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We present the results of extensive numerical off-lattice Monte Carlo simulations of semiflexible
block-copolymer chains adsorbed onto flat homogeneous surfaces. We have compared the behavior
of several chain structures, such as homopolymers, diblocks, �A�B�� block copolymers, and random
heteropolymers. In all the cases studied, we have found the adsorption process to be favored
with an increase of the chain rigidity. Particularly, the adsorption of diblock structures becomes
a two-step process characterized by two different adsorbing temperatures that depend on the
chain stiffness �, the chain length N, and the adsorbing energies �A and �B. This twofold adsorbing
process changes to a single one for copolymers of reduced block size �. Each block of the stiff
copolymer chain is found to satisfy the classical scaling laws for flexible chains, however, we found
the scaling exponent � to depend on the chain stiffness. The measurement of the radius of gyration
exhibits a typical behavior of a polymer chain composed of N / lp blobs whose persistence length
follows lp��� /kBT�0.5 for large stiff chains. © 2005 American Institute of Physics.
�DOI: 10.1063/1.2101526�
I. INTRODUCTION

Polymer adsorption has been a topic of great experimen-
tal and theoretical interests due to its enormous number of
applications in science and technology. These applications
cover the stabilization of colloidal suspensions, adhesion, gel
permeation, chromatography, etc. It is a characteristic feature
of all these systems that their physical properties are medi-
ated by the interaction between polymer molecules and an
impenetrable surface. The bulk conformational properties of
these polymer chains are strongly modified in contact with
the surface due to a subtle competition between the loss of
entropy at the surface and the gain of internal energy.

In the last decade, a large number of theoretical studies
have been devoted to the adsorption of flexible
homopolymers,1–7 diblock copolymers,8–10 AB-type alternat-
ing copolymers,11–13 and random copolymers.14–16,19 In turn,
the adsorbing surface has been considered as flat and
homogeneous1–5,8–16 or heterogeneous,6,7,17,18 including re-
gions with a random distribution of adsorption energies.

However, many polymers are rigid up to a certain extent
due to steric and electronic delocalization effects. Few im-
portant examples of such stiff chains are found in synthetic
macromolecules and specially in biology, just to mention,
DNA, collagen, microtubules, and actin filaments.19 On a
local length scale, the stiffness is very prominent and it is
expected to produce significant changes in the macromolecu-
lar properties. Among the many significant phenomena in-
duced by the polymer stiffness we can mention the nematic
liquid-crystalline ordering of semiflexible polymer segments.

The constrained rotational motions of the monomers
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about the chain backbone make the use of conventional mod-
els developed for flexible chains inadequate. The statistical
mechanics of such chains was first formulated by Kratky and
Porod,20 about 50 years ago, and it is still considered as a
nontrivial problem. In contraposition to flexible chains, the
number of studies devoted to stiff polymer chains is scarce
and focused on the behavior of homopolymer structures.21–25

Copolymer adsorption onto surfaces has become re-
cently a topic of great interest in the design of novel blood-
contacting materials for medical implants and bioaffinity
sensors.26,27 The adsorption of copolymeric chains has also
found applications in nanotechnology. For instance, pluronic
triblock copolymers are used in order to activate external
wall carbon nanotubes and, at the same time, to prevent non-
specific bounding of molecules onto nanotube surfaces.28

Such coated nanotubes are the basis for the design of highly
specific electronic biosensors. Furthermore, copolymer ab-
sorption plays an important role in the design of dynamic
polymeric wall coatings for capillary electrophoresis.29 Poly-
mer properties help to create an ideal wall coating with a
notorious impact on the electro-osmotic flow capabilities.

The purpose of the present paper is to study how the
adsorption properties of stiff polymers are modified when the
chain structure is changed and to examine whether the uni-
versal scaling laws apply in these systems. We will present
the results of extensive off-lattice Monte Carlo simulations
of semiflexible block-copolymer chains adsorbing onto flat
homogeneous surfaces. The polymer will contain two types
of monomers A and B forming blocks of different sizes that
interact with the surface with energies �A and �B, respec-
tively. Besides the block size, we will characterize the ad-
sorption process as a function of the chain rigidity and the

chain length. Our simulations are single chain. Although ap-
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icense or copyright; see http://jcp.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.2101526
http://dx.doi.org/10.1063/1.2101526


204703-2 Cerdà, Sintes, and Sumithra J. Chem. Phys. 123, 204703 �2005�
plications usually involve many interacting chains at the sur-
face, the adsorption of isolated chains provides a valuable
benchmark for studies of many-chain systems and is directly
relevant to a number of emerging single-molecule ap-
proaches to molecular genomics.30,31

The rest of the paper is organized as follows: in Sec. II
we describe the numerical model, in Sec. III we present the
results for diblock semiflexible chains and block-copolymer
structures, and Sec. IV concludes with a brief summary and a
discussion of the results.

II. NUMERICAL MODEL

We have studied the adsorption of a semiflexible block-
copolymer chain onto a homogeneous surface using off-
lattice Monte Carlo simulations. We have considered the
polymer chain to be confined in a unit box with periodic
boundary conditions in the x-y domain. The length of the cell
is chosen to be at least twice the chain length N, and an
impenetrable planar surface is set at the plane z=0. The poly-
mer chain is represented by a pearl-necklace model32 con-
taining N beads of diameter �.

The stiffness of the polymer chain is usually character-
ized by the arclength over which the tangential correlations
of the contour decay to 1/e and it is commonly referred as
the persistence length lp. In other words, it can be considered
as the distance over which the polymer chain is stiff. We
introduce the stiffness through the bending potential Ubend

given by33

Ubend = �
�

��1 + cos ��2, �1�

where � is the bond angle between any three consecutive
beads and � is the bending constant.

Monomers that are two or more beads apart interact
through a steric hard-core potential of the form

Usteric = �
i,j=1

N

V�rij� , �2�

where V is given by

V�rij� = �0 for �ri − r j� � �

� for �ri − r j� 	 � .
	 �3�

Monomer units can be of type A or B and are distributed
along the chain of length N according to the selected poly-
mer structure. A diblock copolymer will be denoted by
�AN/2BN/2� and, in general, a block copolymer formed by �
monomers of type A followed by � monomers of type B,
repeating this sequence along the entire chain, by �A�B��N/2�.

Monomers of types A and B interact with the impen-
etrable surface at z=0 with adsorption energies �A and �B,
respectively. Thus, we define an adsorption potential Uads as

Uads = nA�A + nB�B, �4�

where nA and nB are the numbers of A-type and B-type
monomers such that their z coordinate verifies 0	z	�. The
total energy of the system will contain the above contribu-

tions and is written as

Downloaded 27 Mar 2012 to 161.111.180.103. Redistribution subject to AIP l
U = Uads + Ubend + Usteric. �5�

The initial configuration of the self-avoiding polymer is
randomly generated with one monomer attached to the
surface z=0. Next, the polymer tried to move by randomly
executing a repeating-type motion in a forward or reverse
direction, or by selecting an individual monomer which po-
sition can be rotated around the axis connecting the previous
and following monomers in the chain in an arbitrary angle
between 0 and 2
. Chain ends just perform random wiggling
motions. Each move is accepted according to the standard
Metropolis Monte Carlo algorithm: exp�−�U /kBT���,
where 0	�	1 is a flat random number. A link-cell
method34 has been implemented in the algorithm to effi-
ciently check �U.

At very high temperatures, or equivalently at low ad-
sorption energies, the chain has a tendency to diffuse into the
bulk. We prevent this by forcing the polymer to have at least
one monomer attached to the surface. However, one does not
expect any significant change in the statistical properties of
the adsorbed chain at low temperatures. We define one
Monte Carlo step �MCS� as N trials to move the chain. The
system has been equilibrated for 5105 MCSs. Subse-
quently, the number of monomers in contact with the surface
is evaluated every ten MCSs. The results have been finally
averaged over 106 measures. In the case of random AB co-
polymers, additional averages over ten different sequences
have been performed. For the rest of the paper we have taken
�=1.0. The temperature is given in units of 1 /kB, hence
T
kBT.

III. RESULTS AND DISCUSSION

A. Diblock chains

In this section we will focus in the study of the behavior
of stiff diblock-polymer chains adsorbing onto a planar sur-
face. A diblock chain of length N consists in two segments of
equal size N /2, the first one composed of monomers of type
A, followed by a second block containing monomers of type
B. Monomers A and B interact with the surface with energies
�A and �B, respectively. A negative adsorbing energy stands
for an attractive interaction whereas a positive value implies
repulsion. Through the simulations we have set �A=−1 and
we have studied the transition towards the adsorbed state as a
function of the chain length N, the stiffness parameter �, and
the interaction energy �B.

In Fig. 1 we have plotted the change in the absolute
value of the averaged adsorbing energy per monomer E /N
= �nA�A+nB�B� /N as a function of the inverse of the tempera-
ture 1/T, for different values of the stiffness � and for a fixed
adsorbing energy �B=−0.5. Figure 1�a� stands for short poly-
mer chains �N=20�, while Fig. 1�b� is devoted to long chains
�N=300�.

The behavior observed for stiff diblocks is very similar
to the one found for semiflexible homopolymers.22,23 Stiffer
chains adsorb more easily onto the surface with increasing �
and, therefore, they are characterized by a higher critical ad-
sorption temperature Tc. The limiting values observed for

T→� correspond to a chain completely adsorbed onto the
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surface with �E� /N=1/2��A+�B�. A remarkable difference
with respect to the homopolymer adsorption becomes noto-
rious for increasing chain lengths: the adsorption process be-
comes a two-step process. Since A-type monomers interact
more strongly with the surface than B-type monomers, ��A�
� ��B�, block A adsorbs onto the surface at a higher charac-
teristic temperature than block B, TcA�TcB, as can be seen in
Fig. 1�b�. These critical adsorbing temperatures are deter-
mined by the position of the maxima of the specific-heat
data, as described below. For comparison, we have also in-
cluded in Fig. 1�b� the averaged adsorption energy of a ho-
mopolymer of equal length, composed with A-type mono-
mers only, and with rigidities �=0 �flexible� and �=30. We
can observe that for stiff chains, the characteristic tempera-
ture at which the transition to the adsorbed state takes place
for the homopolymer �A-type� is very similar to the one
found for the block A in the diblock chain.

The effect of changing �B on the adsorption process is
shown in Fig. 2. The rest of parameters are set to N=200 and
�=30. For an attractive interaction ��B	0� the block B ad-
sorbs onto the surface at a characteristic temperature that

FIG. 1. Averaged adsorption energy per monomer in diblock chains vs the
inverse of the temperature for different values of the stiffness parameter �.
The interaction energies are set to �A=−1 and �B=−0.5. �a� For a short chain
N=20 and �b� for a long chain N=300. For comparison we include the
results for a homopolymer composed of monomers of type A for flexible
��=0� and stiff chains ��=30�. Note how for increasing the chain length the
adsorption becomes a two-step process.
increases with the intensity of the interaction, as expected.
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On the other hand, for �B�0 the block B does not adsorb at
all. Since the repulsion is short ranged, �B has no effect on
the adsorption process and the system is dominated purely by
entropic forces.

The characteristic adsorption temperatures at which the
chain adsorbs onto the surface can be determined from the
position of the maximum in the specific heat that is obtained
by calculating the fluctuations of the energy. The results for
N=150 and �=30, for different values of �B, are presented in
Fig. 3. A single peak appears for �B�0 corresponding to the
characteristic adsorption temperature of block A alone. For

FIG. 2. Averaged adsorption energy per monomer vs the inverse of the
temperature for different values of �B. The other parameters are set to
N=200, �=30, and �A=−1. Note how the adsorption process becomes in-
dependent of �B for �B�0.

FIG. 3. Specific heat of a stiff diblock chain vs 1/T for different adsorption

energies �B. The other parameters are set to N=150, �=30, and �A=−1.
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an attractive interaction we can observe two maxima related
to TcA and TcB. It is also clear that the adsorption transition
becomes sharper as ��B� increases. We should remark that at a
constant chain length and stiffness, the characteristic adsorp-
tion temperature for the block A is practically unaffected by
tuning �B. To make clear the dependence of the transition
temperature with the chain stiffness and the intensity of the
interaction with the surface, we have plotted in Fig. 4
Tc�N ,� ,�� as a function of the chain length N. The charac-
teristic adsorption temperature is found to increase with the
chain length and rigidity, as expected, and specially with the
interaction with the surface, where the differences between
TcA for �A=−1 and TcB with �B=−0.5 are remarkable even
for the same stiffness �.

In order to examine the critical adsorption properties of
semiflexible block copolymers, we will assume initially the
scaling ansatz proposed by Kramarenko et al. for flexible
homopolymers.23 We have determined the critical adsorption
temperature for N→�, Tc�� ,� ,��, and using these values
we have done a scaling analysis of the data for the fraction of
adsorbed monomers �
n /N as a function of the scaling
variable �N�. n is the number of adsorbed monomers, N is
the chain length, and �= �T−Tc�� ,� ,��� /Tc�� ,� ,�� is the
temperature distance to the critical temperature. For a given
value of the stiffness and the interaction energy, the cross-
over scaling for the fraction of adsorbed monomers can be
expressed as

�/N�−1 = h��N�� . �6�

In order to test our Monte Carlo method, we have derived
first the results for flexible homopolymers. In this case, we
obtained an exponent �=0.59±0.02 in agreement with the
well-known scaling exponent-found by Eisenriegler et al.35

and de Gennes and Pincus,36 also verified by Kramarenko et
23

FIG. 4. Transition temperatures for the block-A TcA�N ,� ,�A� �opened sym-
bols� and for the block-B TcB�N ,� ,�B� �filled symbols� vs the chain length
N. �A=−1 and �B=−0.5.
al. This results is shown in the inset plot of Fig. 5. How-
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ever, for homopolymers with a large degree of stiffness we
were unable to find the same scaling exponent. The best
scaling exponent we have found for �=30 is �=0.85±0.05
�Fig. 5�, far from the expected value for flexible chains. The
fact that there can be a range of values of � that do not
change appreciably the scaling has been observed in the pa-
per of Moghaddam et al.12 studying the behavior of a self
avoiding walk �SAW� copolymer onto a cubic lattice, thus,
for small values of � one could even scale the data with
�0.59 with no appreciable differences.22 The situation
changes completely for large �. In this sense, Kuznetsov and
Sung5 showed that the deadsorbed-adsorbed transition for
semiflexible polymers is an outcome of the interplay be-
tween the shape of the surface attraction, including the thick-
ness of the adsorption layer, the thermal fluctuations, and the
chain stiffness. This nonuniversal scaling behavior has been
also evidenced in the work of Gompper,37 where three dis-
tinct subregimes were expected due to the dependence of the
scaling exponent � with the potential shape acting on the
monomers. Thus, a good scaling relation for semiflexible
polymer chains must be a function of stiffness parameter �
and the adsorption energy �. In general, in our simulations
we observe that as the degree of stiffness increases, the best
value for the critical exponent � in order scale the data also
increases.

In Fig. 6 we show the scaling of stiff diblock chains
��=30� with �A=−1 and �B=−0.5. In order to check whether
the presence of blocks with different adsorbing energies
might affect the value of the crossover scaling exponent, we
have scaled, separately, each block introducing two different
exponents, �A and �B, corresponding to the blocks with ad-
sorbing energies �A and �B, respectively. We have found
�A=�B=0.80±0.05. Only deviations are found for short

FIG. 5. Scaling function � /N�−1 vs the scaling argument �N� for a semi-
flexible homopolymer with an adsorption energy �=−1 and a chain stiffness
�=30. The best scaling exponent found is �=0.85. Inset plot: the same
scaling function for flexible homopolymers ��=0� with �=0.59.
polymer chains. These deviations could be originated in the
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perturbations near the junction point between the A and B
blocks. In fact, we had to simulate larger polymer chains �up
to N=1000� to recover a result that is in agreement with the
one found for a homopolymer of the same rigidity, suppos-
edly to make such perturbations negligible.

In comparison with our results, a recent study of
Whittington11 deduced analytically for a lattice-flexible
SAW, in the limit N→�, that a homopolymer of NA mono-
mers has the same critical adsorbing temperature Tc than a
block copolymer of NA monomers in which the B-type
monomers interact with the surface with an energy �B=0.
This result is in agreement with the outcome of Fig. 2. More-
over, the value of TcA is practically unaffected by the pres-
ence of the block B in any case, and it is very close to the
corresponding Tc for a homopolymer composed of A-type
monomers �see Fig. 3�. As a result, Whittington expected a
same value of � for these chain structures, only
AB-alternating chains were an exception. This result is also
in agreement with our findings �Fig. 6�. Thus, our numerical
results suggest that the findings of Whittington, derived for
flexible chains, could be extended to stiff polymer chains,
with a scaling exponent that depends on the interaction pa-
rameters, ����, even in the case where �B�0.

In order to characterize the behavior of semiflexible
polymer chains, another magnitude of interest is the radius of
gyration. In Fig. 7 we show the components of the radius of
gyration parallel and perpendicular to the adsorbing surface
for chains with different rigidities. The adsorbing energies
have been selected to be �A=−1 and �B=−0.5. It is clear from
the picture that with increasing �, the parallel component
reaches to its maximum value and, accordingly, the perpen-

FIG. 6. Scaling function � /N�−1 vs the scaling variable �N� for block A of
a semiflexible diblock chain with adsorption energies �A=−1 and �B=−0.5.
The chain stiffness is set to �=30. Inset plot: same as before for the block B.
Blocks A and B are found to satisfy the same scaling exponent �A=�B

=0.8, similar to the one found for semiflexible homopolymers with the same
rigidity.
dicular component drops to zero �the polymer is fully ad-

Downloaded 27 Mar 2012 to 161.111.180.103. Redistribution subject to AIP l
sorbed�, at earlier times, that is, at higher temperatures. The
two different blocks also display a different behavior due to
the different adsorbing energies. The higher ��� the higher is
the temperature at which the block adsorbs. In Fig. 8 we
show the effect of �B on the components of the radius of
gyration associated with the block A for a fixed chain stiff-
ness. The less adsorbing block B hampers the block A to be
completely adsorbed at its characteristic adsorbing tempera-
ture. A complete adsorption of the block A only takes place
when the whole chain is adsorbed.

FIG. 7. Parallel and perpendicular radius of gyration for the A block �open
symbols� and the B block �filled symbols� of a diblock-polymer chain for
several degrees of stiffness �. The chain length is set to N=100. �A=−1 and
�B=−0.5.

FIG. 8. Comparison between the parallel and perpendicular radius of gyra-
tion for the A block for different adsorbtion energies for the B-type mono-
mers �B. Diblock chains have stiffness �=10, chain length N=100, and

�A=−1.
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The behavior of the radius of gyration with the chain
stiffness can be easily explained. Assume that a semiflexible
diblock chain has a persistence length given by

lp � ��

T
��

, �7�

where �→0.5 in the limit � /T→�.22 Thus, we can model
the chain as an ideal rodlike polymer of N / lp units which the
radius of gyration is proportional to

R � lp�N

lp
��

� N���

T
���1−��

, �8�

where �=3/ �d+2� is the Flory exponent that depends on the
space dimensionality d. In Fig. 9 we analyze the scaling of
RN−� vs � /T. For semiflexible diblock chains in the unad-
sorbed state, a slope of ��1−��=0.2 is expected; whereas in
the adsorbed state �inset of Fig. 9�, the system becomes two-
dimensional and ��1−��=0.125. Both regimes have been
confirmed by our numerical data.

B. Block-copolymer chains

In this section we shall study the adsorption process of
block copolymers formed by a repeated sequence of N / �2��
units A�B�. In Fig. 10 we have plotted the averaged adsorbed
energy per monomer for different stiff copolymer structures
generated by changing the value of �. The rest of the param-
eters for this figure are fixed to �=10, N=200, �A=−1, and
�B=−0.5. In order to compare with previous results, the
diblock structure and a homopolymer formed by A-type
monomers are also included. As in the diblock case, �E� /N
→1/2��A+�B� in the limit 1 /T→�, corresponding to a fully
adsorbed chain. It is remarkable to note that the two-step

FIG. 9. Scaling plot for semiflexible diblock chains in the unadsorbed state.
�=10, �A=−1, and �B=−0.5. A dashed line of slope 0.2 is included to guide
the eye. Inset: same scaling plot in the adsorbed state �the system is now two
dimensional�. A dashed line of slope 0.125 is included to guide the eye.
adsorbing process observed in the diblock case, that deter-
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mines the existence to two characteristic adsorbing tempera-
tures TcA and TcB, vanishes for small values of �. As a result,
a single peak in the specific-heat data is expected.

The corresponding specific heat for the same polymer
structures analyzed in Fig. 10 is shown in Fig. 11. For
A100B100 �diblock� we can clearly observe two peaks whose
location identifies the characteristic adsorbing temperatures

FIG. 10. Averaged adsorption energy per monomer for several block-
copolymer structures vs 1/T. The rest of the parameters are set to �=10,
N=200, �A=−1, and �B=−0.5. For comparison an A-type homopolymer is
also included.

FIG. 11. Specific heat vs 1/T for different copolymer structures with
�=10, N=200, �A=−1, and �B=−0.5. Inset: characteristic adsorption tem-
peratures for the A block, TcA, vs the block size � for different chain rigidi-
ties �. We have assigned, arbitrarily, �=−5 to random AB copolymers. The
arrows indicate the value of TcA for an A-type homopolymer of the same

length and rigidity.
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204703-7 Adsorption of semiflexible block copolymers J. Chem. Phys. 123, 204703 �2005�
of blocks A and B. Particularly, TcA�TcB since ��A�� ��B�. By
reducing the value of �, TcA becomes smaller and, at the
same time, TcB increases. For �=20 the peak associated with
TcB is residual, and for the A5B5 copolymer structure there is
only a single peak whose location is clearly dominated by
the monomers with higher adsorption energy. The adsorption
becomes then a single-step process like the one observed in
homopolymers. At this stage, the block structure is lost and
the polymer chain could be replaced by a collection of blobs
containing each 2� monomers with an adsorbing energy
�= ��A+�B� /2.

The characteristic adsorption temperature for the block
A, TcA, as a function of the block size � for different chain
rigidities is plotted in the inset of Fig. 11. As expected, TcA

increases with the chain stiffness � and with �. The position
of the arrows indicate the value of TcA for a homopolymer of
the same length and rigidity, composed of A-type monomers
only. For completeness, we have also included the results for
random AB copolymers �we have assigned to them, arbi-
trarily, �=−5 in the inset of Fig. 11�. We can conclude that
random AB copolymers behave similarly as A1B1 copoly-
mers.

Another magnitudes of interest in order to characterize
the behavior of block copolymers are the number and length
of chain trains. A train is defined as a set of consecutive
monomers in the chain, all of them being adsorbed onto the
surface. The typical train length Lt is obtained as the aver-
aged number of monomers within a train; and the number of
trains Nt is the averaged number of trains within a chain. In
Fig. 12 we have plotted Lt vs 1/T for different block-
copolymer structures and rigidities. The rest of parameters
have been fixed to N=200, �A=−1, and �B=−0.5. As ex-
pected, a reduction in temperature increases the train length.
Surprisingly, the change in Lt is apparently barely affected by

FIG. 12. Train length Lt vs 1/T for different copolymer structures and
rigidities. The rest of parameters are set to N=200, �A=−1, and �B=−0.5.
Inset plot: zoom of the deadsorbed-adsorbed transition region.
the chain structure and it seems to be dominated only by the
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stiffness. As it was pointed out by Kramarenko et al.23 in his
study on homopolymer chains, a stiff chain has high disad-
vantage of bending, thus, the neighboring monomers of an
adsorbed monomer increase their probability of being ad-
sorbed. Therefore, we must expect that stiff chains will con-
tain less number of trains but of major length. However, if
we look in detail into what happens within the deadsorbed-
adsorbed transition region �see inset of Fig. 12�, we realize
that the chain structure does matter. The fact is that by in-
creasing the block size �, the length of the train, at a given
temperature, is also increased.

Whereas, Lt is a monotonous increasing function of 1/T,
Nt must display a completely different behavior. At high tem-
peratures �1/T→0� the chain is nearly deadsorbed and Nt

→0. Below the characteristic adsorption temperature
�T�Tc� the chain becomes almost fully adsorbed and Nt

→1. Thus, Nt must have a maximum value. This maximum
takes place at T=Tc, as it is shown in Fig. 13. Thus, while
cooling the system the number of adsorbed monomers in-
creases generating new trains of small length. The number of
trains becomes maximal at the characteristic adsorbing tem-
perature and, a further reduction in temperature, promotes
the new adsorbed monomers to link trains rather than gener-
ating new ones, thus reducing its number but increasing their
length. Figure 13 also shows that the maximum number of
trains at Tc increases for copolymers with smaller block size
�. This result is expected to be even more pronounced as the
difference in the adsorbing energies ��A−�B� increases. In
Fig. 13 we can observe clearly two peaks in the curve cor-
responding to the copolymer A50B50 in agreement with the
two maxima found in the specific-heat data �Fig. 11�. This
result is another indication that the adsorption process takes
place in two steps. The inset plot of Fig. 13 shows the be-

FIG. 13. Averaged number of trains Nt vs 1/T for different copolymer
structures. The rest of the parameters are set to �=10, N=200, �A=−1, and
�B=−0.5. Inset: dependence of Nt with the chain stiffness for the A1B1

structure.
havior of Nt for a given structure �A1B1� but with two differ-
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ent rigidities. The maximum for the stiffer chain shifts to
higher temperatures and smaller values in agreement with
the previous results. This maximum in the number of trains
has been also observed in the case of flexible
homopolymers.14

If we set one of the adsorbing energies to be repulsive,
for instance, �B�0, the polymer does not adsorb completely
for a temperature small enough. In fact, B-type monomers
are repelled from the surface and the trains are composed
basically by A monomers. As a result, for copolymers with a
small block size, Nt reaches a plateau value that depends on
� and the chain stiffness �. The results for �B=0, and co-
polymer structures A1B1 and A5B5 with different rigidities,
are shown in Fig. 14. This behavior is similar to one found
by Zheligovskaya and Khalatur14 for flexible A1B1 copoly-
mers.

IV. CONCLUSIONS

In this paper we have presented the results of extensive
off-lattice Monte Carlo simulations of the adsorption of
semiflexible block copolymers onto flat homogeneous sur-
faces. The adsorption process has been analyzed under dif-
ferent chain lengths �N�, degrees of stiffness ���, adsorption
energies for the two types of monomers ��A ,�B�, and sizes of
the block structure ���.

We have focused first in the adsorption of diblock struc-
tures. As expected, stiffer chains adsorb at a higher tempera-
tures onto the surface, similarly to what is observed for semi-
flexible homopolymers.22 However, long diblock chains are
found to exhibit a well-defined two-step adsorption transi-
tion, characterized by two typical adsorption temperatures
that depend on the corresponding adsorption energies
Tc�� ,��. The critical adsorption properties have been ana-

FIG. 14. Nt vs 1/T for block copolymers of small block size with the B-type
monomers having a neutral interaction with the surface, �B=0. The other
parameters are N=200 and �A=−1.
lyzed assuming the scaling ansatz proposed by Kramarenko
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et al.,23 originally developed for flexible homopolymers. The
scaling works nicely when applied to each bock separately,
but the critical exponent is no longer �=0.59. This nonuni-
versal behavior was already expected by Kuznetsov and
Sung5 and Gomper,37 suggesting �=��� ,��. The adsorption
behavior of each block is barely disturbed by the presence of
the other, independently of the adsorption energies. This re-
sult indicates the possibility to extend the analytical predic-
tions of model of Whittington11 to stiff diblock chains even
in the case where none of the adsorbing energies is equal to
zero. The radius of gyration has been computed in the ad-
sorbed and nonadsorbed states and we have verified that it
follows the expected scaling behavior �Eq. �8��.

For stiff block-copolymer structures we have found that
the separation between the two peaks in the specific-heat
data, identifying the characteristic adsorption temperatures,
narrows for smaller values of the block size �. For � small
enough we found a single peak and adsorption becomes a
single-step process like in homopolymers. We have mea-
sured the length and the number of chain trains during the
adsorption transition. The train length is found to increase
monotonically with the block size � and with 1/T, whereas
the number of trains has a maximum value �previously ob-
served in the adsorption of flexible homopolymers15� located
at T=Tc. We found the maximum number of trains to de-
crease with increasing �. The observed effects of the chain
stiffness over the chain trains may be of interest for further
studies related to pattern recognition.
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