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ABSTRACT: The dynamics of adsorption and desorption of uncharged homopolymers have been investigated
using a coarse-grained model comprised of a bead-spring chain and a planar surface. Brownian dynamics
simulation has been used to examine the adsorption process for polymers released near the surface and with bulk
properties as well as Monte Carlo simulations to explore equilibrium adsorption structures of the polymer. Systems
with varying polymer contour length, polymer stiffness, and polymer-surface interaction potential have been
considered. Investigations have been made on polymer extensions perpendicular and parallel to the surface and
also characterized the adsorbed state in terms of loops, tails, and trains. After a diffusion of the polymer to the
vicinity of the surface, three succeeding phases were identified: distortion, attachment, and relaxation phase. In
the distortion phase, the polymer starts to experience the potential of the surface and becomes elongated
perpendicular to the surface. In the attachment phase, the polymer makes direct contact with the surface and
becomes contracted perpendicular to the surface and starts to spread on the surface. Finally, in the extended
relaxation phase, the polymer continues to spread on the surface.

1. Introduction

Polymers in solution placed in contact with a surface may
adsorb to the surface if there is an attractive polymer-surface
interaction exceeding the entropy loss associated with the
adsorption.1 Such an adsorption process may be governed by
properties of the surface, the polymer, or the solvent as well as
the fine interplay among these. Adsorption of polymers onto
solid interfaces is fundamental in a wide range of applications
and has therefore received substantial interest for a long time.
Controlling polymer adsorption onto solid surfaces is a key issue
in many technical areas such as the paper industry, pharmaceuti-
cal applications, and in paint formulations.2

Polymer adsorption has been studied extensively using
different experimental techniques, and there is a vast amount
of material available on structures of adsorbed polymers, such
as surface coverage and layer thickness.3 In many cases, the
kinetics is slow, and it is questionable whether a full equilibrium
is established, even after very long times. Moreover, it is not
always clear what influence the initial stages of an adsorption
process may have on the final structures of an adsorbed layer.

The transition of a polymer from bulk solution to being fully
adsorbed can be regarded as a stepwise process involving several
stages comprising different time scales. Initially, a polymer must
diffuse to the vicinity of the surface, possibly through a stagnant
layer. When the polymer is in close enough proximity to the
surface, the attraction between the polymer segments nearest
the surface will pull these segments toward the surface, leading
to an adsorption kinetics faster than bulk diffusion. When the
polymer as a whole has been transported to the surface by the
attraction, the polymer will collapse onto the surface and start
to spread on it, establishing a quasi-two-dimensional-like
structure if the polymer-surface attraction is strong.4 The
reorganization on the surface is very slow and is in many
systems believed to be kinetically trapped.

Various theoretical approaches such as mean-field theories
and simulation methods have been employed to describe and

model polymer adsorption employing coarse-grained models.
A simple but important kinetic model of polymer adsorption
and desorption has been proposed,5 and dynamic mean-field
theory has been used to examine adsorption of polymers from
solution.6 Simulation methods have been employed to investigate
static properties of single polymers adsorbed onto solid
surfaces,7-15 and in other investigations dynamic aspects were
also included.16-28 Some of the dynamical investigations
involved adsorption of a single polymer17,24,26and of polymers
from solution from nonequilibrium states.16 However, most of
the investigations deal with the dynamics of equilibrium
systems,18-23,25,27,28and an important issue in many of these
papers is the examination of the detachment dynamics inspired
by the work in ref 5. A few related theoretical and simulation
studies have dealt with the adsorption of polyelectrolytes onto
planar surfaces.30-32 The coarse-graining involved either a lattice
(mostly a cubic)7,9,11,14,15,17-21,25,26,28or a chain of segments,
freely jointed12,13,31 or connected with harmonic,8,32 finite
extensible,22-24 or LJ-type10 bonds. The Monte Carlo simulation
techniques were used in most of these studies; in some of the
dynamics investigation also nonlocal trial moves were employed
which, however, made the dynamical results less rigor-
ous.16,21,25,28In other studies, molecular dynamics or Brownian
dynamics techniques were used.8,10,24

It is plausible that a better knowledge of the initial behavior
of the adsorption process may contribute to better understanding
of adsorbed (equilibrium) structures at longer times. From a
biological standpoint there is also interest in adsorption dynam-
ics, since adsorption often induces conformational changes in
biopolymers.29

In this study, a coarse-grained bead-spring model is em-
ployed to study the dynamics of single polymer chains adsorbing
onto and desorbing from a planar surface using Brownian
dynamic simulations. A number of different systems have been
examined, including different chain length, chain stiffness, and
chain-surface interaction potential. Equilibrium structures of
these systems have also been examined using Monte Carlo
simulation techniques. In comparison with previous studies on
single-polymer adsorption, where the dynamics were investi-* Corresponding author. E-mail: Niklas.Kallrot@fkem1.lu.se.
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gated with the polymer already in contact with the surface,17,24,26

the polymers were released close to the surface, and significant
conformational changes appeared before physical contact emerged.
Moreover, the dynamics of the contraction perpendicular to the
surface and the subsequent spreading on the surface were
examined, and the kinetics of the loop, tail, and train formation
were analyzed. Finally, single-polymer adsorption as studied
in this work may apply to adsorption from very dilute polymer
solutions but is more directly comparable with techniques
developed for single molecular resolution.33

2. Model

A simple coarse-grained model is used to investigate the
dynamics of single polymers adsorbing onto and desorbing from
a smooth and planar surface. The polymer is represented by a
chain ofN spherical beads connected via harmonic potentials.
The stiffness of the chain is regulated through harmonic angular
potentials. The polymer is confined in a cubic box with edge
length L. Periodic boundaries are applied in thex and y
directions, and the planar surface is located atz ) 0. The
boundary condition atz) L is irrelevant because only polymers
close to the surface atz ) 0 are examined.

The total potential energyU of the system can be expressed
as a sum of four different terms: nonbonded bead-bead
potential energyUnonbond, bonded potential energyUbond, angular
potential energyUangle, and a bead-surface potential energy
Usurf, according to

The nonbonded bead-bead potential energy is assumed to be
pairwise additive according to

where the truncated and shifted repulsive Lennard-Jones (LJ)
potential energy

is used for the interaction between beadsi andj, with rij being
the distance between the two beads,σ ) 3.405 Å the diameter
of the bead, andε ) 0.9961 kJ/mol the interaction strength. In
the presence of all interactions, the root-mean-square (rms)
bead-bead separation of bonded beads becomes〈Rbb

2〉1/2 ≈ 5.6
Å.

The bond and angular potential energies are given by

wherekbond ) 2.4088 kJ/mol is the bond force constant and
kanglethe angular force constant that determines the stiffness of
the chain. Moreover,req ) 5.0 Å represents the equilibrium
bond length andθeq ) 180° the equilibrium bond angle.

The polymer-surface interaction is taken as a sum of bead-
surface interactions according to

where an attractive 3-9 LJ potential

is used for the interaction between beadi and the surface in the
adsorption simulations and a shifted and truncated repulsive 3-9
LJ potential27

for the desorption studies. In eqs 7 and 8,Fs is the density of
the (hypothetical) particles forming the surface,σs the mean
diameter of beads and surface particles,εs a potential energy
parameter describing the bead-surface interaction, andzi the
z-coordinate of beadi. For simplicity,σs ) 3.5 Å andFsσs

3 )
1 were chosen. With the attractive 3-9 LJ potential, the potential
minimum appears atzmin ) (2/5)1/6σs ≈ 3.0 Å and amounts to
usurf(zmin) ) -[2π(10)1/2/9]Fsσs

3εs ≈ -2.2εs. In addition to the
LJ potential, a weak external potential linear inz [Uext(z) ) Az,
A ) 0.08 kJ/(mol Å)] was included to promote the motion of
the polymer toward the surface. The magnitude of the external
force Fext ) -A should be compared with the most negative
value of the bead-surface force appearing atz ) σs, Fsurf(z )
σs) ) -(6π/5)Fsσs

2εs ≈ -2.7 kJ/(mol Å).
One system consisting of a polymer withN ) 40 beads,

angular force constantkangle) 0, and the bead-surface potential
energy parameterεs ) 2.5 kJ/mol will be used as the reference
system throughout this work. In addition, polymers with (i) chain
lengthsN ) 80, 160, 320, and 640 beads, (ii) angular bond
constantskangle) 1.2 and 10 J/(mol deg2), and (iii) bead-surface
interaction parameterεs ) 6.0 kJ/mol are considered. The
variation of kangle leads to polymers with different flexibility.
The intrinsic flexibility was characterized by calculating the
persistence length based on the local foldinglp of a single
polymer without surface according tolp ) 〈Rbb

2〉1/2/(1 + 〈cos
θ〉).34,35 The persistence length for the polymers with the
different angular force constants becamelp ≈ 7, 13, and 77 Å,
respectively. Data describing the model systems are collected
in Table 1.

3. Method

Two different simulation techniques have been used. Brown-
ian dynamics (BD) simulation was employed to examine the
adsorption and desorption dynamics, whereas Monte Carlo (MC)
simulations were used to generate equilibrated polymer con-
figurations and to determine equilibrium properties of adsorbed
and desorbed polymers. All simulations were carried out using
the canonical (NVT) ensemble, characterized by a constant
number of particles, volume, and temperature.

The adsorption simulation studies involved three steps: (i)
First, an equilibrated polymer conformation without influence
of any surface was generated by MC simulation. (ii) Thereafter,
the polymer was placed near the adsorbing surface located atz
) 0 (cf. eqs 6-8), such that the distance between the bead
closest to the surface and the surface was 12 Å. A larger
separation would increase the time for the polymer to diffuse

Usurf ) ∑
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N
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3
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3
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to the surface, and a smaller distance would lead to an initial
polymer configuration not in conformational equilibrium with
the surface potential. It should be noted that in this work the
polymers have been placed such that they have the same closest
distance to the surface. Obviously, another approach would have
been to have the same distance between the center of mass and
the surface. These two approaches are not equivalent when
comparing the adsorption of polymers of different size (varying
N) or shapes (varyingkangle). (iii) Finally, the BD simulation
was performed. For each system, averages over≈1000 such
adsorption simulations were made, using uniquely equilibrated
polymer configurations. Simulations, in which the polymer did
not adsorb after≈2.4 ps (ca. 15% of the cases), were not
included in the subsequent analysis in order to reduce the spread
in the surface arrival time of the polymers.

The desorption studies involved two steps and were performed
in a similar manner: (i) An equilibrated configuration of an
adsorbed polymer was generated by MC simulation using the
attractive bead-surface potential (eq 7). (ii) Thereafter, the BD
simulation was performed using the shifted and truncated
repulsive 3-9 LJ potential (eq 8). Also here, an averaging over
≈1000 individual simulations with different equilibrated poly-
mer conformations was made. Different bead-surface potentials
are used for the adsorption and desorption processes, so these
processes are not the reverse of each other.

In the BD simulations, the motion of the polymer beads was
described by36

wherer i(t+∆t) is the location of beadi at the timet + ∆t, r i(t)
the location of beadi at the timet, D0 the bead self-diffusion
coefficient in the absence of systematic forces,k Boltzmann’s
constant,T the temperature, andFi(t) the systematic force on
beadi at timet arising from the potential energyU given by eq
1. Furthermore,Ri(t;∆t) is a random displacement of beadi
representing the effect of collisions with solvent molecules at
time t and sampled from a Gaussian distribution with the mean
〈Ri(t;∆t)〉 ) 0 and the variance〈Ri(t;∆t)‚Rj(t′;∆t)〉 ) 6D0∆tδijδ-
(t - t′) as obtained from the fluctuation-dissipation theorem.
In this work, hydrodynamic interactions are neglected.

A bead self-diffusion coefficientD0 ) 0.1 Å2/ps was used,
and an integration time step∆t ) 0.05 ps was employed. The
BD simulations involved 5× 106 time steps, providing a
nominal simulation time of 250 ns. UsingτBD ) σ2/D0 ) 116
ps as the conventional unit of time, the integration time step
becomes∆t ) 0.004τBD and the total simulation time 21000τBD.

The MC simulations were performed according to the
Metropolis algorithm,37 using two different types of trial

moves: (i) translation of individual beads and (ii) pivot rotation
of a subchain of the polymer. The translational displacement
parameter was 3 Å, and the probability of a pivot rotation was
1/N of that of a single-bead trial move. The MC simulations
comprised 2× 107 trial moves per bead after equilibration. All
simulations presented in this work were performed using the
integrated Monte Carlo/molecular dynamics/Browninan dynam-
ics simulation package MOLSIM.38

4. Structural and Dynamical Analysis

The dynamics of the adsorption and desorption processes were
examined by several time-dependent quantities. The location
of the polymer at timet was described using the center of mass
r com(t) defined according to

where r i(t) ) [xi(t), yi(t), zi(t)] is the coordinate of beadi at
time t. Here and in the following,〈...〉 denotes the average over
the≈1000 independent simulations. In particular, the location
of the center of mass along thez-axis, 〈zcom(t)〉, obtained by
replacingr i(t) by zi(t) in eq 10 will be important.

The three-dimensional extension of the polymer at timet is
described by its rms radius of gyration〈Rg

2(t)〉1/2 defined
according to

The transition from bulk to an adsorbed state involves structural
rearrangements of the polymer, essentially from a 3- to
2-dimensional object. The perpendicular (⊥) and parallel (||)
projection to the surface of〈Rg

2(t)〉 is considered according to

satisfying〈Rg
2(t)〉 ) 〈Rg

2(t)〉⊥ + 〈Rg
2(t)〉|.

A polymer was considered as being adsorbed if at least one
bead was in contact with the surface, here defined byzi < 6 Å.
Remember that the minimum of the bead-surface potential is
located atzmin ≈ 3 Å. The structure of adsorbed polymers was
described by using loop, tail, and train subchains.3 A subchain
of adsorbed beads is referred to as a train, a nonadsorbed
subchain with both ends bonded to trains as a loop, and a
nonadsorbed subchain with one end bonded to a train as a tail.
The average total number of beads in subchains of typeR at
time t will be denoted by〈NR(t)〉, the average number of
subchains of typeR at timet by 〈nR(t)〉, and the average number
of beads in a subchain of typeR at time t by 〈LR(t)〉 with R )
{loop, tail, train}. By conservation: (i)∑R〈NR(t)〉 ) N, (ii)
〈ntrain(t)〉 ) 〈nloop(t)〉 + 1, and (iii) 〈NR(t)〉 ) 〈nR(t)LR(t)〉 ≈
〈nR(t)〉〈LR(t)〉.

The time dependence of the local folding of chains is also
examined. This will be characterized by the average angle
between three consecutive beads at timet, denoted by〈θ(t)〉.

Table 1. Model Parametersa

cubic box length L ) 1000 Å
temperature T ) 298 K
no. of beads in a chain N ) 40, 80, 160, 320,

and 640
bead-bead LJ parameter σ ) 3.405 Å
bead-bead LJ parameter ε ) 0.9961 kJ/mol
force constant of bond potential kbond) 2.4088 kJ/mol
force constant of angle potential kangle) 0, 1.2, and

10 J/(mol deg2)
equilibrium separation of bond potential req ) 5.0 Å
equilibrium angle of angle potential θeq ) 180°
bead-surface LJ parameter σs ) 3.5 Å
bead-surface LJ parameter εs ) 2.5 and 6.0 kJ/mol

a Despite the use of a generic model, the use of real units is retained.
This will be advantageous in future studies.

r i(t+∆t) ) r i(t) +
D0∆t

kT
Fi(t) + Ri(t;∆t) (9)
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∑
i)1
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Finally, the relaxation of some of these properties from their
initial values to their equilibrium values was examined. That
was performed by monitoring

whereX(t) denotes the value of propertyX at time t, X(0) its
value at timet ) 0, andXeq its equilibrium value. From the
slope of lnq(t) vs t, the relaxation time of the corresponding
process was extracted.

5. Bulk Solution

In addition to the adsorption and desorption simulations,
complementary simulations of a single and flexible polymer in
an infinitely dilute solution have been performed at various chain
lengths to characterize our polymer model. From such MC
simulations withN ) 40, 80, 160, 320, and 640, it was found
that 〈Rg

2〉1/2 ∼ Nν with ν ≈ 0.59( 0.01, in agreement with the
theoretical predictionν ) 0.588 for chains in a good solvent.39

Dynamic analyses of corresponding BD dynamic simulations
involving 1 × 108 time steps withN ) 10, 20, 40, 80, and 160
gave a chain self-diffusion coefficientD consistent withD )
D0N-1, as predicted for Rouse dynamics.17 The internal
relaxation of the chain was examined in terms of the end-to-
end vector time correlation function (the first Legendre poly-
nomial). The time correlation function was fitted to an expo-
nential decaying function with the relaxation timeτR. The
relation τR ∼ NR was obtained with the relaxation timeτR )
1.0 ns forN ) 10 andR ) 2.5 ( 0.2, the latter being slightly
larger than the exponent given by Shaffer,17 R ) 1 + 2ν with
ν ) 0.588 for Rouse dynamics in a good solvent.

6. Adsorption

The adsorption processes of the reference system will first
be examined. Thereafter, the influence of the chain length, chain
stiffness, and bead-surface interaction will be considered.

6.1. Reference System.As previously mentioned, a single
polymer equilibrated in the absence of the surface was brought
near the surcface with the smallest bead-surface separation
equal to 12 Å. The initial rms radius of gyration was〈Rg

2〉1/2 ≈
19 Å, and the initial location of the center of mass of the
polymer became〈zcom〉 ≈ 27 Å.

First, the time required for the chain to diffuse to the surface
and make the first bead-surface contact under the influence of
the bead-surface attraction and the external potential was
established. Figure 1 shows the normalized probabilityP(tA)
of the timetA required for this process. The distribution peaks
at 0.5 ns. About 45% of the polymers are adsorbed after 1 ns
and 85% after 2.4 ns, the later time being the upper limit for
including the simulation in the averaging. The dispersion in the
arrival time is small as compared to subsequent and slower
processes, making the averaging of these processes only
marginally affected by this dispersion.

Figure 2 displays the center of mass in thez-direction, the
rms radius of gyration, and its two projections for the polymer
as functions of simulation time. The initial part is given on a
linear time scale (Figure 2a), whereas the full adsorption process
is given on a logarithmic time scale (Figure 2b).

Starting with the translational motion of the center of mass,
the displacement during the initial≈3 ns is linear in time and
amounts to≈10 Å. For the majority of the beads, the external
force dominates over the surface 3-9 LJ force, and the drift
velocity is in agreement withVext ) D0Fext/kT ≈ 3.4 Å/ns. At

longer times, the drift velocity decreases and〈zcom(t)〉 approaches
1.9 Å at t ≈ 15 ns. Initially, 〈Rg

2(t)〉⊥
1/2 increases weakly but

then displays a maximum att ≈ 2 ns and approaches≈2 Å
also att ≈ 15 ns. Finally,〈Rg

2(t)〉|
1/2 is initially constant but

starts to increase steadily after≈4 ns. Noticeably, its increase
continues aftert ≈ 15 ns, the time at which the diffusion in the
z-direction and the change in the perpendicular extension has
stopped. After the initial increase,〈Rg

2(t)〉⊥
1/2 relaxes exponen-

tially toward its equilibrium value with a relaxation timeτ⊥ )
2.9 ns. The relaxation of〈Rg

2(t)〉|
1/2 involves two separate modes

with the relaxation timesτ| ) 14 and 52 ns, respectively; the
first modes comprises 90% of the relaxation. Because of the

q(t) )
〈X(t)〉 - Xeq

〈X(0)〉 - Xeq

(14)

Figure 1. Normalized probability distributionP(tA) of arrival timetA
for a polymer released with a smallest bead-surface separation equal
to 12 Å for the reference system. The arrow indicates the upper time
limit at which polymers are included in the analyses.

Figure 2. Center of mass〈zcom(t)〉, rms radius of gyration〈Rg
2(t)〉1/2,

and its two projections〈Rg
2(t)〉⊥

1/2 and〈Rg
2(t)〉|

1/2 as a function of time
t for the reference system during adsorption with (a) linear and (b)
logarithmic time scale. Rms radius of gyration for free polymer (circles)
and adsorbed polymer (square) obtained from MC simulations are also
shown. In (b), the three characteristic phases of the adsorption process
are also given.
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nonmonotonic behavior of〈Rg
2(t)〉⊥

1/2 and the increase of
〈Rg

2(t)〉|
1/2 after 〈Rg

2(t)〉⊥
1/2 has started to decrease,〈Rg

2(t)〉1/2

displays first a local maximum and then a minimum before it
reaches its final value. The rms radius of gyration att ) 250
ns agrees with that obtained from the independent MC simula-
tion (square in Figure 2b). In Figure 3 snapshots from one single
BD simulation have been extracted, displaying the adsorption
process at different times.

On the basis of these results the observed adsorption process
is divided into three phases, viz. (i) a distortion phase, (ii) an
attachment phase, and (iii) a relaxation phase (see Figure 2b).
(i) The distortion phase comprises the first≈3 ns, during which

the chain is diffusing to the surface under the influence of the
bead-surface and external forces. The polymer is not yet, or
only slightly, in physical contact with the surface. Nevertheless,
the chain is extended perpendicular toward the surface due to
the influence of the attraction between the beads being closest
to the surface and the surface. This effect would probably be
more accentuated without the external force. (ii) The attachment
phase extends tot ≈15 ns and involves a chain contraction
perpendicular to the surface, ending up in a conformation where
the chain is essentially 2-dimensional, i.e.,〈Rg

2 〉⊥
1/2 < 〈Rbb

2〉1/2.
During this phase, the chain also starts to expand parallel to

Figure 3. Snapshots from a BD simulation illustrating the adsorption process for the reference system. Note, the largest structural rearrangements
are established within the first 10 ns of the 250 ns long simulation.

Figure 4. (a) Average total number of beads being in loops, tails, and
trains〈NR(t)〉, (b) average number of loops, tails, and trains〈nR(t)〉, and
(c) average number of beads in a loop, tail, and train〈LR(t)〉, R ) {loop,
tail, train} as a function of timet for the reference system during
adsorption.

Figure 5. (a) Normalized rms radius of gyration perpendicular to the
adsorbing surface〈Rg

2(t)〉⊥
1/2N-ν, (b) normalized rms radius of gyration

parallel to the adsorbing surface〈Rg
2(t)〉|

1/2N-ν, and (c) normalized rms
radius of gyration〈Rg

2(t)〉1/2N-ν as a function of timet during adsorption
for polymers withN ) 40, 80, 160, 320, and 640 beads andν ) 0.59.
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the surface. (iii) During the relaxation phase, the polymer
continues to spread over the surface but at constant perpendicular
extension. The relaxation phase extends tot ≈ 100 ns and is
thus 1 order of magnitude longer than the attachment phase.

Below, the time evolution of the formation of loops, tails,
and trains for adsorbed chains is considered. Figure 4 displays
the average number of beads in the three types of subchains
〈NR(t)〉, the average number of the different types of subchains
〈nR(t)〉, and the average number of beads in a subchain of the
different types〈LR(t)〉. It should be stressed the data given
comprise adsorbed chains only.

At the initial stage of the adsorption process, nearly all beads
in the adsorbed polymer reside in tails (Figure 4a); 1.6 tails
and 1 train are present (Figure 4b), and an average tail involves
24 beads (Figure 4c). These data imply that the polymer displays
essentially only one single contact with the surface. Furthermore,
the probability for either of the two end beads to be adsorbed
is enhanced, since equal probability forN ) 40 beads implies
〈ntail〉 ) 2(1 - 1/N) ) 1.95 and〈Ltail〉 ) (N - 1)(1/2+ 1/N) ≈
20.5.

In the attachment phase, the characteristics of the loops, tails,
and trains change drastically. The number of beads residing in
tails drops to about one, whereas the number of beads in loops
and trains becomes 10 and 29, respectively (Figure 4a). The
transition of beads from tails to loops and to trains is linear in
time up tot ≈ 5 ns. The number of beads in loops levels off at
t ) 10 ns, whereas the conversion of beads residing in tails to
trains continues tot ≈ 20 ns. The relaxation of〈Ntail〉 toward
its equilibrium value is in the attachment phase nearly expo-
nential with a relaxation timeτNtail ) 4 ns. Moreover, the average
number of tails decreases from 1.6 to 0.7 and the number of
loops and trains increase to 5.5 and 6.5, respectively (Figure
4b). Finally, the average length of a tail decreases from 24 to
2 beads and the length of a loop becomes 2 beads, whereas the
length of a train increases to 5 beads (Figure 4c).

All the changes of the subchain characteristics are completed
after t ≈ 20 ns. Hence, these characteristics remain essentially

Figure 6. Start of the attachment phasetattach
start , end of the attachment

phasetattach
end , and the start of the spreading of the polymer on the

surface as a function of the chain lengthN during adsorption. The inset
shows schematically the evaluation oftattach

start as the intersect between
lines 1 and 2 andtattach

end as the intersect between lines 2 and 3.

Table 2. Equilibrium Values of 〈Rg
2 〉⊥1/2 and 〈Rg

2 〉|
1/2 for Adsorbed

Polymers from the MC Simulationsa

label N
kangle

(J/(mol deg2))
εs

(kJ/mol)
〈Rg

2 〉⊥1/2

(Å)
〈Rg

2 〉|
1/2

(Å)

Ref 40 0 2.5 2.64 21.4
80 0 2.5 2.65 34.8

160 0 2.5 2.67 62.1
320 0 2.5 2.66 99.8
640 0 2.5 2.64 184.3

A1 40 1.2 2.5 2.17 32.5
A2 40 10 2.5 0.73 52.5
E1 40 0 6.0 0.79 25.5

a Largest estimated uncertainties for the rms radius of gyration are 4%.

Figure 7. Center of mass〈zcom(t)〉 for the reference system (Ref), the
semiflexible polymer (A1), the stiff polymer (A2), and the polymer
with the stronger bead-surface attraction (E1) during adsorption. The
inset displays the linear behavior mainly in the distortion and the
attachment phase.

Figure 8. (a) Normalized radius of gyration perpendicular to the
adsorbing surface〈Rg

2(t)〉⊥
1/2N-ν, (b) normalized radius of gyration

parallel to the adsorbing surface〈Rg
2(t)〉|

1/2N-ν, and (c) normalized radius
of gyration〈Rg

2(t)〉1/2N-ν as a function of timet for the reference system
(Ref), the semiflexible polymer (A1), the stiff polymer (A2), and the
polymer with the stronger bead-surface attraction (E1) during adsorp-
tion.
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constant in the relaxation phase that follows the attachment
phase. Hasegawa and Doi6 have presented a related analysis of
polymer adsorption from solution using a dynamic mean-field
theory. They obtained a similar qualitative time dependence of
the loop, tail, and train characteristics. The main difference was
that they observed what they refer to as a second stage of the
adsorption process, during which, e.g., the length of the tails
and loops increased and the length of the trains decreased. This
behavior was rationalized by the crowding effect appearing at
the surface during the later stage of the adsorption process. The
effect was more pronounced in a poor solution where the
adsorbed equilibrium amount is larger.

In summary, the adsorption process has been split into three
phases according to the dominating structural changes. In the
distortion phase, the polymer approaches the surface and
becomes slightly extended perpendicular to the surface due to
the fact that the surface attracts nearby beads stronger than more
distant beads. The magnitude of this effect depends on the
balance between the force gradient near the surface and the
internal coil relaxation rate. In the attachment phase, the polymer
undergoes drastic conformational changes. It becomes quasi-
two-dimensional and establishes roughly 6 anchoring subchains
consisting of≈5 beads, separated by loops of≈2 beads each.
The length of the tails is negligible. In the final relaxation phase,
the chain continues to expand slowly over the surface driven
by bead-bead excluded volume interactions, but its perpen-
dicular extension, as well as its loop, tail, and train character-
istics, remains unaltered.

6.2. Variation of Chain Length. In the following section
the adsorption process is investigated with respect to the polymer
length. This is done by considering polymers withN ) 40, 80,
160, 320, and 640 beads.

Figure 5 displays the normalized rms radius of gyration and
its two projections. Here, these functions have been normalized
with Nν with ν ) 0.59, obtained from the bulk simulations,
making their initial values essentiallyN independent. This shows
that qualitative time dependencies of〈Rg

2(t)〉1/2, 〈Rg
2(t)〉⊥

1/2, and
〈Rg

2(t)〉|
1/2 are independent ofN. The main difference is that

the increase in polymer size leads to slower dynamics. Unfor-
tunately, forN g 40 the full relaxation phase could not be
simulated.

More specifically, Figure 5a shows that the initial increase
of 〈Rg

2(t)〉⊥
1/2 occurs also for longer chains. However, the effect

becomes smaller at increasingN, which shows that as the
number of beads initially extended toward the surface is
basically independent ofN, the remaining part of the chain
increases withN. Despite the slower dynamics, even for the
longest chain,〈Rg

2(t)〉⊥
1/2 is able to reach its asymptotic value

before the end of the simulation. Thus, the complete attachment
phase could still be covered. The relaxation of〈Rg

2(t)〉⊥
1/2 toward

its equilibrium value is exponential forN ) 40, 80, and 160
down to a relative amplitude of 0.05 with the relaxation times
τ⊥ ) 2.9, 5.6, and 10 ns, respectively. For the two longest
polymers, a stretched exponential behavior was obtained.

In the following, the length of the attachment phase and how
it scales with the chain length are more closely examined. For
that reason, the subsequent labeling is made:tattach

start as the start
and tattach

end as the end of the attachment region employing the
time dependence of〈Rg

2(t)〉⊥
1/2 as shown in the inset of Figure

6 using a logarithmic time scale. Figure 6 displaystattach
start and

tattach
end as a function ofN in a double-logarithmic representation.

If the time interval between these is identified asτattach) tattach
end

- tattach
start , it is evident that there is aτattach ∼ Nâ dependence

with â ≈ 0.65.

Figure 5b shows that the spreading of the chain over the
surface starts at a later time for longer polymers. As already
alluded to, it is clear that the asymptotic limit of〈Rg

2(t)〉|
1/2 is

not reached for chains withN g 40. The start of the spreading
of the chain on the surfacetspread

start has been extracted from
〈Rg

2(t)〉|
1/2 in a way similar to the determination oftattach

start .
Figure 6 also displaystspread

start as a function ofN. It can thus be
concluded that for the shortest polymer (N ) 40) the chain
contraction perpendicular to the surface and the spreading on
the surface start at the same time. However, as the polymer
becomes longer, the onset of the spreading occurs after the
perpendicular contraction has started.

Finally, Figure 5c shows that this increased time separation
of the perpendicular contraction and the spreading on the surface
led to a deeper minimum of the reduced chain size occurring at
longer times as expressed by〈Rg

2(t)〉1/2. In absolute length scale,
the increase of this depth at increasingN becomes even larger.

6.3. Variation of Chain Stiffness and Bead-Surface
Potential. As well as the reference system (Ref), systems with
a polymer having a larger persistence length (A1 and A2) and
systems with an increased bead-surface attraction (E1) will be
considered (see Table 2). Throughout, the polymer consists of
N ) 40 beads.

Figure 7 shows the center of mass during the adsorption
process for the four different systems. First, it can be noticed
that the initial location of the center of mass for the semiflexible
(A1) and stiff (A2) chains is further away from the surface as
compared to the reference system. This is a consequence of the
preparation of the initial state for the BD simulations, as already
discussed. The inset of Figure 7 shows that the initial diffusion
rate of the polymer toward the surface is only weakly affected
by its stiffness. Regarding the system with the stronger bead-
surface attraction (E1), the initial diffusion toward the surface
is the same as for the reference system but soon becomes faster,
owing to the stronger bead-surface attraction. At equilibrium,
the location of the center of mass varies among the systems.
This is mainly a consequence of different extensions of the chain
perpendicular to the surface.

The normalized rms radius of gyration and its two projections
are shown in Figure 8. The general behavior at increasing chain
stiffness and stronger bead-surface attraction is similar to that
of the reference system but differs in several aspects.

An elongation of the chain perpendicular to the surface, as
deduced from〈Rg

2(t)〉⊥
1/2, also appears for the semiflexible and

stiff chains (Figure 8a). The stronger bead-surface attraction
makes this effect more pronounced. At equilibrium, the per-

Figure 9. Average angle formed by three consecutive beads〈θ(t)〉 as
a function of timet for the reference system (Ref), the semiflexible
polymer (A1), the stiff polymer (A2), and the polymer with the stronger
bead-surface attraction (E1) during adsorption.
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pendicular chain extension becomes smaller at increasing
stiffness and increasing bead-surface attraction. In the former
case, the increased chain rigidity suppresses the fluctuations of
the chain conformations, and in the latter case the narrower
bead-surface potential well has the same effect. This flattening
of the chain causes the center of mass to be located closer to
the surface. Previous MD simulations10 and MC simulations13

have also demonstrated flatter polymer configurations for more
rigid chains in the vicinity of an attractive surface.

The dynamics of the spreading as described by〈Rg
2(t)〉|

1/2

are given in Figure 8b. A similar analysis as previously made
for the different chain lengths shows that the onset of the chain
extension parallel to the surface for the semiflexible and stiff
chains appears after the perpendicular contraction has started (
tspread
start > tattach

start ) as for the reference chain. However, and in
particular for the stiffest chain, the mechanism is different; here,
there is a preferential orientation of the stiff chain rather than
an extension of a coil. For the system with the stronger bead-
surface attraction,tspread

start ) 3 ns < tattach
start ) 4 ns. Hence, the

spreading starts to appear before the chain contracts perpen-
dicular to the surface. This suggests that the dynamics (stretch-
ing, attachment, and subsequent spreading) of this part of the
chain become sufficiently fast such that a clearer distinction
between the dynamics of this and remaining parts of the polymer
occurs. Despite the earlier completion of the perpendicular
contraction (smallertattach

end ) and the earlier start of the spreading
appearing for the stronger bead-surface attraction, the time for
reaching equilibrium is similar to that for the reference system

(Figure 8b). The more strongly adsorbed polymer is more
restricted to a quasi-two-dimensional motion, thus requiring a
longer time to structurally relax.17,18 The slowing down of the
spreading is anticipated to become more pronounced as the
surface becomes rough. Thus, it can be concluded that the
spreading depends not only on the vertical structure of the
surface but also on the magnitude of the bead-surface interac-
tion.

Similar to the reference system,〈Rg
2(t)〉1/2 values for the

semiflexible and stiff chains also display a minimum due to
the partial time displacement of the opposing behavior of
〈Rg

2(t)〉⊥
1/2 and〈Rg

2(t)〉|
1/2 (Figure 8c). However, the relatively

early increase of〈Rg
2(t)〉|

1/2 makes〈Rg
2(t)〉1/2 smoother for the

E1 system.

Figure 9 displays the time dependence of the average angle
formed by three consecutive bonds (bond angle) in the chain
during the adsorption process. For the reference system, this
angle remains essentially constant throughout the adsorption
process. In contrast, the semiflexible (A1) and stiff (A2) chains
as well as the system with the stronger bead-surface attraction
(E1) all show an increased bond angle, occurring mainly in the
attachment phase. The straightening of the bond angle is
substantial for the semiflexible chain and smaller for the stiff
one. The largest straightening appears for the E1 chain. Hence,
the transition from a 3- to 2-dimensional coil with the
concomitantly increasing excluded volume effects may signifi-
cantly straighten the bond angle.

Figure 10. Average total number of beads in (a) loops, (b) tails, and
(c) trains,〈NR(t)〉, R ) {loop, tail, train} as a function of timet for the
reference system (Ref), the semiflexible polymer (A1), the stiff polymer
(A2), and the polymer with the stronger bead-surface attraction (E1)
during adsorption.

Figure 11. Average number of (a) loops, (b) tails, and (c) trains,
〈nR(t)〉, R ) {loop, tail, train}, as a function of timet for the reference
system (Ref), the semiflexible polymer (A1), the stiff polymer (A2),
and the polymer with the stronger bead-surface attraction (E1) during
adsorption.
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The time evolution of the average number of beads residing
in loops, tails, and trains is given in Figure 10, and Figure 11
displays the number of these subchains in adsorbed chains. As
for the reference system, all changes in the loop, tail, and train
characteristics are completed in the attachment phase. Further-
more, the data are consistent with a faster attachment process
at the stronger bead-surface attraction.

In more detail, Figure 10a shows that the number of beads
located in loops passes through a maximum during the adsorp-
tion process for all except the reference system. Moreover,
Figure 11a reveals that the number of loops increases throughout
the attachment phase. Hence, it can be concluded that the
maximum in〈Nloop(t)〉 arises from a reduction of the number of
beads in a loop during the later part of the attachment phase.
This is driven either by the chain stiffness (systems A1 and
A2) or by the stronger bead-surface attraction (system E1).
At equilibrium, the stiff chain essentially does not contain any
loops, and the chain with the stronger bead-surface attraction
contains only on the average one loop having one bead.

For all systems, the number of beads residing in tails is a
decreasing function of time. At equilibrium,〈Ntail〉 is two or
below. The number of these short tails〈ntail〉 decreases with
increasing chain stiffness and bead-surface attraction. In
systems A2 and E1, the average number of tails is below 0.2.

Finally, the number of beads in trains increases continuously
with time. Whereas the fraction〈Ntrain〉/N amounts to 0.75 for
the reference system, it becomes≈0.98 for systems A2 and
E1. This increase in the number of beads in trains is ac-
companied by a decrease in the number of tails〈ntails〉. For the
stiff chain, essentially only one train appears. The mechanism
for formation of trains on the surface has earlier been reported
by Ponomarev et al.26 for polymers undergoing adsorption with
high bead-surface attraction. The “zipping” of the chain onto
the surface reported by Ponomarev seems to be a likely
mechanism not only for the systems with a higher bead-surface
attraction but also for the stiffer polymers as well. Snapshots
of typical final adsorbed states of the Ref, A1, A2, and E1
systems are given in Figure 12. With the reference system as
the point of departure, the different conformational character-
istics of the stiffer chains and the chain with a higher bead-
surface attraction are clearly distinguishable.

In summary, the bare chain persistence length and the strength
of the bead-surface attraction have a decisive influence on the
adsorption dynamics and the final structure of the adsorbed
polymer. The semiflexible and stiff chains exhibit a flatter
conformation as compared to the flexible chain. With a stronger
bead-surface attraction, the attachment becomes faster, whereas

the relaxation of the adsorbed chains becomes slower. An
increased bead-surface attraction also leads to a flatter and more
extended chain conformation of the adsorbed polymer.

7. Desorption

In the following section the desorption process occurring after
the attractive bead-surface interaction is made repulsive for
the reference system is examined. Since different bead-surface
interactions are involved, the desorption process is not the
reverse of the adsorption process. The desorption is driven by
an increasing configurational chain entropy, whereas the adsorp-
tion gains enthalpy by having the polymer adsorbed to the
surface. A potential way to experimentally realize a related
desorption process would be to adsorb a long and weak polyion
and thereafter change the solution pH using a flow cell.

Figure 13 shows the normalized probabilityP(tD) of the time
tD required for the chain to detach from the surface under the
present conditions. This probability also displays a prominent
peak followed by a tail. The integral ofP(tD) shows that 85%
of the chains have detached after 1.2 ns. Hence, the process
involving a complete detachment is 1 order of magnitude faster
than the attachment phase of the full adsorption process.

The time evolution of the center of mass and the extension
of the chain during the desorption are given in Figure 14. In
Figure 14a,〈∆zcom(t)〉2 ) 〈zcom(t) - zcom(0)〉2 is displayed. Two
phases can be found: one initial, extending up tot ≈ 50 ns,
and thereafter a second one where〈∆zcom(t)〉2 increases linearly
with t, consistent with a free diffusion. From the self-diffusion
equation for a semiinfinite space, the propagatorP(z, t; z ) 0,

Figure 12. Snapshots of final adsorbed states from BD simulations visualized from front and side for the reference system (Ref), the semiflexible
polymer (A1), the stiff polymer (A2), and the polymer with the stronger bead-surface attraction (E1).

Figure 13. Normalized probability distributionP(tD) of detachment
time tD for an adsorbed polymer for the reference system.
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t ) 0) ) (1/πDt)1/2 exp(-z2/4Dt), z g 0, is obtained, which
gives〈z(t)〉2 ) 4Dt/π. Equalizing the slope in Figure 14a with
4D/π, we obtain the self-diffusion coefficientD ) 5.6 Å2/ns
for the coil, which is twice as large as that obtained from the
bulk simulations. At the end of the simulations〈zcom(t)〉 ) 47
Å, well away from the surface.

Figure 14b shows that during the desorption process〈Rg
2(t)〉⊥

1/2

increases and〈Rg
2(t)〉|

1/2 decreases during the same time frame
with similar rates. This is in contrast to the adsorption process
where changes in〈Rg

2(t)〉⊥
1/2 and 〈Rg

2(t)〉|
1/2 to a large degree

occurred sequentially in time. However, equilibrium shape has
not yet been attained after 250 ns, since neither〈Rg

2(t)〉|
1/2 nor

〈Rg
2(t)〉⊥

1/2 has completely leveled out. Moreover, their ratio is
1.6 at t ) 250 ns as compared to (2)1/2 ≈ 1.4 at equilibrium.
Nevertheless, the overall extension of the coil as measured by
〈Rg

2〉1/2 reaches its final value, as predicted from the MC
simulations (solid square), already att ≈ 20 ns.

Figure 15 displays the time development of the loop, tail,
and train characteristics during the desorption process. An initial
comparison with Figure 4 shows that these changes are similar
but appear obviously in a reversed order. The number of beads
in trains 〈Ntrain(t)〉 and the number of trains〈ntrain(t)〉 decrease,
whereas the number of beads in loops〈Nloop(t)〉 and the length
of loops〈Lloop(t)〉 first increase, peak, and then decrease. Finally,
the number of beads in tails〈Ntail(t)〉 and the length of the tails
〈Ltail(t)〉 increase continuously until the polymer is desorbed.

In more detail, it can be observed that already at the shortest
time displayed〈Nloop(t)〉 has increased from 10 to 20 beads and
that 〈Lloop(t)〉 peaks at 7. Hence, the loops are much more
significant during the desorption than during the adsorption
process. Furthermore,〈nloop(t)〉 is also initially increased before
steadily decreasing and finally leveling off. This is understood
as follows. Before the desorption starts, the chain is adsorbed

in an extended state, where nearly all beads are in contact with
the surface. As the attractive bead-surface interaction is
switched off, all beads are affected simultaneously. Hence, loops
start to be formed along the whole chain. Initially, the fraction
of beads being in loops increases as beads are released from
the surface. When the number of trains starts to decrease
significantly, (i) loops are merged making the remaining loops
longer and (ii) loops and tails are merged, making the number
of beads residing in tails larger and those in loops smaller. On
the contrary, during the adsorption, parts of the chain are rather
sequentially brought into contact with the surface. The bead-
surface attraction is comparably strong, leading to the formation
of extended trains and short loops. Hence, the conformational
changes during the adsorption and desorption are different.

8. Conclusions

Brownian dynamics simulations have been employed to
investigate dynamical aspects of adsorption of uncharged
polymers onto planar surfaces from solution. The polymers were
released at a short separation from the surface, and their location
and conformation were analyzed during the adsorption process.
Monte Carlo Metropolis simulations were used to generate initial
chain conformations and to establish equilibrium structures of
the adsorbed state.

On the basis of the dynamics obtained from a reference
system involving the adsorption of a flexible chain with 40 beads
and an intermediate adsorption strength, the adsorption process
can be divided into three phases:

Figure 14. (a) Square mean displacement in thez-direction〈zcom(t) -
zcom(0)〉2 and (b) center of mass〈zcom(t)〉, rms radius of gyration
〈Rg

2(t)〉1/2, and its two projections〈Rg
2(t)〉⊥

1/2 and〈Rg
2(t)〉|

1/2 as a function
of time t for the reference system during desorption. Rms radii of
gyration for free polymer (circle) and adsorbed polymer (square)
obtained from MC simulations are also shown.

Figure 15. (a) Average total number of beads in loops, tails, and trains
〈NR(t)〉, (b) average number of loops, tails, and trains〈nR(t)〉, and (c)
average number of beads in a loop, tail, and train〈LR(t)〉, R ) {loop,
tail, train} as a function of timet for the reference system during
desorption.
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(1) Distortion phase. In this phase, the polymer approaches
the surface and becomes deformed by its interaction with the
surface. The part of the coil nearest the surface becomes
elongated perpendicular to the surface.

(2) Attachment phase. This phase starts with a physical
contact between the polymer and the surface, which is followed
by a relatively fast reduction in the extension perpendicular to
the surface and a start of the spreading of the polymer on the
surface. The radius of gyration displayed a nonmonotonous
variation due to the initial polymer stretching and a partly time-
separated variation in the perpendicular and parallel extension.
Large changes in the loop, tail, and train characteristics appear
and are completed in the attachment phase.

(3) Relaxation phase. During the last phase, the polymer
continues to spread on the surface. This spreading constitutes
the slowest process of establishing the adsorbed equilibrium
structure.

The adsorption process for polymers up toN ) 640 beads
has been examined. Naturally, the dynamics become slower with
longer polymers. The characteristic time of the attachment phase
increased sublinearly inN, whereas the time to obtain complete
structural relaxation displayed a much strongerN dependence.
In fact, it was so slow that the full relaxation was not reached
for N g 80. Hence, the time separation of the perpendicular
and parallel extension increases with polymer length.

The characteristic features of the adsorption process of two
less flexible chains remained essentially the same as those for
the flexible one, although the relaxed adsorbed states displayed
considerable structural differences. In particular, the loop, tails,
and train characteristics showed a tighter bound polymer as the
stiffness is increased.

With increasing bead-surface attraction, the length of the
attachment phase was reduced, but the relaxation phase still
remained long. As for the stiffer chains, the adsorbed state was
characterized by a large number of beads being in trains and
only a few in loops. The number of beads in tails remained
low as in the reference system. This strong attachment makes
the polymer 2-dimensional and contributes to the slowing down
of the spreading dynamics.

Finally, the desorption of adsorbed chains after an instanta-
neous removal of the attractive component of the bead-surface
attraction was also investigated. The rms radius of gyration and
its two components displayed monotonous variations with time.
The desorption is characterized by a simultaneous detachment
along the whole chain, as opposed to the adsorption where
sections of the chain were sequentially adsorbed.
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