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ABSTRACT Surface roughness, lattice defects, and surface chemical compusition may all affect the adsorption 
behavior and the adsorbed configurations of polymers. We have performed Monte Carlo computer simulations 
to study the effect of line defects on otherwise homogeneous flat surfaces on chain molecule adsorption. A 
chain of 20 monomers adsorbs to a flat surface at monomer-surface interaction energies of about 1 kT, and 
selective adsorption to a line defect occurs a t  a ratio of line to surface energy of 6.5. The nonuniform adsorption 
of polymers on surfaces with heterogeneous interaction energies has implications for the selective adsorption 
of polymers on patterned surfaces and the interpretation of microscopy images. 

Introduction 

The adsorption of polymer chains has been studied 
extensively since it is important to many different problems 
in colloid stabilization, adhesion, thin films, coatings, bio- 
compatibility, and chromatography. The adsorbed layer 
thickness, monomer distribution in the adsorbed layer, 
and fraction of monomers in tails, loops, and trains have 
been calculated for chains adsorbed on smooth surfaces 
as functions of chain length and solvent q~al i ty . l -~ Since 
adsorption on smooth homogeneous surfaces has been 
fairly well characterized and most real surfaces are rough 
and heterogeneous, more work is now being done to 
investigate the effect of surface structure and composition 
on adsorption. For atoms and small molecules, experi- 
mental and theoretical work has shown the role of the 
surface on processes such as the preferential nucleation 
of atom clusters on steps: restructuring of surfaces by 
atom and molecule adsorption,6 and ordering of molecules 
in adsorbed layers? These surface phenomena may also 
be significant in macromolecule adsorption. Theoretical 
work on polymer adsorption to rough surfaces7-10 and 
surfaces with heterogeneous adsorption sitedl has pre- 
dicted enhanced adsorption to rough surfaces and seg- 
regation of molecules among binding sites. 

We are interested in the adsorption of polymers to 
structured surfaces in order to investigate the possibilities 
for creating ordered polymer surfaces and to understand 
adsorption in general. The ability to create ordered arrays 
of polymers on a substrate would allow the manufacture 
of polymer films and devices with unique material 
properties. One major limitation in polymer adsorption 
studies has been the difficulty in characterizing the surface 
structure before and after adsorption occurs. Scanning 
tunneling microscopy (STM) and atomic force microscopy 
(AFM), which have the potential to image surfaces with 
nearly atomic resolution, may now be used to characterize 
the detailed surface structure and may provide valuable 
information on the adsorption pro~ess .~~J3 Pita and lines 
may also be created with STM and AFM in order to make 
well-characterized rough ~urfaces.l~-’~ Thus, theoretical 
work combined with STM and AFM may be able to provide 
information that will elucidate the mechanism of adsorp- 
tion on structured surfaces. 
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A second motivation for this work is to understand the 
effect of the substrate on molecular imaging in STM and 
AFM. Most of the STM work on molecular configurations 
has been done using highly oriented pyrolytic graphite 
(HOPG) as a substrate since it has large atomically flat 
areas and the basal plane has very low reactivity. Yet 
manual cleavage of HOPG is known to create steps and 
lattice defects which may increase the surface roughness 
and create ledges with much higher reactivity than the 
basal plane.17 The steps and defects interact with ad- 
sorbate molecules much more strongly than the flat basal 
plane and may cause preferential adsorption to the surface 
defects. The preferential adsorption to defects may 
significantly alter the configuration on the atomic level 
from that expected for a molecule on a homogeneous, low- 
reactivity surface. Thus, the defecta may play a large role 
in the actual configurations of macromolecules observed 
in STM images made with graphite substrate. 

To illuminate these issues, we have modeled the 
adsorption of a single-chain molecule to a stepped surface 
with Monte Carlo computer simulations. The step is 
represented by a line which has a higher interaction energy 
for the chain monomers than the other surface atoms. 
The mean square radius of gyration components in the x ,  
y, and z directions were calculated for ranges of surface- 
monomer and line-defect-monomer interaction energies 
in order to identify the energies at which preferential 
adsorption to the line becomes significant. 

Computational Methods and Results 
Short-chain molecules were represented with a bead- 

stick type of model in continuous three-dimensional space, 
as described by Baumgiirtner.lS The excluded volume of 
the beads was represented by a repulsive potential between 
monomers on the same chain, defined by 

The interaction parameters em = 10 kT and um = 1.4 were 
chosen and no attractive component was included in order 
to model relatively stiff extended chains such as DNA. 

The configurations were generated by first creating ideal 
chains with no excluded volume constraints. Monomers 
were added in a randomly chosen direction from the 
previous monomer until the desired chain length was 
reached. Then the chains were expanded into a real chain 
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Table I 
Radius of Gyration for Bulk and Adsorbed Chains 

a. Bulk Chains 
N=20 18.5 f 3.86 5.85 i 4.58 6.69 f 4.92 5.99 f 4.55 180 
N=30 32.2 f 9.2 10.5 f 8.4 11.6 f 8.7 10.1 f 8.6 600 
N = 40 47.2 f 14.8 15.5 f 11.8 16.8 f 14.7 15.0 f 11.7 360 

b. Adsorbed Chains 
EJkT = 1.01 20.4 f 4.54 1.19 f 2.37 9.93 f 6.72 9.26 f 6.68 540 
EJkT = 2.30 22.2 f 4.49 0.058 f 0.121 10.8 f 7.21 11.4 f 7.55 540 
EJkT = 4.60 22.1 f 4.7 0.019 f 0.011 11.2 f 7.37 10.9 f 7.32 480 

c. Line Defect (EJkT = 1.01) 
EdE, = 6.50 27.0 f 4.19 0.342 f 1.47 
EdE, = 7.24 28.4 f 2.81 0.097 f 0.61 
EdE, = 10.87 29.0 f 1.63 0.030 f 0.16 

by moving a randomly chosen monomer, calculating the 
total monomer repulsion force, and selecting the lowest 
energy configuration in a Metropolis algorithm. The ideal 
chains expanded into real chains with excluded volume 
constraints after approximately 20 OOO cycles. The new 
configurations were generated by moving monomers with 
a kink-jump method similar to that used by Baumgiirt- 
ner.I8 The mean square radius of gyration ( RG2) and the 
components in the x ,  y, and z directions (( RGX2), ( RGy2), 
and (RGz2), respectively) were calculated with the fol- 
lowing equations. x is perpendicular to the surface, and 
z lies parallel to the line defect. 

r N  

(4) 

Here Item, ycm, and Zcm are the coordinates of the chain 
center of mass, and N is the chain length. 

Bulk Polymers. Chains were generated for lengths of 
20,30, and 40 monomers. A least-squares analysis of In 
( RG2) vs In N for bulk chains gives a slope of 1.356, which 
indicates that the power law exponent is 0.68. The short 
chain length and chain stiffness make the exponent a little 
larger than the expected value of 0.6 for a random coil 
with excluded volume. However, no rigorous conclusions 
may be drawn concerning the exponent since an exhaustive 
simulation with a large number of chains was not done. 
The data for the components of ( RG2) are presented in 
Table Ia, and a typical chain configuration is shown in 
Figure 1. The large standard deviations for (RGX2), 
( RGy2), and ( RGZ2) occur since a particular configura- 
tion may be primarily extended in one direction. The 
values for ( RGX2), ( RGy2), and ( RGz2) are approximately 
equal, as must be the case for an ensemble of chains in 
bulk solution. 

Polymers Adsorbed to Flat Surface. The adsorption 
of chains with 20 monomers to a smooth surface was 
simulated to determine the surface interaction energy 
required for adsorption. Chains of 20 rather than 30 or 
40 monomers were used since less computational time was 
required and similar adsorption behavior was expected 
for all three chain lengths. The chain-surface potential 
was calculated with a Lennard-Jones potential integrated 

1.49 f 3.50 25.2 f 7.30 360 
0.825 f 2.49 27.5 f 5.18 240 
0.489 f 1.88 28.5 f 3.17 240 
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Figure 1. Typical chain configuration for unadsorbed chain 
with N = 20 monomers. The outline of the 3D box and the line 
defect on the bottom surface are shown. 

over the solid surface 

where a, and ea are the chain-surface interaction param- 
eters and ps is the density of atoms in the s01id.l~ All 
lengths are measured in units of the bond length. A density 
of 0.38 atoms/(bond length)3 was used in order to model 
a graphite lattice (open face hexagonal packed lattice). 
Note that the maximum well depth corresponds to 2.36 
instead of ea. The quantity Es = 2 . 3 ~ ~  will be used to 
represent the maximum surface interaction energy. 

The chains are placed in a cubic box of length L, and 
the surface is located in the y-z plane at x = 0.0. The box 
sides have periodic boundary conditions for the y = 0, L 
and z = 0, L planes perpendicular to the adsorbing surface. 
The top of the box at  x = L has a reflecting boundary to 
keep all the chains within the box. The box length is 
calculated as a function of the number of monomers so 
that a chain may not interact with a periodic image of 
itself in another box 

L > N + R ,  (7) 
where R, is the cutoff distance for the monomer-monomer 
potential (R, = 2.5). 

The chain configurations which were generated for the 
bulk chain molecules were used as the initial configurations 
in the adsorption simulations. Each chain was placed with 
the monomer closest to the surface at  a distance within 
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Figure 2. Curves of constant potential energyabove a line defect 
for EJkT = 1.0 and EdkT = 7.24. The minimum energy of -1.0 
kT above the flat surface and the symmetric closed curves of 
lower minimum energy near the line defect are shown. The 
potential decays to zero at distances greater than those shown 
by the upper -1.0 curve and increases to large positive values at 
distances less than those indicated by the lower -1.0 curve. 

the interaction potential of the surface at  the beginning 
of the adsorption run. The monomers were randomly 
chosen and moved according to a Monte Carlo algorithm, 
and the average parameters of radius of gyration, position 
of the center of mass, bond correlation, and average energy 
were monitored. Interactions between different chains 
were not considered since only single-chain adsorption 
was modeled. Once a steady state for all of the variables 
was reached, the system was defined to be in an equilib- 
rium state. Subsequent sets of chain configurations 
generated by Monte Carlo simulation were separated from 
the previous set by an interval of 80 000 cycles since at  
that interval the average bond correlation with the previous 
set of chains had reached a minimum value. The average 
parameters reported for each surface energy were obtained 
by averaging a total of 480-540 different configurations. 
The results are summarized in Table Ib. 

Polymers Adsorbed to Surface with a Line Defect. 
Adsorption to the surface line defect was modeled by 
adding a high-energy line at  x = 0.0 and y = 0.5L on the 
adsorbing surface of the box. The Lennard-Jones potential 
integrated over the line is 

where u1 and t l  are the line-defect interaction parameters. 
Note that, for this potential, the maximum surface energy 
per monomer El is 0.611~1. 

Each chain was positioned so that the monomer closest 
to the wall was at  y = 0.5 and within the distance for the 
surface interaction potential at  the beginning of the 
adsorption. New chain configurations were generated for 
(1-2) X lo6 cycles until the average properties clearly 
diverged or converged. The results for the radius of 
gyration are summarized in Table IC for line energies at  
which the an equilibrium state was reached. The radius 
of gyration was calculated for two sets of chain configu- 
rations separated by 180 OOO, 240 OOO, or 360 OOO cycles in 
each simulation. Each simulation was repeated for a 
different set of initial configurations to confirm that the 
equilibrium values were independent of the initial con- 
ditions. Similar equilibrium values were found in each of 
the repeated simulations. 

The curves of constant potential energy Cum, + Um-1) 
above an adsorbing surface with a line defect are shown 
in Figure 2 for E$kT = 1.01 and EdkT = 7.24. The surface 
is located perpendicular to the plane of the plot on the 
horizontal axis a t  0 units above the surface, and the 
projection of the line defect onto the figure is a t  the (0,O) 
point. On the homogeneous surface, the minimum energy 
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Figure 3. Radius of gyration and components in x ,  y, and z 
directions of chains adsorbed to surfaces with energies EJkT 
(A) (RG2), (A) (RG,*), (0) (RGY2), and (m) (RG,*). Error bars 
areshownfor (RG*) and (RGZ2). xisperpendiculartothesurface, 
and z lies parallel to the line defect. N = 20 monomers. 
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Figure 4. Monomer distribution above the surface for chains' 
on surfaces with E,/kT = (-) 1.0, (-e) 2.3, and (- -) 4.6. 

occurs at  1.2 units above the surface. Near the line defect, 
there is a region with symmetric closed curves of lower 
minimum energies. The -1.0 curve bifurcates above the 
line defect since the energy is lower there than on the flat 
surface. At distances above the surface greater than those 
indicated by the upper -1.0 curve, the potential decays to 
zero. The minimum in the potential (8.24 kT) is reached 
at  a distance of 1.2 bond units above the surface and k0.72 
bond units on the horizontal axis from the line. At 
distances closer to the surface below the lower -1.0 curve, 
the potential increases and becomes repulsive. The 
potential energy minimum corresponds to an energy of E1 
+E,,; however, the data will be analyzed by the ratio EIIE,. 

Analysis of Results 
The effect of the surface interaction energy on adsorp- 

tion to a smooth surface may be seen in the change in the 
radius of gyration with energy shown in Figure 3. At E1 
= 0.0, the chains are isotropic in the x, y, and z directions 
since (RGx2), (RGy2), and (RGZ2) are equal when there 
is no surface energy. (RGx2) decreases as the surface 
energy increases, which indicates that the chains are 
flattening out on the surface. ( RGy2) and ( RGZ2) increase 
slightly since the excluded volume restrictions prevent 
the overlap of monomers. ( RGx2) approaches a minimum 
at a surface energy of 2.3 kT and greater, and the standard 
deviation is very small, which indicates that the chains 
are nearly two-dimensional. The plots of the monomer 
distribution above the adsorbing surface in Figure 4 also 
show the increasing monomer density near the surface as 
the surface interaction parameter increases. Nearly all of 
the monomers are in a narrow region near the surface at  
an energy of 2.3 kT and above. 

The adsorption-transition energy is the minimum energy 
at  which the chains remain attached to the surface. The 
adsorption-transition energy occurs near E,IkT = 1.0 for 
N = 20 since approximately 93% of the chains in the 
ensemble are adsorbed. Some of the chains in the ensemble 
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Figure 5. Radius of gyration and components in x,  y, and z 
directions of chains adsorbed to a surface with EJkT = 1.0 and 
various ratios of EdE,: (A) (RG2), (A) (RGZ2), (0) (RG 2), and 
(m) (RG,2). Error bars are shown for (RG2) and (RGA.  N = 
20 monomers. 
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of 180 different configurations did attach and detach from 
the surface while the average chain parameters were fairly 
constant. The adsorption-transition energy could not be 
identified more precisely with this method since a very 
long equilibration time for many different chains would 
be required to determine if those which repeatedly 
attached to and detached from the surface would even- 
tually remain attached to the surface. Yet the model does 
indicate that at  least almost all of the chains preferentially 
adsorb to the surface when EJkT = 1.01, a value consistent 
with other values reported in the literature for chains of 
20 monomers.10*20 For larger N, the adsorption-transition 
energy is expected to decrease since more monomers are 
available to interact with the surface. The limiting 
adsorption-transition energy for infinitely long chains is 
0.44 kT.21 

The surface energy was chosen to have a value near the 
adsorption-transition energy (EJkT = l.Ol), and the ratio 
EdE, was varied between 3.62 and 10.87 to determine when 
chains would preferentially adsorb to the line defect. A 
plot of the mean square radius of gyration for the line- 
defect energies which reached an equilibrium state on a 
surface with EJkT = 1.01 is shown in Figure 5. For 3.67 
I EdE, I 6, the chains detached from the line and 
eventually from the surface as the simulation progressed. 
The chain dimensions varied as chains diffused into the 
bulk region and the parameters did not converge, so it was 
not possible to calculate equilibrium values. For EdE, = 
6.5, the radius of gyration, energy, and average center of 
mass distance above the surface reached steady-state 
values in three different simulations. Almost all of the 
chains were attached to the line and did not diffuse away 
from the line. The chains were strongly adsorbed to the 
line for EdE, = 10.87 since very little change in the 
configurations occurred after the equilibrium state was 
reached. In the region 6.5 I EdE, S 10.87, (RGz2) 
approaches ( RG2) and ( RG2) increases since the chains 
are becoming rodlike when the chains preferentially adsorb 
to the line. Likewise, ( RGy2) and ( RGZ2) decrease as Ed 
E, increases. 

A sigmoidal curve is generally expected for plots of chain 
dimension vs attractive energy (such as in Figures 3 and 
5)  with a sharp change in the (RG2) parameters at  the 
adsorption-transition energy. However, since the chains 
in these simulations were not permanently tethered to 
the wall, many cycles and different initial chain config- 
urations would be required to gather more extensive, 
statistically accurate data in the adsorption-transition 
region. Yet we can estimate a minimum ratio of EdE, for 
the chains to preferentially adsorb to the line in the initial 
stages of adsorption which may be a little larger than the 
actual transition energy. 

pYgare6. Typicaladsorbedchainconfigurationa: (4top)smooth 
surface with no line defect, EdkT = 1.0, (b, bottom) linedefect 
energy, EdkT = 1.0 and EdkT = 7.24. Both chains are lying on 
the surface. The average distances between the center of the 
beads and the surface are (a) 2.05 and (b) 1.96 bond units. N = 
20 monomers. 

'JrsIpical Configurations for chains adsorbed to a smooth 
surface and a surface with a line defect are shown in Figure 
6. The first configuration (Figure 6a) is for a chain ad- 
sorbed to a smooth surface. The chain does not lie in any 
particular direction with respect to they or z axis. Figure 
6b shows a chain adsorbed to a line with EdE, = 7.24. The 
chain alignment along the line defect is clearly seen. 

Conclusions 
The results indicate that a chain of 20 monomers may 

preferentially adsorb along a line rather than on a 
uniformly flat area when the line energy is a t  least 6.5 
times greater than the surface energy. Experimental 
measurements of polymer adsorption to surfaces have 
shown that adding one functional end group to a polymer 
can cause a nonadsorbing polymer to adsorb. The polymer 
end group to surface interaction energy was estimated to 
be 6.4 kT.n Thus it may be possible to prepare modified 
surfaces and polymers in order to cause adsorption in 
particular surface patterns. Nanolithography techniques 
along with STM and AFM imaging may be used to 
investigate these adsorption problems. We are currently 
pursuing various experimental techniques for creating and 
characterizing line defects on surfaces for adsorption 
studies. 

There are interesting implications for the interpretation 
of images from STM and AFM also. While it is not yet 
possible to measure accurately the interaction potential 
between a monomer and a surface, it is likely that the 
actual difference in potential between an edge and the 
basal plane may be at  least a factor of 10. A comparison 
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of the surface functional groups, double-layer capacity, 
adsorption, wettability, and electrocatalytic properties 
between the graphite basal plane and edges have shown 
that the edges have much higher activity than the basal 
~ l a n e . ~ 3  Also, it is not yet possible to determine if small 
molecules such as organics are already adsorbed to edges 
and defects before the sample is placed on the graphite, 
nor to determine the actual distribution and reactivity of 
active sites. Yet preferential adsorption of small molecules 
which have an affinity for macromolecules or adsorption 
of macromolecules directly to line defects, such as steps 
or dislocations, may occur. Therefore, the microscopist 
should be aware of the effect of substrate heterogeneity 
on molecule adsorption and the consequent possibility of 
imaging artifacts. 
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