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ABSTRACT: A theoretical treatment of A-B diblock copolymer aggregation in matrices of homopolymer 
A is developed. These aggregates, termed "bulk" micelles when they form within a homogeneous matrix 
phase and 'surface" micelles when they form at a surface or interface, can be pointlike (spherical), linear 
(cylindrical), or planar (lamellar). Bulk micelles set the limiting value of the copolymer chemical potential 
which can be obtained in a given system. Surface micelles will be formed at lower copolymer chemical 
potentials when the surface has a preferential affinity for the B repeat units which make up the micelle core. 
The interfacial properties are determined by the copolymer asymmetryg, the thermodynamic incompatibility 
XN, between A and B copolymer blocks, the ratio NdN, of the homopolymer and copolymer molecular 
weights, and a bare surface free energy difference - Yb between A and B polymers. A scaling treatment 
valid for NdN,  5 1 is developed from a simple physical picture of the aggregation process. Phase transitions 
between different surface micellar geometries are predicted to occur for certain combinations of g and ys - 
/̂b. The primary result of the scaling treatment is a surface phase diagram describing the transitions which 
can occur for different values of these parameters. A more quantitative self-consistent-field treatment based 
on the description of the polymer chain statistics by a set of chain-end distribution functions is also developed. 
The self-consistent-field predictions include the detailed structures of both bulk and surface micelles and 
give values for the copolymer chemical potential for bulk micelles which are in quantitative agreement with 
recent experimenta. The self-consistent-field theory is used to illustrate the detailed nature of some surface 
phase transitions and is also applied to the segregation of an AIB diblock copolymer to the interface between 
immiscible A and C homopolymers. 

I. Introduction 

The interfacial activity of block copolymers is largely 
responsible for the enormous amount of attention that 
these materials have received in recent years. Adsorption 
of diblock copolymer molecules to the solid/solution 
interface is perhaps the most well-known example of this 
interfacial activity.13 Interactions between nonadsorbing 
blocks give rise to long-range repulsive forces4 which play 
a dominant role in the behavior of colloidal  dispersion^.^ 
The properties of polymer/polymer or polymer/nonpoly- 
mer interfaces can also be altered significantly by the 
addition of an appropriate block copolymer. Considerable 
increases in the adhesive strength of these interfaces have 
been obtained on addition of diblock copolymers.@ 
Segregation of block copolymer molecules to the interface 
between immiscible homopolymers is also accompanied 
by a decrease in the interfacial tension. New equilibrium 
phases appear when the interfacial tension becomes 
vanishingly ~ m a l l . ~ J ~  The interfacial activity of block 
copolymers can be utilized in this way to create blend 
materials with unique properties. 

I t  has generally been assumed that under equilibrium 
con%itions block copolymers will adsorb to a surface to 
form a copolymer layer which is laterally homogeneous. 
This assumption is not necessarily valid, however, as 
argued by Ligoure in a recent theoretical treatment." Here 
i t  was shown that under certain conditions very asymmetric 
diblock copolymers will adsorb from solution to form 
laterally heterogeneous %urface micelles". One expects 
that similar structures can be formed when the small- 
molecule solvent is replaced by a homopolymer, i.e., in 
block copolymer/homopolymer blends. Evidence for 
laterally heterogeneous surface structures in block co- 
polymers and their mixtures with homopolymers can in 
fact be found in the recent electron microscopy study of 
Hasegawa and Hashimoto.I2 The focus of the present 
paper is on the different interfacial structures which can 
appear in block copolymer/homopolymer blends and on 
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the phase transitions between these structures. 
We study A/B diblock copolymers in an A homopolymer 

matrix. Adsorption of the B block to a surface is driven 
by the bare surface free energy difference Ya - Yb. The 
fundamental features of the adsorption process can be 
understood in terms of the wetting behavior of the B 
block." An additional interface between A and B copoly- 
mer blocks is created when the copolymer adsorbs to the 
surface. Various interfacial phase transitions are possible 
when the B block does not completely wet the surface. 
The simple criterion for this nonwetting case is 

Y a -  Yb < Tab (1) 
where "ab is the free energy associated with an interface 
between A and B homopolymers, typically a few dyn/cm. 
Interfacial phase transitions are therefore expected for 
bare surface free energy differences on the order of 1 dyn/ 
cm. One expects that this criterion can be met by careful 
selection of the substrate. Evidence for surface phase 
transitions exists, in fact, in recent adsorption measure- 
ments of polystyrene/poly(2-vinylpyridine) diblock co- 
polymers from a polystyrene matrix, where the substrate 
was a self-assembled hydrocarbon layer supported on a 
silicon substrate.13 One expects that eq 1 can also be 
satisfied for segregation of an A/B diblock copolymer to 
the interface between immiscible A and C homopolymers, 
depending on the relative thermodynamic interactions 
between A, B, and C segments. 

The interfacial activity of a given block copolymer is 
determined by the copolymer chemical potential, which 
is in turn determined by the bulk phase behavior of the 
copolymer/ homopolymer blend. We consider diblock 
copolymers, where this chemical potential is generally 
limited by the formation of micellar aggregates. As 
illustrated schematically in Figure la, these micelles, 
referred to here as "bulk micelles" to distinguish them the 
surface micelles mentioned above, can be spherical, 
cylindrical, or lamellar, depending on the copolymer 
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Figure 1. Srhematic illusfrafim of spherical. cylindrical. and 
lamelhr mic~lles: (a) bulk micelle$ and (h)  surface mirelles. 

asymmetry and on the ratio of homopolymer and copoly- 
mer molecular weights.”16 The first step in developing 
a theory of the interfacial activity of diblock copolymers 
is therefore to develop a theory of micellization. One can 
then apply a more generalized theory which includes an 
interface inorder to determinewhich interfacial structures 
will be obtained at those accessible copolymer chemical 
potentials which do not exceed the maximum value 
corresponding to the formation of bulk micelles. These 
micelles can have axial or mirror symmetry within planes 
which are parallel to the interface, by analogy to spherical 
andcylindrical bulkmicellesasshowninFigure lb. Figure 
1 also illustrates the correspondence between a bulk 
lamellar micelle and an absorbed layer which is homo- 
geneous within a plane parallel to the interface. Note 
that surface micelles are not merely bulk micelles which 
have adsorbed to the surface. Surface micelles have the 
core region directly in contact with the surface and will 
form only when the surface has a preferential interaction 
with the core component of the micelle. An entropic 
driving force for surface or interface segregation of bulk 
micelles exists when N d N ,  is high,li,l-J8 and one must be 
careful when interpreting the results of copolymer seg- 
regation experiments in terms of the formation of true 
surface micelles. 

Two theoretical approaches are utilized in the present 
paper. A scaling theory of micellization, developed 
previously for bulk mi~el les ,~’~’~ is extended to surface 
micelles insection 11. For lamellarmicelles the treatment 
is similar in spirit to the earlier work of Marques et a/.20.21 
on copolymer adsorption from solution. The scaling 
treatment more clearly illustrates the fundamental physics 
of the problem than does t he detailed self-consistent-field 
(SCF) treatment of section 111. However, quantitative 
predictions of the sort necessary to extract useful infor- 
mation from experimental data cannot be accurately 
obtainedfromasimplescaling treatment. Forthis reason 
the remaining sections of the paper are devoted to results 
obtained from the SCF treatment. Typical results are 
illustrated by considering an A/B diblock copolymer of 
degree of polymerization N ,  in an A matrix homopolymer 
melt with this same degree of polymerization. These 
hlends are characterized hy the symmetry parameter g, 
defined as the ratio of volume of the B copolymer block 
to the volume of the entire copolymer chain, and by the 
Flory x parameter characterizing the thermodynamic 
interaction between A and B repeat units. (The case fi = 

1 corresponds to a blend of A and B homopolymers and 
is treated briefly in the Appendix.) Sections IV and V are 
devoted to a discussion of an example diblock copolymer/ 
homopolymer blend with g = 0.2 and xN. = 60; bulk 
micelles are treated in section IV and surface micelles are 
treated in section V. These concepts are extended to 
polymer/polymer interfaces in section VI. The final 
section is a brief summary of our results. 

11. Scaling Theory 
In this section we develop a simplified scaling theory of 

micellization which illustrates the basic features expected 
for the surface properties of block copolymer/homopoly- 
mer blends. Because the chemical potential of block 
copolymer chains will be limited by the formation of 
micelles in the bulk homopolymer matrix phase, we must 
first have a model which predicts this chemical potential. 
Following an earlier treatment developed by Leibler for 
spherical  micelle^'^ and later extended to cylindrical and 
lamellar micelles,”’ we write down the free energy for a 
block copolymer micelle which forms in a high molecular 
weight homopolymer matrix as follows: 

(2) 
where F,,, F,,, and Fintcdaa represent the respective 
free energies Corresponding to the micelle core, the micelle 
corona, and the interface between the core and corona. 
Thefreeenergyofthemicellecoreisgivenbythestretching 
free energy of chains in the micelle: 

FmiCnUe = F“ + F”na + Fin,, 

F,,Jk,T = QK(Rm:/&“a2) (3) 
where Q is the number of chains in the micelle, R,, is the 
radius of the micelle core (taken as half the core thickness 
for lamellarmicelles), anda is the statistical segment length 
of a repeat unit, defined such that the copolymer radius 
of gyration R, is given by a(NJ6)’12. The constant K is 
equal to  0.370 for spherical micelles, 0.616 for cylindrical 
micelles, and 1.234 for lamellar micelles.** The corona 
freeenergyarises from the entropicstretchingofthecorona 
block, taking into account the variation in chain stretching 
with distance away from the core/corona interface: 

(4) 

where n varies from 0 at the core/corona interface to (1 
- g)N,  at the outer edge of the corona, and R is the total 
micelleradius. Swelling ofthe corona bythe homopolymer 
matrix chains has been neglected in eq 4. This approx- 
imation restricts the validity of our scaling treatment to 
homopolymer molecular weights which are at least equal 
to the molecular weight of the corona block of the 
copolymer chain. This criterion is based on previous 
calculations which show that, for a planar geometry, 
swelling of a polymer “brush” becomes important only for 
homopolymer molecular weights which are less than the 
brush molecular weight.’s These calculations are relevant 
here because the corona of a block copolymer micelle can 
beviewedasa brush. The failureofhighmolecularweight 
homopolymer chains to significantly swell the micelle 
corona can be attributed to the 1/N dependence of the 
entropyof mixingfor homopolymerchainswithinamicelle 
corona and is not a feature which is unique to a planar 
geometry.23 Therefore, the basic swelling criterion as 
derived for a planar geometry is not expected to be 
significantly altered by a transformation to  a cylindrical 
or spherical geometry. 

The interfacial free energy has a contribution from the 
free energy of interaction between the immiscible A and 
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B repeat units across the interface and a second contri- 
bution from the localization of the junctions between A 
and B copolymer blocks to this narrow interfacial region: 

(5) 
where A,,,, is the area of the corelcorona interface and 
AFlOc is the entropic joint localization penalty per chain. 
(Earlier developments of the theory17J9 which do not 
include the joint localization term AFl,, underestimate 
the free energy per chain in a micelle.) For Tab we use the 
interfacial free energy ym for homopolymers of infinite 
molecular weight:24 

Tab % Ym = a p o k ~ T ( x / 6 ) ~ / ~  (6) 
The joint localization term AFl ,  for end-functionalized 
chains has been shown to have the following form:18 

Finterface = AcoreYeb -t Q6Floc 

AF,, = l.lk,T ln(R,blG,) (7) 
where R,b is the radius of gyration of the end-functionalized 
chain and 6, is the width of the region in which the end 
is confined. As an estimate for 6, we use the interfacial 
width which one obtains for homopolymers with xN = 
,:24 

6, = 2 a ( 6 ~ ) ~ "  (8) 
Diblock copolymer chains actually consist of two separate 
brushes, corresponding to each of the two blocks. As a 
rough approximation to the actual joint localization term, 
we will consider the contributions from both blocks 
simultaneously by using the overall copolymer radius of 
gyration in the expression for the joint localization term. 
This approach is reasonable, given the other approxima- 
tions made in the simple scaling treatment. The following 
expression is obtained for the joint localization term by 
substitution of 2 a ( 6 ~ ) ' / ~  for 6, and R, (R, = U ( N , / ~ ) ~ / ~ )  for 

(9) 

Semenov has obtained a slightly different form of the joint 
localization term which, although not a unique function 
of xNc, is expected to be more accurate for lamellar 
micelles.22 Differences between the two forms for AFl,, 
are relatively minor, however, and there is no clear 
advantage to be gained from the use of the more com- 
plicated form, especially when applied to spherical and 
cylindrical micelles. 

The free energy per copolymer chain FmicenelQ can be 
expressed entirely in terms of R by using the appropriate 
geometric relationships between R, Rcore, and Acore and 
between r and drldn.17J9 The copolymer chemical po- 
tential pc = dFmiceue1dQ can also be obtained as a function 
of R. Figure 2a shows pc and Fmicene lQ as a function of the 
micelle radius for a spherical copolymer micelle with g = 
0.2 and xNc = 60. The equilibrium micelle radius Rbcmc 
and the critical copolymer chemical potential pbcmc for the 
formation of bulk micelles is given by the minimum in 
FIQ, which occurs a t  the intersection of the curves for FIQ 
and pc. For spherical micelles with g = 0.2 and xNc = 60, 
the intersection point gives Rbcmc = 2.89Rg and pbcmc = 
5.62k~T. The intersection of the curves at  this point is a 
statement of the fact that copolymer micelles appear when 
the excess free energy of a micelle is zero; i.e., Fmiceue - Qpc 
= 0. 

The R dependence of Fmiceue can be used to determine 
the activation free energy for micelle formation. The free 
energy change associated with the formation of a micelle 
is given by AFmiceu,(R) = FmiCelle(R) - Qpc, where Q and R 

R,b: 

M i o c  = 0.55k~T (ln(xNc) - 0.76) 

k-- .e 5 

. . . . .  . . . . . . .  , . . . . .  

. . . . .  . . .  . . . . . . . .  
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R/R, 
Figure 2. Scaling predictions for a spherical bulk micelle with 
g = 0.2 and xN = 60: (a) Copolymer chemical potential (- -) and 
free energy per chain (-1. The significance of the letters and 
dotted lines is described in the text. (b) Excess free energy of 
a micelle for p c  = pbcmc = 5.62k~T (-), pC = 6keT (- -1, and pc 
= 7kBT (- * -). 

are related through the space-filling constraint (4rR3/3 = 
Qu for spherical micelles, where u is the volume of a 
copolymer chain). The two values of R which correspond 
to a given copolymer chemical potential represent a 
maximum (the lower value of R) and a minimum (the 
higher value of R) in AFmiceUe. These features are illustrated 
here by consideration of the cases where pc = pbmc, pc = 
6 k ~ T ,  and pc  = 7 k ~ T .  These values of pc are represented 
by the three dotted lines in Figure 2a. Figure 2b shows 
the R dependence of AFmicelle for each of these values of 
pc. In each case AFmiceue passes through a maximum where 
the appropriate dotted line first meets the dashed curve 
in Figure 2a. This maximum value of AFmicene, corre- 
sponding to the activation free energy @micelle of a micelle, 
is strongly dependent on pc and can be quite large. If the 
statistical segment is defined such that Nca3 = u, the 
normalization factor R,3/v is equal to 0.068dE. Thus for 
N = 1000 the activation free energy for the formation of 
a spherical micelle with xN = 60 and g = 0.2 is equal to 
2 3 k ~ T  for pc = 7 k ~ T ,  3 8 k ~ T  for pc = 6 k ~ T ,  and 4 6 k ~ T  for 
pc = pbcmc = 5.62k~T. The equilibrium copolymer chemical 
potential a t  which micelles form is the value which has 
AFmicelle = 0 at  the minimum value, as illustrated in Figure 
2b. 

Because the activation energies associated with micelle 
formation are so large, the "effective" copolymer chemical 
potential in a real system may exceed the true equilibrium 
value.25 The process by which equilibrium is approached 
in a blend which is supersaturated with free copolymer 
chains occurs as follows. Suppose the chemical potential 
of copolymer chains in the blend system described in Figure 
2 is 7 k ~ T .  Micelles will form in this system in a rate 
controlled by the R dependence of AFmiceue as given by the 
lowest of the three curves on Figure 2b. A stable micelle 
"nucleus" is formed when the copolymer chemical potential 
in the micelle is equal to 7 k ~ T  (point A in Figure 2a). 
Because the chemical potential of copolymer chains is a 
decreasing function of the micelle radius in this regime, 
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the overall free energy of the system will be decreased 
whenever a copolymer chain is removed from the bulk 
reservoir and inserted into the micelle. Any micelles which 
have reached the critical size for stability will therefore 
grow until the chemical potential of copolymer chains in 
the micelle is again equal to the chemical potential of 
copolymer chains in the bulk matrix phase. Micelle growth 
will be determined by diffusion of copolymer chains to a 
micelle and by the rate of insertion of individual chains 
into a micelle. A micelle nucleus formed from a reservoir 
of copolymer chains with pc = 7 k ~ T  will grow a t  a rate 
determined by these factors and will eventually reach the 
final size given by point B in Figure 2a. This point 
corresponds to a minimum in AFmicelle, whereas point A 
corresponds to a maximum in AFmiene .  AS more and more 
micelles form, the reservoir will be depleted and the 
copolymer chemical potential will decrease. When the 
copolymer chemical potential is equal to 6k~T, new 
micelles will form at  point C. The activation free energy 
and the critical micelle size are now higher, and the rate 
of micelle formation will be decreased. The final size of 
the micelles as given by point D will be decreased as well. 
The micelle size distribution is expected to be relatively 
narrow a t  all times, however, because the larger micelles 
formed earlier in the process shrink to equilibrate with 
the lower effective copolymer chemical potential in the 
system. Eventually a true equilibrium will be approached, 
where micelles nucleate with a size given by point E and 
grow to a size equal to Rbcmc, as given by point F. These 
equilibrium structures are the focus of the remainder of 
this paper. 

The following analytical expressions can be obtained 
for the equilibrium copolymer chemical potentials (Pbcmc-s, 
pbcmcc, Pbcmc-l) and equilibrium radii (Rbcmc-s, Rbm,,, Rbcmc-l) 
for spherical, cylindrical, and lamellar micelles which form 
in the bulk homopolymer matrix phase: 

spherical bulk micelles 

pbcmc-S/kBT = 1.72(XNc)'/3g4/9(1.74g-1/3 - + 
0.55 ln(XNc) - 0.76 (10) 

RbcmJRg = 2.62(~N,)'/~g'/~(1.74 - g'/3)-1/3 (11) 

cylindrical bulk micelles 

pbcmc-c/kBT = 1.19(~N,)'/~g'/~(1.64 - In g)1/3 -k 

0.55 ln(XNc) - 0.76 (12) 

lamellar bulk micelles 

If the repeat units which make up the micellar core 
have a preferential interaction with a surface, then surface 
micelles (Figure lb) will appear a t  lower copolymer 
chemical potentials than bulk micelles. A very simple 
picture of th$ surface micellization process can be obtained 
by assuming that the micellar geometry is not strongly 
perturbed by the siuface. (The validity of this approx- 
imation in a qualitative sense is in fact verified by the 
SCF calculations of section V.) In this case a surface 
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micelle corresponds to a bulk micelle which has been cut 
precisely in half. Surface micelles with axial or mirror 
symmetry (the first two geometries shown in Figure lb) 
will be hemispheres and half-cylinders, respectively. The 
tendency for surface micelles to adopt a spherical, cylin- 
drical, or lamellar geometry will depend on the copolymer 
asymmetry and the strength of the surface interaction. 
We let A' represent the contact area of the overall micelle 
with the surface and A',,, represent the contact area of 
the micelle core with the surface. The free energy per 
chain in a surface micelle will be reduced from the value 
of J"i&Q in a bulk micelle of the corresponding geometry 
by the quantity (Ya - Yb)A'core/Q, where ?a and y b  are the 
respective surface free energies of A and B polymers. One 
has A',,,, = A' for lamellar micelles, A'cor, = 2Rcore1 for 
cylindrical micelles of length 1, and A'core = TRcore' for 
spherical micelles. The analysis is identical to that 
presented above for micelles which form in the bulk matrix 
phase, with the subtraction of (?a - Yb)A'core/Q from the 
expression for Fmicene/Q. The following relationships are 
obtained for the copolymer chemical potentials (Pscmc-s, 
Pscmce, P'cmc-1) and equilibrium radii (R8CmC.s, RScmc.c, Rscmc.l) 
for spherical, cylindrical, and lamellar surface micelles: 

spherical surface micelles 

p8cmc-s - m l o c  = (pbcmc-s - m l o c ) { 1  - 0*25((ya - Yb)/Yab)]2/3 
(16) 

Rscmc-s = Rbcmc.s{ 1 - 0 * 5 ( ( ~ a  - Yb)/Yab))1'3 (17) 

cylindrical surface micelles 

b 
P ~ ~ ~ ~ - ~  - mi, (P cmc-c - AJ'ioc){l - 0.318((ya - 

Yb)/Yab)]2/3 (18) 

lamellar surface micelles 

Rscmc-l = Rbcmc-l(l - (?a - yb)/yab11/3 (21) 
The surface (or interfacial) free energy y corresponding 

to a surface covered with adsorbed copolymer chains can 
be written in the following form: 

Here A is the area per surface micelle, equal to A' for 
lamellar and cylindrical surface micelles, and equal to 
1.103A' for an assumed hexagonal packing of spherical 
surface micelles. The first term in eq 22 represents the 
surface free energy of an A homopolymer melt in the 
absence of copolymer segregation, and the second term 
represents the change in surface energy associated with 
the formation of the adsorbed layer. Note that this change 
in free energy is given by multiplying the excess free energy 
per copolymer chain by the areal density of copolymer 
chains in the adsorbed copolymer layer. The above 
equations for the criticalvalues of the copolymer chemical 
potential a t  the onset of surface micellization were obtained 
by setting y = ya or, alternatively, FmiceUelQ - pc = 0 88 
described above. When ya - Yb = 0, surface micelles are 
predicted to appear a t  the same copolymer chemical 
potential as do bulk micelles of the corresponding geom- 
etry. As previously calculated, spherical micelles are 
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Figure 3. Surface phase diagram showing the regions where 
different surface morphologies are possible. Dashed lines sep- 
arate regions where different geometries are the first to form; 
spherical surface micelles form first in regions S and SC, 
cylindrical surface micelles form first in regions C and CL, and 
lamellar surface micelles form first in region L. Solid lines 
separate regions where different geometries have the lowest free 
energy at the limiting copolymer chemical potential corresponding 
to the formation of bulk micelles. These are spheres in region 
S, cylinders in regions SC and C, and lamellae in regions CL and 
L. The dotted line defines the onset of the strong segregation 
regime where transitions in the adsorption isotherm are no longer 
present. 
predicted for g < 0.13, cylindrical micelles are predicted 
for 0.13 < g < 0.35, and lamellar micelles are predicted for 
g > 0.35.'' For Y~ - Yb > 0, surface micelles appear a t  
copolymer chemical potentials below the limiting values 
corresponding to the formation of bulk micelles. In this 
case there will be a window of copolymer chemical 
potentials for which surface micelles will exist. The largest 
attainable copolymer chemical potential is determined by 
the formation of bulk micelles. This maximum chemical 
potential pbcmc is given by eq 10 for g < 0.13, eq 12 for 0.13 
< g C 0.35 and eq 14 for g > 0.35. 

Figure 3 is a "surface phase diagram" that illustrates 
which surface micellar geometries are possible for different 
combinations of g and ya - Yb. The dashed lines separate 
the diagram into regions where spherical, cylindrical, or 
lamellar surface micelles have the lowest value of pScmc. 
Solid lines separate the phase diagram into regions where 
these different geometries minimize the overall surface 
free energy at  the limiting copolymer chemical potential 
pbcmc corresponding to the formation of bulk micelles. Areal 
densities of copolymer chains in the different surface 
micelles are obtained from the appropriate incompress- 
ibility constraints, i.e., Qu = AR for lamellar micelles, Qu/ 
0.5rR21 = A/2R1 for cylindrical micelles, and Q V / ( ~ / ~ T R ~ )  
= 0.907A/uR2 for spherical micelles. The factor of 0.907 
in the incompressibility condition for spherical surface 
micelles is due to the assumed hexagonal packing of these 
micelles. The regions marked S, C, and L in Figure 3 are 
the respective regions where spherical, cylindrical, or 
lamellar micelles have the lowest value of W'CmC and the 
lowest value of y for all copolymer chemical potentials 
between p*cmc and pbcmc. No phase transitions between 
different surface micellar geometries are expected in these 
regions. A surface phase transition from spheres to 
cylinders is predicted in region SC as the copolymer 
chemical potential is increased from pamc toward pbcmc. A 
similar surface phase transition from cylinders to lamellae 
is predicted in region CL. The copolymer chemical 
potentials a t  which these transitions occur are obtained 
by equating the values of y for the appropriate geometries. 

Adsorption isotherms for characteristic points lying 
within the different regions of the surface phase diagram 

0 . 0 ~ ~  " " " " I ' ' 1 '  ' I " ' ' 1  
0.55 0.60 0.65 0.70 0.75 

t I 
0.0 - 
1.0 ( c )  

0.55 0.60 0.65 0.70 0.75 

0.0 0.5 0.55 m 0.60 0.65 0.70 0.75 

(~C-A~,,C)/~B~(X~C)"~ 
Figure 4. Adsorption isotherms as calculated by the scaling 
theory for a series of systems with g = 0.05 (a) (ya - Yb)/Ysb = 
0.05 (region S); (b) ( 7 s  - Yb)/Yab = 0.25 (region SC); (c) (ya - 
Yb)/Yab = 0.50 (region C). 

L I 

0.5 1 
I 
i 

0.0 0.2 0.4 0.6 0.8 

r " l . O  2 0.5 
I t 

0.0 - 
0.0 0.2 0.4 0.6 0.8 

1 

Figure 5. Adsorption isotherms as calculated by the scaling 
theory for a series of systems with g = 0.05 (a) (ra - Yb)/Yab = 
0.70 (region CL); (b) (va - Yb)/Y& = 0.80 (region L); (c) - 
Yb)/Yab > 1 (region L, strong adsorption regime). 

are shown in Figures 4 and 5. The adsorbed amount is 
plotted as the surface excess z * ~ ,  equal to VQIA. All six 
isotherms shown in these figures are for g = 0.05, with (ya 
- Yb)/Yab varying from 0.1 (Figure 4a) to 1.0 (Figure 5c). 
Spherical bulk micelles are favored for this low value of 
g ,  and the normalized value of pbcmc is 0.700. As (Ye - 
yb)/Yab is increased from zero, p'cmc is decreased from pbcmc 
in accordance with eqs 16,18, and 20. For (ya  - ')'b)/Yab 
= 0.10 spherical surface micelles have the lowest free energy 
over the entire range between H8cmc and pbcmc and the 
normalized value of pLscmc is 0.678. This combination of g 
and (Ya - Yb)/Yab lies within the region denoted by s in the 
surface phase diagram shown in Figure 3. In this region 
there isa single transition to a spherical surface morphology 
in the adsorption isotherm. When (Ya - Yb)/Yab is increased 
to 0.25, one enters the region of the phase diagram marked 
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SC, and two surface phase transitions are observed as 
illustrated in Figure 4b. The first transition is to a spherical 
surface morphology and the second transition is to a 
cylindrical morphology. Typical adsorption isotherms for 
points lying within regions C, CL, and L are shown in 
Figure 4c and parts a and b of Figure 5, respectively. 

For Ya - Yb > Tab, there is no longer a penalty for the 
formation of a copolymer-rich layer a t  the interface. In 
this "strong adsorption" regime there will be no transitions 
in the copolymer adsorption isotherm. Instead there will 
be a continuous increase in the adsorbed amount with 
increasing copolymer chemical potential as illustrated in 
Figure 5c. Equations 3 and 4 for the core and corona free 
energies were derived from the assumption that the 
polymer chains were strongly stretched, a condition which 
requires R > R,. The approximations upon which the 
scaling theory is based therefore deteriorate as the quantity 
(?a - ')'b)/Tab approaches 1, because eq 21 has RscmC 
approaching zero in this limit. The scaling prediction that 
there is some limiting value of T~ - Yb above which there 
will be no interfacial phase transitions remains valid, 
however, even if the magnitude of the critical value of this 
quantity is in error. At  low coverages the copolymer 
chemical potential in the adsorbed copolymer layer will 
be determined by the two-dimensional entropy of mixing 
of copolymer chains a t  the interface. Inclusion of this 
entropy of mixing term in the scaling analysis allows one 
to extend the results to copolymer chemical potentials 
which are less than zero.19,26 Quantitative predictions 
cannot be obtained by such a scaling model, however. In 
addition, the scaling treatment gives no information with 
regard to the more detailed structure of the interfacial 
layer. We use the simple scaling picture to illustrate the 
basic features of the adsorption and micellization processes. 
Detailed features of these processes are more adequately 
described by the self-consistent-field theory as described 
in the following sections. 

111. Self-Consistent-Field (SCF) Theory 
The free energy density fo  of a homogeneous mixture of 

polymers is given in the Flory approximation by the 
following simple formula: 

fo  1 

kBTP0 k 2 m + n  
- = c d k  In 4k + -E Xmn$m#n (23) 

where 4k is the volume fraction of component k and Xmn 
is the Flory interaction parameter characterizing the 
thermodynamic interaction between m and n repeat units. 
The quantity po is the number density of polymer repeat 
units and defines the reference volume for the interaction 
parameters. The chemical potentials can be obtained from 
eq 23 with the use of the following formula:27 

pk acf/po) W / P O )  
-=- + f /PO - c 4 k x  (24) 

where the derivative with respect to 4 k  is taken with all 
other 4's held constant. Combination of eqs 23 and 24 
givesz8 

Nk a4k k 

with 

4k 
K ,  = Y- (26) 
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and 

Here dm represents the overall volume fraction of the 
chemical species m ,  and the summation is over all possible 
species (A, B, C, etc.). The 6 functions are defined so that 
6(m-p) = 1 for m = p and 6(m-p) = 0 for m # p .  For a 
system with only a and b repeat units one obtains wo- 
(a)/kBT X a b 4 b 2  and wo(b)/kBT= Xab$az. The first three 
terms on the right side of eq 25 are associated with the 
logarithmic entropy of mixing term in the free energy 
expression. The last term in eq 25 is associated with the 
interaction parameters, which are assumed to be inde- 
pendent of the composition. A compositional dependence 
of these parameters will give rise to a more complicated 
version of eq 25. The reference state for which pk = 0 is 
a pure homopolymer melt with a degree of polymerization 
Of  Nk. 

Equations 23-25 specify the properties of the bulk 
coexisting phases but say nothing of the interfacial 
properties. Consideration of these interfacial properties 
requires that one introduces a mechanism for the treatment 
of spatial inhomogeneities. The SCF treatment is based 
on the description of polymer chain statistics by distri- 
bution functions q k ( r j ) .  Here j is an index which runs 
from unity a t  one end of a polymer chain to Nk at  the 
other end of a chain. Two distinct distribution functions, 
q k l ( r j )  and Q k P ( r j ) ,  are required whenever the two ends 
are distinct, as with diblock copolymers. The quantity 
q k l ( r j )  is proportional to the probability that the j th  repeat 
unit (measured from the appropriate end of the block 
copolymer) exists a t  r. Volume fractions corresponding 
to the different repeat units are obtained from the 
requirement that a repeat unit which is j units away from 
one end of the chain must by Nk - j units away from the 
other end of the chain. The volume fraction &(rj) 
corresponding to the j th  repeat unit along a polymer chain 
is therefore proportional to the product of q k l ( r j )  and 
qkz(N&-j). After the appropriate n o r m a l i z a t i ~ n , ~ ~ ~ ~ ~ ~ ~ ~  we 
obtain 

The volume fraction of any given portion of a polymer 
chain is given by the summation over the appropriate 
repeat units. The volume fraction of polymer k, for 
example, is given by the summation of all Nk repeat units: 

Nk 

4 k ( i )  = z$k(ij) = 
]=1 

We impose a discretization scheme similar to that used 
by Scheutjens and Fleer31*32 so that the position r is 
represented by the integral coordinates il, ip, and i3. The 
distance between the two adjacent layers is the segment 
length a defined so that the polymer radius of gyration R,  
is given b~a(Nk/6)'/~. We assume here that all components 
have the same segment length a, although the equations 
are easily generalized to situations where these segment 
lengths differ.33 Connectivity of the polymer chains is 
accounted for in the recursion relations for qkl and q k 2 .  In 
systems with planar, cylindrical, or spherical symmetry 
all quantities are functions of only a single coordinate i, 
and the problem is simplified enormously. For these highly 
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symmetric cases the recursion relationships can be written 
as follows: 

with qkl(i,o) = qkP(i,O) = 1. 
Equations 30 and 31 are statements of the requirement 

that a chain segment of length j - 1 be adjacent to a chain 
segment of length j. The transition probabilities hl, XO, 
and X+1 represent the respective fractions of nearest- 
neighbor sites which lie in layer i - 1, i, or i + 1, with the 
reference site being in layer i. A simple cubic lattice has 
four nearest-neighbor sites in the same layer as the 
reference site and one nearest neighbor in each of the 
neighboring layers. For planar symmetry one therefore 
obtains X+1 = hl = ‘16 and XO = 4/6. Leermakers and 
Scheutjens obtain the transition probabilities for systems 
with spherical or cylindrical symmetry by assuming that 
X+1 and hl are proportional to the contact areas between 
the appropriate layers:34 

(32) X-l(i) = gS(i-l)/L(i) 1 

where 5%) is the surface area between layers i and i - 1 
and L(i)  is number of lattice sites within layer i. For a 
spherical geometry S(i) = 47ri2 and for a cylindrical 
geometry S(i) = 2 4  where 1 is the length of the cylinder. 
The number of lattice sites in layer i is given by the 
difference in total volumes V for systems with i and i - 1 
layers: 

L(i)  = V(i) - V(i-1) (34) 
with V(i) = (4/3)7ri3 for the spherical geometry and V(i) 
= 7ri21 for the cylindrical geometry. The remaining 
transition probability is obtained from the requirement 
that all three probabilities sum to 1: 

(35) 
Equations 30-35 form a discrete representation of the 

modified diffusion equation introduced by Edwards35 and 
used in a large number of previous theoretical treat- 
m e n t ~ . ~ ~ ~ ~ ~ , ~ ~ , ~ ~ ~ ~  For one-dimensional problems where q 
and w are functions of a single spatial variable r the 
modified diffusion equation has the following form: 

Xo(i) = 1 - A-l(i) - X+l(i) 

where C = 0 for systems with planar symmetry, C = 1 for 
systems with cylindrical symmetry, and C = 2 for systems 
with spherical symmetry. The relationship between eq 
36 and eqs 30 and 31 has been derived previously for the 
case of planar symmetry.ls Extension of this relationship 
to the spherically and cylindrically symmetric cases is 
straightforward. 

Laterally heterogeneous surface structures are of par- 
ticular interest in our current work. In this case the 
properties vary in the direction normal to the interface as 
well as within the plane of the interface, and the problem 
is no longer one-dimensional. In the most general situation 

the distribution functions and mean fields will be functions 
of three coordinates. We assume that there is an additional 
symmetry in the x-y plane (with z being the direction 
normal to the interface) which allows us to use only two 
coordinates represented by the indices il and i2. Here il 
is associated with the z coordinate and identifies the 
distance of a given site from the interface. The index i 2  
identifies the distance of a given site from a center of 
symmetry which can be either a line (axial symmetry) or 
a plane (mirror symmetry). As with the one-dimensional 
problems, the recursion relationships for the distribution 
functions are derived from the transition probabilities 
between sites on the appropriate lattice, with the added 
complication that there are now five distinct transition 
probabilities instead of the original three. The probability 
for transitions between adjacent layers oriented parallel 
to the surface (characterized by il) is equal to ‘/6, just as 
it is for the one-dimensional case with planar symmetry. 
We now have three distinct transitions within one of these 
layers however, Le., those where i 2  decreases by 1, whose 
where i 2  remains constant, and those where i 2  increases by 
1. The respective probabilities for these three transitions 
are X’-1, X’O, and h’+l, from which we obtain the following 
recursion relation for q k l :  

with an analogous equation for Qk2 and all distribution 
functions initialized to 1 at j = 0. A Cartesian coordinate 
system is used to derive X’-1, X’O, and X’+l for systems with 
mirror symmetry in the x-y plane. In this case the x-y 
plane is a square lattice, with a given site having four 
nearest-neighbor sites. Two of these neighboring sites have 
the same value of i 2  as the reference site, a third site has 
ip increased by 1, and the fourth site has i2 decreased by 
1. The three additional transition probabilities for this 
symmetry class are therefore X’-1 = X’+1 = ‘/6 and X’o = ‘/3. 
For the axially symmetric case the r - y  plane is broken up 
into a series of concentric circles centered around i 2  = 0. 
The probabilities for transitions between these layers are 
the same as those already given for the cylindrically 
symmetric case: 

1 (i,) = -gS( i2-1)/L (i,) 

(39) 

with S(id = 27ri2 andL(i2) = ah2 - 7 4 2  - U2. The remaining 
transition probability is obtained from the requirement 
that all transition probabilities sum to 1: 

X’o(i) = 4/6 - X’-l(i) - X’+l(i) (40) 
The mean fields w(r, j)  are functions of the local 

composition and of the repeat unit represented by j .  The 
j dependence of the mean fields is taken into account 
through the expanded notation w(i ,p( j ) ) ,  where p desig- 
nates the type of repeat unit being considered. Mean fields 
are related to chemical potentials, and expressions for them 
include K 4  from the entropy of mixing contribution, 
w O @(j)) from the microscopic thermodynamics charac- 
terized by the x parameters, a contribution Aw associat- 
ed with the incompressibility constraint, and any addi- 
tional external fields wext which may be acting on the 

1 
= iS(i2)/L(i2) 
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system.2a30~33~40 For an inhomogeneous system these 
components are all functions of the position r: 

w(rj) = wo(r,pG)) - kBTK,(r) - Aw(r) + 

with 
wext(r,pG)) (41) 

Here {is inversely proportional to the bulk compressibility 
of the system. Values of { used in the calculations are 
high enough so that the results obtained are indistin- 
guishable from the incompressible limit corresponding to 
{ = -=. We have also neglected nonlocal terms associated 
with the long-range nature of the interactions characterized 
by the x parameters. These contributions can easily be 
included, but their contribution is relatively minor and 
does not affect the results ~ignificantly.~~ 

The r dependencies of the mean fields and volume 
fractions are expressed in terms of the index i for one- 
dimensional problems or through il and i 2  for two- 
dimensional problems. Self-consistent solutions to the 
set of discretized mean-field equations are obtained 
numerically by a relaxation method as described previ- 
ously.30 Several quantities of interest, including the 
interfacial tension and the interfacial copolymer excess, 
are obtained by summing over all lattice sites in the system. 
Because the lattice represents a specific discretization of 
a continuum picture, these summations are represented 
by integrals in the following sections, where specific results 
from the SCF treatment are presented. 

IV. Bulk Micelles 

As discussed in section 11, bulk micelles appear when 
the excess free energy associated with their formation 
vanishes. This excess free energy AFmicene is embodied in 
the quantity Aw: 

(43) 

The critical chemical potential for the formation of bulk 
micelles is the value which gives AFmiceue = 0 or, alter- 
natively, p c  = Fmicelle/Q. In general there will be three 
solutions to the SCF equations for a given value of p,. One 
is the trivial solution where the composition is completely 
homogeneous. The remaining two solutions correspond 
to micelles with two different radii as illustrated in Figure 
2a. The solution with the lower radius corresponds to a 
maximum in AFmicelle, and the solution with the higher 
radius corresponds to a minimum in AFmiceue. The value 
of pbcmc is obtained by iterating pc until the high radius 
solution gives AFmicelIe = 0. This process is simplified by 
use of a relationship between the size of a micelle and the 
rate a t  which AFmicene varies with pc .  The relationship 
between these quantities can be derived by defining the 
quantity V* as follows: 

(44) 
where 4," is the copolymer volume fraction in the bulk 
phase in equilibrium with the micelle. The quantity V* 
is the effective volume of a spherical micelle, the effective 
cross-sectional area for a cylindrical micelle, and the 
effective thickness of a lamellar micelle. The characteristic 
size of the micelle is the radius r* (corresponding to R 
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Table I 
Micelle Parameters As Calculated by the 

Self-Consistent-Field Theory 
xN g NdNC rbmJkBT bbme FIRn aeometrr 
60 0.2 1 5.36 0.0013 2.64 sphere 
50.5 0.148 4 5.17 0.055 2.44 sphere 
50.5 0.148 2 5.00 0.060 2.39 sphere 
50.5 0.148 1 4.67 0.070 2.30 sphere 
50.5 0.148 0.5 4.01 0.094 2.10 sphere 

from the scaling theory), given by 

r* = {v*/V(1))'/'3"" (45) 
where d is the dimensionality of the micelle and V(1) is 
the volume of the first lattice layer. One has d = 0 and 
V(1) = 47r/3 for spherical micelles, d = 1 and V(1) = 27r 
for cylindrical micelles, and d = 2 and V( 1) = 2 for lamellar 
micelles. We can now write an equation analogous to the 
Gibbs adsorption equation, where AFmicelle is analogous to 
the interfacial free energy: 

d(AFmicene)  = Q* d ~ c  (46) 
The copolymer excess Q* is obtained from V* by dividing 
by the volume of a copolymer chain. The quantities 
AFmicena and Q* are per spherical micelle, per unit length 
of a cylindrical micelle, and per unit area of a lamellar 
micelle. Equation 46 is valid when the bulk copolymer 
volume fraction 4," is very low, so that the homopolymer 
chemical potential is always close to zero. The value of 
hbcmc is obtained by obtaining values of AFmiceue and Q* 
from an initial guess for pbc. The quantity Q* gives the 
derivative of AFmiceue with respect to pc  according to eq 46. 
The next guess for pbcmc is therefore obtained by adding 
AFmicelle/Q* to the original guess. This scheme is repeated 
until subsequent guesses for pbcmc differ by less than the 
desired precision. Three iterations are typically required 
to obtain a precision of O.OlkBT. The initial estimate of 
the mean fields must be good enough so that the high 
radius solution is obtained in each case. The activation 
free energy for micelle formation is obtained from eq 43, 
using the low radius solution to the SCF equations with 

A given copolymer/homopolymer blend system is spec- 
ified by x N ,  g, and N d N , .  Results obtained from the 
SCF calculations are independent of the specific values of 
Nh and N ,  used in the calculations, provided that these 
values are relatively high, that xN,  g, and &INc remain 
constant, and that all lengths are scaled by R,.18933 All of 
the calculations presented here were made with values of 
Nh and N ,  which are high enough (>300) so that we are 
always within this "flexible chain" limit. 

Calculated micelle parameters for a series of blend 
systems are listed in Table I. The equilibrium micellar 
geometry is the one which gives the lowest value of pbcmc. 
All of the systems listed in Table I have relatively low 
values of g, and spherical bulk micelles are stable in each 
case. The systems with xN = 50.5 andg = 0.148 are listed 
because deuterated polystyrene/poly(2-~inylpyriinylpyridine) (@S/ 
PVP) diblock copolymers with these parameters have been 
extensively studied in polystyrene matrices."S26 In these 
experiments the critical micelle concentration was deter- 
mined by measuring the depth profile of the diblock 
copolymers in thin polystyrene matrix films. For Nh/N, 
2 1, bulk micelles form preferentially a t  the surface of 
these films. Surface segregation of these micelles is driven 
by a favorable interaction between the micelle coronas 
and the free surface of the film. One must be careful to 
distinguish this situation from the formation of true surface 
micelles such as those illustrated in Figure lb, where the 

P C  = Pb". 
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surface segregation of copolymer chains is driven by a 
favorable interaction between the surface and the micelle 
cores. The favorable corona/surface interactions respon- 
sible for the surface segregation of bulk dPS/PVP micelles 
in a PS matrix can be attributed to the slightly lower 
surface energy of dPS as opposed to normal PS and to the 
entropic penalty associated with the distortion of ho- 
mopolymer matrix chains a t  the corona/homopolymer 
interface.15J7J8 The appearance of a surface copolymer 
excess of dPS/PVP copolymer chains from a PS matrix 
phase is therefore an unmistakable signature of micelli- 
zation from which the critical concentration for the 
formation of bulk micelles can be determined. As NdN, 
is increased the micelle parameters reach an asymptotic 
form for which the results for NdN, = 4 are a good 
approximation. The theoretical value of 5.17k~Tfor phcmc 
(NdN, = 4) is in excellent agreement with the experi- 
mentally determined value of 5.25 f 0 .5k~T (NdN, = 
13).17 The magnitude of the trend toward higher values 
of the critical micelle concentration c$bcmc as NdN, is 
increased is also in good agreement with e ~ p e r i m e n t . ~ ~  
These results suggest that the activation energy for micelle 
formation (13khT for p c  = 5.17k~T as predicted by the 
SCF theory) could be overcome during the experimental 
time scale in these experiments. For &INc 5 1, the 
attractive interactions which give rise to surface segregation 
of bulk micelles are overwhelmed by repulsive, osmotic 
interactions arising from the higher entropy of mixing of 
low molecular weight homopolymer chains.18 It is therefore 
not possible to use simple depth profiling techniques to 
measure the critical micelle concentration for the low 
values of Nh/N,, where changes in this ratio are predicted 
to have a more significant effect on the critical micelle 
concentration. Other techniques, such as transmission 
electron microscopy,42 must be used to determine the 
critical micelle concentration in this regime. 

The SCF theory of micellization can clearly be used to 
analyze a wide range of transitions in block copolymer/ 
homopolymer blends including, for example, transitions 
between different micelle geometries with varying NdN,. 
For very small values of Nh/N, the treatment reduces to 
that of copolymer micelles in a small-molecule solvent, a 
problem which has been treated previously by Yuan et 
al.43 The focus of the present paper is on surface phase 
transitions, however, and for this reason our discussion of 
micellization is limited primarily to the determination of 
pbcmc as the limiting equilibrium value of the copolymer 
chemical potential. In order to illustrate some of detailed 
features of the surface behavior of diblock copolymer/ 
homopolymer blends, we will consider a model blend with 
xN = 60, g = 0.2, and &/N, = 1. The calculated micelle 
parameters for this system are listed in Table I. Values 
for pbcmc and for the equilibrium micelle size r*bcmc for this 
system are surprisingly close to the values obtained from 
the scaling relations for these quantities as given by eqs 
10 and 11. The scaling treatment gives fibcmc = 5.62k~T 
and Rhcmc = 2.89Rg, whereas the detailed SCF treatment 
gives pbcmc = 5.36k~T and r*hcmc = 2.64Rg. We have 
compared the SCF results to the scaling predictions for 
a spherical geometry even though this treatment predicts 
that cylinders are the preferred geometry for g > 0.135. 
This discrepancy is not surprising, given the approximate 
nature of the scaling theory and the very small differences 
between the chemical potentials for spherical and cylin- 
drical micelles as given by eqs 10 and 12.17 In fact the 
SCF prediction for phcmc for cylindrical micelles is only 
slightly higher than the value obtained for spherical 
micelles: 5 .42k~T instead of 5.36k~T. 
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Figure 6. Volume fractions for the core block (-1, corona block 
(- -), and homopolymer (- - -) for a spherical bulk micelle with 
g = 0.2, xN = 60, and N d N c  = 1.0. 

In addition to being more accurate, the SCF theory gives 
detailed structural information which is not present in 
the simple scaling treatment. The volume fractions 
corresponding to the homopolymer and to the different 
copolymer blocks for the example system described above 
are plotted in Figure 6 as a function of the distance from 
the center of the micelle. The micelle core is very nearly 
pure copolymer, but there is considerable penetration of 
the homopolymer chains into the corona. This ho- 
mopolymer penetration increases substantially as NdN, 
is decreased to values less than 1 but remains relatively 
unchanged for higher values of NdN,. This result is 
consistent with the fact that the structure of a micelle is 
not strongly dependent on NdN, when this ratio is larger 
than 1.18 The results presented here for NdN, = 1 are 
typical of what should be expected for all higher values 
of this ratio. 

V. Surface Micelles 
While we expect that the surface phase diagram will 

have the basic appearance shown in Figure 3, one must 
use the full SCF treatment in order to predict the location 
of specific boundaries. In fact there will be a different 
surface phase diagram for each value of NdN,, with an 
asymptotic form of the phase diagram being valid for Nh/ 
N, >> 1. Calculation of the detailed phase diagram from 
the SCF theory is an enormous task which is beyond the 
scope of this work. Instead we consider the effects of a 
surface on our example blend system with xN, = 60, g = 
0.2, andNdN, = 1, keeping in mind that micelle formation 
in the bulk matrix phase limits the copolymer chemical 
potential to values below 5.36k~T. In addition we will 
consider only values of ys - yb which favor the formation 
of cylindrical surface micelles, allowing us to assume 
translational invariance in the y direction. One can use 
the axial symmetry of an isolated spherical micelle to carry 
out a similar analysis, since this problem is also two- 
dimensional. The detailed treatment of an array of 
spherical surface micelles is intrinsically a three-dimen- 
sional problem, however, and it is for this reason that we 
confine our discussion to the treatment of cylindrical 
surface micelles. 

Surface effects are accounted for by introducing an 
external field Wext(i1). The effect of a free surface is to 
introduce a preferential interaction with one of the types 
of repeat units. For simplicity, we consider the step 
function potential Wext(i1) = weXt(l) 6( i l -  1) which acts 
only on repeat units of type B. This simplistic form of the 
potential acts only in the first layer of width a, where a 
is the statistical segment length of a repeat unit. Here 
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Weit(  1) is defined as a negative quantity when the B repeat 
units are attracted to the surface and is analogous to the 
surface interaction parameter xs  which has been used in 
previous  treatment^.^^^^^^^ For a binary blend the quantity 
wext(1) represents the free energy decrease associated with 
the replacement of an A segment in the first lattice layer 
with a B segment. In accordance with earlier treatments 
of surface segregation in homopolymer blends45 and pure 
diblock copolymer  melt^,^^^^^ we define a bare surface free 
energy F,, which is the only component of the surface free 
energy which is sensitive to the surface composition. The 
derivative of F, with respect to 41, the volume fraction of 
B repeat units in the first layer, is obtained from wext(l) 
by multiplying by the number of segments per unit area 
which are affected by this external potential: 

aF,ia4, = apowext(u (47) 
where the width of a single lattice layer is equal to the 
statistical segment length a of a repeat unit. Note that 
a and po both depend on how a repeat unit is defined. 
Because this definition is somewhat arbitrary, it is more 
convenient to work in terms of R,  and u, where u is the 
volume of a copolymer chain. With R,  = u(NJ~) ' /~  and 
u = NJpO we can rewrite eq 47 as follows: 

A truly localized surface potential is obtained only in the 
limit where Nc approaches m.  We show in the appendix, 
however, that for homopolymer blends the surface seg- 
regation depends only slightly on N ,  when N, is large and 
the quantity Nc1/2we,t(l) is held constant. Similar uni- 
versal behavior is observed for systems involving block 
 copolymer^.^^ In the discussion which follows we ignore 
corrections associated with the finite size of a lattice layer 
and use eq 47 to convert wefi(1) to aF$aqh. We ignore the 
dependence of aF,/t341 on 41 itself, in which case aF,/d& 
is equivalent to the bare surface free energy difference 
between A and B homopolymers used in the scaling 
treatment of section 11: 

-aFsla4, = Ya - y b  

A composition dependence of aF$d$l can easily be included 
in the calculations, although little is gained for high values 
of xNc where agiven region on the surface consists of either 
nearly pure A or nearly pure B. 

Because the composition within a cylindrical micelle 
varies in two dimensions ( x  and z ,  where z is the direction 
normal to the interface), it is impossible to capture the 
detailed micellar structure in a single plot. The funda- 
mental features of the micelle structure are captured by 
integrating over the z coordinate to obtain the quantities 
Z*&) and Z*,b(X): 

The functional forms of z*,(x) and Z*cb(X) give an indication 
of the respective shapes of the overall micelle and of the 
micelle core. These quantities are functions of only a single 
spatial coordinate x for the cylindrical micelles considered 
here. The overall interfacial copolymer excess which would 
actually be measured in an adsorption experiment is given 
by the average value of z*,. For the cylindrical geometry 
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Figure 7. Adsorption isotherm for a copolymer with g = 0.2, 
xNc = 60, and NdN,  = 1.0 at a surface with -aF,la& = 3kBTRJo. 

z* is given by 

z* = LJAz*,(x) A 0  dx (51) 

where A is the periodicity of the array of cylindrical 
micelles. The equilibrium value of A for a given value of 
the copolymer chemical potential is the value which 
minimizes the excess free energy of the system. This excess 
free energy is actually the interfacial tension y which is 
obtained from Aw. For an array of cylindrical micelles 
one has 

The equilibrium surface morphology is the one which 
minimizes y as given by eq 52. 

Results of SCF calculations for our model system with 
NdN, = 1, g = 0.2, and xNc = 60 are consistent with a 
phase diagram which has the basic form shown in Figure 
3. These calculations indicate that a bare surface free 
energy difference y a  - y b  = 3 k ~ T R , / u  places the system 
in the region denoted CL. As discussed in section 11, the 
appropriate normalization for y a -  y b  is "ab, the free energy 
associated with an interface between A-rich and B-rich 
regions. As an estimate for this quantity we take the 
interfacial tension between homopolymers of infinite 
molecular weight as given in eq 6: 

y a b  zz apo(~/6) ' /~  = ~ ( x N ) " ~ R , ~ B T / u  (53) 
One therefore obtains 0.19 as the nominal value of the 
quantity ( y a  - yb) /Yab for our system with xN, = 60 and 
ya - y b  = 3 k ~ T R , / u .  

The adsorption isotherm for our model system is shown 
in Figure 7 .  The first transition in this adsorption isotherm 
corresponds to the appearance of cylindrical surface 
micelles a t  the critical copolymer chemical potential pacmc 
= 4 . 5 k ~ T  for the formation of these surface micelles. The 
second transition is from a cylindrical to a lamellar surface 
morphology at  pc = 4 . 7 5 k ~ T .  Figure 8 shows z*,(x) and 
Z*cb(X) for the cylindrical micelles a t  the two transition 
points in the isotherm. The boundary between the A and 
B regions of the surface of the micelle is quite sharp, so 
the plot of z*,b(x) gives what amounts to a cross-sectional 
view of the micelle core. This cross section is roughly 
semicircular, as it must be in order for the scaling treatment 
of section I1 to remain valid. The SCF treatment captures 
the detailed shape of this cross section and also gives the 
equilibrium repeat period A of the periodic surface 
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Figure 8. Profiles for the cylindrical surface morphology at the 
two transition points in the isotherm in Figure 7: (a) pc/kBT = 
4.50; (b) p J k B T  = 4.75. 

structure. This repeat period is actually infinite a t  the 
surface micelle transition; i.e., the transition is to a 
collection of isolated cylindrical micelles. When pc = pacmc, 
the excess free energy associated with the formation of an 
isolated cylindrical micelle vanishes. Repulsive brush/ 
brush interactions between the coronas of neighboring 
surface micelles contribute to the free energy, leading to 
an increase in the free energy of the system with decreasing 
A. Higher values of the copolymer chemical potential favor 
an increased surface copolymer excess z*,  giving rise to a 
minimum value of the free energy for a finite value of A. 
The very steep rise in the adsorption isotherm for pc  > 
pacmc can be attributed to the development of a charac- 
teristic intermicellar spacing for copolymer chemical 
potentials which are only slightly higher than pacmc. Some 
error exists in the detailed nature of the adsorption 
isotherm in this regime because of numerical difficulties 
associated with the determination of the value of A which 
minimizes y as given by eq 52. This region of the 
adsorption isotherm is therefore shown as a dashed line 
in Figure 7. The quantities Z*cb and z * ~  are independent 
of x for the lamellar surface morphology. Thus, a t  pc  = 
4.75 the surface morphology undergoes a first-order phase 
transition from a cylindrical morphology, where Z*cb(X) 
and z*,(x) are periodic, to a lamellar morphology where 
these quantities are translationally invariant. The z 
dependences of the volume fractions of the homopolymer 
and of each copolymer block for the lamellar morphology 
are plotted in Figure 9. 

VI. Copolymers at the Interface between 
Immiscible Homopolymers 

The calculations from the previous section apply to a 
sharp interface, where the overall polymer density decays 
from its bulk value to zero over a single lattice layer. These 
results are representative of what one would obtain at  the 
free surface of a polymer or a t  a polymer/nonpolymer 
interface. We turn our attention now to some results for 
the segregation of an A/B diblock copolymer to an interface 
between immiscible homopolymers A and C. These results 
are an extension of an earlier treatment of an A/B diblock 
copolymer at  the interface between A and B homopoly- 
mem30 Generalization to the case where the blocks do 
not have the same chemical compositions as the ho- 
mopolymers has also been considered by Vilgis and 
Noolandi, although only for situations where a large 
amount of a nonselective solvent is present?' We consider 
the situation where the block copolymer and each of the 
homopolymers has the same degree of polymerization N. 

0.1 

0 

0.L 

Figure 9. Volume fractions of the adsorbing B block (-), the 
nonadsorbing A block (- -), and homopolymer (- - -) for the 
lamellar surface morphology corresponding to the last point on 
the adsorption isotherm of Figure 7 (pc /kBT = 5.36). 
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Figure 10. Adsorption isotherms for an A/B diblock copolymer 
at the interface between A and C homopolymers with g = 0.2, x.a= 60, and xaJV = 60. The four curves correspond to x d  

All three polymers have the same degree of polymerization N. 
=-15 ( - ) , ~ d = O ( - - ) , ~ ~ = 1 5 ( - . - ) , a n d x b $ J = 3 0 ( . . . )  . 

The respective thermodynamic interactions between A 
and B repeat units, B and C repeat units, and A and C 
repeat units are represented by the three interaction 
parameters Xab, xbc, and Xac. The calculations can of c o m e  
be carried out in two dimensions to examine the possible 
formation of laterally heterogeneous surface structures. 
As discussed briefly a t  the end of this section, the possible 
formation of these sorts of structures can often be 
discounted. Compositional variations in the plane parallel 
to the homopolymer interface have therefore been ignored 
in calculations described below. 

Adsorption isotherms as calculated by the SCF theory 
for g = 0.2 and xabN = xaJV = 60 are plotted in Figure 10 
for XbcN = -15, 0, 15, and 30. For values of X b a  which 
are less than some critical value there is a continuous 
evolution of the copolymer layer with increasing pc. These 
values of xbcN correspond to the strong adsorption regime 
of Figure 3, where no phase transitions are observed in the 
isotherm. The isotherms have asigmoidalcharacter, where 
the central portion of the isotherm gets steeper as x d  
is increased. At the critical value of xbcN the steepest 
portion of the isotherm is completely vertical, indicating 
that two values of z* are in equilibrium with one another. 
This critical value of x d  is close to 30 for the parameters 
corresponding to the isotherms of Figure 10. At  higher 
values of xbolv the isotherm consists of a low z* branch 
and a high z* branch. One must compare the free energies 
of each branch in order to determine the value of pc at  
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which the equilibrium isotherm moves from one branch 
to the other. 

Segregation of block copolymer chains to the interface 
is driven by the preference for the B copolymer block to 
exist within or adjacent to the C phase rather than within 
the A phase. The basic features of this adsorption process 
for highly asymmetric diblock copolymers and low values 
of z* can be understood in the context of polymer brushes. 
Here the A copolymer block is treated as a brush which 
is anchored to the interface by the B copolymer block. 
Following an earlier treatment of block copolymers at 
homopolymer interfaces,lo we let kBTxeb and kBTXes 
represent the respective free energies associated with the 
placement of the B copolymer block in the bulk A phase 
and at  the interface. The overall free energy decrease 0 
(normalized by kBT) associated with the removal of a B 
copolymer block from the bulk A phase and its placement 
a t  the interface with the C phase is obtained by inclusion 
of the joint localization term MI,: 

(54) 
The chemical potential of an adsorbed copolymer chain 
is given by 

@ = X e b  - X:  - fl,,/kBT 

PC = + X e s  + P (55) 

where cl represents the contribution to the copolymer 
chemical potential arising from the extension of the A 
copolymer block into the A homopolymer matrix. The 
quantity r depends on z* and is only weakly dependent 
on the homopolymer to brush molecular weight ratio when 
this ratio is larger than 1.18 The quantity X e b  is given by 
gx,i,N, which is equal to 12 for each of the adsorption 
isotherms shown in Figure 10. For very low values of z* 
the quantity x e s  can be approximated as the free energy 
required to put a B copolymer block in a matrix of C 
homopolymer: 

X e s  = gNxbc (56) 
Because the quantity 1.1 is a function only of z* (when the 
molecular weights remain fixed), the addition of a constant 
factor C to xes shifts the adsorption isotherms to lower 
chemical potentials by an amount equal to kBTC. This 
picture is consistent with the behavior of the adsorption 
isotherms shown in Figure 10, where a t  very low values of 
z* adjacent adsorption isotherms are offset from one 
another along the abscissa by approximately 3 k ~ T .  At 
higher values of z* eq 56 breaks down, and one can no 
longer assume that X e s  has a simple analytic form. In 
this regime the adsorption isotherms can be understood 
by treating X e s  as a phenomenological parameter which 
gives the B block contribution to the overall copolymer 
chemical potential. As the local concentration of B 
copolymer segments in the interfacial region increases, 
Xes  approaches zero because the B copolymer segments 
are being inserted into an environment which consists 
primarily of identical B polymer segments. In addition 
there is a positive contribution to Xes associated with 
entropic stretching of the B copolymer block. Both of 
these corrections to X e s  are minimized for very asymmetric 
block copolymers1° but clearly become significant a t  high 
values of z* for g = 0.2. 

Although it is certainly possible to treat x e s  as a 
phenomenological parameter which varies with z* as 
described above, it is perhaps more beneficial to think in 
terms of the development of separate A/B and B/C 
interfaces which form when the local volume fraction of 
the B repeat units becomes quite high. Transitions in the 
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Figure 11. Volume fractions for the A (- -1 and B (-1 blocks 
for the end points of three of the adsorption isotherms shown in 
Figure 10: (a) x d  = -15; (b) x d  = 0; (c) x d  = 30. 

adsorption isotherm are possible when the combined free 
energy of these interfaces exceeds the free energy of the 
original interface between A and C homopolymers. When 
these interfaces are fully formed the interfacial excess z* 
will depend only on the copolymer chemical potential and 
not on Xbc. It is essentially for this reason that the values 
of z* at  the limiting copolymer chemical potential of 
5 . 3 6 k ~ T  (corresponding to the formation of bulk micelles) 
are nearly identical for all nonnegative values of xbc shown 
in Figure 10. 

The interfacial tension is obtained from a given calcu- 
lation by integration of the excess free energy Aw. It can 
also be obtained from the adsorption isotherms of Figure 
10 by making use of the following form of the Gibbs 
adsorption equation, valid for low copolymer concentra- 
tions in the bulk phases:18 

where y(pc) is the interfacial tension between the A and 
C homopolymer phases in the presence of block copolymer 
and yo is the interfacial tension in the absence of block 
copolymer. The normalized decrease in the interfacial 
tension is therefore given by the area under the adsorption 
isotherms shown in Figure 10. Note that for the nonzero 
values of gxai,N the interfacial tension at pc = 5 . 3 6 k ~ T  is 
a strong function of g x d ,  even though the interfacial 
structure in each case is similar. The adsorption isotherm 
for XbcN = -15 terminates a t  a copolymer chemical 
potential of pc = 4 . 4 4 k ~ T  because the interfacial tension 
vanishes a t  this point; Le., the decrease in interfacial 
tension given by eq 57 is equal to yo. Addition of copolymer 
to this system will lead to the formation of an emulsified 
“droplet phase” consisting of stabilized C homopolymer 
droplets in an A matrix p h a ~ e . ~ J ~ J ~  

The concentration profiles for A and B copolymer 
segments for a flat interface for which y = 0 are shown in 
Figure l la .  The profiles for xbcN = 0 and x d v  = 6 are 
shown in parts b and c of this figure, respectively, for pc 
= pbmc = 5 . 3 6 k ~ T .  The A block profiles are nearly identical 
in each case, consistent with the similar z* values for these 
three situations. The width of the B block profile is largest 
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for the negative value of xh. This increased width is an 
example of “enthalpic swelling” of a polymer brush driven 
by the tendency to maximize the favorable A/B interac- 
t i o n ~ . ~ ~  For positive values of Xbc these interactions are 
minimized, leading to a compression of the B block profile 
as shown in Figure l lc .  

In concluding this section we briefly consider the 
possibility of laterally inhomogeneous interface structures 
for an A/B diblock copolymer a t  the interface between 
immiscible homopolymers. These structures can be viewed 
as the lateral phase separation of a homogeneous layer of 
the sort depicted in Figure 11. This type of lateral phase 
separation is of course only possible for Xbc > 0 and is not 
a factor in the interpretation of previous experimental 
data where Xbc was 2er017*26 or negative.1° Laterally 
heterogeneous interface structures are certainly possible 
for high values of Xbc. Of course if xbc  exceeds Xac there 
will be no interface segregation. In the language of section 
I1 we expect these structures to appear when (Yac - Ybc)/ 
?ab is small and positive. This situation corresponds to 
the case where Xbc is close to, but not exceeding, xac. 

Measurement of the interfacial segregation of an A/B 
diblock copolymer to an interface between A and B 
homopolymers has been shown to be an effective way of 
measuring x’b.17’26 Measurements of A/B diblock co- 
polymer segregation to an interface between A and C or 
Band C homopolymers may provide a means by which Xac 
and Xbc can be obtained. The technique is particularly 
powerful because A/C and B/C diblock copolymers are 
not required for the experiment. The technique is 
straightforward when large negative values of Xbc are 
involved, since very asymmetric block copolymers can be 
used and the interface segregation can be interpreted in 
terms of xes as given by eq 54.’O The situation is 
complicated when all of the x parameters are positive, as 
is generally the case. In these situations comparison should 
be made to the detailed adsorption isotherms as predicted 
by the SCF theory while taking into account the possibility 
of laterally heterogeneous interface structures. 

VII. Summary 

We have shown that laterally heterogeneous surface 
structures can be formed when an A/B diblock copolymer 
adsorbs to  a surface from an A homopolymer melt. The 
fundamental physics which lead to the appearance of these 
structures are described by a scaling theory of micellization. 
The presence of a surface which has a preferential 
interaction with the B polymer segments leads to the 
formation of an adsorbed copolymer layer at values of the 
copolymer chemical potential which are lower than the 
value corresponding to the formations of bulk micelles 
within the homopolymer matrix phase. Strong surface 
attractions favor the formation of a laterally homogeneous 
lamellar copolymer layer of the sort which is typically 
assumed. Cylindrical or spherical surface micelles are 
predicted to appear however, for asymmetric block co- 
polymers where the B block is only weakly adsorbing. 
Higher copolymer chemical potentials favor the formation 
of more homogeneous surface structures, and certain 
regimes are predicted where transitions between spherical 
and cylindrical or between cylindrical and lamellar surface 
morphologies will occur as the block copolymer chemical 
potential is increased. 

Quantitative features of these heterogeneous surface 
morphologies and the transitions between them are 
obtained from a two-dimensional self-consistent-field 
theory, where composition variations perpendicular to the 

interface and within the plane of the interface are allowed. 
Model calculations indicate that the fundamental features 
of the scaling model are indeed correct. In particular, it 
appears that it is valid to think in terms of surface micelles 
which are roughly spherical, cylindrical, or lamellar. 
Morphologies which are intermediate between these cases, 
Le., spheres or cylinders which are significantly “flattened”, 
appear to have a higher free energy and are not thermo- 
dynamically stable. As a result the first-order character 
of the transitions between the various surface morphologies 
is retained. This result was illustrated for a system which 
showed a transition to a cylindrical morphology at the 
critical copolymer chemical potential for the formation of 
surface micelles, followed by a first-order transition to a 
laterally homogeneous lamellar surface morphology. Com- 
parisons to experimental results, where the equilibrium 
copolymer concentration in the bulk phase is a measure 
of the copolymer chemical potential, should allow weak 
surface interactions to be measured. 

A very important aspect of this work concerns the 
extension of the self-consistent-field theory to the con- 
sideration of block copolymer micelles which form in the 
bulk homopolymer matrix phase. The theory gives values 
for the equilibrium copolymer chemical potential corre- 
sponding to the formation of these bulk micelles which 
are in quantitative agreement with recent experimental 
measurements. This limiting copolymer chemical poten- 
tial pbcmc is a very important number, since in many cases 
the copolymer concentration corresponding to pbcmc, i.e., 
the critical micelle concentration, is very low. In real 
situations it can often be assumed that the copolymer 
concentration is larger than the critical micelle concen- 
tration, in which case the equilibrium copolymer chemical 
potential will be closely approximated by pbcmc. One can 
then use this value of the copolymer chemical potential 
to determine which surface morphology will be present 
(at equilibrium) for a given surface interaction. The 
activation free energy for the formation of a bulk micelle 
can be obtained from the SCF theory as well. This quantity 
is expected to play an important role in that it can lead 
to effective copolymer chemical potentials which are higher 
than the equilibrium value. In addition to providing useful 
information with regard to the nature of polymer/surface 
interactions, it is expected, therefore, that studies of the 
various surface morphologies and the transitions between 
them will yield useful insights into the kinetics of 
copolymer aggregation. 

Appendix: Properties of Homopolymer Blends 

Here we briefly consider some of the properties of 
symmetric homopolymer blends ( N a  = Nb = N) aa the 
limiting case where the copolymer symmetry parameter 
g is equal to 1. Results are compared to predictions from 
square gradient, or Cahn-Hilliard theory, where the free 
energy density of an inhomogeneous blend system is 
approximated as follows:49 

where 4 = db(Z) and fo(4) is given by the Flory-Huggins 
form of the free energy density of a homogeneous system 
as given by eq 23. The right-hand side of eq A1 includes 
only the leading terms in what is actually an expansion of 
the free energy density in terms of derivatives of 4. For 
infinite molecular weight polymers the coefficients of the 
higher order derivative terms vanish and eq A1 becomes 
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1 /XN 
Figure 12. Molecular weight dependence of the interfacial 
tension between immiscible homopolymers of equivalent mo- 
lecular weight, as determined by the self-consistent-field theory 
(symbols). The solid and dashed lines correspond to eqs A3 and 
A4, respectively. 

an equality, with the coefficient of the square gradient 
term given by K ~ : ~ , ~ ~  

with k = 24. A similar form for K is obtained for very 
broad interfaces which have d4ld.z << Rg-l. In this regime 
the higher order terms can be neglected because the higher 
order derivatives are themselves negligible. Equation A1 
can again be treated as an equality, with K having the same 
form as is shown in eq A2, but with k = 36.52 

Interfacial Tension of a Symmetric Immiscible 
Blend System. For a symmetric system the free energy 
of mixing expression (eq 23) dictates that there will be a 
critical point a t  Ql = 0.5 and xN = 2. The interfacial tension 
y between A and B homopolymers of equivalent molecular 
weight vanishes, therefore, a t  xN = 2. For xN = 03 an 
analytic solution can be obtained from the SCF equations 
of section I11 or from minimization of the free energy 
functional given by eqs A1 and A2, with k = 12. Both 
treatments give y m  = a p o k ~ T ( x / 6 ) ~ / ~  as given in eq 6.24,50 

The manner in which y varies between 0 and ym for 
values of xN between 2 and 03 is shown in Figure 12. The 
symbols represent the numerical solution of the SCF 
equations of section 111, and the solid line is the following 
approximate form suggested by Tang and Freed:51 

The dashed line is the following result (valid for high values 
of xN obtained by Broseta et al.50 from the minimization 
of the free energy functional given by eqs A1 and A2 with 
k = 24: 

717- = 1 - r2/6xN (A41 
The discrepancy between this prediction and the numerical 
solution of the SCF equations can be attributed to the 
failure of the simple form of the free energy functional 
when d@/dz becomes comparable to Rg-l. Tang and Freed 
have pointed out that there is no simple free energy 
functional in this regime.51 Their estimate of the inter- 
facial tension as given by eq A3 is merely the simplest 
form which is consistent with the requirements that ylym 
= 1 at  XN = 03 and that the correct weak segregation 
results53 be obtained for xN = 2. 
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Figure 13. Volume fraction of homopolymer B near the surface 
of a symmetric homopolymer blend with x = 0, as determined 
by the self-consistent-field theory for $Im = 0.1 and -aFJa$Il = 
3k~TR,/u. Data for N = 100 (0) and N = 800 (A) are included. 
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Figure 14. Surface volume fraction $11 as a function of -aF,/d$Il 
for a symmetric polymer blend with x = 0 and $I- = 0.1. Symbols 
represent the self-consistent-field results for N = 800. The dashed 
line represents the solution obtained from square gradient theory 
with k = 36, obtained by the procedure outlined by Schmidt and 
Binder.4s 

Surface Segregation in a Miscible Homopolymer 
Blend. Figure 13 shows the calculated concentration 
profiles for a symmetric blend system with x = 0 in the 
vicinity of a surface which has a preferential interaction 
with the B repeat units. The chemical potentials of the 
homopolymers were fixed by specifying that the equilib- 
rium volume fraction Qlm of homopolymer B in the bulk be 
equal to 0.1. The surface interaction -aF,/&$l is equal to 
3k~TR,lv for each of the profiles shown in Figure 13, but 
one curve has N = 100 and the other curve has N = 800. 
The largest value which can realistically be chosen for N 
is the value which gives a statistical segment length a 
approximately equal to the persistence length of the 
polymer. The difference between the two curves in Figure 
13 is small, indicating that lattice artifacts do not 
significantly affect the results of the self-consistent-field 
calculation for highly flexible chains for which values of 
N > 100 can be chosen. 

A bare surface free energy can be added to the free energy 
expression given by eq A1 to calculate the relationship 
between 41 and t3FJeQll. The results of this calculation as 
described by Schmidt and Binder45 are represented by 
the solid and dashed lines in Figure 14, for a symmetric 
homopolymer blend with Qlm = 0.1. The two lines are 
obtained from the two asymptotic forms of the square 
gradient term with k = 36 for the solid line and k = 24 for 
the dashed line. The symbols represent 91 as determined 
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from the SCF theory, where we have taken 41 as the B 
volume fraction in the first layer of a system with N = 800. 
Square gradient theory overestimates the surface volume 
fraction, regardless of which value of k is used. The smaller 
value of k comes closer to representing the relationship 
between $1 and dF,/d41, but this value fails to capture the 
behavior of the tail of the concentration profile, where 4 
decays slowly and we must use k = 36. As with the 
homopolymer interfacial tension, the differences between 
the square gradient and self-consistent-field predictions 
can be attributed to the approximate nature of eqs A1 and 
A2 in the regime where the magnitude of the slope of the 
concentration profile is comparable to Rg-l. 
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