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ABSTRACT: We use numerical methods and analytical analysis to determine the behavior of a single
alternating AB copolymer at a liquid-liquid interface. Monomers of type A favor fluid 1, while B monomers
prefer fluid 2. Using the transfer matrix formalism, we calculate the monomer density profile near the
interface and determine the phase diagram. This phase diagram contains two delocalized phases and a
localized phase. We determine the scaling behavior for the localization length as a function of the monomer—
solvent interaction energies. An effective potential is derived that correctly explains the scaling behavior

observed in our numerical studies.

Introduction

Amphiphilic copolymers are highly effective at stabi-
lizing oil-water emulsions and microemulsions. Due to
the presence of both hydrophobic and hydrophilic seg-
ments, the chains may be adsorbed at the oil-water
interface, where they can reduce the interfacial tension by
as much as 2 orders of magnitude.! As a consequence,
these polymeric emulsifiers form critical components in
the fabrication of products that range from cosmetics to
herbicides.! In order to design the optimal emulsifers, it
becomes necessary to establish how the molecular archi-
tecture of the chains affects these interfacial properties.
In this paper, we examine the behavior of an alternating
AB copolymer at the boundary between two immiscible
liquids. We demonstrate that the conformation of the
chain at the interface is dramatically sensitive to the
arrangement of the monomers (the sequence distribution)
in the copolymer. Specifically, the scaling behavior that
characterizes this chain conformation displays a unique
exponent for the strictly alternating architecture: itsvalue
is different from that obtained for other copolymer
sequence distributions.?

Inaddition to probing the role of molecular architecture,
we examine the effect of varying the relative affinities
between the monomers and the two different fluids.
Through this study, we can determine conditions under
which the alternating chain becomes “delocalized”, i.e.,
drifts away from the interface and is preferentially located
in one of the two liquids.

Below, we describe the model we used to analyze these
issues. We then compare our findings with the results
obtained for other copolymer architectures at a penetrable
interface?~ and discuss the consequences of our findings
on the interfacial behavior of amphiphilic copolymers.

The Model

The interface between the two immiscible fluids is
represented by the z = 0 plane. Thus, the boundary is
taken to be sharp and stationary. We consider a single
Gaussian chain, whose length approaches infinity. This
polymer is composed of an equal number of A and B
monomers (Ny = Npg), which are arranged in a strictly
alternating pattern along the polymer (..ABABAB...). The
monomers interact with the fluid through the following
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potentials:
Up(2) = -4, 880 (2)
Ug(2) = +A sgn (2) 1)

where A, and Ag represent the respective monomer-
solvent interaction energies. For Ay, Ag = 0, the A
monomers prefer the z > O region, while B monomers favor
the 2 < 0 domain. We first consider the behavior of the
polymer chain for the symmetric case where Ay = AgE A,
We will then discuss the asymmetric case (As # Ag) and
present a phase diagram in the (A — Ag) space.

The Green’s function of a Gaussian copolymer subject
to the potential given by eq 1 is®

3
G({Z,}) < H exP{— E[(zn—l - “",n)2 +(z, - zn+1)2] -

n=even
1
Ag sgn (zn)}exp{EAA[Sgn (2,.)) +sgn (z,.+1)]} 2)

Here, we have assigned even indices to B monomers and
odd indices to A monomers. The x and y components of
the Green’s function have been integrated out and are not
included in eq 2. Equation 2 is invariant under the
transformations

Ay« Ag and z2—>-z 3)
and
AA - —AA’ AB - _AB’ 2>z (4)
Therefore, we only have to consider the region Ay = Ap
20,
The partition function is the integral of the Green’s
function over all the coordinates z;. We can focus on the
A monomers by integrating out all the degrees of freedom

associated with the B’s. After discarding all the constant
factors, we get the partition function

v = f H K(zn-l’znﬂ) dzn-l (5

n=even

where

K(x,y) = I(%X,AB) expl- %(x -2+

%AA[sgn (x) + sgn 0’)]] (6)
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and

I(t,A) = exp(Q) erfe (3Y/%) + exp(-A) erfc (=3'%)  (7)
The A monomer density is defined as

1
pa(2) = <—— oz -2)> 3
A No&t, k
where we have normalized pa(z) by the total number of A
monomers in the chain. The brackets ( ) indicate an
average over all possible configurations; in other words

1,1
D=5 dé(zk-z>n1:[mK<zn-pz,.ﬂ> dz,, ©

Wesolve eqs 5 and 9 by using a transfer matrix approach
under periodic boundary conditions. The associated eigen-
value equation of the kernel K is

[ K@y 6) dy = M) (10)

(Since the kernel K(x,y) is symmetric, both A and ¢ are
real.) In the infinite chain limit, the monomer density
pa(2) becomes

pa(2) = [9y(2)]? (11)

where ¢,(2) is the eigenvector corresponding to the largest
eigenvalue, normalized so that

Jolgg@1?dz =1 (12)

Finally, we define the width of the density profile (the
localization width) as

w= [ [ 2%.@) dz]"* (13)

Delocalization is signaled by the divergence of w.

Numerical Results

We numerically solve eq 10 for ¢o(2) using an iterative
method. In numerical computations, this integral must
be cut off at finite values |z| < R. For a well-localized
state, the width of the density profile w is much smaller
than R. Consequently, the solution does not depend on
the value of R. If the state is delocalized or has a
localization width w > R, the final solution is strongly
dependent on the value of R. When the latter behavior
is observed, we subsequently choose a relatively large value
of R and vary the values of A, and Ag along various contours
(say Aa — Ap is equal to various constants) in the phase
space A~ Ap. Thelocations at which the widthw becomes
comparable to R are regarded as estimates of localization—
delocalization transition points. This approximate cri-
terion is sufficiently accurate since w is extremely sensitive
to As and Ag near the transition point. (See the following
discussion of Figure 3.)

Figure 1 shows the monomer density pa(z) for the
symmetric case A = Ap = A, at A = 0.141,0.2,0.350.4, and
0.5. The integration is cut off at R = 160, which is much
larger than the widths of the profiles. Consequently, for
these values of A, the chain is localized at the interface.
The density profiles show a discontinuous jump at the
interface z = 0, which is due to the jump in the potential
that each monomer experiences. Asthe valueof A becomes
smaller, the density profile gets wider, indicating that the
adsorption is weaker and the chain is swollen. Atthesame
time, the discontinuous jump in the density profiles
becomes smaller. This is due to the smaller difference in
interaction energy of the monomers in the two liquids.
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Figure 1. Density profiles of A monomers pa(2) at Ay, = Ag =
A = 0.141, 0.2, 0.3, 0.4, and 0.5. The density profiles become
wider as A gets smaller.
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Figure 2. log-log plot of the localization lengths versus A. In
the small A region, the behavior is linear with a slope of -2.
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Figure 3. Density profiles at two points (Aa, Ag) = (0.7, 0.6) (the
narrower curve) and (0.69, 0.59) (the wider curve) along the line

Ap — Ag = 0.1, respectively. As one approaches the transition
point, the density profiles spread out rapidly.

The widths of the density profiles are plotted in Figure
2 as a function of A on alog-log scale. Inthe region where
A is small and the width w is large (the “weak adsorption”
region), the localization width behaves as w ~ A2 On
the other hand, as A increases, w approaches a limiting
value.

When A, and Ag are unequal, localization—delocaliza-
tion transitions occur for finite differences between Ay
and Ap. To illustrate the transition, we calculate the
density profiles along the straight line Ay — Ag = 0.1. Figure
3 shows the densities pa(2) at two points (Aa, Ap) = (0.7,
0.6) (the narrower curver) and (0.69, 0.59) (the wider curve)
along this line, respectively. Note that for these curves,
the integration cutoff is at R = 320. Thus, for the curve
with Ax = 0.7 and Ag = 0.8, the solution is accurate since
w = 27.9 « 320. On the other hand, the profile with As



Macromolecules, Vol. 25, No. 14, 1992

0.0

-0.5

log(Ap)

-5 4 -3 2 -1
0g(A,—4p)
Figure 4. log (Ap) versus log (Ax— Ap) along the phase boundary

separating the localized and the delocalized phases. Near the
region Ay, = Ag = 0 the exponent is roughly 4.
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Figure 5. Proposed phase diagram in the A, - Ag parameter
space. D, and D_ are phases where the polymer is delocalized
inz > 0 and z < 0 regions, respectively. L is the localized phase.
The four phase boundaries transform into one another under the
transformations in eqs 3 and 4.
= 0.69 and Ag = 0.59 is more spread out, and the solution
shows a strong dependence on the cutoff value B. The
localization length must be greater than the cutoff R. Thus
(Aa, Ap) = (0.69, 0.59) represents a rough estimate of the
transition point. In this way, other transition points are
also estimated and plotted in Figure 4. In the weak
adsorption limit (small A), we find that the localization—
delocalization transition line A — Ag = f(Ap) approaches
the origin Ay, = Ag = 0 with an exponent approximately
equal to 4; i.e., Ay — Ap =~ Agt

Figure 5 shows our proposed phase diagram, including
negative values of A, and Ag. L represents the localized
phase for which the width w is finite. D4 and D_ are the
two delocalized phases in which the polymer chain is de-
localized in the z > 0 and z < 0 regions, respectively. The
four transition lines meet at the origin tangentially, with
an apparent common slope of 1.

An interesting question is whether the density profiles
(Figure 3) widen continuously or discontinuously. Un-
fortunately, numerical studies cannot answer this question
conclusively. In our discussion of the effective potential
analysis (below), we shall point out that such a transition
is likely to be continuous.

Analytical Results and Discussion

The above numerical results can be understood by a
careful analysis of the kernel K(x,y) ineq 6. For small Ag,
the function I(x,Ap) can be written as
I(x,0g) = 1+ AgS(x) + %AJ + .

= exp{agS(x) + L0571 -SM| + Ocagh)  (14)

Adsorption of an Alternating Copolymer 3687
where
S) = Hlerfe 3% —erfo (-8/%)]  (15)

and we have only kept terms up to AgZ. We now make an
essential approximation by writing

I(z,Ap) + I(y,A

This approximation requires small values of Ag and is
valid when the chain is not significantly stretched, thereby
assuring that neighboring monomers are close to one
another. Substitutingeqs 14 and 16into the kernal K(x,y)
in eq 6, we find the chain becomes a Gaussian homopoly-
mer of effective monomer size 21/2in an effective potential

U,(2) = -0, 5gn (2) - AgS(z) - %ABz[l ~S@4 A

Let us first consider the symmetric case Ay = Ag = A.
In this case, the effective potential vanishes rapidly at
large distances. In the infinite chain limit, the monomer
density is the square of the ground state wave function of
the following equation:

_1d%@)
3

At large distances, U.g(2) can be neglected, and the wave
function decays exponentially as exp[-(-3E)!/22]. That
is, the localization width w ~ 1/(-3E)!/2, For small A, we
can use a result from quantum mechanics:® In one
dimension, for a weak potential that vanishes sufficiently
rapidly at large z

B« [ "Uytz) dz (19)

The terms linear in A in Uy (eq 17) do not contribute to
the integral eq 19 since sgn (z) and S(z) are odd functions
of 2. Therefore, the decay length is proportional to
1/(-E)'/2 = A2, agreeing with the numerical results in
Figure 2. This novel scaling behavior is due to the
cancellation of the monomer interactions when the mono-
mers are at large distances from the interface.

When Aa > Ap, the effective potential no longer vanishes
at large distances; instead, it has values £(As ~ Ap) as z
— F«, respectively. We rewrite the effective potential in
eq 17 as the sum of two terms: one term depends only on
Ap and the second term depends only on Aj — Ag

U(2) = Ullz) = (A4 - Ap) 5gn (2) (20)

where U0)(2) is obtained by replacing A, by Ap in the first
termineq17. Thesecond termineq20distorts the original

wave function associated with U For small Ag, the
energy level of this wave function is on the order of ~Ag*
according to eq 19. Therefore, when Aj — Ag is on the
order of this ground-state energy level, the original ground
state will be sufficiently distorted and may be delocalized;
this heuristic argument is consistent with the empirical
behavior Ay — Agp ~ Ag* marking the phase boundary in
Figure 4.

We now consider the nature of the localization—delo-
calization transition. Zia et al.” discussed the existence
and nature of bound states in one-dimensional quantum
mechanical systems having potentials with a variety of
analyticforms. Oureffective potentialineq 17 isextremely
short ranged: it decays rapidly with a Gaussian tail.
Straightforward extensions of the results of Zia et al. for
short-range potentials show that the localization—delo-

+ U(2) Y(2) = EY(2) (18)
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calization transition will be continuous. That is, the
inverse of the localization width, w™!, goes to zero con-
tinuously at the transition. This is similar tothe situation
in critical wetting in two dimensions, which can also be
analyzed by mapping the problem into one-dimensional
quantum mechanics.® Finally we comment that the origin
(Aa = Agp =0) in Figure 5 is special: four critical lines meet
there with common slopes. This may be reminiscent of
a tetracritical point in critical phenomena. Such an
analogy, however, is not perfect since, at the origin in the
phase diagram, there is no chain-interface interaction. As
we cross the origin from D, into D, we find that the
polymer chain shifts from the z > 0 region to the 2 < 0
region discontinuously.

We can compare our results with previous studies. Garel
et al.? studied a model in which the monomers interact
with the fluids through the potential

U(z) = usgn (2) 21)

where u for each monomer is an independent Gaussian
random variable. They found that a transition between
alocalized state and a delocalized state occurs as one varies
the center of the Gaussian distribution. In particular,
when the Gaussian distribution is centered around 0, the
polymer is always localized. Yeung et al.? observed that
for a symmetric AB copolymer, whose sequence distri-
bution ranges from blocky to nearly alternating, the width
of the polymer layer is always finite. Furthermore, the
width scales as A~!in the weak adsorption limit. Marques
and Joanny*studied various models of polymer adsorption.
In particular, they examined the case where Ny >> Np and
the A monomers are distributed periodically along the
length of the chain. In the weak adsorption limit, they
showed that the width of the polymer interface scales as
the inverse of the interaction strength, agreeing with a
scaling argument of de Gennes.®

Our results are in qualitative agreement with those of
Garel et al.3in the following sense. In the symmetric case,
Aa = Ag = A, the polymer is always localized at finite A.
Localization—delocalization transitions take place at finite
valuesof Ay and Agwhen A, = Ag. When A, issufficiently
larger than Ap, A monomers strongly prefer to stay in the
z > 0 region so that they drag B monomers along with
them, delocalizing the polymer in the region z > 0. This
finding, along with the results of Garel et al.,® shows that
sufficient asymmetry in monomer-fluid interaction will
delocalize the polymer from the interface. In the weak
adsorption limit, in contrast to the results in refs 2-4, the
localization length in our model diverges as A2 This
different scaling relation shows the sensitivity of adsorp-
tion properties on polymer structures.

Finally, we discuss the case where the chain consists of
an alternating sequence of p monomers instead of one
monomer; i.e., the chain is ...A;B A B,.... We now argue
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that, in the case where Ay = Ag = A is small, there exists
an optimal and finite value of p so that the chain is most
localized at the interface. Forsmallvaluesof p,increasing
p will increase the effective interactions between these
blocks and the solvent, an effect that tends to bind the
chain more tightly to the interface. On the other hand,
when p is sufficiently large, A’s will stay predominantly
in the z > 0 region, while the B’s will remain in the z <
0 region. In this case the localization length behaves as
p/2, whichis an increasing function of p. We thus conclude
that an optimal p exists that minimizes the localization
length.

Conclusions

In summary, we have examined the adsorption prop-
erties of an alternating chain near a fluid—fluid interface.
We numerically calculated the monomer density profiles
and from them determined the phase diagram. Our main
results are as follows: First, along the symmetric (A4 =
Ag = A) line, the localization length w diverges as A2 in
the weak adsorption limit. We also derive an effective
potential that successfully explains this scaling relation.
Second, for the asymmetric case (As > Ap), we find that
localization—delocalization transitions occur at finite values
of Ax ~ Ag. For small Ax and Ag, this transition occurs
when Ap - Ag ~ Ap?. Our effective potential also reveals
scaling behavior that is consistent with our empirical
findings. From the monomer density profiles, we present
the complete phase diagram.
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