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ABSTRACT: The critical adsorption point (CAP) of self-avoiding walks (SAW) interacting with a planar surface

with surface disorder or sequence disorder has been studied. We present theoretical equations, based on ones
previously developed by Soteros and Whittingtdnhys. A.. Math. Ger2004 37, R279-R325], that describe

the dependence of CAP on the disorders along with Monte Carlo simulation data that are in agreement with the
equations. We also show simulation results that deviate from the equations when the approximations used in the
theory break down. Such knowledge is the first step toward understanding the correlation of surface disorder and
sequence disorder during polymer adsorption.

1. Introduction adsorption-314.16,17.2325 Eor example, Sebastian and Sumithra
Adsorption of polymers on surfaces plays a key role in many devgloped an analytical theory qf the adsorptio_n of Ga_us_sian
technological applications and is also relevant to many biological €hains on random surfaces using the Gaussian variational
processes. As a result, it has been studied for more than thregPProacti*?*They took surface heterogeneity into account by
decade5and continues to receive intense intefeshe field is modifying de Genne’s adsorption boundary condition and
rich and contains a wide variety of topics, from equilibrium @nalyzed influence of randomness on the conformation of the
properties of adsorbed layers and conformations of adsorbed@dsorbed chains. Adsorption of heteropolymers on heteroge-
polymer chains to dynamic properties and nonequilibrium N€OUS surfaces, in particular, hgs peeq stuqlled because of its
processes in adsorptidnFor polymer adsorption on planar relevance to molecular reqognltlon in biological process. The
surfaces, it is well-known that there exists a critical adsorption concept of “pattern matching” was proposednd has been
point (CAP) that marks the transition of a polymer chain, in investigated with different approach&g?2%-Muthukumar, for
contact with a surface, from a nonadsorbed state to an adsorbe@xample, derived an equation for the critical condition of
state? Scaling laws for a variety of quantities below, above, adsorption of a polyelectrolyte to an oppositely charged pat-
surface were developed by Eisenriegler, Kremer, and Binder blocky chain was selectively adsorbed on a patchy surface while
(EKB).* For example, when the chain goes from a nonadsorbed @ statistically alternating chain was selectively adsorbed on an
state to an adsorbed state, the energy of the dRathanges alternating surface. Jayaraman et®tlescribed a simulation
from an intensive variable independent of chain lerigtio an method to design surfaces for recognizing specific monomer
extensive variable dependent bnAt the CAP,E is expected ~ Sequences in heteropolymers. Recently Polotsky & @n-
to scale withN# whereg is the crossover exponent. Numerical —sidered adsorption of Gaussian heteropolymer chains onto
studies, including exact enumeratidthe scanning methoif’, heterogeneous surface. They found that the presence of cor-
and the multiple Markov chain meth8dave been performed  relations between sequence and surface heterogeneity always
to determine the location of the CAP and the crossover exponenteénhances adsorption. However, the dependence of the critical
¢. The values reported are however not completely in agreementadsorption point on either surface disorder or sequence disorder
with each other and are still under debate, especially the is not well-understood. Lack of this knowledge hampers further
crossover exponenp. The disagreement may be traced, as understanding on the correlation between sequence disorder and
suggested by a recent artiéleo different methods used for ~ surface disorder during adsorption.
determining the CAP and the crossover exporgent Here we present theoretical equations that describe the
While many studies focused on adsorption of homopolymers dependence of CAP on the surface disorder or sequence disorder,
on planar homogeneous surfaces, adsorption of polymers onalong with Monte Carlo simulation data in agreement with the
chemically or physically heterogeneous surfaces has alsoderived equations. The current study does not address the
received a fair amount of studié%2° Some were inspired by correlation between sequence disorder and surface disorder. We
specific applications such as segregation of polymer chains ononly consider cases where the disorder is present randomly either
patterned surfac&or pattern transfer via surface adsorptfef: on the surface (i.e., adsorption of homopolymers on random
others were motivated by a desire to understand how the heterogeneous surface) or on the sequence (i.e., adsorption of
presence of surface or sequence disorders may influencerandom copolymer on homogeneous surface). The correlation
between sequence disorder and surface disorder will be the
* Corresponding author: e-mail ywang@memphis.edu; Tel 901-678- subject of future publications. In the following, we first present

26$%n'i:\f‘e>‘r§?1£7,ﬁ‘e3;ﬁ4zi-s the theory that predicts the dependence of CAP on surface
* Savice d)é physiqupe de I'Etat CondénSEA Saclay. disorder and sequence disorder. Then we present details of
8 Zhejiang University. Monte Carlo simulation methods used to determine the CAP,

10.1021/ma070235w CCC: $37.00 © 2007 American Chemical Society
Published on Web 04/07/2007



Macromolecules, Vol. 40, No. 9, 2007 Self-Avoiding Walks Interacting with a Planar Surfac8499

followed by simulation data that agree with the derived surface patterns. Furthermore, the surface sites are randomly
equations. Finally, we discuss implications of these results on distributed. If there is a correlation between surface disorders,
practical applications such as chromatographic separations ofsuch as those present in patchy surface or alternating surface,

polymers. then eq 3 will not be valid, as eq 3 gives equal weight to all
possible surface labelings, while correlations restrict possible
2. Theory labelings. Summing over(A), eq 3 can be simplified to
2.1. Adsorption of a Homopolymer on a Homogeneous A Baan
Surface.We first consider adsorption of a homopolymer chain Znelfafe) = ZCN(U)(fA expe,,) + fs expk,)”  (4)

on a homogeneous surface. This can be represented by a self-
avoiding walk (SAW) in a three-dimensional lattice interacting
with a plane and restricted to lie on one side of the plane. The fu
vertices of the walks interact with the surface sites with an
attractive energy,. The partition function for a\-step SAW
interacting with a homogeneous surface is given by

A comparison of eqs 1 and 4 reveals that the partition
nctions for homogeneous and annealed random heterogeneous
surface become equivalent if

expe,) = fo expley) + fz expey) (5)

ZnomdNi€y) = ZCN(”) expewv) @) From eq 5, we derive the following equation that gives the
! dependence of CAP on the surface disorder:
wherecy(v) is the number of SAWSs that lie above the surface h A 5
with v visits to the surface. Hammersley et?&have shown exp,(cc)) = (1 — fg) expl,) + fg expe,(cc))  (6)
that the model exhibits a phase transition at a critical adsorption N )
energy,e., with a desorbed state fe, < ec and an adsorbed ~ Wheree,(cc) is the CAP of a homopolymer above a homoge-
state forey > €. They have shown that the limiting monomer neous surface angf}(cc) is the CAP of a homopolymer above

free energyf (ew) a heterogeneous surface while the surface interaction energy
1 e@ is held constant. It can be easily seen from this equation

f(e,) = lim N log Z,,ndNi€,) 2) that the dependence_of the CAP on the percentage of attractive

N-—eo sites on the surface is not expected to be linear, in contrast to

the conclusion drawn by an earlier studyEquation 6 is
expected to be valid as long as the two conditions are met: (i)
the chain has enough mobility to visit a large area of surface so
that the annealed approximation is valid, and (ii) the surface
aites are randomly distributed (i.e., uncorrelated).

2.3. Adsorption of a Random Heteropolymer on a Ho-
mogeneous SurfaceThe same approach can be extended to
consider the adsorption of a random heteropolymer interacting
with a homogeneous surface. We will use the same notation as
in previous section, except ndiw andfg represent fractions of
A and B monomers present on the heteropolymer. We will only
%onsider random copolymers composed by A and B monomers.
The sequence of a random copolymer can be representgd by
={x1, x2, ---» xn}, Wherey; are independently and identically
distributed random variables with = A with a probability of
fa andy; = B with a probability of 1— fa. A sequence order
parameterA can be defined to characterize the sequence
randomnes&>2”

exists and is a convex nondecreasing continuous function of
ew. Moreover,f(ey) = k for €4 < 0, wherek is the lattice
connective constant, aridey) is a strictly increasing function
of e, Whene,, > €. Thereforef (ey) is nonanalytic at,, = e..
€c has also been determined to be greater than zero and, base
on the best-known connective constant for the simple cubic
lattice?® to have an upper bound of 0.5738. The lattice
connective constamtis also the limiting monomer free energy
of the SAWs in bulk solution. Hence, the CAP can be
understood as the condition where the limiting monomer free
energy of a chain attached to the surface becomes equal to th
limiting monomer free energy of the chain in the bulk solution.
2.2. Adsorption of a Homopolymer on a Random Het-
erogeneous SurfaceNow we consider the adsorption of a
homopolymer interact with a heterogeneous surface consisting
of two types of surface sites, A and B. The interaction energy
of the vertices with the two surface sites ar§ and el
Following Soteros and Whittingtof¥,the partition function of
a N-step SAW interacting with a heterogeneous surface that A=1-Ppg — Paa @
consists of A and B surface sites can be expressed as as
wherep is the nearest-neighbor transition probability which is
Zie{farfe) = the probability that a monomer of typeis followed by a
v v ) A V@) 5 monomer of typg. Wheni = 0, th(_e sequence is random. When
> Z () o(A) fa™ exple,v(A)fg™ exp,v(B)) A > 0, then the sequence is statistically blocky, and when
v u(A)=0 0, the sequence is statistically alternating. We note that a given
(3) random sequence designatedybyay have nonzero values of
A. More discussions will be given in a later section.
The partition function ofN-step SAWs with the given
sequence above a homogeneous surface is written as

wherecy(v) is the number of walks that havesurface contacts,
v(A) is the number of monomers interacting with the A sites,
and »(B) is the number of monomers interacting with the B
sites;fa andfg = 1 — f5 are the fractions of A and B sites on _ A B

the surface, respectively. Here the partition function is averaged ZhetpolTa fe:7) ECN(UA'UBW) eXPEacw T+ vecu) (8)

over random distributions of the surface sites, i.e., the so-called

annealed approximation. Physically the annealed disorder meang here are two different ways to average over different distribu-
that the type of surface sites may change while the system attaingions of random sequences, namely the annealed average and
equilibrium state. However, it has been previously suggéstéd  the quenched average. With the annealed average, the partition
that the annealed approximation is valid if the chain can visit a function in eq 8 is first averaged over different distributions of
large area of the surface and hence samples all distributions ofy. This then leads to a partition functioBetponffa, fa), which
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is exactly the same as in eq 3. With the annealed approximation, 0.30
we derive the same equation as given by eq 6 for the CAP of
a random heteropolymer interacting with a homogeneous o N=25
surface, provided thdi andfg now represent the fractions of 020{ X N=10
A and B monomers on the chain. 4 N=20
In the following, we will present Monte Carlo simulation data
that conform to the two equations and also results that do not 0.10
conform to the equations because of the invalidation of the
approximations used in deriving the equations.

P

3. Monte Carlo Simulation Methods -1.0 05 0.0 0.5 1.0

In our simulations, polymer chains are modeled as SAWs sequence order parameter A

with N vertices on a simple cubic lattice of dimensions 250 Figure 1. Distribution of sequence order parameters obtained from
250a x 1008, wherea is the lattice spacing. Each vertex 2000 copies of random sequences generated fwith fs = 0.50 for

’ . . three different chain lengths. Lines are smooth fit to the data.
represents a monomer on the polymer chain. Chain lengths

studied are in the range oN = 25-250. There is an  gyrface was randomly created once and was subsequently used
impenetrable wall in the = a plane representing the surface. iy 5| simulations that determine the chemical potential of a chain
One monomer, picked randomly from the chain, is first placed gpove that surface. The surfaces displayed quenched random-
on a site adjacent to the wall (in tlze= 2a plane). The restof  negs: j.e., the surface pattern remained unchanged throughout
the chain is then grown using the biased chain insertion the simulations. However, the first bead of chain was placed
method?® Monomers that are in the= 2a plane are considered  randomly over the surface during the chain insertion, and hence
to be adsorbed on the surface. For all adsorbed monomers, afne chemical potential determined has been averaged over
attractive polymersurface interactionew, is applied. The gitferent surface randomness. Therefore, the annealed ap-
standard chemical potential of the chain (since it does not proximation used in deriving eq 6 was met in the simulations.
contain translation entropy)’, is calculated from the Rosen- | 3 few cases, patchy and alternating surfaces were created by
bluth—Rosenbluth weighting facto¥(N), which is given by° simulating a two-dimensional Ising model at appropriate condi-
tions.
Heteropolymers were modeled as SAWSs consisting of two
N ZexP(—ﬁEj) types of monomers, A and B, with specified fractidasandfs
0o_ _ _ _ = = 1 — fa. Chains were created by randomly selectiNg
Pu INAMN)E= —In L w and w 7 different positions along the chain to be B beads, while the
9) remaining beads were assigned as A beads, ensuring that the
chain had the exact composition called for fayand fs. The
wherez is the lattice coordination number € 6 for simple sequence order parameter,in generated random sequences
cubic lattice) andg; is the energy ofth inserted monomer in  exhibits a Gaussian distribution with zero mean. Examples of
thejth potential direction. We note thaf calculated is the free  distributions are presented in Figure 1. The longer the chain,
energy per chain, and%N is the free energy per monomer the narrower the distribution is. For a given chain lengthwe
discussed in eq 2. Typically, the chemical potential is determined typically generate 5000 copies of random sequences with
on the basis of about 20 million copies of trial chain conforma- specifiedfa. Each sequence is then used in biased insertion for

z

tions. 5000 or more copies to obtain the Rosenbitf#osenbluth
We obtained the standard chemical potentials of a chain with weighting factor. Letting(N,y) stands for the Rosenbluth

at least one monomer attached to the surfachds and Rosenbluth weighting factor obtained for a given sequegnce

compared that against a chain grown in a bulk SO|Uﬂ03’L]pk- the chemical potential of a chain can be obtained using two

The bulk solution is modeled by a 18X 100a x 100a lattice different averages over sequences:

with periodic boundary conditions applied in all three directions.

All chemical potentials calculated are reduced by the Boltzmann ,Bugds(N) = —In00W(N,)O (10)

factor, § = 1/ksT = 1. A coefficientK, similar to partition

coefficient if the chain was placed in a pore instead of near a BudsdN) = BuogNy)C= —In WNy)O  (11)

surface, is calculated by = exp(—Au®), whereAu® = u%, —

ﬂgulk. The way we determined the CAP is based on the The first approach is the annealed average, while the second

dependence ok on the chain lengtiN and will be presented  approach is the quenched average. The two chemical potentials

in the Results section. calculated differ slightly from each other. More discussion of
Heterogeneous surfaces were modeled by making the the quenched vs annealed averages will be given later. For the

plane composed of two different types of sites, which have determination of CAP, we have used annealed chemical

different values for polymersurface interactions. The designa- potentials.

tionse’ ande? will be used to distinguish between interaction _ _

energies of different site types. Simulations were performed 4- Reésults and Discussion

using surfaces with different fractions of A and B sites. Surfaces  4.1. Method Used To Determine the Critical Adsorption

were created by randomly assigning each site as A or B on thePoint. The method we used to determine the CAP follows our

basis of the probabilitiespa and ps, where pa and pg are earlier paperd-32 and is briefly sketched out. We obtain the

respectively the desired fractions of A and B sites on the surface. difference in standard chemical potenthal® at different surface

Because of size of the surface, this procedure resulted in theinteractione,, for a set of chains with different lengths. An

real surface composition percentages matching the desiredexample of data is presented in Figure 2a for a homopolymer

percentages within 0.1%. For a given surface composition, the above a homogeneous surface. The lines for different leNgth
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The CAP of SAWs in simple cubic lattice has been studied
< by others®=8 The reported literature value for the CAP of SAWSs
3 o1f . on the simple cubic lattice ranged frow0.37 by Ma et af®
s down to 0.288+ 0.02 by Janse van Rensburg and Rechnitzer.
The value reported by Ma et al. was considered to be too high,
probably due to chains analyzed being too short. Methods used
L T to determine the CAP varied in the literature. Meirovitch and

Livne® obtained the CAP for SAW in simple cubic lattice with
Monte Carlo simulations with the scanning method. They plotted
E(T)/N againstN and found the exponemnt in E(T)/N ~ N¢
over three different ranges of chain length € 20—60, 60-

0.01
0.18 0.20 0.22 0.24 0.26 0.28 0.30 0.32 0.34
&w
Figure 2. (a) Plot of Au® vs ¢, for SAW chains withN = 25, 50,
100, and 200 above a homogeneous surface. The critical adsorption

point is identified as the common intersection poig{cc) = 0.276=+ 170, and 176-350). Then, the critical point was located by
0.005. (b) Plot of deviation ishu® for the given range ol vs ey. The finding the value of the reciprocal temperat@ethat resulted
minimum in the plot is the critical adsorption point. in the exponentx being constant for the three different ranges

of chain lengths. Their reportdéc, which is equivalent to our
nearly intersect at a common point, which is estimated to be at ¢, was 0.291+ 0.001. Their method for determinin@. was
ec = 0.276 £ 0.005. A convenient way to identify this pased on the scaling theory developed by EKBs stated
intersection point is to plot the standard deviation of &i°, earlier, at CAPE(T)/N is expected to scale with¢ 1, whereg
o(AuP), for a given range of chain length studiedegs which is the crossover exponent. The value of this crossover exponent
yields a minimum in a plot shown in Figure 2b. The minimum \as debated. EKB first showed thate v ~ 0.59, wherev is
identified is directly related to the critical condition point the Flory’s exponent. Several recent reports suggestgitat
employed in liquid chromatography at the critical condition (.5 even for SAW chains, the same¢$or random walk$:36
(LCCC)32734In LCCC, the critical condition was defined as  |n Meriovitch and Levin’s studyg was left as an adjustable
the coelution point of homopolymers with different molecular parameter. The reportesivalue in their study was= 0.530+
weights, which, corresponding to computer simulation, is the 0.007, slightly larger than recent reported valges: 0.5. If
point whereK has least dependence on chain lengttK lis we were to takep = 0.5, then their data would suggest a lower
truly independent of chain length, thet.°) will be zero and O.. Recently Decase et &lexplored four different ways to
will be the minimum in a plot in Figure 2b. The critical condition  determine the CAP, mostly based on the scaling idea. They
point bracketed in this fashion depends slightly on the range of found that a slight change ef led to large deviations in the

chain length included in the calculation o{Ax°). However, resultings. Therefore, simultaneous determinationepind ¢
in the current study we fixed the range of chain lengths used. may not give the true location of CAP. Janse van Rensburg
Since this common intersection point does not occukt and Rechnitzér studied CAP for SAWSs in two and three

= 0, one may wonder whether it is the critical adsorption point dimensions using a variety of methods, including studying the
discussed in the literature. We have applied the same methocenergy ratios of walks of different lengths and the specific heats
for random walks above a planar surface in simple cubic of the chains. They found that analysis of the specific heat data
lattice31 The intersection point found was@t= 0.1834 0.002, in three dimensions was fraught with difficulty. The energy
in excellent agreement with expected CAP for random walks, ratios of different lengths and the free energy method yielded
e = —In(5/6) = 0.1823! On the other hand, CAP could be &c within the error bars. They reported a value for the CAP,
understood as the point where the limiting monomer free energy = 0.288 % 0.020, and a crossover exponent= 0.5005=+

for a chain attached to the surfaé@) equals the limiting 0.0036. Our CAP is within the error bars of their reported value.

monomer free energy of an unattached chain in the bulk solution. Interestingly, if they assume that the convergence of the energy

Therefore, we may define a CAP at a finite chain lengttl\l), ratios of different chain lengths is proportional toVN, the
at which Au®(N) = 0. From Figure 2a, we extract suek(N). yieldede; = 0.276+ 0.029, exactly the same as in our study.
Thise¢(N) is expected to depend dhin a scaling lawg(N) = The above discussion suggests that the critical condition

€c(0) — aN~?, and () is the CAP at infinite chain length  determined with our approach is the CAP. Our approach to
limit. Assuming¢ = 0.5, Figure 3 shows the linear fitting of  determine the CAP does not depend on knowledge ahd
e(N) vs N=95 which yieldsec(e0) = 0.274+ 0.005. Theec() therefore does not suffer from the uncertaintyirwhen both
identified is within the error bars of the common intersection ¢.and¢ need to be determined simultaneously. In the remainder
point. of the paper, we will use this method to determine the CAP of
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1 T T T T T Table 1. Critical Adsorption Point for Homopolymers above
Heterogeneous Surfaces with Attractive B Sites and Noninteracting
A Sites
percentage of attractive sites €3(co)

—~ 100% 0.276+ 0.005
I o} _ 75% 0.35+ 0.01
A<t 50% 0.49+ 0.01
25% 0.82+ 0.01
20% 0.96+ 0.01
15% 1.15+ 0.01
10% 1.45+0.01
0.01 , , . , \ 50% alternating surface 0.550.01
"044 046 048 050 052 054 0.56 50% patchy surface (O 0.94) 0.31+0.01

B . . . .
éw As discussed in the Theory section, one of the assumptions

Figure 4. Plot of deviation inAu® againste} for a homogeneous  used in deriving eq 6 is that the interacting surface sites are
chain adsorbing on a surface with 50% attractive sites and 50% randomly distributed. We have tested this assumption by

noninteracting sites. The CAP occursegt = 0.49+ 0.01. studying adsorption of homopolymers over a 50% surface with
, , , , alternating and patchy patterns. For a surface with 50% of A
141 7 and B, an order parameter (OP) can be defined (readers are
1ol i referred to literature for the definitiody.If OP = 0, the surface
is random; if OP= +1, then the surface is patchy; and if OP
5 10r . = —1, the surface is alternating. The data are also included in
Q ol | Table 1 and are indicated in Figure 5. The two points deviate
<« from the line described by eq 6. The CAP obtained over a 50%
06 |- N . alternating surface is larger than that over a 50% random surface.
On the other hand, the CAP obtained over a 50% patchy surface
04T a ] is smaller than over a 50% random surface. These results can
0 210 410 610 slo 100 be easily understood. When a chain is adsorbed on the surface,

it forms trains, loops, and taifsFormation of trains lowers the
energy of a chain to overcome the entropy loss during the

sites,fs. The symbols are the CAP determined by the simulation, and adsorptloln.. When a Ch.al.n IS In contact. with an aIterna’Flng
the solid line is from eq 6 witli” = 0.0 ande”, (cc) = 0.276. Circles surface, it is however difficult to form trains as no adsorbing
w . W .276.

are CAP over random surfaces, the crosié the CAP over a strictly  Sites are adjacent, while this is possible for random and patchy
alternating surface, and the upper triang\¢ is the CAP over a patchy ~ surfaces. Therefore, chains attraction to the alternating surface
surface with OP= +0.94. is lessened, and adsorption over a 50% alternating surface has
to occur at a larger value ef,. On the other hand, a chain over
SAWSs above a planar heterogeneous surface and SAWS fory haichy surface can selectively sample patches of the surface

hete;opolymersI above abplanar homogeneous su][face. h composed of adsorbing sites, so the adsorption over patchy
4.2. Homopolymers above Heterogeneous Surfaces with ¢\ face can occur at a smaller valueegf

Attractive and Noninteracting Sites. Here we consider adsorp- Another assumption used in deriving eq 6 is the annealed

tion of homopolymers above a heterogeneous surface. The first roximation. Thi roximation is strictly met if th of
type of heterogeneous surface studied consists of a surfacgPProximation. This approximationts strictly me € surface

composed of two types of sites. One type of the surface sites,pattem 'in contact with th? chain changes d.“”Ug t'he chain
which will be called A sites, did not interact with the polymer adsorptiori,” hence, averaging over different distributions can

S A _ : be performed as done in eq 3. The surface in this case is said
c_ktlalnsr; tgat 'Sitw t'o. '_I'k;e otrt1_e ' typti ?r: surfla ce S'ti’ Fge B to contain annealed randomness. If the surface pattern cannot
Sites, had an g ractive interaction wi € polymer chai)s, change, then the surface is said to contain quenched randomness.
The value ofe, was varied to locate the CAP. Figure 4 shows

o o - In our simulations, the surface contains quenched randomness.
a plot of the standard deviations fi\u° over all chain lengths | tact, we have used only one realization of a quenched random

for each value ofe;, scanned. The minimum in standard gyrface. However, the chain was placed randomly over different
deviations occurs foe,(cc) = 0.49 & 0.01, where the error  surface sites, making the annealed approximation applicable to
was based on the energy increment scanned. The same methogur simulations. We note that Sumithra and Baumgaetfher,
was used to determine the CAP for surfaces with 10%, 15%, in their studies, averaged over 50 different realizations of
20%, 25%, and 75% attractive sites. Table 1 summarizes thequenched randomness, and they compared the results with that
CAP of homopolymers over heterogeneous surfaces along withof a single surface realization. They did not find major difference
the data over a homogeneous surface. Figure 5 presents the plajetween these two approaches, especially if the temperature is
of CAP, e>(cc), as a function ofg along with the theoretical  high. Moghaddam and Whittingt&hinvestigated the difference
prediction according to eq 6 Witdf@ =0 andef,‘v(cc) = 0.276. between the quenched average and the annealed average for
Itis clear that a good agreement between eq 6 and simulationhomopolymer adsorption on heterogeneous surface and random
data is observed. Also, we note that CAP is not linearly copolymer adsorption on homogeneous surface. Their data show
dependent offg over the entire range but is well-described by that there was no difference between the two averages in the
eq 6. Earlier study by Sumithra and Baumgaefthéscused case of adsorption on random surfaces, but there were differ-
on surfaces wittig above the percolation threshold. Within that ences for adsorption of random copolymers especially at low
limited range offg, a linear dependence may be obtained. This temperature. It has been argued that quenched and annealed
study is the first to confirm the dependence of CAP on the averages are equivalent in cases where the quenched surface is
surface disorder over a wide rangefgf large in comparison with the polymé&¥15Polotsky et al® have

Percent B sites

Figure 5. Plot of the CAP,e\'f,(cc), against the percent of attractive B
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Figure 7. Plot of the CAP£5(cc), of copolymers over a homogenous
surface against the percent of attractive B mononfgrdhe symbols

Figure 6. Plot of the critical adsorption poingZ(cc), against the
percent of attractive B sites for surfaces with attractive or repulsive A
sites. The dashed line and open symbols are for surfaces with slightlyare the CAP determined by the simulation, and the solid line is the
repulsive A sites¢’s = —0.10. The solid line and closed symbols are plot according to eq 6 wita” = 0.0 ande"(cc‘) = 0.276. Circles ©)

for surfaces with slightly attractive A sites,, = +0.10. The symbols  are CAP of random copolymers, the cross) (s the CAP of block

are simulation results, while the lines are from eq 6 with the copolymers, and4) is the CAP of alternating copolymers.
corresponding:{, values.

Table 2. Critical Adsorption Point for Heteropolymers with the CAP. Figure 7 presents the plOteﬁ(Cc) as a function of

Attractive B Monomers and Noninteracting A Monomers over fg along with the theoretical prediction according to eq 6 with
Homogeneous Surface eh =0 ande!(cc) = 0.276. The data fit the equation well for
percentage of B monomers ®(co) situations in which sequences are randomly specified. However,
similar to homopolymer adsorption on heterogeneous surfaces,
100% 0.276+ 0.005 . . .
75% 0.364 0.01 the equation dogs not apply when the chain sequence is not
50% 0.49+ 0.01 random. For a diblock copolymer, where the first half of the
25% 0.84+ 0.01 chain is all A monomers while the second half of the chain is
ég‘;;o rermati | 1-365#58-81 all B monomers, a weaker attraction is required to reach the
% alternating copolymers . . 0 ; :
50% block copolymers 0.38 0.01 CAP than for a random 50% copolymer chain. An alternating

copolymer requires a slightly stronger attraction to reach the
also found that the CAP for quenched and annealed surfaceCAP. Again, these results can be explained by considering the
disorders are the same. In our simulations, the surface is largetendency of forming trains during adsorption. The diblock
in comparison with the size of the polymer, and the attachment copolymer is a homogeneous string of adsorbing B monomers
of the polymer to the surface occurs at many random places onattached to a string of A monomers. The B section of the chain
the surface. Therefore, the chain can effectively interact with is able to interact with the surface like a homogeneous chain,
many different random arrangements of surface sites, and thewhile the A section does not adsorb and slightly repels the chain
system approaches the annealed average. from the surface, indicating that the value @f(cc) for a

4.3. Homopolymers above Heterogeneous Surfaces with  diblock chain should be similar to a homogeneous chain on a
All Sites Interacting. In order to assess whether the equation homogeneous surface. In faetfv(cc) = 0.30 for diblock
derived for the CAP of random surfaces was valid in more copolymers, a value only slightly higher than for homopolymer
general cases, random surfaces that contained all attractive siteadsorption and much lower tharf(cc) for a 50% random
were prepared. For these surfaces, the polyraerface interac-  copolymer chain. For an alternating chain, consecutive attractive
tion for the A sites,efv, was set at a relatively weak attractive interactions are not possible, resulting in the necessity of a
strength, 0.10, and the interaction for the B surface sites wasstrongere(cc) than for a random chain.
varied to find the CAP. Additionally, surfaces with repulsive Finally, we compare the chemical potential determined with

A sites e@ = —0.10) were also investigated. annealed approximation vs quenched average. We found that
Figure 6 shows the values af(cc) determined for these the chemical potential of a random copolymer above the surface,
two cases, as well as the prediction of the valuee§fcc) ‘ugds obtained via the annealed average in eq 10 was smaller

given the values ofs ande)y used in the simulation. As can be  than the quenched average in eq 11. This has been suggested
seen in the figure, there is a good agreement between the datdn the literature?® Annealed approximation implies that the chain
and the equation, indicating that the equation is valid for surfaces sequence can change when it interacts with the surface. As a
with many different types of surfaces, not just surfaces with result, the chemical potential is lowered when compared with
attractive and noninteracting sites. a chain with a fixed sequence. Figure 8 shows the distribution
4.4. Random Copolymers above Homogeneous Surfaces. of 1, obtained on the basis of trial insertions of a given
Critical adsorption points for random copolymers adsorbing on random sequence, against the sequence order parainéier
homogeneous surfaces were also determined. In these systemsliscussed in section 3, a generated random sequence may not
polymer chains are considered to be composed of two different correspond to exactly = 0, therefore resulting a distribution
types of monomers, A’s and B’s, interacting with a surface of ugds againstl. Figure 8 shows that within the range bf
composed of only one type of site. B monomers were attracted spanned by random sequences the chemical potential is seen to
to the surface, while A monomers do not interact with the depend oni. Theu2is higher for negative. and is lower for
surface, i.e.,efV = 0. Table 2 shows the values of the CAP, positive 1. This is consistent with the results in Table 2. A
eq(cc), for various values df along with results obtained for ~ negative 4 implies the random copolymer chain exhibits
homopolymers, alternating copolymers, and block copolymers. statistically alternating behavior. A highﬁﬁdsimplies that the
Here we have used annealed chemical potentials to determinechain is more difficult to be adsorbed on the surface; therefore,
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Figure 8. Distribution ofu 2, vs the sequence order parametef a

random copolymber. Each data point represents ;ogbg based on
insertion of one given random sequence of 5000 times, and the figure
contains data for 5000 random sequences. Chain légtiL00,fa =

fs = 0.5, ande), = 0.0 ande® = —0.5.

it needs a stronger attraction to reach CAP.

5. Summary Remarks

Polymer adsorption at surfaces is relevant to many practical
applications and has thus received extensive experimental
investigation. However, interest in the CAP, to a large degree,
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CAP is not well-understood. Can a long chain in contact with
a surface with few adsorbing sites still exhibit a phase transition
similar as that of homopolymers over homogeneous surface?
If it does, is the transition first-order or second-order? These
questions therefore may cast some doubt on the CAP determined
by our approach in the presence of disorder. However, the CAP
we determined is directly related to the critical condition point
in LCCC. Hence, even though the physical meaning of the CAP
determined in this study in the presence of disorder could be
subjected to further scrutiny, the importance of our results is
not undermined.
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