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ABSTRACT: Amphiphilic polymers are macromolecules that contain two types of segments: one that is
compatible with a solvent and another that is solvent incompatible. In solution, the solvent incompatibil-
ity drives parts of the chain to adsorb onto the nearest surface or interface. Once bound to the surface, the
presence of the polymer modifies the properties of the interface. However, the ability of these chains to
adsorb onto a surface is complicated by the fact that the solvent-incompatible moieties will also associate
with each other, causing the chains to self-assemble. Furthermore, chains attached to the surface can asso-
ciate with free chains in solution. These interactions give rise to a complex microstructure in the interfa-
cial region. In order to examine this microstructure, we develop computer simulations to model the adsorp-
tion of ABA triblock copolymers. Here, the A moieties are hydrophobic and the B segment is hydrophilic.
Using these models, we examine the conformations of the adsorbed chains. In addition, we investigate how
surface coverage is affected by the length of the B segment, polymer concentration, the energy of interac-
tion between the B segment and the surface, polydispersity, and reversible adsorption.

Introduction

The interfacial properties of amphiphilic polymers make
them a crucial component in a wide of variety of techno-
logical applications, from the steric stabilization of dis-
persed particles, to the stabilization of oil/water emul-
sions.! Amphiphilic polymers contain two types of seg-
ments: one that is compatible with a solvent and another
that is solvent incompatible. Solvent incompatibility pro-
vides a good mechanism for anchoring segments of the
chain onto a substrate. For example, the hydrophobic
effect? drives the nonpolar moieties (hydrophobes) away
from the aqueous environment and onto an available sur-
face or interface. Once bound to the surface, the pres-
ence of the polymer modifies the properties of the inter-
face. This phenomenon gives rise to the commercial util-
ity of long-chain amphiphiles. However, the picture is
complicated by the fact that the hydrophobes will bind
not only to the surface but also to other hydrophobes in
the solution. This situation is familiar for the case of
simple diblock architectures, where above a critical con-
centration, distinct micelles are formed in the solution.>
However, as the polymer architecture becomes slightly
more complex (consider a triblock composed of a hydro-
philic segment capped by two hydrophobic end groups),
the ability of these molecules to self-assemble will fur-
ther affect their interactions with the surface. As will
be seen in the forthcoming figures, now actual structure
within the interfacial region is also influenced by the asso-
ciation reactions between the triblocks. In order to profit
from the interfacial properties of the more complicated
amphiphiles it is crucial to understand how their surface
adsorption is affected by these self-assembling reac-
tions. Below, we report on the results of using Monte
Carlo simulations to examine the surface adsorption of
self-assembling triblock copolymers.

Computer simulations provide both a qualitative and
quantitative means of understanding the factors that influ-
ence polymer—surface interactions. First, by viewing the
graphical output throughout the course of the simula-
tion, one can actually “watch” the molecules adsorb onto
the surface and actually “see” the intricate microstruc-
ture evolve. This level of visualization is invaluable for
unraveling the complex series of events that occur at the
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interface. Second, the quantitative features that char-
acterize the interfacial region are easily computed. Such
features include the fraction of polymers bound to the
surface and in all subsequent layers (i.e., the polymer
segment density profile), the layer thickness, and the con-
formation and dimensions of the bound (and free) chains.
These parameters can be evaluated at any point in the
reaction. Consequently, the data yield information on
the kinetics of adsorption, as well as knowledge about
the final equilibrium state. This point is particularly
important since recent kinetic studies® indicate that while
the initial surface adsorption of diblock copolymers is
rapid, the equilibrium adsorbance is reached only at much
longer times. Thus, experimental measurements made
after polymers and the surface have been in in contact
for only short times (<10 h®) may be more revealing of
the kinetic behavior than the final equilibrium state. Con-
sequently, understanding the kinetic effects may be
extremely helpful in explaining observed trends. Third,
computer “experiments” to systematically alter various
polymer or surface properties are easily carried out, and
hence, we can readily examine how such variations affect
the adsorption process.

In problems involving the reactions of self-assembling
molecules, computer simulations also provide a signifi-
cant advantage over analytical models. In using an ana-
lytical approach, one is forced a priori to assume a par-
ticular geometry not only for the clusters of aggregated
molecules but also for the microstructure at an inter-
face.” Since these microstructures are highly complex
or yet uncharacterized, analytical models are not well suited
for studying this class of problems.? In simulations, on
the other hand, no assumptions are made about the geom-
etry of the interface (or the aggregates): the molecules
are allowed to adsorb and self-assemble into whatever
microstructure they prefer. Thus, simulations address
the limitations of the analytical approach.

Below, we describe the computer model we developed
to examine the surface adsorption properties of ABA tri-
block copolymers. The A blocks represent the “sticky”
hydrophobic segments (or “stickers”), while the B seg-
ment models an internal hydrophilic block. In a previ-
ous study,® we investigated the ability of these mole-
cules to self-assemble in solution. In particular, the chains
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Figure 1. Graphical output from the 3-D simulations. The z = 0 plane represents the adsorbing surface. The chains in the upper
half of the cube are free chains in solution. The hydrophobes on the bound chains are drawn with a thick line so as to distinguish
readily the polymers attached to the surface. Here the chains are 10 lattice sites in length.

associate through the A moieties to form extensive clus-
ters or networks. Here, we are interested in examining
how these chains behave near an interface. Specifically,
we examined the effect of the following parameters on
surface adsorption: length of the B block, polymer con-
centration, A-A type associations, the interaction energy
between a B segment and the surface, and polydisper-
sity in molecular weight.

The Model

The current simulation is started by randomly intro-
ducing a specified number of chains into a cubic volume
with 50 lattice sites on a side. These chains represent
the “free” macromolecules in solution; the number of these
free chains is held constant throughout the simulation.
The scenario that our simulation models is one in which
the solution is in contact with and lies directly above an
adsorbing surface. Consequently, the bottom plane (z =
0) of the cubic lattice represents the surface to which
the polymer molecules can diffuse and adsorb.

The polymer chains are composed of n lattice sites and
the last bond, on both ends of the chain, represents the
Ablock. Asin the previous study,’ the chains bind through
these A segments. In particular, a chain becomes adsorbed
to the surface (or attached to another chain in the adsorbed
layer) when one of the A stickers is parallel to and one
lattice site away from the surface (or from a sticker on
an adsorbed chain). Presently, the length of the A region
is kept fixed and the chain length is varied by modify-
ing the length of the internal B block.

At the beginning of the simulation, one of the free chains
is picked at random and allowed to execute a self-avoid-

ing random walk. The random walk is ccmposed of two
parts: a translation and a “wiggling” motion. The trans-
lation consists of moving the entire chain one lattice site
in a direction to be picked at random: either up, down,
right, left, forward, or backward. Then, the wiggling, or
chains dynamics, is simulated by using the Verdier-
Stockmayer algorithm,'® with the corrections suggested
by Hilhorst and Deutch.!! Each motion is attempted and
is accepted only if it meets the excluded-volume criteria.
This procedure is repeated until an A segment is aligned
parallel to and one lattice site above the surface. The A
segment then remains stuck at this position; however,
the remaining portion of the chain is free to wiggle. A
chain that has one stationary end is referred to as “par-
tially frozen”. At this point, a new chain is added to the
solution, thus keeping the number of chains in the bath
constant. (Here, the solution acts as an infinite source
of free chains.)

Now, a chain is again picked at random. If the par-
tially frozen chain is picked, it is free to wiggle, while a
free chain can translate and wiggle. This procedure is
repeated until one of the following bonding events occurs:
(1) an A segment on a free chain bonds to the surface,
(2) this segment bonds to the free A end on a partially
frozen chain, or (3) the free A end on a partially frozen
chain binds to the surface. In cases (1) and (2), a new
chain becomes partially frozen, and an additional chain
is added to the bath. In case (3), both A segments have
become bound, thus a partially frozen chain becomes com-
pletely “frozen™: the entire chain remains fixed in loca-
tion. In the latter event, no new chain is added to the
solution. Eventually both ends of a chain may be paired
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Figure 2. Surface coverage versus computer time steps (chain
length 20 = 0. 0 PA A= 1. 0, Xas = XBs T 0. 0 number of
free chains = 5%0
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Figure 3. In (R,) versus In (N) (Pg = 0.0, Py_, = 1.0, x,5 =
Xms = 0.0, number of free chains = 20). Slope = 0.594.

with ends on other chains, the polymer having been
“trapped” and, in turn, trapping another chain from reach-
ing the surface. In this case, as well, the chain is consid-
ered “frozen”.

Since we wish to focus attention on the character and
growth of the adsorbed layer, we will not allow free chains
to associate among themselves. (Their aggregation has
been described in a previous paper.®) To summarize, a
free chain can bind to the surface or to a chain that is
already adsorbed, i.e., that is partlally frozen or frozen.

Both reversible and 1rrever51ble 12 adsorption have been
proposed as realistic possibilities for describing polymer-
surface interactions. In the majority of the simulations
described below, the binding between an A segment and
the surface, as well as the bindings between different A
segments, is assumed to be irreversible. However, vari-
ous results from a reversible-binding model are also pre-
sented. In this version of the simulation, bonding occurs
as outlined above; however, at some later time step, the

Surface Adsorption of Triblock Copolymers 841

]

i,

Figure 4. Conformatnon of bound chain for PA_A = 0 0 (top)
versus P,_, = 1.0 (bottom) (Pg = 0.0, x = 0.0, num-
ber of free chains = 20, chain length = Aﬁ On y a portion of
the entire surface is shown

most labile chains are allowed to break away with a pre-
scribed probability “Pg”. The most labile polymers are
the partially frozen chains that are linked to the interfa-
cial region by only one bond. Chains bound through two
or more bonds are clearly less likely to desorb than a
singly bound species. If a chain leaves the surface layer,
in another time step it may either rejoin this layer or
diffuse further away.

The simulations are carried out in both two and three
dimensions. The three-dimensional model is a far more
realistic representation; however, the figures generated
from the two-dimensional simulations are easier to inter-
pret than the images obtained from the 3-D calcula-
tions. Consequently, the 2-D diagrams are useful for gain-
ing a qualitative understanding of observed trends. Fig-
ure 1 shows the graphical output from a 3-D simulation,
while subsequent diagrams will show the 2-D images.
Finally, we note that the calculations can be halted after
a specified number of time steps or when a specified num-
ber of chains have been incorporated into the adsorbed
layer.

Results and Discussion

We are interested in the microstructure of the adsorbed
layer after a significant number of macromolecules have
been adsorbed onto the surface. Therefore, it is impor-
tant to describe when, during the course of a simulation,
measurements were made. Figure 2 shows surface cov-
erage (the fraction of surface sites occupied by polymer),
8, versus computer time steps for the irreversible adsorp-
tion of a monodisperse sample of chain length 20. The
general shape of the curve coincides with experimental
observations on the kinetics of diblock adsorption.® Here,
as the number of time steps nears two million, the frac-
tion of surface lattice sites bearing adsorbed polymer
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Figure 5. Conformatlon of bound chains for PA A =0:(A) at
short times and low surface coverage, (B) at intermediate times,
surface coverage >C*, and (C) at long times and high surface
coverage.
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Figure 6. Surface coverage versus chain length (Pg = 0.0, P5_4
= 1.0, x4g = xng = 0.0, number of free chains = 20).

as the number of time steps nears two million, the frac-
tion of surface lattice sites bearing adsorbed polymer
reaches a plateau. Past two million time steps, surface
coverage increases by only 1-2% per million time steps.
All of our measurements were made at four million time
steps. This puts us well onto the region where changes
in the number of chains adsorbed are occurring at a very
slow rate and well within the limitations of reasonable
computational time. The numerical results presented are
averages obtained from running each simulation in trip-
licate. All values were obtained from the three-dimen-
sional model. Images from simulations run in two dimen-
sions are presented only to help explain the observed
trends.

The dimensions of the adsorbed chains, radius of gyra-
tion, and extension normal to the surface or layer thick-
ness (L) are critical to determining the ability of the
adsorbed chains to impart steric stabilization. To deter-
mine the behavior of these parameters, we performed a
series of simulations in which we systematically varied
the length of the chain, N. For each of these N values,
the radius of gyration, R,, for the adsorbed chains was
calculated. We then plotted natural log (R,) versus nat-
ural log (N). The slope of this line ylelds the value of
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Figure 7. Two-dimensional images of adsorbed layers com-
posed of short chains (10 lattice sites, top) and long chains (50
lattice sites, bottom).

the scaling exponent, », relating the two variables:
R,=aN’ (1)

We obtain a value of v = 0.594 (Figure 3), which agrees
extremely well with the value of 3/5 or 0.6 predlcted by
Flory for self-avoiding random walks in 3-D.!3

Using the data from Figure 3, we determined the value
for a in eq 1. From a known value of R,, we can calcu-
late the value for the concentration of bound chains at
the overlap threshold, C*, the surface density at which
these chains just begin to overlap:1*~'6

C*=1/7R/} (2)

These calculated values are compared with the surface
concentrations obtained after four million time steps in
Table I. The surface concentrations from the simula-
tions are very close to C* for all lengths, except chain
length 10. For a chain length of 10, surface concentra-
tion is significantly less than C*. These results and the
shape of the plot for surface coverage versus time (Fig-
ure 2) indicate that, for most chain lengths, the adsorp-
tion process proceeds quite readily up to a surface con-
centration near C*. Beyond this point, it becomes increas-
ingly more difficult to adsorb new macromolecules, since
both attached and “attaching” chains must become more
and more stretched from their entropically favorable ran-
dom coil conformation. However, running the simula-
tions for significantly more time steps does yield surface
concentrations above C*. (Results at high surface cov-
erage will be discussed in a future paper.) Again, this
result coincides with the kinetic studies on diblocks: the
first stage of the adsorption occurs rapidly, followed by
a slow adsorption process at long times.®

Returning to our observations for short chains, the sur-
face concentration is restricted by a trapping mecha-
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Figure 8. Train, loop, and tail, analysis after four million time steps for several polymer chain lengths (Pg = 0.0, P,_, = 1.0, Xag

= xpg = 0.0, number of free chains = 20).

nism. A large percentage of each short chain is sticky.
If a free chain approaching the surface collides with an
adsorbed short chain, it is likely to be captured by the
adsorbed chain and prevented from continuing on toward
the surface. A much lower percentage of the chain is
sticky for longer chain lengths. Therefore, approaching
chains are more likely to collide with and “bounce off”
adsorbed chains and continue to the surface.

A In-In plot of layer thickness, L, versus chain length
was also examined. (In our measurements for L, we only
consider chains bound directly to the surface.) The slope,
or scaling exponent, of 0.649 is slightly higher than the
theoretical value of 3/5 for surface concentrations at or
below C*. Thus, the conformations of the adsorbed chains
are slightly elongated in the direction normal to the sur-
face. This elongation can be understood by comparing
these results with those obtained from chains that can
adsorb onto the surface but do not self-associate.

Examination of chains that do not self-assemble was
carried out by setting P,_,, the probability of a sticker-
sticker association, equal to 0.0. The probability of sticker—
surface attachment remains unchanged at 1.0. In this
way, the chance for surface adsorption has not been
changed, but free, frozen, and partially frozen chains can
no longer associate among themselves. Once again, In
(R,) and In (L) were plotted against In (). The scaling
exponents relating B, to N and L to N are 0.579 and
0.583, respectively. ﬁoth agree with the theoretically
derived relationship R, ~ N°/3. When self-assembly is
forbidden, L shows no chain stretching normal to the sur-
face.

The differences in L values for the associating and nonas-
sociating chains at surface coverages comparable to C*

are attributable to the possible conformations the chains
can assume at the interface. For the case of nonassoci-
ating chains, the only interactions occur between the sur-
face and an A segment. At C*, most chains occupy roughly
a half-sphere, with both associating sites bound to the
surface. However, for the self-assembling species, a chain
attached at one end can still associate with chains in solu-
tion via its other A segment. Thus, these chains are
stretched away from the surface through their interac-
tions with chains in solution. These effects become more
pronounced at longer chain lengths. The contrasting con-
formations can be seen in the 2-D images in Figure 4.
These results clearly show that self-association reactions
affect the configuration of surface-bound chains, as well
as the microstructure of the interfacial region.

Previous theoretical work pertaining to the layer thick-
ness of diblock copolymers grafted or adsorbed onto a
surface at high surface densities shows that L ~ N.167
For irreversibly bound, nonassociating ABA triblocks, the
scaling exponent will always be less than 1. Figure 5 pro-
vides a qualitative way of understanding this observa-
tion. At low surface coverage, the chains bind with both
A segments attached to the surface, extending in a lat-
eral and vertical distance that is comparable to R, ~
N3/5 (Figure 5A). As the surface becomes more crowéed,
there is less space available to which the chains can bind.
At this stage, the chains are more likely to bind in the
hairpin configuration seen in Figure 5B, where the chain
is stretched in the vertical direction and occupies less
space on the surface. Eventually, there is insufficient
space for both A segments to bind and the last chains to
attach are bound in the “tail” conformation seen in Fig-
ure 5C.
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Figure 9. Polymer segment density (volume fraction) versus distance from the adsorbing surface (Pg = 0.0, P5_5 = 1.0, xas = Xps

= 0.0, number of free chains = 20).
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Thus, the scaling behavior of L is bimodal as a func-
tion of time: the first chains to bind display L ~N8%/3
behavior, while the chains that bind later in time will
exhibit L ~ N character. Experimental measurements
of the average layer thickness at high surface coverage
will include contributions from both the early and late
stages of surface adsorption. Consequently, they will yield
a value that is an average of these components, in other

words, a value of the scaling exponent that lies between
3/5 and 1. These observations are consistent with pre-
liminary experimental measurements for the adsorption
of PVP-PS-PVP triblocks onto mica from a selective sol-
vent (toluene). Here, at high surface coverage, the scal-
inlg8 exponent relating L to N was found to be less than
1.

Having determined the conformation of the attached
chains, we next investigated how various conditions affect
the adsorption behavior. In particular, the length of the
B block was systematically increased to observe the effect
of chain length on surface coverage for the self-
assembling ABA triblocks. As Figure 6 shows, surface
coverage decreases dramatically as chain length increases.
Similar results have been observed for AB diblocks,®!®
where the short A segment was again the surface-bind-
ing moiety. This trend can be understood by examining
the two-dimensional images in Figure 7. For short poly-
mers, a high fraction of contiguous segments lie directly
on the surface, in what is referred to as a “train” confor-
mation, However, as the length of the nonbonding B block
is increased, a higher fraction of the chain segments lies
away from the surface, in “loop” or “tail” configurations
(see Figure 8). (In the former case, a section of the chain
lies above the surface, pinned between two bound regions.
The “tail” refers to a free end in solution, which is attached
to the surface through the other end of the chain.) These
long flexible tails can sterically hinder or trap other chains
from adsorbing onto the surface. Thus, both statistical
and steric hindrance arguments account for trends in Fig-
ures 6 and 7.

The simulations also provide valuable information on
the amount of polymer in all the adsorbed layers, not
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just the surface layer. Figure 9 shows the polymer seg-
ment density profile as a function of distance from the
surface. The plot shows these curves for chain lengths
10, 30, and 50. These figures again illustrate the fact
that surface coverage decreases as a function of chain
length. As expected, the width of the entire interfacial
region is greater for longer chains.

We also investigated the effect of polymer concentra-
tion in the solution on the surface coverage. The length
of the chain was held constant at 20 lattice sites; how-
ever, the concentration of free chains was varied. Here,
the specified number of free chains is held fixed through-
out the course of a particular simulation. Values between
2 and 200 were examined in the different simulations. A
series of calculations were performed for both the asso-
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Table I
Surface Concentration of Adsorbed ABA Polymer
Molecules for Various Chain Lengths*

chain length R, = 0.361(N)*®  C*, chains/unit area  Cm

10 1.44 0.154 0.112
20 217 0.067 0.066
30 2.78 0.041 0.046
40 3.30 0.029 0.029
50 3.37 0.022 0.024

8P, s =10, Py = 0.0, x5 = xgg = 0.0, number of free chains
= 20.

ciating and nonassociating polymers. Figure 10 shows
the variation in surface coverage with the number of free
chains in solution. Over the concentration range stud-
ied, surface coverage decreases with increased solution
concentration only when self-assembly is permitted. When
polymer chains are not allowed to self-associate, surface
coverage shows a slight increase with an increase in solu-
tion concentration. The latter behavior can be under-
stood by noting that the more free chains in solution,
the more chains that will be located near the interface
and, consequently, these chains will take less time to dif-
fuse to the surface. Thus, for a fixed amount of time,
there will be a higher surface coverage for a higher solu-
tion concentration.

Figure 11 yields a qualitative means of understanding
the former behavior. As the solution concentration
increases, the free A end of a bound chain is more likely
to interact with an A segment in solution and less likely
to loop back to the surface. This interaction effectively
traps incoming chains from ever reaching the surface. As
the reaction proceeds, the trapped chains form a surface-
shielding network that sterically hinders other chains from
reaching this destination. We note that this behavior is
a kinetic effect that will be particularly apparent in the
cases where the lifetime of the A-A association is long
compared to the diffusion rate of a chain to the inter-
face. If this lifetime is short, a trapped chain will even-
tually break away and continue to diffuse toward the sur-
face. In this case, the final equilibrium state will reveal
a surface coverage that does not decrease with an increase
in polymer concentration.

Another parameter that can effect the degree of sur-
face coverage is the energy of interaction between the
internal B segment and the surface, or xpg. Here, we
assume that the interaction energy between the A moi-
ety and surface, x,g, is sufficiently strong that this seg-
ment will bind to the interface whenever geometrically
possible. We are particularly interested in the case where
xps > 0 and x,g = 0, i.e., the B-surface interaction is
repulsive while the A-surface interaction is attractive.
In the version of the simulation used to examine this issue,
the chains are allowed to adsorb as described above, how-
ever, we now count the number of B segments that are
also in contact with the surface. This configuration is
weighted by the factor ¢ = exp(-nxgg), where n is the
number of B segments on the surface and xgg is 20.2°
Specifically, a number is obtained via the random num-
ber generator: if its value is less than or equal to g, the
chain conformation is maintained; if the random value
is greater than g, the chain is returned to the location it
had in the previous time step. Figure 12 shows the seg-
ment density profiles for the adsorption of a monodis-
perse sample of chain length 30 for xgg = 0.10, 0.20, 0.50,
and 1.00. Increasing xgg (greater B-surface repulsion)
lowers the polymer segment density in the surface layer.
The polymer is now more concentrated in the second and
third layers of the film. The appearance of a maximum
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Table II
Molecular Weight Distribution of the Directly Adsorbed
Chains for Several Heterodisperse Samples*

no. adsorbed g\ f0ce

chain no. fractn
mobility caled sim coverage

sample length insoln

1 10 0.75 1.000 224 197 0.66
30 0.25 0.518 39 29

2 10 0.50 1.000 126 128 0.45
30 0.50 0.518 65 58

3 10 0.25 1.000 54 61 0.37
30 0.75 0.518 84 81

4 10 0.50 1.000 102 116 0.38
50 0.50 0.381 39 42

5 40 0.50 0.436 31 29 0.17
60 0.50 0.342 24 26

6 20 0.50 0.660 64 66 0.31
40 0.50 0.436 42 41

7 10 0.282 1.000 61 59 0.36

20 0.231 0.660 33 29
30 0.205 0.518 23 25
40 0.154 0.436 14 14
50 0.128 0.381 11 10

P,.p =10, Pg=0.0, xag = xgg = 0.0, number of free chains
= 20.

in polymer volume fraction at this location is clearly seen
in Figure 12. This trend coincides with observations made
by Cosgrove et al.?° on terminally attached homopoly-
mers. Figure 13 compares the decrease in surface cover-
age with increasing xgg for chain lengths 10, 30, and 50.
The trend is uniform for all chain lengths examined. The
more positive values of xgg cause the B chain segments
to be repelled from the surface. This forces the adsorbed
chains into loop and tail conformations that extend away
from the surface and consequently decrease surface cov-
erage.

Most practical applications of polymer adsorption
involve use of samples with some breadth to their molec-
ular weight distribution. Polydisperse systems are cre-
ated by specifying the number of chains of a given length
that are to be added to the solution. When a chain of a
particular length is adsorbed, a new chain of the same
length is added to the solution. Thus, the initial distri-
bution of chain lengths is maintained throughout the sim-
ulation. The relative mobility of the polymer chains is
weighted to reflect differences in molecular weight. Mobil-
ity is assumed to be inversely pr 2portional to the radius
of gyration of the polymer chain.** The frequency with
which polymer chains are allowed to translate is weighted
by this mobility. The mobility for chain length 10 was
assigned a value of 1.000, with longer chains having a
lower mobility given by the formula

1/R,; 3
= 1/Rg'10/"'10
ki = Ryyo/ Ry, )

where R, ; is the radius of gyration for chain length i,
R, 10is tﬁat for chain length 10, and u is the correspond-
mg mobility. The simulation has the versatility to main-
tain any molecular weight distribution.

The molecular weight distribution and surface cover-
age for several heterodisperse samples are shown in Table
II. As would be expected, samples with high propor-
tions of short chain lengths give the highest surface cov-
erage. Also displayed are the relative mobilities of chains
of various lengths and the number of chains adsorbed.

We can derive a simple set of equations to predict the
number and lengths of chains that will adsorb at the over-
lap threshold and then compare these values with those
measured from the simulation. For a given solution con-
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Table III
R, and L for Reversible and Irreversible Binding*
no. of
Py adsorbed chains R, L
0.00 159 2.24 5.06
0.25 137 2.22 4.54
0.50 132 2.24 4.58

@ Py_a = 1.0, xas = Xgs = 0.0, number of free chains = 20, chain
length = 20.

taining polymer chains of two different molecular weights,
the ratio of the number of chains of length i and j, n;/
n;, adsorbed on the surface is

ni/n; = X/ Xu; (®)
where X is the number fraction of a given chain length
in solution. The number of i and j chains that can be

most efficiently accommodated by the surface, at the over-
lap threshold, is given by

= (n)(m)(R)* + (n)(m)(R,)* (6)

where S is the total available surface area. The maxi-
mum number of i and j chains present on the surface at
the C* concentration can be found by simultaneous solu-
tion of eqs 5 and 6 for n; and n,. Similar reasoning can
be used to calculate the molecufar weight distribution of
surface-adsorbed chains in systems containing more than
two chain lengths. The calculated molecular weight dis-
tributions of surface-adsorbed macromolecules are listed
in Table I1. Calculated values agree closely with the num-
bers obtained from the simulation except when large num-
bers of chain length 10 are present (sample 1). The sim-
ulation value is lower than predicted when a large pro-
portion of short chains are present due to the trapping
effect noted above.

Up to this point, all results presented have assumed
irreversible binding. As described earlier, the feature of
reversibility is introduced by prescribing a probability
Pg, which reflects the ease of desorption (or dissociation
from the layer) for labile chains. Higher values of Py
correspond to an increased probability of desorption or
dissociation. As intuitively expected, increasing Py from
0.0 to 0.5 should decrease the number of bound chains.
However, the effect is negligible in the first layer: sur-
face coverage decreases by only approximately 2%. Table
III, on the other hand, gives the total number of adsorbed
chains at four million time steps for P = 0.0, 2.5, and
0.50. Here, it can be seen that introducing reversibility
does in fact significantly decrease the number of chains
bound in the outer layers of the interfacial region.

Table III also shows the effect of increasing Py on R,
and L of the adsorbed chains. We are below the C* sur-
face concentration in the reversible simulations after four
million steps, and the values of R, are what would be
expected in the regime of nonoverlappmg adsorbed coils
(R; ~ N®5). The measured layer thickness for chain
length 20 when binding is reversible was somewhat less
than the layer thickness in the irreversible simulations,
but it is still greater than R,

Conclusions

In this paper, we have shown that self-assembly in tri-
block copolymers affects the behavior of these chains near
an interface. In particular, self-association affects the
extent of surface coverage, as well as the microstructure
of the interfacial region. We have also shown that the
morphology of this interfacial region is significantly dif-
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ferent than that for diblocks or terminally attached
homopolymers.

Our observations are particularly useful in choosing
an appropriate polymer for such applications as steric
stabilization of dispersed particles. The results indicate
that a dilute concentration of relatively short polymers
many provide the ideal agents for this function. Under
these conditions, the chains would adsorb in loop confor-
mations, with both stickers bound to the surface. Sub-
sequent interactions between the hydrophilic segments
on neighboring particles would prevent flocculation. The
triblock architecture may provide a significant advan-
tage over the diblock structure since the presence of two
stickers ensures that the chains are more securely bound
to the surface.

The effects of self-associations on surface adsorption
may be even more significant for more complex amphiphilic
architectures, such as the comb- or dog-boned-shaped struc-
tures that are widely used for a variety of industrial pro-
cesses.! Our future work will focus on the surface adsorp-
tion of these complicated amphiphilies.
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