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Adsorption of copolymers on patterned surfaces is studied using lattice modeling and multiple
Markov chain Monte Carlo methods. The copolymer is composed of alternating blocks of A and B
monomers, and the adsorbing surface is composed of alternating square blocks containing C and D
sites. Effects of interaction specificity on the adsorbed pattern of the copolymer and the sharpness
of the adsorption transition are investigated by comparing three different models of
copolymer-surface interactions. Analyses of the underlying energy distribution indicate that
adsorption transitions in our models are not two-state-like. We show how the corresponding
experimental question may be addressed by calorimetric measurements as have been applied to
protein folding. Although the adsorption transitions are not “first order” or two-state-like, the
sharpness of the transition increases when interaction specificity is enhanced by either including
more attractive interaction types or by introducing repulsive interactions. Uniformity of the pattern
of the adsorbed copolymer is also sensitive to the interaction scheme. Ramifications of the results
from the present minimalist models of pattern recognition on the energetic and statistical mechanical
origins of undesirable nonspecific adsorption of synthetic biopolymers in cellular environments are
discussed. © 2006 American Institute of Physics. 关DOI: 10.1063/1.2359437兴
I. INTRODUCTION

The study of statistical mechanics of polymer adsorption
on surfaces is of central importance to many chemical and
biological processes as well as a broad spectrum of technological applications. Notably, combinatorial directed evolution techniques have been used to create de novo designed
peptide sequences that bind specifically to solid surfaces.1 In
general, the proximity of a polymer to a surface can induce
significant conformational changes. These include the formation of enhanced amounts of helix- and sheet-like motifs
similar to protein secondary structures.2 Homopolymer adsorption theories have been relatively well studied 共see
De’Bell and Lookman3 for a review兲. Many recent
theoretical4 and computational5 advances have also been
made in the study of copolymer adsorption. For instance,
Issaevitch et al.6 applied a Gaussian chain model of copolymers to study the adsorption onto regularly patterned surfaces, and Genzer7 devised a three-dimensional selfconsistent field model to study adsorption of copolymers
from a copolymer/homopolymer mixture onto random surfaces. In this context, adsorption of block copolymers is of
special interest to numerous experimental8,9 and
theoretical10,11 investigations 共see Alexandridis and
Holzwarth12 and Bates and Fredrickson13 for reviews兲 owing
to its diverse applications in colloidal stabilization,14 protein
immobilization,15,16 nanopattern formation,17–19 and pattern
recognition.20–23
a兲
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“Pattern recognition” in copolymer 共macromolecule兲 adsorption refers to the adjustments of the conformations of
macromolecules to optimize their interactions with the
chemical patterns on surfaces. Naturally, in the presence of a
surface with attractive and repulsive sites, a copolymer tends
to touch the surface on the attractive sites and avoid the
surface at the repulsive sites. There is considerable effort to
design and synthesize patterned surfaces and macromolecules that can recognize them.19,24–26 Biological adsorption
in vivo appears naturally well designed. Proteins, polysaccharides, and other biomolecules present precisely structured
ensembles of organic functional groups to trigger highly specific responses. Synthetic materials used in medical devices
such as implants, however, often elicit nonspecific responses
when placed in living systems: Instead of specific adsorption,
multiple types of proteins, from a mixture of 200 or more
types of proteins that comprise most biological fluids, are
typically adsorbed onto a synthetic material. Thus, developing an ability to better understand the process of adsorbing
proteins and cells on surfaces27 is important in many areas of
research including biosensor technology17 and tissue
engineering.19 For example, by placing receptor sites onto
the materials used in medical applications and biomedical
investigations, cell and tissue reactions to those materials
might be accurately controlled.18
To gain insights into the main determining factors of
pattern recognition, here we study a simple self-avoiding lattice block copolymer interacting with a patterned surface. To
explore a range of possible applications, predictions from
three models with different forms of copolymer-surface interactions are investigated.
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II. MODELS

The copolymers are made of alternating blocks of A and
B monomers, and the patterned surfaces consist of C and D
patches. In model I, A monomers interact with C sites on the
surface via an attractive energy, whereas all other interactions 共A-B, A-D, B-C, and B-D兲 are neutral, i.e., have zero
energy. A certain degree of pattern recognition behavior is
expected for model I as A monomers would tend to be adsorbed onto C sites. This interaction scheme may be considered as the most basic. To study the effect of enhanced specificity on the adsorption transition, we consider also model II,
in which A monomers interact favorably with C sites and B
monomers interact favorably with D sites 共interactions are
neutral otherwise兲. For model II, different parts of the copolymers are attracted to different parts of the patterned surface; so if conditions are favorable, we expect essentially the
entire copolymer to lie on the surface forming a specific
pattern. In model III, A monomers interact via an attractive
energy with C sites but B monomers interact via a repulsive
energy with D sites 共interactions are neutral otherwise兲. This
construct is designed to explore how pattern recognition
specificity may be enhanced by the introduction of repulsive
copolymer-surface interactions. In this case, we expect that
both adsorbed and desorbed regions to be present. We compare the sharpness of the adsorption transitions and the patterns formed by these three models to gain insights into the
role played by interaction specificity in the recognition process and pattern formation. As the aim of this work is to
understand pattern recognition in the context of adsorption of
copolymers, we have not included self-interactions within
the copolymer chain 共aside from the self-avoiding excluded
volume constraint, i.e., A-A , B-B , and A-B contact interactions are always neutral兲. This modeling assumption is designed to isolate the adsorption process. Once the adsorption
is better characterized, the present models can be augmented
with copolymer self-interactions to examine the interplay between chain collapse2 and pattern-recognizing adsorption.
III. COMPUTATIONAL METHODS

We model block copolymers as n-vertex self-avoiding
walks 共with n − 1 edges兲 on the simple cubic lattice Z3. The
vertices of the walk are numbered i = 1 , 2 , . . . , n, with each
vertex corresponding to a monomer. We assign the first block
of L vertices to be A monomers, the next block of L vertices
to be B monomers, and so on, with alternating blocks of A
and B monomers of length L. The adsorbing surface consists
of the entire z = 0 plane. Thus, owing to excluded volume, the
copolymer is restricted to one side of the adsorbing surface.
Without loss of generality, we constrain all monomer positions of the copolymer to z ⬎ 0. The sites on the surface are
divided into alternating square blocks of C and D sites. The
surface blocks have dimensions l ⫻ l. Unless stated otherwise, we use l = L = 5 in the present study. The model copolymer is tethered to the surface, with the first monomer fixed at
position 共0,0,1兲. The origin 共0,0,0兲 corresponds to a corner of
a C block 共Fig. 1兲. Using a tethered chain will allow for the
possibility of obtaining results for a grafted copolymer which
has many interesting applications and provides a systematic

FIG. 1. Schematics of the interaction between a block copolymer and a
patterned adsorbing surface.

progress from previous studies of copolymers interacting
with homogeneous surfaces5 to those interacting with patterned surfaces. The copolymer-surface interaction strength
may be expressed in units of ␣ ⬅ −⑀ / kBT, where ⑀ is a
nearest-neighbor contact energy and kBT is Boltzmann constant times absolute temperature. Interactions are attractive
共favorable兲 if ⑀ ⬍ 0共␣ ⬎ 0兲 and repulsive 共unfavorable兲 if ⑀
⬎ 0共␣ ⬍ 0兲.
We generate a correlated sample of walks using a Metropolis sampling scheme, with the trial moves proposed by a
pivot algorithm28 coupled with local moves. To speed up
convergence we use a multiple Markov chain scheme29 in
which we run a set of Markov chains in parallel at different
values of ␣ with swapping of configurations between adjacent values of ␣. In a typical multiple Markov chain simulation, one samples at a variety of different temperatures at the
same time and “swaps” configurations between different
temperatures with swap probabilities chosen so that the converged distribution of the process is the product of the Boltzmann distributions at the individual temperatures. This
method requires that convergence should be rapid at one of
the ␣ values, and we achieve this by always including ␣ = 0
in the multiple Markov chain runs. For details see Geyer29
and Tesi et al.30
In model I, we examine the adsorption behavior of a
block copolymer whose A monomers interact with only the
C sites on the surface. Let cn共vAC兲 be the number of
n-monomer conformations with vAC A-C contacts 共vAC is the
number of A monomers positioned next to a C site兲. The
partition function for this model is
Zn共␣兲 = 兺 cn共vAC兲e␣vAC .

共1兲

vAC

Thus, the free energy n共␣兲 per monomer in units of kBT for
an n-monomer copolymer interacting with the adsorbing surface is given by

n共␣兲 = − n−1 ln Zn共␣兲.

共2兲

To study the adsorption transition, we compute the average
number of A-C contacts, viz.,
具vAC共␣兲典 =

兺vACvACcn共vAC兲e␣vAC
兺vACcn共vAC兲e␣vAC

共3兲

as a function of ␣, where 具¯典 denotes Boltzmann averaging
over the copolymer conformational ensemble. To allow for
comparison on the same footing of the behaviors of copolymers of different chain lengths, we focus on the quantity
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FIG. 3. Average fractional number of various types of copolymer-surface
contacts as functions of ␣ for a copolymer with n = 50 monomers in model I.
The top curve 具v典 / n represents the fractional total number of copolymersurface contacts.
FIG. 2. Average fractional number of A-C contacts 共upper panel兲 and the
per-monomer variance 2AC共␣兲 / n 共lower panel兲 as a function of ␣ for model
I. In this and subsequent figures, results for copolymers of different lengths
are plotted with different symbols; error bars are determined from block
averages; number labels correspond to the number of monomers of the
copolymers. Throughout this work, the numbers of simulation steps 共one
simulation step consists of one pivot move and length divided by four local
moves where length is the number of monomers, i.e., vertices of the selfavoiding walk兲 we have simulated are 1 ⫻ 106, 2 ⫻ 106, 4 ⫻ 106, 8 ⫻ 106, and
2 ⫻ 107, respectively, for n = 50, 100, 200, 400, and 800.

具vAC共␣兲典 / n, which is normalized by the number of monomers of the copolymer. Formulas for models II and III are
defined analogously. The quantity
−

具vAC典 n共␣兲
=
n
␣

共4兲

is related to the energy of the model system 关e.g., energy
= ⑀具vAC共␣兲典 for model I兴. To quantify the sharpness of the
adsorption transition, we consider also the fluctuation 共or
variance兲 of vAC by computing
2
2
AC
共␣兲 具vAC
典 − 具vAC典2
=
.
n
n

共5兲

2
The quantity AC
共␣兲 / n is normalized by the number of
monomers of the copolymer and is proportional to the heat
capacity, C共␣兲, of the model system 共see below兲. For each of
the three models we have investigated, we compute 具vAC典,
具vAD典, 具vBC典, and 具vBD典, for all copolymer-surface contact
types and their variances; and in one example, we compute
also the root-mean-square distance from the adsorbing surface. The adsorption transition is characterized by monitoring the variation of these thermodynamic and geometric
properties over a range of ␣ from zero to values that are far
inside the adsorbed regime and for several different chain
lengths up to n = 800 monomers.

IV. RESULTS AND DISCUSSION
A. Model I

The only type of favorable interactions in this model is
that between an A monomer and a C site. The mean fraction
of A-C contact per monomer is shown in the upper panel of
Fig. 2 as a function of ␣ for block copolymer chains of

various lengths. For every chain length we studied, 具vAC典 / n
undergoes a sigmoidal adsorption transition when the
strength of the attractive interaction, ␣, is sufficiently strong.
As ␣ increases, the 具vAC典 / n curves approach an asymptotic
value of 0.5 as ␣ → ⬁. Because 0.5 is the fraction of A monomers in the copolymer 共the chains we study have the same
number of A and B blocks兲, this result means that the A
monomers are almost fully adsorbed onto the C surface sites
when ␣ is somewhat larger than a transition temperature
␣m共n兲. The sigmoidal transition from desorbed 共low level of
A-C contacts兲 to adsorbed 共high level of A-C contacts兲 becomes sharper as chain length n increases. This trend is even
more clearly exhibited by the per-monomer variance
2
AC
共␣兲 / n of vAC given in the lower panel of Fig. 2. The peak
2
共␣兲 / n increases with n 关we refer to the value of
value of AC
2
␣ at which AC
共␣兲 / n is maximum as ␣m共n兲兴, and a lower
interaction strength is needed for the adsorption transition
with increasing n 关i.e., ␣m共n兲 decreases with increasing n兴.
The peaks in these finite systems exhibit a one-sided shape
共being very steep on the small ␣ side of the transition兲 characteristic of adsorption behaviors.
In this model, the adsorbing behavior of the B monomers
is very different from that of the A monomers because the
contact interaction of the B monomers with the surface is
neutral. To obtain a more detailed picture of possible pattern
formation on the surface, Fig. 3 examines the populations of
all possible monomer-surface contact types 共A-C, A – D,
B-C, and B-D, where vXY denotes the number X-Y contacts兲
as functions of ␣. The simulated data show that the total
fraction, 具v典 / n, of adsorbed monomers on the surface asymptotically approaches unity, indicating that the entire copolymer tends to lie on the surface at large ␣.
Two features in Fig. 3 are noteworthy. First, although the
value of 具vAD典 is very low for the entire range of ␣, the
variation of 具vAD典 as a function of ␣ is nonmonotonic. It
attains a maximum value of ␣ ⬃ 1 in the overall desorbedadsorbed transition region. This implies that as ␣ increases
from an initially low value, A monomers begin to be adsorbed onto C surface sites 共sharp increase in 具vAC典兲. But this
process also places some A monomers into contact with D
surface sites, even though the A-D interaction is neutral. This
leads to a transient increase in A-D contacts until ␣ is suffi-
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ciently strong to overcome configurational freedom, such
that these D-contacting A monomers can be pulled away toward the C sites. Second, the fraction of B monomers adsorbed onto the D surface sites approaches ⬇0.12 at high ␣,
which is significantly smaller than the fraction 0.5 of B
monomers in the copolymer, and that a relatively larger fraction of B monomers is lying on C surface sites even though
they do not have favorable interaction with either C or D
sites. Clearly, the reason for the considerable fraction of B
monomers lying on the surface is that although the B monomers themselves gain no energetic advantage by sticking
onto the surface, they are being “pulled” toward the surface
by blocks of “sticky” A monomers. This consideration explains 具vBC典 ⬎ 具vBD典 because the A monomers are overwhelmingly stuck to the C sites at high ␣ 共具vAD典 ⬇ 0兲; so the
B monomers that are pulled along tend to be in contact with
neighboring C sites. Taken together, the message from Fig. 3
is that whereas the A monomers recognize C surface sites
and adsorb accordingly, the B monomers do not stay away
from the surface, nor do they stick faithfully to C or D sites.
Consequently, a nonuniform pattern is formed on the surface.
To ascertain the generality of this behavior, we have repeated
the computation for L = l = 10 and obtained results similar to
the L = l = 5 case here 共data not shown兲. While size factors
such as the length of the copolymer blocks control the spacing of the adsorbed blocks in the patterns formed on the
surface, the determining factor for the tightness of adsorption
is the strength 共⑀ contained in ␣兲 and the form of the
copolymer-surface interaction energy. For model I, the pattern formed by the copolymer on the surface is not orderly
and uniform because of the prevalence of nonspecific adsorption. Therefore, if the formation of a more ordered pattern is
the objective, the interaction scheme of model I has to be
augmented or modified.
B. Model II

We now consider model II. As described above, both
A-C and B-D contacts are attractive in this model, with the
same interaction strength ␣. Compared to model I, the interaction scheme of model II is more specific because now the
B monomers would prefer contacting the D sites over the C
sites on the surface. The variation of 具vAC典 / n for several
copolymer chain lengths as functions of ␣ is shown in the
upper panel of Fig. 4. As for model I, 具vAC典 / n undergoes a
sigmoidal transition and tends to 0.5 when ␣ is increased
beyond a transition regime. Essentially identical trends are
observed for 具vBD典 / n for the adsorption of B monomers onto
D surface sites 共data not shown兲. Clearly, with sufficiently
large ␣, essentially all A and B monomers in this model can
find the C and D surface sites, respectively, and adsorb to
them. 共Hence the equivalence of Fig. 3 of model II would
indicate 具vAD典 / n, 具vBC典 / n → 0 for large ␣; data not shown.兲
2
共␣兲 / n as a
The per-monomer variance of contact number AC
function of ␣ is shown in the lower panel of Fig. 4. Compared to model I, the ␣ value at transition, ␣m共n兲, as deter2
共␣兲 / n, shifts to
mined by the location of the maximum of AC
much smaller values. 共Note that the horizontal scale covers a
smaller range of ␣ values in Fig. 4 than that in Fig. 2.兲 This

FIG. 4. Same as Fig. 2, but for model II.

is because model II has double the number of possible favorable contacts than model I. As in model I, and as is expected
from general considerations of phase transitions, the height
2
as well as the sharpness of the AC
共␣兲 / n peak increase with
increasing n. At sufficiently large ␣, because 具vAC典 / n,
具vBD典 / n → 0.5 共i.e., 具vAC典 / n + 具vBD典 / n → 1兲, the adsorbed copolymer lies flat on the surface with alternating blocks of A
and B monomers stuck to alternating blocks of C and D
surface sites, respectively. Achieving a flat surface pattern of
copolymers is important in certain biotechnology applications, as a sticky layer formed as a result of surface adsorption can be useful for preparation of cell seeding.16
Kriksin et al.23 have studied a similar model surface adsorption system using a Gaussian model copolymer chain
interacting with a surface composed of stripes with different
interactions with the copolymer. Interestingly, these authors
observed a two-step transition: first a general, not-so-specific
adsorption, then a reorganization of the adsorbed copolymer
conformation to optimize copolymer-surface interactions.
This phenomenon is characterized by two separate peaks in
the heat capacity function.23 We do not observe such a two2
stage transition characterized by two separated AC
共␣兲 peaks
in our models. This difference in transition scenario could be
due to a variety of reasons, including the difference in the
surface pattern 共chess board versus stripes兲, lattice versus
continuum chain representations, the presence of repulsive
interactions in the model of Kriksin et al.,23 and differences
in adsorption energetics for chains attached to the surface
versus that for chains not restricted by a tether constraint.2
Nonetheless, the nonmonotonic variation of 具vAD典 with ␣ in
Fig. 3 for model I 共see above兲 does suggest that a certain
degree of optimization and reorganization occurs after adsorption in our model I. It would be instructive to explore
these questions in future studies.
C. Model III

To explore the impact of repulsive interactions in pattern
recognition, we now consider, as a first step, an interaction
scheme with A monomers interacting favorably with C surface sites but B monomers interacting unfavorably with D
surface sites. As in protein folding, although repulsive inter-
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FIG. 5. Average fractional number of A-C 共upper panel兲 and B-D 共lower
panel兲 contacts as functions of ␣ for copolymers of various chain lengths 共as
indicated by labels for n values兲 in model III.

FIG. 6. Per-monomer variance of A-C contacts 关2AC共␣兲 / n, upper panel兴 and
2
共␣兲 / n, lower panel兴 for various
per-monomer variance of B-D contacts 关BD
chain lengths 共as indicated by labels for n values兲 as functions of ␣ for
model III.

actions are not necessarily present in ground-state configurations, they can be important in lowering the population of
undesirable excited-state configurations and thus resulting in
a sharper order-disorder transition. This role of repulsive interactions is sometimes referred to as “negative design,” in
contrast to the role of “positive design” played by the attractive interactions.31,32 Here, the A-C contact interaction
strength is parametrized by ␣ ⬎ 0 as in models I and II,
whereas the B-D contact interaction is repulsive with an interaction strength given by ␥ ⬍ 0. The value of ␥ is kept
constant independent of variations in ␣. We refer to this construct as model III, which may be viewed as a possible simplified model for surface-induced nanopattern formation in
ultrathin films of block copolymers.27 Physically, the model
III interaction scheme means that the population, or Boltzmann weight, of B-D contacts is not affected by external
conditions that modulate the Boltzmann weight of A-C
contacts.33 We use ␥ = −0.3 in the present study. Obviously,
other forms of repulsive interactions in pattern recognition
are possible.23 In order to assess the robustness of simplemodel predictions,32 an extensive set of physically plausible
interaction schemes remains to be investigated.
Figure 5 shows 具vAC典 / n 共upper panel兲 and 具vBD典 / n
共lower panel兲 as functions of ␣. The average fractional number of the attractive A-C contacts 具vAC典 / n tends toward 0.5
as ␣ increases. As for models I and II, the transition becomes
sharper as the chain length of the copolymer increases. Notably, even though model I and III have the same favorable
A-C interactions, the transition midpoints ␣m共n兲 of model III
chains shift to lower values than that of corresponding model
I chains with the same length. The A-C adsorbed state now
requires a smaller ␣ value to achieve. In other words, the
presence of the B-D repulsive interactions makes the adsorbed state more stable. This is consistent with observations
from heteropolymer models of protein folding. In those
cases, the introduction of repulsive interactions for undesired
共nonnative兲 interactions can raise the stability of the ground
state by a negative design mechanism of destabilizing intermediate conformations, even though the repulsive interactions do not affect the ground-state structure.34
Not surprisingly, since B-D interactions are repulsive,

具vBD典 / n remains at a low level for all ␣. Broadly speaking,
and as expected, the A monomers tend to stick to the C
surface sites whereas the B monomers tend to avoid the D
surface sites. Nonetheless, it is noteworthy that the average
fractional number of B-D contacts exhibits an increase as
具vAC典 / n undergoes a sharp adsorption transition. This increase in unfavorable interactions, reminiscent of phenomena
described by the “frustration” concept in other areas of condensed matter physics,35,36 is likely caused by the “pulling”
effect of the favorable A-C contacts, similar to the increase
in neutral interactions discussed above for the other two
models. Interestingly, this effect diminishes with increasing
copolymer chain lengths, at least for the range of ␣ we studied. Apparently, longer chain lengths allow for more configurational possibilities such that unfavorable B-D interactions
can be avoided more effectively.
2
共␣兲 / n in the fracFigure 6 compares the fluctuation AC
tional number of A-C contacts 共upper panel兲 against the fluc2
共␣兲 / n in the fractional number of B-D contacts
tuation BD
2
共␣兲 / n function exhibits a single
共lower panel兲. Every AC
peak. As for models I and II, and was evident from the upper
panel of Fig. 5, the sharpness of the transition as monitored
by A-C contacts increases with increasing copolymer chain
2
共␣兲 / n undergoes an increase
length. In contrast, whereas BD
in the transition region, the fluctuation does not subside
sharply as ␣ increases further. This behavior is very different
2
2
共␣兲 / n. The BD
共␣兲 / n peaks are significantly
from that of AC
suppressed in height by approximately two orders of magni2
共␣兲 / n. The increase in fluctuation
tude relative to that of AC
2
BD共␣兲 / n 共lower panel of Fig. 6兲 at ␣ ⬃ 0.75 appears to coincide and correlate with an increase in the fractional number
of B-D contacts 共lower panel of Fig. 5兲, most likely because
of the pulling effect discussed above. Opposite in trend to
2
共␣兲 / n, the lower panel of Fig. 6 shows that the
that of AC
2
共␣兲 / n decreases with increasing comaximum value of BD
polymer chain length n. These data indicate that, for model
III, the copolymer conformations formed near the adsorbing
surface at not-so-high ␣ likely consist of alternating blocks
of adsorbed A monomers and partially desorbed blocks
共loops兲 of B monomers 共see below兲.
The sharpness of the adsorption transition is also re-
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FIG. 7. The root mean square, 具z2典1/2, of the z coordinates of each of the
copolymers of various lengths 共as indicated by labels for n values兲 undergoes an adsorption transition as ␣ increases. Data for model III are shown as
an example. The minimum possible z − 1 value in the model is zero. The
quantity 具z2典1/2 − 1 is plotted here to highlight its asymptotic approach to zero
as ␣ increases.

flected in the variation of the root-mean-square z coordinate
of the copolymer as a function of ␣ 共Fig. 7兲. The quantity
具z2典1/2 measures the average distance of the copolymer from
the z = 0 adsorbing surface. The minimum possible value of z
is unity and therefore the minimum possible value for z − 1 is
zero. Comparing Fig. 7 with Figs. 5 and 6 shows that the
point ␣m共n兲 of vAC / n transition corresponds essentially also
to the point of a “flattening” transition 共rapid decrease in
root-mean-square z value of the copolymer兲. The plotted data
show that for ␣ significantly larger than ␣m, the copolymer
tends to lie flat on the surface 关共具z2典1/2 − 1兲 → 0兴. This is because the repulsive interaction in model III is independent of
␣. Thus, at sufficiently large ␣, the repulsive B-D interactions are overwhelmed by the attractive A-C interactions.
Figure 8 shows the average fractional contact number for
all four types of copolymer-surface contacts. A large fraction
of B monomers is sticking to C surface sites, likely because
of pulling effects of the favorable A-C interactions, as in Fig.
3 for model I. However, pattern recognition is more specific
in model III than in model I because of the presence of the
repulsive B-D interactions. As a result, 具vBD典 / n is significantly lower than that for model I. Interestingly, 具vBD典 / n
⬇ 具vAD典 / n, and the fractional number of favorable A-C contacts in model III is somewhat lower than that in model I, but
the fractional number of neutral A-D contacts in model III is

FIG. 8. Average fractional number of various types of copolymer-surface
contacts as functions of ␣ for a copolymer with n = 50 in model III. 共Same as
Fig. 3 but now for model III.兲

J. Chem. Phys. 125, 164909 共2006兲

FIG. 9. The location ␣m共n兲 of 2AC共␣兲 / n peaks vs 1 / 冑n for the three models:
I 共䉭兲, II 共〫兲, and III 共䊐兲. The lines are least-squares fits to the simulation
data. Error bars are given by the two simulated ␣ values sandwiching ␣m.

higher than that in model I. This phenomenon originates
from the repulsive B-D interactions. To avoid these unfavorable contacts as much as possible 共as they cannot be avoided
altogether in the model兲, some favorable A-C contacts have
to be sacrificed. Apparently, an overall consequence of the
B-D repulsion is that the copolymer does not lie as flat on the
surface; the average fractional total number of copolymersurface contact 具v典 / n is somewhat lower in model III than in
model I. These model observations highlight the possible
subtle effects that can be achieved through an interplay of
attractive and repulsive interactions. One of the issues that
synthetic biopolymers in the cell encounter is nonspecific
adsorption which triggers undesirable events and leads to
possibly harmful physiological pathways.18 As repulsive interaction can enhance specificity, using them extensively in
design can in principle lead to more specific adsorption pattern, and interfaces with more versatile adhesive properties,
e.g., with some chain segments extend from the surface.
D. n \ ⴥ asymptotic behavior
2
Comparison of the AC
/ n plots in Figs. 2, 4, and 6
indicates that for every chain length n we have studied,
2
/ n兲 of the three
the ␣m共n兲 transition points 共at peak AC
models follow the order ␣m共model I兲 ⬎ ␣m共model III兲
⬎ ␣m共model II兲. A general method to study the trend of
phase transition behavior has been to plot ␣m共n兲 of finite
systems versus n−, where  is a crossover exponent that
controls the way in which the peak positions ␣m共n兲 asymptotically approach the critical point ␣c of adsorption for the
corresponding infinite-size system 关␣c = limn→⬁␣m共n兲兴. For
homopolymer adsorption, numerical estimates of  range
from ⬃0.5 to 0.59 共De’Bell and Lookman3兲. Here, the number of data points computed for the three models is not sufficient for an independent estimate of . To make progress,
we assume  = 0.5 as in models of adsorption of homopolymers and periodic copolymers. Figure 9 shows that for n
⬎ 100, there is a reasonably linear relationship between the
simulated ␣m共n兲 values and n−1/2 for our models. Based on
the assumption that this linear dependence may be extrapolated to n−1/2 → 0 共i.e., n → ⬁兲, the rough estimates for ␣c we
obtain for models I, II, and III are, respectively, ⬇0.70,
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FIG. 10. Potential energy distributions 共left panels兲 and
heat capacities 共right panels兲 for the three models in this
work 共n = 50兲. For every model, the energy distribution
is provided for three different ␣ values that are significantly greater than, equal to, and significantly less than
␣m 共plotted as solid, dotted, and dashed curves, respectively兲. These ␣ values in the left panels are 2.0, 1.0,
and 0.2 for model I, 1.0, 0.33, and 0.1 for model II, and
2.5, 0.6, and 0.1 for model III. The dotted vertical lines
in the heat capacity plots 共right panels兲 mark the ␣m−1
values at the corresponding 2AC / n peaks. They are
slightly offset from the peak heat capacity values because the heat capacity accounts for all interaction energy instead of only the A-C contacts and it also contains a factor of T−2 that is absent in 2AC / n.

0.045, and 0.14. Consistent with the trend noted above for
finite-size systems, Fig. 9 shows that merely incorporating
repulsive interactions without adding attractive interactions
can lead to a decrease of ␣c for model III relative to that of
model I. But a more substantial decrease in ␣c results from
the additional attractive interactions in model II that are not
present in model I.
E. Energy distribution and calorimetric measurements

To better understand the energetic basis of adsorption
transitions and to explore novel experimental avenues to investigate them, we now consider the potential energy distributions 共referred to below simply as energy distributions兲 of
our three model systems and their temperature dependence.
The main motivation here is to ascertain the implications of
different adsorption scenarios on possible measurements
using scanning calorimetry, an experimental technique
that has been used extensively to characterize order-disorder
transitions such as the folding/unfolding transitions of
proteins.37–40
Treating the model parameter ⑀ as a constant, the total
copolymer-surface interaction energy E, in units of 兩⑀兩, is E
= −vAC for models I and III 共note that ␥ which quantifies the
B-D interactions is a constant兲, and E = −vAC − vBD for model
II. Accordingly, the absolute temperature T = ␣−1 in units of
兩⑀兩 / kB. By definition, the 共constant-volume兲 heat capacity
C共T兲 =

d具E典 具E2典 − 具E典2
=
dT
k BT 2

共6兲

is the energy variance divided by kBT2. Thus, the heat capac2
ity in units of kB, C共␣−1兲 / kB = ␣2AC
for models I and III, and
2
−1
2 2
for
C共␣ 兲 / kB = ␣ 关AC + BD + 2具vACvBD典 − 具vAC典具vBD典兴
model II. As there is no risk of confusion, below we will
refer to C共␣−1兲 / kB simply as C共␣−1兲.
For each of the three models, the left panels of Fig. 10
show the energy distributions 关P共E兲 for n = 50兴 at a low tem-

perature 共small ␣−1兲 when the copolymer is adsorbed, around
the
adsorbed/desorbed
transition
temperature
关⬇␣m共n兲−1兴, and at a high temperature 共large ␣−1兲 when the
copolymer is desorbed. If the adsorption transition is “firstorder-like” 共i.e., “two state” or “all or none” in the terminology of certain biomolecular transitions38,40兲, the energy distribution at transition, ␣m, would be bimodal, exhibiting two
peaks simultaneously at essentially the same positions as the
peaks of the energy distribution, respectively, at low temperature 共␣ Ⰷ ␣m兲 and high temperature 共␣ Ⰶ ␣m兲.40 Figure
10 shows that none of the three models satisfies this condition, as their energy distributions at transition are all unimodal although they are more spread out. The fact that energy
distribution is spread out at transition is consistent with the
diverging trends in 2 / n plots for the three models in Fig. 2
共lower panel兲, Fig. 4 共lower panel兲, and Fig. 6 共upper panel兲.
It is interesting to note that the transition energy distributions
for models II and III are more spread out than that of model
I; the detailed mechanism by which enhanced interaction
specificity can move the behavior of the adsorption transition
toward acquiring characteristics akin to that of a two-statelike transition requires further study.
In scanning calorimetry experiments, the calorimetric
enthalpy ⌬Hcal is the total heat absorbed by the system to
effect an ordered to disordered transition:
⌬Hcal =

冕

dTC P共T兲,

共7兲

where C P共T兲 is temperature-dependent, constant-pressure
heat capacity, and the integration is over the transition region
with appropriate base line subtractions.37,39 Here, the energy
in Eq. 共6兲 may be identified with experimental enthalpy
when pressure-volume effects are negligible, as for many
applications under ambient conditions. Hence, C共T兲 in Eq.
共6兲 may be identified with C P共T兲 and we obtain model
equivalence of ⌬Hcal by computing area under the C共␣−1兲
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curves on the right column of Fig. 10. Following the 2
definition of Kaya and Chan,39 the van’t Hoff enthalpy
−1 冑
−1
⌬HvH = 2Tmax冑kBC共Tmax兲 = 2␣max
C共␣max
兲,

共8兲

−1
is
Tmax = ␣max
−1

the temperature at which the heat capacwhere
ity function C共␣ 兲 attains its maximum value. Thus, ⌬HvH
is deduced from the same heat capacity plots. Both ⌬HvH and
⌬Hcal are expressed here in units of 兩⑀兩.
Calorimetric measurements are a useful probe of the underlying energetics because ⌬HvH / ⌬Hcal ⬇ 1 implies that the
order-disorder transition is two-state-like37,40 for a system
that can be essentially completely disordered at sufficiently
high temperatures.38 Since the P共E兲’s in the left column of
Fig. 10 have indicated that our models are not two-state-like,
⌬HvH / ⌬Hcal is expected to be significantly less than unity.41
As an illustration, we have determined the van’t Hoff to calorimetric enthalpy ratio, ⌬HvH / ⌬Hcal, for model I, for which
C共T兲 values at sufficiently low temperatures are available. To
determine ⌬Hcal, the integration in Eq. 共7兲 was carried out
from the lowest to the highest T = ␣−1 values we had simulated. Consistent with expectation, we obtain ⌬HvH ⬇ 8.5 and
⌬Hcal ⬇ 23.3 and thus ⌬HvH / ⌬Hcal ⬇ 0.36⬍ 1 for model I.
The observation that all three of our model interaction
schemes do not lead to two-state-like adsorption transitions
is reminiscent of recent findings in protein folding that pairwise additive interactions are often insufficient for two-statelike behaviors,38 and that many-body effects beyond pairwise
additivity are likely required for calorimetric two-state
cooperativity.40
V. CONCLUDING REMARKS

We have used extensive multiple Markov chain Monte
Carlo simulations to study possible scenarios of copolymer
adsorption on a patterned surface by comparing three different yet related model interaction schemes. Building on a basic copolymer adsorption model 共model I兲, we explored two
means of enhancing interaction specificity: the addition of
favorable, attractive interactions for desirable copolymersurface contacts 共model II兲, or the addition of unfavorable,
repulsive interactions for undesirable copolymer-surface
contacts 共model III兲. Enhanced interaction specificity leads
to a sharper adsorption transition, a thermodynamically more
stable adsorbed state, and a more uniform pattern formed by
the adsorbed copolymer conformation. It is noteworthy that
neutral or unfavorable copolymer-surface interactions persist
even after the main adsorption transition in all three models,
indicating that a level of energetic frustration may not be
straightforward to avoid because of chain connectivity constraints. Ultimately, these general principles emerging from
simple-model simulations should be useful for practical engineering designs.
In all three models studied, the adsorption transition is
not first-order-like: their underlying energy distributions at
transition are unimodal, rather than bimodal. In principle,
this aspect of the adsorption transition may be experimentally accessible by calorimetry. Previous findings suggest that
a sharply cooperative first-order-like adsorption transition
would likely require many-body interactions40 beyond the

types of pairwise additive interactions modeled in the present
study. The manner in which these many-body interactions
will play a significant role in the adsorption problem is open
to future investigations.
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