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ABSTRACT: Adsorption of uncharged homopolymers of various flexibilities in good solvent onto planar
surfaces at various polymer—surface interaction strengths have been investigated by employing a coarse-
grained bead—spring polymer model using simulation techniques. The polymer flexibility ranged from fully
flexible to rod-like polymers, and the adsorption strength varied from weak to strong adsorption.
Equilibrium adsorption properties were determined by Monte Carlo simulations, and adsorption processes
were investigated by Brownian dynamic simulations. In the latter case, the initial systems were composed of a
polymer solution and a surface separated by a slab of polymer-free solution. The equilibrium properties of the
interfacial systems have been analyzed by monitoring bead and polymer density profiles, number of adsorbed
beads and polymers, the components of the radius of gyration perpendicular and parallel to the surface as well
as tail, loop, and train statistics. Flexible polymers adsorbed in two layers, and at an increasing surface
attraction the number of adsorbed beads and polymers increased and the adsorbed polymers become flatter,
whereas rod-like polymers adsorbed in a single and thin layer with a nematic-like order. At increasing
polymer stiffness at fixed surface attraction strength, the number of adsorbed beads increased, whereas the
number of adsorbed polymers, the polymer extension perpendicular to the surface, and the fraction of beads
in tails all displayed nontrivial maxima at similar persistence length. The dynamic analysis showed that the
initial adsorption was diffusion controlled, but soon became governed by the probability of a polymer to be
captured by the surface attraction. Flexible polymers became flattened after attaching, but their final
relaxation mechanism involved an increased perpendicular extension with fewer adsorbed beads and longer
tails driven by the surface pressure originating from the surrounding adsorbed polymers. The stiff polymers
displayed a much slower final relaxation to their equilibrium state; this relaxation predominately constituting
a packing of the rod-like polymers in a 2-dimensional nematic order. Furthermore, we have defined an
integration time denoting the adsorption time for adsorbed polymers to become fully integrated into the
adsorbed layer. Integration times and residence times of integrated polymers became longer with increasing

polymer stiffness and increasing bead—surface attraction.

1. Introduction

Polymers in solution may readily adsorb onto various sur-
faces where there is an attractive interaction between segments
of the polymer and the surface which overcompensates for the
conformational entropy loss of the polymer upon adsorption.'
The adsorption of polymers onto surfaces, weather desired or
not, has huge implications in many areas of research. Moreover,
understanding and controlling such processes is of great im-
portance and is essential in many different technological aspects
ranging from paper industry and paint formulation to pharma-
ceutical applications,” biophysics,” > and nanocomposite ma-
terials.®

The adsorption process of polymers onto a surfaces is largely
governed by the prevailing conditions under which polymer,
solvent, and surface interact. The equilibrium adsorbed layer in
terms of surface coverage and layer thickness is often of interest
from a technical point of view, where a surface is physically or
mechanically modified to meet specific requirements. Because of
the large number of applications for polymer adsorption, there
has historically been a large interest in characterizing layers of
adsorbed polymers.””!! However, often kinetics is so slow that
true equilibrium of the adsorbed polymers may never be achieved
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on realistic time scales. Resolving the different time scales
involved during the entire adsorption process, from diffusional
transport to a surface followed by subsequent attachment and
spreading on it, thus remains a significant task and a large
challenge within the field.

A number of different approaches have been employed to
theoretically study the nature of polymer adsorption onto sur-
faces from bulk solution. Adsorption profiles near adsorbing
surfaces have been characterized using mean-field approaches'>!
as well as using various simulation techniques.'*~"” The dynamics
of polymer adsorption has also been studied using dynamic
mean-field schemes,'® as well as dynamic Monte Carlo,"”™%
molecular dynamics,z"’_30 and Brownian dynamics3 132 techni-
ques. Some of the dynamic studies were conducted on single
polymers at a surface,”>*>*! while others comprised adsorption
from solution ranging from semidilute conditions®%!%-21:23:24:30.32
to polymer melts.”* > Various static and dynamic properties of
polymer adsorption have been examined as a function of strength
of the polymer—surface interaction,'*!7-*">3! and only a few
have been conducted on polymer models with varying intrinsic
stiffness.*'®3! Furthermore, some attention has been given to
diffusion and exchange in an adsorbed layer.?'2¢-27-23:32

In our previous work,”" we investigated the adsorption of
single polymers in good solvent onto solid surfaces using a
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coarse-grained model. The transition from bulk to fully re-
laxed equilibrium structures is a complex process involving
three distinct phases comprising different time scales: (i) an
initial distortion phase, where the polymer becomes deformed
by its weak interaction with the solid surface; (ii) an attach-
ment phase, where the polymer starts to physically attach to
the surface and partly spread on it; (iii) a relaxation phase,
during which the polymer continues to spread on the surface
until it reaches full equilibrium. In our second contribution,*
adsorption of flexible polymers in good solvent onto a planar
and solid surface for different polymer lengths and densities
was examined. When the adsorption takes place from a
polymer solution, the situation becomes more complex due
to the polymer—polymer interaction between adsorbed poly-
mers. Near the end of the adsorption process, a fourth relaxa-
tion phase was identified involving shape and conformational
rearrangement of adsorbed polymers and driven by repulsive
polymer—polymer interactions.

In this study, we extend our simulation studies on the
adsorption of polymers in good solvent onto solid surfaces by
systematically considering systems with varying polymer flexi-
bility and with varying polymer—surface interaction strength.
Again, a coarse-grained polymer model examined by using
Brownian and Monte Carlo simulations is employed. In parti-
cular, we (A) more thoroughly examined the fourth relaxation
phase for flexible polymers, and (B) describe another slow
relaxation phase of the adsorption of rod-like polymers invol-
ving a packing of the polymers into a nematic structure.
Furthermore, (C) the integration time required to fully integrate
polymers into the adsorbed polymer layer is defined. Integra-
tion times and residence times of fully integrated polymers were
found to increase with increasing polymer stiffness and increas-
ing bead—surface attraction.

2. Model

Basically, the same model is used as previously described.*'*
The adsorption of polymers from solution onto a planar surface
is studied using a simple coarse-grained model. The solution
contains N, polymers and each polymer is represented by a
sequence of N, spherical beads connected via harmonic poten-
tials. The total number of beads in the system N is thus given by
N = N,N;,. The polymers are confined in a rectangular simulation
box with the box lengths L., L,, and L.. Atz = £(L./2) we have
adsorbing surfaces, whereas periodic boundary conditions are
applied in the x- and y-directions. The length of the box edges are
L,=1L,=200Aand L. = 240 A.

Because the two surfaces are equivalent, results are averaged
over both of them, and henceforward we refer to events occurring
at a single surface. Furthermore, since our focus is on events
occurring near the surface, in the following a new coordinate
system is adopted, in which the z-axis starts at z = L_/2 with its
direction pointing into the solution.

The total potential energy U of the system can be expressed as a
sum of four different terms: nonbonded bead—bead potential
energy U,ompona» DONd potential energy Uy,,.q, angular potential
energy U, and a bead—surface potential energy Uy, accord-
ing to

U= Unonband + Ubond + Uangle + Usurf (1)

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

N

Unonbona = Zu("(/) (2)

i<j
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where the truncated and shifted repulsive Lennard-Jones (LJ)
potential energy given by

6 12 |
4e|—(Z) +[2) +-|. ry=2Y0o
u(ry) = T T 4 3)

0, rij > 21/6(7

is used for the interaction between beads 7 and j, where ry; is the
distance between the two beads, 0 = 3.405 A the diameter of the
bead, and ¢ = 0.9961 kJ/mol the interaction strength. The
truncation and the shift of the Lennard-Jones potential yields a
soft repulsive potential.

The bond potential energy is given by

N, Ny-1

1 2
Uh(md = Ekband Z Z (ri,[r - ré’l]) (4)

=1 =1

where r; , is the length of the bond between bead i and i + 1 of the
pth polymer, kj,,q = 24088 kJ/(mol A?), the bond force
constant, and r,, = 5.0 A, the equilibrium bond length. Further-
more, the angular potential energy is given by

Ny, N,—1

1
Uzmgl@ = Ekangle Z Z (01',1) - geq)z (5)

=1 =2

where 0; ,is the angle formed by beadsi — 1,7, and i 4- 1 of the pth
polymer, kg the angular force constant that determines the
stiffness of the polymer, and 6,, = 180°, the equilibrium bond
angle. In the presence of all interactions, the root-mean-square
(rms) bead—bead separation of bonded beads along the polymers
becomes (R, 2> ~ 5.5 A.

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

N

Uy = Z(u-surf (zi) + usurf(Lz = z)) (6)

i=1

where an attractive 3—9 LI potential®®

27 Oy ’ 2 Oy ’
uswj/'(zi) = ?px()’igs |:_ <Z_) +1_5<Z_> :| (7)

is used for the interaction between bead i and a surface. Ineq 7, p;
is the density of the (hypothetical) particles forming the surface,
o, the mean diameter of a bead and a surface particle, & a
potential energy parameter describing the bead—surface interac-
tion, and z; the z-coordinate of bead i with respect to the
surface. For simplicity, o, = 3.5 A and psaf = 1 were chosen.
With this attractive 3—9 LI potential, the potential minimum
appears at z,,,;, = §2 / 5)1/ ®g,~ 3.0 A and amounts to Ui f(Zimin) =
—[27(10)"2/9]p,0, e, ~ —2.2,.

In this work, N, = 1056 polymers with chain length N;, = 20
have been considered at variable (i) flexibility and (ii) bead—sur-
face interaction, regulated by k4. and &, respectively. With the
radius of gyration (R,)"? = 12.50 A for flexible 20-mer at
infinite dilution,”® we obtain (47/3)(R,**N,/(L.L,L.) = 0.9;
thus, the bulk density is near the overlap density.

In our previous work,*” the dynamic adsorption of 20-mers
and of 80-mers at 0.9 times their overlap concentration was
examined. Thus, corresponding states of solutions with polymers
of different length were considered. The expected faster self-
diffusion and end-to-end vector reorientation dynamics of the
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Table 1. Model Parameters
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Table 3. Overview of Investigated Systems”

box length L,= L, =200 A

(x- and y-direction)

box length (z-direction) L. =240 A
temperature T =298 K
number of beads in a polymer N, =20
number of polymers N, = 1056
bead—bead LJ parameter o =3405A

bead—bead LJ parameter
force constant of bond

£ = 0.9961 kJ/mol
Kpona = 2.4088 kJ/(mol A?)

potential
equilibrium separation of Fog = 5.0 A
bond potential
force constant of angle Kangie = 0,0.3,1. 2,3,6,10,20, and
potential 30 J/(mol deg )
equilibrium angle of 0.4 = 180°
angle potential i
bead—surface LJ parameter g, =35A
bead—surface LJ parameter e, = 1.5,2.0,2.5,3.0, and
3.5 kJ/mol

Table 2. Conversion to Reduced Units

*

length L = L/U

density * =

interaction energy e = S/RT

force constant of bond potential kiona = kponao”|RT
force constant of angle potential k(mé,( = Kangte/ RT
time £ = 1/(02Dy)

shorter polymer at infinite dilution was found. The adsorption
dynamics was an order of magnitude faster for the 20-mers, but
no principal differences between the two polymer lengths were
detected. (i) The qualitative same behavior and (ii) the faster
adsorption dynamics motivated us to use the shorter 20-mer in
the present systematic study.

In total 40 systems involving eight different chain flexibilities
and five different bead—surface interaction strengths have been
examined. The different angular force constants were Kgpgre = 0,
0.3, 1.2, 3, 6, 10, 20, and 30 J/(mol deg?®) ranging from fully
ﬂewblc (k[,,,gk) 0) over semzﬂexzblc (kangte = 1.2 J/(mol deg )
and szsz (kangie = 10 J/(mol deg?)) to rod-like (kangie = 30 J/(mol
deg?)) polymers. The different bead—surface interaction strengths
were & = 1.5, 2.0, 2.5, 3.0, and 3.5 kJ/mol ranging from weak
(¢, = 1.5 kJ/mol) over intermediate (¢, = 2.5 kJ/mol) to strong
(e, = 3.5 kJ/mol) bead—surface attraction.

Three sets in the (k g, €5)-space will be of particular interest:
(i) set I comprising systems characterized by the intermediate
bead—surface interaction strength (g, = 2.5 kJ/mol) at variable
angular force constant kg, (i) set II comprising systems with
flexible polymers (ke = 0) at variable bead—surface interac-
tion strength &, and (iii) set III comprising systems with rod-like
polymers (kuge = 30 J/(mol deg?)) at variable bead—surface
interaction strength &,. General model parameters are compiled
in Table 1, conversions to reduced units in Table 2, and systems
investigated and their labeling in Table 3.

The intrinsic flexibility of the polymers was characterized by
calculating the persistence length based on the local foldmg l,ofa
single poaymer in infinite dilution according to /, = (RyH? (1 +
{cos 0)).**¥ The persistence length of the single polymers with the
different angular force constants became /, = 6.5, 7.8, 13, 26, 47,
77, 149, and 221 A, respectively. The contour length is L =
(Ny = IRy ~ 105 A,

3. Methods

3.1. Simulation Details. In this work, both static and
dynamic properties of polymer solutions have been exam-
ined. Monte Carlo (MC) simulations were used to obtain
equilibrium properties, whereas Brownian dynamics (BD)
simulations were used to examine the adsorption dynamics

k:mgl@ (J/(mOI degz))
&, (kJ/mol) 0° 03 12 3 6 109 20 30°

1.5 11 111
2.0 I 11
2.5% LI 1 I I 1 1 1 L, I
3.0 11 111
3.5" I 111

“T, 11, and ITI denote that the system belongs to set I, set I1, and set I1I,
respectively. ® Referred to as flexible polymer. ¢ Referred to as semiflex-
ible polymer. Referred to as stiff polymer. ¢ Referred to as rod-like
polymer.” Referred to as weak bead—surface attraction. ¢ Referred to as
intermediate bead—surface attraction. ” Referred to as strong bead—sur-
face attraction.

and the associated change of the internal structure of the
polymers. MC simulations were also used to prepare the
initial configurations of the BD simulations. The canonical
ensemble (NVT), characterized by a constant number of
particles, volume, and temperature was used throughout.
The variable adsorption among the systems lead to a varia-
tion of the bulk polymer density (density far from the
surfaces) up to 10%. Two additional simulations have been
made to examine the consequences of 10% variation of the
bulk polymer density. All simulations were performed using
the integrated Monte Carlo/molecular dynarnlcs/ Browninan
dynamics simulation package MOLSIM.?

In more detail, the MC simulations were performed
according to the Metropolis algorithm®’ using three types
of trial moves: (i) translation of individual beads, (ii) repta-
tion of polymers, and (iii) translation of polymers. The
translational displacement parameter of single-bead trial
moves was 3 A, the probability of a reptation and of a
polymer translation was 1/N, of that of a single-bead trial
move, and the polymer translational dlsplacement parameter
was 5 A. The MC simulations comprised 1 x 10° trial moves
per bead after equilibration.

The dynamic adsorption simulation studies were carried
out as follows: (i) First, preparative MC stimulation of
polymer solutions confined in a box with hard walls at the
edges in the z-direction with L. = 200 A and periodic
boundary conditions in the x- and y-direction were per-
formed. (ii) Second, the hard walls were removed, the box
length in the z-direction was increased to L. = 240 A, and
attractive surfaces, whose potential described by eq 7, were
invoked. (iii) Finally, the BD simulations were initiated.
Hence, the initial configurations of the BD simulations
involved a ~ 20 A thick polymer-free zone adjacent to each
attractive surface. Beads located 20 A from a surface experi-
ence the negligible bead—surface potential u,,,~ 1073 k, T,
which is only 0.05% of the value at z,,;,; hence, the initial
polymer adsorption ought to be controlled by translational
diffusion.

The motion of the polymer beads in the BD simulations
was described by Ermak>®

DyAt
kyT

ri(t+A)=r;(1)+ F;(1) + Ri(t; Ar) (8)
wherer{7 + At)is the location of bead 7 at the time ¢ + Az, r(7)
the location of bead 7 at the time #, D, the bead self-diffusion
coefficient in the absence of systematic forces, k; Boltz-
mann’s constant, 7 the temperature, and F,(7) the systematic
force on bead 7 at time ¢ arising from the potential energy U
given by eq 1. Furthermore, R,(#;A¢) is a random displace-
ment of bead i representing the effect of collisions with
solvent molecules at time ¢ and is sampled from a Gaussian
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distribution with the mean (R (#;A7)) = 0 and the variance
(Ri(t;A1) - R(1";At)) = 6DoAt0,;0(t — 1) as obtained from the
fluctuation—dissipation theorem. In this work, hydrody-
namic interactions were neglected.

A bead self-diffusion coefficient Dy = 0.1 Az/ps was used,
and an integration time step Az = 0.025 ps was employed.
The BD simulations involved 3.2 x 10" time steps, providing
a nominal simulation time of 800 ns. Using 73p = 0°/Dy =
116 ps as the conventional un1t of time, the integration time
step becomes At =22x10"*15p and the total simulation
time 6.9 x 10 7p. For a single flexible polymer with 20
beads in an infinite dilute solution, previous 1nvest1gat10n3
gave the polymer self-diffusion coefficient D = 0.005 Az/ps
and the relaxation time 7z = 55 ns characterizing the end-to-
end vector time correlation function.

The statistical uncertainties of the equilibrium properties
given in figures and based on block averaging are negligible,
whereas those of dynamic properties are comparable to
symbol size unless otherwise is stated.

3.2. Analysis. A bead is considered as being adsorbed if it
isin contact with the surface, here defined by z; < z,,, =6 A,
and a polymer is considered as being adsorbed if at least one
of'its beads is adsorbed. The bead —surface potential energy
at z = Zugs 18 UgyAZaqs) = —0.41e,, thus ranging from
—0.25k,T at ¢, = 1.5 kJ/mol to —0.58k,,T at e, = 3.5 kJ/
mol. Also, recall that the minimum of the bead—surface
potential is located at z,,,;, ~ 3 A. Both the average number
of adsorbed beads (N¢) and of adsorbed polymers (Ngd'y)
onto the two surfaces as well as their time dependences
N§(1) and ij‘b(t) will be exmined. Furthermore, the same
distance threshold z,, is used to define adsorbed bonds,
now applied to the center of a bond. The criteria for when a
bead or a bond is considered adsorbed is somewhat arbi-
trary. The value of the adsorption threshold z,4 will gene-
rally influence the numbers obtained but not qualitative
aspects.

The location of a polymer was described using its center-
of-mass (com) r.,,,, defined according to

1 N

Teom = EZ I (9)

=1

where r; = (x,,);z,;) is the coordinate of bead i at time 1.
Changing the notation r; to z;in eq 9 gives the com along the
Z-aXIS, Zeom» Which is a useful measure of the position of the
polymers relative to the surface.

The extension of a polymer in three dimensions is given by
its rms radius of gyration, R,, defined according to

1 X

Rzzi i~ Xeom : 10
2= Ry 2 ) (10)

There is a structural rearrangement of the polymers during
the adsorption and a preferential orientation with respect to
the surface. This rearrangement was followed by studying
the perpendicular (1) and parallel (I) component of R,
according to '

1 Ny

Rglz = — (Zi_Zcom)2 (11)
"2
Rg“2 = v Z [ ’Cmm (y[ _ycom)z} (12)
b=
satisfying Rg2 = RgJ_z + Rg”2'
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The structure of adsorbed polymers was described by
using tail, loop, and train subchains.” A subchain of ad-
sorbed beads is referred to as a train, a nonadsorbed sub-
chain with both ends bonded to trains as a loop, and a
nonadsorbed subchain with one end bonded to a train as a
tail. The total number of beads in subchains of type a at time
¢t will be denoted by N, with oo = {tail, loop, train}. By
conservation: Z,No = N,,. Both equilibrium values (V) and
time-dependent values Ny (7) averaged over adsorbed poly-
mers will be presented. Finally, (N )= (N"d°)/( d‘)

The degree of nematic order appearing in the adsorbed
polymer layer was examined by considering the bond order
parameter #. The degree of bond order in the neighborhood
of the adsorbed bond i, 7;, was evaluated as

ni=A (13)
where 1] is the largest eigenvalue of the 3 x 3 matrix B;,
which elements are defined by

| 1
By, = W,; §(3ba,jbﬂ,j — Oap) (14)

with b, ;o = {x,y,z}, being the projection of the normalized
bond vector b; of bond j on the a-axis and 604;,{ ofB} = {x.2},
the Kronecker delta and where the summation involves Ny;
bonds in the spherical volume V; with the radius R,, centered at
bond i. The radii R, = 10, 20, and 50 A have been used, of
which results are given for R, = 20 A. Only bonds j that are
adsorbed are included in the sum; thus, in practice bonds in a
disk of radius R, and thickness 3 A are included. The bond
order parameter ranges from zero for random bond directions
to unity for completely parallel bond directions. Average
equilibrium bond order () and time-dependent bond order
7(?) will be presented.

Many time-dependent properties are given on a logarith-
mic time scale to encompass the large dynamic range of the
different adsorption subprocesses. These properties were
sampled at an interval of Aty,,, = 1.0 ps (40 time steps)
and averaged over blocks with an exponentially increasing
length with the initial block length being 100Af,,,,,, = 0.1 ns
(4000 time steps) and using 1.1 as multiplicative factor of the
block length increase.

Adsorption kinetics were evaluated using configurations
separated by 100Af,,. Thus, adsorption and desorption
events appearing on a shorter time scale than 0.1 ns are not
resolved. Assuming Rouse diffusion, the root-mean-square
displacement of a polymer in one dimension becomes 1 A
during this time separation. A smaller time separation than
0.1 ns would lead to a larger number of short-lived adsorbed
and desorbed states originating from local chain motion, and
a larger time separation to possibly interesting adsorbed and
desorbed states becoming undetected.

4. Results

4.1. Equilibrium Properties. 4.1.1. Density Distributions.
The z-distribution of the reduced bead density p#(z) and of
the reduced com density of polymers p¥,,,(z) near the surface
are displayed in Figure 1 for set I (panels a and b), set II
(panels c and d), and set III (panels e and f). The bead density
distributions given in panels a, ¢, and e show that up to two
layers of beads can appear with the location of the first
maximum occurring at z ~ z,,, and the second maximum
about 4 A further away from the surface. The geometrical
adsorption threshold z,, falls approximately between the
first and second peak of the bead density. Panels b, d, and f
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near a surface for (a, b) &, = 2.5 kJ/mol (1ntermedlate bead—surface interaction strength) at 1nd10ated values of kg in J/(mol deg?) (set 1), (c, d) ka,,g,e =0
(flexible polymers) at indicated values of ¢, in kJ/mol (set II), and (e, f) ke =

(set III). The values at the arrows denote the hight of the maximum for the system with ke =

threshold is also given (dotted vertical lines).

show that the com density distributions display a single
maximum near the surface; however, both the locations
and the values vary noticeable upon the conditions examined
here.

In more detail, at increasing polymer stiffness in set I
(Figure la) the bead density in the first layer is initially
constant but then increases, whereas the bead density in the
second layer decreases and vanishes for sufficiently stiff
polymers. For the rod-like polymer a weak depletion is
found outside the first layer. For flexible polymers in set II
(Figure 1c), a very weak maximum appears at the smallest
bead—surface interaction strength and the density of both
layers increases simultaneously at increasing bead—surface
interaction strength. As to the rod-like polymers in set III
(Figure le), the magnitude of the first layer increases at
increasing bead—surface interaction strength, and only a
hint of a second layers appears at the strongest interaction
strength.

The density distribution of the com displays an interesting
behavior at increasing polymer stiffness in set I (Figure 1b).
The maximum for flexible polymers appears at z ~ 6 A. For
semiflexible polymers, the magnitude of the maximum de-
creases and the maximum broadens toward the surface and
the bulk. Regarding the stiff and rod-like polymers, the
maximum of the com distribution shifts to z &~ 3.3 A with
decreased width and amplified magnitude with increasing
stiffness. At increasing interaction strength (Figure 1d), the

30 J/(mol deg?) (rod-like polymers) at indicated values of &, in kJ/mol
30 J/(mol deg?). The location of the adsorption

maximum of the com density distribution is increased and
shifted toward the surface in a continuous manner for flexible
polymers, whereas for rod-like polymers (Figure 1f) the
maximum of the com density distribution is increased at
essentially equal distance from the surface.

In summary, the bead—surface attraction gives rise to
adsorbed polymer layers encompassing at most two distinct
bead layers and extending at most 10 A from the surface,
whereas the single peak of the com density distribution often
is broader. At increasing bead—surface interaction strength
(set IT and set III), the bead and com density distributions
display a regular increasing behavior; i.e., the density max-
ima appearing at higher interaction strengths are more
prominent. However, and as we will encounter below, at
increasing polymer stiffness (set I) the situation normally
becomes nonmonotonic: here, manifesting that at increasing
stiffness (i) the bead density of the first layer increases but the
density of the second layer decreases and (ii) a nonmonotonic
variation of the amplitude of the single maximum of the com
density distribution.

4.1.2. Adsorbed Amount. The average number of adsorbed
beads (N}, ’d“‘) and of adsorbed polymers (N“‘ *) at the surface
are given in Figure 2. Generally, the variation of the average
number adsorbed beads is stronger (nearly 4-fold) as com-
pared to the variation of the average number of adsorbed
polymers (less than 2-fold) across the variation of polymer
flexibility and bead—surface interaction strength.
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Figure 2. (a) Average number of adsorbed beads (N9) and (b) average
number of adsorbed polymers (NZ‘I‘) as a function of the angular force
constant kg at & = 1.5, 2.0, 2.5, 3.0, and 3.5 kJ/mol. Corresponding
results for ke, = 0and 30 J/(mol deg?) at e, = 3.5kJ/mol witha 10%
larger bulk density are also given (open diamonds).

First, both (N¢*) and (NZ‘“) display monotonic increases
at increasing bead—surface interaction strength for all poly-
mer stiffnesses. Of more interest is the dependence on the
polymer flexibility. The average number of adsorbed beads
increases with polymer stiffness by 100% at the weakest and
by 25% at the strongest bead—surface interaction strength
(Figure 2a). However, a small decrease in (N¢%) is observed
for slightly nonflexible polymers. The number of adsorbed
polymers shows a richer behavior, displaying a prominent
increase as initially flexible polymers become semiflexible
and thereafter a decrease as the polymers become even stiffer
(Figure 2b). The magnitude of the rise at increasing polymer
stiffness is similar at the different bead—surface interaction
strengths, whereas the decrease after the maximum becomes
more pronounced with growing interaction strength. The
location of the maximum of (N;,’ds) shifts to lower stiffness
with increasing interaction strength, and the maxima ap-
pears at persistence lengths of /, = 20—30 A.

As alluded to above, the larger adsorption at higher &
implies that the polymer bulk density decreases at increasing
&,. The bulk density for &g = 3.5 kJ/mol becomes ~10%
lower than for ¢, = 1.5 kJ/mol. Figure 2 also show results for
Kangie = 0 and 30 J/(mol deg?) and &, = 3.5 kJ/mol with a
10% enhanced bulk density (open diamonds), hence having
the same bulk density as for &g = 1.5 kJ/mol. As can be seen,
neither (N¢*) nor (N;‘l’y) are significantly affected by a 10%
variation of the bulk density, signifying that we are on the
plateau of the adsorption isotherm. In the following, we will
neglect the small bulk density variation among the systems
and the even smaller influence on the equilibrium properties
of the adsorbed polymer layer.

We conclude that (i) a slight increase in the polymer
stiffness of initially flexible polymers leaves the number of
adsorbed beads fairly constant but promotes the number of
adsorbed polymers, whereas (ii) a further increase in polymer
stiffness increases the number of adsorbed beads and de-
creases the number of adsorbed polymers. The resulting
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Figure 3. (a) Perpendicular component of the rms radius of gyration
(Rq A2 and (b) parallel component of rms radius of gyration (Rg”z)l’
of adsorbed polymers as a function of the angular force constant k ;e
ate; = 1.5,2.0, 2.5, 3.0, and 3.5 kJ/mol.
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Figure 4. Average number of beads residing in (a) tails (N, (b) loops
(Nioop)» and (c) trains (N4, of adsorbed polymers as a function of the
angular force constant k. at & = 1.5, 2.0, 2.5, 3.0, and 3.5 kJ/mol.

variation of the fraction of adsorbed beads of an adsorbed
polymer (ij‘l“')/(N;d“') implies that adsorbed polymers of
different flexibility possess different conformations.
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Figure 5. Average bond order (1) as a function of the angular force
constant k. at R, = 20 Aand ate, = 1.5,2.0,2.5,3.0,and 3.5kJ/mol.

4.1.3. Structural Properties. In this subsection, we will
focus on structural properties of adsorbed polymers. Nor-
malized probability functions of the perpendicular P(R,)
and parallel P(Ry) component of the radius of gyration of
flexible, semiflexible, stiff, and rod-like polymers at the
intermediate bead —surface interaction strength (set I) have
been extracted. From these results (data not shown), we
find that adsorbed flexible and semiflexible polymers be-
come stretched parallel to the surface and contracted
perpendicular to the surface. As to stiff and rod-like poly-
mers, most polymers have their long-axes oriented parallel
to the surface; however, extended tails of P(R,,) and P(Rg))
demonstrate that some polymers still protrude away from
the surface.

The two components of the radius of gyration as a
function of k. at various bead—surface 1nteract10n
strength are shown in Flgure 3. We find that (RéL W2 first
increases, reaches a maximum, and is then reduced at
increasing polymer stiffness (Figure 3a). The locations of
the maxima are shifted to higher flexibility at increasing
bead—surface interaction strength. The locations of the
maxima display the same trend as those for the average
number of adsorbed polymers shown in Figure 2b. Thus, the
nonmonotonic dependence of average number of adsorbed
polymers (N"dv) and of the perpedlcular component of the
rms radius of %yratlon (Rg1 ) /2 ought to be related. Further-
more, (R B2 (Figure 3b) increases continuously with in-
creasing polymer stiffness, and increases somewhat with
increasing bead—surface interaction at intermediate polymer
flexibility.

We will now consider some results of the tails, loops, and
trains characterization. Figure 4 displays the average num-
ber of beads residing in tails, loops, and trains as a function
of Kgngre at various bead—surface interaction strengths.
Throughout, the average number of beads in tails decreases
(Figure 4a) and the number in trains increases (Figure 4c)
with increasing bead—surface interaction strength. More-
over, the average number of beads in loops is only weakly
dependent on the bead—surface interaction strength at small
and at large angular force constants and decreases substan-
tially at intermediate angular force constant (Figure 4b).
Thus, as expected, the propensity for beads residing in tails
decreases, while it increases for trains with increasing surface
attraction. This variation depends mainly on the change in
the average number of beads in a subchain rather than the
change in the average number of subchains (data not shown).

Furthermore, the average number of beads in tails displays
a maximum at intermediate polymer stiffness in a similar
manner as the perpendicular component of the rms radius of
gyration, suggesting that the main contribution to (R, A2

Linse and Kallrot

Figure 6. Snapshots displaying adsorbed pol ymers for (a) kungie = 0
(flexible polymers) and (b) ke = 30 J/(mol deg?) (rod-like polymers)
at g = 3.5 kJ/mol (set I).
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Figure 7. Reduced bead density pi(z) = py(z)o° of the preparative MC
simulation taken as initial bead distribution of the BD simulations at
indicated values of ke in J/(mol deg?) (see text for details). The
location of the adsorption threshold is also given (dotted vertical line).

comes from beads residing in tails. The average number of
beads in loops is ~4 for flexible polymers and reduces to a
few tens for rod-like polymers. Obviously, the appearance of
loops is not possible for a true rod. The average number of
beads residing in trains attains a minimum at small polymer
stiffness and a global maximum appears for rod-like poly-
mers where 50—75% of the beads of an adsorbed polymer
appears in trains.

As the polymer is made stiffer, the tendency of a local
nematic order of bonds in the adsorbed polymer layer
increases. Figure 5 shows the average bond order (i) at R, =
20 A as a function of kg, at all bead—surface interactions
strengths. First, the bond order data show virtually no order
at all for adsorbed flexible polymers, whereas there is a large
order for adsorbed rod-like polymers. For flexible and rod-
like polymers, the bond order of adsorbed bonds is insensi-
tive to the bead—surface attraction, however, at intermediate
polymer flexibility the bond order increases with increasing
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Figure 8. (a, ¢, and ¢) Number of adsorbed beads N%*(r) and (b, d, and f) number of adsorbed polymers N“‘k(t) as a function of time 7 on a logarithmic
scale for (a, b) &g = 2.5 kJ/mol (1ntermed1ate bead—surface intermediate strength) at 1ndlcated values of kzmg,L in J/(mol deg?) (set I), (c, d) Kangie = 0
(flexible polymers) at indicated values of &,in kJ/mol (set IT), and (e, f) k 4,070 = 30 J/(mol deg?) (rod-like polymers) at indicated values of &, in kJ/mol (set
I1I). Equilibrium values obtained from MC simulations are also given (horizontal lines), and the variation of the relaxation times 7’ is also indicated

(black solid lines).

bead—surface attraction. Thus, the bond order displays a
large dependence on the polymer stiffness and less on the
bead—surface interaction strength.

Snapshots of final configurations of the MC simulations,
for adsorbed flexible and rod-like polymers, are given in
Figure 6 and illustrate a number of properties previously
quantified. In particular, the change from a disordered to a
nematic-like order at increasing polymer stiffness quantified
in Figure 5 is obvious. As to the rod-like polymers, it is
obvious that some polymers strongly protrude into the
solution, giving rise to the tails in P(R,,) and P(Ry) dis-
cussed above. Similar observations of “hairpins” extending
into solution for adsorbed semiflexible polymers in good
solvent have preVIOusly been discussed by Kramarenko et

al.'"* Noticeable is also the spatial variation of the nematic
director across the surfaces.

4.2. Dynamic Properties. As previously mentioned, before
the BD simulations preparative MC simulations of polymer
solutions were made in a cubic box with L. = 200 A and hard
walls in the z-directions. The reduced equilibrium bead
density distribution for polymers with different stiffnesses
of the preparative simulations are shown in Figure 7. Since
the length in the z-direction was extended at each side by 20 A
prior to the BD simulations, an ~20 A thick polymer-free
zone adjacent to each adsorbing surface is present at = 0 of
the BD simulations. Furthermore, next to this zone there is a
steep but gradual increase of the bead density extending
about a radius of gyration (10 A for the flexible to 50 A for
the rod-like polymer) before the bead density attains the bulk

value p# =~ 0.107. This gradual increase is due to a depletion
occurring in the vicinity of the hard walls in the preparative
simulations.

In the BD simulation, the polymers diffuse to the surface,
become physically attached, and undergo various structural
relaxation processes. In the following, # will denote the time
of the onset of the first polymer attachment and ¢ the time at
which a quantity has relaxed to its equilibrium value. As we
will see, ¢ is generally property dependent. The equilibrium
values given below are taken from the separate MC simula-
tions. Generally, there is perfect agreement between the
equilibrium values obtained from the MC simulations and
the values of the corresponding properties at the end of the
BD simulations. The only exception appears for some prop-
erties of systems containing rod-like polymers, which display
very slow relaxation.

4.2.1. Adsorbed Amount. The adsorption process will first
be characterized by considering the time dependence of the
number of adsorbed beads and of the number of adsorbed
polymers The left and right columns of Figure 8 show N¢%(7)
and N" *(1), respectively, as a function of the simulation time
tina logarlthrmc representation for systems belonging to set
I (top row), set IT (middle row), and set III (bottom row).
Corresponding equilibrium values given in Figure 2 are also
shown (horizontal lines) along with the locations of 7/ (black
solid lines).

Generally, the first polymer becomes adsorbed at # ~ 1 ns.
The dependence of the polymer stiffness and the bead—
surface interaction strength on # is weak, particularly in
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Figure 9. Number of beads residing in (a) tails N,,(7), (b) loops
Niop(t), and (c) trains Ny,;,(1) of adsorbed polymers as a function of
time ¢ on a logarithmic scale for k... = 0 (flexible polymers) at
indicated values of & in kJ/mol (set II). Equilibrium values obtained
from MC simulations are also given (horizontal lines).

comparison to the large dependence of polymer density and
of polymer length previously observed (cf. Figure 2b of ref
32). There, for flexible polymers at the intermediate
bead—surface interaction strength it was found that (i) a
4-fold decrease of the polymer density or (ii) a 4-fold
increase of the polymer length raised ¢ roughly 10-fold. In
the present case, the appearance of a common onset time
¢ ~ 1 ns shows that (i) the initial part of the adsorption is
diffusion controlled without any significant drift contribu-
tion from the bead—surface attraction and (ii) the concen-
tration diffusion is at most marginally affected by the
polymer stiffness at the conditions of this study. The relaxa-
tion times 7/ of N¢*(r) and de‘v(t) are generally system
dependent and different; concisely ¢ ~ 200 ns for N9“(7) and
¢" = 200 ns for N3“(1).

In more detail, N¢*(¢) shows that systems belonging to set
I (common bead—surface interaction strength) display an
initially faster adsorption at increasing polymer stiffness,
and a 2-fold increase of the relaxation time /' when making
flexible polymers rod-like (Figure 8a). The number of ad-
sorbed polymers also shows that the adsorption, with the
exception of the final relaxation, becomes faster at increasing
polymer stiffness (Figure 8b). Furthermore, for the stiff and
rod-like polymers a kink appears at No“(z) = No“(1)(Na®)
~ (.95, signaling an onset of a slower relaxation mechanism.
The corresponding data for systems belonging to set II
(flexible polymers) are given in panels ¢ and d. We find that
the characteristic sigmoidal shape is relatively unaffected by
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Figure 10. Number of beads residing in (a) tails N,,(z), (b) loops
Nioop(t), and (c) trains N,,;,(1) of adsorbed polymers as a function of
time ¢ on a logarithmic scale for k,,y, = 30 J/(mol deg?) (rod-like
polymers) at indicated values of & in kJ/mol (set III). Equilibrium
values obtained from MC simulations are also given (horizontal lines).

a variation of the bead—surface interaction strength. Since
the relaxation time ¢/ of Ny®(r) is constant and (N:%)
increases, we have an increasing adsorption rate at increasing
interaction strength. Moreover, Ngds(t) also increases with
increasing interaction strength, and the associated relaxation
time ¢ varies, indicating a structural relaxation mechanism
that is dependent on the bead—surface interaction strength.
Finally, the corresponding data for systems belonging to set
IIT (rod-like polymers) are given in panels e and f. Also here
the sigmoidal shape of N;“(7) remains, and the appearance
ofakinkin N;‘IS(Z) at NZ‘["'(z) ~20.95 becomes more prominent
at increasing bead—surface interaction strength. The relaxa-
tion of N¢%(¢) becomes faster (decreasing ') and the relaxa-
tion of des(t) becomes slower (increasing 1) at increasing é;.
Noticeably, at &, = 3.5 kJ/mol (i) we have NZd“(t) ~0.97 <1
at the end of the simulation and (ii) the relaxation of Ngds(t) is
at least 10-fold slower than the relaxation of Ny(7), indicat-
ing another slow relaxation mechanism than that for flexible
polymers.

The effect of a 10% variation of the bulk concentration on
N¢S(f)and Nf,,’ds(t) for the two systems characterized by k. =
0 and 30 J/(mol deg®) with &, = 3.5 kJ/mol has also been
considered. A 10% larger bulk concentration leads to
10—20% faster adsorption dynamics, in line with our pre-
vious results that a 4-fold reduction of the bulk density
reduced the adsorption dynamics by 1 order of magni-
tude.** As for the static equilibrium results, the observed
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dependence on the bulk density variation does not signifi-
cantly affect our conclusions regarding the adsorption dy-
namics.

Thus, the examination of N¢*(r) and Njﬁd“(t) and their
variation among the different systems suggests that the
slowest relaxation mechanism becomes slower at increasing
bead—surface interaction strength?' and is qualitatively
different for flexible and rod-like polymers.

4.2.2. Structural Properties. We will now focus on struc-
tural properties characterizing the adsorption, including an
examination of the slow relaxation processes alluded to in
the previous subsection. The time dependence of the number
of beads residing in tails, loops, and trains of three systems
belonging to set 11 (flexible polymers) are shown in Figure 9.
The following time dependences are seen: (i) At ¢ ~ ¢, at
which only a few polymers just have been adsorbed, N,,; ~
18; thus, nearly all beads in these polymers reside in tails. (ii)
Thereafter, the number of beads in tails is reduced and the
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Figure 11. Bond order #(t) as a function of time 7 on a logarithmic scale
for kypgre = 30 J/(mol deg?) (rod-like polymers) at R, = 20 A and at
indicated values of & in kJ/mol (set I1I). Equilibrium values obtained
from MC simulations are also given (horizontal lines).
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number of beads in loops and trains increases, demonstrating
a structural relaxation of the initially adsorbed polymers as
well as of later adsorbed polymers. The initial conforma-
tional relaxation is faster for systems with stronger
bead—surfce attraction, since in these systems the beads
are more strongly drawn toward the surface. (iii.a) As to
the system with the weakest bead—surface attraction, &, =
1.5 kJ/mol, the number of beads in the various subchains
smoothly approaches their equilibrium values at 7 &~ 30 ns,
which is faster than the relaxation of the number of adsorbed
beads. Thus, here the conformational relaxation is faster
than the relaxation of N¢*(¢). (iii.b) For systems with &, =
2.5 kJ/mol and even so for &, = 3.5 kJ/mol, N,,;/(¢) displays a
minimum and N,.,;,(f) a maximum at ¢ ~ 30 ns whereafter
they attain their equilibrium values at 7 ~ 200 ns ~ /. A
similar variation of R, (f) and Ry (f) involving an initial
relaxation, appearance of extreme values at ¢ ~ 30 ns, and a
slow relaxation toward their equilibrium values are found
(data not shown). Thus, after the polymers have attained an
extended shape parallel to the surface, they become laterally
compressed, resulting in fewer anchoring points (smaller
Niain) and longer tails (larger N,,;). Since this structural
relaxation is completed after N“,,d“'(z) has relaxed, the struc-
tural relaxation ought to be driven by the relaxation of the
number of adsorbed polymers de‘"(t).

Figure 10 shows the corresponding time dependence of the
number of beads residing in tails, loops, and trains for
systems containing rod-like polymers (set III). Also here,
there is an initial decrease in N,,;(f) and increase in N..;,(1),
whereas Ny,,,(7) is very small (<1) and displays a large
relative uncertainty. Both N,,;(¢) and N,,..;,(7) relax (i) essen-
tially monotonically toward their equilibrium values (ii) on
a time scale of # &~ 100—200 ns. Also here the relaxation
rates increase with increasing bead—surface interaction
strength. Furthermore, with the weakest bead—surface in-
teraction strength the monotonic relaxation is 10-fold slower
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Figure 12. Adsorption history of polymers with different rank where an adsorbed state is represented by a horizontal line as as a function of simulation
time of (a and b) the 20 first adsorbed polymers and (c and d) 20 polymers adsorbing after ¢ ~ 200 ns for system with k5. = 0 (flexible polymers) at
&, = 1.5 kJ/mol. The abscissa scale is (a) 10 ns, (b) 800 ns, (c) 50 ns, and (d) 600 ns. Adsorption and desorption time resolution is 0.1 ns.
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Figure 13. Adsorption history of polymers with different rank where an adsorbed state is represented by a horizontal line as as a function of simulation
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&, = 3.5 kJ/mol. The abscissa scale is (a) 10 ns, (b) 800 ns, (c) 50 ns, and (d) 600 ns. Adsorption and desorption time resolution is 0.1 ns.

as compared to that of flexible polymers. Because of the
extended rigid nature of the rod-like polymer, the structural
rearrangement revealed by this analysis involves preferential
orientation of rods with respect to the surface (rather than
intrastructural rearrangements of the polymer chain as with
more flexible polymers).

The time dependence of the bond ordering of the same
three rod-like systems belonging to set III with the domain
radius R, = 20 A is shown in Figure 11. First and generally,
we notice that the time evolution of the bond order is only
weakly dependent on the bead—surface attraction. Further-
more, we have the following time evolution: (i) The bond
order is initially large, since it essentially probes beads
residing in one or only a few rod-like polymers; hence, the
probed beads are likely to have positively correlated bond
directions. (i) Thereafter, the bond order decreases but
remains substantial, implying still a significant preferential
bond orientation of the first few adsorbed polymers. (iii) At
t~ 10 - 20 ns, where N}jd‘"(t) ~ 0.5, P(n) displays a minimum.
(iv) At even longer times, the bond order increases due to
enhanced preferential order of nearby increasing number of
adsorbed polymers. (v) At ¢t ~ 100 ns the rate of the
increasing bond order (still on a logarithmic time scale) is
reduced. (vi) Finally, a slow relaxation occurs after 7 & 200 ns
involving a large bond order, which enable an increased
number of adsorbed polymers (cf. Figure 8f). We believe that
the rate of the nematic packing (as represented by the bond
order parameter) of the rod-like polymers controls the slow
relaxation of N“,,d‘"(t).

Thus, in addition to the slow spreading on the surface of
single adsorbed polymers, an even slower adsorption me-
chanism appeared at adsorption from solution. For flexible
polymers, this relaxation involves a lateral compression
and an increased extension perpendicular to the surface
originating from the osmotic pressure of the surrounding
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Figure 14. Number of adsorbing polymers per time unit dN,"(¢)/d¢
(solid symbols) and number of desorbing polymers per time unit
le’,*”(t)/dl (open symbols) as a function of time ¢ for (a) kg = 0
(flexible polymer, set II) and (b) ke = 30 J/mol deg’ (rod-like
polymer, set III) at indicated values of & in kJ/mol. Adsorption and
desorption time resolution is 0.1 ns, and each symbol denotes an average
over 5 ns.

adsorbed polymers. Its importance becomes larger with
increasing bead—surface attraction. For rod-like polymers
this relaxation is slower than for flexible polymers and
involve the formation of a nematic-like order of the ad-
sorbed layer.
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Figure 15. Probability distribution of the adsorption time P(z,4) on a
logarithmic scale for (a) ke = 0 (flexible polymer, set II) (b) and kg =
30 J/(mol deg®) (rod-like polymer, set IIT) at indicated values of &, in kJ/
mol. In part b, at &, = 3.5 kJ, the initial decay was too extended to
obtain a subsequent linear regime with sufficiently accuracy. Adsorp-
tion and desorption time resolution is 0.1 ns.

4.2.3. Adsorption Dynamics of Individual Polymers. The
nature of the adsorption and desorption processes of indivi-
dual polymers will now be considered. Let us sort all poly-
mers in order of increasing time of their first adsorption. This
order number of a polymer is referred to as its rank. The
adsorption history of flexible polymers with selected ranks at
different time intervals of the systems with the weakest and
strongest bead—surface attraction is shown in Figures 12 and
13, respectively. Panels (a) and (b) show adsorption histories
of the first 20 polymers being adsorbed (i.e., at ¢ ~ ¢'), thus
describing the adsorption onto essentially a bare surface,
whereas panels ¢ and d provide adsorption histories of
polymers adsorbing at the onset of an equilibrium amount
of adsorbed beads (i.e., at t ~ ).

As to the weak bead—surface interaction strength, poly-
mers adsorbing at  ~ ¢ ~ 1 ns display a large variety of their
fate at the surface (Figure 12a). Only a few of them are
continuously adsorbed for at least 10 ns. The remaining
polymers quickly desorb, whereafter most of them adsorb
again, and so on, signifying a stochastic motion of one (or a
few) beads around the adsorption threshold z = z,4. Even-
tually, also some of these polymers become adsorbed for
longer times (¢ 2 5 ns), whereas others remain unadsorbed to
¢t = 10 ns. By following the same set of polymers during the
full simulation (Figure 12b), we find that all the 20 selected
polymers become adsorbed before # ~ 50 ns and remain
adsorbed for at least 50 ns. Some of the polymers remain
adsorbed at the end of the simulation, however all displaying
periods of detachment. Thus, polymers with one (or a few)
beads just passing the adsorption threshold are rarely im-
mediately captured by its attraction to the surface. On the
contrary, we have a dynamic situation where adsorbed
polymers relatively easily detach from the surface, unless
they have been adsorbed for a longer time.***° Moving to the
adsorption history starting at ¢ ~ "/, we see that polymers
adsorbing onto an equilibrated adsorbed layer rarely stay
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Table 4. Integration Time and Residence Time of Integrated

Polymers”
Kangie (J/(mol deg?)) & (kJ/mol) Tine (S) Tres (11S)
0 1.5 12 15
0 2.5 20 46
0 3.5 30 90
30 1.5 30 76
30 2.5 50 180

“The integration time 7;,, is taken as the adsorption time at the onset
where the adsorption probability distribution P(t,.) displays an expo-
nential behavior according to P(t,,) = Ce /™) The time constant
T,.s Of the exponential behavior is taken as the residence time of fully
integrated polymers. Estimated uncertainties are 30% (z;,,) and 10%

(Tre.s) .

adsorbed (Figure 12c). Here, most of the polymers become
detached after a few ns and remain unadsorbed for at least 20
to 50 ns. Following these polymers for the remaining 600 ns
(Figure 12d), half of them have become adsorbed for at least
100 ns. Finally, the fact that about half of the polymers that
initially adsorb at 1~ ¢’ are adsorbed at ¥ = ¢ + 600 ns, and a
similar fraction of polymer first being adsorbed at 1 ~ ¢’ are
adsorbed at ¢ = ¢/ + 600 ns suggests that polymers which
become adsorbed at ¢ and 7’ are radomized in the adsorbed
layer during the rest of the simulation.

Adsorption onto the surface with the strongest interaction
strength shows that the first 20 polymers which adsorb at z ~
¢" are still adsorbed after 10 ns, only a few of the polymers
display one or several short periods of detachment
(Figure 13a). Looking further ahead, (i) all the 20 selected
polymers remain adsorbed after 100 ns, (ii) most of them
become detached at a later stage of the simulation, and (iii)
8—9 of them remain adsorbed essentially throughout the
entire simulation (Figure 13b). Shifting focus to those poly-
mers which become adsorbed for the first time at 7 ~ ¢, only
a few of these polymers become directly integrated in the
adsorbed layer whereas most of them remain unadsorbed for
at least 10 ns (Figure 13c); similar to that appearing at the
surface with the weakest bead—surface interaction strength.
On a longer time scale (Figure 14d), also here about half of
the polymers become adsorbed for at least 100 ns while some
have remained adsorbed throughout the simulation without
any longer periods of detachment.

Thus, the nature of the adsorption with the two different
bead—surface potentials displays two characteristic differ-
ences. First, at &, = 1.5 kJ/mol with uy,(z.4) = —0.25k,T,
the polymer motion at the adsorption threshold z, is strongly
influenced by diffusion, whereas for ¢ = 3.5 kJ/mol with
Usrf(Zaas) = —0.58k, T most polymers which pass the adsorp-
tion threshold are captured by a bare surface (cf. Figures 12a
and 13a). Second, polymers adsorbed at the surface with the
strongest bead—surface interaction strength have longer ad-
sorption times® (cf. Figures 12b and 13b). Nevertheless, after
¢t = 800 ns in either system there is no evidence that polymers
adsorbed at 7 ~ ¢’ are in excess over those adsorbed at # ~ '’ (cf.
panels b and d of Figures 12 and 13). Hence, the simulations
are sufficiently long to allow early adsorbed polymers to
become exchanged by other ones.

4.2.4. Adsorption Rate, Integration Time, and Residence
Time. Some issues of the adsorption dynamics illustrated in
Figures 12 and 13 will now be quantified on a more firm basis
by statistical analysis. First, consider the adsorption rate
dN}ﬁdS(t)/dz and its division into two terms according to
dN*®(s)/dt = dN,”(t)/dt — dN,*/(1)/dt, where the former
term denotes the number of adsorbing polymers per unit time
(on rate) and the latter one the number of desorbing polymers
per unit time (off rate). Figure 14 shows the initial on and off
rates for systems belonging to set IT and set I1I. As expected,
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the difference between the on and off rates is largest at short
times, and the two rates become obviously statistically equal
after Nz‘“(t) has relaxed. For flexible polymers (Figure 14a),
(1) the difference of the on and off rates is at most 50%, but
often much smaller, (ii) the initial difference of the on and off
rates increases with increasing bead—surface interaction
strength, making up for the larger (NZdS) achieved over the
similar adsorption time ¢/ — ¢ ~ ¢’, and (iii) the absolute
values of the on and off rates decreases with increasing
bead—surface interaction strength, signifying a smaller flux
of adsorbing and desorbing polymers. Observation i implies
that the on and off rates are significantly higher than the net
adsorption rate supporting the notion that the capturing of
polymers is the rate limiting step of the adsorption process
(after the initial diffusion of polymers through the polymer-
free region adjacent to the surface). Observation ii is con-
sistent with a larger probability for a polymer to stay
adsorbed at increasing bead—surface interaction strength
as illustrated in Figures 12a and 13a.

We will now continue by considering the distribution of
adsorption times of adsorbed polymers. Let the distribution
function P(t,4) denote the probability that a polymer
remains (continuously) adsorbed during the time 7,4, after
it has become adsorbed. Obviously, P(0) = 1 and P(e0) = 0.
Figure 15 shows P(,,) on a logarithmic scale for adsorbed
polymers from some of the systems belonging to set Il and
set I1II.

Generally, In P(z,45) VS t.qs shows (i) a fast initial decay
down to P(t,y) ~ 107°—10"* and (ii) thereafter a linear
dependence on the adsorption time ¢,4,. The time of the onset
at which InP(z,) starts to become linearly dependent on 7,4,
will be referred to as the integration time t,,,. Observation i
implies that polymers with an adsorption time 7,4 < T,
have a larger probability of becoming desorbed than those
polymers with an adsorption time f,; > 7;,, Whereas
observation ii implies that for adsorption times 7,4 > Tj
the desorption process becomes a first order process and thus
all adsorbed polymers with #,, > t;, display the same
probability of being desorbed. Polymers with an adsorption
time #,45 < T,, are considered as not yet being fully inte-
grated in the adsorbed layer, whereas those with 7,4 > 7,
are considered as fully integrated. The slope 7., of InP(#,,)
VS tadss lads > Tin» provides the residence time (average
adsorption time) of fully integrated polymers.

Table 4 provides integration time and residence time of
fully integrated polymers for the systems displayed in Fig-
ure 15. Briefly, 7;,, & 10—50 ns and 7,.; & 15—200 ns. As to
the flexible polymers, 7;,, and 7,., increase with increasing
bead—surface adsorption strength with 7,., displaying a
stronger dependence. Rod-like polymers have ca. 3-folded
longer 7;,, and 7,., as compared to flexible polymers at the
same bead—surface interaction strength. Furthermore, the
more pronounced initial decay of P(¢,4) (Figure 15) and the
higher on and off rates but similar net rates (Figure 14b) for
rod-like polymers are mutually consistent and imply that a
larger fraction of newly adsorbed polymers quickly desorbs.
This observation is affected by the fact that the adsorption
threshold is somewhat outside the single adsorption peak for
rod-like polymers (see Figure le).

Furthermore, the same analysis restricted to polymers
adsorbing at ¢ < ¢, with z, = 10 ns for flexible polymers at
weak bead—surface attraction and ¢, = 50 ns for stiff
polymers at strong bead—surface attraction displayed some-
what longer residence times than those given in Table 4.
Hence, polymers adsorbing on a bare surface have a longer
residence times than polymers adsorbing on a polymer
covered surface.
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An analysis of P(z,4) for the adsorption of unconnected
beads results in a purely single exponentially decaying function
already from the first sampling point at 100A¢,,,,, = 0.1 ns.
This implies that all positions in the adsorbed region should
be reached within 0.1 ns, consistent with D and the thickness
of the adsorbed region. Hence, this unconnected bead ana-
lysis is consistent with the notion of an integration time for
polymer adsorption, and we conceive that the integration
involves a penetration of a newly adsorbed polymer to the
surface to become fully anchored.

Hence, we have defined the time for a polymer to become
fully integrated into the adsorbed layer. Moreover, it was
found that the integration time and the residence time of fully
integrated polymers increase with increasing polymer stiff-
ness and increasing bead —surface interaction strength.

5. Discussion

5.1. Equilibrium Properties. We start our discussion of the
equilibrium properties with the two observations that if
everything else is equal, the bead adsorption is promoted
by (A) increasing bead—surface attraction and (B) increasing
polymer stiffness (Figure 2a). Generally, polymers that
adsorb to solid surfaces loose conformational degrees of
freedom due to a more restricted set of conformations
allowed in the adsorbed state. Hence, polymer adsorption
requires that the adsorption energy exceeds this entropy
penalty associated with the loss of conformations and thus
a stronger adsorption energy promotes a higher degree of
adsorption, explaining observation A. Furthermore, an in-
creasing stiffness of a polymer reduces its conformational
degrees of freedom. Since, this loss is larger in solution than
in the adsorbed state, a stiffer polymer looses less conforma-
tional entropy than a flexible one upon adsorption. Thus,
given that the adsorption energy exceeds the entropy loss
upon adsorption, stiffer polymers adsorb stronger than
flexible ones, which explains observation B.

Interestingly, and not covered by arguments A and B, the
number of adsorbed beads decreases slightly upon increasing
stiffness for persistence length up to /, &~ 15 A, Presently, we
have no unambiguous explanation for this. A similar but
more distinct minimum was earlier found by van Eijk and
Leermakers for the adsorption of polymers at liquid—liquid
intgffaces of variable width using a lattice mean-field theo-
ry.
We now continue with the finding that (C) the number of
adsorbed polymers displays a maximum upon increasing
polymer stiffness at the persistence length /, = 20—30 A
(Figure 2b). Mechanistically, observation C could be ex-
plained as follows. At increasing stiffness of an adsorbed
polymer, the fraction of adsorbed beads is approximately
constant or increased (Figure 4c). This increase dominates
over the increase in the number of adsorbed beads
(Figure 2a) for sufficiently stiff polymers, which makes the
number of adsorbed polymers to decrease with increasing
stiffness. Flexible to semiflexible polymers up to a persistence
length of /, = 20—30 A, however, constitute an exception.
For these polymers, the fraction of adsorbed beads is not
increasing rapidly enough to dominate over the increasing
number of adsorbed beads at increasing stiffness. These two
aspects together establish a background for observation C.

On a more profound level, we propose that observation C
is related to the similar maxima of the perpendicular exten-
sion (Figure 3a) and of the number of beads in tails
(Figure 4a). Moreover, they could collectively be understood
as originating from two competing effects. (i) At increasing
stiffness, an adsorbed polymer coil becomes expanded as
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compared to a flexible one, and the larger surface pressure
associated with this forces the coil to extend perpendicular to
the surface. (ii) Stiff chains prefer to adsorb parallel to the
surface making the perpendicular extension small. Hence,
when effect of the expansion is balanced by the tendency of a
parallel adsorption, we expect maxima in the number of
adsorbed polymers, perpendicular extension, and number of
beads in tails. .

The width of the adsorbed layer is only 2—3 A for rod-like
polymers, but 6—7 A for flexible ones (Figure 1a). This
supports the conception that flexible polymers retain much
of their conformational degrees of freedom in the adsorbed
state. The bond order analysis (Figure 5) and snapshots
(Figure 6) clearly demonstrate the disordered adsorbed state
of the flexible polymers along with the nematic order of the
rod-like polymers. We have not made a systematic extension
of our simulations to see if the defects of the nematic order
observed are a result of insufficient length of the simulations
or true equilibrium properties of the systems.

5.2. Dynamic Properties. The sequence of the adsorption
phases appearing for the adsorption of a single polymer
under different polymer flexibilities and adsorption
strengths has previously been described®' using a similar
approach. There we divided the adsorption into three con-
secutive phases with increasing time scales: (i) initial distor-
tion phase, where the polymer becomes deformed by its weak
attraction to the solid surface, (ii) attachment phase where
the polymer starts to physically attach to the surface and
partly spread on it, and (iii) relaxation phase where the
adsorbed polymer attains full in-plane equilibrium. For a
flexible 20-bead long polymer at the intermediate bead—sur-
face interaction strength, the lengths of the three phases were
2, 20, and 50 ns, respectively.

Here, we have in more detail examined the appearance of
additional structural relaxation mechanisms appearing dur-
ing the adsorption of polymers from good solvent. We have
found that for flexible polymers a reduction of the parallel
extension appears at a late stage of the adsorption. Maximal
parallel component of the radius gyration, minimum number
of beads in tails (Figure 9a), and maximum number of beads
in trains (Figure 9¢) appear about ¢ = 20—30 ns, thus
interfering the final parallel relaxation appearing for isolated
adsorbed polymers. This fourth relaxation mechanism lasts
for r ~ 100—200 ns. The relaxation time increases with
increasing bead—surface interaction strength. The similarity
of the relaxation time of this fourth phase and 7’ of the
number of adsorbed polymers makes it tentative to conclude
that the increased surface pressure of the increasing number
of polymers drives this conformational change of adsorbed
polymers. Such a final relaxation mechanism of flexible
polymers adsorbing onto solid surfaces involving an in-
creased thickness of the adsorbed polymer layer has pre-
viously been deduced from experimental adsorption studies
by Fu and Santore,* predicted by Hasegawa and Doi using
mean-field theory,'® and seen in our previous study with &, =
2.5 kJ /mol.32 Here, we have have shown that this final
structural relaxation becomes more important at increasing
bead—surface attraction and prominent at strong bead—sur-
face attraction.

The final structural relaxation mechanism of the adsorp-
tion of rod-like polymers is of a different nature. We have
seen that the relaxation of the radius of gyration and of tail,
loop, and train characteristics now become monotonic with
longer time relaxation times as compared to flexible poly-
mers. Moreover, the relaxation of adsorbed polymers dis-
plays a long tail after an initial adsorption of similar rate as
for flexible polymers. Our analysis points to that the final
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relaxation toward full equilibrium involves the formation of
larger domains of nematic order in the adsorbed polymer
layer. The formation of such domains develops on a time
scale comparable to the full simulation length (Figure 11).
This process appears to be completed for the weakest
bead—surface interaction; however, a slight disagreement
among the MC data with R,, > 20 A for g = 2.5and 3.5kJ/
mol (data not shown) indicates that we have not yet reached
complete equilibrium structures at these conditions and
confirms the slow merging of domains with different nematic
directions both in the MC and BD simulations.

By examination of the probability function of adsorption
times, we have (i) found that newly adsorbed polymers are
more likely to desorb than polymers that have been adsorbed
for a longer time, (ii) defined and determined integration
times for polymers to become fully integrated in the ad-
sorbed layer, and (iii) determined the residence time of fully
integrated polymers.

The observed increase of integration time and residence
time of fully integrated polymers at increasing effective
polymer—surface attraction (achieved by either increasing
bead—surface attraction at fixed polymer stiffness or in-
creased polymer stiffness at fixed bead—surface attraction)
could be understood as follows. At increasing effective
polymer—surface attraction, the number of adsorbed bead
increases (Figure 2a). This will reduce the space available and
concomitantly reduce the probability for a newly and en-
ergetically weakly adsorbed polymer to become more firmly
anchored, and hence 7;,, increases. Furthermore, polymers
already integrated in the adsorbed layer become more
strongly adsorbed making them less likely to desorb and
hence 7,., increases.

Finally, the integration and residence times are well de-
termined as long as the sampling interval of adsorbed poly-
mers is not too coarse. However, the magnitude of the initial
drop in the probability distribution of the adsorption time is
affected by the sampling interval.

6. Conclusions

Adsorption of uncharged 20-mers onto planar surfaces from a
good solvent has been studied for various bead—surface attrac-
tions and different intrinsic stiffnesses of the polymers. Equilib-
rium adsorption properties of 40 systems were determined by
Monte Carlo simulations, and the adsorption processes of 16 of
these were determined by Brownian dynamic simulations.

Static and dynamic properties of the polymers were analyzed
by monitoring bead and polymer density profiles, parallel and
perpendicular components of the radius of gyration, number of
beads residing in tails, loops, and trains, and degree of nematic
bond order of the adsorbed layer. Furthermore, adsorption and
desorption rates as well as integration time and residence time
of fully integrated polymers have been determined. The inte-
gration time is taken as the adsorption time needed to obtain a
first order desorption kinetics. Our main conclusions are as
follows:

(A) For the flexible polymers, the adsorbed structure
involved two polymer layers, whereas for stiff poly-
mers only a single polymer layer was formed.

(B) At increasing stiffness, the number of adsorbed
polymers, the extension of the adsorbed polymers
perpendicular to the surface and the number of
beads in tails displayed a maximum. These extreme
points are proposed to be related and a balance of
the general expansion of polymer coils at increasing
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stiffness and the propensity for parallel adsorption
of stiff polymers.

(C) In addition to the slow spreading on the surface of
single adsorbed polymers, an even slower adsorp-
tion mechanism appeared at adsorption from solu-
tion of flexible polymers. This relaxation involves a
lateral compression and an increased extension
perpendicular to the surface originating from the
osmotic pressure of the surrounding adsorbed poly-
mers. Its importance becomes larger with increasing
bead—surface attraction.

(D) The final relaxation mechanism appearing at ad-
sorption from solution of rod-like polymers was
even slower than for flexible polymers and involved
the formation of a nematic-like order of the ad-
sorbed layer.

(E) Disregarding the initial adsorption, the net adsorp-
tion rate was controlled by the low probability of
newly adsorbed polymers to become integrated in
the adsorbed layer.

(G) The time for a polymer to become fully integrated
into the adsorbed layer was defined. This integra-
tion time and the residence time of fully integrated
polymers increase with increasing polymer stiffness
and increasing the bead—surface interaction
strength.
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