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Adsorption of random copolymers: A scaling analysis

K. Sumithra and A. Baumgaertner®
Forum Modellierung, Forschungszentrum, 5242%chy Germany

(Received 10 August 1998; accepted 29 October 1998

We report on results from Monte Carlo simulations of a single random copolymer adsorbed on a
homogeneous planar surface. Although the critical crossover exponent is unaltered with respect to
the case of homogeneous polymers, it is found that the scaling behavior is changed by the fraction
of adsorptive monomers of the chain. In particular, we present some explicit expressions for energy
and radius of gyration at low temperatures. 1®99 American Institute of Physics.
[S0021-960609)51305-9

I. INTRODUCTION mer adsorbed on a homogeneous as well as on a chemically

. o _ random surfacé>
Owing to the enormous practical interest, ranging from

biological physics to biosensor and pattern recognition appli-
cations, polymer adsorption on surfaces has been the focills MODEL AND SIMULATION TECHNIQUES

of a broad spectrum of experimental and theoretical investi-  \ye have used Monte Carlo simulation methods to inves-

gations. In particular, since many polymers possess heterguate the adsorption characteristics of a self-avoiding ran-
geneous compositiori®.g., proteinsthere is much interest 4o copolymer on a planar homogeneous surface. Our

in determining the relation between their compositions ang,,,qel consists of a cubic lattice of unit spacing, where the

their adsorption characteristics. _ z=0 plane of the lattice represents the impenetrable, planar
Beside polymers with specific sequencegy., proteins g face. The lattice has linear dimensionsLgfL andL,
there has been considerable interest in random copolymets| \vith L =300 andL.=N. We used periodic boundary
. . . . H z .
serving as a paradigmatic model for more realistic heterogesyngitions. The polymer chain is modeled as a self-avoiding
neous macromolecules. Among others, studies have begfyx of N—1 steps on the cubic lattice. Its chemical struc-
performed_fn the localization of random copolymers atyre js designed as a random copolymer having two types of
interfaces,™ the adsorption of random polyampholyfs, it A andB. One of the monomer uniss, has an attractive

the ad;orption—freezing transition of random COP,Olymersinteraction of strengtle< 0 with the surface at=0. TypeB
near disordered surfacéS,and the effect of specific se- s are not attractives= 0. The initial configuration of the

quence distributions on the adsorption transifidhin a se- 5\ mer is generated with one monomer attached to the sur-
ries of papers Gutman and Chakrabottfhave developed a face by a random growth process taking into account of self-
replica-based mean-field theory for random block copoly-yygigance. Subsequent different chain configurations are
mers interacting with chemically disordered surfaces. _generated using the standard kink-jump and crank-shaft al-

In the present paper we address the questions concerningithms and using periodic boundary conditions inxttead

the critical and low temperature properties of random cOy girections. For a given configuration of the chain the num-

polymers at a homogeneous adsorbing surface. In particulafe, of attractive monomer& in contact with the surface is
we have examined the question of how much random cozgculated.

. 14 . .
polymers differ from homopolymet$™*with respect to their Statistical weights are assigned appropriately to different

critical behavior. . configurations using standard Metropolis rules. A move is
The study of adsorption of random copolymers on Sur-ccented if: (1) the self-avoidance is maintained ar@)
faces merits attention because the physical status of the prOQS(p[e(n =N /kgT1> 7, where I>7>0 is a random
(0] ne! l

lem is somewhat different from the pure polymer adsorptio“number,T is the temperature, arkj, is the Boltzmann con-

In the latter case, each monomer has active attractive ime%‘tant. For the rest of the paper we will measure the tempera-
actions with the adsorbing surface where as in the case Qf;a in units ofe/kg and hencd =kgT/e. Here, in this prob-

random copolymers, only a certain fraction of monomersgy, we have two averages
which are randomly distributed along the chain interact Withconfigurations of the polymer chain and the other over the

the surface while the rest remain neutral. Previous stidles quenched random sequence of adsorptive monomers of the

gave reasonable descriptions of how the molecular arChite‘b'onmer chain. We have performed quenched averages using
ture and sequence distribution affects the adsorption of cozq yifferent random sequences.

polymers. But the critical properties of the same remain still  1hare is always a finite probability for the chain to es-

unknown. Our major aim in thi§ investigation is to study thisCape from the surface at all nonzero temperatures in this
and to compare the results with that of homogeneous polysodel, This tendency will be larger at high temperatures and
also for short chains. We have suppressed this effect by im-
dElectronic mail: a.baumgaertner@fz-juelich.de posing the condition that at least one of the beads of the

one over all possible
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FIG. 1. Average energy of adsorpti&N of random copolymers on the FIG. 2. Transition temperatures for differénas a function oN~%.

homogeneous surfaceersustemperature 7. The lines correspond to Eq.
(22. L . :
which is the same as that in the case of the adsorption of

homopolymers?2 At this point we made the assumption that
chain must be attached to the surface. This constraint, how is the same for random copolymers independent.di
ever, still allows the chain to diffuse in proximity to the fact, this will be justified in Sec. Ill B. By extrapolating each
surface and could be applied to the case of heterogeneo@éthe curves to very larghl, we have estimated(f). The

surfaces as welf® T.(f) values are then plotted agairfan Fig. 3. It is found
In determining the averages, we have usefl Monte that these data follow approximately a linear law~f.
Carlo steps. However, in order to reconcile the critical temperature at

f=1, T.~3.3, and the limiting casé—0, whereT,—0
should be expected, a better approximation is givenTpy
=3.3f%7. The latter function is depicted in Fig. 3 by the
We have estimated the average of the adsorption energgolid line. It should be noted that a similar linear relationship
E/N as a function of temperatufiefor various chain lengths betweenT andf has been predicted recently by Gutman and
N and for various fractions of attractive monomdrsThe  Chakraborty"?
case wheref=1 corresponds to adsorption of a homoge-
neous chain on a pure, planar surfaté the present inves-
tigation, we have studied polymer chains with lendths75, Similarly as in the case for homopolymé&tsve assume
100, 150 and 200 and for values ©¥0.4, 0.5, 0.6, 0.7, 0.8 a scalingansatzfor the energy of the form
and 1. In_the present study_we used uncorrelated sequences E/N®=h[ N4 ], 1)
of attractive and nonattractive monomers, where the prob-
ability of a monomer to be attractive fs where 7=[T—T.(f)/T.(f)] is the temperature distance to
The temperature dependenceEdN for N=100 and for the critical temperature. The scaling function has the
different values of is shown in Fig. 1. The other valuesNf  asymptotic critical properties
also show similar qualitative behavior. The adsorption en- x~1f,

IIl. RESULTS AND DISCUSSIONS

B. Critical properties

. X— 00
ergy per monomeE/N shows a monotonous decrease with
the increase in temperature. Near the critical temperature h(x)={ const. x—0 ; (2
T.(N) the energy undergoes a significant change. It is clear [x|2=Vof, x— —o0

from Fig. 1 that the adsorption energy do not only depends
onT, but also on the fractiofi. E/N increases with increas-
ing f.

A. The critical temperature
sl i
It is evident from Fig. 1 that the value @%,(N) depends

not only on the chain lengthN but also on the fraction of T (.0
adsorptive monomers and therefore we den®téN) as 2| -
T.(N,f). The critical temperaturd.(N,f) for eachN has

been estimated for different values faf This has been per-

formed by taking the derivative of each curkéN vs T, as 1 7
shown, for example, in Fig. 1 for the cade=100. The

locations of the maxima of the derivatives have been identi- | |
fied with the transition temperaturg@s(N,f). The results for % 0.5 1.0

T.(N,f) as a function oN~¢ are shown in Fig. 2 where f

is the crossover exponent. We used the valuepef0.59 FIG. 3. Ty(e,f) as a function off.
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FIG. 4. The log—log plot oE/N?f vs the scaling variablx| for f=0.4and  F|G. 5. The log—log plot oR, /N” andR, /N” as a function of the scaling
0.8 denoted by open and full circles, respectively. variablex for f=0.4 (open symbolsand f =0.8 (full symbols.

where x=7N?%. The corresponding asymptotic behavior

(|7]<1, N—x) is The corresponding asymptotic behavior of the two compo-
nents is:
i [l7IN]7%, T=T, N T=T
v =
E/TNe |7.|(17¢)/¢, T<TC. (3) " ) c (8)
. . . . A, (), T<T..
In Fig. 4 we present the corresponding scaling analysis of ¢
our energy data. For simplicity, only data fbr=0.4 andf N”, T=T,
_ . . _ R 9
0.8 are presented. The straight lines drawn along each col I NP2 7|2 i0g (f), T<T,, 9

lapsed set of adsorption energy data in the figure give the
expected asymptotic slopes according to the above scalingherev,=3/4 andv~0.59 are the correlation length expo-
assumptions$Eq. (3)] which are in fair agreement with our nents for two and three dimensions, respectively. In Fig. 5
Monte Carlo data. The crossover exponent has been fitted twe present the scaling analysis of the Monte Carlo data of
¢=0.59, similar to our previous studies on homogeneousR, andR;, respectively. The upper and the lower wing of
polymer adsorption on homogeneous surfdéée slightly ~ data correspond to the ca3e<T, for R, andR, , respec-
smaller exponent oft=0.54 based on other calculatidfs tively. The other data, almost independentxdf correspond
could not be confirmed. It is interesting to note that theto the casel>T.. The straight lines drawn along each col-
crossover exponent is independentfofwhich is quite dif- lapsed set of data in the figure give the expected asymptotic
ferent from the case of adsorption of homogeneous polymerslopes according to the above scaling assumptions, (Bgs.
on random surfaces. In the latter case the exponent seemsaod(9). The data are in good agreement Ry, but in poor
change continuously with the degree of randomriess. agreement forR, . The latter case might be attributed to
Similar scaling analysis can be performed for the radiudarge statistical errors in our data. Another possibility is that
of gyrationR and its parallel and perpendicular componentsat low temperatures the componéht departs strongly from
with respect to the surfac®, and R, , respectively. The the power law, Eq(8), which is observed in Fig. 5.
appropriate scalingnsatzfor these quantities are: For the scaling functions, Eq&) and(7), we have as-
sumed that the variables and f obey different functions

R, =N"g,[7N?,f] (4) - - .
whereg,(f) andg, (f) are unknown. However, a different
and scalingansatzwith a combined scaling variable is also con-
: g
R,=N"g,[ 7N?,f]. (5) ceivable, where
The scaling functiongy, (x,f) andg,(x,f) are assumed to R, =N"g,[rN#f#/(179)] (10
have the following aymptotic behavior: and
const., Xx—o R=N"g[ TN¢f#/(1-4)], (11)
g, (x,f)ecq const, x—0 (6)  The corresponding asymptotic behavior, analog to .
Ix|~"'¢g, (f), x——oo and (7) wherex=7N*f#(1=¢) andg=1, would give
and N”, T=T,
R 12
const., X—so q* |7_|—V/t/>f—v/(l—¢)’ T<TC, ( )
gi(x.f)={ const, x—0 @) Y, T=Te
|X|(V2—V)/¢éu(f), X — 00 Ry NV2|T|(V2—V)/¢f(vz—y)/(1—¢)' T<T,. (13
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FIG. 6. The log—log plot oR;/N” as a function of the scaling variable

The Monte Carlo data as a function of 7N¢f#(1-9) are

K. Sumithra and A. Baumgaertner
Comparing this result with the asymptotic scaling foay.
(6)] for T<T., one gets the result

1 v
1-m 1-¢

=1.44, (19
wherev= ¢=0.59. The Monte Carlo data &, at low tem-
peratures are approximately described by

Ry ~[fe (T7b0]~vime), (20

which is shown in Fig. 7. The constab{~1.6 has been
fitted to provide the extrapolated value & f /(1%
~0.1 at T=0. The normalized data collapse to almost a
single line, almost independent &f The full line in Fig. 7
corresponds to Eq20). Although the main behavior dr;

is well described by Eq(20), there is still a weak depen-
dence onN leading to a scattering of the data. It should be
noted that the above approximation f&r does not include
the correct limit atf=1 andT—0, whereR, =0 must be

given in Fig. 6. Although the collapse of the data has notexpected. This effect is probably somehow buried in the con-
significantly improved as compared to Fig. 5, the scalingstantbs.

assumptions Eq410) and (11), seem to be the correct one,
because the asymptotic power law, EtR), is in agreement

The Monte Carlo data oR, at low temperatures are
approximately described by

with predictions based on the proximal exponent and with

our Monte Carlo data which is discussed below.

It should be noted that for the energy, a scaling similar to

Eq. (10) could be assumed. Although this would give the
correct low temperature behavior of E@), the high tem-
perature behavior, would be wrong Ileading t&
~1/f¢=4) and implying thatE would increase with de-
creasingf.

C. Low temperature properties

The low temperature behavior &, and in particular
the power law off in Eq. (8) are related to the concentration
profile of the monomers near the walt®

am

z

z

R,

wherem is the proximal exponent, ang(0)=1 andv ()

p( Z) = pO ' (14)

v

=0, anda is the size of one monomer. The density profile is

related to the fraction of adsorbed monomEyr& [Eg. (3)]
by

E a 1-m
N=apo/fdz p(z)~(R—L) , (19
which can be reformulated to
E\ - [V@-m)]
R ~ N (16)

Since the free energy of adsorption per monom#r is

E v
AFQ—NT‘F , (17)

a

R,

the minimization of the free energy with respectRg and
using Eq.(16) provides the condition

a 1/v+m—1

R 18)

T=

Il
aN”2

~[fe~(T-cn]0z-vi1-9), 21)

wherea=0.327 for strict self-avoiding walks on the square
lattice and ¢,—v)/(1— ¢)=0.39. Similar to the case of
R, , the normalized data dR, collapse to almost a single
line which is well approximated by Eq21) using the con-
stantcs~0.9. This is shown in Fig. 8.

At low temperatures all the energy curves in Fig. 1 attain
their expected limiting values &t—0 of the ground states
E/N=f. It has been suggestetithat the low temperature
behavior of the energy is approximately given B/N
=f/[1+exp(eksT)]. We found this approximation to be in a
very poor agreement with our data. A different formula,
valid for T<T.(N), is given by

1-9)e
7

Tc(N)
T*(N)

T*(N)
— -

(22

|

E/N=ftan}‘{

T T T TTTTT
L 11k

Rl f\'/(1—4))

T<T, (N

-2 | |

1 T 2

3

FIG. 7. The normalized perpendicular componBnf (=% of the radius
of gyration as a function of temperature. The line is given by @6).
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2.0 adsorptive monomers of the chain as compared to the homo-
geneous case. In particular, we suggest some explicit expres-
sions for energy and radius of gyration at low temperatures.
R, 1.5 7 Finally it should be noted that it would be of interest to
perform more detailed comparisons with the mean-field

0.75 ,0.39 X
aN " f theory of Gutman and Chakrabotfyin the future.
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