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ABSTRACT: Equilibrium and dynamics of block-copolymer chains in a homopolymer layer (between the
interface with another homopolymer and the free surface) are considered. An analytical mean-field theory
for equilibrium copolymer segregation to the interface is presented, the results being in good agreement with
those of another theoretical approach and with experimental data. The dynamics of an interface copolymer
excess is also considered. The situation above the critical micelle concentration (cmc) is also analyzed. It
is shown that (i) copolymer micelles usually strongly attract each other, tending to form a separate micellar
macrophase; (ii) primings of the copolymer phase are attracted to the free surface and (somewhat weaker)
to the interface; the superwetting of the free surface by the micellar phase is expected for copolymer molecular
weights exceeding some critical value; (iii) the formation of micelles is an activation process usually with a
high energy of activation; so, the apparent cme might be appreciably greater than the equilibrium cmc; (iv)
for high enough copolymer molecular weights the micellar geometry should be dynamically controlled; in that
case the formation of spherical micelles dominates over other geometries in a wide range of copolymer
compositions including symmetric copolymers (provided that the copolymer volume fraction is small); (v)
the micellar contribution to the free surface and interface excesses is due to higher rate of the micelle’s
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formation at the surfaces.

1. Introduction

Additives of a small amount of an AB diblock copolymer
could produce an appreciable decrease of surface tension
at the interface between immiscible homopolymers
(say, hA and hB).12 Segregation of copolymer chains
to the interface was studied both experimentally3- and
theoretically.®® In particular, the mean-field theoretical
predictions®- for a block-copolymer excess at the interface
were shown to be in a very good agreement with exper-
imental data for a PS391-PVP68 (polystyrene—poly-
(vinylpyridine) copolymer. The dependence of interface
excess, z;, on the copolymer volume fraction, ¢., is shown
in Figure 1: obviously the initial fast increase of z; slows
down for larger ¢..

Note, however, that in spite of these achievements a lot
of unclear points for the segregation problem still exist.
First, most theoretical results correspond to the equilib-
rium situation. One should expect that the dynamics of
copolymer segregation might be very slow due to interplay
of slow high-molecular-weight polymer dynamics as itself
and high effective potential barriers that the system has
to overcome (see sections 2 and 5). The problem of time
dependence of interface segregation isaddressed in section
2. Inthissection we also consider the equilibrium aspects
of the problem and obtain the analytical equation for
equilibrium interface excess which is almost as precise as
numerical mean-field results®5 (but at the same time it
could be considered as a generalization of the scaling
predictions of Leibler?).

It was observed®5 that the copolymer could segregate
not only to the interface but also to the free surface of the
layer. This is in particular due to the fact that deuterated
PS (dPS) blocks have a lower surface tension than normal
PS homopolymers (hPS).}® In section 3 we consider the
equilibrium surface segregation for a mixture of PS with
a small amount of dPS. The results are compared with
experiments!® and are applied to mixtures of hPS with
dPS-PVP block copolymer (with short PVP blocks).

t Permanent address: Physics Department, Moscow State Uni-
versity, Moscow 117234, Russia.
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Figure 1. Interface copolymer excesses, z;, as a function of the
equilibrium copolymer volume fraction, ¢: (a) experimental data®
for a PS391-PVP68 copolymer; curve 1 shows the present theory
for x = 0.11, curve 2 shows the present theory for x = 0.105 and
the SKHT theory? for x = 0.11; (b) data? for a PS355-PVP125
copolymer; curve 1 shows the theory for x = 0.1; curve 2 shows
the theory for x = 0.06.
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One of the most interesting features of block-copolymer-
homopolymer blends is due to the ability of the copolymer
chains to segregate into micelles which could be observed
above the critical micelle concentration (cmec). The
micelles in turn could segregate to the interface or the free
surface.!! Obviously the interactions between micelles as
well as the interactions between micelles and the surfaces
are crucial for the segregation processes. We analyze these
interactions and equilibrium aspects of micellar segrega-
tion in section 4. Section 5 is devoted to the dynamics of
micelle’s formation and segregation. One of the results is
that the longest relaxation time for the system with micelles
is often extremely large, and during real experimental times
most systems never come to equilibrium: the final interface
and free surface excesses do depend on the experimental
time scale. The situation might be very far from equi-
librium in spite of the very weak time dependence of the
surface excesses.

2, Segregation of the Block Copolymer to the
Interface

Let us consider a system of two high-molecular-weight
immiscible homopolymers A and B with N}, links per chain.
The Flory parameter x = xp is assumed to be positive so
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that the system separates into two macroscopic phases:
almost pure A and almost pure B (the volume fraction of
a B homopolymer in the A phase, which is proportional
to exp(—xNNp), is assumed to be extremely small). A small
amount of Ny—Ng block copolymer with a minor B block
is added to the system. It is assumed that x(Ns-Ng) >
1, and therefore the solubility of the copolymer in the B
phase could be neglected. So the copolymer is assumed
to be initially homogeneously distributed within the A
phase. After some relaxation the concentration of block-
copolymer chains near the interface between hA and hB
should be higher than in the bulk. The interface excess
is usually defined as

2= [ dx [9,(x) - 6P *H ()] 8

where ¢.(x) is the copolymer volume fraction at a distance
x from the middle plane of the interface, and dz?“lk = -
(x—=); H(x) is the Heaviside function, H(x) = 1 for x =
0 and H(x) = 0 otherwise.

Equilibrium Segregation to the Interface. The free
energy density of the homogeneous mixture of an A
homopolymer and an A-B copolymer is

Fix =@/ In(¢/e) + (1-¢)/Np) In (1 - ¢)/e) +
xof(1-of) (2)

where N = N, + Ny is the number of links per copolymer,
¢ = ¢ is the copolymer volume fraction, and f = Np/N is
the copolymer composition. [Here and below we assume
that both types of links have the same volume per link v
= 1/pg (po is the total concentration of the polymer links
in the system) which is chosen as a unit volume. So all
lengths are measured in units of v!/3, Besides, all energetic
quantities are expressed in 2T units (with T the temper-
ature).] Assuming that ¢ « 1 and N, > N, we get the
chemical potential of a copolymer chain:

oux = NI(1 - ¢)0F /00 + Fyy ) =~
In (Dpan) + XNB 3

When the copolymer chain comes near the interface, its
B block could penetrate into the hB phase, thus decreasing
the free energy of the system by xNg. Therefore, the
copolymer concentration at the interface should be much
higher than in the bulk (we assume that xNg > 1). Let
us consider the interface brush formed by these “excess”
copolymer chains. The excess free energy (per unit area)
due to the localization of junction points between the blocks
of the copolymer chains at the interface is

FO = g In (20N/med) 4

where o is the excess number of copolymer chains per unit
area, A = x5 is the interface width,'2 and & is the size
of a link (3 is defined as limy—.. Ry/ N5, where R, is the
Gaussian gyration radius of an N-link polymer chain; it
is assumed that 4, = dg = ). [Note that d is dimen-
sionless:d = a/vl/3 where a is the actual size of a link.]
Equation 4 was derived in ref 13 (see Appendix B) for a
block-copolymer melt. Forthe mixture with homopolymer
the derivation is the same with exactly the same result,
which is valid provided that the spatial sizes of the blocks
and of the homopolymers are much larger than A:

Rop Ryp Ry > A

Atequilibrium the chemical potential of a copolymer chain
inthe brush should be equal to the bulk chemical potential:
ui = 8F/d0 = upux. From this equation we get the relation
between the bulk copolymer concentration and the in-
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terface excess

Bt = /(x5 exp(-xNp) (5)
where

§=oN"%/a =2/N°% (6)

The problem of interface copolymer segregation was
considered in a series of papers by Noolandi et al.”?®
Equations 5 and 6 are in good agreement with the results
of these papers in the region x/Ng > 1 and in particular
with eq 3.11 of ref 8 (in this equation the semiempirical
parameter d should be substituted by d = (x/2)dx05).

The copolymer volume fraction near the interface could
be estimated assuming Gaussian statistics of polymer
chains as

¢Ci ~ O'N/Rgc"_‘ N05/d

Equations 4 and 5 are valid if ¢ « 1. In the opposite
limiting case, ¢ >> 1, copolymer chains near the interface
should be highly stretched (otherwise the copolymer
volume fraction would be greater than 1). In the frame-
work of the mean-field approach this stretching is due to
a (almost) parabolic molecular field13-15

U%x) =-(1/16)x*x*/ (N 28>, m=A,B (7

which is acting on the links of A or B blocks (when
considering the B part of the brush, we change the direction
of the x-axis to the opposite in order to avoid negative x).
The corresponding conformational free energy is

AF; = o(W, + Wp)
with

W, =-In (Z,) - {"U,,@) ¢,,(x) dx 8)

where the volume concentrations of m = A, B links in the
brush should be steplike functions: ¢a(x) = H(x~h,); ¢5-
(x) = H(x-hg), ha = oNa, hg = oNg (the so-called dry-
brush case? which is valid for Ny, » N). The first term on
the right hand side of eq 8 is the free energy (per m block)
of the ideal brush (without interactions between links)
under the influence of molecular field Un(x) and under
the condition that the distribution of the free ends of m
blocks is consistent with the steplike overall concentration
profile of the brush, ¢,,(x)

“In (Z,) = = 1n (Z,,,(2)) pu(x) dx +

J on(x) In (0,(x)) dx (9

where Zyn(x) is the partition function of the m block with
its free end at a distance x from the interface and pp,(x)
is the distribution density for the free-end position.

In the zero’s approximation we could neglect In (Z,)
and use the parabolic approximation (eq 7) for U,,. Thus,
we obtain

WO = (x%/48)6°N /& (10)

(see ref 2 for comparison). Note thatthe exact equilibrium
molecular field is slightly nonparabolic:

U, (x) = U%x) + AU, (x)
The small correction AU (x) was calculated in ref 15.
This equilibrium molecular field corresponds to the

minimum of free energy W, = WS, Therefore, the
slightly nonequilibrium free energy W, calculated using
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eq 8 with parabolic molecular field U (x) would deviate

from W only in the second order in AUp. So, in the
first approximation we could use eq 8 with the parabolic
molecular field given by eq 7.

Using the results!3 for the parabolic molecular field, we
get the free-end distribution

pn(®) = (x/h) (R, -2 x<h, (11)
and the partition function Zy,(x)
Z,,=2%°N, %% (independentofx) (12)
Substituting eqs 11 and 12 into eq 9, we obtain
-In(Z,) =251n (2) + In (N, *%a/h,,) (13)
Using eqs 4, 8, and 13, we get finally (for & >> 1):

F,=F® + AF, = ¢ In (20N/7ed) + (x%/48)a°N/&* +
(51n 2)o - o In [0 - H*®) 14)

From equilibrium condition, u; = dFi/dc = upuk, we get
now

by = /M ON*F exp(—xNp)g(5>%) g(a(1 - H*%) (15)

where

EN =1 y«l1

g(y) =~ 225y exp(x?y?/16 - 1),

The first line in eq 16 was obtained from eq 5; the second
line was obtained from eq 14. As a simple interpolation
between these two limits (& << 1 and & >» 1) I propose

g(y) = (1 + 0.48y) exp(0.617y?) 1

So, eqs 15 and 17 give the relation between & and ¢puy
atequilibrium, which is in agreement with Leibler’s scaling
predictions? for the dry brush in the regime & > 1. In
Figure 1a the results in eqs 15 and 17 are compared with
experimental data of Shull et al.? for a PS-PVP copolymer
(Nps = 391, Npvp = 68,a =2.74 A, v = 177 A3, & = 0.49)
in a PS homopolymer (N}, = 6000) and with results of a
more elaborate mean-field approach (involving direct
computer analysis of mean-field equations; see ref 6).
Obviously, analytical equations (15) and (17) are in very
good agreement with the “exact” mean-field results. As
for agreement with experiments, note that it was achieved
by adjusting x to x =0.11 (see ref 3). The same agreement
could be achieved for the present theory for x = 0.105.
Although these x values are very close to each other, one
should not be very optimistic about agreement between
theory and experiment: data for a PS355-PVP125 co-
polymer show an appreciably smaller interface excess than
the theoretical predictions even for x = 0.1 (see Figure
1b). Good agreement could be achieved only for much
smaller x = 0.06. This disagreement is far beyond the
experimental errors and has to be explained. One of the
possible explanations is that the observed interface
excesses are not equilibrium ones for the PS355-PVP125
copolymer since the relaxation time might be strongly
dependent on the molecular weight of the B block (an
example of a relaxation process of this type is considered
at the end of the following subsection).

Time Dependence of the Interface Excess. Let us
consider now the dynamics of the interface excess, z;(t),
assuming a homogeneous initial distribution of the block
copolymer in the macroscopic A phase, 2;(0) = 0. [We use
the relation z; = sNv, where ¢ is the number of junction

y>»1 (16)
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Figure 2. Most unfavorable state of an additional copolymer
chain which is penetrating into the interface brush.

points between A and B blocks localized near the interface,
asadefinition of z;, Atequilibrium this definition coincides
with eq 1; note, however, that eq 1 is meaningless for the
time dependence of z;: if 2;(0) = 0, then 2;(t) = 0 for any
finite time provided the width of the A phase is infinite.]
In order to create interface excess z;, copolymer chains
from the layer of thickness L ~ 2i/¢pux = FR/dpu > R
= NU53 should be moved to the interface. Thus the
characteristic spatial scales of the process are much larger
than the size of the block-copolymer coil, R;e = NO53.
Therefore, the dynamics of the free copolymer chains (with
junction points that are not localized near the interface)
could be described by the simple diffusion equation

d¢/dt = D,9°¢/0x%, x> R, (18)

where ¢ = ¢(x) is the local volume fraction of free
copolymer chains, D, is the self-diffusion constant of the
copolymers in the matrix of homopolymers, D, = R,%/2t*,
with t* being the characteristic time scale (the time which
corresponds to the displacement of the copolymer chain
center of mass on the distance of order Ry). The time ¢*
~ N2 for N < N, and t* ~ N3 for N > N, (reptation
regime); since in experiments N is often of order ~N,, we
will not assume any particular relation between t* and N.

In the dilute brush regime (7 « 1, z; < R) copolymer
chains that come near the interface will almost immediately
(during a time smaller than ¢*) be pulled into the brush,
because of the high energetic gain of this localization.
Therefore

lzmo = 0 19)
Solving eqs 18 and 19 and taking into account that

2= [D,9¢],.,dt
we get

z; = (2/7°%)y(D,t)"* (20)

where ¢y is the initial (bulk) volume concentration of a
block copolymer. Equation 20 is valid for z; « Ry and
therefore for t « t*/¢g%. For t > t*/¢¢? and z; >> Ry
(dense brush) the boundary condition should be changed.
Now a new (free) copolymer chain has to overcome a high
potential barrier in order to penetrate into the brush. The
most unfavorable situation is shown in Figure 2: the free
end of the shorter B block just reaches the very interface.
So there is no energetic gain due to B-B contacts at this
stage, but there is an entropic loss due to additional
elongation of the A part of the brush. The corresponding
barrier (in the zero’s approximation) is

U* = (x%/16)5%(1- (21)

The current of free copolymer chains onto the brush is
J, = (z;/dt), = (D,/R,)$(0) exp(-U*) (22)

where the factor (Dy/Ry,) is included for dimensionality
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Figure 3. Interface copolymer excess as a function of time for
a PS391-PVP68 copolymer. Initial copolymer volume fraction
¢o = 0.035; t* = R, %/(2D,) =~ 0.06 s.

reasons (the precise preexponent factor is not important
since the current is dominated by the exponent). The
reverse current (from brush to free chain state) could be
obtained from the equilibrium condition

(62,/3t)_ = ~(32,/3t), = —J,
where J. is given by eq 22 and ¢(0) by eq 15. So
J_B(3z/3t)_ = ~(D/R,,) exp(-U*)(2/m)(xN)*%5 X
exp(-xNp)g(5/°°) 8(3(1-H"?) (23)
Thus, eq 19 should be replaced by
DV¢|,g=d, +d. (24)

Now let us consider not the infinite bulk phase A but
a layer of thickness H » R, (0 < x < H) and assume zero
current at x = H

3¢/9x),.y = 0 (25)

Equation 18 with boundary conditions (24) and (25) was
solved numerically for a PS391-PVP68 block copolymer
(the mixture of a PS homopolymer (N, = 6000) and a
PS391-PVP68 block copolymer is referred to as system
I here and below); H = 4700 A (that corresponds to
experiments?®). The typical result is shown in Figure 3(t*
= R, /2D, = 0.06 s was calculated using the value D, =
3 X 107!2 em?/s, obtained for linear PS, M = 45000 in a
PS matrix, P = 6 X 10%16), One can observe that the
simple asymptotic behavior (eq 20) is almost immediately
changed by saturation at the equilibrium level (¢nux at
the equilibrium is smaller than ¢ since approximately /5
of all copolymer chains segregates to the interface).

3. Copolymer Segregation to the Free Surface

Segregation of copolymer chains to the free surface of
the homopolymer A layer was observed experimentally.35
It was attributed to the lower free surface tension (yo— 1)
for dPS blocks in comparison with that (vo) for a hPS
homopolymer. The observed effect was negligible below
some copolymer concentration, ¢*, which was assumed to
be the critical micelle concentration. This assumption is
verified here. To dothis, we present a quantitative theory
for dPS surface segregation in a mixture of dPS and hPS
homopolymers, compare the theoretical results with
experimental data for high-molecular-weight dPS + hPS
systems,!0 and extract the surface tension difference v,
from this comparison. The reader not interested in
consideration of dPS + hPS homopolymer mixtures could
omit this section. The general result for the copolymer
+ homopolymer system is that the surface segregation is
indeed negligible for the copolymer molecular weights
involved (the dimensionless excess &, = z,/Rgc < 0.03).
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Segregation of Deuterated Homopolymer Chains.
Let us consider the mixture of PS and dPS homopolymer
chains which are assumed to be geometrically identical
(that is, the number of links per chain, N, the link size,
a, and the volume per link, v, are assumed to be equal for
both types of chains). The direct surface contribution to
the free energy (per unit area) is

F, = Yo9ps(0) + (v5— Y1) bgps(0) = v, — v,0(0) (26)

where ¢4ps(2) = ¢(2), pps(z) B 1 - ¢(2), z being the distance
from the free surface, and ¢¢ = lim,—.. ¢(2) is the bulk
volume fraction of dPS.

The free surface divides the system into half-spaces with
averaged polymer volume fractions 1 and 0. It could be
proven (the proof is presented elsewhere) that that kind
of system is equivalent to the purely bulk system composed
from the original polymer half-space and its mirror image
in the free surface. The late free surface now could be
distinguished from the other points of the bulk system
only by a lower energy of interaction with dPS links. In
other words, the free surface now could be considered as
a plane potential well for dPS links, Uy = -2v,8(2), where
the factor 2 accounts for the interactions in the original
system and in its mirror image. So, now

F,=-2v,6(0), 2z €& (=, ®) (27)

and we omit the constant term 2y, The theorem
mentioned above is valid under the following assumptions:
(1) validity of the mean-field approximation, with the
characteristic scales much larger than the link size; (2) the
original system should contain only polymer chains without
solvent; (3) the “sizes” of the links, a2/v, should be the
same for all types of links. Obviously, all these assumptions
are valid for the system under consideration. Note that
the theorem is valid for a polymer system consisting of an
arbitrary number of types of polymer links, and it is also
valid not only for equilibrium properties but also for
dynamics (the only additional assumption is that the
polymer dynamics is governed by a generalized diffusion
equation with local friction; this is the case in particular
for Rouse or reptation dynamics).

Now let us use the theorem to predict the dPS
concentration profile, ¢(2), near the free surface. An
increase of ¢ near the surface could be thus considered as
a response to the “external” potential Uz = —2+,6(2). Let
us assume at first that v is small enough (see below).
Using standard RPA perturbation methods (see refs 17
and 18), we get

B(2) = ¢ol1 + (8/37°%)(1 - ¢)7,f(2/2N"%8)],
7, =v,N%/a« 1 (28)
where

f(x) = (1 + x?) exp(-x?) -
708x|(1.5 + x%)(1 - erf (Jx])) (29)

Another, approximate way to solve the same problem
is to split the free energy of the system into surface,
gradient, and ideal-gas parts:

I6] = -2v,6(0) + (@%/4) [ dz (V$)*/[6(1 - $)] +
fdz Fo(2)) (30)

where v[¢] = v[#(2)] is the per unit area free energy of
the whole system (original system and its mirror image)
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Figure 4. Dependence of the reduced excess concentration of
the deuterated component, f, on the reduced distance from the
surface, 2 = z/(2R,), where R, = N°53 is the radius of gyration
of a polymer coil: (curve 1) exact mean-field theory for weak
attraction; (curve 2) approximation, (eq 32).
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Figure 5. Reduced excess as a function of % (curve 1)
experimental data; (curve 2) theory for ¢(0) = 0.8 and ¢(x) =
0.15.

F(¢) = I/N)}{(1-¢) In [(1-¢)/(1-p] +

¢ In (¢/9)} (31)
is the ideal-gas free energy density (the form in eq 31 was
chosen in order to get formally Fyux = F(¢do) = 0, tbulk =
NI(1 ~ ¢)0F/9¢ + Fls=y, = 0). The minimum of y[¢]
corresponds to ¢(2) of the form in eq 28 with

) = (3/8)2m)° P exp(-2'%%), 4, <1 (32

As shown in Figure 4 the numerical difference between
the exact function in eq 29 and the approximated one in
eq 32 is negligible. Therefore, the approximation in eq 30
is good enough, and we will use it for arbitrary values of
¥1. As aresult we get the following relation between the
vogxme fraction of deuterated links at the surface, ¢(0),
and 9;:

5,2 = NF(¢(0))/[$(0) (1 - $(0))]

Using the experimental results!? ¢(0) = 0.8, for ¢y = 0.15,
N=~104,a=2754A,v =177 A3, and @ = 0.49, we obtain

5,255 v, ~0012=39x10*A2 (33)

The reduced concentration difference f(z) = [¢(2) — ¢ol/
[#(0) - ¢o] is compared with experimental datal®in Figure
5; a good agreement is obvious.

Segregation of Block Copolymers. Nowlet usreturn
to the block-copolymer-homopolymer system with typical
N, =~ 500. Since the PVP block is usually much shorter
than the dPS one, we could neglect it. Taking into account
that ¢9 ~ 0.056 « 1 and N = N, « P (P is the number of
links in homopolymer hPS chains), we get (using eq 28)

2,= [16@ - o) dz = Nogy,, 3,=2/Ry.= 657, (34)

provided that 4, = v1N0% «< 1. Using eq 33, we get 4, =
0.57 for N = 500. Therefore, we could use eq 34 at least

Theory of Diblock-Copolymer Segregation 4971

as an estimation of the free surface excess. The result 5,
~ ¢o¥1 ~ 0.03 is really very small, so the segregation of
free copolymer chains to the free surface for N ~ 500
could be neglected.

4. Micelles in Copolymer—-Homopolymer Blends

Equilibrium Shape. Now, let us consider the copol-
ymer-homopolymer system with the copolymer volume
fraction ¢pabove cme: 15> o> @ome, Where the formation
of copolymer micelles is expected. Long homopolymer
chains (P > N) do not penetrate these micelles; therefore,
the micellar free energy should nearly coincide with that
for micelles in a block-copolymer melt. Thus we could
use the results of ref 13 in order to obtain the free energies
of micelles of different geometries. The result is

Fsph = Q{(1-74 —f1/3)x2/12 + 3a0.5/x}’
Q= (47I'/3)NBO'5&3x3 (35a)

Fcyl = Q{(1645 -In (f))x2/16 + 2a0'5/x},
Q independent of x (35b)

F,, = Q{0.206x%f + o®%/x},  Qindependent of x

(35¢)

where a = xNg, o » 1, @ is the number of copolymer
chains in a micelle, Fupn, Fey), and Figp, are the free energies
of spherical, cylindrical, and lamellar micelles of diameter
(thickness) d, and x is the reduced diameter

x = 0.5df/**%R

(6 = 3 for spherical, 2 for cylindrical, and 1 for lamellar
geometry).

After the minimization of F/Q with respect to x, we get
the critical chemical potentials u = dF/0Q = F/Q for
formation of micelles of particular types:

Bam = L1205 by = L19GNN (164 ~ In ()%
Hepn = 206(XNHY(L - 0.57f/%) /3 (36)

The equationsin eq 36 for chemical potentials of copolymer
chains at the cmc were obtained in ref 3 using the same
approach (with a slightly different version for ujam). The
equilibrium shape of the micelles depends on which critical
u value is lower. The result is exactly the same as for
morphology of a block-copolymer melt:!3spherical micelles
correspond to f < 0.13, cylindrical to 0.13 < F < 0.29, and
lamellar to f > 0.29 (note that the critical composition
0.35 instead of 0.29 was obtained in ref 3; the difference
between 0.29 and 0.35 indicates an error inherent to the
approach). Note also that this equilibrium criteria is
hardly applicable to the real systems (see the next section).

Interaction between Micelles. Now let us assume
that micelles have already appeared and consider their
equilibrium segregation to the interface and the free
surface. These processes are governed in particular by
interaction between micelles and between micelles and
surfaces. Let us consider first an interaction between two
lamellas.

The structure of one lamellar is shown in Figure 6a; it
includes one B sheet covered by two A sheets (filled by A
blocks). The volume fraction of a block copolymer isnearly
1inside the sheets; it sharply vanished to zero in a relatively
thin interpenetration layer, £, between the lamella and
the surrounding homopolymer (Figure 6b). The thickness
of this layer, £, obviously determines the characteristic
range of interactions between lamellas. In turn, the layer
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Figure 6. (a) Structure of one lamellar sheet. h, and hg are the
heights of the A and B parts of the brush. (b) Copolymer volume
fraction ¢ as a function of the distance from the lamellar surface.
tisthe thickness of the copolymer-homopolymer interpenetration
layer. (¢) Two lamellas at a distance d.

properties are determined by the conformational free
energy of the A brush and homopolymer chains. Since
the size of homopolymer coils is much larger than £, the
homopolymer part of the conformational free energy could
be represented as (compare with eq 30)

AF® = @%/4) [ dz (Vo) o, 37

where ¢n(2) is the homopolymer volume concentration at
adistance z from the middle of the interpenetration layer.
The block-copolymer part of the free energy could be
approximately considered as a sum of short-scale and large-
scale contributions. The short-scale term has the same
physical meaning and the same form as eq 37, where the
homopolymer concentration, ¢,(z), should be substituted
by the copolymer one, ¢a(2).

The smoothed profile ¢(z) implies some additional
stretching of A blocks in comparison with that for the
bozxlike profile (see Figure 6b). The corresponding ad-
ditional large-scale (elastic) contribution to the free energy
is (see eq 8)

AF, =-{[Upy@ 652 dz - [U,(2) 68 dz}  (38)

where Ua(z) = —(7#2/16)(z + ha)2/(Na2 @2), ha is the
thickness of the A brush, and d)ﬂ’""(z) = H(-z) H(z+ha)
is the reference boxlike distribution of the A links. Taking
into account that £ «< R, we get (again in the main order)

AFel = j:)RAdz -rAz(l + ¢A(z) - ¢A(—z)) (39)
where

75 = =0U,/82),., = (x%/8)h,/ (N, 7a%) (40)
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Figure7. Dependence of the reduced interaction energy between
two lamellar micelles, Fi,/AF*, on the reduced distance d/&*.

Thus the total copolymer contribution is
AFO = @%4) [ dz (Yo%, +
Tafy 42 21+ 6,(@) - $5(-2)) (41)

where hs was substituted by « since hy > &.

The layer free energy AF = AF® 4+ AF© ghould be
minimized in order to obtain the equilibrium ¢(z) and &.
Using a trial function of the form

$4(2) = 0.5(1 - tanh (2/£)) (42)
we get

AF®(E) = 8%/(48), AFOE) = (r/24) 7,8 + 8%/(48)

(43)

At the equilibrium the interpenetration layer thickness
and the interface free energy are

£* = (6a%/xlr,)/? (44)

AF* = (3/4)a%/¢* (45)

The thickness of the interpenetration layer was estimated
in ref 19, the result being in agreement with eq 44. Using
eq 44, we could easily verify inequality ¢ << hy provided
that o = xNg > 1.

Let us consider two parallel lamellas separated by a
distance d (see Figure 6c). The total free energy excess
due to cA~hA interfaces and the interaction between the
micelles is

AF(¢,d) = 2AF9 () + AF®(¢,d) (46)

where £ now should depend on d, and AF®(¢,d) is given
by eq 37 with

é,(2) = 0.5[tanh (z/¢) + tanh ((d - 2)/§)]

After minimization over ¢ we get AF(d) = min AF(¢,d),
and finally the interaction energy (per unit area)

F,(d) = AF(d) - 24F* @7

The plot of Fi,. vs d is shown in Figure 7 using reduced
variables. Note that the lamellas attract each other, the
minimum interaction energy corresponding to d = 0 (the
result that d is exactly equal to zero at the minimum might
be an artifact of the trial function method)

F,,(0) = —0.74AF* ~ —0.66a%/%r,'/* 48)

We conclude, therefore, that lamellas that appear in a
mixture of block copolymers and high-molecular-weight
homopolymers should readily aggregate and form a mac-
rophase (with lamellar morphology). This macrophase-
should be in equilibrium with almost pure homopolymer,
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which almost does not penetrate into the copolymer phase.
The corresponding bulk phase transitions will be consid-
ered elsewhere.

Interaction between a Lamella and a Flat Surface.
Let us consider the interaction between a lamella and the
free surface of the homopolymer A layer. At first, let us
assume that the surface is “neutral” (i.e., the surface
tensions for deuterated copolymer links and for ho-
mopolymer are thesame). For this case the “mirror-image”
theorem (see section 3), the validity of which does not
depend on whether micelles are present or not, reduces
the problem to the interaction of the lamella with its mirror
image. Therefore, the energy of interaction with the
surface is (per unit area)

FO(r) = 0.5F,,,(2r) (49)

where r is the distance from the lamella to the surface, and
the factor 0.5 corresponds to the fact that the real system
is only half of the imaginary system. Taking into account
the direct interaction of copolymer links with the free
surface, we get

F(r) = 0.5F;,(2r) — v,6(r,2r) (50)

where ¢(z,d) is the copolymer volume fraction for the
system of two micelles separated by a distance d at a
distance z from one of them.

The minimum of F,(r) again corresponds tor =0
F,=min F,(r) = 0.5F,,,(0) - v, <0 (51)

int
with Fin(0) given by eq 48.

An analogous consideration could be applied to the
interaction between a lamella and the hA-hB interface
(or, more precisely between a lamella and the brush, which
is presumed to be already formed at the interface). Note
that the copolymer chains (A blocks) in the brush are much
more stretched than chains in the lamella (the energy of
stretching per block is on the order of a = xNg > 1 for
the interface brush and on the order of «!/3 for the lamella
brush). Therefore, a lamella should “feel” the interface
brush as a nearly impenetrable solid wall, so that the
interaction energy is just given by eq 49, the minimum
being

F, = 0.5F, ,(0) = —0.37AF* (52)

[In fact, the energetic gain near the interface is somewhat
stronger than that: additional attraction should be due
to a slight incompatibility between cA and hA (i.e., dPS
and PS) links (the corresponding Flory parameter is x’ ~
10-4). Estimates show, however, that the effect of this
incompatibility is always negligible for the typical mo-
lecular weights (M < 10% of copolymers.]

Therefore, individual lamellas would prefer to contact
with the free surface since F; < F;. The same is true for
small drops of microphase-separated copolymer which
should appear at intermediate stages of copolymer-
homopolymer macroseparation. So, we arrive at the
following quasi equilibrium picture of copolymer
segregation: first small copolymer drops appear near the
free surface, and then larger drops will grow in three
dimensions and smaller drops gradually disappear (Figure
8a). Finallythelargest dropsshould form bridges between
the free surface and the interface, the bridges tending to
segregate in a continuous microphase-separated copolymer
phase. Thus, at the final stage there should be no surface
or interface excess: the distribution of copolymer in the
2-direction (normal to the surfaces) should be homoge-
neous.

Theory of Diblock-Copolymer Segregation 4973

{ = f,( -( = 61 >» fj )
A“M»/n(’imé« A g (a'

= == /________———_ =

f{’ue s face Cop by men
: (&)
H bama flar
¥ manstay i gt 4

hax

7‘{;“9 St face

Figure 8. (a) Drops of the lamellar copolymer macrophase
growing gradually in three dimensions starting most probably at
the free surface and the interface. (b) Superwetting of the free
surface by a lamellar monolayer (intermediate stage). The final
lamellar multilayer, hm,y, covering the free surface.
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Figure 9. Critical surface tension difference, v, for a PS-PVP
block copolymer, N = 480, as a function of composition f = Ng/
N: (1) lamellar micelles; (2) cylinders; (3) spheres. (horizontal
line) Actual value of v; for dPS-PS.

Note that the surface tension between copolymer and
homopolymer macrophases (see Figure 8a) is equal to

o, = ~0.5F,,(0) > 0 (53)

since the last lamella sheet interacts favorably with only
one neighbor instead of two for the other sheets. The
surface tension at the free surface is ¢, = g9 + F; = —v1.
The picture of growing drops outlined above is valid only
if o* = g9 + 05 > 0. Otherwise, the copolymer macrophase
would appear via superwetting of the free surface: first
the lamellar monolayer of the copolymer will cover the
surface (Figure 8b) and then the thickness of this layer
should more or less uniformly increase up to the equi-
librium value

hmu = H(¢0 - ¢cmc)

where H is the distance between the interface and the free
surface, ¢y is the initial copolymer concentration, ¢em. is
the copolymer volume concentration in the homopolymer
phase (in equilibrium with the copolymer phase). Thus,
in the case ¢* < 0 the final free surface excess is very large,
25 = hmax, the interface excess being leveled off at the value
given by eqs 15-17 with ¢pux = deme.

The condition ¢* & g4 + 05 = 0 could be represented as
v¥1 = v1*, with the critical value of the free surface tension
difference for lamellar morphology being equal to v;* =
oo. The compositional dependence of v;* for a PS-PVP
block copolymer with N = 480 links (the typical exper-
imental value®5) is shown in Figure 9 (we use the value x
= (.14 that is obtained in section 5 by fitting experimental
data for the micellar contribution to free surface and
interface excesses). The results for cylindrical and spher-
ical micelles shown in Figure 9 were obtained using the
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Figure 10. (a) Typical dependence of the effective thermody-
namic potential of a micelle, F, on the number of copolymer
chains per micelle, @, for system I at the cme. (b) (curve 1)
Height of the first barrier, U* for system I, x = 0.14. (curve 2)
Lower boundary for the first barrier obtained using eq 56 without
an elastic term. (curve 3) Height of the second barrier corre-
sponding to the sphere—cylinder transition, Uy*. Thearrowshows
the apparent cmc.

same approach (as for the lamellar case). The mainresults
for the spherical micelles are collected in Appendix A.
Note that v; < 41* for N = 480 for any composition.
Therefore, the scenario of growing polymer drops (rather
than superwetting) should be valid for that molecular
weight. Note, however, that v;* ~ N-4/? (see eqs 53, 48,
and 40) so that for slightly larger molecular weights (and
nearly symmetric compositions) y;* should become smaller
than ;. Inparticular, for f = Ng/N = 0.3 the superwetting
scenario should take place if N 2 600.

5. Dynamical Aspects of Micelle Formation in the
Bulk and at the Surfaces

Let us consider the formation of a spherical micelle at
the ecmc. The effective thermodynamic potential of a
micelle is

F@ =F,,(Q -1Q (54)

where u is the chemical potential of a copolymer chain in
the bulk, @ is number of chains per micelle, and Fypy, is
given by eq 35a. The typical plot of F vs Q at the cmc is
shown in Figure 10a. Note that the system hasto overcome
a high potential barrier in order to create a micelle in a
stable form; the height of this barrier, U;* ~ max F ~
Ng%55/8 (o = xNp), is very large for large Ng. Even for
Npg = 68 and x = 0.14, the height U; ~ 40. The
characteristic time of micelle formation in the bulk could
be crudely estimated as (this time, 7, for a solution of
block copolymers was considered in ref 21 under the name
“the time of slow process of micelle relaxation”)

7 ~ t* exp(U;*) (55)

where t* is the characteristic time of relaxation of a “free”
copolymer chain, t* = R,2/2D,. For system I we get 7
which is surely much longer than the experimental time
texptt ~ 10 h. Therefore, micelles will not appear in
experiment at the cmc but rather appear only at larger
concentrations (larger u) where the barrier lows down to
the value Ui* ~ In (texpu/t*).
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The plot of Uy* vs u for the system I is shown in Figure
10b. In order not to overestimate the barrier, we use a
more accurate expression for the micelle free energy, Fypp,
taking into account entropic corrections due to confine-
ment of junction points of copolymers at the core—corona
interface. [We havenot taken intoaccount the corrections
to the main elastic term (the first term in braces in eq 56)
arising in particular from inhomogeneous distribution of
free copolymer ends. The reason is that (at least for the
system I) the elastic term is very small in the vicinity of
maximum F(Q); its contribution is less than 4% (compare
curves 1 and 2 in Figure 10b).]

Fopn = QU174 - f192%12 + 30°%/x + In (x/3f) +
0.51n (a) - In (7e/2)} (56)
where

Q = (47/3)Ng*%a%>  (compare with eq 35a)

Using t* = R,.%/2D, = 0.06 s (see section 2), terpy = 10
h,we get Uc* =1In (fexpy/t*) = 13.3. Thisvalue corresponds

tou—ulD = 1 (see arrow in Figure 10b), i.e., t0 ¢ = 3¢eme.

Therefore, we predict that the apparent experimental cmc
should be approximately 3 times larger than the equilib-
rium one.

Shape of the Micelles. In section 4 we mentioned
that depending on block-copolymer composition, f, the
shape of the micelles could be spherical, lamellar, or
cylindrical. Note, however, that the critical compositions
considered in section 4 are equilibrium ones and therefore
might not be observed (because of high potential barriers
involved). The real micellar geometry is controlled by
dynamics. The dominant geometry should correspond to
the lowest barrier (lowest activation energy) on the way
from the homogeneous state to the micelle. I have
considered spherical~cylindrical micellar transitions using
the simplest spherocylindrical model for the intermediate
states: the cylinder of core diameter d and height & with
two hemispheres covering the bases (it is assumed that
the core radius of the cylinder is equal to the core radius
of spheres). The free energy of the spherocylindrical
micelle is calculated as

Fdh) = Fsph(Qsph) + Fcyl(Qcyl) (67)

with Q.on and Qcy being the numbers of chains in
semispheres and in the cylinder.

Qun = (47/3)(@/2"INg,  Quy = (n/4)d%h/Ny

Here Fy,n(Q) is given by eq 56 and F.1()) by the analogous
generalization of eq 35b:

F,(Q = Q{(1.645 - In (£))x%/16 + 2a*%/x + In (x/2f) +
0.5 1n (a) - In (re/2)} (58)

where x = d/(2R;f%%).

An analysis shows that the optimal path from homo-
geneous to a micellar state always reveals the (first)
maximum corresponding to a spherical critical micelle.
Thus the height of the first barrier is that shown in Figure
10b. After overcoming this first barrier the system “falls
down” to the equilibrium (or metastable) state of the same
spherical geometry. Inordertoreachthe cylindricalstate
(if it is thermodynamically favorable, i.e., if f 2 0.13), the
system should overcome another, second potential barrier.
The height of this second barrier as a function of x is
shown in Figure 10b (curve 3). Note that at the apparent

eme (¢ - @ =~ 1) the second barrier is already very high

so that the transitions spherical micelle — cylindrical
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Figure 11. Heights of the first and second barriers for N = 400,
x =0.1: f=0.3 (a), and f = 0.5 (b).

micelle during the experimental time could be neglected.
Thus it is the spherical micelles that should really appear
inthe mixture of the homopolymer with the PS391-PVP68
copolymer (f = 0.148).

The heights of the first and the second barriers for the
model systems with N = 400 and x = 0.1 are shown in
parts a (for f = 0.3) and b (for f = 0.5) of Figure 11. Note
that in both cases the height of the second barrier, Us¥*,
is very high in the region where Ui* S In (tegpei/t*).
Therefore, the transitions to cylindrical micellar geometry
might be suppressed even for the symmetric composition
of the copolymer, f = 0.5 (provided that the copolymer
volume fraction is small).

One can suggest the following way to produce cylindrical
(and lamellar) micelles (see Figure 11): Let usfirstincrease
the copolymer concentration up to the apparent cmc where
spherical micelles should appear in the system. After
formation of these spherical micelles let us decrease the
copolymer concentration (gradually removing the free
copolymer chains). The micelles will not disappear since
they are thermodynamically favorable (and also due to
high potential barrier that should be overcome in order
todestroy amicelle). On the other hand, the height of the
second barrier is decreasing, so that at some (low enough)
concentration a transition from spherical to cylindrical
geometry should occur.

Micelle’s Formation at the Free Surface and the
Interface. Now let us consider the micellar contribution
to the free surface and interface excesses. This contri-
bution is due to two processes: (1) the diffusion of micelles
from the bulk to the surfaces, and (2) the micelle’s
formation just at the surfaces. Note that for the system
I the equilibrium micellar diameter, d, =~ 60 (at the
apparent cmc), is an order of magnitude larger than the
pore size of the homopolymer entanglement network, A,
~ 8NL05 ~ 7 (in units of vl/3 ~ 17713 A). Therefore,
micelles could not penetrate through the pores and their
diffusion constant is very small, being governed by the
reptation time of long homopolymer chains. An estimate
for Ny =~ 6000 shows that the diffusion of the micelles
should give negligible contribution to the surface excesses.

Theory of Diblock-Copolymer Segregation 4975

So, let us consider the formation of the micelles. The
rate of this process at the surfaces should be faster than
thatin the bulk since the barrier corresponding to micellar
formation is lower by U, (U)) at the free surface (interface).
Here U; and U, are the energies of attraction between the
critical micelle (corresponding to the state with the highest
effective thermodynamic potential, see top point in Figure
10a) and the free surface or interface. These energies were
calculated for system I at the apparent cmc (in analogy
with the same calculation for equilibrium spherical mi-
celles, see Appendix A). The result is

U=~4 U ~18 (59

Note that the critical micelles for system I are not very
large; they contain only about 10 copolymer chains.
Therefore, the asymptotic equations of section 4 and
Appendix A could give only crude estimates for U, and U..
[Note that the situation is much better for equilibrium
micelles which consist of 200-300 and more copolymer
chains. In Fact, eq 44 gives the interpenetration layer
thickness, £*, for a critical micelle on the order of its radius.
So we use the thickness of the corona as an estimate for
£* at the critical state.] So it is natural to adjust these
valuesslightly in order to fit experimental data (see below).

Dynamics of micellar formation is considered using the
following model. First, according to the results of section
2, the process of formation of the interface copolymer brush
should be much faster than the micelle’s formation for
system I (the characteristic time of the first process is on
the order of 10 min, and that of the second is on the order
of experimental time, ~10 h). So let us assume that the
interface brush has already been formed while micelles
are appearing with the rate

¢ /0t = (¢/t*) exp(-U,*(n)), AH<z<H-AH
(60a)
in the bulk (here t* = R;?/2Dy),
3¢, /0t = (¢/t*) exp(-U*(w) + U), 0<z<AH
(60b)
near the interface, and
d¢ /ot = (¢/t*) exp(-U*w) + U, H-AH<z<H
(60c)

near the freesurface. Hereu =1n (¢) + xNgisthe chemical
potential of the free copolymer chains, ¢ = ¢(2) is their
local volume fraction, and ¢ = ¢m(2) is the local volume
fraction of the micelles. The surface thickness, AH, was
chosen to be equal to the size Ry, = 8N for simplicity;
the particular choice of AH is not very important since U;
and U, are treated as adjustable parameters (so that a
change AH — 2AH could be compensated by U, = U, -
In (2) and U; — U; - In (2)).

The dynamics of the free chains is governed by the
diffusion equation

8¢/t = D, 8°¢/82% - 3¢, /ot (61)
with boundary conditions
0¢/02,_ = 36/02,o5 = 0 (62)

Equations 60 and 61 were solved numerically with initial
conditions ¢(z,t=0) = ¢g and ¢n(2,t=0) = 0 for system I.
The bulk copolymer volume fractions ¢pux = ¢(H/2) +
¢m(H/2) and the micellar excesses z;™ and z,™ at t = texpy
(texpt = 10histhe anneal time) were calculated for different
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Figure 12. Dependence of the micellar parts of the free surface
and interface excesses (2, z;) on the block copolymer bulk volume
fraction, ¢uu, after ca. 10 h of annealing for system I; (a)
experimental data® for the free surface excess; (®) data for the
micellar part of the interface excess, 2;® = 2; = Zrush, Where Zorun
is the brush contribution to the interface excess as given by curve
3 in Figure 1a. The solid lines show theoretical results for x =
0.14, U, = 4.9, and U; = 2.7.

¢o. The parameters x, U;, and U, were adjusted to
x=014, U=27 U,=49 (63)

The results of the calculation and the experimental data
are shown in Figure 12. The reasonable agreement is
obvious.

6. Conclusions

A layer of homopolymer A in equilibrium with incom-
patible homopolymer B and with a small amount of an AB
block-copolymer additive was considered. An analytical
theory for the equilibrium interface copolymer excess
(below the critical micelle concentration, cme) is presented,
the theory being a generalization of Leibler’s scaling
approach to copolymer brushes. The results are shown to
be in good agreement with that of the previous mean-field
theoretical treatment?® and also with experimental data
for PS-PVP copolymers (with N = 391 and Ng = 68links
per blocks).

The situation above the cmc was also considered. It is
shown that copolymer micelles should strongly attract each
other, thus forming an additional copolymer macrophase
in equilibrium with the homopolymer phase. Micelles are
also attracted to the interface (between homopolymers A
and B) and to the free surface of homopolymer A. The
primings of the copolymer phase should thus most likely
appear near these surfaces. For larger copolymer molec-
ular weights (number of links per copolymer chain, N 2
600) a superwetting of the free surface by the copolymer
(microphase-separated) phase is predicted at equilibrium,
the attraction of micelles to the hA-hB interface being
not enough for superwetting.

It is shown also that the system at the cmc has to
overcome a high potential barrier in order to form a micelle.
So, the apparent (experimental) cmc might be controlled
by the barrier (rather than the thermodynamic potential
of a micelle) and might be several times larger than the
equilibrium (infinite time) cmc. The micellar geometry
was also shown to be barrier controlled. Formation of
spherical copolymer micelles (in an excess of homopolymer
A) is predicted for the whole range of copolymer compo-
sitions (with a minor B block) in spite of the fact that
cylindrical and lamellar geometries are thermodynamically
more favorable for nearly symmetric block copolymers.

The free surface excess and part of the interface
copolymer excess was attributed to a higher rate of
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formation of micelles near these surfaces. Thereasonable
agreement with experimental data (for the excesses at the
largest time scales) was obtained under this assumption,
the adjusted values of critical surface-attraction energies
being in good agreement with the theoretical estimates.
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Appendix A. Interaction between Spherical
Micelles

The interaction energy between two spherical micelles
could be reduced to that for lamellar sheets

int int

Fi®idy) = [dx dy F¥o(d, + (x* + y5/D) (A1)

where D is the diameter of a micelle (including core and
corona), do is the distance between the outer corona
surfaces of two micelles (dy = 0,09 - D), and x and y are
the coordinates in the plane normal to 0,0; (0, and O,
being the centers of the micelles). Equation Al is valid
since dp ~ £ « D. Using eq Al, we get

F*2 = min FP*(d) = -0.82Da* (A2)

int int

The equilibrium diameter D corresponds to the minimum
of Fypn (eq 35a).

D = 4.36N°%af/841/8/(1 - 0.57f1/%)1/3 (A3)

The minimum of the interaction energy between the
micelle and the interface is equal to 1/ of the minimum
interaction energy of two micelles:

FPh = 0. 5F%! & —0.41Da’ (Ad)

int —

Taking into account the lower surface tension for the
deuterated component (A blocks) at the free surface, we
get (in analogy with eqs 50 and 51)

FePh = ,6F5P0 — 1.96Dg*y, (A5)
with £*, the interpenetration layer thickness for an isolated
spherical micelle, defined by eq 44.

Let usnow estimate the interaction energies for a PS391-
PVP68 copolymer at the cme. Using eqs A3-AS5, eq 33,
and the values @ = 0.49 and x = 0.14, we get

FPi=—95 FP=-48 FP'=-13 (inkT units)

int
(A6)

Therefore, the equilibrium interaction between micelles
is really very strong. The micelles in the bulk should
readily form a dense superlattice (macrophase) in equi-
librium with the homopolymer phase, the concentration
of “free” micelles in the homopolymer phase being
extremely small (see ref 20):

Drree ~ exp(GF‘i’,',’f') ~ exp(-57) (AT
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