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copolymer interphases: 2. Thermodynamic
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Evidence for various types of compositional asymmetries associated with the interphase region of
microphase-separated block copolymers leads to a classification of four general cases that may exist. The
recently modified version of the Leary—Williams thermodynamic model for diblock (AB) and triblock (ABA)
copolymers is extended to include all four cases, for planar microstructures. Calculations are performed of free
energy and separation temperature corresponding to each case. Results are consistent with experimental
observations of interphases found to be rich in the A component, but inconsistent with experiments that
indicate residual mixing of B material in the A core. The inference is made that the latter observations
correspond to samples that are not in a state of thermodynamic equilibrium.
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INTRODUCTION

Block copolymers are known to form a micro-
heterogeneous structure wherein the two (or more) block
components segregate from one another. This microphase
separation, illustrated in Figure [ for a planar mor-
phology, occurs for diblocks AB, triblocks ABA, and
other molecular architectures (ABC, star (AB),, multi-
block ABABAB...). Microstructural parameters of impor-
tance are also defined in Figure 1: the repeat distance D,
the domain sizes T, and Ty, and the interphase thickness
AT over which the local composition changes from
(mostly) B to (mostly) A. Figure 2 presents some hy-
pothetical composition profiles which have been used to
represent the local volume fraction of component A as a
function of distance across the interphase, ¢4(x).

The evolution of thermodynamic theory for describing
microphase-separated block copolymers has progressed
considerably with respect to the incorporation of infor-
mation about the interphase region in the overall model
for the system. The pioneering models of Meier' and
Krause? postulated a sharp interface. The Leary-
Williams model® was the first to accommodate fully the
idea of an interphase region of finite thickness, although it
utilized a highly unrealistic step-function composition
profile (Figure 2) for the sake of mathematical con-
venience. The later models of Meier*>, Helfand® and
others (see e.g., ref. 7) incorporated more realistic com-
position profiles. Meier*> acknowledged that some form
for a profile must be used (he chose a sinusoidal one), but
believed (like Leary-Williams) that the thermodynamic
properties were not sensitive to the profile choice. Hel-
fand® derived a profile (in the form of a hyberbolic tangent
function) based in part on the early work of Cahn and
Hilliard®.

The recent work of Henderson and Williams® disputes
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the idea that properties are insensitive to profile choice by
performing calculations for a modified Leary—Williams
model for five different composition profiles; AT and
separation temperature 7; are shown to depend strongly
on profile choice as well as on molecular parameters such
as total molar volume ¥, volume fractions ¢, and ¢p of
components in the copolymer, and molecular architecture
(AB versus ABA). In this respect the theories of Meier
and Helfand have qualitative and quantitative differences
from the Henderson-Williams results. For example, AT
was calculated as a fixed value independent of V' (Hel-
fand), a monotonically decreasing function of V' (Meier),
or a curve that first increases with V, passes through a
maximum and then decreases (Henderson—Williams).
[ These qualitative differences between the theories are not
a consequence of the different ¢j(x) choices made in each
case; such choice affects primarily the magnitude of AT]
Direct comparisons of other Henderson-Williams pre-
dictions (e.g., AT(¢4) or T(¢4)] with those of Helfand and
Meier are difficult to make, as graphical presentation of
such results are not available for the latter models.

In addition to any inferences about AT and ¢,(x) that
may result from thermodynamic calculations, much re-
cent experimental evidence'®~*® supports the concept'®
that the interphase should play an important role in the
rheological and mechanical behaviour of block copo-
lymers. In fact, the rheological behaviour has been
proposed!? as being dependent on details of ¢;(x), while
the thermodynamic therories are less sensitive to such
details because they incorporate only averages involving
the profile.

In light of the potential importance of the interphase
profile in determining or influencing material properties
(morphological, mechanical and rheological), it seems
imperative to examine the available experimental evi-
dence concerning the nature of ¢ (x). Direct measurement
of ¢i(x) has not yet proved feasible. However, a recent
evaluation?® of data obtained with a variety of experimen-
tal techniques (e.s.r., XPS, d.s.c., viscoelastic properties),
used on block copolymer samples of varying architectures
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Figure 1 Diagram of microphase-separated block copolymer with
planar morphology. Core regions of A and B are separated by an
interphase (A + B) of thickness AT. A triblock molecule is illustrated, but
the relationships between AT, the domains sizes T and T, the core
regions, and the planar repeat distance D are defined in the same manner
for diblocks

and chemical species, showed that the interphase region is
usually rich in one component. (The interphase seems to
be consistently rich in the higher-T, component; if A is the
higher-T, material, then this is equivalent to saying
¢x>0.5, where ¢, is the volume average of ¢j(x) over
0< x<AT) Thus, the interphase profiles in these samples
must have been asymmetric.

Unfortunately, these experimentally observed asym-
metries are not reflected in the mathematical forms for
¢a(x) used by the various thermodynamic theories, all of
which have, to date, employed symmetric composition
profiles. The question of what effect such asymmetries
might have on the thermodynamic predications for block
copolymers’ properties is therefore unexplored.

The purpose of this paper is to classify the various kinds
of asymmetries that might exist, to modify the revised
Leary—Williams model® to incorporate the possibility of
various types of asymmetries, and to present the sub-
sequent thermodynamic predictions for free energy and
separation temperature. Results are given primarily for
ABA copolymers, and a planar morphology is chosen
(following our previous work®), in part because the chain
statistics are known exactly only in this case.

RESIDUAL MIXING AND CLASSIFICATION OF
ASYMMETRIES

Before the thermodynamic model® can be altered to
accommodate asymmetries, the physical and mathemati-
cal nature of the asymmetries must be defined more
precisely. There is a considerable body of evidence?° that
¢, >0.5, but there are many possible ¢4(x) that could
account for this physically observed phenomenon. For
example, Figure 2 illustrates several widely different
profiles all of which have ¢, =0.50, and even greater
variations could be envisioned for ¢} # 0.50.

Another, linked, phenomenon should be considered
here: the possibility of residual mixing—or incomplete
demixing—in the core region of block domains. Such

residual mixing is strongly suggested by experimental
evidence, yet this possibility also has not been addressed
by thermodynamic models. Before the implications of this
mixing are discussed, some of the evidence for its existence
will be described.

The most pervasive form of evidence lies in the
frequently-observed lowering of the glassy-component T,
(here, T;) in block copolymers relative to T, of a
homopolymer of the same molecular weight. The assump-
tion here is that residual B is dissolved in the
predominantly-A microphase lowers 7;", just as is obser-
ved with ‘internally plasticized” random copolymers.

One alternative hypothesis®! for the observed T, shift is
that of strong ‘dynamical interactions’ between the two
blocks: since the glassy material is connected to a lower-T,
polymer, this connectivity imparts a greater-than-
expected degree of molecular motion to at least part of the
A chain and hence results in a lower value for the observed
7;". However, the inverse argument fails, as an elevation
of the T? is rarely if ever encountered. Furthermore, it
appears (for polystyrene-containing block copolymers, at
least) that the T} decrease depends primarily on the
molecular weight of the PS block and not on the chemical
nature of the attached ‘soft’ block??, as might be anti-
cipated if the ‘dynamical interactions’ between soft and
hard blocks were the primary cause of the T shift.
Ironically, some anomalous data points in the set used to
deduce the molecular weight trends in the T;* shifts were
rationalized?? on the basis of those samples having a
considerable amount of soft material (polyisoprene)
mixed within the PS phase.

There have been several attempts®®~>° to predict T,
shifts theoretically as a result of various structural features
that might be present in block copolymer systems (cross-
links or entanglements; surface-to-volume ratio or other
domain-size considerations; mixing in the interphase
region). However, these analyses predict 7, shifts which
are usually too small to account for the observed cases,
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Figure2 The volume fraction of component A in the interphase plotted
as a function of the dimensionless distance across the interphase x/AT
for five composition profiles previously used (Step, Linear, Cos?, Tanh

(¢ =5),and Tanh (g =12)), where g is a shape parameter occurring in the
argument of the Tanh profile)
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and sometimes are even in the wrong direction. A recent
review2® of block copolymer characterization discussed
this issue and concluded that the reason for the abnormal
T} decrease is not yet fully understood. The review also
emphasizes the importance of the often-neglected factors
of copolymer composition and sample treatment, in
agreement with the conclusions of our recent thermody-
namic work®.

Nevertheless, several authors!®2773! have interpreted
the observed T; shifts to mean that some foreign material
was mixed in the core regions. (The core itself is defined to
be a homogeneous region, i.e., if there are B chains present
in a predominantly A core, they are evenly distributed
throughout the core; changes in composition with dis-
tance resume only at the core boundary, where the
interphase material begins.) Sometimes the observation of
a T;* shift has led to quantitative estimates of the amount
of residual mixing. Zurawski and Sperling?” estimated
11-16%; poly(ethylene-co-butylene) dissolved in the PS
phase of a S—=EB-S triblock. Diamant et al.'° found 3.5-
119 polybutadiene (PB) in the PS phase for SBS triblock
copolymers, while Annighofer and Gronski'® found
about 20%, PS in the polyisoprene phase of a tapered
block copolymer, based on similar arguments and an
observed T shift.

Other authors have used the observed T;* shifts to
conclude qualitatively (but definitely) that residual mixing
exists. For example, d.s.c. results for SB*® and SBS?8-2°
copolymers have led to the inference that some PB must
reside in the PS phase. Similar qualitative conclusions
have been reached for various block copolymers exam-
ined with es.r.*® and n.m.r.! (based on T;* shifts), and
electron microscopy>2. The last is particularly important
conceptually, as direct evidence for mixing was observed
(some bromine used to stain the soft component was
found in the PS phase). Note that the amount of mixing
can be large (e.g., 10% or more) rather than on the trace
level of mixing observed*? in ‘incompatible’ blends of
homopolymers.

If one accepts the possibility of residual mixing in the A
phase—and, lacking any other quantitative explanation,
this seems the most likely justification for the observed T;*
shifts—then several consequences arise in regard to the
treatment of ¢j(x) asymmetries, as the two possibilities
(asymmetries and residual mixing) are linked. First, both
must be addressed in the mathematical formulation of the
model. Secondly, once both phenomena are considered, a
synergistic effect reveals itself: the very definition of
‘symmetry’ depends on the amount of B present in the A
core. The complexities of this situation are illustrated in
Figure 3.

Consider first the simplest case, case [ in Figure 3: when
there is no residual mixing in the A phase (hence
dalar= K=1.0) and the profile is symmetric (in the sense
that ¢, =N =0.50). Figure 3(I) illustrates two different
curve shapes for ¢,(x) which meet these criteria, just as
Figure 2 does for several others. All curves in Figure 2 and
Figure 3(I) are symmetric visually, that is,
da(x/AT =0.50)=0.50 and DA(x/AT =0.50—¢)=
1 —¢a(x/AT =0.50+¢) for any value ¢ (0<£<0.50); this
results in N =0.50 for all curves.

If the value of K is kept at unity but asymmetries are
allowed (i.e., N-values other than 0.50), the resultant curve
shapes are obviously asymmetric visually as well
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Figure 3 Schematic illustration of possible curve shapes for the
interphase composition profile ¢/4(x). Representative Pa(x) are plotted
as a function of dimensionless distance across the interphase for each of
the four possibilities resulting from combinations of {N=0.5, N #0.5}

and {K=1, K#1}, where N=¢j, is the volume-averaged fraction of
component A in the interphase, and K=¢)(x/AT=1) is the volume
fraction of component A in the A core region. Case I is symmetric
(N=0.5, K=1), case Il has K=1 but allows N to vary, case III is the
reverse of that, and case IV allows both to vary (N#0.5, K#1)

[PA(x/AT =0.50—¢) £ 1 — PpA(x/AT =0.50+¢)] and the
two criteria agree. Figure 3(I1) displays profiles with K
values of 0.30 (rich in B), 0.60, and 0.70 (rich in A) to
illustrate this case.

But once one allows mixing in the A phase, then K < 1.0
and the two criteria are no longer equivalent. Consider
Figure 3(111): both curves there are obviously asymmetric
visually [Pa(x/AT =0.50—¢)# 1 — pr(x/AT =0.50+¢)]
yetboth have N =0.50 and are ‘symmetric’ in that sense. It
should be noted that cases I and III in Figure 3 would
both result in experimental values for N that imply
symmetry, even though case III is not symmetric visually.

Finally, case IV in Figure 3 displays several profiles for
which N # 0.50and K # 1.0. One profile, corresponding to
K =0.95, has a value N =0.60 just as one of the curves in
case II does, albeit with K =1.0. Thus, an experimental
observation of N=0.60 could not distinguish between
these curve shapes, just as knowledge that N = 0.50 would
be insufficient to allow a choice between any ¢j(x) in
Figure 2 or Figure 3(I).

The four cases exhibited in Figure 3 correspond to all
possible combinations of {K=1, K#1} and {N=0.50,
N#0.50}. In terms of the thermodynamic model being
used here®, no adjustments to the theory are required to
make predictions for cases I and 1I (i.e., for K=1, or no
residual mixing); only a knowledge of ¢,(x) is required.
‘Indeed, all previous® work falls in case 1) However,
considerable modification is necessary to account for the
physical changes that accompany the intermingling of B
chains in the A core as occurs in cases III and IV.
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EXTENSION OF THE THERMODYNAMIC
THEORY

Summary of the existing model

The model employed here to examine the effect of
asymmetries and residual mixing is the recently modified
version® of the Leary-Williams thermodynamic theory”.
Previous publications®® present derivations and expla-
nations of the model features in great detail and only a
brief summary is given here to enable the reader to
evaluate subsequent additions.

Certain material balance relationships, valid for the
case where K =1 (no residual mixing), arise immediately
from the definitions illustrated in Figure | for planar
morphology. The volume fraction of interphase material
1s given by

=2AT/D=2B¢5/(1~25¢3) (1)
where B is the dimensionless interphase thickness
B=AT/T, ()
and Ez 1 —@. The formal definition of E and @ is
given by

AT

— 1
Pa=1—¢3 =EJ alx)dx 3)
0

Other morphological relationships (e.g., for D or Ty) are
available but are not needed here.

The general approach is to write an expression for the
Gibbs free energy difference between the postulated
structured (microphase-separated) system and the cor-
responding homogeneous reference system at the same
temperature:

AG= Gslruc - Ghomog =AH—-TAS (4)

The enthalpic term is evaluated from a knowledge of the
morphology via

AH= —AH,; = — V(05— 0p)*[dads~fbrds]  (5)

Here ¥V is the total molar volume, §, and &y are the
solubility parameters, and ¢,y is

AT
b=y | B0 ©)
¢

The extra term involving fin equation (5) subtracts off the
contribution from the interphase—where there is still
mixing of A and B.

The entropic terms, which depend on molecular
architecture (AB versus ABA), consist of three
contributions:

AS=AS, +AS,+ASy (7
Here, AS, results from confining the block junction to the

interphase region while the AS, (withi=A or B) represent
the entropy change, relative to the homogeneous case, in

restricting the i block to reside only in the T; region, where
T, is the thickness of the pure-i core plus the adjacent
interphase regions. Simple probability arguments*? lead
readily to

diblocks ASY=RIn(f) (8a)

triblocks ASY =RIn(2f—f?) (8b)
where R is the gas constant.

The origins of AS; expressions are considerably more
complicated, involving solutions for chain probabilities or
distribution functions, and will not be described here. The
major difference between the AS; for diblocks and tri-
blocks is that in the diblock case both chains in the
copolymer molecule have one end free and one end (the
AB junction) confined to an interphase, while in the
triblock case the A and B blocks are topologically
different (A is as before, but the middle B block has both
ends restricted to interphase regions). For diblocks,
therefore, both AS, and ASg have the form

AS!=RIn(P)—(3R/2)[of — 1 —In(2})] 9)
Here @, is the chain expansion parameter

0¢i2=<"i2>/<ri2>0 (10)

which measures the perturbation of the block coil size
from the end-to-end distance of the corresponding homo-
polymer. The complete expression for the probability P;in
equation (9) is given in ref. 9. For triblocks, the ASY' term
has the form of equation (9) but is multiplied by 2 since
both A blocks contribute; the B block is represented by

ASS =R In(Pg)— BR/2)[02— 1] (11)

The terms involving the o in equations (9) and (11) are
elastic entropy contributions (since in general o; # 1.0) and
are evaluated primarily through a knowledge of a second
model parameter I', the dimensionless domain size

r=T2Krk (12)

which can be related to «? and a2.
The minimum free energy AG,,, is found by varying 8
and I'; in practice this requires an assumption about the

nature of ¢,(x) in order to calculate values for ¢j and

¢ady. All other parameters are known once a given block
copolymer is specified (¢4, V, d5 and dz, homopolymer
physical properties). Once AG,,;, is obtained, morphologi-
cal properties (e.g., the magnitude of AT or D) can be
found from knowledge of S, and I'.;,. If AG,,;, <0, the
equilibrium morphology is microphase-separated with
values of D, T}, Ty and AT as calculated from f,;, and I',;,..
If AG,,,,, > 0 the equilibrium morphology at that tempera-
ture is homogeneous and any morphological calculations
correspond only to a fictitious state. The separation
temperature T, occurs when AG =0 and is found through
a similar procedure whereby one searches for the max-
imum value of T(8,T’), which generally does not cor-
respond exactly to the microstructure characterized by
Bumin» Tmin at any fixed temperature.
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Alterations allowing residual mixing

Defining the volume fraction of A in the A core as K
(and hence 1 — K =volume fraction of residual B in the A
core) leads to several material balance relationships34:

F=2B¢a/{K +2B[¢s — dpa—K(1— )]} (13a)
28 —
T/ T=(K = a)/a+ 3= K(1 = 4] (13b)

Sre=0a(1=2B)/{K +2B[¢4 — ps —K(1— )]} (130)

Here f,c is the volume fraction of the A core region (the
thickness of the core is just T,—2AT) and all other
symbols are the same as previously defined. It is readily
apparent that if K =1 (no residual mixing) then equation
(13a) reduces to the previous result for f, equation (1).
Similarly, the relationship for T; can be shown to reduce
to the earlier one® when K =1. If D is needed it can be
obtained from

D=T,\[1+ Ty/T, - 2§] (14)

and AT and T, are calculated exactly asin the K =1 case®.
The above relationships assume that the B core is pure B
material; if this assumption were to be relaxed, then
analogous relationships could readily be derived.

The enthalpic contribution is conveniently given in
terms of AH'Y, defined by equation (5) for the K =1 case:

AH=AHM + £, K(1 - K)V (5, — 55)* (15)

Here the new term is analogous to the interphase
contribution in the original expression: it accounts for
material that is still partially mixed.

In order to evaluate the entropic effects of residual
mixing, a new parameter is needed; let i be defined as the
fraction of AB junctions which reside in the A core
(instead of in the interphase region as before). Since the
number of B blocks is strictly proportional to the number
of B junctions (one of each in diblocks, two of each in
triblocks), ¥ also equals the volume fraction of all Bchains
that arein the A core (instead of in the Tj region as before).
This argument neglects those cases where part of a Bchain
is outside the A core region even though the AB junction is
not; the number of such configurations present (and of the
corresponding case for A chains) is expected to be
extremely small. The reasons for this will be discussed in
more detail in the Appendix.

Once y is equated with the fraction of all B chains
which are located in the A core, material balance con-
siderations can be used to derive a relationship between i
and other parameters. For example, y/(K) is given by

dr 1=K\, _ =
w=<1_ ¢A><T>“ —f#3) (16)

A knowledge of y allows stipulation of the form of the
equations for the new entropy terms, as described below.

There are now two kinds of A chains: ‘old’ (one end in
the interphase, tied to the junction there), and ‘new’
(located entirely within the A core and connected to a
junction which is itself inside the core region). Similarly,
there are now two kinds of B chains; the ‘old’ B chains

2030 POLYMER, 1985, Vol 26, December

have one or both ends—depending on molecular architec-
ture, AB versus ABA—in the interphase with the rest of
the block distributed throughout the B domain, while the
‘new’ B chains have one or two junctions (depending on
architecture, but always all junctions) in the A core region,
along with the attached A chain(s).

Let AS{", ASSV and AS{" be the previously defined
expressions for the entropy terms associated with the
chains in the ‘old’, or K =1, positions as described above
[equations (8), (9) and (11)]. Let AS), ASE? and ASE be
associated with chains which, in the microphase-
separated system, find themselves in the ‘new’ positions.
By definition, the fraction of A chains, B chains and
junctions that are in the ‘old’ configuration is just 1 —1,
while the fraction in the ‘new’ positions is ¥. Hence one
can write

AS, =(1—Y)AS +yASK) (17a)
AS,=(1—)ASL + Y ASK (17b)
ASp=(1—Y)ASY + YASK (17¢)

It can further be argued that, since the ‘new’ A and B
chains are free to wander randomly within the A core
region—their junctions are not restricted to the in-
terphase, nor do other constraints apply to them as they
do to the ‘old’ chains®—then the configurations of these
chains should not be much perturbed from the random
coil configuration of the homogeneous melt. Therefore, to
a good first approximation, AS$ =AS§ =0.

The ASE term is not zero, however, and it must be
evaluated for the two cases of diblock and triblock
architectures. AS{") represents the entropy change as-
sociated with restricting the junctions of the ‘new’ type
copolymer molecules to liein the A core rather than being
distributed randomly throughout all space (as in the
homogeneous reference state). For diblocks this term has
the same form as AS{", except that f, the volume fraction
of the interphase (where the ‘old’ junction is confined), is
replaced with f, ¢, the volume fraction of the A core (where
the ‘new’ junction resides):

diblocks AS$ = RIn(fyc) (18)

For triblocks the relationship is not the same any
longer, and the form of AS, changes. The term AS{"’ for
triblocks represents the entropy change associated with
placing at least one junction in an interphase; the
placement of the second junction is accounted for in the
ASYY term for triblocks (details® involve the generation of
the probability term Pg). For the ‘new’ triblock chains,
though, there is only the A core region in which both
junctions wander randomly and continuously—there is
no second region to be accommodated as in the ‘old’ case
(where the second junction also had to be placed in an
interphase region, either the same one or an adjacent one).
Hence for the ‘new’ triblock case the probability of having
the first junction randomly position itself in the A core is
just fac, the probability of the second junction doing so is
the same, and the probability of both junctions randomly
situating themselves in the A core is f,z. Therefore,

triblocks AS,® = RIn(£i%) (19)

The new case when K =1 is now completely defined for
the purposes of making calculations, as soon as the value
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of K is specified and the profile details needed to calculate
¢4 and ¢,y are provided. Knowledge of K gives y via
equation (16) and allows the calculation of the material
balance relationships [equation (13)] and, from there, the
enthalpic [equation (15)] and entropic [equations (17)~
(19)] contributions to AG. The free energy is minimized
with respect to ff and I just as before for any combination
{K, ¢4, Prdps). In a sense these three parameters all
constitute profile information; if there is residual B in the
A core, then ¢jl,—ar=K gives K<1 instead of unity.
Thus, K, ¢, and ¢ ¢y are interrelated, and all reflect the
assumed form for the interphase composition profile.

CALCULATIONS

Profile choice

It is desirable to have a single mathematical form for
¢4 (x) which would encompass all four cases illustrated in
Figure 3. A general fifth-order polynomial form was
chosen as convenient:

Palx)=Co+C (x/AT)+a(x/AT)* + b(x/AT)>
+c(x/AT)* +d(x/AT) (20)

Then, with the four boundary conditions ¢j.—,=0,

dé, doi
=0,Quls-ar=K,——
dx =0 ¢A|x AT dX coar

¢\ =N, there results Co=C, =0 and

=0, and the definition

a=3K +152N—K)—d/2 1a)
b=—2K—30Q2N—K)+2d (21b)
c=152N —K)—5d/2 1c)

Thus ¢4(x) is completely defined in terms of the physically

meaningful variables K and N (or ¢}), and the adjustable
parameter d. The latter will be referred to as the ‘shape’

parameter, as the profile shape (and hence ¢} ¢3) depends
on d:

drds=a/3+bj/d+(c—a?)/5+(d—2ab)/6 — (b* +2ac)/T —

(22)
(ad + bc)/4 —(c2+2bd)/9 —cd/5 —d?/11
where the coefficients a, b and ¢ are defined above in terms
of d.

There are other constraints on ¢j,(x) that limit the
admissible values of d: ¢}, (x)and ¢y(x) are always between
0and 1 individually, and ¢,(x) should be a monotonically
increasing function of x (on physical grounds). Together,
these constraints dictate a different acceptable range of d
values for each combination of N and K chosen. For
example, for N =0.50and K = 1.0, the acceptable range is
—24<d< +6. As K deviates more severely from unity,
the range of d becomes more confined.

Figure 4 shows the behaviour of ¢, ¢y as a function of d,
and parametrically of K, for N fixed at 0.50. (Similar
behaviour is seen for other values of N, or for ¢',¢5 as a
function of d and N at fixed K.) The envelope in Figure 4
bounds the region of acceptable d values. The bottom
curve for K=1.0 is useful when comparing to previous
case I profiles. For example, the case I profiles (N = 0.50,
K =1.0)in Figure 2 have ¢, ¢3 values ranging from 0.2500

0.25 T Y T T T T T T T

0.22 ]

0.10 i . 1 L L 1 | 1 1

-24-29 18 15 12 -9 -6 -3 O 3 6
d

Figure 4 Values of ¢3¢ as a function of the shape factor d for the
polynomial profile defined by equation (20): each curve terminates at the
upper and lower values of d permitted by the various constraints
imposed on profile shape. Here N=0.5, and the K dependence is
illustrated parametrically in the envelope of curves: the K=1 limit
corresponds to case lillustrated in Figure 3, while all other curves would
fall under case I11. Curves are displayed corresponding to increments of
0.05 in K, ranging from K =1 (bottom} to K =0.70 (top)

Table 1 Details of profiles displayed in Figure 3

Case Curve K N d PadB

| 1 1 0.50 6 0.10823
I 2 1 0.50 —24 0.18398
II 1 1 0.30 —-175 0.11595
11 2 1 0.60 0 0.11429
11 3 1 0.70 —15 0.11131
1 1 0.85 0.50 i 0.15713
111 2 095 0.50 —225 0.19017
v 1 0.95 0.30 -5 0.10146
v 2 0.95 0.60 -2 0.12959
v 3 0.18956

0.80 0.55 —145

(the unrealistic Step function) to 0.04167 (Tanh profile
with g=12). By comparison, a_polynomial profile with
N=0.50, K=1.0 produces a ¢ ¢ range from 0.1840
(d=—24) to 0.1082 (d=6), and the choice d=1.0 has
¢y =0.1254, which very closely mimics the cos? profile
(Pa¢ps =0.1250) in Figure 2. Qualitatively, the value of
¢y 1s a rough measure of the ‘sharpness’ of the profile,
especially in the ascending region.

All of the profiles used in Figure 3 to illustrate the four
cases were actually generated using the polynomial profile
developed above. Table [ lists the values of {N, K, d and

¢y} associated with each of the ¢,(x) displayed in
Figure 3. Note that curves 1 and 2 in case II have values

for ¢ that are almost identical, yet at the same time
possess N values that are extremely far apart (0.30 and
0.60). This emphasizes how important it is to characterize
the interphase composition profile by more than one
parameter.

POLYMER, 1985, Vol 26, December 2031



Asymmetric composition profiles in block copolymer interphases. 2: C. P. Henderson and M. C. Williams

Physical properties used in calculations

All physical property parameters for the A and B blocks
were chosen to correspond to polystyrene (for A) and
polybutadiene (for B). Values used for densities were
pa=105gcm™3, p;=097gcem3, for the Kuhn para-
meter (relating molecular weight and hompolymer end-
to-end distance) K, =0.067 nm (0.67 A), Kz =0.086 nm
(086 A), and for solubility parameter difference
3, —85=1.64 (J m~3)!2 or 0.80 (cal cm~3)'/2. Discussion
of these values is provided elsewhere®, but for the present
purposes the magnitudes of the p,, K; and §, do not matter
as much as the fact that their values are fixed. The
calculations here will be for AB and ABA architectures,
with ¥'=100000 cm?® gmole ™! and composition either
fixed (at ¢, =0.50) or varied from ¢, =0.1 to ¢, =0.90.
The calculations are intended to investigate the effect of
profile asymmetries, including the possibility of residual
mixing, and therefore the profile parameters N, K and d
are treated here as the primary variables.

MODEL PREDICTIONS

Previous publications*-? have described in great detail the
process for finding AG,;,(8,I), the model dependencies on
B, I' and copolymer properties, and the values of mor-
phological properties such as AT or D. Here the emphasis
is on evaluating which of several possible interphase
profile shapes is thermodynamically preferred, usually for
a fixed block copolymer molecule. The effects of molecular
weight (or molar volume), copolymer composition,
chemical difference and molecular architecture (AB versus
ABA) are the same as reported before and for the most
part will not be reiterated here.

Calculations for the various profiles of case I through
case IV were performed on a {,I'} grid at intervals of
0.05, and hence the values of §_,,, and ', are accurate to
+0.025 at best. This leads to a slight roughness in some
figures, but all general trends are unambiguous and
qualitative conclusions should not be altered by finer-grid
results. Most I',;, values are on the order of 1-2 and 8, is
on the order of 0.20-0.25 for the V' =10°% cm? gmole ™!, ¢,
=0.50 copolymer employed most frequently in the
calculations.

Case I results

This case is really symmetric, as was so in our earlier
work®, so no case I results will be presented separately

here. Because calculations actually employ ¢4 and ¢i¢y
rather than the details of ¢)(x), any case I (polynomial
profile (with ¢} =0.50, by definition) will result in calcu-
lated properties that are identical to any previous results®
for a symmetric profile with the same value of ¢}, ¢5. For
example, all calculations for the sinusoidal profile apply
(for practical purposes) to the {d=1, N=0.50, K=1.0}
polynomial profile, since their values of ¢j¢y are so close.
Because ¢ ¢y =0.2500 for the Step function and 0.09866
for the g=5 Tanh profile (used extensively before®) serve
as upper and lower bounds for the polynomial profile
values, the polynomial profile predictions are also boun-
ded by the Step and g =5 Tanh predictions. In subsequent
presentations of results for cases II-1V, some case I results
will be included for comparison, and as limiting cases (e.g.,
case I is a limiting case for case I as ¢, or N—0.50 and for
case III as K—1.0).
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Case II results

Here there is no B in the A core (K = 1) and only shape
asymmetries (N #0.50) are allowed. Figure 5 presents
AG,,;, calculations for a set of case II polynomial profiles
for an ABA copolymer with ¢, =0.50. The temperature is
373 K, approximately the T, of PS. An envelope, showing
the allowable range of {N,d} values for the polynomial
profile, is defined by two curves. The upper curve (for
higher AG,,;, values) corresponds to the smallest permis-
sible value of d, while the lower curve (for the lower AG,,,,
values) represents the large-d limit, for a given value of N.
At any fixed value of N, the vertical distance through the
envelope in Figure 5 represents the variation in properties
(here, AG,,,) that can be obtained by varying the shape
factor.

Two qualitative results are indicated by Figure 5. First,
for any fixed N the higher d values result in lower AG;,,
which implies that higher-d profiles would be preferred to
lower-d ones. (See Figure 3 and Table I for what this
means in terms of the actual shape of ¢4(x).) This
observation is in qualitative agreement with previous
results’ based on varying ¢i¢y for fixed ¢, =0.50.
Secondly, there is no true or global minimum AG},
displayed; instead, AG,,(N.,d) decreases continuously
with increasing N until the highest permissible N value
(about 0.73) is reached. Beyond that limit, no set of
parameters can be found which allows the polynomial
profile to obey the various constraints imposed upon it.

All of the calculations displayed in Figure 5 are for
373 K. Results for AG,,;,(N.d) at 298 K are very similar to
Figure 5 and will not be displayed here; the main effect of
the temperature difference is a slight shifting of the
magnitude of AG,,,, (AG228 <AG?!3 for N and d constant,
as expected, since 298 K is further below the separation
temperature than 373 K).

~-5000, T T T T T T T T T T T

-6000 -

-7000r

AGmin

-10000f 1

~11000 b

_12000 1 1 1 1 A 1 1 I L L 1
02 0.3 0.4 0.5 0.6 0.7 0.8

N

Figure 5 Values for the minimum free energy AG,,;,, at 373 K for an
SBS triblock with 7=10°cm®gmole™!, ¢$,=050, and
da=0=16(J m~?)'2 or 0.80 (cal cm~3)"/; all calculations are for the
polynomial profile with K = 1. The N-dependency of AG, is illustrated
directly, and the d-dependency is illustrated by the upper and lower
bounds of the envelope (the vertical range in AG,;, corresponds to the
possible variation with shape factor d for fixed N, with the lowest value of
AG i, resulting from the highest value of d)
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Values for T(N) were also obgained for the same block
copolymer and are presented in Figure 6. Again, para-
metric dependence on d is shown, and the envelope of T,
values corresponds to the acceptable range in d for each
value of N. Now the high-d side of the envelope is that
with greater values of T, and the low-d side is associated
with smaller T, magnitudes. This is not a reversal from the
behaviour in Figure 5, as in both cases the ‘high-d’ limit is
thermodynamically preferred. At a fixed temperature the
lowest free energy is preferred (see Figure 5), but when the
temperature is allowed to change (see Figure 6) the
structure associated with the highest T; will form first
upon cooling and is therefore preferred. (By definition,
AG =0at T, for each structure; therefore, above the 7 for a
given structure—or profile in this case— AG >0 for that
structure, and any other structure with a higher 7; will be
preferred to the first) Figure 6 also shows the same
qualitative N-dependency as in Figure 5: the thermo-
dynamically favoured profile turns out to be on the high-
N edge of the allowable profiles, with T(N) an increasing
function. Again the maximum (analogous to the min-
imum in Figure 5} is on the edge of the range explored
and any conclusions must be tempered by a recognition of

that fact. Nonetheless N= ¢} >0.50 values seem to be

preferred to ¢, =0.50, in agreement with experimental
observations.

Figure 7 displays the dependence of T, on copolymer
composition for ABA copolymers with N=040 and
N=0.60. The envelopes correspond to the range of
permissible d values as before, with d,,, —d,,;, relation-
ships for each N identical to that of Figure 6 (ie., T, is
greater for d,, in each set of curves on Figure 7). Results

for ¢, =0.50, not displayed in order to avoid crowding the
Figure, lie in between the N =0.40 and N =0.60 cases, as
expected. It should be noted that T; is not symmetric
about ¢, =0.50 for ¢, = 0.40 and 0.60, in agreement with

previous observations for the ¢, =0.50 case (e.g., for case I
profiles).
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Figure6 The separation temperature T;is illustrated as a function of N
(directly) and d (parametrically) for the same SBS triblock as in Figure 5.
Again K =1, and the vertical distance in T, values, for N fixed, represents
the effect of the shape factor, with the upper curve corresponding to the
largest permissible value of d
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Figure 7 The copolymer composition dependency of the separation
temperature Ty(¢,) isillustrated for K =1 and two values of N : the upper
envelope of T; values is for N =0.60, and the lower envelope corresponds
to N =0.40. Results are for an SBS triblock with ¥ =10° cm? gmole ™!,
d4—0g=1.6 (J m~3)'2, or 0.80 (cal cm~3)'"2, and with composition
varying as indicated in the Figure. In each envelope the highest value for
T corresponds to the highest allowable value for d, and the vertical range
within the envelope represents the effect of varying d, for fixed
composition ¢ 4. The top solid and broken lines are for N =0.6, and the
lower lines for N =04

The molecular weight dependencies of AG,;, and T, will
not be displayed, as the alterations here in profile choice
do not strongly affect them; T is almost exactly pro-
portional to V¥, and AG.;,(V) for fixed temperatures
decreases continuously, as previously reported® for case I
profiles. (Note that case I results are presented in Figures 3
and 6 if one examines the vertical slice corresponding to

¢n =050,
Case 111 results

In this case ¢, =0.50 but K < 1.0. Figure 8 displays the
copolymer composition influence on AG,,;, at 373 K for a
residual mixing level of K =0.95 (5% B in the A core) and,
as a reference, for the case I limit of K =1. The d-range
envelope for the case with residual mixing is always above
AG,,;, values for case I results, implying that such mixing is
not thermodynamically favoured in the bulk state if

s =0.50. Also, AG,,;,(¢,) is not symmetric about ¢, =
¢ =0.50 for either K value.

Figure 9 examines the effect of varying the K value.
AG,;, at 373 K is presented for both architectures (AB and
ABA) with N =0.50. Copolymer composition and molar
volume are fixed for both AB and ABA molecules at
$»=0.50 and ¥ =10°cm? gmole™". The architectural
dependence of AG,,;, is exactly as would be anticipated
based on case I results® (K=1.0 in Figure 9), with the
diblock being consistently more stable, having a lower
AG,,;, than the triblock at a fixed temperature. Note that
the AG,;,(K.d) envelopes show qualitatively identical
results for both architectures: AG,;, decreases con-
tinuously as K increases, reaching a lower boundat K =1.
Therefore the thermodynamically favoured case is, in-
deed, the K=1 case in Figure 9.

Figure 10 results in similar conclusions when the T,(K ,d)
behaviour is examined. Therefore, if the profile average is
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Figure8 The copolymer composition dependence of the minimum free
energy AGp;,(¢4) at 373 K is exhibited for the same SBS triblocks used
in Figure 7. Here N isfixed at 0.50, and two sets of curves are presented as
a function of K: the upper envelope, for higher AG;, values, is for
K =0.95, while the lower envelope is for K =1 (case I). Again, variation in
shape factor accounts for there being an envelope of curves, with the
lowest value of AGy, in each envelope corresponding to the highest
allowable d. The top two lines are for K =0.95, and the bottom two for
K=1
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Figure 9 Diblock and triblock results (A=PS, B=PB) for the va-
riation in AG;, with K. Here N is fixed at 0.50, and both diblock and
triblock have the same values for ¥ (10° cm? gmole™!), $4(0.50), and
Sa—6p=1.6 (J m~?)">=080 {cal cm~*}'/2. For each architecture, the
highest value of AGy;, is for the lowest value of shape factor, and the
lowest value of AGp;, llustrated is for the highest d value. Results for the
case I symmetric limit are found at edge of the Figure where K =1

5;5 N =0.50, the preferred morphology should not con-
tain any residual mixing in the A core.

Case 1V results

By allowing both K and N to vary continuously, the
possibility of finding an overall preferred state can be
examined. Graphical presentations cannot accommodate
the effects of all independent variables simultaneously, so
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we shall illustrate major trends by choosing selected cases
for display.

Figures 11 and 12 present calculations for AG2]3 and T,
(for a triblock with ¢, =0.50) as a function of N, but only
for K =0.95. Results qualitatively similar to the K =1 case
(Figure 5 and 6) are observed, i.e. the lowest AG,,;,, and
highest T; occur at the high-N boundary of the envelope of
acceptable polynomial profiles. Thus, for case IV too,
interphases rich in the high-7; component seem to be
favoured.

Another ‘slice’ through the AG,,(N,K) function is
illustrated in Figure 13 for N=0.60 and K varying. This
bears a great resemblance to the N =0.50 variation with K

3000 T L T T T T T

2000

T (K)

1000

Figure 10 Results for 7;(K) are displayed for the same SB and SBS
copolymers as in Figure 9. Here also N is fixed at 0.5, the d influence is
exhibited (with higher T; resulting from larger d values), and the K=1
vertical slice represents the symmetric case I limit
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Figure 11 Case IV results are presented for K =0.95; here AGpy, at
373 K is plotted as a function of N for the same SBS triblock used in
Figure 5. The vertical slice where N =0.50 represents the limit of case I11
results (for K =0.95 only). Shape factor dependencies are the same as in
Figures 5 and &
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Figure 12 Case IV results for T(N) at fixed K =0.95 for the same SBS
copolymer as in Figure 5, and with d dependencies just as in Figure 6. As
in Figure 11, the N =050 results here illustrate the case III limit for
K=095
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Figure 13 Another slice of the AG3]3(N,K) function is exhibited here
for N=0.60 and K varying. All calculations are for the same SBS
triblock used in Figure 5, and shape factor effects are similar to those in
Figure 10. The vertical slice corresponding to K =1 here encompasses
the range of possible case II results for N=0.60

(Figure 9), and all qualitative results are the same. In a
similar fashion Figure 14 repeats the qualitative results of
Figure 10 for the T(K.d) calculations, only now N =0.60
instead of 0.50.

No further graphical presentations will be included
here, though a wide range of calculations have been
performed3*. At no time was a value of AG,,,, found which
was lower for {N,K <1} than for {N,K=1}, nora T,
which was higher for {N, K <1} than for {N,K =1}, for
the same value of N.

CONCLUSION

Evidence has been presented for residual mixing of B
chains in the A core region of microphase-separated block
copolymers. This phenomenon of residual mixing, when
coupled with the evidence?® for asymmetric composition
profiles in the interphase region, has resulted in the
classification of the four possible cases of symmetry and
asymmetry corresponding to all combinations of
{N=0.50, N#0.50} and {K=1, K#1}.

The recently revised version® of the Leary-Williams
thermodynamic model for block copolymers has been
extended to allow for the cases when K#1 (residual
mixing in the A core), and calculations have been
performed for the various asymmetric cases. This is
believed to be the first investigation into the possible
effects of such asymmetries on block copolymer
properties.

A preference for N > 0.50is seen in the plots of AG,,;,(N),
in qualitative agreement with most experimental re-
sults?®. However, the lowest AG,,, was not a true
minimum, being found at the largest value of N allowed
by a class of polynomial profiles employed for calcu-
lations. Because no bounded value for AG,;, was found,
no quantitative predictions for the equilibrium values of
N are currently available.

Calculations show that AG,,, is not lowered by the
introduction of residual mixing for any type of asymmetry
considered here. Thus, residual mixing should not be
expected when the block copolymer system is at equilib-
rium. Nature apparently prefers K=1 to the alternative.
This conclusion leads to the important inference that the
experimentally observed residual mixing (K < 1) in some
block copolymers must originate from samples that are
not, in fact, at equilibrium.

Whether such non-equilibrium morphologies are in-
evitable (due to severe kinetic limitations or thermo-
dynamic force barriers to morphological transfor-
mations) remains to be seen. The definitive experiments
would be to measure ¢,(x) or K in the melt state, well
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Figure 14 Case 1V results for T(K) at N =0.60 using the same SBS
copolymer as in Figure 5. The effects of varying d are the same as before,

and the K=1 limit here presents a subset of results for case II (at
N =0.60)
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above the T, of the highest-T, component (where both
phases are flu1d have greater cham mobility and a greater
likelihood of reaching the equilibrium morphology). In
principle, samples should be annealed as close to T; as
possible; a knowledge of T is therefore essential for
estimating the probability that a given sample treatment
has of achieving an equilibrium state. Similar experiments

near T, should be performed to measure ¢, (or N); this
may be easier than measuring K, and is almost certainly
easier than obtaining ¢j(x).

Finally, a comment should be made on extensions of
the theory to include in AG a term characterizing long-
range intermolecular forces. Such a term, which involves
the square of composition gradients in the interphase® 3>,
can be introduced into equation (5) so that the multlpller

of f becomes
1 “mcpa () b @)

where t is the Debye interaction range parameter. Calcu-
lations have been performed using equation (23) for
numerous cases that incorporate symmetrical ¢,(x) func-
tions®®, and results are generally insensitive to the new
term. For example, using t =6 A (as proposed by Meier?)
with the Cos? profile leads to only a 4% increase in
equation (23). When applied to the case of an SB
copolymer with styrene content ¢,=025 and

=10° cm?® mol ™!, at 298 K, this gives onlya 1%, change
in AGmm (less negatlve) and a 4% change in AT (14 A
larger); the corresponding change in T; is also about 17
(7K larger). Results for other ¢j(x) profiles are very
similar, even when gradients are steep in portions of the
interphase. In view of these minor eﬁ"ects in the symmetri-
cal case, together with uncertainties®* in the value of t and
possible additional influences in AS (discussed by de
Gennes?®”), there is little incentive to inject the gradient
term into calculations directed here toward asymmetry
influences. Its inclusion would be unlikely to lead to
significant changes in most cases.
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APPENDIX

CHAIN PLACEMENT IN DOMAINS WITH
RESIDUAL MIXING

By definition of the postulated microstructure used
previously, the presence of a block junction within an
interphase means that the attached A and B chains will
reside only in their respective domains (or core regions
plus the interphase itself). However, the question of block
location re-emerges if a junction is permitted to reside
inside a core region, as in this work. It is argued below that
all of both blocks attached to such a junction (residing ina
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core region) should be contained totally inside the same
core.

Consider a chain occupying the various configurations
depicted in Figure Al for diblocks or Figure A2 for
triblocks. Whenever there is a local gradient in com-
position (d¢,/dx, as occurs in the interphase but not in the
core regions), then a chain in that environment is
expected'® to be exposed to a force proportional to
deps/dx (really dup/dx, where u is the local chemical
potential). This force tends to pull the A chains back
toward the A core (and vice versa for B chains). Since there
is no gradient force inside the core(s), the only net force of
this type arises from the interphase contribution.

As a consequence, the positions 1 and 3 illustrated in
Figure Al are predicted to be unstable—they will be
drawn into positions 2 and 4, respectively. Similarly,
Figure A2 illustrates stable and unstable configurations
for a triblock. Position 1 is unstable and will convert to
position 2. Both positions 3 and 5 in Figure A2 are
unstable and should eventually be drawn into a con-
figuration similar to that in position 4.

So, at any given instantaneous sampling for large
numbers of configurations—or for any long-time
average—the cases where the block junctions reside in the
core but part of the attached blocks do not (as in the odd-
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Figure Al Schematic illustration of possible stable and unstable chain
configurations for diblock copolymers whose junctions are allowed to
exist in the A core as well as in the interphase (odd-numbered
configurations are expected to be unstable, while even-numbered ones
are expected to be stable). For AB molecules, the A block is designated
by ( ) and the B block by (-—-). (@): block junctions
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Figure A2 Schematic illustrations of possible unstable configurations
(represented by odd-numbered positions) and stable (even-numbered)
configurations for a triblock copolymer whose junctions are allowed to
be in the A core region in addition to the interphase. For ABA molecules,
A blocks are designated by (— )and the B block by (——-}. (@): block
junctions

numbered positions in the two Figures) are expected to be
a very small percentage of the total number in the existing
chain distribution. Hence the assumption that the fraction
of junctions inside the A core equals the fraction of B
chains entirely inside the A core (used to evaluate ¥ in
terms of material balance parameters) is expected to be a
very good approximation.
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NOMENCLATURE

a,b,c Coefficients of the polynomial profile, defined in
terms of d, K and N

A Refers to component A in an AB diblock or ABA
triblock; by convention, the A component is the
higher-T, material

AB Notation for a diblock copolymer

ABA Notation for a triblock copolymer

B Refers to component B in an AB diblock or ABA
triblock

POLYMER, 1985, Vol 26, December 2037



Asymmetric composition profiles in block copolymer interphases. 2: C. P. Henderson and M. C. Williams

d The adjustable shape parameter in the polynomial
profile

f Volume fraction of the interphase material present
in the planar morphology

Jfac  Volume fraction of the A core material present in the
planar morphology

D The planar morphology repeat distance (as defined
in Figure I)

G  Molar Gibbs free energy of a block copolymer;
subscripts ‘struc’ and ‘homog’ refer to the
structured (microphase-separated) and the homo-
geneous reference states, respectively

AG The free energy difference between the microphase-
separated morphology and the reference homo-
geneous morphology at the same temperature

AH Enthalpy change upon going from the homo-
geneous reference state to the microphase-separated

morphology

K The volume fraction of component A in the A core
region or, equivalently, the value of the interphase
composition profile at x=AT (the A-core edge)

K; Chain expansion parameter relating molecular
weight to end-to-end distances for homopolymer
species i

N  The volume average of component A in the in-
terphase region

PB Notation for polybutadiene homopolymer or block

PS Notation for polystyrene homopolymer or block

P, Chain probability function for component i (where
1=A or B)

R Universal gas constant

AS  Entropy change upon going from the homogeneous
reference state to the microphase-separated
morphology

AS; The contribution to AS associated with restricting
the i block to thei domain (the 7; region), wherei= A
or B

AS, That contribution to AS associated with restricting
the junction to reside in an interphase

AS® The formulation that results for the entropy term j
(here j=A, B or 1) in the ‘new’ configurations, when
K is allowed to be less than unity

AS" The formulation for entropy term j (here j=A, B or
1) for those chains in the ‘old” or K =1 positions

T  Temperature

T, Domain size of component i in planar morphology;
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in magnitude it contains an i core region and the two
adjacent interphases

T, The separation temperature; above T, the mor-
phology is homogeneous, below T, the morphology

~ is microphase-separated

T;  Glass transition temperature of component i, where

_ i=AorB

V' The total molar volume of the block copolymer (for
densities near unity, the magnitude of ¥ is very close
to that of the molecular weight)

(r? The actual end-to-end distance squared of block i

(r?) o The unperturbed end-to-end distance squared of
block i, assumed to equal the end-to-end distance
squared of homopolymer i

X A position variable across the interphase region; in
magnitude it ranges from 0 to AT

Greek symbols

o  The ratio of the actual to the unperturbed end-to-
end distance for block i

B The dimensionless interphase thickness—one of
two model parameters (in the thermodynamic
theory) which are varied to minimize the free energy

Buin That value of 8 which is found to correspond to the
minimum value of the free energy

I' The dimensionless A-domain size—one of two
model parameters (in the thermodynamic theory)
which are varied to minimize the free energy

I, That value of I which is found to correspond to the
minimum value of the free energy

6,  The value of the solubility parameter of block i,
presumed to equal the value for homopolymer i

€ A small increment in position across the interphase

¢, The volume fraction of component i in the block
copolymer molecule

¢/(x) The local volume fraction of component i across the
interphase, as a function of position x

¢!  The volume average of component i in the inter-
phase

¢4 ¢ The volume average of the product of the two local
volume fractions across the interphase region

p;  The mass density of component i, assumed to be
equal to the density of homopolymer i

u  The local value of the chemical potential

¢  The fraction of all block copolymer junctions that
are located in the A core




