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The adsorption of a bond fluctuation self-avoiding walk polymer on an attractive 

homogeneous flat surface at temperature below critical adsorption point is studied 

using dynamic Monte Carlo simulation. Results show that the apparent size 2
,xygR  of 

the polymer parallel to the surface increases exponentially with time during the 

adsorption process. The relaxation time for 2
,xygR  reaching its asymptotic value σeq 

decreases with the increase in the polymer-surface attraction strength Eps, whereas σeq 

increases with Eps, indicating that polymer is adsorbed faster and becomes more 

extended at stronger adsorption. The polymer's asphericity Axy parallel to surface is 

sensitive to intra-polymer interaction and its behavior is different from that of 2
,xygR . 

Simulation results also show that the two-dimensional behaviors of 2
,xygR  and Axy are 

different from that of the three-dimensional conformational size 2
gR  and asphericity 

A during the adsorption process. During the adsorption, the surface contacted 

monomer number M increases with time, but 2
gR  and A show novel behavior as they 

first increase with M at small M, then decrease with M at moderate M and finally 

increase with M again at large M. Whereas 2
,xygR  and Axy first decrease with M and 

then increase with M during the adsorption. 
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1 Introduction 

The properties of polymers near surfaces or adsorbed on surfaces have received 

extensive interest and have been widely discussed1. A detailed understanding of the 

static and dynamic properties of polymer on surfaces is important for many chemical 

and biological processes2-5, such as size-exclusion chromatography, polymer adhesion, 

colloidal stabilization, development of composite materials6, coating and lubrication7, 

DNA segregation in bacteria8, and DNA packaging in viruses9. 

It is well known that a single chain adsorbed on attractive surfaces exhibits a 

phase transition from a desorbed state to an adsorbed state at critical adsorption point 

(CAP). In theoretical study of the adsorption of polymer, the polymer is often 

represented by a self-avoiding walk (SAW) on the simple cubic (sc) lattice and with 

one end grafted on the surface10. Every walk contacting the surface is assigned an 

attraction energy −E (or a scaled energy ε = E/kBT with kB the Boltzmann constant and 

T the temperature). The polymer chain can be adsorbed or desorbed depending on the 

scaled energy ε. Though the value of CAP is dependent on the polymer model10-13, the 

adsorption transition can be always observed. 

More monomers are adsorbed on surface with the decrease in the temperature or 

increase in the surface attraction. For SAW polymer in the absence of intra-polymer 

attraction, polymer conformation changes from three-dimensional (3D) extended coil 

to quasi-two-dimensional extended coil at CAP for infinitely long polymer or far 

below CAP for finitely long polymer11. Therefore, the statistical size of polymer 

parallel to surface is increased obviously below CAP whereas that perpendicular to 

surface is decreased significantly10-13. The adsorbed phase is named as 

Adsorbed-Extended (AE) phase as the polymer extends itself on the surface. Whereas 

for the SAW polymer with intra-polymer attraction, there is another adsorbed state 

named Adsorbed-Collapsed (AC) phase at which the polymer behaves as a dense 

liquid drop if the intra-polymer attraction is strong enough14,15. However, even for the 

AC phase, the statistical size of polymer parallel to surface is still increased after it is 

adsorbed on surface16,17. 
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 3 

Besides the equilibrium properties of polymer, the dynamic properties of adsorbed 

polymer are also interesting. The diffusion of adsorbed polymer parallel to the surface 

was found to be a normal diffusion, but the exponent for the relaxation time is 

different from that of polymer in solution11. Shaffer has studied the adsorption time 

τads of SAW polymer adsorbed to strong attractive surface using Monte Carlo (MC) 

simulation18. The scaling relation 58.1
ads ~ Nτ  was observed, where N is the polymer 

length. In this case, the adsorption would be very fast since the exponent 1.58 is 

smaller than that of relaxation time τR of polymer in good solvent. The same scaling 

was found for fast adsorption by Ponomarev et al. even if an activation barrier for 

polymer to desorb was introduced in their simulations19. For the fast adsorption, the 

adsorption follows a zipping mechanism whereby the chain adsorbs predominantly by 

means of sequential, consecutive attachment of monomers19. Based on the zipping 

mechanism, a scaling relation ντ +1
ads ~ N  was predicted and confirmed by MC 

simulations20,21. Here ν  is the Flory exponent, which is about 0.6 for 3D SAW 

polymers.  

However, the adsorption process was complex and was dependent on many 

factors, e.g. length and chemical nature of polymer22. Recently, the transient response 

of DNA molecules on a rigidly supported lipid membrane upon their adsorption was 

investigated by using real-time single-molecules imaging technique23. 

Two-dimensional (2D) apparent size 2
,xygR  and asphericity Axy were estimated 

through the fluorescent intensity of image of DNA. 2
,xygR  is the surface parallel 

component of the square radius of gyration 2
gR . The attraction between DNA and 

surface was tuned by changing the molar fraction DOTAPΦ  of 

1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) in the adsorbent membrane. 

After landing fluorescent DNA molecules onto the adsorbent membrane, these DNA 

coils gradually relax and expand their 2D apparent sizes. Though the evolution of 

2
,xygR  exhibits considerable variations among individual molecules, the 
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 4 

ensemble-averaged size >< 2
,xygR  can be characterized by a generic exponential 

relaxation. This evolution defines the primary relaxation timescale, which varies with 

the lipid composition of the membrane. The results indicated that the interaction 

between the absorbed molecules and the lipid elements plays an important role in the 

relaxation of chain towards the final equilibrium23. Fluorescent image also revealed 

that the DNA molecule changes from sphere-like conformation with small Axy to high 

anisotropic one with big Axy during the adsorption23.  

In the present work, we study the adsorption of a SAW polymer on an attractive 

flat surface using dynamic MC method in a sc system. We consider a homogeneous 

surface where each site of the surface produces identical attraction to polymer. In this 

case, a polymer monomer will gain energy if it locates at the nearest neighbor site of 

the surface. Simulations are carried out at temperature below CAP of polymer. We 

have studied the evolution of polymer’s conformational properties at the beginning of 

the adsorption process. The response of polymer's apparent size is consistent with the 

experiment of DNA adsorption23. With the increase in the attraction strength, the 

equilibrium apparent size increases but the relaxation time for the polymer reaching 

equilibrium decreases. However, we find that the response of polymer's shape is more 

complicated. On the other hand, the detailed variation of polymer's conformational 

properties on the polymer-surface contact number M is also investigated. Results 

show that both 3D size and asphericity present a maximum at small M and minimum 

at moderate M, whereas the 2D apparent size and apparent asphericity decrease with 

M at first and then increase with M.  

 

2 Simulation model and method 

The simulation system is a cuboid with the length Lx, Ly, and Lz in the x, y, and z 

directions, respectively. Periodic boundary conditions (PBC) are adopted in the x and 

y directions parallel to the surface. An infinitely large flat surface is placed at z = 0. 

The surface is impenetrable for polymer but produces homogeneous attraction to 

polymer, i.e., it attracts polymer to the nearest neighbor (NN) layer at z = 1 with NN 
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 5 

polymer-surface attraction −Eps. Here, polymer's monomer at z = 1 gives a surface 

contact. 

We consider a 3D coarse-grained bond-fluctuation SAW polymer model on the 

sc lattice. The polymer chain of length N is composed of N sequential linked 

monomers numbered from 1 to N. Each monomer occupies one lattice site and the 

bond length between two sequential monomers is allowed to vary among 1, 2 , and 

3 18,24. However, bond crossing is not allowed in this model. Here, monomers do not 

correspond to specific atoms in a polymer but rather to small groups of atoms, and the 

bonds do not represent specific covalent bonds between two atoms but instead the 

linkages between monomers. Besides the SAW of polymer monomers, we take into 

account the intra-polymer NN monomer-monomer attraction −Epp. The statistical 

dimension of polymer chain decreases with the increase in Epp. 

The dynamics of the polymer is achieved through bond fluctuation and 

Metropolis algorithm25,26. For each trial move, we randomly choose a monomer and 

let it move to one of its six NN sites. The new site is picked up randomly, too. We 

then check the new site to find out whether it satisfies simultaneously the following 

three requests: (1) empty, (2) without violating bond crossing, and (3) bond length 

being allowed. If the new site satisfies the three requests, the trial move will be 

accepted with a probability p = min[1, exp(−∆E/kBT)], where ∆E is the energy shift 

due to the move, otherwise we give up this trial move. Such kind single monomer 

move will continue until the preset condition is satisfied. The time unit is one Monte 

Carlo step (MCS), during which N trial moves are tried. That is, every monomer is 

tried to move one step in average during one MC. 

In the simulation, we have placed an additional repulsive surface at z = Lz in 

order to prevent the polymer diffusing away from the attractive surface. The repulsive 

surface mimics the solution-air interface in the experiment, which restricts the 

polymer locate in between two surfaces. However, Lz is much large than the 

dimension of polymer Rg0, the radius of gyration in bulk solution, so that the effect of 

the upper surface on the adsorption of polymer on the lower surface can be 
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 6 

neglected27. At the beginning of every simulation run, a polymer is generated and 

equilibrated without contacting with the attractive surface. To this end, we introduce a 

virtual repulsive surface at z = Lz/4, and generate and equilibrate the polymer always 

above the virtual surface. After a sufficient long random moves of the polymer, set as 

about N2.2 (~ N1+2ν) MCS, the polymer is assumed to have reached the equilibrium 

state between the upper and the virtual surfaces. We then set the time as t = 0 at this 

moment, remove the virtual surface, and let the polymer random diffuse for another 

long time tstat which is used for statistics. At time t0, which is shorter than tstat, the 

polymer begins to contact with the lower attractive surface and the adsorption of 

polymer starts. The conformational properties are recorded during the period form t = 

0 to tstat. 

We intend to study the transient response of a SAW polymer model on an 

attractive homogeneous flat surface. The CAP of the SAW polymer model at Epp = 0 

was estimated to be kBTc = 1.625 for Eps = 113, that is, at εc = Eps/kBTc = 0.615. In this 

work all simulations are carried out at temperature kBT = 1 below the CAP of the 

SAW polymer. The simulation size is chosen as Lx = Ly = N, so that there is no size 

effect on the polymer in the x and y directions. While Lz > 5Rg0 is used so that the size 

effect in the z direction is negligible27. We have counted the time dependence of the 

polymer conformation, including size and shape, and surface contact number. 

Simulation results are averaged over 5000 independent runs and the statistical error is 

small. 

 

3 Results and discussion 

During the simulation, we have monitored the variation of the surface contact number 

M, square radius of gyration 2
gR  and its component parallel to surface 2

,xygR . Figure 

1 shows the variation of 2
,xygR  and M of a typical simulation run for polymer length 

N = 100 and interactions Epp = 0.1 and Eps = 1. One can see a sudden adsorption 

accompanying a step increase in M at t0 ≈ 0.24×106. In fact, such a sudden adsorption 

is observed in every simulation run though t0 varies with simulation sample, which is 
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 7 

in agreement with the experimental observation23. We find that both 2
,xygR  and M 

fluctuate strongly with time even if the polymer reaches a fully adsorbed state with a 

large value of M. Though the large fluctuation of 2
,xygR  and M, the polymer is always 

adsorbed on the surface since simulations are performed below the CAP of polymer. 

The inset of Fig. 1 shows the duration time t(M) for the polymer spending at every 

specific contact number M > 0. One can see that the transient adsorption takes place 

from M = 0 to M = 30 and the duration for the adsorption is very short. After the 

transient adsorption, polymer diffuses randomly on the attractive surface with a large 

fluctuation in M. The peak value of M in the inset of Fig. 1 roughly corresponds to the 

averaged adsorbed monomers, which is dependent on the simulation parameters such 

as N, Epp, and Eps but is independent of tstat. 

 

 

 

Fig. 1 Variation of the surface contact number M and the parallel component of 

square radius of gyration 2
,xygR  for polymer adsorption. Polymer length N = 100, and 

interactions Epp = 0.1 and Eps = 1. The inset presents the duration time of polymer at 

different contact number M > 0.  
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 8 

We have calculated the mean-square radius of gyration >< 2
,xygR  as functions 

of the elapsed time t−t0 for different polymer-surface attractions Eps. Here <> 

represents an ensemble average over samples. Figure 2 shows the results for the 

polymer of length N = 100 and intra-polymer attraction strength Epp = 0.1. We find 

from the inset (b) of Fig. 2 that >< 2
,xygR  increases smoothly with t−t0 and saturates 

at long time. Here we can define the initial landing size of polymer as σeq at t = t0 and 

the equilibrium size as σeq at large t. Using the analysis method introduced in 

experiment23, we recast all data using the dimensionless variable 
0eq

0
2

,

σσ
σ

−

−><
≡ xygR

S , 

and dimensionless time 
τ

0* ττ
τ

−
≡  in the main panel of Fig. 2. Here τ is named as 

the relaxation time of polymer, which is a fitting parameter to obtain the best overlap 

of our simulation data. And we find that the simulation data can be roughly expressed 

by an exponential function )exp(1 *tS −−= , similar to that of experiment23. The inset 

(a) of Fig. 2 also shows the variation of the relaxation time τ on the polymer-surface 

attraction strength Eps. We find that τ decreases with Eps, that is, the polymer can 

reach equilibrium more quickly at stronger surface attraction. We find that the 

equilibrium size σeq, equal to the saturated value shown in the inset (b) of Fig. 2, 

increases with Eps. The reason is that polymer becomes more like a 2D conformation 

with the increase in Eps. This is in agreement with other simulation results10-13,17. Such 

a behavior was also observed for the adsorption of polymer on spherical surface28. 

 

Page 8 of 25Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 9 

 

Fig. 2 Dependence of the dimensionless chain dimension S on the scaled time t* for 

chain length N = 100 at different polymer-surface attractions Eps = 1, 1.5, and 2. The 

solid black line gives the exponential function S = 1 − exp(-t*). The inset (a) presents 

the relaxation time τ at different Eps. The inset (b) presents the variation of >< 2
,xygR  

with the simulation time t−t0. Here Epp = 0.1 is used.  

 

Figure 3a presents the dependence of the mean contact number <M> on the time 

t−t0 for chain length N = 100 at different polymer-surface attractions Eps = 1, 1.5, and 

2. It is obvious that <M> tends to its saturated value quickly, which means that the 

chain is strongly adsorbed on the attractive surface. The time scale for the saturation is 

in the same order as the relaxation time τ. The time for saturation of <M> is also 

defined as the adsorption time τads for polymer adsorption21. The behavior of τ is in 

agreement with τads. It was found that τads decreases with the increase in the surface 

attraction21. 

During the polymer adsorption, both >< 2
,xygR  and <M> increase with time. 

The adsorption of polymer includes two processes: adsorption of polymer monomers 

to surface and extension of polymer conformation on surface. The former will 

increase the surface contact number M while the latter will increase the apparent size 

2
,xygR . Our results show that these two processes take place simultaneously. The time 
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 10 

scale τ for the evolution of >< 2
,xygR  and <M> however decreases with the increase 

in the surface attraction Eps, that is, the adsorption of polymer becomes faster on a 

stronger attractive surface. 

 

 

 

Fig. 3 Dependence of the mean contact number <M> (a) and the mean asphericity 

<Axy> (b) on the simulation time t−t0 for chain length N = 100 at different 

polymer-surface attractions Eps = 1, 1.5, and 2. Here Epp = 0.1 is used. 

 

The dependence of the mean asphericity <Axy> on the simulation time t−t0 is 

presented in Fig. 3b. <Axy> represents the 2D shape of polymer chain parallel to the 

surface, which is defined as 22
2

2
1

22
2

2
1

)(
)(

LL
LLAxy +

−
= , in which 2

1L  and 2
2L  are two 

eigenvalues of a 2D gyration tensor29 









== ∑

= yyxy

xyxx
N

i
iixy SS

SS
ss

N
S

1

T1 ,                          (1) 

where ),(col iii yxs =  is the position vector of monomer i in a frame of reference with 

its origin at the center of mass of whole polymer chain, and si
T is the transposed 

matrix of si. The tensor xyS  can be diagonalized with two eigenvalues 2
1L  and 2

2L . 
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 11 

The trace of the tensor xyS  is equal to 2
,xygR  with 2

,xygR  = 2
1L + 2

2L . 

The variation of the 2D asphericity <Axy> with time is different from that of the 

apparent size >< 2
,xygR  and shows somewhat more complex. <Axy> first decreases 

quickly to a minimum and then increases slowly with time and at last saturates. And 

we find that <Axy> varies more obviously at large Eps. We find that both the minimum 

value and the saturated value are dependent on the polymer-surface attraction strength 

Eps. The minimum value decreases with the increase in Eps, whereas the saturated 

value increases with Eps. For the strong adsorbed case with Eps = 2, the saturated value 

of <Axy> is about 0.5, which is close to the simulation results for 2D polymer, e.g. 

0.506 for polymer length N = 20130 and 0.503 for N = 10131. This indicates that the 

conformation of adsorbed polymer is roughly 2D.  

It is well known that the conformations of polymer are dependent on the 

intra-polymer attraction Epp. There are rich phases for polymer adsorption when the 

intra-polymer attraction is taken into account14-16. For polymer near a weak attractive 

surface, a Desorbed-Extended (DE) phase will change to a Desorbed-Collapsed (DC) 

phase with the increase in Epp. Whereas for polymer near a strong attractive surface, 

the AE phase changes to AC phase with the increase in Epp. Because of the 

competition between intra-polymer attraction and polymer-surface attraction, the 

equilibrium conformations of adsorbed polymer are complicated but has been 

extensively studied14-17,32,33. In this work, we investigate the influence of 

intra-polymer attraction Epp on the adsorption dynamics of polymer. Specifically, we 

study the transient adsorption process of polymers with weak intra-polymer attraction 

Epp = 0.1, critical attraction Epp
* = 0.5, and strong one Epp = 1. 

The equilibrium conformations of polymer chain at t0 are dependent on Epp. At 

weak attraction Epp = 0.1, the polymer is a random extended coil with a large 

statistical size >< 2
,xygR  ≈ 33 and an asphericity <Axy> ≈ 0.42. The size of polymer 

becomes relatively small with the increase in Epp, for instant, we have >< 2
,xygR  ≈ 

7.2 and <Axy> ≈ 0.18 at Epp = 0.5 and >< 2
,xygR  ≈ 4.1 and <Axy> ≈ 0.077 at Epp = 1. 
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 12 

Actually, the polymer is roughly a compact sphere at Epp = 1. The coil-to-globule 

transition or DE-DC boundary is estimated to take place at Epp
* = 0.5. Here, the 

critical value Epp
* separates a weak intra-polymer attraction region with Epp < Epp

* and 

a strong intra-polymer attraction region with Epp > Epp
*. 

The final equilibrium adsorbed conformations of polymers are also dependent on 

Epp
14,16. The size >< 2

,xygR  at large t decreases obviously with the increase in Epp, 

like the behavior of >< 2
,xygR  at t0. It decreases from about 65 at Epp = 0.1 to about 

6.0 at Epp = 1 for the case Eps = 1, consistent with the simulation results on a 

hydrophobic-polar (HP) lattice protein model interacting with attractive surfaces17. 

However, the decrease in <M> with the increase in Epp is less remarkable than 

>< 2
,xygR . We have <M> = 46 at Epp = 0.1 and <M> = 32 at Epp = 1 for the case Eps = 

1, indicating that the adsorption is still strong even for Epp = 1. Generally speaking, 

the decreases of >< 2
,xygR  and <M> with the increase in Epp are consistent with the 

phase diagram of polymer adsorption14-16, where the state AE at weak intra-polymer 

attraction will change to the state AC at strong intra-polymer attraction. 

But the time-dependent behavior of the dimensionless chain dimension S is 

roughly independent of Epp. Though the value of >< 2
,xygR  decreases with the 

increase in Epp, the behavior of S at Epp = Epp
* and Epp > Epp

* is roughly the same as 

that presented for Epp = 0.1. Therefore, one could conclude that the dynamic behavior 

of apparent size >< 2
,xygR  is independent of intra-polymer attraction. 

However, the dependence of the 2D asphericity <Axy> on the time is strongly 

dependent on Epp. Figure 4 presents <Axy> for different Epps. Here we use Eps = 2 as 

the variation of <Axy> is more obvious at large polymer-surface attraction value as 

shown in Fig. 3b. The results for polymers with Epp = 0.5 and Epp = 1 are obviously 

different from that for polymer with weak attraction Epp =0.1. The intra-polymer 

attraction assembles monomers together and makes both size and shape asphericity 

small. We find that <Axy> also decreases with the increase in Epp during the whole 

adsorption process. The initial value of <Axy> at t = t0 and the saturated value of <Axy> 
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 13 

decrease with the increase in Epp. Moreover, the decrement at the very beginning 

disappears for Epp = 0.5 and 1. <Axy> however increases gradually with the adsorption 

time. Our results show that the shape of the adsorbed polymer is highly dependent on 

the intra-polymer attraction. The general tendency that <Axy> increases with time is in 

agreement with the experimental observation23. 

 

 

Fig. 4 Dependence of the mean asphericity <Axy> on the simulation time t−t0 for chain 

length N = 100 with different intra-polymer attractions Epp = 0.1, 0.3, 0.5, and 1. The 

polymer-surface attraction is Eps = 2.  

 

To better understand the adsorption of polymer chain, we have investigated how 

the properties of polymer change with the adsorbed monomer number or the surface 

contact number M. Specifically, we have calculated the size and shape of polymer at 

different M during the adsorption process. As both the size and M change with time as 

shown in Fig. 1, we then calculate the averaged values of square radius of gyration 

2
gR  and surface parallel component 2

,xygR  over M in one independent sample. The 

number for averaging in one sample is equal to the duration time t(M) shown in the 

inset of Fig. 1. And it is often very large, for example, we have t(M = 1) ≈ 600. Such a 

phenomenon is due to the random nature of the adsorption, i.e., adsorption/desorption 

of monomers takes place randomly in the simulation. Therefore, both 2
gR  and 2

,xygR  

are averaged over a large number of conformations even in one single simulation run. 
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Finally, we obtain mean-square radius of gyration >< 2
gR  and its parallel component 

>< 2
,xygR  by averaging them over 5000 independent samples again. Figure 5 presents 

the variation of >< 2
gR  and >< 2

,xygR  with M for polymer with chain length N = 

100 at Epp = 0.1 and Eps = 1. The values at M = 0 correspond to the situation that the 

polymer is in the solution without contacting with the attraction surface. 

 

 

Fig. 5 Plots of the sizes >< 2
gR , >< 2

,xygR , and center of mass <zc> versus the 

surface contact number M for chain length N = 100 with intra-polymer attraction Epp = 

0.1. The polymer-surface attraction is Eps = 1. M1 and M2 correspond to the peak and 

valley of the >< 2
gR  curve, respectively. M3 corresponds to the valley of the 

>< 2
,xygR  curve. The inset shows the polymer length dependence of values M1, M2, 

and M3.  

 

It is interesting to see that >< 2
gR  increases fast from M = 0 to M = 1. When the 

polymer begins to be adsorbed, the monomers near the surface move downwards due 

to the surface's attraction whereas other monomers still locate at their original sites. 

This will obviously increase the size of polymer by lowering the center of mass. 

However, such z-direction motion does not affect the transverse size parallel to 
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surface, thus the value >< 2
,xygR  only shows a small decrease. The phenomenon is 

similar to the stem-flower picture with simple zipping mechanism for fast polymer 

adsorption19-21. 

We have measured the end-to-end vector auto-correlation function )(tρ  of the 

polymer chain, which is defined as34 

><
>⋅<

= 2

)0()()(
R

RtRtρ .                      (2) 

Here )(tR  and )0(R  are the end-to-end vectors at time t and at time 0, respectively. 

ρ(t) decays exponentially with time, i.e., ρ(t) ~ exp(−t/τR). From our simulation, τR is 

estimated to be about 33000 for the polymer with N = 100 and Epp = 0.1 in bulk 

solution. Whereas the total time for polymer changing from M = 1 to the place of the 

first peak M1 = 10 shown in Fig. 5 is about 10000. Therefore, the relaxation time of 

the end-to-end vector is much larger than the adsorption time of the first few 

monomers from M = 1 to M = 10. Thus the polymer does not have enough time to 

adjust its conformation during the beginning of adsorption. This results in the increase 

of >< 2
gR  at small M shown in Fig. 5. For fast adsorption, the stem-flower scenario 

actually presented such a behavior20,21. The predicted adsorption time ντ +1
ads ~ N  of 

long polymers adsorbed to strong attractive surfaces is shorter than the relaxation time 

ντ 21
R ~ +N  of polymers in dilute solution19-21. It is important to note that this 

phenomenon is due to the dynamical process of the transient adsorption. That is, the 

system is out-of-equilibrium during the transient adsorption process. And we conclude 

that M1 results from the competition between relaxation of polymer and adsorption 

rate of polymer. 

The mean-square radius of gyration >< 2
gR  decreases with the further increase 

in M because more and more monomers are adjacent to the surface. Therefore the 

component normal to the surface decreases gradually. >< 2
gR  reaches its minimum 

at place M2. The elapsed time from M = 1 to M2 = 30 is about 40000, slightly larger 
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than the relaxation time Rτ . Therefore the phenomenon of minimum of >< 2
gR  

seems to be somewhat close to an equilibrium property. Similar phenomenon was 

observed in annealing simulation of an end-grafted polymer on an attractive surface, 

as there is a minimum of >< 2
gR  near CAP35. In the annealing simulation, the 

surface contact number increases with the decrease in the simulation temperature. At 

M > M2, >< 2
gR  increases gradually with M. The increase of >< 2

gR  beyond M2 is 

due to the roughly fully adsorption of polymer. The polymer chain behaves like a 2D 

structure on the surface35. 

The adsorption can also be described from the variation of polymer center away 

from the attractive surface. The mass center of the polymer <zc> is calculated and is 

plotted against the surface contact number M in Fig. 5. We find that <zc> decreases 

with M and is close to 1 at M2. It is clear to see that the polymer chain tends to be 

fully adsorbed on the surface at M2. 

As shown in Fig. 5, the mean apparent size >< 2
,xygR  parallel to surface 

however shows different behavior from >< 2
gR . It decreases slightly with M at small 

M and then increases gradually with M. There is a minimum of >< 2
,xygR  located at 

M3 which is close to M1. Because the decrease is not significant, it is not observed in 

the time dependence behavior shown in Fig. 2 where >< 2
,xygR  is averaged over time. 

The reason is that M can be different at the same adsorption time for different 

simulation samples. After M3, the polymer chain begins to extend itself along the 

surface with more monomers being adsorbed, and therefore the size >< 2
,xygR  

increases continuously with M. The result indicates that polymer becomes more 

extended at stronger adsorption. This is also consistent with the result that the 

adsorbed size σeq increases with Eps. At M2, one finds >< 2
,xygR  ≈ >< 2

gR , which 

means that the normal component tends to 0 and the polymer tends to fully contact 

with the surface. 

The inset of Fig. 5 shows that all M1, M2, and M3 increase linearly with polymer 
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length N for Epp = 0.1. The same relationship is observed for strong intra-polymer 

attraction Epp = 1. In fact, such linear relations are observed at different Epps, but the 

slopes are dependent on Epp. 

Values of M1, M2, and M3 are also dependent on the interactions Epp and Eps. The 

dependence of M1, M2, and M3 on Eps is relatively simple and is roughly independent 

of Epp. We find that M1 and M2 increase with the increase in Eps whereas M3 is 

roughly a constant. However, the dependence of M1, M2, and M3 on Epp is slightly 

complicated. Figure 6a plots M1, M2, and M3 at different Epps. We find that M1 and M2 

show the similar behavior. They at first increase with Epp at about Epp < Epp
*, then 

decrease with Epp after Epp
*, and at last they saturate after Epp = 0.75. Whereas M3 

shows different behavior: it decreases with Epp at small Epp, reaches 0 near Epp
*, and 

again reaches none zero value at large Epp. It is interesting to see that M3 is about 0 

near Epp
*. The case M3 = 0 indicates that >< 2

,xygR  monotonically increases with M 

during the adsorption. It is also interesting to see that M3 > 0 at large Epp, indicating 

that >< 2
,xygR  decreases at the beginning of the adsorption even at Epp > Epp

* where 

the polymer is quit compacted. 

The dependence of >< 2
gR s at M1 and M2 and >< 2

,xygR  at M3 on Epp is plotted 

in Fig. 6b. We find that all these values decrease obviously with Epp at Epp < Epp
*, and 

tend to be constants at Epp > Epp
*. Because >< 2

,xygR  is small at Epp > Epp
*, the 

absolute decrease in >< 2
,xygR  from M = 0 to M = M3 is negligible at Epp > Epp

*. 

However, the relative decrease is still visible, e.g. about 10% at Epp =0.1 and about 

8% at Epp = 0.7. 
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Fig. 6 Plots of M1, M2, and M3 (a) and >< 2
gR  at M1 and M2 and >< 2

,xygR  at M3 (b) 

versus the intra-polymer attraction Epp for polymer length N = 100 and 

polymer-surface attraction Eps = 1.  

 

During the adsorption, M increases with time as shown in Fig. 3a. Therefore we 

could expect that the peak M1 and the valley M2 can be observed in the time 

dependent behavior of >< 2
gR . Figure 7 plots the time dependent behavior of 

>< 2
gR  for polymer with N = 100 at Epp = 0.1. At Eps = 1.5 and 2, one could see that 

>< 2
gR  first increases and then decreases at the very beginning, like the behavior of 

>< 2
gR  shown in Fig. 5. Such a behavior is obviously different from the time 

dependent behavior of >< 2
,xygR  shown in Fig. 2. Therefore the behaviors observed 

in experiment for the apparent properties might be different from that of 3D properties. 

The disappearance of the peak for Eps = 1 might be due to its relatively weak 

attraction. The adsorption takes longer time for a weaker attraction, therefore the peak 

might be averaged out because of dynamical process of the adsorption. 
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Fig. 7 Dependence of mean-square radius of gyration >< 2
gR  on the simulation time 

t−t0 for chain length N = 100 with different polymer-surface attractions Eps = 1, 1.5, 

and 2. The intra-polymer attraction is Epp = 0.1. 

 

We have also studied the response of the asphericity of polymer chain to the 

contact number during the adsorption of polymer. The mean values of 3D asphericity 

<A> and that of 2D asphericity <Axy> are calculated. Analogous to Axy, A is calculated 

from a 3D gyration tensor29. Figure 8 presents the variation of <A> and <Axy> on M 

for polymer length N = 100 at Epp = 0.1 and Eps = 1. The behavior of <A> is similar to 

that of >< 2
gR  while that of <Axy> is similar to that of >< 2

,xygR  (Fig. 5), which is 

in agreement with the positive correlation between shape and size for a linear 

polymer36. The increase in <A> at small M is corresponding to the elongation of 

polymer at the beginning of adsorption, while the decrease in <A> at moderate M is 

corresponding to the contraction of polymer as polymer moving down to surface, and 

the finial increase in <A> to the extension of polymer on surface. But our results show 

that the changes of shape and size are not in phase. The peak of <A> is at M1, but the 

valleys of <A> and <Axy> are not at M2 and M3, respectively. However, they are close 

to M2 and M3 due to the positive correlation between shape and size. 
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Fig. 8 Plots of the 3D asphericity <A> and 2D asphericity <Axy> versus the surface 

contact number M for polymer length N = 100 with intra-polymer attraction Epp = 0.1 

and polymer-surface attraction Eps = 1. 

 

At M = 0, the values <A> ≈ 0.41 and <Axy> ≈ 0.42 are consistent with the fact 

that the instantaneous shape of a polymer is not spherical in 3D view as well as in 2D 

view. Here <A> ≈ 0.41 for the polymer before adsorption is close to the simulation 

result 0.431 for polymer in dilute solution30. Though <Axy> decreases with M at the 

beginning of the adsorption, it increases at moderate M and roughly saturates at large 

M > M2. Comparing with the variation of >< 2
,xygR  at M > M2 (Fig. 5), we conclude 

that the shape is not as sensitive as the size to the surface contact number after the 

polymer is fully adsorbed. Nevertheless, we find that the asphericity of an adsorbed 

polymer is always larger than that of a free polymer in bulk solution for all cases we 

studied. And the change of <A> ≈ 0.41 at M = 0 to <Axy> ≈ 0.50 at large M clearly 

indicates a conformational transition from 3D random coil to 2D random coil.  

 Finally, snapshots of polymer conformations at several special Ms are presented in 

Fig. 9 for polymer length N = 100 with Epp = 0.1 and Eps = 1. At M = 1 the beginning 

of the adsorption, polymer conformation is a random coil. At M = M1 = 10, 10 

monomers are adsorbed on the surface whereas the conformation is almost the same 

as that at M = 1. But the adsorption lowers the mass center of polymer and thus 
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increases the size >< 2
gR . At M = M2 = 30, all monomers are quite close to the 

surface and the conformation becomes compact. At big M = 60, the polymer sits 

roughly parallel to the surface. And a 2D conformation has a large size in average. We 

also find the shape is not spherical for these four snapshots. 

The evolution of polymer conformations before M = M2 = 30 seems to follow the 

simple zipping mechanism of the fast polymer adsorption19. The adsorption starts 

from one or a few of monomers touching the surface, and the adsorption continues 

with more and more adsorbed on the surface. The conformations before M2 are similar 

to that described by the framework of a stem-flower picture20,21. It is interesting to see 

that the conformation has more than one adsorbed region at M2. The late adsorption 

may then follow an accelerated zipping mechanism20. The detailed adsorption 

mechanisms of the polymer adsorption will be investigated in our further studies. 

 

Fig. 9 Snapshots of polymer conformations at the surface contact number M = 1, 10, 

30, and 60 for polymer length N = 100 with intra-polymer attraction Epp = 0.1 and 

polymer-surface attraction Eps = 1. Black solid circles represent monomers of polymer 

and red lines represent bonds. The four panels have the same surface size (20×20) and 

height (20). Here, M =10 and 30 are the place of M1 and M2, respectively. 
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We would like to point out that, in order to explain the observation of DNA 

experiment, our simulation focuses on the adsorption of one single polymer chain. 

Such a system can well describe the adsorption of polymer at low surface adsorption 

density where polymer is adsorbed separately on the surface37. The adsorption 

dynamics of polymer chain would however change above a critical density where 

chain overlap takes place, like the equilibrium properties of polymer37. As a same 

reason, the adsorption dynamics of polymer onto nanoparticles in polymer 

nanocomposites would be dependent on the size of polymer and that of nanoparticle38. 

On the other hand, a homogeneous surface is adopted in the present simulation. We 

could expect that the adsorption dynamics of polymer onto heterogeneous and 

disordered surfaces is more complicated39. In fact, the surface in DNA adsorption 

experiment was covered with randomly distributed adsorption sites23. Therefore, the 

adsorption of polymer onto heterogeneous surfaces reserves further study. 

 

4 Conclusion 

The adsorption of a bond fluctuation polymer on an attractive homogeneous solid 

surface is studied using dynamic Monte Carlo simulation. The simulation system is 

embedded in the simple cubic lattice. Simulations are carried out at temperature lower 

than the critical adsorption point for the polymer. We have calculated polymer's 

square radius of gyration 2
gR  and its surface parallel component 2

,xygR , shape 

asphericity A, and apparent shape asphericity parallel to surface Axy for polymer with 

different intra-polymer attractions on different surfaces with different polymer-surface 

attractions. The dependence of conformational properties of polymer on the 

simulation time as well as on the surface contact monomer number M is investigated. 

Simulation results show that the averaged polymer's conformational size 

>< 2
,xygR  increases exponentially with time during the transient adsorption process, 

which is consistent with the recent experimental observation21. And the relaxation 

time decreases with the increase in the polymer-surface attraction. The results are 
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independent of the intra-polymer attraction of polymer. However we find that the 

behavior of <Axy> is sensitive to intra-polymer interaction and thus different behaviors 

are observed for different intra-polymer attraction strengths. It may decrease at the 

beginning of the adsorption and then increases with time at weak intra-polymer 

attraction, or it may increase gradually with time at strong intra-polymer attraction. 

Our results show that the fast transient adsorption process is out-of-equilibrium and 

the competition between relaxation time and adsorption rate of polymer plays 

important role in the adsorption. 

Moreover, our simulation results show that the two-dimensional behaviors of 

2
,xygR  and Axy are different from that of the three-dimensional conformational size 

2
gR  and shape asphericity A during the adsorption process. During the adsorption, the 

surface contacted monomer number M increases with time, but 2
gR  and A show 

novel behavior as they first increase with M at small M, then decrease with M at 

moderate M and finally increase with M again at large M. Whereas 2
,xygR  and Axy first 

decrease with M and then increase with M during the adsorption. 
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