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ABSTRACT: We report computer simulations of single-chain polymer adsorption dynamics. The time
required for adsorption is obtained as a function of the chain length and chemical composition of homopolymers,
diblock copolymers, and random copolymers. The copolymers are composed of type A segments that adsorb
strongly (10 kgT per segment) and type B segments that have no attractive interactions with the surface;
homopolymers are composed exclusively of type A segments. A relaxation function for adsorption is defined
as a normalized number of adsorbed segments; it is calculated by averaging over hundreds of statistically
independent adsorption trials. Relaxation is nonexponential at short times, while at intermediate times the
relaxation is described by a single time constant. At the longest times, a few long-lived nonequilibrium states
are observed, and the relaxation is again nonexponential. A relaxation time for adsorption is defined as the
time constant for the relaxation in the intermediate region. This relaxation time varies with the chain length
of homopolymers according to a power law, with an exponent equal to 1.50 £ 0.04 when excluded volume
interactions are ignored and 1.58 £ 0.04 when excluded volume interactions are enforced. For diblock
copolymers, the adsorption time of single chains is almost independent of the nonadsorbing (type B) block
length. For random copolymers with a fixed number of adsorbing segments, the chain length scaling of the
adsorption time is similar to the scaling of the relaxation time of the end-to-end vector autocorrelation
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function in free and tethered chains.

1. Introduction

Polymer-solid interfaces are present in a number of
technologically important material systems, including
composite materials, adhesives, and colloidal dispersions.
The widespread use of adsorbed polymers has motivated
extensive study of these systems through theory, computer
simulation, and experiment. As a result, the structural
properties of adsorbed polymers at equilibrium are now
fairly well understood.!-* Many questions remain, how-
ever, about the important subject of polymer adsorption
dynamics. First, several experimental®? and theoreticall0-15
studies suggest that adsorbed polymer layers form long-
lived nonequilibrium states. It is presently difficult to
characterize the structure of these nonequilibrium ad-
sorbed layers, because their structure depends strongly
on the details of the kinetic pathways that are available
during adsorption. Second, many commercially relevant
polymer-solid interfaces are composed of several surface-
active polymeric species that may differ in chain length,
surface affinity, chain architecture, and chemical com-
position. Given that adsorbed polymer layers have very
long structural relaxation times, the interfacial structure
in a mixture of several species may be kinetically, rather
than thermodynamically, controlled. In other words,
surface-active species that are thermodynamically favored
at theinterface may never reach their equilibrium adsorbed
configurationsif other species adsorb more rapidly during
the fabrication process. Therefore, itis important toobtain
general relationships or scaling laws that describe the
dependence of polymer adsorption kinetics on chain length
and chemical composition. Once these scaling laws are
known, they can be used to assess the effects of processing
conditions on the structure of nonequilibrium adsorbed
layers, to judge whether a given interfacial structure is
thermodynamically or kinetically controlled and to op-
timize the fabrication of polymer-solid interfaces.

The procedures used to fabricate polymer-solid inter-
faces involve many dynamical processes. Adsorptionfrom
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solution, for example, requires mass transport from the
bulk polymer solution to the interfacial region, adsorption
of individual chains onto the solid surface, buildup of the
adsorbed polymer layer, and, ultimately, relaxation toward
equilibrium.1® The present study addresses only one of
the processes listed above: the adsorption of single polymer
chains from a good solvent onto a flat, solid surface. We
study the adsorption dynamics of homopolymers and
obtain the scaling relationship between the adsorption
time and the chain length. We also conduct simulations
of the adsorption of diblock and random copolymers in
order to study the effects of copolymer composition on
adsorption dynamics.

The structural properties of isolated adsorbed homo-
polymers have been studied thoroughly by Monte Carlo
simulations,’™1° Brownian dynamics,?® and analytical
theories.212 The equilibrium adsorption of a certain class
of random copolymers (those with only a few strongly
adsorbing segments) has been treated theoretically,? and
lattice-based Monte Carlo simulations of copolymer
structure at solid surfaces have recently appeared.2425 In
contrast, however, only a few theoretical or computational
studies of the dynamical properties of dilute adsorbed
polymers have been reported. Poland?® has formulated a
kinetic theory for adsorption of short chains; Hahn and
Kovac?’ have performed Monte Carlo simulations of a
tethered, but otherwise nonadsorbing chain on an FCC
lattice; Konstadinidis et al.2 have characterized the
distribution of loops and tails that remain after a dynamic
simulation of irreversible adsorption; and Cosgrove et
al.2%.30 have used Monte Carlo simulations of single chains
on cubic lattices to look qualitatively at the dynamics of
adsorption in weakly and strongly adsorbing regimes.

The present study differs from the ones cited above in
several respects. First, we focus directly on the dynamics
of adsorption from dilute solution by defining a relaxation
function in terms of the evolution of the number of
adsorbed segments. From the relaxation function, we
extract a relaxation time for adsorption and establish
scaling laws for the dependence of the relaxation time on
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chain length and copolymer composition. Second, many
of the previous studies have been concerned with tethered
chains. Here we simulate the adsorption of chains that
begin in a configuration that would result from mass
transport from bulk solution to the surface; segments in
the middle of the chain are often the first to adsorb. Third,
we allow the adsorbed polymer segments to diffuse in the
plane of the surface. Surface diffusion is expected to be
an important contribution to the overall mobility of a
partially adsorbed polymer. On metal surfaces, for
example, the activation energy for surface diffusion of
physisorbed alkanes is typically only a small fraction of
the adsorption energy.’! In fact, molecular dynamics
simulations of alkanes adsorbed on transition metal
surfaces have shown that the adsorbed molecules retain
a large amount of translational freedom.3233

2. Computational Method

2.1. Bond Fluctuation Model. The most realisticand
detailed theoretical description of polymer adsorption
dynamics would be one provided by molecular dynamics
(MD) simulations of polymer chains in a solvent near an
attractive surface. However, polymer adsorption occurs
on time scales beyond those that are currently accessible
toMD simulations. For example, polymer chains as short
as eight repeat units require more than 1019 s to adsorb
when the segment-surface interaction energy is approxi-
mately 10 kpT;1215 full MD simulations of longer chains
are not computationally feasible. Another computational
consideration arises because polymer adsorption is a
nonequilibrium phenomenon. Toaccumulate appropriate
nonequilibrium averages, simulations must be performed
for many independent initial conditions. Since many
simulations must be performed over very long time scales,
the polymer adsorption dynamics must be described by
a coarse-grained model that uses a reduced level of detail.
Dynamic Monte Carlo simulations of polymer chains on
lattices3 are one suitable class of coarse-grained models.

In the present study, the polymer structure and
dynamics are represented by the three-dimensional (3-D)
bond fluctuation model (BFM), originally developed for
bulk systems by Deutsch and Binder.3> This model is a
variant of a two-dimensional (2-D) fluctuating bond model
introduced by Carmesin and Kremer.% Inthe 3-D BFM,
polymer segments occupy eight neighboring sitesthat form
a cube on a simple cubic lattice.3” The excluded volume
condition can be enforced by forbidding double occupancy
of lattice sites. Bonded polymer segments are connected
by bond vectors, b = (b,,b,,b,), that run between the centers
of the cubes that define the locations of the polymer
segments. A unique feature of the BFM isthatthelengths
of the bond vectors can take several values.?% By allowing
the bond lengths to fluctuate, the polymer chain con-
figurations can evolve through local displacements of single
polymer segments and still maintain chain connectivity.
In the implementation of the BFM used here, each move
in the Monte Carlo simulation involves a trial displacement
of a polymer segment chosen at random by one lattice
unit in a randomly chosen direction. In other words, the
displacement vector, Ab, satisfies

Ab € P(1,0,0) (1)

where P(x,y,z) denotes the set of all distinct permuta-
tionsand inversions of the triplet (x,y,2). For example,

P@1,0,0) =
{(1,0,0),(0,1,0),(0,0,1),(_1,0,0),(0,—1 ,0),(0,0,—1)} (2)
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The displacement of a given segment during a trial move
changes the bond vectors between the moving segment
and its bonded neighbors along the chain. The Monte
Carlo moves are accepted only if the new bond vectors are
members of the set

P2,00 | P10 JPein JPe2n |
P3,0,0 | PG3,10) 3)

When excluded volume interactions are enforced and the
trial displacements satisfy eq 1, the bond vector restrictions
given in eq 3 ensure that the polymer chain cannot pass
through itself.3> The BFM therefore accounts for both
excluded volume and entanglement constraints in a
computationally efficient manner. Note, however, that
the model does not account for hydrodynamic interac-
tions.38

The 2-D and 3-D bond fluctuation models have been
used extensively in simulations of polymer dynamics.3%-41
The success of these models in describing flexible polymers
has come from the degree of realism that is incorporated
in the models despite the artificial imposition of a lattice.
As noted by the original authors,:3¢ the fluctuations in
the lengths of the bond vectors correspond to the natural
fluctuations in the Kuhn segment length of real polymers.
Another advantage of the BFM is the high effective
coordination number of the lattice: each bond vector has
108 possible orientations in the 3-D BFM, in contrast to
6 orientations for bond vectors of unit length on a simple
cubic lattice. The high coordination and the flexibility of
bond vectors allow for the generation of new configurations
in the middle of the polymer chain. As a result, the BFM
is ergodic.#2 It also avoids problems that can arise for
self-avoiding chains in lattice Monte Carlo models that
maintain constant bond lengths,43:44

In the absence of a surface, a dynamic Monte Carlo
(DMC) simulation of a free polymer with N segments
proceeds as follows: (1) a polymer segment and trial
displacement are chosen at random; (2) a test is performed
to see if the excluded volume and bond vector constraints
are satisfied; (3) if the constraints are not satisfied, the
move is rejected; (4) if the constraints are satisfied, the
moveis accepted. Thesimulation clock is updated by one
unit after N moves have been attempted. Therefore, the
fundamental unit of simulation time is one Monte Carlo
pass (MCP), which consists of N attempted moves of
individual polymer segments. On average, then, each
segment of the polymer chain is subject to one trial
displacement per Monte Carlo pass. For simulations of
isolated polymers, the BFM reproduces Rouse dynamical
scaling:36

D~ N1 4)
g ~ (N - 1)*® (5)

where D is the self-diffusion coefficient and 7g is the
relaxation time of the end-to-end vector autocorrelation
function (the rotational relaxation time).3® The scaling
exponent for 7y is given by

ag =1+ 2 (6)

where v is the scaling exponent of the mean-square end-
to-end distance. For polymers in three dimensions, v =
/4 in the absence of excluded volume interactions, and v
=~ 0.588 when excluded volume interactions are present.*

2.2. Surface Model. Animpenetrable, flat surface is
easily introduced into the BFM by placing a hard wall at
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Figure 1. Two-dimensional schematic view of an adsorbed
polymer as it is represented in the three-dimensional bond
fluctuation model. The view is parallel to the surface, along the
x axis. Polymer segments are represented by the shaded squares,
although of course they are actually cubes on a three-dimensional
lattice. Bonds between segments are represented by the dark
line segments. For clarity, the underlying lattice is not shown.
Open arrows denote attempted Monte Carlo moves that cor-
respond to surface diffusion and are acceptable based on the
excluded volume and bond length restrictions; these moves would
be subject to an activation barrier of E,,. Filled arrows denote
attempted Monte Carlo moves that correspond to desorption
and are acceptable based on the excluded volume and bond length
restrictions; these moves would be subject to an activation barrier
of E..

lattice plane z = 0. The polymer chain is confined to the
half-space z = 1, and polymer segments in lattice plane
z =1are considered to be adsorbed. The polymer-surface
interactions are modeled by introducing activation energies
for the motion of adsorbed segments. In general, we can
impose an activation barrier E,, for motion that cor-
responds to surface diffusion and an activation barrier E,
for motion that corresponds to desorption. A schematic
view of an adsorbed polymer modeled by the BFM is
presented in Figure 1.

In the presence of a surface, each Monte Carlo move
proceeds as follows: (1) a polymer segment and trial
displacement are chosen at random; (2) a test is performed
to see if the excluded volume and bond vector constraints
are satisfied; (3) if the constraints are not satisfied, the
move is rejected; (4) if the constraints are satisfied and
the segment was not adsorbed prior to the attempted move,
the move is accepted; (5) if the constraints are satisfied
and the attempted move is a displacement parallel to the
surface in lattice plane z = 1 (surface diffusion), the move
is accepted with probability p = exp(-E.,/kgT); (6) if the
constraints are satisfied and the attempted move is a
displacement from lattice planez = 1 toz = 2 (desorption),
the move is accepted with probability p = exp(-E,/kgT);
(7) if the attempted move is a displacement from lattice
plane z = 1 to z = 0 (surface penetration), the move is
rejected. As in simulations without a surface, the simula-
tion clock is updated by one unit (one Monte Carlo pass)
after N moves have been attempted. The activation energy
for desorption, E,, is equivalent to the adsorption energy
persegment.*® Therefore, E,/kgT determines the number
of adsorbed segments at equilibrium. The activation
barrier for surface diffusion, E,,/kgT, affects adsorption
dynamics, but not equilibrium properties.#’” Since the
excluded volume interactions are athermal, temperature
enters the simulations only through E,,/kgT and E./kgT.

For the homopolymers in the present study, each
segment is made to adsorb strongly, with adsorption energy
E./kgT = 10. For comparison, the surface interaction
parameter, xs, for poly(methyl methacrylate) (PMMA)
adsorbing on oxidized silicon is approximately 4 at room
temperature.” Although precise values of E., for polymer-
solid systems are difficult to obtain, the ratio of E,,/E,
typically ranges from 0.1 to 0.3 for short alkanes adsorbed
on metal surfaces.3! In preliminary studies, the value of
the activation barrier for surface diffusion was varied from
E.,/kgT = 0 to E,,/kgT = 2. The rate of adsorption
decreased as E., increased, but the overall effect of E,, on

Computer Simulation of Polymer Adsorption Dynamics 2989

Table 1. Simulation Parameters®

N M Tbulk L:y Lz Ps

10 1000 1000 40 250 0.0250
20 500 5000 57 250 0.0246
30 333 10000 70 250 0.0245
40 250 25000 80 250 0.0250
50 200 40000 90 250 0.0247
60 167 60000 98 250 0.0250
80 125 100000 113 250 0.0251

aN is the total number of segments, M is the number of
independent adsorption trials, 7y is the bulk equilibration time in
units of Monte Carlo passes, L.y and L; are the simulation box lengths,
and pg is the surface density corresponding to a fully adsorbed
homopolymer chain, as calculated by eq 8.

the adsorption dynamics was rather small. In sections 3
and 4, we present results only for E,,/kpT = 0. Lateral
motion is probably much more restricted when adsorption
occurs through hydrogen bonding, chemisorption, or a
specific chemical interaction. A systematic exploration
of the effects of the activation energies E,, and E, will be
the subject of future work.

When treating copolymer adsorption, we distinguish
between strongly adsorbing segments, labeled type A
segments, for which E,,/kgT = 0 and E,/kgT = 10, and
nonadsorbing segments, labeled type B, for which E.,/
kgT =0 and E,/kgT = 0. By comparison, the homopoly-
mers are composed entirely of type A segments. We do
not include any energetic interactions between the type
A and ‘B segments of the copolymers other than the
excluded volume interaction; the segments differ only in
their interactions with the surface. As a result, these
copolymers would not exhibit any of the interesting bulk
phase segregation phenomena that are observed in many
real copolymers.48-50

2.3. Imitial Configurations. Many statistically in-
dependent realizations of the adsorption process must be
simulated in order to accumulate reliable measures of the
adsorption dynamics. For each chain length, N, we
simulate M independent adsorption trials so that the
product NM = 10000. (Table 1 contains the simulation
parameters for each chain length studied.) Statistically
independent initial configurations for each chain length
are generated as follows: First, a single chain is grown in
a box of length L = 100 in which periodic boundary
conditions are applied in all coordinate directions. (No
surfaceis present.) The chain growth proceeds by picking
a starting point at random, adding bond vectors chosen
at random from the reduced set

P2,0,0) [J P10 |J PeLD JP@B00 (D

and rejecting additions that violate the excluded volume
condition. Using the reduced set of bond vectors in eq 7
instead of the full set given in eq 3 ensures that no bond
crossings are present in the initial configuration.?® When
no bond crossings are present initially, the dynamic Monte
Carlo rules that employ the full set of bond vectors ensure
that no bond crossings will arise during the course of the
dynamics.? After the free chain is grown randomly, it
subject to the MC algorithm given in section 2.1 (with no
surface present) for a period of 10 7, Monte Carlo passes
(MCP), where 7y is a bulk “equilibration time” that is
approximately equal to the rotational relaxation time, 7g.
(The values of Ty for each chain length are given in Table
1.) During this equilibration time, the end-to-end distance,
radius of gyration, and bond lengths assume their equi-
librium values. After the equilibration period, the polymer
chain is subject to the MC algorithm for a period of M rp,yx
MCP. The polymer configuration is recorded after each
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interval of rpux MCP. The M configurations that are
generated are then used for the independent adsorption
trials that are discussed below. The simulations of
homopolymers, diblock copolymers, and random copoly-
mers use the same sets of initial configurations; they differ
only in the chemical identity assigned to the polymer
segments.

2.4. Adsorption Trials. The simulations were per-
formed for a single polymer chain within a simulation box
of dimensions L,, X L,, X L,. In all simulations reported
here, L, = 250. The adsorbing surface is present at z =
0. Another impenetrable surface is present at z = L, +
1, but this upper surface does not affect the adsorption
that occurs on the lower surface because L, is much greater
than any linear dimension of the polymer chains. (For
example, the root mean square end-to-end distance (R2)1/2
=35for N=80.) Periodic boundary conditionsare applied
in the x and y directions. As the chain length varies, the
surface density, pg corresponding to a fully adsorbed chain
is kept approximately constant by adjusting L, according
to

ps = 4N/L,.} ®)

The factor of four is included because each adsorbed
polymer segment in the BFM covers four lattice sites on
thesurface. Table 1lists the box sizes and surface densities
for each chain length.

Each adsorption trial begins with a partially adsorbed
polymer chain, so that we can focus on the adsorption
process itself rather than the diffusion of chains from the
bulk solution to the surface. The initial adsorbed con-
figurations are generated as follows: One of the M free
chains that has been obtained from the algorithm discussed
in section 2.3 is translated (without changing its internal
configuration) in the z direction until at least one of its
segmentsis in lattice planez = 1. (Insome configurations,
more than one segment is initially located at z = 1. King
and Cosgrove® discuss how the number of initially
adsorbed segments varies with chain length.) For the
homopolymers, each segment is of type A and adsorbs
strongly, so the translation operation results in a partially
adsorbed polymer that defines the initial condition.

To generate partially adsorbed copolymers, the copoly-
mer compositions must be chosen in accord with the initial
configurations. Forrandom copolymers, the first segment
along the chain that is in lattice plane 2z = 1 is assigned
the identity of type A, and then the remaining type A
segments are assigned by picking segments at random and
labeling them type A segments. This procedure produces
“ideal” random copolymers in which the chemical identity
of each segment is statistically independent of the identi-
ties of every other segment. However, the statistical
properties of the random copolymers in the present study
are not exactly the same as the properties of the polymers
that are described in previous studies of random copolymer
thermodynamics.#®% In refs 49 and 50, the number of
type A segments fluctuates from chain to chain around its
average value, paN, where pa is the probability of a given
segment being of type A. Here, all random copolymers
have exactly N adsorbing segments; there is no fluctuation
from one adsorption trial to the next.

For diblock copolymers in which N = N/2, the segment
types are assigned so that the adsorbing block of type A
segments contains at least one of the segments in lattice
plane z = 1.5 Diblock copolymers for which Ny < N/2
must be treated differently. If any segment that is in
contact with the surface is in a position j along the chain,
where j < Nj or j > N — N,, then we assign the adsorbing
block to the end of the chain that will include a segment
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inlattice plane z = 1. Itis possible, however, that the only
segments that are in contact with the surface are those
with positions along the chain j, where Ny <j < N - Ny,
In this case, neither assignment of the adsorbing block
will include any segments initially in contact with the
surface. We then translate the polymer back into the
center of the box and execute the MC algorithm for free
chains, given in section 2.1, until the polymer chain adopts
a configuration in which the segment that is nearest to the
surface (and will be in contact with the surface after the
translation operation) is in a position j along the chain
where j < Ny or j > N — Na. Following the translation,
the segment assignments result in an adsorbing block in
contact with the surface.

2.5. Relaxation Function and Relaxation Time.
The generation of the initial partially adsorbed configura-
tion and the assignment of the copolymer composition
define the time origin, ¢ = 0. The MC simulations then
begin according to the algorithm described in section 2.2.
As the simulations proceed, the number of adsorbed
segments, n(t), is monitored. (The number of adsorbed
segments is defined as the number of type A segments
that are in the lattice plane z = 1.) The adsorption
dynamics are quantified by defining a relaxation function
for adsorption, g(¢), as follows:

_ n(t) - Meq

q(t) 9)

") - Mg

where n(t) is the number of segments adsorbed at time ¢,
n(0) is the number of segments adsorbed at time ¢ =0, and
Neq is the number of segments adsorbed at equilibrium.
Since the type A segments adsorb strongly with E,/kgT
= 10, neq is almost exactly equal to the number of type A
segments; we take neq = N for homopolymers and ny =
N, for copolymers when calculating q(¢). The relaxation
function is computed by averaging over the M independent
adsorption trials. For homopolymers and diblock copoly-
mers, the trials are made to be independent by using
different initial configurations. For random copolymers,
both the initial configuration and chemical sequence are
independent from trial to trial.

A relaxation time can be defined in terms of the
relaxation function in several ways. By performing the
adsorption simulations and computing the relaxation
function, we have found that g(t) decays exponentially
during most of the adsorption process. Thus, we define
our relaxation time for adsorption, 7, as the time constant
of the exponential decay of the relaxation function in the
region 0.10 < q(t) < 0.50. More precisely, the relaxation
function is fit to the functional form

q{t) = c exp(-t/7) (10)

in the specified region, where exponential relaxation is
always observed, and the relaxation time, 7, is taken from
the best fit. Alternatively, the relaxation time could be
defined by the time integral of the relaxation function:

T = o q) dt (11)

where 7, denotes the alternative definition. If the decay
of q(t) is purely exponential over the entire time range,
then the two definitions in eqs 10 and 11 are equivalent.
The relaxation functions obtained from the simulations
are not purely exponential however; instead, they contain
long-time tails that are due primarily to a few long-lived
partially desorbed states. We discuss the nature of these
states in detail in section 3.2. For the purpose of defining
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Figure 2. Semilogarithmic plot of the relaxation function, g(t),
defined by eq 9, for a homopolymer of chain length N = 20. The
relaxation function was obtained by averaging over M = 500
independent adsorption trials. The time units are Monte Carlo
passes (MCP). Filled circles are the data obtained from the
simulations. The line is a fit to g(t) = ¢ exp(-t/7) using the data
in the region 0.10 < g(t) < 0.50.
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Figure 3. Same as Figure 2 for N = 80 and M = 125.

the relaxation time, we state here only that the lifetimes
of these states may be artifically too large in the present
lattice model, so allowing them to contribute significantly
to the relaxation time seems to be unwarranted. The
relaxation time, 7, that is obtained from eq 10 serves as
a more robust quantitative measure of the relaxation
dynamics.52

3. Adsorption Dynamics: Homopolymers

In this section we present the results of the 3-D BFM
simulations of homopolymer adsorption dynamics. Fig-
ures 2 and 3 show the relaxation function for the adsorption
of homopolymers of length N = 20 and N = 80 in the form
of a semilogarithmic plot. At short times when g(t) >
0.50, the relaxation is nonexponential. Although it is not
shown in Figures 2 and 3, ¢(¢) can be represented in this
region by a superposition of exponential functions. Over
most of the adsorption period, when 0.05 < g(t) < 0.50,
the relaxation function can be described by a simple
exponential decay. At long times, however, ¢(¢) begins to
deviate from exponential decay, and the relaxation is much
slower than predicted by the time constant describing the
exponential region. We will return to the discussion of
this long-time region in section 3.2.

3.1. Dynamical Scaling. The quality of a single-
exponential description in the region 0.10 < q(¢) < 0.50
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Figure4. log-log plot of the adsorption time for homopolymers,
Tup, in units of Monte Carlo passes (MCP), as a function of the
number of bonds, N - 1. Open circles denote phantom chains
with no intrachain excluded volume interactions; filled circles
denote self-avoiding chains for which excluded volume interac-
tions are enforced. In this figure and in Figures 610, the error
bars indicate 95% confidence intervals. The twolines correspond
to eq 12 with o = 1.50 for the phantom chains and « = 1.58 for
the self-avoiding chains.

is illustrated by the solid lines through the simulation
data in Figures 2 and 3. As discussed in section 2.5, we
use the time constant of the exponential decay in this
region to define the relaxation time for adsorption. The
relaxation times that are generated from the simulation
data have been used to obtain scaling laws for the
dependence of the relaxation time on homopolymer chain
length. Figure 4 presents a plot of the adsorption time,
T4p, as a function of the number of bonds in the
homopolymer, N — 1, for two cases: phantom chains with
no intrachain excluded volume interactions and self-
avoiding chains for which excluded volume interactions
areenforced. (Inboth cases theset of allowed bond vectors
is the same and is given by eq 3.) Also shown in Figure
4 are the best fits of the relaxation times to the power law

Typ ~ (N" 1)“ (12)

Equation 12 describes the data very well over the region
of chain lengths that have been studied; the power law
exponents are « = 1.50 & 0.04 for homopolymers without
excluded volume and « = 1.58 = 0.04 for homopolymers
with excluded volume.5354 The exponent o = 1.50 % 0.04
for adsorption without excluded volume is suggestive of
an exact scaling law, o = 3/;, but we have not found any
theoretical estimates of this quantity in the literature.

The simulation results show that the relaxation time
for adsorption is a weaker function of chain length than
the end-to-end vector relaxation time for free®® and
tethered?’ polymer chains. Hahn and Kovac?? have found
that end-to-end vector relaxation times for tethered chains,
TR,T, &re approximately 3 times larger than those for free
chains; however, the presence of an impenetrable surface
does not change the scaling of the relaxation times with
chain length. Hahn and Kovac obtain

TR,T ~ (N— l)aR‘T (13)

with agr = 1.95 for tethered chains without excluded
volume and ag T = 2.16 for tethered chains with excluded
volume.?” These scaling exponents are consistent with
those given by eqs 5 and 6 for free chains. A simple, but
ultimately incorrect, scaling argument based on diffusive
modes of motion suggests that the scaling of ryp with chain
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Figure 5. Illustration of a representative nonequilibrium
configuration that persists for long times in a homopolymer with
N = 20 segments. The view is along the z axis, looking down
from above the surface. Shaded squares denote adsorbed
segments in lattice plane z = 1. Thin lines represent bonds
between adsorbed segments. Unshaded squares with bold
outlines denote desorbed segments in lattice plane z = 3. Bold
lines represent bonds between adsorbed segments and the
desorbed segments. Both desorbed segments are immobile in
the current configuration because of the excluded volume and
bond vector restrictions.

length will also be consistent with eqs 5 and 6.5 The
exponents obtained from the simulations are o = 1.50 and
a = 1.58, however. By comparing the true scaling
exponents for ryp with those for 7g and g T, we conclude
that the modes of relaxation that are important for the
adsorption of homopolymers differ from those that are
important for configurational relaxation in free polymers
and tethered chains.

The difference between adsorption dynamics and
configurational relaxation arises because the presence of
an adsorbing surface disrupts the isotropic diffusive motion
that is characteristic of the Rouse modes in the absence
of a surface. (The adsorbing surface in the present work
acts like a sink for the diffusing polymer segments rather
than as a reflecting barrier as in the simulations of Hahn
and Kovac.) It is certainly reasonable to find a weaker
scaling for 7yp than for g and 7g T. Each segment that
adsorbs brings its bonded neighbors very close to the
surface, and they then have a high probability of adsorbing
in ashort period of time. One intuitive picture that arises
is of adsorption occurring by a “zippering” process, in which
the segments adsorb sequentially once the first segment
has arrived on the surface. The real adsorption dynamics
must be more complicated, however, because a pure
zippering process should give rise to an adsorption time
that scales linearly with N. Processes like zippering do
occur, however, in systems like PMMA adsorbing on
aluminum, where strong and specific segment-surface
interactions lead to highly cooperative dynamics.!*

3.2, Nonequilibrium Configurations. Long-lived
nonequilibrium configurations develop in a small fraction
of the homopolymer adsorption trials that are conducted
inthe presence of excluded volume constraints. AsFigures
2 and 3 suggest, several chains of length N = 20 and N =
80 remain in partially desorbed nonequilibrium states at
times exceeding 10 000 MCP and 100 000 MCP, respec-
tively. A typical nonequilibrium configuration is sketched
in Figure 5 for a homopolymer with N = 20 segments.
These nonequilibrium configurations usually involve one
segment that hovers several lattice units above the surface
inaregion thatislocally crowded with adsorbed segments.
Due to the combination of excluded volume and bond
vector restrictions, the two segments that remain desorbed
in Figure 5 are completely immobile; their mobility can
be restored only when their bonded neighbors desorb or
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Figure 6. log-log plot of the adsorption time for diblock
copolymers, Tpc, as a function of total chain length, N, for several
adsorbing block lengths, Na.

their nonbonded neighbors diffuse out of the region below
them. The rate of desorption of bonded neighbors is
limited by the large activation barrier, E,; the surface
diffusion of the other nearby segments is also suppressed
because of the high local concentration of adsorbed
segments and the bond vector restrictions that are imposed
by the lattice representation. Since the BFM artifically
discretizes segment positions and bond vectors, we believe
that these particular structures within the BFM relax more
slowly than real polymers or comparable structures in off-
lattice simulations. In this respect, these nonequilibrium
structures are artifacts of the lattice representation of the
polymer structure and the particular rules that were chosen
for the dynamic Monte Carlo simulation.’® Nevertheless,
these structures should be qualitatively representative of
highly twisted and constrained configurations that will
exist during the adsorption of flexible polymers. The
primary difference is that real polymers can accommodate
strain along the backbone bond and torsion angles in order
torelax any twisted structures that form during the course
of adsorption.

Even if these nonequilibrium structures are primarily
due to the lattice representation, their quantitative effect
on the relaxation function, g(t), is very small, because only
a small fraction of the initially adsorbed configurations
evolve into nonequilibrium configurations like the one
illustrated in Figure 5. Furthermore, the number of
nonadsorbed segments in these structures is typically no
more than 10% of the total number of segments. Thus,
the nonequilibrium structures contribute to g(t) only at
long times when g(t) < 0.05. Therefore, the presence of
these nonequilibrium configurations should not affect the
relaxation times that are obtained from g(t), because g(t)
is fit to an exponential decay in the intermediate time
region where these highly constrainted structures do not
contribute significantly to the relaxation function.

4. Adsorption Dynamics: Copolymers

4.1. Diblock Copolymers. We turn now to discuss
the adsorption of diblock copolymers for which excluded
volume interactions are enforced. (Copolymers without
excluded volume interactions were not studied.) Figure
6 shows the adsorption time for diblock copolymers, rpc,
as a function of total chain length, N, for several values
of the adsorbing block length, Ns. Conversely, Figure 7
shows mpc as a function of the number of bonds in the
adsorbing block, N - 1, for several values of N. Itisclear
that the time required for the adsorption of these isolated
diblock copolymers is determined predominantly by the
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Figure 7. log-log plot of the adsorption time for diblock
copolymers, rpc, as a function of the number of bonds in the
adsorbing block, N — 1, for several total chain lengths, N. The
line corresponds to eq 14 with 8 = 1.29.

length of the adsorbing block rather than the total chain
length. Thenonadsorbing block therefore must not impose
a significant steric constraint to the adsorption of the
adsorbing block. In Figure 6, for example, the relaxation
times for diblock copolymers with adsorbing block lengths
N, = 10 increase less than a factor of 2 as the total chain
length increases from N = 10 to N = 80. Nevertheless, the
impact of the nonadsorbing block can be seen in the
variation of rpc with Na.

The dependence of pc on N when N is fixed can be
described as follows:

Tpe ~ (N, - 1) (14)

with 8 = 1.29 £ 0.10.58 This power law scaling over the
range of chain lengths studied is shown in Figure 7. In
comparison to the homopolymer dynamicscalingineq 12,
one might expect 8 = ¢, since the nonadsorbing block has
only a weak quantitative effect on the diblock adsorption
when N, is held fixed. The discrepancy between a and
( arises, however, because the presence of the nonadsorbing
block alters the conformational statistics of the adsorbing
block. In other words, the structure of an adsorbing block
with N, segments in a self-avoiding copolymer of N total
segments is not the same as the structure of a homopolymer
with Ny segments. Specifically, the mean-square distance,
(R;?), between two segments i and j in a self-avoiding
chain depends on the total chain length, N, even when i
and j are fixed.5-5% Furthermore, the scaling of (R;?)
with [i - j| is not simply (R;;2) ~ |i - j|?; instead, the scaling
depends explicitly on N. The effects of the nonadsorbing
block on the static properties of the diblock copolymers
is then manifested in the dynamical scaling behavior as
given by eq 14. A word of caution is in order, however.
Since the static properties of the adsorbing blocks depend
explicitly on the total chain length N, the scaling law
coefficient 8, which describes the variation of the adsorp-
tion time with N, may also depend explicitly on N. The
range of chain lengths that has been studied is not large
enough to evaluate the precise magnitude of the variation
of 3with N. Asaresult,the asymptotic value of the scaling
exponent for eq 14 should be regarded as uncertain.
4.2, Random Copolymers. The adsorption of random
copolymers is qualitatively different from the adsorption
of homopolymers and diblocks. Figure 8 shows the
adsorption time for random copolymers, Trc, as a function
of the total number of bonds, N — 1, for several values of
Na; Figure 9 shows Tre as a function of Ny for several
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Figure 8. log-log plot of the adsorption time for random
copolymers, Trc, as a function of total number of bonds, N - 1,
for several numbers of adsorbing segments, Na. The bold line
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Figure 9. log-log plot of the adsorption time for random
copolymers, 7rc, as a function of the number of adsorbing
segments, N, for several values of the total chain length, N.

values of N. In contrast to diblock copolymers, the
adsorption time for random copolymers varies strongly
with both N at constant N and with N4 at constant N.
Perhaps a surprising result is that the relaxation times for
adsorption at a fixed value of N actually decrease as Ny
increases; even though more segments must adsorb, the
adsorption proceeds more rapidly. Since random copoly-
mers with large values of N will contain (on average)
longer sequences of type A segments, a segment-by-
segment adsorption mechanism (akin to “zippering”) may
be more important as the ratio Na/N increases.?

Random copolymers also differ from the other polymer
architectures in their dynamical scaling during adsorption.
The chain length dependence of rg¢ is much stronger than
that of ryp or 7pc. The solid line in Figure 8 represents
an approximate power law scaling of rgrc with N — 1 when
N, is fixed:

TRC ~ (N_ 1)7 (15)

with v = 2.24 + 0.04 when N = 10.53%¢ The exponent v
is greater than the exponents o and 8 from eqs 12 and 14
which describe the homopolymer and diblock copolymer
scaling. Instead, v is approximately equal to ag and ag T,
the scaling exponents for the end-to-end vector relaxation
time in free3® and tethered?” chains. This similarity
between random copolymer adsorption dynamics and
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function of the fraction of adsorbing segments in the random
copolymer, f = Na/N. The line is the scaling law given by eq 16
with ¢ = 0.66.

configurational relaxation can be explained as follows. As
Nincreases at constant N, the adsorbing segments become
diluted along the chain backbone. For N/N, > 1, the
partially adsorbed random copolymers will consist of long
tethered loops and tails in which each adsorbing segment
is, on average, separated from the next adsorbing segment
by N/Nj nonadsorbing segments. Considering the simu-
lations of Hahn and Kovac,? it is reasonable to expect
Rouse-like motion in these tethered subchains. The
approach of the next adsorbing segment to the surface
will then be limited by the diffusive motion of the loops
and tails, and this is reflected in the similar scaling
exponents for g, 7y, and 7re.

Another scaling relationship can be obtained by con-
sidering the ratio of the adsorption time, rrc(V4,N), of a
random copolymer with N, adsorbing segments and N
total segments to the adsorption time of a homopolymer
with the same total number of segments, Typ(N):

TR(;(N A,M

¢
(16)
Tap(V) !

wheref = Ns/Nis the fraction of adsorbing segments. The
exponent { can be obtained by considering a fixed value
of N and combining the random copolymer scaling of eq
15 with the homopolymer scaling of eq 12. The result is
{=v-a=0.66. As shown in Figure 10, the simulation
data are consistent with this scaling law, although the
quantity Tre(IVa,N)/ tup(NN) is scattered rather widely due
to the statistical uncertainty in the values of both 7gc and
rp that are obtained from the MC simulations.

5. Concluding Remarks

We have presented a computer simulation study of
single-chain homopolymer and copolymer adsorption
dynamics. The bond fluctuation lattice model of Deutsch
and Binder? has been generalized to include an impen-
etrable surface with activation energies for surface dif-
fusion and desorption, E,, and E,, respectively. In the
present study, specific values of E,, and E, were chosen
so that segments could adsorb strongly but retain trans-
lational freedom on the surface. For single diblock
copolymers, the adsorption time is nearly independent of
the length of the nonadsorbing block. The scaling
relationships of eqs 12 and 15 describe the dependence of
the adsorption times of single homopolymers and random
copolymers on chain length and composition. We should
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note, however, that the scaling exponents have been
obtained in the absence of hydrodynamic interactions. As
in the case of polymer dynamics in dilute solution, the
inclusion of hydrodynamic interactions may change the
value of thescaling exponents.3 Near asurface, the effects
of hydrodynamic interactions may be even more pro-
nounced. Further work will also be required to examine
adsorption dynamics in multichain systems at higher
concentrations.

Even though the simulation results are limited to the
initial stages of adsorption from dilute solution, they can
be used to illustrate several nonequilibrium phenomena
in polymer adsorption. For example, consider a dilute
bidisperse mixture of homopolymers that differ in chain
length by a factor of 3, and neglect the effect of chain
length on the rate of mass transport from solution to the
interface. When both species are present in solution at
volume fractions of 104, theoretical models predict that
the longer chains will adsorb preferentially and almost
completely exclude the shorter chains at equilibrium.61-64
Immediately following the exposure of a clean surface to
the bidisperse mixture, however, the shorter chains can
adopt adsorbed configurations approximately 5 times more
rapidly than the longer chains, based on the dynamic
scaling of eq 12. Thesurface coverage of the shorter chains
will then increase faster than the coverage of the longer
chains. As a result, the surface coverage of the shorter
chains may exceed its equilibrium value (which is very
small) at short times. Overshoots may be then observed
in the adsorbed amount of the short chains. In order to
relax to equilibrium, the longer chains must then displace
the shorter chains that adsorb initially, but competitive
adsorption experiments show that the time required for
displacement can be very large.”864

The behavior of diblock copolymers at low concentration
should be contrasted with their behavior at higher
concentrations. Although the present study shows that
the nonadsorbing block in a diblock copolymer does not
provide significant kinetic constraints at infinite dilution,
other studies have shown that its effects become much
more pronounced as the solution concentration and surface
coverage increase.55%6 At higher concentrations, the
nonadsorbing block of one chain may easily interfere with
the adsorption of other chains, and the formation of block
copolymer micelles adds further complications. Assurface
coverage increases, the diblock copolymers will form a
polymer brush.6768 In this case, Johner and Joanny®%? have
predicted that the rate-limiting step in adsorption will be
the passage of chains through the brush to the surface
rather than the configurational relaxation that is treated
by the simulations reported here. Long nonadsorbing
blocks are expected to have a strong effect on the
adsorption dynamics when brushes form, because the
nonadsorbing block increases the free energy barrier that
must be overcome to transfer a polymer chain from solution
through the brush to the surface. Simulations of multi-
chain block copolymer systems would be required to
examine this issue quantitatively.

Finally, the scaling behavior given in eqs 15 and 16 for
the adsorption dynamics of isolated random copolymers
might motivate theoretical and experimental studies of
their adsorption dynamics from concentrated solutions
and melts. In particular, the relationship among the rich
phase behavior of random copolymer melts,%50 their
adsorption dynamics, and the possibility of surface-
induced phase segregation remains an interesting and
largely unexplored question. Simulations of concentrated
random copolymer systems with appropriate energetic
parameters between A and B segments could be aimed in
this direction.
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