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ABSTRACT: We examine the adsorption of ABA triblocks in solution onto a rough, corrugated surface. The 
solution is assumed to be a good solvent for the B block and a bad solvent for the A segments. Solvent 
incompatibility drives the A blocks to adsorb onto the nearest interface. We find that, under favorable 
conditions, the A moieties bind to the ridges of the bumpy surface and the B segments span the wells that 
lie between two ridges. Consequently, the adsorption of triblocks acts to smooth or planarize a rough surface. 
We discuss how chain length and the value of XBS, the interaction energy between the B block and the surface, 
affect the efficiency of this process. 

Introduction 

The problem of polymer adsorption on rough surfaces 
has attracted considerable attention in recent This 
problem poses questions not only of scientific interest but 
also of technological importance. In the past, several 
investigations have focused on polymer adsorption onto 
flat  surface^.^ Since few real surfaces are microscopically 
smooth, determining how the surface topology modifies 
the adsorption process is of significant interest. Current 
work in this area has been concerned with the adsorption 
of homopolymers on a variety of surfaces, including si- 
nusoidal curves1p2 and fractal  interface^.^ In this paper, 
we will use Monte Carlo computer simulations to examine 
the surface adsorption of ABA triblock copolymers on 
uniformly corrugated surfaces. Here, we assume the 
molecules adsorb from a solution that is a poor solvent for 
the A segment but a good solvent for the B block. 

We have chosen this system for two principal reasons. 
First, in a recent paper,5 we have examined the adsorption 
of such ABA triblocks onto a flat surface. Thus, by 
comparing the previous results with our new findings, we 
can determine how variations in surface structure affect 
the adsorption of these molecules. Second, such a tri- 
block architecture would intuitively seem appropriate for 
smoothing or planarizing rough surfaces: the solvent- 
compatible A segments will adsorb onto ridges in the 
surface, while the solvent-compatible B segment can span 
the wells or troughs that occur between these ridges. The 
extent to which this phenomenon occurs and the factors 
that affect the process are examined in this paper. To 
accomplish this goal, we observed the adsorption of various 
ABA copolymers onto a bumpy surface of fixed geometry 
(see Figure 1). In particular, we varied the length of the 
intervening B block, altered the interaction energy between 
the B segment and the  surface, and contrasted our 
copolymer results with the behavior of a homopolymer on 
the same rough surface. 

The results from these calculations may have significant 
technological applications, particularly in the coatings 
industry and in the fabrication of integrated circuits. A 
parameter that is critical for the fabrication of submi- 
cron structures is the flatness of the surface, or planarity.6 
The adsorption of triblock copolymers could be useful as 
one of the processing steps in the planarization of such 
surfaces. 
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Figure 1. View of the corrugated surface. 

The Model 
The simulation is started by placing 20 self-avoiding 

random walk chains a t  random locations in a cubic box 
that is 50 X 50 X 50 lattice sites in size. For the simulation 
of adsorption onto a smooth surface, the bottom of the box 
is flat and is defined by the 2 = 1 plane. The first layer 
of the polymer film is contained in the 2 = 2 plane. In 
contrast, the simulation of a rough surface uses a corrugated 
box as shown in Figure 1. Each corrugation or bump is 
10 lattice sites high and 10 lattice sites wide. Polymers 
can adsorb anywhere on this corrugated interface, namely, 
in the wells (2 = 2-11) and on the top of the bumps (2 = 
12). 

The chains have two "sticky" beads a t  each end: these 
model the A segments of the polymer. As noted above, 
the case we are simulating is one in which the solution is 
a poor solvent for the A moiety. Thus, solvent incom- 
patibility drives these units to bind to the nearest interface. 
The length of the A block is held fixed at two lattice sites. 
The length of the entire chain, N ,  is varied by altering the 
length of the solvent-compatible B block. 

The chains diffuse through the box via translating and 
"wiggling" motions. In particular, the entire chain is 
translated one lattice site in one of six directions chosen 
a t  random. Then the  chain is wiggled by using the 
algorithm for chain dynamics developed by Verdier and 
Stockmayer' and Hilhorst and Deutch.8 All attempted 
moves must obey the excluded-volume criteria. 
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The chains continue to diffuse until an A bead is one 
lattice unit above any surface site. Then, the A bead 
remains bound at this location, while the remainder of the 
chain is free to wiggle about this point of attachment. 
Whenever any A bead is one lattice site above the surface, 
it binds at that location, thus modeling the strong affinity 
between an A monomer and the surface. When both ends 
of the chain are bound, the intervening B units are still 
allowed to wiggle between these two fixed points (under 
the constraint that the chain does not break a t  any time). 
Thus, even if a B segment now comes in contact with a 
surface site, in a later move, it can wiggle away from its 
surface location. This aspect of the program models the 
weak B-surface interaction and the strong B-solvent 
affinity. 

Whenever a free chain binds to the surface, 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. 

In the simulations described above, we assumed that the 
binding between the surface and the A moieties is 
irreversible. There is considerable experimental evidence 
to validate this assumption for comparable  system^.^ To 
investigate the effect reversible surface adsorption has on 
our observations, another simulation was implemented. 
Here, in a later time step, a bound chain can break away 
from the surface with a prescribed probability P. Thus, 
the polymer-surface bond has a finite lifetime, 7, which 
is inversely proportional to P.1° The results from these 
simulations are also discussed. 

The simulations were performed in two and three 
dimensions. All the reported data are from the 3D models. 
The 2D models were used to generate figures from which 
one can develop a qualitative understanding for the 
complicated surface-adsorption process. The data were 
collected after 6 million time steps. Here, the surface 
coverage has saturated, and running the program further 
results in the addition of one new chain only every 2 or 3 
million time steps. All data points represent an average 
over three independent simulations. 

In these investigations, we are focusing our attention on 
the nature of the polymer-surface interaction. Thus, we 
neglect A-A associations in the solution and between free 
and adsorbed chains. Such interactions can be neglected 
in the case of polymer adsorption from a dilute solution, 
where the probability of chain-chain contact is small. For 
more concentrated systems, the model is applicable in the 
case where the A-A association is energetically less 
favorable than the A-surface interaction. In previous 
studies, we examined the effects of A-A association on 
adsorption5 and self-assembly.l* 

Finally, we note that since the bulk of the calculations 
were performed under the assumption that the binding 
between the stickers and the surface is irreversible, the 
study is primarily kinetic in nature. However, recent 
kinetic studies12 indicate that while the initial surface 
adsorption of copolymers is rapid, the equilibrium adsor- 
bance is reached at much longer times. Thus, experimental 
measurements may be more revealing of the kinetic 
behavior than the final equilibrium state. Consequently, 
understanding the kinetic effects may be extremely helpful 
in explaining observed trends. 

Results and Discussion 
In order to develop an understanding for the effect of 

surface geometry on adsorption, we compare the adsorption 
of the ABA triblocks on both a flat surface and the bumpy 
interface shown in Figure 1. The simulation was carried 
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Figure 2. Segment density distribution (SDD) along the 2 
direction. The dashed line represents the density profile on the 
flat surface, while the solid line is the density profile on the rough 
surface. In both curves, N = 10. 

out for chain lengths of 10 and 50 lattice sites. For both 
chain lengths, the total number of chains adsorbed on the 
surface was higher for the case of the rough surface. This 
finding agrees with predictions made for the adsorption 
of polymers onto fractal interfaces3 and onto a sphere that 
is curved toward the polymer solution.2 In our inves- 
tigations, the effect was more pronounced for the shorter 
chains. A 20% increase was observed (223 versus 185) for 
chain length 10, whereas only a 15 92 increase was observed 
for chain length 50 (79 versus 68). This increased 
adsorption on the rough surface is primarily due to the 
fact that this interface has a larger surface area than the 
flat plane and, thus, provides more binding sites onto which 
the chains can attach. Note that the total number of ad- 
sorbed chains decreases as the length of the polymer is 
increased, a point that we have discussed in a previous 
paper.5 This effect is due to steric hindrance: the long 
polymers sterically hinder new chains from adsorbing onto 
the surface. 

Figure 2 shows the polymer segment density distribution 
(SDD) along the 2 axis (normal to the plane of the surface) 
for both surface architectures and chain length equal to 
10. As the solid line for the density distribution on the 
rough surface shows, there is a significant concentration 
of polymer in the wells (layers 2-11) between the bumps. 
The highest concentration of polymer is found on the top 
of the bumps (2 = 12). The dashed curve shows the 
polymer SDD on a flat surface for the same chain length. 
The maximum in this profile occurs on the surface layer 
(2 = 2) and is slightly higher than the other peak. 

The average layer thickness can be estimated from these 
plots as the width of the curve a t  half its maximum height. 
The average layer thickness above the 2 = 12 plane of the 
bumpy interface and the 2 = 2 plane of the flat surface 
is approximately equal to 1 lattice unit. The maximum 
film thickness can be determined from the breadth of the 
SDD. In both curves, the film does not extend more than 
5 lattice sites above these surfaces. In a previous a r t i ~ l e , ~  
we noted that, for a chain length of 10, the majority of 
chains are in train conformations: contiguous segments 
that lie flat along the surface. This fact contributes to  the 
compactness of the films atop both surface topologies. 
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Figure 3. SDD along the 2 direction for N = 50. The dashed 
line represents the density profile on the flat surface, while the 
solid line represents the density profile on the rough surface. 

By examining the curves in Figure 3, we can make similar 
comparisons of the SDD for a chain length of 50 on both 
a rough and flat surface. The SDD for the flat surface 
(dashed line) shows that the maximum in polymer density 
lies a few layers away from the actual surface. This is due 
to the fact that the majority of these long chains are in 
“tail” or “loop” configurations, which lie away from the 
surface. The SDD for the rough interface (solid line) shows 
a greater amount of polymer on the top surface (2 = 12), 
and the maximum segment density lies closer to this plane. 
In addition, the width of the curve above 2 = 12 narrows 
more rapidly than the width above 2 = 2 in the dashed 
figure. 

These differences can best be understood by viewing 
Figure 4, the output of the simulation on a bumpy surface 
in two dimensions. For long chains ( N  = 40), the sticky 
ends can bind to the edges of neighboring bumps, with the 
B segment spanning the well that lies between. Thus, the 
chain is effectively stretched between these two ridges. 
Consequently, the chain segments are more localized 
around the 2 = 12 plane. 

By comparison of Figures 2 and 3 and from the dis- 
cussion above, we have observed that the effect of the 
surface roughness propagates into the layers above the 
bump height for the longer chain length. 

To better understand the bridging phenomena displayed 
in Figure 4, we systematically varied the chain length in 
order to determine the critical length at  which this behavior 
occurs and more generally, the effect of molecular weight 
on adsorption for a rough surface. Figure 5 shows the SDD 
along the 2 direction for chain lengths 5,20, and 30. (See 
Figures 2 and 3 for chain lengths 10 and 50, respectively.) 
Of particular interest is contrasting of the behavior in the 
well for various chain lengths. Since the bumps protrude 
from the bottom plane, a diffusing chain is more likely to 
encounter this surface first. Consequently, the chains have 
a higher probability of sticking to this interface. For chain 
lengths less than the width of the bump, the highest 
polymer density will be localized on the top of this surface. 
Thus, for chain length 5 (the dotted line in Figure 5), the 
distribution is sharply peaked around 2 = 12: very little 
polymer has reached the bottom of the well; however, a 
certain amount is seen to coat the side of the bump between 
Z = 8 and 11. As the chain length is increased up to 20 

N = 15 

N = 40 

Figure 4. Output from the 2D simulations for chains 5,15, and 
40 lattice sites in length. 
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Figure 5. SDD along the Z direction for N = 5 (dotted line), 
N = 20 (dashed line), and N = 30 (solid line). 

lattice sites (dashed line), more polymer is present in the 
well. Now, the chain is sufficiently long that one end may 
stick at or near the top of the bump, while the second sticky 
end can bind near or a t  the bottom. Increasing the chain 
length to 30 lattice sites alters this pattern, as is apparent 
from the solid curve in Figure 5. The height of the profile 
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Figure 6. SDD along the Y direction and in the 2 = 12 plane for (a) N = 10, (b) N = 20, (c) N = 30, and (d) N = 50. 

for layers 2-11 is lower in the case for chain length 30 than 
it is for chain length 20. At this chain length, the ends 
of the chains bind to neighboring ridges and the chain can 
span the intervening well. As noted above, this localizes 
the polymer density closer to the 2 = 12 plane. These 
observations are confirmed by the output from the 2D 
simulations in Figure 4. 

It  is of particular interest to further contrast the results 
for the longer chain lengths (30 and 50) in order to establish 
which candidate is more effective a t  this bridging behavior. 
To accomplish this goal, we will compare the polymer SDD 
directly above and parallel to the well: that is, along the 
Y direction and in the 2 = 12 plane. Figure 6 shows this 
profile for N = 10,20,30, and 50. By comparing N = 30 
and N = 50, we can see that there is a higher polymer 
density spanning the wells (which are located a t  Y = 12-22 
and Y = 32-42) for the N = 50 case. Note the absence 
or decreased level of polymer in the regions between the 
wells for N = 10 and N = 20. Hence, the most effective 
bridging occurs for N = 50. This occurs because the mean 
end-to-end distance of the diffusing chain is comparable 
to the width of the well for N = 50. As a consequence, 
little or no chain deformation is required for the adsorption 
of each end onto adjacent bumps. 

For several coating applications, it is important to know 
the surface coverage that results from a given adsorption 
process. We have evaluated surface coverage in the 
following way. First, the average film thickness is 
calculated as described above. Second, we examine the 
occupancy within this average layer by scanning along the 
Y direction. If a particular site (X, Y) is occupied in one 
or more of the horizontal planes that make up the average 
thickness, we consider the site to be covered and add a 1 
to a running sum. We do this for each value of ( X ,  Y) in 
the 50 X 50 plane and then divide our total by the area 
of the plane. This gives us an average surface coverage. 
The result of this calculation for the adsorption of chains 
with N = 50 is plotted in Figure 7. In this case, the average 
layer thickenss is 6 (2 = 12-17, inclusive) and the average 
surface coverage or polymer density in this film is equal 
to 56 7;. As can be seen from the figure, the 6-layer film 
provides appreciable coverage of the sites between the wells. 
The maximum density is still found above the bump height. 
For comparison, we repeated this calculation by using the 
total film thickness rather than the average. Including 
these additional layers in the calculation only increased 
the total surface coverage to 59 ? i s .  
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Figure 7. Polymer density along the Y direction for layers Z 
= 12-17, with N = 50. The average surface coverage equals 56%. 
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Figure 8. SDD along the Y direction and in the Z = 12 plane 
for N = 50 and XBS = 1.0. 

In addition to surface coverage, it is important to 
determine the uniformity of the adsorbed film. A uniform 
coverage occurs when a high percentage of contiguous sites 
within the film are occupied. The degree of uniformity 
can be measured as the difference, d ,  between the 
maximum and minimum values in Figure 7. For the N 
= 50 case, d = 0.4. 

In an effort to improve the uniformity of the film, we 
examined the surface adsorption of ABA molecules in 
which the interaction energy between a B segment and the 
surface is more repulsive. In this simulation, we again first 
check to see if an A segment is on top of a surface site; 
however, now the probability that the chain will stick is 
weighted by a factor q = exp(-nBXBs), where nB is the 
number of B segments also in contact with the surface and 
XBS is the interaction energy between the surface and a 
B site.5 We investigated the case of XBS = 1.0 and N = 
50. Figure 8 shows the SDD in the Y direction for the 2 
= 12 plane. Now, the highest polymer concentration is 
located in the region between the wells! Figure 9 shows 
the total SDD in the Y direction for the six layers, 2 = 
12-17, which again are comparable to the average layer 
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Figure 9. Polymer density, or surface coverage, along the Y 
direction for layers 2 = 12-17, with N = 50 and x a  = 1.0. The 
average surface coverage is equal to 52 70. 

thickness. The average polymer density in this volume, 
52 % , is comparable to the previous case where N = 50 and 
XBS = 0.0; however, as the figure shows, the film is now 
more uniform. Here, the value of d is approximately 0.3, 
or a 30 '3% difference between the minimum and maximum 
values in the curve. Again, the SDD normal to  the 2 
direction extends another five layers above the average 
layer thickness. Including these layers into the calculation 
for the effective surface coverage increases the total value 
to 56%. 

In effect, increasing XBS to 1.0 biased the chains away 
from positions along the area on top of the bump to the 
area above and between the wells, or in other words, into 
the solution, where the B-solvent interaction is more 
favorable. This establishes another important criterion 
in order for this bridging or planarizing behavior to be 
optimal: the A segments must be strongly attracted to the 
surface, while the B monomers should be strongly attracted 
to the solvent. 

In order for the film of adsorbed ABA polymers to 
effectively decrease the surface roughness, two additional 
conditions must be met. First, a high, uniform coverage 
of the well and bump sites is required. A high occupancy 
of contiguous sites within the film layers will produce a 
uniform film. Second, the height of the polymer film above 
the average film thickness, or h,, must be small. In other 
words, the protrusions above the adsorbed film must be 
small compared to the bump height. This requirement 
can be expressed mathematically by defining the degree 
of planarization ad3  

- hs/hb 

where hb is the bump height. 
Among the copolymer examples studied here, the case 

for which XBS was equal to 1.0 yielded the most uniform 
films. Since the height of the bump was 10 lattice sites 
and h, was equal to 5 lattice units, the degree of pla- 
narization is equal to 0.5, or 50%. 

To establish whether the height of the bump affects our 
observations, we doubled the bump height to 20 lattice 
sites. Figure 10 shows the surface coverage provided by 
the average layer thickness when XBS = 1.0 and N = 50 
(56% from layers 2 = 22-27, inclusive). Though there is 
still appreciable coverage over the wells, the film is less 
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Figure 10. Polymer density alon the Y direction for layers 2 
= 22-27, with N = 50, x~ = 1.0, anfhb = 20. The average surface 
coverage is equal to 5 6 7 .  

uniform here than in the hb = 10 case. In particular, now 
d = 0.5. The general shape of the curve in Figure 10 is 
comparable to the case where XBS = 0.0 and hb = 10 (Figure 
7) * 

Increasing the height of the bump further enhances the 
effective surface area, providing additional sites for chain 
attachment along the vertical face of the bump. Now, when 
one end of the chain binds to a ridge, the other end may 
bind to the side of the same bump. Consequently, there 
may be fewer chains that span the wells. 

When the bump height is raised to 20 lattice sites, h, 
remains equal to 5 ,  and the degree of planarization is now 
improved to 0.75. However, the uniformity of the film 
within the average layer thickness is reduced from that 
evidenced in the hb = 10 case. Thus, in terms of effectively 
decreasing the overall surface roughness, the case where 
XBS = 1.0 and h g  = 10 proves to be the most effective. 

In order to further investigate the uniqueness of the ABA 
copolymers in planarizing the rough surface, we compared 
these results with results obtained from simulations of the 
adsorption of a homopolymer on the same rough surface 
with h b  equal to 10. Here, all sites along the chain are equi- 
valent. In order to model this simpler scenario, we adopted 
a standard Metropolis algorithm for the ~imu1ation.l~ Thus, 
the probability that a chain will bind to the surface is now 
given by s = exp(-npxps)/(l + exp(-npxps)), where np is 
the number of polymer sites that are in contact with the 
surface and xps is the polymer-surface interaction energy. 
The values of xps are chosen to be less than or equal to 
zero, modeling an attractive polymer-surface interaction 
when xps is negative and a neutral interaction when xps 
equals zero. (If the homopolymer-surface interaction were 
repulsive, there would be no gain in energy and, thus, no 
driving force for the chain to bind onto the surface.) 

The conformation of the adsorbed chains will clearly 
depend on the magnitude of xps, and this is a topic that 
will be explored in a future article. Here, we will examine 
the case where xps = -1.0 and the chain length equals 50 
lattice sites. The resulting SDD in the Z direction is 
narrower than that for the copolymer case, and the average 
layer thickness is approximately three layers (Z = 12-14). 
Figure 11 shows the SDD along the Y direction for this 
film. The average polymer density in this volume is 57 9: 

9 
r 

8 /- 
2.0 12.0 22.0 32.0 42.0 

Y 
Figure 11. Homopolymer density along the Y direction for the 
layers 2 = 12-14, with N = 50 and xps = -1.0. The average surface 
coverage is 57 SO. 
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Figure 12. SDD in the 2 direction for N = 30 from the reversible 
binding model. 

and d = 0.8. As both this d value and the figure show, 
the film is far less uniform than that produced by the 
copolymer in Figure 9. Most importantly, by comparing 
these two figures, we see that the bridging in the region 
between the wells is significantly reduced in the case of 
the homopolymer. 

These results indicate that a copolymer, where some 
beads are attracted to the surface while a large block is 
more attracted to the solvent, provides the optimal polymer 
architecture for spanning the ridges of a rough surface. 

Finally, we examine the effect of reversible binding on 
the adsorption behavior. In particular, we set P, the 
probability that the chain can desorb from the surface, 
equal to 0.5 for the chains that are bound at  only one end 
and to 0.1 for chains attached through both A ends. (Here, 
we assumed that desorption is more facile if the chain is 
bound through only one A block.) In addition, we set N 
equal to 30. Figure 12 shows the SDD in the Z direction 
under these conditions. A comparison between this figure 
and the appropriate curve from the irreversible binding 
model (solid line in Figure 5) reveals the significant effect 
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of reversible polymer-surface adsorption. As can be seen, 
the polymer density in the wells is greater in the case of 
reversible binding. When adsorbed chains can break away 
from the surface, some will continue to diffuse toward the 
bottom plane and, subsequently, bind within the wells. This 
effect should also be apparent for the shorter chain lengths. 
Further comparison of the solid line in Figure 5 and Figure 
12 shows that there are no dramatic differences between 
the curves above the 2 = 12 plane. Thus, the predominant 
effect of reversibility is to enhance the polymer density 
in the well volume. 

Conclusions 

We have shown that adsorbing ABA triblock copolymer 
chains can bind to neighboring ridges on a rough surface 
and thereby span the intervening well if a number of 
conditions are satisfied. These conditions are as follows: 
(1) the mean end-bend distance of the chain is comparable 
to the well width; (2) the chain has a copolymer architecture 
where short "sticky" A units lie at  each end of the inter- 
vening B block; and (3) the A-surface interaction is highly 
attractive while the B-surface interaction is repulsive. 

Such copolymers are more efficient than homopoly- 
mers a t  planarizing a rough surface. These findings 
advance our understanding of the adsorption process on 
rough surfaces and are of technological significance to the 
preparation of thin films, coatings, and adhesives. 
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