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Modeling the Interactions between Polymer-Coated Surfaces
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Using a two-dimensional self-consistent field calculation and scaling theory, we investigate the interaction
between two planar surfaces where: (1) each surface is grafted with both solvaptdlisolvophobic
homopolymers and (2) both surfaces are coated with solvophobic polyelectrolytes. The chains are tethered
by one end and grafted at relatively low densities. For both systems, we determine the morphology of the
layers and the energy of interaction as the layers are compressed. The energy of interaction versus distance
profiles show a wide region of attraction as the surfaces are brought together. This attractive interaction is
due to the self-assembled structures that appear at low grafting densities in poor solvents. Furthermore, for
polyelectrolytes at high degrees of ionizatiar),(compressing the layers results in a novel first-order phase
transition: the uniformly stretched, charged chains spontaneously associate into aggregates (pinned micelles)
on the surfaces. At both low and high the free energy versus distance profiles reveal distinct minima,
which indicate an optimal separation between the surfaces. Our findings provide guidelines for controlling
the interactions between coated colloidal particles and yield design criteria for driving colloids to self-assemble
into ordered arrays.

Introduction colloidal particles noted above. These interfaces would also
form effective lubricants, since the polymer layer acts as a
barrier to contacts between the surfaces.

The structure of end-grafted chains in incompatible, or poor,
solvents is quite different from that in good solvents. At
relatively high grafting densities, the tethered chains avoid the
poor solvent by shrinking into a thin, uniform layerOn the
other hand, when the chains are grafted at relatively low
densities, the system exhibits particularly dramatic behavior.
Here, the solvophobic polymers escape the unfavorable solution

The interactions between solid surfaces can be controlled by
attaching polymer chains to these interfaces. For example,
polymer coatings on pigments and other colloids are responsible
for keeping these particles suspended in solutiddere, the
anchored polymers form a thick corona around the particle. The
repulsion between coronas on neighboring particles prevents
the colloids from aggregating and thereby stabilizes the suspen-
sion. Such polymer coatings also play a critical role in reducing
the friction between mechanical components. As these com- ) " ; . C .
ponents come into contact, the polymer layer acts as a lubricant,2Y Clustéring with neighboring chains into distinct aggregates,

[T H 5,6 [ n oo
decreasing the wear between the parts and increasing the lifetime®’ “Pinned micelles®® (These structures are “pinned” since
of the machinery. the ends of the chains are immobilized on the surface.) Recent

The polymers are commonly attached to the surface by one:éﬁgggg:ilr;Esin;aggg?;\g %(f)?:lggneedir:?ligrr?:ilggllgsre%k}en
end of the chain and thus are referred to as “terminally- Ny of th ? re covered with binn pd micell ) .br ht
anchored” or “end-grafted”. The attachment can be ac- 0 surfaces that are covere pinne celles are broug

complished by placing a surface-active group on the end of the Ir:'EO I?Iosﬁ r(;]otnhtract, th?t SOl\r/fOphObt'C nl]ntreractlr?dnfs r?r?vel Eher
polymer or growing the chains with monomers in solution at ceties Iro € Opposite surtaces 1o merge and form a large

reactive “seed” or initiator sites on the surface. The interaction aggregate between the substrétet this way, more of the

between the polymer-coated surfaces are determined by thetethered chains are effectively shielded from the unfavorable

conformation of these anchored chains. For end-grafted poly- solvent and the free energy of the system 1S lowered. Conse-
mers immersed in a compatible (good) solvent, the conformation quently, the surfa}ces undergo a net attraction, and these layers
of the chains is relatively well characterizédin particular, can act as effective adhesives between the substrates.

the well-solvated (or solvophilic) chains extend into the solution  Little, however, is known about the interactions between
and form a spatially uniform layer. The height of this layer, Polymer-coated surfaces when we move away from these simple
H, scales withN, the degree of polymerization of the chains. C€ases of tetherelomopolymersn goodor poor solvents. For
Compressing two homopo|ymer-coated surfaces in a good eXample, there have been few studies on the interactions between
solvent gives rise to a repulsive interaction between the Idyers. surfaces that are coated with both solvophilic @k)d solvo-

The repulsion arises from the entropic losses that occur whenPhobic (B) homopolymer%;* or are coated with copolymers

the stretched, solvent-compatible chains are confined to thethat contain multiple reactive block$!® The goal of our
narrow region between the compressed substrates. This entropi¢esearch has been to investigate these more complex systems

repulsion is responsible for the polymeric stabilization of through theoretical models that reveal the morphology of the
layers between the substrates and allow us to calculate the

* To whom correspondence should be addressed. interaction energies between the surfafe$! Using these
€ Abstract published irAdvance ACS Abstractdjovember 15, 1997. models, we demonstrate that tetherbwgh A and B homopoly-
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mers oreachof the substrates provides a handle for engineering
the interactions between the surfaéesn particular, by varying

the relative length and grafting density of the different chains,

we can achieve a high degree of control over the surface
interactions and tailor these interactions for the desired applica-
tions.

Another way of enriching the phase behavior and increasing
the utility of these systems is to tether charged polymers, or
polyelectrolytes, on the surface. Below, we show that the
structure of the anchored polyelectrolyte layer can be abruptly
altered by compressing the two surfaces within a poor soNent.
This structural transformation drives the surfaces into closer
contact, despite an overall electrostatic repulsion. These findings
yield new guidelines for driving colloidal particles to self-
assemble into ordered arrays.

In addition to providing design criteria for modifying surface
interactions, our results illustrate the striking effect that confining
polymer layers between two surfaces can have on the morphol-
ogy of the system. In effect, it is these morphological changes
that we exploit to tailor the macroscopic behavior of the system.
We begin our discussion by providing a brief description of
our theoretical models, two-dimensional self-consistent field
calculations and scaling theory, and then describe our results
on compressing polymer-coated surfaces.

The Models

The self-consistent field (SCF) calculations provide a descrip-
tion of the system at thermodynamic equilibrium. One-
dimensional SCF theory, however, is insufficient for describing
the structure of laterally inhomogeneous structures such as
pinned micelles. We therefore use a two-dimensional SCF
theory810-16 which is a generalization of the 1D model
developed by Scheutjens and Fléerln the Scheutjens and
Fleer theory, the phase behavior of polymer systems is modele
by combining Markov chain statistics with a mean field
approximation. Since the method is thoroughly described in
ref 17, we simply provide the basic equations and refer the
reader to that text for a more detailed discussion.

Here, we limit our comments to the behavior of linear
polymers. These calculations involve a planar lattice where one

J. Phys. Chem. B, Vol. 101, No. 50, 19910615

Here, thel's are the fraction of neighbors in the adjacent
layers: 1—; is for the previous layer}, is for the same layer,
and 4, is for the next layer.

Since polymers contain more than one segment, we must take
into account that the segments of the chain are connected. We
define Gi(z,s|1) as the (conditional) probability (up to a
normalization constant) that a segmeris located in layer,
while being connected to the first segment of chainThis
Green'’s function can be calculated from the following recurrence
relation:

Gi(zsl1) = G(D{1_,Gi(z—1s5-11) + 1,Gi(zs—1|1) +
A.G(z+1s-11)} (4)

Clearly, Gi(z,1]1) = Gi(2 and the terms fos > 1 can be
calculated from this relationship and eq 4. In the same way,
we can obtain a recurrence formula 8(z,|r), the probability
that a segmend is in layerz, given it is connected to the last
(rth) segment of the chain.

To obtain the volume fraction of in the z layer due to
segments, in a chain ofr segments, the product of two
probability functions is needed: the probability of a chain
starting at segment 1 and ending with segn&intlayerz and
that of a chain starting at segmentand also ending with
segmensin layerz. This product must be divided b;i(2) in
order to compensate for the double counting ofdhesegment.
Hence, the volume fraction is given by

¢i(z9) = C, Gi(zs|1) Gi(zsIr)/G,(2 5)

Here,C; is the normalization constant and is equalic= 6i/r;
>.Gi(zr|1), wheref; = Z4i(2) is the total amount of polymer
segments of typein the system ani,Gij(zr|1)/M is the average
of the end segment distribution function for a chain rof
egments. We can also expr&sn terms ofg;°, the volume
raction in the bulk solution, a€; = ¢;®r;, The total volume
fraction of ¢i(2) of moleculesi in layer z can be obtained by
summing overs:

#1(2) = Z9,(z9) (6)
Expressions 1, and 5, and the condition tBasi(z) = 1 for

lattice spacing represents the length of a statistical segment®@ch layer form a set of coupled equations that are solved

within a polymer chain. The planar lattice is divided irte=
1toM layers. Inthe one-dimensional model, the properties of
the system only depend anthe direction perpendicular to the

numerically and self-consistently. Given that the amount of
polymer,6; , the lengtlr;, andy; are specified, we can calculate
the self-consistent polymer profile and the equilibrium bulk

interface. The properties of the system are averaged over theconcentration. (For a givefi, ¢i° is obtained by equating the

x and y directions; that is, the system is assumed to be
translationally invariant in the lateral direction. The probability
that a monomer of typeis in layerz with respect to the bulk

is given by the factor

Gi(2) = exp(-u(2/KT) @
where the potentiali(2) for a segment of typein layerzis
given by

W@ = U@ + kTS (3,0 ¢, ()

The parametew'(2) is a “hard-core potential”, which ensures
that every lattice layer is filled. In the second term,is the
Flory—Huggins interaction energy between unitandj and
¢° is the polymer concentration in the bulk. The expression
[#i(29Tis the fraction of contacts ansegment in thez layer
makes withj-type segments in the adjacent layers and is given
by the following equation:

(0= A_1¢y(z—1) + Ag¢y(D + A4y(z1+1) 3)

two expressions fo€;.)
We note that the expression for the excess free energy in
terms of the segment density distribution is given by

F(@ =Z¢(29InG(2 +
(U2)5 151 1(2-2) $,(2) p(2) 02 (7)

wheren(z — Z) is the short-range interaction function, which
may be replaced by a summation over nearest neighbors.
Summing the above equation over allyields the total free
energy. For two grafted layers, the free energy of interaction,
AFin, as a function of surface separatidn,can be obtained

by taking the difference between the total free energies when
the layers are infinitely apart and when they are separated by a
distanceL.

In the two-dimensional SCF theoky1%the above equations
are explicitly written in terms ofz and y, the directions
perpendicular and parallel to the grafted layer, respectively. We
assume translational invariance alang

Using the 2D SCF model, we consider two planar surfaces
that lie parallel to each other in thxg plane and investigate the
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Figure 1. Schematic diagram of two end-grafted brushes: (a) with
alternately grafted AB chains and (b) with surfaces coated with
homopolymers of different solvent qualities.

effect of bringing the surfaces closer together inzldkrection.

Each surface is covered with monodisperse end-grafted poly-
mers. The ends of the chains are grafted to impenetrable

surfaces az = 1 andz = L. We apply periodic boundary
conditions along the direction.

Singh et al.

The AandB homopolymers are grafted at alternate sites on
each of the two surfacé@8as indicated in Figure 1a. As noted
above, we fixyas = 0, ygs = 2, and initially setyag = 0; the
length of each chain isl = 80. Figure 2 shows how the self-
assembly of the polymers is affected by the compression of the
layers. Atlarge surface separations (Figure 2a), the solvophobic
B chains associate into pinned micelles and the A chains form
an outer shell that encircles these regions. In this configuration,
the B domains are shielded from the unfavorable solvent and
the surface tensions within the system are minimized. Since
the A chains are in a good solvent, they extend into the solution
and their density slowly decays away from the B core. In effect,
these aggregates have a “flower-like” appeardfice.

As the layers are brought closer together, the B cores from
the two surfaces merge to form a single micelle that is situated
halfway between the two surfaces (Figure 2b). The A chains
from both surfaces now form a common shell around this central

The grafted polymers are characterized by three sets of micelle. The merging of the micelles happens at a distance

parameters: grafting density, chain length, and the releyant
parameters. The grafting density per line alongxfrection

is denoted by and is fixed afp = 0.025 for all of the results
presented below. (Thus, the average area per chain, s,=has

that is significantly greater than the vertical extent of the isolated
micelles?101214 As noted in the Introduction, this is due to
the solvophobic interactions that drive the B cores to merge
and thereby reduce the extent of polymsolvent contact.

1/p.) We emphasize that our calculations are restricted to the With further decreases in the surface separ_ation, more solvent
case of low grafting densities, where the formation of pinned is expelled from the system and the density of the soluble

micelles is most pronouncéd. As will be seen below, these

component around the micellar core increases (Figure 2c). Note

structures have a dramatic influence on the interaction betweenthat the B cores now span the gap between the substrates.

the surfaces.
We letyas andyss represent the polymeisolvent interactions
for the A and B components, respectively, apgk is the

In Figure 3, we plot the free energy of interactidxi, as
a function of surface separatioh, The interactions are
repulsive whem\Fi,; > 0 and attractive wheAFiy; < 0. (AFint

interaction parameter for the two different monomers. The = 0 when the surfaces are sufficiently far apart that the layers
strength of interaction between the polymers and the planar, do not interact.) As the surfaces are initially brought together,
impenetrable surface is assumed to be the same as that betweeite solvophilic A layers (or the “petals” of the flowers) come

the polymer and the solvent. We fix the polymeolvent
interaction for the solvophilic A chains ghs = 0 and sejgs
= 2 for the solvophobic B chains. We also ggg = 0 and
subsequently determine the effect of increasing > O.

into contact and the free energy shows a minimal repulsion.
When the B cores merge, the free energy of interaction begins
to decrease (nedr = 18). As the compression continues,

however, there is a point at which the entropic losses start

To complement our SCF calculations, we employ scaling dominating and the free energy of interaction becomes repulsive.

theories. Through scaling theory, we formulate an expression

If the chains are relatively incompatible, gtz > 0, the more

for the free energy of our system. Minimizing this expression soluble A chains are less able to shield the B component from
allows us to derive explicit relationships between the different the solvent. The extent of shielding is now determined by the

variables in the systei:13.14.18.19 The results of the scaling

competition between the enthalpic gain due to the reduction in

theory allow us to check and quantify the predictions from the B—solvent contacts and the enthalpic loss due to the energeti-
SCF calculations. Conversely, we use the numerical calculationscally unfavorable A-B contacts. Atyag = 0.5, there is still a
to verify various scaling predictions. How this scaling analysis tendency for the more soluble component to shield the solvent-

is applied to the systems of interest is discussed in the relevantincompatible B.

sections below.

Results and Discussion

Surfaces Grafted with A and B Homopolymers. We first

If, howeveryag is increased to 1.5, the

shielding behavior is significantly diminished. Figure 4 shows
the conformation of the layers for a fixed surface separation of
L = 9 with yag = 1.5. When the surfaces are far apart, the
solvophilic A’s form a stretched brush. Compression of the

discuss our findings from the SCF calculations for the case Surfaces again leads to the merging of the B micelles for the
where AandB chains are grafted on each of the surfaces (see S2Me reasons as fggg = 0. Now, however, the A chains do

Figure 1a)i° Through this model, we can visualize the structural

not encircle the B cores but, rather, spread out uniformly in the

changes that occur within the grafted layer as the two polymer- '€gion between the two surfaces (compare Figures 4 and 2b).
coated surfaces are compressed. By calculating the appropriate The free energy of interaction as a function of surface
free energies, we establish a qualitative relationship betweenseparation fopag = 0.5 and 1.5 are also shown in Figure 3.
the morphology of the layers and the surface interactions. To The qualitative features in the casesyag > 0 are similar to
demonstrate the utility of grafting both types of chains on each those forgag = 0, including the presence of an attractive region.
of the substrates, we also describe the properties of a SystemThe strength of attraction, however, decreases and the size of
where one surface is covered with just A chains and the other the attractive region shrinks agg increases. This is due to

surface is coated with purely B polymers (see Figure 1b).

Finally, we present a scaling model for the example cdirAl
B chains on both surfacé8l® Through this model, we

the extra enthalpic losses that arise from theBArepulsion.

To illustrate how the interaction between the layers can be
tailored by varying the relative chain leng#isye let the soluble

determine the explicit dependence of the surface interactionsA component be twice as lon$\§ = 80) as the less soluble B
on the relative lengths and grafting densities of the tethered component g = 40). Since the area of the micellar core is

polymers.

smaller here than in the cases above (whdye= 80), smaller
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Figure 2. Three-dimensional plots showing the effect of decreasing the surface sepdrafmmalternately grafted AB chains wherédNa = Ng

= 80. Unless stated otherwise, the grafting density perdire0.025,yas = 0, yss = 2, andyas = 0 in all the subsequent figures. The figures are
for the following surface separations: (a)= 21, (b)L = 13, and (c)L = 5. The chains are grafted in th€Y plane andp, denotes the polymer
density. The plots marked “B” show the polymer density of the B blocks, while the plots marked “A” show the density of the A blocks.

0.2
0.1
AFint
0.0
-0.1
-0.2
0 10 20
) . . L . Figure 4. Three-dimensional plots showing the self-assembly for
Figure 3. Free energy of interactiodFix, as a function of surface  surface separatiot, = 9, for alternately grafted AB chains. Here,
separationl, for alternately grafted AB chains wheréNy = Ng = yas = 1.5.
80. The figure shows resdilts for three differgm, which are shown initially come into close contact. The entropic losses associated
with different types of lines. . i . - . . -
with confining these solvophilic chains give rise to a repulsive

amounts of the A polymer are needed to shield the B domain interaction, as can be seen in the free energy of interaction in
and the rest of the soluble polymer forms a stretched layer. Now, Figure 5. Further compression of the surfaces brings the
as the surfaces are compressed, it is the longer A chains thamicelles into contact and drives these cores to merge. The
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resembles aatchet Asin Figure 5, there is an initial repulsion
between the surfaces, followed by a large attractive region and
then further repulsion. If the surfaces are driven together with
sufficient force to overcome the initial repulsion, they bind each
other at the global minimum of the interaction. The fourth type
of profile (Figure 8c) is hinted at in the upper curve in Figure
5, whereyag = 1.5 and the minimum is barely attractive. With
\ / a slight increase inag, the global minimum neab = 10
becomes a local minimum. (The true global minimum of the
~0.1 interaction is at large plate separations.) In this case, there is a
0 10 20 metastableequilibrium point in the free energy profile.
L These interaction types (micelle-dominated, brush-dominated,
Figure 5. Free energy of interactioAFi, as a function of surface  ratcheting, and metastable) have different implications for
separationL, for alternately grafted AB chains withN, = 80 and controlling a solution of coated particles. Brush-dominated
Ng = 40. interactions stabilize the dispersion, while micelle-dominated
interactions promote aggregation into clusters characterized by
merger again give rises to an attraction between the plates. Thea well-defined, nonzero separation. Ratcheting interactions also
lower volume fraction of the B component, however, shrinks promote aggregation with a well-defined separation. However,
the attractive region in the free energy of interaction. the initial repulsion has an effect on the kinetics of aggregation.
Comparison of Figures 3 and 5 shows that the initial repulsion A metastable interaction provides steric stabilization like that
is more pronounced and the minima are higher in Figure 5. This given in the brush-dominated regime. However, in thermody-
behavior is consistent for all three valuesy@b. These plots  namic equilibrium, there is a band of inaccessible particle
indicate that the overall shape of the curves can be controlled separations near the kink in the free energy. We produce a
by manipulating the relative length of the different chains. We properly concave interaction free energy by employing a
return to this point in our scaling analysis. Maxwell construction, as indicated by the dashed lines in Figure
To highlight the advantages of having both A and B chains g,
on eachsurface, we compare the above results to our findings  |n our scaling model, each surface is again coated with A
on the system shown in Figure 1b!! Here, one substrate is and B homopolymers, with an area per chairsgffor the A
coated withyas = O chains, and the other is covered wjis chains andsz for the B chains. The A chains hawis
= 2 homopolymers. The length of the chains is givenNay ~ monomers, and the B chains haNg monomers. We assume
= Ng = 80, andyag is set at 0. As Figure 6 shows, there is an that both the A and B chains are grafted relatively uniformly
increase in the density of the soluble A component around the on each surface. We further assume that the solvent is good
B micelles when the surfaces start interacting. Again, this for A but poor for B. We define a solvent quality parameter
behavior shields the solvophobic B’'s and thereby lowers the =2y — 1, wherey > 1, is the Flory-Huggins mixing parameter
surface tension in the system. As the surfaces get closer, thefor B monomers and the solvent. We assume #agt= y, so
morphology of the layers resembles the “flower-like” structure that there is no shielding effect to consider. Finally, we assume
described above (see Figure 2a). that the respective monomesurface interactions are given by
While the increased shielding of the B'’s leads to an enthalpic y,w = 0 andysw = %. Thus, the surface is nonadsorbing for
gain in the free energy, the surface confinement results in poth A and B.
entropic losses. Whepns = 0, the free energy of interaction At large separations, the B homopolymers form pinned
plotted in Figure 7 displays a minute attractive region. When micelles that coat the surfaces, and we assumeNkand sa
xas > 0, however, the surface interactions are purely repulsive. are such that the A polymers form brushes. The situation is
Absent from this system is the attraction that arises from the akin to that depicted in Figure 2a. (The important difference
merging of micelles from opposite surfaces. The latter interac- petween the system pictured in Figure 2(a) and the one we
tions can only occur by having solvophobic chains twsth consider here is that the A polymer does not shield the B cores.)
surfaces. Thus, the system where the A chains are localizedwe treat the A and B systems independently, as is justified in
on one surface and the B’s on the other offers less “handles” or the absence of shielding and when the typical distance between
options for tailoring the surface interactions. adjacent micelles is large. We defité such that the plate
To further analyze and quantify the possible interactions separationl, is given byl = 2H.
between surfaces that contain both solvophilic A and solvo-  For simplicity, we employ the Alexander and de Gennes
phobic B homopolymers, we turn to scaling thedty? The approximation for the A brush; that is, we assume that the free
interaction potentials we calculate with this model can be ends of the grafted chains are localized in a single plane parallel
classified into four distinct classes, as shown in Figure 8. In to the grafting surface®:22 When the surfaces are far apart,

the first of these (Figure 8a), the interaction potentiahiselle- the free energy per chain in the brush is given by
dominated This type of interaction is seen in Figure 3. Here,

the interaction potential nearly vanishes for plate separations 3 H2 a3Ni

greater tharl. = 18. When the separation is loweredlto= F(H) = 52 v (8)
18, the effective attraction between the micelles drives the plates a'Ny Sa

towardL = 0. When, however, the separation becomes too

small, the soluble A chains are compressed, causing the eventuaivhereH is the as yet unknown height of the unperturbed brush
upturn in the interaction free energy for intermediate The anda? is the effective volume per monomer. MinimizifgH)
second type of interaction (Figure 8dYisush-dominatedwhich with respect toH yields

can be seen in Figure 7. The interaction potential is purely

repulsive; the response of the system is dominated by the H,, = 3 2%, %N, (9)
compression of the swollen A brush as the plates are brought

together. The third type of interaction profile (Figure 8b) and
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Figure 6. Three-dimensional plots showing the effect of decreasing the surface sepdraiidien one surface is coated with A homopolymers
and the other is coated with B chains. Plot are forl(a} 21, (b)L = 13, and (c)L = 7. Here,Na = Ng = 80 andyag = O.

AF|| (a) AF (c)
0.5
AF;nt 03 N H o
0.1
(d)
-0 AF ®) AF
0 10 20
L /\ i hyr for
Figure 7. Free energy of interactioAFir, as a function of surfface | Nodacaoooaooo--. H H
separationl, when one surface is coated with A homopolymers and
the other is coated with B chains. h*
_ hy
Fg, — (34/3/2)a4/3SA 2/3NA (10) br
) . ) ) Figure 8. Interaction types. (A) Micelle dominated. The thermody-
whereHy, is the undisturbed thickness of the brush zﬁﬂgls namic phases afd = Hpyin andH — . The dotted line is produced

the free energy per chain in the brush. Then, the interaction by a Maxwell construction. (B) Ratchet. The thermodynamic phases
free energy of the brush per chain is are as in (A), but the adjustable repulsive tail has implications for the

kinetics of aggregation. (C) Metastable. The interaction is generally
repulsive, but near the local minimum there is a band (via the Maxwell
11 construction) of unstable particle separations. (D) Brush dominated.
) when H < Hy, (11) There is no longer a local minimum in the interaction profile, and the

0 when H = Hy,
AF,, = Fgrg( Hi

br, unstable band is small.
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where AF = AF,, + AF, a7)

1 , 2 AF(H) differs from AFi,; above in thatAF is a free energy per

5 1= 3 (H/H,)" + §(Hb,/H) -1 (12) chain, whileAF;y is loosely the free energy per unit areAF

For can be classified into one of the above four categories, as

0 ) ) _ demonstrated in Figure 9. We define two parametdss=

Note thatg(1) = 0O; Fpo(X) is the _dlfference in free energy Fo/Fom, and hyy = Hp/Dpm When h,, < h* = 0.823, the

between a compressed brush (with= H/Hyr < 1) and the  potential is micelle-dominated. This corresponds to region A.

uncompressed layer (where the brush thickness is eqt&X0  The micelles merge before the brushes come into contact, so

WhenH > Hy, the brushes are undisturbed, whileHif< Hpy, that there is always an attractive region (not preceded by an

each brush is compressed at a cost in free energy. initial repulsion). Wherhy,, > h*, the behavior of the potential
The B system forms pinned micelles on each surfaceHAt s controlled byf,. For largefy, the potential is purely repulsive,

= H*, the B micelles merge to form micelles centered in the pyt there is a kink in the free energy nedr= H*. This is

gap between the surfaces, with long stretched *legs” going from region D. Asfy, is decreased, a local minimum appears in the
the micelle toward each surface. We first analyze the situation potential (region C), and ify is decreased even further, this
for separations withd > H*, where the micelles are localized  |gcal minimum becomes the true global minimum (region B).
on the individual surfaces. THechains in each micelle form  The boundary between regions D and C and the boundary
a dense core, whose radiugs= (fNe/7)"%, and legs that anchor  petween regions B and C are asymptotically of the fégm-
the micellar core to the surfaéeThe equilibrium characteristics hot in the limit hy, > 1

- . . - . - r .
of a pinned micelle containinfichains are Qetermlned by the Since adjustingNa andsa provides independent control over
balance of the surface free energy (per chain) of the exfeur, for andhyy, by tailoringNa andss we may in principle choose
and the free energy associated with the elastic stretching of aine interaction type from among the above four. Additionally,

leg, AFieg. The AFsu te2rm arises from the surface tension  \yhen the interaction is of the ratcheting type (Figures 8b and
(which is proportional ta? ) at the boundary between the core 9), control over the range and free energy barrier of the

H) F(H/Hbr)
g

1y

and the solvent and is given byFsuq le‘lﬂfz Re/A. Since the jnteraction can be gained by correctly designing the coverage
Iatera1I/25|ze of the micelles B = (fss) 7, thenAFeg = 7D = and molecular weight of the soluble component. This fine level
7(fsg)"%. (Here,D>R) Minimizing the sum ofAFsur+ AFieg of control should be relatively easy to achieve experimentally

Wi_th respect tR yields the equilibrium dimensions of a pinned 514 |ow in cost to implement and is of significant utility in
micelle designing tunable colloidal dispersions for specific applications.
N5 1 a5 15 15 215 _V\_/e note that effects similar to t_hose observe_d with the two
D,,= (:—3) a1 S5 Ng (13) distinct homopolymers can be achieved by grafting copolymers
that contain both solvophilic and solvophobic bloéks?
and gives Consider the case where each surface is coated with symmetric
AB diblocks, which are grafted by the ends of the B blocks,
Fom= 5(108x) °a #*r%g/SNZ® (14) andyas = 0, yss = 2, andyas = 0. When the layers are far
apart, these chains also form “flower”-like structures on each
whereDpn is the lateral extent of the equilibrium structure and  of the surfaced? In particular, the solvophobic B blocks form
Fpm is the free energy per chain in the pinned micelle state. a dense core and the A chains form a broad corona around this
The pinned micelle will also form in the gap between the B region. As aconsequence, the interaction profiles are similar

pm

surfaces. Then, the free energy per chain has thelform to those in Figure 3. Modifications in the surface interactions
can be achieved by varyingag, the relative lengths of the
F = 4nc? R/2f + (D* + H)Y? ¢ (15) solvophilic and solvophobic components, or tethering the chains

o ) by the end of the A block¥ Thus, tethered copolymers also
The surface energy per chain is lowered by a factor of 2, since provide a means of engineering the interactions between the
the common micelle is made of 2hains,f coming from each substrates.

surface. Following the calculation outlined above, and expand-  |nteractions between Like-Charged Polymer Layers. An

ing eq 15 for smalH (with the understanding th&t < H) the additional way of controlling the surface interactions is to anchor
H-dependent free energy of the centered micelle is polyelectrolytes on the substrates. The behavior of this system
s 12 3 is rather complex in a poor solvekt?® While the incompat-
= ~us 27 HT H ibility with the surrounding solvent drives the chains to collapse
5 D, Dom into pinned micelles, the electrostatic interactions give rise to a

repulsion, which favors the disruption of the micelles. The final
(Note, the notatior®[x] means “on the order of’.) For H < structure will depend on a balance between these competing
Dpm, the free energy per chain is lower than the state where theinteractions and will clearly depend on the degree of the
micelles are formed separately on the walls, but the free energypolymer-solvent incompatibility and the extent to which the
rises as the stretching is increased by an increaséd.of chains are charged. We first determine the structure of the layer
Eventually, the centered micelles divide into two and jump to on one surfac® and then investigate how this structure affects
each surface, at which point the free energy per chain becomeshe interaction between two surfadésin our single-surface
constant irH. The transition occurs ne&t/Dpm, ~ O[1]. The study, we begin our analysis by deriving the scaling behavior
transition point may be analyzed by expanding eq 15 aBout  for the charged pinned micelles and use 2D S&talculations
= Dpm andH = Dpn to second order. From this expansion, we to visualize these structures. (In the latter SCF model for

find that the jumping transition occursldt = 0.82D,,. We charged polymers, there is an additional contribution to the
approximateF,(H) for H < H* by a quintic polynomial that potential that arises from the electrostatic interactions between
matches the expansions for smélland forH nearDym,.t0%° different charged specié$)

We now defineAF; = F¢(H) — Fym. The total interaction We consider flexible homopolymers that are anchored by one

free energyAF, is defined by end onto an inert, planar substrate. The chains are grafted at
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low, and the counterions are primarily localized within the
pinned micelles.

The trapped counterions give rise to a contributidh =
Na In(ar) and create an osmotic pressure that partially swells
the core. Eventually, the osmotic pressure produced by these
trapped counterions disrupts the micelles and transforms the
patterned layer into a laterally homogeneous swollen brush,
which has a thicknes$26H = No2. The point at which this
transition occursg*, is determined by equating the chemical
potentials of the chains in a micellg;, and in a homogeneous
layer,us. In a micelle, the major contributions tg arise from
the polymer-polymer attractions and the translational entropy
of the trapped counterions, yielding = — Nz? + aN In(az).
In a swollen layerus is determined by the elastic stretching of
the chains and the translational entropy of the mobile counte-
rions, yieldingus = HN + aN In(aN/sH). Substituting H=
Nal’2 into the expression fors and equating:: and us, we

interactions. The coalescence of the micelles dominates the free energyObtain?'? (neglecting logarithmic prefactors)* = 7,2 and thus,

of interaction. There is a single global minimum and no initial repulsion the height of the layer ai* is H*

in the interaction free energy. (B) Ratcheting interactions. The
interaction free energy has an initial repulsion that shields the global
minimum. (C) Metastable interactions. There is a cusp in the free
energy, followed by a local minimum. The free energy is repulsive

Nrz.

To visualize the changes that occur within the tethered layer
aso is increased, we turn to the 2D SCF calculatish. Here,
s = 100, the length of the chains is fixed lt= 100, andy,

and provides steric stabilization. (D) Brush dominated. The free energy the polymer-solvent interaction parameter, equals 2. (This
is purely repulsive, although there is a cusp in the interaction when value corresponds to= 1 in our scaling model, and hereq

the micelles merge.

relatively low densities, and the system is immersed in a poor
solvent. The area per chéfris given by the parameterand
each chain containd > 1 segments. The degree of ionization
per chains is specified by. This is, each chain has= aN
immobilized charges and produces an equal numbgmnubbile
counterions in the solution, which is assumed to be salt-free.
We also assume that the Bijerrum lentgh= €%/ekT = a, which

is typical for flexible, water soluble polymers. Hemjs the

unit of elementary charge;, is the dielectric constant of the
solvent, anda is the diameter of a monomer.

As noted above, the equilibrium characteristics of a neutral
(oo = 0) pinned micelle are determined by the balance of the
surface free energy (per chain) of the cok&gyt, and the free
energy associated with the elastic stretching of a IEeg.
Minimizing the sum ofAFsus + AFieq With respect td yields
the equilibrium dimensions of the neutral pinned micelle
(neglecting all numerical coefficient8):

fo — N4/5'L'2/5/33/5; Ro — N3/5/(T1/531/5); D0 — N2/5T1/551/5(18)

~ 0.01.) Figure 10 reveals the equilibrium profiles of the
polymer and mobile ions at various values for the single
surface case. At. = 0 (neutral chains), the polymers form
well-defined pinned micelles with dense cores the polymer
density,~ 0.9). Ata = 0.15, the counterions have predomi-
nantly condensed into and partially swollen the cores. (The
volume fraction of polymer in the cores diminishes, and the
total size of the micelle increases slightly.) &t= 0.27, the
micelles have been destroyed, and the laterally homogeneous
layer is swollen by counterions. For these values of the
parameters, the transition point from pinned micelles to a
uniform brush occurs at* = 0.23.

We expect that the interaction between two such polyelec-
trolyte-coated surfaces is different for the< o* and o0 > a*
regimest* At a. < a*, the surfaces are covered with pinned
micelles at all surface separatioms Since the counterions are
predominantly condensed within the micelles, the initial repul-
sion between the surfaces due to noncondensed counterions is
rather weak. As in the case of neutral polymers, when the layers
are brought into contact, micelles from the opposite surfaces
merge ath = D,, and this merger gives rise to an attractive
minimum.

The situation is qualitatively different at > a*. Here, the

The presence of charged groups within the chains leads tosurfaces are covered by swollen brushes at infinite plates

an additional free energy contributioNFeeq Which arises from

separations. As these surfaces are compressed, the counterions

the electrostatic interactions between charges and the translaundergo significant losses in translational entropy. At a critical

tional entropy of the mobile counterions. Wheris small, the

deformationh*, the attractive polymetpolymer interactions

attraction between the charged core and the mobile counterionswill override the entropic contributions and the homogeneous,

is insufficient to localize the ions in the vicinity of micelles;
thus, the micelles are weakly charged. An increase ieads

to the localization of the ions near the cores and a partial
screening of the Coulomb repulsion. The onset of counterion
condensation occurs at= a,, the point at which the net charge
of the core,Q = afN, equals the radius of the cofeR, or Q

= R At a > a,, the majority of the counterions are trapped
inside the cores and only a small fraction of the counterions,
~R/Q, are still found outside the micelles.

For significantly poor solvents, or & 7 < 1, the charged

dilute layers abruptly transform into collapsed, pinned micelles.
This structural transformation constitutes a first-order phase
transition and is accompanied by a significant redistribution of
all the components. When the layers are compressed further,
so thath < h*, micelles from the opposite surfaces again merge
ath = Do,

The different morphologies between the two surfacefer
o* can be seen from the density profiles obtained through the
SCF calculations. The profiles in Figure 11a reveal the laterally
homogeneous layer at large separationsy erh*; Figure 11b

micelles are still described by the scaling dependences in eqshows the appearance of distinct pinned micelles on each surface

1822 Thus,0, = Ry/foN = 25 N85 7735 which is significantly

whenh = h*. The merging of the micelles into larger structures

less than 1. Consequently, the condensation threshold is quitebetween the plates can be seen in Figure 11c, whereh*.
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Figure 10. Three-dimensional SCF density profiles for the polymer and counterions showing the effect of increasing the degree of ienization,
for N=100,s = 100, andy = 2. The chains are grafted in t plane, theZ direction lies perpendicular to the surface, gndenotes the polymer
(A) or counterion (B) density. In (ap. = 0.0, (b)a. = 0.15, and (cj. = 0.27.

We can determine the specific value lgf by equating the scaling prediction thah*, the critical separation where the

chemical potentials of the chains in the stretched layerand micelles appear, is a decreasing functioroof
that in the collapsed micelleg,. Introducing the reduced To quantify the interaction between the surfaces, we use the
variablef = h*/H* (whereH* is the height of the swollen brush  scF model to calculate the interaction free enetyFin, as
ata = a*), we can writeh*(a) in the following form the two surfaces are brought into contact for various values of
_ 5 o.. This curve is shown in Figure 13. For smalk (o < o),
war =[y — (1= )2y +In@) (19) there is an initial increase ihFi, Which is caused by the

wherey = In(z%) > 1 and all the necessary prefactors have 0Smotic pressure of the noncondensed counterions; this is
been retained. Through eq 19, we can delineate the phasdollowed by a pronounced attractive minimum that arises from
boundary between the two states of the system, pinned micellesthe merging of micelles from opposite surfaces. An increase
versus a homogeneous layer, for both undefornged () and in o leads to a corresponding increase in the osmotic pressure
compressedX < 1) layers. This expression indicates tffas of the noncondensed part of the counterions and a decrease in
a decreasing function of; i.e., a greater compression is the attractive minimum. However, a nonmonotonic dependence
necessary to cause the formation of pinned micelles at higherof AFin on hiis still evident at rather high values of > a*,
values ofo. To illustrate this behavior, Figure 12 shows a plot Where each layer forms a laterally homogeneous, swollen brush.
of h* versusa, which was obtained from the SCF calculations. The nonmonotonic behavior is due to the novel effect noted
Above the solid line, the system forms a laterally homogeneous above: the compression of these swollen brushes leads to the
layer, while below this line, the chains collapse into pinned formation of pinned micelles at both surfaces. In Figure 13,
micelles. As can be seen, this curve is in agreement with the the point at which this transformation occursh®ris pinpointed
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Figure 12. Phase boundary for the first-order phase transition
separating the homogeneous layers from the inhomogeneous layer of
pinned micelles. For a fixed andh < h*, the inhomogeneous system

is favored over the homogeneous layer.
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Figure 13. Free energy of interaction as a function of surface separation
for N = 100,s = 100, y = 2, and values ofx ranging from 0 (no
charge) to 0.35 (approximately one charge per three monomers). The
arrows in the plot pinpoint the transition from a homogeneous layer to
pinned micelles.

occurs ath ~ D. For the values of the parameters examined
here,D is not affected by and, within reasonable accuracy,
Figure 11. Three-dimensional SCF plots showing the effect of equalsD, (This can be seen, for example, by comparing the

decreasing the surface separationor 100,s = 100,y = 2, anda lateral extent of the micelles in Figure 10a, where= 0, and
= 0.27. The chains are grafted in t plane, theZ direction lies Figure 10b, wherer = 0.15.)

perpendicular to the substrate, afidenotes the polymer density. Here,
the shape of the profiles for the counterions are qualitatively the same  The appearance of the minima in Figure 13 has important
ars] thos&fa fortne polymers. (al) At surfa;)cewiip%atimﬁ()l,l thefgrafted practical implications. Our results are applicable to a system
ga?k?%f ?ﬁ:‘su?gggs n&?ﬁjﬁ%ﬁéé%pr%sioﬁ steegsthgrnn:ic%rhes of po!yelect_ro_lyte-coated colloidal particles; this §ystem will
from the surfaces to merge. exhibit a similar free energy profile. The relatively sharp
minima indicate that there is an optimal separation between the
by a vertical arrow. (In these SCF calculations, the changes in coated particles, and thus, these colloids could form an ordered
free energy as a function dfare so small that a discontinuity ~ array. (While the minimum foAFiy > O represent metastable
in the slope, which characterizes this first-order transition, is states, they are nonetheless experimentally accessible and may
not evident in the figure.) Below this surface separation, the be long-lived.) Thus, our results indicate that by increasing
curves display a distinct minima, which once more arises from the concentration of these colloids in solution, and thus
the association of the micelles from the opposite surfaces (aseffectively decreasing the surface separatipthe system can
shown in Figure 11c). Note, however, that this minima finally be driven into an ordered state. Such crystals can be used as

disappears for higher values af tunable diffraction gratings or optical switching devi@ég?
The specific positions of the various minima are not affected Given the potential that these materials hold for fabricating novel
by the value ofx (see Figure 13). For botth > a* and o < optoelectronic devices, it is of significant technological impor-

o* the location of the minimum is determined by the lateral tance to establish effective pathways for creating such ordered
periodicity of the systenD, since the merging of the micelles  colloidal arrays.
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