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Abstract

Elastic behaviors of short single two-dimensional compact chains adsorbed on the attractive surface are investigated in this paper by using
the enumeration calculation method. In our model a single compact chain is fixed with one of its end at a position above the impenetrable
surface, and then it is pulled away from the attractive surface slowly through elastic force acting. We investigate the chain size and shape of
adsorbed compact chains, such as mean-square end-to-end distance per bond (RN mean-square radii of gyration per bond {$%),/N and
(Sz)y/N, shape factors (6), and fraction of adsorbed monomers f, in order to illuminate how the size and shape of adsorbed compact chains
change during the process of tensile elongation. Especially for strong attraction interaction there are some special behaviors in the chain size
and shape during this process. If there exits adsorption interaction, single compact chain is first almost pulled down to the adsorption surface
and then moves in the direction of force until to leave the adsorption surface. These changes become more obvious with strong adsorption
interaction. Our calculation can show this elastic process of adsorbed compact chains visually and simply. On the other hand, some
thermodynamics properties are also studied here. We use average energy per bond, average Helmholtz free energy per bond, elastic force f
and energy contribution to elastic force f, to study the elastic behavior of adsorbed single compact chains in the process of tensile elongation.
Elastic force f has a long plateau during the tensile elongation for strong adsorption interaction, which agrees well with experimental and

theoretical ones. These investigations can provide some insights into the elastic behaviors of adsorbed protein chains.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

In many areas of science including physics, chemistry,
biology, material science, and tribology, the adsorption
phenomenon is widely used as stabilizers or flocculationg
agents for colloidal dispersions [1,2], polymer adhesion [3],
biocompatibility [4] and chromatographic separation [5],
etc. Furthermore, adsorption of protein molecules on solid
interfaces is important in fields like biomedical materials
engineering [6], chromatography [7], and nanotechnology
[8,9]. The knowledge of adsorption-induced conformational
changes of proteins is essential to understand protein
adsorption [10,11]. Unfortunately, because of considerable
experimental difficulties, detailed information about these
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conformational changes is sparse [11-16], which hampers
the further development of protein adsorption theory.

In the past, scientists were absorbed in studying
adsorption of polymer chains in many fields. Various
parameters such as the adsorbed amount, surface coverage,
layer thickness, average bound fraction of polymer
monomers and polymer volume fraction profile normal
have been used to describe the conformations of polymer
chains adsorbed on a surface [17-26]. Otherwise, the
Gaussian model of an adsorbed polymer in an external field
has been used to analyze the feature of the phase transitions
[27,28]. On the other hand, protein adsorption bears some
resemblance to the adsorption of general polymer chains
because most of proteins are copolymers and polyelec-
trolytes. Therefore, the adsorption of proteins is receiving
more attentions [29,30]. In fact, protein adsorption plays a
key role in a variety of biological processes [6,31,32] and it
is of primary importance in many practical applications
such as the design of biocompatible materials [33,34], drug
carriers [35-37] and biosensors [38,39] among many others.
Scientists have known that proteins are large molecules with
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inhomogeneous surfaces that can change their confor-
mations driven by the interactions with a surface [40,41].
In recent years, numerous experimental and theoretical
studies have been devoted to the adsorption phenomenon
onto solid surfaces because of important applications of
polymeric materials in industry and daily life. The
experiment scientists could measure these parameters
more and more exactly while many excellent experimental
techniques are developed to study the adsorption phenom-
enon. The relative experiment apparatus such as atomic
force microscopy (AFM) [42] has been used to study the
adsorption phenomenon. Important thing is that single-
molecule force spectroscopy (SMFS), based on AFM, has
become a versatile platform for studying intermolecular and
intramolecular interactions with its extremely high force
sensitivity [43]. Recently, Hugel et al. studied the elasticity
of single polyvinylamine chains and their desorption from
solid surfaces based on SMFS [44]. Cui et al. also measured
directly the desorption force of a single polyelectrolyte
chain from a substrate [45]. They all observed typical force
curves based on SMFS, i.e. force has a long plateau and then
drops to zero [44,45]. However, these direct measurements
were done on general polymer chains (such as single
polyvinylamine chains or single polyelectrolyte chains etc),
and interactions between single polymer chains and the
substrate are strong. If these interactions between single
polymer chains and the substrate are weak, it is difficult to
measure elastic force directly based on SMFS. However,
simulation investigation can overcome this disadvantage,
and can obtain many conformational properties and elastic
behavior of adsorbed chains with weak adsorption inter-
action. In the meantime, the elasticity of single protein
chains has not been investigated by SMFS, and some
different elasticity behaviors from general polymer chains
may be obtained through simulation investigation,
especially for weak adsorption interaction. Proteins are
compact polymers [46]. The compact conformations of
polymers are important because they are the principal
configurations of the native states of globular proteins.
‘Compact’ refers to those configurations of single-chain
molecules which are tightly packed, i.e. fully contained
within a volume of space (a box) with the minimal (or near
minimal) surface/volume ratio, and compact chains can
represent protein chains simply [46]. Therefore, in this
paper, we use the enumeration calculation method to
investigate elastic behavior of single two-dimensional
adsorbed compact chains, and it can help us to understand
clearly the effect of adsorption interaction on the elastic
behavior of single compact chains during this process.

2. Method of calculation

According to the model of a self-avoiding chain of
length N on square lattice, the Hamiltonian of the compact
chains system with adsorption interaction can be

redefined as:

E=) edri—rm)+V (1)

i<j

where ¢;;is the contact energy between monomer i and j, and
A(r;—r))=11f r; and r; are adjoining lattice sites with i and j
not adjacent along the chain, while A(r;—r;)=0 otherwise.
Here we suppose that ¢;;= —1 (in the unit of kg7) [46]. To
simulate the adsorption of chains, it is realized by
introduction of attractive contact potential between the
attractive surface and chain monomers. The additional item
V in Eq. (1) represents the adsorption interaction. In this
paper, we only study short two-dimensional compact chains,
so the potential applied can be rewritten as:

0, »>0
V) = 2
e ¥, =0

where y; is the distance between i-th monomer in a chain and
the adsorption surface, and ¢ is the value of adsorption
interaction energy accordingly (¢ <0). In this paper, we only
employ the adsorption interaction energy ¢=0, —1, and
— 3, respectively. As we only discuss short two-dimensional
compact chains, so the x-axis certainly means the adsorption
surface and the y-axis is vertical to this surface. Because we
adopt the enumeration calculation method in this paper, we
could count all conformations of short two-dimensional
compact chains with different chain length and adsorption
energy and study the adsorption phenomena during the
process of tensile elongation. In Fig. 1, we draw the sketch
map of the absorbed compact chains during this process, and
the solid and dashed lines respectively represent two
conformations of adsorbed compact chain with one of its
end fixed at different positions Y, and Y,. In this model, this
is single compact chain actually, and the chain moves
slowly along the direction of force, i.e. the value of Y
increases slowly. Then we account the total number of
conformations with different value Y in terms of the

Force

Y,

Surface

Fig. 1. Sketch map of the absorbed compact chains during the process of
tensile elongation. The solid and dashed lines respectively represent two
conformations of adsorbed compact chain with the ends at different
positions Y; and Y,.
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enumeration calculation method. This model is similar to
Klushin’s model [27,28], and it is easy to compare with the
experimental data of SMFS.

At the same time, the partition function of the system is

—E.
Z(Y) = Z exp <ﬁ> 3)

where Y ; is the sum of all conformations with one of their
ends fixed at position Y. In fact, the partition function is
widely used to study the thermodynamic properties of
polymer chains. Because the number of conformations for
long adsorbed compact chains is very large, we have to use
Monte Carlo method to simulate real compact chains, while
the enumeration calculation method can only be used to
investigate the short compact chain system. Therefore, in
this paper we only study short adsorbed compact chains with
chain length N=13, 15, and 17, respectively. In fact, the
number of conformations for 17-bond adsorbed compact
chains at Y=17 is also large (about 6,000,000). In fact, as
the tendency of our results for short adsorbed compact
chains is the same, therefore, we can predict the results of
long adsorbed compact chains from short adsorbed compact
chains. We can derive Helmholtz free energy of adsorbed
compact chains from the partition function:

{(A(Y)) = —kT In Z(Y) 4)

This parameter can provide much important thermodyn-
amic information for compact chains [47,48]. At the same
time, elastic force f can be obtained from the dependence
of (A) on the elongated distance along the force direction
[47,49-52]:

A
/=%y

According to Newton’s third law, the force f'is the elastic
force stored in the adsorbed compact chains. In the
meantime, energy contribution to the elastic force f, is
defined by

)
=%y

In fact, elastic behaviors of general polymer chains have
been investigated for a long time [53,54]. Of course, elastic
behavior of adsorbed compact chains may be different from
general polymer chains.

S

(6)

3. Results and discussion

3.1. Chain size and shape

Mean-square end-to-end distance (R? is important in
investigating the chain size and shape, so we first plot the
characteristic ratio (R%/N as a function of Y, for adsorbed
compact chains with different chain length N and different

adsorption energy ¢ in Fig. 2. Here Y, is defined as
Yo =+ (7

here Y is the distance between the last monomer (the point of
force acting) and the attractive surface. When Y increases,
Y, also increases at the same time, and the results could be
more similar to each other through adopting the parameter
of Y, instead of Y. The characteristic ratio of end-to-end
distance (Rz)/N (here bond length is unit) decreases slowly
for weak attractive interaction, and fast for strong attractive
interaction. When ¢=0, the lines with square symbols for
13-, 15-, and 17-bond chains in the bottom of Fig. 2 all
gather together, and the change under this condition is not
obvious. When ¢= —1, i.e. adsorption energy is equal to
contact energy, the ratio of (R*)/N has a little fluctuation.
However, when adsorption energy is strengthened to —3,
we can observe evidently that (R*Y/N decreases abruptly
with Y; increasing. For example, for the case of N=17 and
e= —3, the ratio of (R*)/Ndecreases from 13.6 to 5.53 in the
region of Y,=0.0-0.4, then it changes from 5.53 to 5.59 in
the region of Y,=0.40-0.53, and at last (R%/N decreases
from 5.59 to 1.17. In Fig. 2, we can also find that compact
chains with ¢e= —3 are all adsorbed on the surface at the
beginning of tensile elongation, and this leads to have a
large characteristic ratio of (RZ)/N. When Y, increases,
adsorbed compact chains move away from the attractive
surface, the shape of adsorbed compact chains changes from
a rod (all monomers are adsorbed on the attractive surface)
to a sphere slowly and this leads (R*/N to decrease. For
weak attractive interaction, there are only few monomers of
compact chains adsorbed on the attractive surface at the
beginning of elongation, this leads to have a small value of
(R®/N, and it decreases slowly during this process. For the
case of ¢=0, the chain size of compact chains keeps
unchangeable in the process of elongation.

We also measure the parallel and perpendicular mean
square radii of gyration of adsorbed compact chains, which

—=—N=13,=0

4 —e—N=13,¢=-1
—+—N=13e=-3

12 - —1—N=15,=0
—o— N=15,¢=-1

<R*>IN

Fig. 2. Characteristic ratio (Rz)/N as a function of Y, for adsorbed compact
chains with different chain length N and different adsorption energy e.
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are defined as

R R
2y —§ : L 2y _2 : 2.
<S >x - <N + 1 - (xl xc.m.) ) <N + 1 £ S)a) (8)

2 1 . 2 1 o
6% =G L0 eI =G 28 O
here (x;, y;) are the coordinate of the i-th monomer in a chain
and (Xc.m., Ye.m.) 1S the position of the center of a chain. The
angular brackets () denote thermodynamic average, and S,;
and S,; represent the distance from the i-th monomer to the
center position along x- and y-axes, respectively. Fig. 3(a)
shows mean-square radius of gyration per bond (S?),/N as a
function of Y, for adsorbed chains with different chain
length and different adsorption energy. When e =0 (without
adsorption interaction), (SZ)X/N increases a little during this
process. This result is important, and we can get some
available information that the adsorbed compact chains
without adsorption interaction will extend a little along the
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Fig. 3. Mean-square radii of gyration per bond (§%),/N (a) and (Sz)‘/N (b)as a
function of Y, for adsorbed compact chains with different chain length N
and different adsorption energy e.

adsorption surface. The data with rings and upper triangles
represent the cases of e= — 1 and ¢= — 3, respectively, and
(S?)./N all decreases with Y, increasing. This trend is more
obvious for strong adsorption interaction. Mean-square
radius of gyration (S*),/N as a function of Y, is also shown in
Fig. 3(b). In Fig. 3(b), we can directly find that when ¢=0,
the curves with square symbols decrease a little in the region
of small Y,. When adsorption energy becomes — 1, or —3,
the curves increase first and then decrease continuously until
to the constant value. When ¢ = — 1, the turning point of the
curves falls in about Y,=0.32, and then this point will move
to Yo=0.53 for strong adsorption interaction of e= —3. At
the beginning of tensile elongation, (Sz)y/N decreases with
adsorption interaction energy increasing. In the middle of
this process, (Sz)y/N increases with adsorption interaction
energy increasing, and when Y, is greater than 0.7, (Sz)y/N
are all the same for different adsorption interaction energy.
The reason why there exists a maximum value for (Sz)y/N
may be that at this point some monomers are still adsorbed
on the attractive surface, and meanwhile other monomers
are far away from the attractive surface. In Fig. 3(b), we add
three illustrations for adsorbed chains with e=—3 to
express this tensile process. (SZ)),/N means the average
distance of the monomers which leave the center of chains
along the direction of y-axis. If this parameter has large
value, this means that the monomers are far away from the
line of x=y.n, and S,; also have large values accordingly.
At the beginning of the tensile elongation, as all the
monomers are adsorbed on the attractive surface, the
compact chains are horizontal and compressed, and S,; are
all close to zero (Fig. 3(b)), this leads to have a small value
of (Sz)y/N. In the middle of this process, some monomers are
far away from the attractive surface, while the other
monomers are still adsorbed on the surface, the compact
chains will extend to be the longest one along y-axis and S,
becomes large, therefore, the ratio of (Sz)y/N reaches to the
maximum one (Fig. 3(b)). At the end of this process, as the
adsorbed compact chains leave off the attractive surface and
become general compact chains, so the value of (Sz)y/N is far
smaller than the maximum one. If the adsorption interaction
is weak, it is easy to pull the adsorbed compact chains away
from the surface, so this leads the position of the peak to
move the left. If there does not exist adsorption interaction,
we do not overcome the adsorption interaction, therefore,
there does not exist the maximum value for (Sz)y/N.

In order to investigate the change of the shape of
adsorbed compact chains in more detail, here we also
consider the radius of gyration tensor S, which is defined as:

1 N T Sxx Sxy
S=— SiSi == 10
v s, s, "

Here S;=col(x;,y;) is the position of monomer i in a frame of
reference with its origin at the center of a chain. The tensor S
can be diagonalized to form a diagonal matrix with two
eigenvalues L? and L3 (L} < L3). Solc and Stockmayer first
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used these parameters in three-dimensional (L2) : (L3) : (L3)
to measure the shape of flexible polymer chains [55,56], and
they estimated the ratio to be 1:2.7:11.7 based on a random
walk of 100 bonds on a simple cubic lattice using Monte
Carlo (MC) method. We also use this parameter to measure
the shape and size of chains [47,48]. In Fig. 4, we plot the
ratio of (L3){L3) as a function of Y, for adsorbed compact
chains with different chain length N and different adsorption
energy ¢. In general, the ratios all decrease with adsorption
energy increasing. When e¢=0, the curves with square
symbols all increase firstly, and then decrease a little.
However, for the cases of e=—1, and — 3, the ratios all
increase firstly, then decrease, and at last increase again.
Furthermore, comparing with the case of e=0, we can find
that this change is more evident, and the turning points also
can be observed clearly. In Fig. 4, the ratio increases with ¥,
increasing firstly, and then decreases, at last increases again
with Y increasing. For ¢e= —1 it has a maximum value in
the range of Yy=0.17-0.24, and for e=—3, it has a
maximum one in the range of Y, =0.34-0.38. Therefore, we
can find that the changes of the shape and size of chains are
more complicated during the tensile process, and we will
use the following parameter to illuminate the process in
detail.

Another parameter [57,58] of the shape of chains can be
obtained by combining the reduced components to a single
quantity that varies between O (sphere) and 1 (rod), and in
our two- dimensional compact chain model we redefine the
parameter as:

L33
0y =1—a{—12__ 11

{(0) as a function of Y for adsorbed chains with different
chain length N and different adsorption energy ¢ is shown in
Fig. 5. There are nine curves that can be divided into three
kinds of curves in terms of different adsorption interaction
energy. All the curves do not change monotonously. In
general, all curves decrease firstly, and then increase, at last
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Fig. 4. Ratio of {L3){L3) as a function of ¥, for adsorbed compact chains
with different chain length N and different adsorption energy e.
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Fig. 5. (0) as a function of Y, for adsorbed compact chains with different
chain length N and different adsorption energy e.

decrease again. This change is more obvious for strong
adsorption interaction. In the case of ¢=0, {0) is close to
0.34 at Y,=0.0. As we all know that under this condition the
shape of adsorbed compact chains will trend to be a sphere
so that () should be equal to 0.0. However our result is
greater than zero. The reason may be that in this paper the
chains are restricted in a half of the two-dimensional space
(y=0) and they are not allowed to pass though the
adsorption surface, i.e. x-axis. In the case of e=—1, (0)
without elongation (Y, =0) becomes 0.54, and the reason is
that there exists the effect of adsorption interaction, the
chains are attracted by the surface, and it affects the shape of
the compact chains deeply. However, if adsorption
interaction energy becomes —3, we can find (6) is almost
equal to 1 at Y,=0. That is to say that the strong adsorption
interaction can pull down the compact chains completely
and leads the compact chain like a rod. Comparing three
adsorption interaction energies in Fig. 5, we can directly get
the available information of the shape change after the effect
of different adsorption interaction during the process of
tensile elongation. To illuminate the shape change visually,
we add four sketch maps in Fig. 5 at four turning points of
the curves, i.e. positions A, B, C, and D. On the other hand,
we select the value of () with the adsorption interaction
energy of e = —3 and chain length N=17 in Fig. 5, and then
we discuss this process in detail. At the beginning of
elongation (position A), the compact chain is all pulled
down to the attractive surface and the shape of chain looks
like a rod. Secondly, with Y; increasing (position B), the
compact chain will extend and the shape trends to be a
sphere. Thirdly, if Y, increases again (position C) and
reaches to the critical point Yy,=0.54, the chain extend to be
a rod shape along the direction of force and a little
monomers are adsorbed on the attractive surface yet.
Therefore, the value of () is close to 0.65 (Fig. 5). At
last, the whole compact chains are all pulled away from the
adsorption surface (position D), at this time there is not any
effect of the adsorption on compact chains, and therefore the
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adsorbed compact chains become the general compact
chains.

In order to investigate the reason why there exit those
properties for adsorbed compact chains during the tensile
elongation, we then calculate the fraction of adsorbed
monomers f,, which is defined as:

fa= 12)

here N, is the number of monomers absorbed on the surface
(x-axis), and N+1 is the total number of monomers in a
chain. In other words, f, presents the percentage of adsorbed
monomers on the horizontal layer of y=0, and the results
are given in Fig. 6. The curves in Fig. 6 all decrease with Y,
increasing and f, increase with adsorption interaction energy
increasing at the same value Y,. For adsorbed compact
chains without elongation (Y,=0), f, is equal to 0.17, 0.44,
and 0.92 for e=0, —1, and — 3, respectively. In Fig. 6, we
can find that most of compact chain monomers can be
attracted by the adsorption surface with strong adsorption
interaction, which are in agreement with above discussions.

Here we have used some available parameters to analyze
the changes of the chain shape and size using different
adsorption interaction during the process of tensile
elongation. In general, we can get three conclusions: firstly,
the behavior of the adsorbed compact chains without
adsorption interaction is far different from the adsorbed
compact chain with adsorption interaction during this
process. Secondly, the adsorption interaction affects the
shape and size deeply, especially for strong interaction. At
last, in despite of different chain length and adsorption
interaction energy, the chains will all trend to the stable
states while the adsorbed compact chain is raised to some
height, and the size and shape will also fix in one stable
value.

1.0 -

—=—N=13,e=0
—e—N=13e=-1
—4—N=13,e=-3
—o0—N=15,=0
—o—N=15,6=-1
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—s—N=17,£=0
—o—N=17,¢=-1
—%—N=17 &=-3

0.8

0.6
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0.4

0.2

0.0

Fig. 6. Fraction of adsorbed segments f, as a function of Y, for adsorbed
compact chains with different chain length N and different adsorption
energy e.

3.2. Thermodynamics properties

Firstly we investigate the average Helmholtz free energy
per bond of adsorbed compact chains during the elongation
process. The change of conformations leads to the change of
thermodynamics properties for adsorbed compact chains in
this process. In Fig. 7, we plot average Helmholtz free
energy per bond as a function of Y, for adsorbed compact
chains with different chain length and different adsorption
energy. As we use Y instead of Y to get rid of the effect of
chain length, the difference between the curves with the
same adsorption interaction energy is very small. We first
consider the results of adsorbed compact chains without
adsorption interaction, and the curves with square symbols
in Fig. 7 decreases with Y; increasing. Comparing with the
cases of e=—1 and —3, we find that these curves are
smooth. The behavior of e=—1 or —3 is the contrary to
e=0. The average Helmholtz free energy per bond of
adsorbed compact chains all increases with Y, increasing,
especially for strong adsorption interaction. For example,
the averages Helmholtz free energy changes from —3.0 to
—1.12 for ¢= —3, however, the averages Helmholtz free
energy only changes from —1.16 to —1.05 for e=0. This
result can also illuminate the importance of adsorption
interaction during the elongation process.

Then we plot the average energy per bond as a function
of Y, for adsorbed compact chain with different chain length
N and different adsorption energy ¢ in Fig. 8. The curves are
consistent with the results in Fig. 7. Similarly, the curves for
compact chains without adsorption interaction are almost
the lines parallel to the x-axis, and there is only a little
undulation. Under this condition there is only the contact
energy exiting in the adsorbed compact chains, therefore,
the average energy per bond changes a little during the
elongation process. However, if adsorption interaction
exists between the compact chains and the attractive
surface, the average energy per bond of adsorbed compact
chains will change greatly. At the beginning of the tensile

° 15 F
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8 20k i —=—N=13,=0
= —+—N=13,e=-1
° —4—N=13,¢=-3
& —2—N=15,6=0
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—32—N=15,=0
—o—N=17,e=-1
-3.0 - —x—N=17,¢=-3

[ PR NPU S RU S B v s s s S |
00 01 02 03 04 05 06 07 08 09

Fig. 7. Helmholtz free energy per bond as a function of Y, for adsorbed
compact chains with different chain length N and different adsorption
energy e.
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Fig. 8. Average energy per bond as a function of Y, for adsorbed compact
chains with different chain length N and different adsorption energy e.

process, the compact chain ends at low y-layer, therefore,
there are more monomers adsorbed by the surface and the
total attractive interaction energy will be large. When we
raise the adsorbed compact chains again, the number of the
adsorbed monomers will decrease, and the total attractive
interaction will be weakened certainly. Otherwise, the
change is more obvious with adsorption interaction energy
increasing.

We also calculate the elastic force f according to Eq. (5),
and the results are shown in Fig. 9. In Fig. 9, we can find that
the curves of square symbols increase with Y, increasing
for the case of e=0. However, in the cases of e=—1 and
—3, the curves will decrease firstly, then keep constant
value, and at last decrease again with Y, increasing. This
trend is obvious in the case of strong adsorption interaction
energy (¢= —3). Those results agree well with those of
Klushin [27,28], and experimental results of Hugel and Cui
[43—45]. Their results are very similar to our results of
e=—3 in the range of Y,>0.20, i.e. the force curve
decreases firstly, and has a long plateau and then the force
drops to zero [43-45].The long plateau suggests that the
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Fig. 9. Elastic force (f) as a function of Y, for adsorbed compact chains with
different chain length N and different adsorption energy e.
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desorption process of polymer chains from the substrate is
smooth and that it drops a flat conformation at the interface
[44,45]. If the point of force acting is in the interior of
adsorbed chain, the force curve may have several long
plateaus [44,45]. If the point of force acting is at the end of
adsorbed chain, there may exist a long plateau in force
curve, see Fig. 9. Of course, if the adsorption interaction is
weak, a long plateau in force curve cannot be observed. As
we adopt the enumeration calculation, we can also
investigate the size and shape in the process of elongation.
However, it is very difficult to discuss this question in
Klushin’s theory. In our previous paper [49], we used
another model to study the elastic behaviors of multi-chain
systems, and there are adsorbed polymer materials. At the
beginning of tensile elongation, there exist many confor-
mations and their last monomers are fixed at positions Y,
Y,, ....Yn, respectively. If a force F acts on this adsorbed
polymer material and moves the distance r along the
direction of force, the last monomers’ positions would
accordingly change to Y| +r, Y, +r,..., Yy+r, respectively
[49]. However, here we only focus on the elastic behavior of
single compact chain and the force only acts on one single
chain’s end. Therefore, there exist some differences
between these two models. In the meantime, another
conclusion is that if there does not exist adsorption
interaction, there need not any elastic force (i.e. f<O0, see
the case of e=0). At last we calculate energy contribution to
elastic force f, according to the Eq. (6), and f, as a function
of Y, for adsorbed compact chains with different chain
length N and different adsorption energy e is shown in
Fig. 10. For the case of ¢=0, f,, increases monotonously a
little with Y, increasing. However, for the cases of e= —1,
fu increases firstly and then decreases to the constant value
with Y, increasing. There appears a peak near Y,=0.23,
which is consistent with Fig. 4. If the adsorption interaction
energy becomes ¢ = — 3, the peak moves right to about Y=
0.53. Here we employ the parameter f, (Fig. 6) with N=17
and e= — 3 as the inset to describe this change. This slope of
this curve means the speed of monomers leaving away from
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Fig. 10. f, as a function of Y, for adsorbed compact chains with different
chain length N and different adsorption energy e.
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the surface and there exist four phases according to the slope
of this curve. This leads to have different values for f,, during
this process. The reason why there exists different behavior
of f,, for the cases of e=—1 and —3 in Fig. 10 may be that
there are contact interactions in compact chains, and the
adsorption interaction of ¢é=—1 is equal to the contact
interaction, however, the adsorption interaction of e= —3 is
larger than that of the contact interaction.

4. Conclusion

In this paper we perform the enumeration calculation
method to study the elastic behavior of short two-
dimensional compact chains absorbed on the attractive
surface. We first investigate the changes of chain size and
shape, such as mean-square end-to-end distance, mean-
square radii of gyration, shape factors, and fraction of
adsorbed monomers. Our aim is to illuminate how the size
and shape of chains changes during the elongation process.
Then we also study the thermodynamics properties of
adsorbed compact chains. Different elastic behaviors are
obtained for adsorbed compact chains. Elastic force
decreases abruptly in the small region of elongation, and
there exists a long plateau for strong adsorption interaction,
which is agreement well with the theoretical and SMFS
experiment ones.

Acknowledgements

This research was financially supported by National
Natural Science Foundation of China (Nos. 20174036,
20274040), and Natural Science Foundation of Zhejiang
Province (No. R404047). We also thank the referees for
their critical reading of the manuscript and their good ideas.

References

[1] Nanper D. Polymer stabilization of colloidal dispersions. London:
Academic; 1983.

[2] Goddard E, Vincent B, editors. Polymer adsorption and dispersion
stability. ACS symposium series, vol. 240. Washington, DC:
Americal Chemical Society; 1984.

[3] Andrade JD, editor. Surface and interfacial aspects of biomedical
polymers. New York: Plenum; 1985.

[4] Yau WW, Kirkland JJ, Bly D. Modern size exclusion chromatog-
raphy. New York: Wiley; 1979.

[5] Wu S. Polymer interfaces and adhesion. New York: Dekker; 1982.

[6] Andrade JD, Hlady V. Adv Polym Sci 1986;79:1-13.

[7] Regnier FE. Science 1987;238:319-23.

[8] Huber DL, Manginell RP, Samara MA, Kim BI, Bunker BC. Science
2003;301:352-4.

[9] Lee KB, Park SJ, Mirkin CA, Smith JC, Mrksich M. Science 2002;
295:1702-5.

[10] Haynes CA, Norde W. J Colloid Interf Sci 1995;169:313-28.
[11] Norde W, Lyklema J. J Biomat Sci Polym Ed 1991;2:183-202.

[12] Gray JJ. Curr Opin Struct Bio 2004;14:110-5.

[13] Nagadome H, Kawano K, Terada Y. FEBS Lett 1993;317:128-30.

[14] Keire DA, Gorenstein DG. Bull Magn Reson 1992;14:57-63.

[15] McNay JL, Fernandez EJ. J Chromatogr A 1999;849:135-48.

[16] Buijs J, Ramstrom M, Danfelter M, Larsericsdotter H, Hakansson P,
Oscarsson S. J Colloid Interf Sci 2003;263:441-8.

[17] Cohen-Stuart M, Cosgrove T, Vincent B. Adv Colloid Interf Sci 1986;
24:143-239.

[18] Belder GF, Brinke GT, Hadziioannou G. Langmuir 1997;13:4102-5.

[19] Xie M, Blum FD. Langmuir 1996;12:5669-73.

[20] Zajac R, Chakrabarti A. J Chem Phys 1996;104:2418-37.

[21] Haliloglu T, Mattice WL. Macromol Theory Simul 1997;4:667-72.

[22] Haliloglu T, Stevenson DC, Mattice WL. J Chem Phys 1997;106:
3365-9.

[23] Lai PY. J Chem Phys 1995;103:5742-55.

[24] Zheligovskaya EA, Khalatur PG, Khokhlov AR. J Chem Phys 1997;
106:8598-605.

[25] Zajac R, Chakrabarti A. Phys Rev E 1994;49:3069-78.

[26] Rouault Y. Macromol Theory Simul 1998;7:359-65.

[27] Klushin LI, Skvortsov AM, Gorbunov AA. Phys Rev E 1997;56:
1511-21.

[28] Klushin LI, Skvortsov AM, Leemarkers FAM. Phys Rev E 2002;66:
036114.

[29] Norde W. Adv Colloid Interf Sci 1986;25:267-340.

[30] Haynes CA, Norde W. Colloid Surf B 1994;2:517-66.

[31] Sluzky V, Tamada J, Klibanov A, Langer R. Proc Natl Acad Sci, USA
1991,88:9377-81.

[32] Horbett T, Cooper K, Lew K, Ratner B. J Biomater Sci Polym Ed
1998;9:1071-87.

[33] Kenausis G, Voros J, Elbert D, Huang N, Hofer R, Ruiz-Taylor L,

et al. J Phys Chem B 2000;104:3298-309.

Acharya G, Kunitake T. Langmuir 2003;19:2260-6.

Gessner A, Lieske A, Paulke B, Muller R. J Biomed Mater Res A

2003;65:319-23.

[36] Malmsten M. Colloid Surf A 1999;159:77-86.

[37] Konno T, Kurita K, Iwasaki Y, Nakabayashi N, Ishihara K.
Biomaterials 2001;22:1883-9.

[38] Veiseh M, Zareie M, Zhang M. Langmuir 2002;18:6671-8.

[39] Jones V, Kenseth J, Porter M, Mosher C, Henderson E. Anal Chem
1998;70:1233-41.

[40] Michael K, Vernekar V, Keselowsky B, Meredith J, Latour R,
Garcia A. Langmuir 2003;19:8033-40.

[41] Servagent-Noinville S, Revault M, Quiquampoix H, Baron M.
J Colloid Interf Sci 2000;221:273-83.

[42] Hansma HG, Hoh JH. Annu Rev Biophys Biomol Struct 1994;23:
115-39.

[43] Hugel T, Seitz M. Macromol Rapid Commun 2001;22:989-1016.

[44] Hugel T, Grosholz M, Clausen-Schaumann H, Pfau A, Gaub H,
Seitz M. Macromolecules 2001;34:1039-47.

[45] Cui SX, Liu CJ, Zhang X. Nano Lett 2003;3:245-8.

[46] Chan HS, Dill KA. Macromolecules 1989;22:4559-73.

[47] Sun TT, Zhang LX, Chen J, Shen Y. J Chem Phys 2004;120:5469-75.

[48] Zhang LX, Sun TT. Polymer 2004;45:3547-54.

[49] Chen J, Zhang LX, Cheng J. J Chem Phys 2004;121:11481-8.

[50] Jiang ZT, Zhang LX, Chen J, Zhao DL. Polymer 2002;43:1461-6.

[51] Zhang LX, Xia AG, Jiang ZT, Zhao DL. Macromol Theory Simul
2001;10:651-5.

[52] Zhang LX, Jiang ZT, Zhao DL. J Polym Sci, Part B: Polym Phys
2002;40:105-14.

[53] Curro JG, Mark JE. J Chem Phys 1984;80:4521-5.

[54] Mark JE. J Phys Chem B 2003;107:903-13.

[55] Solc K, Stockmayer WH. J Chem Phys 1971;54:2756-7.

[56] Solc K. J Chem Phys 1971;55:335-44.

[57] Zifferer G, Preusser W. Macromol Theory Simul 2001;10:397-407.

[58] Jagodzinski O, Eisenriegler E, Kremer K. J Phys I 1992;2:2243-8.

[34
[35



	Elastic behavior of adsorbed single compact chains
	Introduction
	Method of calculation
	Results and discussion
	Chain size and shape
	Thermodynamics properties

	Conclusion
	Acknowledgements
	References


