Chinese Journal of

POLYMER SCIENCE #»+##%

Computer Simulation Study on Adsorption and Conformation of Polymer Chains Driven by External Force

Gao He-Bei, Li Hong, Zhang Xiao-Qin, Wang Xiang-Hong, Li Chao-Yang, Luo Meng-Bo

Cite this article as:

Gao He-Bei, Li Hong, Zhang Xiao-Qin, Wang Xiang-Hong, Li Chao-Yang, Luo Meng-Bo. Computer Simulation Study on
Adsorption and Conformation of Polymer Chains Driven by External Force[J]. Chinese J. Polym. Sci, 2021, 39(2): 258-266. doi:
10.1007/s10118-020-2491-x

View online: https://doi.org/10.1007/s10118-020-2491-x

Articles you may be interested in

MONTE CARLO STUDY ON THE CRITICAL ADSORPTION POINT OF BOND-FLUCTUATED POLYMER CHAINS
TETHERED ON ADSORBING SURFACES

Chinese J. Polym. Sci. 2009, 27(1): 109

Monte Carlo Simulation on Layered Polymeric Films
Chinese J. Polym. Sci. 2014, 32(5): 595 https://doi.org/10.1007/s10118-014-1446-5

Dynamic Monte Carlo Simulation on Polymerization of Encapsulant
Chinese J. Polym. Sci. 2019, 37(2): 157 https://doi.org/10.1007/s10118-019-2176-5

TR AR B 1 R N B A R R P
DYNAMIC MONTE CARLO SIMULATION OF KINETIC PROCESS FOR POLYMER COLLAPSE TRANSITION
E5AN 447, 2009(12): 1238 https://doi.org/10.3724/SP.J.1105.2009.01238

R BB S P A R B IAT LK SRS R DT

A Parallel Tempering Monte-Carlo Study of Conformation Transitions of a Single Polyelectrolyte Chain in Solutions with Added
Salt

B4, 2017(12): 1984 https://doi.org/10.11777/j.issn1000-3304.2017.17034
THENUEAT 7R S MK E M BT 78S S

Computer Simulation of Dispersion and Interface in Polymer Nanocomposites
o T2F AR, 2016(8): 1048 https:/doi.org/10.11777/1.issn1000-3304.2016.16105


http://www.cjps.org/
http://www.cjps.org/article/doi/10.1007/s10118-020-2491-x?pageType=en
http://www.cjps.org/article/cjps/2009/1/109?pageType=en
http://www.cjps.org/article/cjps/2009/1/109?pageType=en
http://www.cjps.org/article/doi/10.1007/s10118-014-1446-5?pageType=en
http://www.cjps.org/article/doi/10.1007/s10118-019-2176-5?pageType=en
http://www.gfzxb.org/article/doi/10.3724/SP.J.1105.2009.01238
http://www.gfzxb.org/article/doi/10.11777/j.issn1000-3304.2017.17034
http://www.gfzxb.org/article/doi/10.11777/j.issn1000-3304.2016.16105

Chinese Journal of
POLYMER SCIENCE

https://doi.org/10.1007/510118-020-2491-x
Chinese J. Polym. Sci. 2021, 39, 258-266

Computer Simulation Study on Adsorption and Conformation of
Polymer Chains Driven by External Force

He-Bei Gao?, Hong Li®", Xiao-Qin Zhang®", Xiang-Hong Wang?, Chao-Yang Li¢, and Meng-Bo Luo®"

@ Department of Information, Wenzhou Polytechnic, Wenzhou 325035, China

b College of Computer Science and Artificial Intelligence, Wenzhou University, Wenzhou 325035, China

¢ Department of Physics, Hangzhou Normal University, Hangzhou 310036, China

d Department of Physics, Zhejiang University, Hangzhou 310027, China

Abstract In this work, Monte Carlo simulations are used to study the critical adsorption behaviors of flexible polymer chains under the action of
an external driving force F parallel to an attractive flat surface. The critical adsorption temperature T, decreases linearly with increasing F,
indicating that the driving force suppresses the adsorption of polymer. The conformation of polymer is also affected by the driving force.
However, the effect of F is dependent on the competition between the driving force and temperature. Under strong force or at low temperature,
the polymer is stretched along the direction of the force, while under weak force or at high temperature, the polymer is not stretched. When the
force is comparable to the temperature, the polymer may be stretched perpendicular to the driving force, and below T, we observe
conformational transitions from parallel to perpendicular and again to parallel by decreasing the temperature. We found that the perpendicular
stretched conformation leads the polymer chain to synchronously move along the direction of the driving force. Moreover, the conformational

transitions are attributed to the competition and cooperation between the driving force and the temperature.
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INTRODUCTION

The adsorption of polymer chains has important applications in
colloidal stability, surface coating, biocompatibility, wetting,
liquid chromatography, and capillary electrophoresis.!'! These
applications often involve the shearing of tethered polymers.
Although such applications are widespread, the nonequilibrium
dynamics of sheared polymer chains are little understood.
Experimental research has predominantly focused on the
measurement of rheological properties or the scattering of light
or neutrons in polymer solution.!”) Because there is no direct
observation of the microscopic dynamics of polymer under
shear, simulation is important to predict the molecular
dynamics of polymer in the shear flow.”? The simulation and
numerical calculation mainly focus on the average chain
properties 81" The flow of dilute polymer solutions shows
some interesting macroscopic effects, including viscosity,
enhanced normal stress, and turbulent drag reduction.l'? This
non-Newtonian fluid property contributes to the change of
polymer conformation by shear.”'>'4 |t has also been found
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that a change in the polymer configuration is directly related to
the shearing force.”’

The adsorption of polymer chains onto a solid surface has
been extensively studied by theoretical,['>161 numerical,['7-20
and experimental methods.222 Recently, study of the effect
of driving force on an end-grafted polymers is of consider-
able interest.[23-26] The external driving force applied to the
polymer can affect the adsorption behaviors as well as the
conformational properties of polymer chain.[24-26 There is a
critical force as a function of temperature below the critical
adsorption temperature for the second-order phase trans-
ition (thermal desorption) and the first-order phase transition
(mechanical desorption) in the adsorption-desorption phase
diagram.[26! The polymer remains adsorbed below the critical
force and is desorbed above the critical force. Typical con-
formations of polymer in the phase diagram for different val-
ues of adsorption strength and driving force are exhibiting as
isotropic phase, stretched phase and adsorbed phase, re-
spectively.23] Pulling polymer by one end perpendicular to
the surface can usually reduce the adsorption of the polymer,
whereas pulling parallel to the surface can promote adsorp-
tion of polymer.27l In the simulation of the effect of lateral
force on one end of the polymer, the force flattens polymer
perpendicular to the direction of the external force as
achieved in the atomic force microscope tensile experi-
ments.l28 In addition, shear flow has different effects on the
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adsorption of polymer. For free flexible polymers, the num-
ber of surface contacts decreases as shear strength is in-
creased until complete desorption occurs,29 whereas for
end-tethered polymers, the stretch of polymer is depressed
by the surface attraction, but the adsorption of polymer is en-
hanced by the shear flow.3%9 However, the mechanisms of
polymer adsorption under the surface-parallel driving force
(or flow) is not clear yet. The above research has inspired us to
explore the effect of the external driving force on the adsorp-
tion and conformational properties of polymers.

Due to high viscosity, the motion of polymer is mainly in
the form of laminar flow.13" The solid surface produces fric-
tion resistance to the flow, resulting in a shear field in the vi-
cinity of the surface. Couette shear flow has uniform shear
stress and velocity gradient along the direction perpendicu-
lar to the surface.B" The Oldroyd-B model separates the activ-
ation and velocity aspects of shear flow in the constitutive
equation,32 which is helpful in understanding the non-New-
tonian fluid behavior of various complex fluids in the shear
field. Therefore, it is necessary to understand the deforma-
tion of polymer in shear flow at the molecular level. Molecu-
lar simulation has become an important tool in the study of
polymer shear flow besides experiment and theory.l'233] The
worm like chain (WLC) model is suitable for describing the
conformational properties of polymers ranging from flexible
to rigid rod with characteristic bending energy.34 The freely
jointed chain (FJC) model is suitable for understanding flex-
ible polymer chains.35! Polymer fluid assumes that the mo-
mentum of moving particles is immediately damped by local
thermal fluctuations.3"] Monte Carlo (MC) simulation is used
in this work to simulate Couette shear flow by using a uni-
form driving force and no velocity gradient in the simulation.
The simulation is equivalent to adding an electric field paral-
lel to the surface where all the monomers are subject to a

constant external force, which is different from the shear flow.
Moreover, the adsorbed polymer is relatively thin, thus the
shear can be considered as an approximate constant for the
adsorbed polymer on the surface.

In this study, we aim to gain a comprehensive understand-
ing of the adsorption and conformation properties of
tethered polymers under the uniform driving force parallel to
a flat attractive surface. The structure of this paper is organ-
ized as follows. In the second section, we introduce the simu-
lation model and calculation method. In the third section, we
discuss the results for the adsorption and conformation of
polymer under a driving force. Finally, we conclude our main
results in the last section.

SIMULATION MODEL AND CALCULATION
METHOD

In this work, a single linear chain embedded in a cubic lattice
was used for simulating the case of a dilute polymer solution. Its
schematic diagram is shown in Fig. 1. The polymer chain
consisted of N monomers linked together with the bond from
the set (1,0, 0), (1, 1, 0), (1, 1, 1) by symmetry operations in the
simple cubic lattice,3%37) where the lattice constant d was set as
the unit of length, as shown in Fig. 1(a). The system sizes in the x
and y directions were larger than the polymer length N. Periodic
boundary condition (PBC) was adopted for the system along the
x and y directions to mimic a large surface. An attractive surface
was placed at layer z=0, and the polymer was placed above the
surface from layer z=1, as shown in Figs. 1(b) and 1(c).

A uniform driving force along the positive x direction
was applied on all monomers, as shown in Fig. 1(b). Such a
driving force leads to a free energy drop E; = —F-Ax when a
monomer moves a distance Ax along the x direction. We also
denoted ¢ as the interaction energy between monomer and

@  First monomer
—@— Other monomer

Fig. 1 Schematic of the simulation setup: (a) A single linear chain embedded in a cubic lattice; (b) Polymer above the surface at high
temperature above the critical adsorption point (CAP), where the green bead is the first monomer tethered to the surface; (c) Polymer
adsorbed on the surface below the CAP; (d) Monomers contact to the surface (the blue beads).
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surface when the monomer was in contact with the surface,
i.e, when the monomer was located on the layer z=1, as
shown in Fig. 1(d). The monomer on layer z=1 provided a sur-
face contact. The contact energy of polymer is E; = Mg, with
M denoting the number of surface contacts. In the simulation,
&/kg was set as the unit of temperature, with kg the Boltzmann
constant. While interactions between any two of the non-
bonded monomers are self-avoiding, bond crossings were al-
lowed, resulting in a high mobility of polymer chains in the
simulation.

At the beginning of simulations, an end-tethered polymer
chain was generated using the Rosenbluth-Rosenbluth meth-
od,381 with the first monomer located on the position (0, 0, 1)
contacted to the surface. The first monomer was restricted to
the first layer. In order to investigate the dynamics of poly-
mer on the surface, the first monomer was allowed to move
on the first layer, as shown in Fig. 1(b). The polymer chain un-
derwent a series of moves due to the thermal fluctuation and
the external driving force. A monomer was picked up ran-
domly and attempted to move to one of its six nearest neigh-
bors, excluding the first monomer confined on the first layer.
This trial move was accepted if the following four conditions
were simultaneously satisfied: (1) The new site was above the
surface (z>0); (2) it fulfilled the self-avoiding condition (any
lattice site can be occupied by no more than one monomer);
(3) all bond vectors were within bond lengths{1,v2,/3}, (4) the
Boltzmann factor was fulfilled according to exp(-AE/(kgT)) >
p, where AE is the energy shift due to the move and p is a ran-
dom number with 0<p<1. For the move of a monomer, the
energy shift AE can be expressed as AE = AE; + AE,, where
AE, = aFd, AE, = Be. The values of a and 8 can be taken as 1, 0,
and —1 for the increase, invariance, and decrease of the en-
ergy, respectively. The parameter a depends on the direction
of movement, and 8 depends on the behavior of adsorption
and desorption. Therefore, the probability of accepting the
move

p=expl- 1) = expl- ") 1)
is dependent on F and T in the MC simulation, and the prop-
erties of polymer are also dependent on F and T. In one MC step
(MCS), all the monomers in polymer chains attempt to move
once on average.

We adopted an MC simulated annealing method!'? to
investigate polymer properties by decreasing the temperat-
ure from T=8 to T=0.05. The temperature step AT=0.05 was
chosen near the critical adsorption point (CAP), and a slightly
greater value of AT was adopted away from the CAP. The fi-
nal configuration at the previous temperature was used as
the initial configuration for the current temperature. At each
T, we used about T = 2.5N213 MCS to equilibrate the
polymer.37:39 Then, conformations of polymer were recorded
at an interval of 0.1t MCS for the next 100t MCS. In the simu-
lations, more than 1000 independent runs were implemen-
ted, then the results were averaged over 106 independent
configurations.

RESULTS AND DISCUSSION

For clarity, we summarize our main results by presenting the

conformations of polymer chains for different driving force F
and temperature T values. Fig. 2 shows the sketches of two-
dimensional (2D) projection of conformations. Circle or oval
circle represents the projection of polymer on the surface,
including its size and orientation. The circle indicates that its
projection is uniform in all directions, while the ellipse indicates
that its projection orientation is anisotropic. The circular
projection depends on the temperature and is almost ind-
ependent of the driving force F. The size and orientation of the
elliptical projection depend on the driving force F and the
temperature T. In Fig. 2, the dash curve Fy(7) is the critical force
that affects the projection orientation of polymer. When F<F,(T),
the driving force has no effect on the orientation of polymer,
otherwise it will deform the polymer. The solid curve F,(7) is the
critical force to make the long axis orientation of the projection
consistent with the direction of the driving force F. When
F>F,(T), the polymer will extend along the direction of the
driving force F. When F;(T)<F<F,(T), the conformation of
polymer depends on F and T. The CAP (T,), which separates the
adsorbed polymer and desorbed one, decreases with increasing
driving force F. The influence of driving force F on the size and
orientation of the desorbed and adsorbed conformations is
mainly divided into three main regions: a force dominated (FD)
region at strong driving force F>F,(T), a temperature dominated
(TD) region at weak driving force F<F;(T), and a force-
temperature competition-cooperation (FTCC) region at driving
force F,(T)<F<F,(T). In the TD region, the projection of the
polymer was uniform in all orientations, and the area of
projection increased with decreasing temperature. In the FD
region, the polymer is stretched into an asymmetric profile due
to the driving force. The projection of the polymer is elliptical,
and the direction of its long axis is the same as that of the
external force F. With the decrease of temperature, the degree
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Fig. 2 Sketches of the 2D projection of conformations of polymer
on the surface under action of various strengths of driving force (F) at
different temperatures (7). Circles or oval circles represent the size
and orientation of the projection, where the direction of the force F is
horizontal to the right. Three main regions: force dominated (FD)
region above the solid curve F,(T), temperature dominated (TD)
region under the dash curve Fi(T), and force-temperature
competition-cooperation (FTCC) region between F(T) and F,(T), are
illustrated. T.(F) is the critical adsorption temperature (CAP) of the
polymer, where the left is the adsorption state and the right is the
desorbed state.
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of polymer stretching increases. This phenomenon has previ-
ously been observed for polymer in solution.*” However, in the
FTCC region, with the decrease of temperature, the orientation
of the polymer experienced four different temperature regions
as follows. At the high temperature (T>T), the projection of
polymer was also uniform. Near the CAP (T—T,), the projection
of polymer was slightly stretched along the force direction. At
the temperature below CAP (T<T)), the projection of polymer
was slightly stretched in the direction normal to the driving
force. However, at the temperature close to zero (T—0), the
projection of polymer was also stretched along the driving force
direction. The details of adsorption and conformation properties
of polymer under the action of the driving force parallel to the
attractive surface are described as follows.

Critical Adsorption of Polymers

We investigated the adsorption behavior of polymer chain onto
the surface under the action of the driving force in this work. We
calculated the average fraction of surface contacts <M>/N,
where <M> is the mean number of surface contacts. The
fraction <M>/N can be viewed as an order parameter for the
degree of adsorption. The CAP of infinitely long polymers can
be determined by analyzing the behavior of the <M> of finitely
long polymers at different temperatures.*"! The CAP (T,) of the
polymer was expected to be determined by the finite-size
scaling theory. Near CAP, the order parameter <M>/N can be
expressed as:12

<M> [N =N ao+a1KN1/6+O((KN1/6)2)) @)

where ¢ is the crossover exponent, k = (T — T)/T. is the scaled
temperature, and 1/6 is the critical exponent that is adopted for
1/6 = ¢ in the EKB.*3 The second term kN in Eq. (2) changes
sign at the temperature T when annealed from T>T_ to T<T..

Fig. 3(a) shows the dependence of <M>/N on N at different
temperatures near the CAP for weak driving force F=0.1. It can
be observed from the figure that <M>/N-N curves are slightly
upward concave at low temperatures and downward convex
at high temperatures. Meanwhile, <M>/N shows the best

—a— T=1.80
—v— T=175
—o— T=1.70
107" —a— T=165
- Sayg o T=160
=052 XXZ e Egg
= =0. =t
é 1 1
v —<— T=1.65
—>— T=1.60
—o— T=155
—=x— T=1.50
o —o— T=1.45
—o— T=1.40
—+— T=135
1
102 103

Fig. 3 The log-log plot of <M>/N versus N for various values of
driving force (a) F=0.1 and (b) F=1.0 at temperatures from T=1.35 to
T=1.80. Chain lengths vary from N=40 to N=400. For T.=1.67, the
mean value of the best slope is depicted for F=0.1 (a).

power law behavior at T=T,, which can be expressed as:*3!
<M >N = aoN*™ 3)

Therefore, T, and ¢, which characterize the polymer ad-
sorption transition, can be estimated by searching the best
matched power law behavior using Eq. (3). Values of <M> at
other temperatures near T, were obtained by interpolation
treatment from the simulation data, and T.=1.67 and ¢$=0.52
for an infinitely long polymer were found at F=0.1. We ob-
tained nearly the same values of T, and ¢ at F=0 (not in-
cluded) by the same method. Our results are roughly the sa-
me as that for end-grafted polymer without driving force.!l

In the TD region, as a result of the weak driving force and
the dominant temperature, the CAP (T.) could be estimated
by the finite-size scaling method. However, in the FTCC and
FD regions, as a result of the coaction of the external driving
force and temperature, T. could not be determined by the
finite-size scaling method as none of the temperature values
satisfied the function in Eq. (3), as shown in Fig. 3(b) for F=1.0.
At F=1.0, we only find downward convex curves.

In the context of discussing adsorption and conformation
of polymer, the finite chain length is also of considerable in-
terest. In the following, the chain length N=200 was taken as
an example, and the results of other large N also exhibited
similar qualitative behaviors. Additionally, T. was estimated
from the energy fluctuation.

Energy fluctuations, similar to the heat capacity, can
provide useful information for the adsorption transition.#4
The transition point can be determined from the position of
the maximum value in the contact energy fluctuations rep-
resented as GM* = <M?> — <M>2 for E = eM. The peak of the
fluctuation 5M? corresponds to the critical adsorption tem-
perature T (F) for the finite chain length.l'831 The results of
5M? for N=200 and for different values of driving force F=0,
0.3,0.5, 0, 8, 1, and 1.2, are depicted in Fig. 4. The estimated
values of T (F) are presented in the inset of Fig. 4. It can be
clearly seen that T (F) decreased nearly linearly with increas-
ing external driving force F.

The dependence of the average fraction of surface contact
<M>/N on temperature T is shown in Fig. 5 for different driv-
ing forces F=0, 0.5, and 1.0, and for chain length N=200. The

1500

N=200 20
N=200
1000 ' mkkn\u\n\u
N P AS °
3 ’ .
1.0
500
—O0—F=03
—v—F=038
=12
ol .
1.0 15 20 25 30

Fig. 4 Contact fluctuations in different temperatures. The inset
shows the dependence of the transition point on the driving force for
N=200.

https://doi.org/10.1007/510118-020-2491-x


https://doi.org/10.1007/s10118-020-2491-x

262 Gao, H. B. et al./ Chinese J. Polym. Sci. 2021, 39, 258-266

value of <M>/N ranged from 0 at high temperatures (T>T,) to
1 at the temperature close to zero (T—0). At the intermediate
temperatures, <M> increased monotonously with decreasing
temperature T. However, there were two intermediate tem-
perature regions. In one region, <M> increased with increas-
ing driving force F at the temperature near the CAP (T—T),
and in the other region <M> decreased as the F increased at
the temperature below the CAP (T<T,). The dependency of
the ratio <M>¢/<M>_, on the driving force F for T=3.0, 1.5,
0.8, and 0.2 is shown in the inset of Fig. 5. At high temperat-
ure T=3.0 (T>T,) and close to the zero temperature (T—0) for
T=0.2, values of the ratio <M>y/<M>¢_, were roughly equal to
1. At the CAP and below, the ratio <M>//<M>¢_, was also
equal to 1 for the weak driving force. However, the ratio de-
creased with increasing driving force F for T=1.5 near the CAP
(T—T,), but increased with increasing force F for 7=0.8 below
the CAP (T<T,). That is, under the driving force, the polymers
prefer to be adsorbed on the surface at the temperature be-
low CAP (T<T,), whereas polymers prefer to be desorbed from
the surface at the temperature near CAP (T—T,). Our results
indicate that the adsorption properties are not only depend-
ent on temperature T, but also dependent on the driving
force F.

1.0

0.8

0.6

<M>/N

0.4

0.2

sl
I

o

w
-—

%ﬂ"@ﬁﬂﬂ— o

0 1 1 1 1
0 0.5 1.0 1.5 2.0 25 3.0

T

Fig. 5 The average fraction of surface contact as a function of the
temperature for the chain length N=200 under action of different
values of driving forces F=0, 0.5, and 1. The dependence of ratio
<M>¢/<M>¢_, on the driving force F for T=3.0, 1.5, 0.8, and 0.2 is
presented in the inset.

Conformation Properties of Polymers

It is also interesting to understand the conformation properties
of polymer under the external driving force. In this subsection,
we studied the mean-square radius of gyration and its three
components along x, y, and z directions. The mean-square
radius of gyration was calculated as:

N
1 2
<R(N)>= 1) (Fi=Tam) (4)
i=1
with

1 N

- -

Tem =5 i (5)

The polymers were rearranged from a three-dimensional
(3D) structure above T to a 2D structure below T, which was
depicted by the conformation properties changing in the dir-

ection perpendicular to the surface. The dependence of the z
component of the mean-square gyration radius (RGZ)Z on
temperature T is shown in Fig. 6 for polymer N=200 at differ-
ent forces F=0, 0.3, 0.5, 0.8, and 1.0. The critical transition tem-
perature T(F) decreased with increasing driving force F, as
shown in the inset of Fig. 6. The value of T(F) was estimated
as the value of the maximum derivation in the curve (RGZ> -T,
and the results were in good agreement with the critical ad-
sorption temperature calculated from the surface contact
number.

60 |
40+
i
NLD
[+
\2
20}
0’7 100702 04 06 08 10
0 Z’QM 1 1 1 F 1
0.5 1.0 15 20 25 3.0

T
Fig. 6 Temperature dependency of the z component of the mean-

square radius of gyration. The inset is the dependency of the
transition temperature on the driving force.

To compare the force-parallel-conformation with the force-
perpendicular-conformation, the dependency of x, y com-

ponents of (RGZ>, ie., (RGZ)X and <R62>y on F is shown in
Fig. 7 for N=200. There were two different conformation be-
haviors of (RGZ>X and <R62>y with increasing driving force F.
One behavior was the change from stretched state in the per-
pendicular direction ((RGZ>X < <R62>y) to stretched state in

parallel direction ((RGZ>X > (Rc-‘.2>y) for T=0.8 below the CAP

(T<T,), as shown in Fig. 7(a). The other was the maintaining of
) N 2 2

a stretched state in the parallel direction (<RG )X > (RG )y) for

T=1.5 near the CAP (T—T,), as shown in Fig. 7(b). The con-
formation of the polymer chain was stretched in different dir-
ections at the temperature near the CAP and below under ac-
tion of the weak driving force F<0.5. This was due to the com-
petition and cooperation between the driving force and tem-
perature for polymer in the FTCC region. However, under
strong driving force F>0.5, the polymer chain stayed
stretched in the force direction for both temperatures near
the CAP and below due to the driving force dominating poly-
mer in the FD region.

When annealing from high to low temperature, the con-
formations of polymer chains change from a random coil
state in the 3D space to stretched adsorption state on the 2D
surface. In order to further observe the conformational trans-
ition of the polymer chain in the FTCC region, we depicted
the temperature T dependency of the mean-square radius of

gyration <RG2> for N=200 and F=0.3, as shown in Fig. 8. The
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plot shows an interesting trend in the values of (RGZ)X and

<RGZ>Y that have experienced four regions: (RGz)f(RGz)y

uniformity at high temperature (T>T)), (RG2>X><RG2)y stretch-
ing in x direction at the temperature near CAP (T—T),
(RGZ>X<<RG2>y stretching in y direction at the temperature be-

low CAP (T<T,), and (RGZ>X > (RGZ> stretching in x direction
at the temperature close to zero (T—0). The four typical tem-
peratures for chain conformations are illustrated in
Fig. 9. At high temperature T=2.0 (T>T,), polymers were in a
random coil state in 3D conformation; at the temperature
near CAP T=1.5 (T—T,), polymers began to enter the adsorp-
tion state and were slightly stretched along the x direction; at
the temperature below CAP T=0.5 (T<T), polymers were
stretched along the y direction; at T=0.2 close to zero temper-
ature (T—0), polymers were further stretched along the x dir-
ection. The results illustrate an interesting phenomenon that
the polymer extended along the direction normal to the driv-
ing force for the temperature below CAP (T<T,) due to the

—
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Fig. 7 Dependency of the x- and y-components of the mean-square
gyration radius on the driving force: (a) 7=0.8 below the CAP; (b)
T=1.5 near the CAP.

competition and cooperation between temperature and driv-
ing force.

To illustrate the details of polymer conformation under
the action of different values of driving forces, the ratio
<RGZ> /<RGZ>X of mean gyration radius components is plot-
ted in Fig. 10 for F=0, 0.3, and 0.8. There was a constant ratio
<RGZ> /(RGZ>X=1 in the TD region where the temperature was
a dominant influence factor for F=0. Meanwhile, there were

two intermediate temperature regions: (RGz)y/(RGZ)Xd, at

the temperature near CAP (T—T,), and (R62>y/<RGz>X>1, at

the temperature below CAP (T<T,). This was due to the com-

petition and cooperation between temperature and driving
2

y/<RG )X decreased

monotonically by decreasing T when the driving force was a
dominant influence factor for F=0.8. Our results show that the
driving force can stretch the polymers parallel or perpendicu-

force for F=0.3. However, the ratio <RGZ>
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Fig.8 Dependency of the mean-squared gyration radius <Rg2> and
its three components in x, y, and z direction with the temperature T
for F=0.3.

~2,

Fig.9 Typical conformations of polymers at different temperatures: (a) 7=2.0; (b) T=1.5; (c) T=0.5; (d) 7=0.2 and F=0.3.
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Fig. 10 Plot of the ratio (RGZ) /(RGZ> versus T for F=0, 0.3, and 0.8.
y

lar to the direction of the driving force.
However, the stretching effect on polymer chain is depen-
dent on the competition between the driving force and

the temperature. The contour plot of the ratio <RGZ>y/<RGZ>X
versus T and F is presented in Fig. 11. It can be observed that

there were three different regions for polymer conformations
by factors of driving force and temperature. In the TD region,

the ratio <RGZ> /<RGZ>X was close to 1 at small F, and the con-

formation of t%e polymer chain was isotropic and could not
be stretched by the weak driving force. In the FD region, the
ratio (RGZ) /(RGZ>X was less than 1 at strong F, that is to say,
the polymér chain was stretched along the direction of the
driving force. However, in the intermediate FTCC region,
there were different effects on the conformation of polymer
at the adsorbed state by the driving force. The polymer chain
firstly appeared stretching in the x direction at the temperat-
ure near CAP, then appeared stretching in the y direction at
the temperature below CAP. This was due to the competition
and cooperation between the temperature and driving force.
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Fig. 11 Contour plots for the ratio, (RGZ> /(RGZ) , of mean-square
y X

gyration radius components as a function of temperature T and
driving force F.

Orientation of Polymers

The orientation of polymer is generally related to conformation.
To further investigate the orientation of polymer influenced
by the driving force in the FTCC region, we calculated the
eigenvalues of the radius of gyration tensort*>—4!

18 Sxx Sxy Sxz
T

S=p5 ZSiSi =| v Sy Sy (6)
i=1 Sxz Syz Sz

in 3D space, where s; = col(x; y;, ) was the position of the it"
monomer in a frame of reference with its origin at the center of
mass. We calculated the orientational behavior of polymer chain
by angles of 6,, 6,, and 6,, which were the angles between the
eigenvector of the gyration tensor with the largest eigenvalue
and the coordinate axis x, y, and z, respectively. The dependence
of the angle 6,, 6,, and 6, on T is plotted for F=0.3 and N=200 in
Fig. 12. At the high temperature (T>>T), the angles 6,, 6,, and 6,
were almost equal to the same value cos’0 = 1/3, that is, they
were almost not influenced by the driving force. At the
temperature near CAP (T—T), c0529Z decreased from 1/3 to
0 as temperature decreased. Meanwhile, c0526X and c0526y
increased from 1/3 to 1/2 with the decrease of the temperature,
but coszex and c0526y had different variations due to the
competition and cooperation between T and F. At the
temperature below CAP (T<<T,), c0526x=c0526y=1/2 and
c05292=0 for F=0 due to isotropy (not shown). However, the
statistical conformation deviated from spherical symmetry and
coszex and c0529y deviated from 1/2 for F=0.3. At the
temperature close to zero (T—0), c0526X was close to 1,
indicating that the polymer was stretched in the x direction for
F=0.3. As the temperature decreased, the orientation angle of
the polymer shown in Fig. 12 was consistent with the
components of the mean-square radius of gyration in Fig. 8.
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Fig. 12 The angle between the instantaneous largest eigenvector of
the gyration tensor and coordinate axis.

In the FTCC region, the polymer chain was adsorbed on the
surface and was also driven by the external force F parallel to
the surface. The polymer was not conducive to the move-
ment of desorption from the surface, or the movement in the
opposite direction of the driving force. In this region, the
polymer chain extended along the direction normal to the
driving force due to the competition and cooperation
between the driving force and the surface attraction, so as
to achieve synchronous movement along the direction of
the driving force. This behavior qualitatively occurred when
polymers were deformed by the driving force and the surface
adsorption (See Fig. 8). The extension of polymer along the
direction normal to the driving force could be attributed to
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the Brownian motion, which attempts to randomize the poly-
mer chain and bring it back to an undeformed state.

CONCLUSIONS

In our work, the adsorption and conformation of polymers
under the action of driving force parallel to the surface were
studied by employing Monte Carlo simulations. The critical
adsorption temperature T, and the crossover exponent ¢ were
estimated from the scaling relation between the number of
surface contacts and the chain length for the weak driving force.
With the increase of driving force F, we found that T_ for an
infinitely long polymer cannot be determined by finite-size
scaling relations. However, finite chain length is also of
considerable interest when discussing the adsorption and
conformation of polymer. T(F) was roughly determined by the
variance of surface contact for finitely long polymers, and we
found that T, decreased with the increase of the driving force F.
The conformation of polymer under driving force had three
different variation tendencies with the annealing temperature.
The conformation of polymer was isotropic parallel to the
surface in the TD region and was stretched in the driving force
direction in the FD region. However, in the FTCC region, the
conformation of polymer experienced four different cases,
isotropic at high temperature above CAP, stretched in the
driving force direction at the temperature near CAP, stretched in
the perpendicular driving force direction at the temperature
below CAP, and further stretched along the driving force
direction at the temperature close to zero. These results are
consistent with the orientation angles between the largest
eigenvector and coordinate axis. Moreover, the polymer chains
were stretched perpendicular to the driving force direction so
that monomers could move synchronously along the driving
force direction on the surface due to the normal stress bringing
the polymer back to an undeformed state.
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