (6) of the wef brush is satisfied:

Z < BN e )

The solution Is of the form:

NCG 113 1 143
@ U-5R(E) ()

Since Eq. (7) centains both, the degrees of polymerization and the interac-
fion parameter of the interacting pair, it is possible to compare the magnitudes
of the respective conhibutions. The degres of polymerization of the blocks is
usually of the order of 102 to 10%, As o consequence the compatibilizing effect will
be domincated by the enthalpic interaction. This is the main diffsrence to the
A/AH-B/B systemn, where the block length governs the behaviour.

Eq. (7) shows, that the brush thickness depends linearly on the copolymer
block length, on the 1/3 power of the copolymer areal density, and  (for -y>>
1/N,) on the inferaction parameter. The dependence on the block length (for
¥ =0) Is of -1/3 power, A similar expression for infinfte homopolymer length has
been deduced before by Brown et al. ", Accerding te the authors the expansion
cf the inferface with decreasing y is the enthalpy-driven brush swelling,

REDUCTION OF THE INTERFACIAL TENSION
The change of the interfacial tension, Ay. is defined by the derivative of the

free energy, AFY, with respect to the interfacial area '¥.

o AR Y _9f A | AF gz

O A= SR Skt )T Az QeokT T QuokT JdA

Introducing Eq. (7) one obtains:

(1/Na-yac) (1/Ng —%en)
From Eg. (9) i results that the inferfacial tension is strongly influenced by the
copolymer density af the inferface, o¥Z. For predominant enthalpic interaction
the following approximations are reasonable:

(10 l]:jc ~){,AC~II:JJ—§ 'N-I—A*XAC;_XAC

Thus, Eg. (9) may be simplified according to
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It results that the reduction of the interfacial tension depends on the ratio
beltween the chain lengths of the Interacting block and the corresponding
hornopolymer,
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DISCUSSION

The presented andlysis concerns only a plane interface. For curved inter-
faces some corrections are nacessary . Additionally, the possiblity of fluctua-
tions of the copolymer concenfration at the inferface and micelle formation In
bulk have been neglected. Due To micelle formation, the concentration of the
compatibilization relevant copolymer af the inferfaces is decreased.

In the model is included the unknown areal density of the block copolymer
at the interface, o¥/Z, which contributes to both U and ay. The areal density is
influenced by the alfraction between the inferacting pairs A/C and B/D as well
as by the repulsion between A/D and B/C. respectively. The stronger these
interactions, the more copolymer will accumulate in the inferface. The corres-
ponding influences an L' and Ay are shown in Eags. (7) and (9).

The unknown areal density, o°/%, has fo be substifuted, however, by measu-
rakle quantities. Two ways are possible. First to measure directly the copolymer
concentraficn profile at the inferface, ©,(x), In order 1o ke able fo determine
®..”®, The mean value can be calculated by using Ea. (T2):

lJ;q:’c[)()()d)(
exp _
(1) &% ="——5—
o and p are the x-coordinates of the interfacial layer.
The mean copolymer concentration is given by:

E(L‘(I)c -+ LII‘DD)

(13) @ = 5

Considering Eq.(7) cne obtains:

v 3/2
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Concentration profiles of the copolymer have been measured by Brown et

al.'” and Dot et al. 2. Neuber ® has demonstrated the possibility to measure
such profiles at the inferface by FTIR during inferdiffusion of compatible polymers.

The second method reguires the knowledge of the copolymer concentra-
tion in the bulk. Suppacsing equilibrium, the chemical potential of the copolymer
in the interfacial layer and in the bulk are identical. The potential of the copoly-
mer in the interfacial layer can be calculated by using the cerresponding ex-
pressicn of the free energy. Using the two relations for the chemical potential in
bulk and in the interface, one can eliminate the chemical potential and derive
an expression for the (numerical) evaluation of a¥/x.

The last term in Eg. (?) reprasents in fact the combinatorial enfropy of the
block copelymer. This entrepy is, however, sfrongly reduced due fo the accumu-
lation of the block copolymer ot the inferface. It depends not anly on the chain
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stiffness, bur aiso on the inferaction oetween the polymers, Thus, for enthaipically
Interacting systerms its contribution to the Inferfacial tenslon probably is overesti-
mated. However, the assumed equllibrium condifion may be gusstionable, be-
cause polymer blend morpholegies may be far from eguiliorium. One of the rea-
sons may be the very slow diffusion of the block copolymer in the blend to be
compatibilized.

In conclusion, a simple approach has been tried 1o describe the interfacial
consequences of compatlbilizing Incampatible blends - A/C-b-D/B- and A/C-b-
D/B-typs - by block copolymers interacting with the blend partners favourably or
unfavourably.
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