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ABSTRACT: We examine the static and dynamic properties of polymer chains in a melt in the presence
of a solid surface. A molecular dynamics simulation is carried out using a coarse-grained bead—spring
model of polymer chains. Both attractive and repulsive interactions between surface and monomers are
examined. Static conformations are characterized in terms of trains of attached monomers and detached
loops and tails. We compare these conformations to a random walk model. Chain desorption rates are
measured in order to calculate characteristic desorption times. We distinguish between chains which
desorb rapidly after arriving at the surface and chains which reach a relaxed state at the surface and
then desorb at a constant rate. A kinetic model is developed as a means to predict desorption rates and

late time chain conformations.

I. Introduction

The static and dynamic properties of polymers at solid
surfaces play an important role in a host of applications
such as thin films! or polymer-based composites. For
instance, the addition of clay or glass filler particles to
elastomers has long been known to enhance their
mechanical properties. To investigate the microscopic
reasons underlying this macroscopic behavior, it is of
interest to understand in detail the conformation and
dynamics of polymer chains close to a solid surface. This
behavior has been investigated in the past by several
authors, with particular emphasis on the modifications
in dynamics induced by the surface (for reviews, see e.g.,
refs 2 and 3). Such studies are, to a large extent,
motivated by experimental studies on the glass transi-
tion in thin polymer films.

In addition to the study of polymer melts near flat
walls, recent interest has developed in the direction of
studying nanoparticles embedded in a polymer matrix.
This is related to the increasing importance of nano-
composites in which the filler particles may have
dimensions comparable to that of the polymer chains.*
Several simulation studies have appeared recently in
which static and dynamic properties of model nanocom-
posites were investigated.’~® Much of the interest was
directed to the layering effects around the particles and
modification of local chain dynamics, which are quite
similar to those observed in thin films.

In this article we present results from molecular
dynamics simulations of a model polymer melt in the
vicinity of a flat wall. We use a standard model and
focus on two aspects that have not been investigated in
previous work. First, we discuss the conformations of
single chains adsorbed to the surface using the notions
of trains, loops, and tails that are usually discussed for
chains adsorbed from a solution. Second, we discuss the
exchange dynamics between a chain adsorbed to the
surface and the melt. We expect that the characteristic

* To whom correspondence should be addressed. E-mail: ksmith@
Ipmen.univ-lyon1.fr.

time associated with such desorption may play an
important role in the mechanical properties of a filled
elastomer.

Previous studies that have examined the adsorption
and desorption kinetics through Monte Carlo and mo-
lecular dynamics simulations!0716 as well as experimen-
tal work,?? have mainly considered polymers in solution,
where the attraction between surface and polymer is
not masked by the surrounding molecules, or examined
the buildup of an adsorbed polymer film in equilibrium
with a dilute solution. Our aim here is quite different
since the melt is in equilibrium near the surface,
implying that the excluded volume should be screened
between monomers. To our knowledge, only one study!”
has examined in some detail the chain conformations
in this situation using Monte Carlo simulations of a
lattice model.

II. Simulation Details

Molecular dynamics (MD) simulations are performed on a
standard! “Lennard—Jones + FENE” model using the paral-
lelized LAMMPS code.?? All nonbonded interactions between
monomers are of the form

U= {46[(0’/"5)12 — (ofr,)’l 1y =250 @

i 0, r; > 2.50

In the following, ¢ = 1 and 0 = 1 are taken as units of energy
and length, respectively. Bonds between monomers are rep-
resented by the FENE (finite extensibility nonlinear elastic)
potential

r; < R,
r; > Ry
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where Ry = 1.50 and k& = 30¢/0%. This is a coarse-grained
representation of a polymer chain which does not capture
certain features, such as chain stiffness. However, this sim-
plification is useful in order to examine behavior up to large
chain lengths.

A smooth surface with no atomic structure is used. Interac-
tions between monomers and the surface are represented by
a Lennard—Jones potential where r;; is the distance between
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Table 1. Parameters for All Systems Including N, M, L/2,
and Rg in the Bulk

N M L/2 Rg
10 640 11 1.45
20 320 11 2.19
50 128 11 3.32
100 128 13 5.19

the monomer and the surface. For the surface—monomer
interactions (sm) we choose 0y, = ¢ and €, = 2¢. A cutoff
length of 2.50,, is used for an attractive surface, and a cutoff
of 2V, is used for a repulsive surface. The system has
surfaces at the upper and lower boundaries, z = +L/2, and is
periodic in the remaining directions.

A time step of A¢ = 0.006 is used (the monomer mass being
taken as unity, times are in units of (mo%e)"2.

All systems are first equilibrated at constant NPT with P
= T = 1. In this stage the walls are held at constant position
and the box size is allowed to fluctuate in the periodic x and
y directions. The average volume during this equilibration is
then used for equilibration at constant NVT. Following this,
a production run at constant NVT is performed with 7' = 1
maintained by rescaling the velocities every 100 time steps.
We use this procedure to ensure that systems have the same
density in the bulk. Both the equilibration and production run
last several bulk chain relaxation times. We study systems of
chains ranging in length from N = 10 to 100 with at least M
= 128 chains in each system. The slab half-length L/2 (i.e.,
the distance from either wall to the box center) is chosen to
be greater than the radius of gyration, so that chains do not
form bridges between the two surfaces. A summary of system
parameters is given in Table 1.

II1. Static Properties

Monomer Density Profiles. To characterize the
organization of the polymer melt near the surface, we
first plot the monomer density as a function of distance
from the surface, p(d), in Figure 1. This profile is
essentially independent of the molecular weight N. In
this coarse-grained model the profile may change in the
limit N = 1 to slightly lower the density near the
surface, since the bonded monomers have a shorter
equilibrium length than that of a Lennard—dJones
interaction. For attractive surfaces there is a very sharp
peak representing the layer of monomers closest to the
surface. The peak occurs near the minimum of the
interaction potential, 26¢. Diminishing density oscil-
lations persist for about three layers. It is well known
that even a repulsive surface induces strong ordering.
However, the size of the peaks in p(d) is less than that
for attractive surfaces.

In all systems the density reaches the bulk value of p
~ 0.925, far from the surface. This is a validation of the
procedure of equilibrating at NPT and then using the
average volume for NVT.

From the density profile the notion of an attached
monomer can be clearly defined. A monomer is consid-
ered to be attached if it is closer to the surface than the
minimum after the first peak in p(d) of the attractive
surface. The minimum occurs at a distance of 1.65 from
the attractive surface and 1.75 from the repulsive
surface. Adsorbed chains may be divided into three
components: trains which are contiguous series of
attached monomers, loops, which are series of un-
attached monomers between two trains, and tails, which
are series of unattached monomers extending to one end
of the chain. To characterize the chain conformations
we consider the number of attached monomers per
chain, N, and the number of trains per chain, N,.
These values serve as approximate measures of the
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Figure 1. Parameters for all systems including N (chain
length), M (number of chains), L/2 (slab half length), R¢ (radius
of gyration in the bulk).

degree of attachment of a chain to the surface. Other
relevant properties are the lengths of trains, loops, and
tails, lir, lioop, and liai, respectively.

Since chains are expected to be ideal at melt densities
it is reasonable to compare the obtained results with a
random walk model. We can make a further simplifica-
tion by considering only the component of bond orienta-
tion normal to the surface. This reduces the problem to
a one-dimensional random walk. Since all steps have
the same length, the set of available positions is
discretizable and an analytical solution can be derived.
The wall is replaced by a penetrable plane following a
procedure introduced by Silberberg.1® This is justified
since the ensemble of “penetrating” paths maps onto the
ensemble of “reflected” paths. An attempt to compare
numerical Monte Carlo results concerning train distri-
butions with a one-dimensional random walk calculation
was made by Bitsanis and ten Brinke.!” However, their
study involved only random walks starting on the
surface and a continuous approximation to the random
walk results that did not apply to our calculations for
short chains. Here, we describe a model which yields a
prediction for the number of trains per chain. The
calculation is based on two simple formulas concerning
random walks.2! It should be noted, however, that the
one-dimensional model does not provide information on
attached train lengths. For this, we will turn to a three-
dimensional random walk model.

Let us consider a one-dimensional random walk
starting from the origin z; = 0; the probability that up
to and including the nth step the random walk returns
to z = 0 exactly p times is given by (see ref 21 for a
discussion)

o _ [n— 1

an - ( n p) F (3)
2

where n is even. Let us again consider a one-dimen-

sional random walk starting from the origin z; = 0; the

probability for a first passage through 0 < a < n on the

nth step is

@ _ a n 1
fa “nlnta E (4)
2

Here, a + n is even. Hence, a path of length n joining
the origin and a site @ > 0 has to go (n + a)/2 times up
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Figure 2. Comparison of simulation results and random walk model for (a) N, distribution by a 1D random walk model with n
= 16 steps (circles) and MD simulation for N = 50 for attractive (squares) and repulsive (diamonds) surfaces, and (b) N, distribution
by 3D random walk (circles) and MD simulation with repulsive surface (squares) and attractive surface (diamonds), all with N

= 50.

and (n — a)/2 times down so the number of those paths
is given by (n i /2) =( ). The factor a/n accounts
for the first passage an’%i is more difficult to derive.?!

Now using eq 4 it is straightforward to find the
number of paths of length n touching a plane at a
distance 0 < a < n from their origin for the first time
after r steps

r
a n—r
- rt+al2

2

We now calculate the number of attached paths: all
possible one-dimensional random paths, starting from
a given initial position z;, having a length of n steps and
touching at least once a plane at z,, (our wall). Let a =
zw — zi, then the total number of attached paths, using
eq 4 is given by

n n

a r _
Z=2"+ ZL —|r+al2" (5)
a=1|r=a,a +2,.. T 9

The term 2" accounts for the fact that all possible paths
starting at the surface plane are attached. In the second
sum the allowed values arer =a + 2k, k=0, 1, 2, ...,
as follows from the condition a + n even in eq 4. In fact,
once the surface is reached, the next contact can occur
in a minimum of two steps and, in all cases, in an even
number of steps. Now we can derive the probability that
a random walk of length n, starting a positions away
from the plane at z,, has exactly ¢ contacts with the
plane. Using eqs 3 and 5 we have

n—2(t—1)
la| r
pY = Z == r+a| 27240 (6)
r=a,at+2 VA

rr |——

2

The latter expression is the product of the probability
to reach z,, in r steps for the first time and then have ¢
— 1 more contacts within the n — r steps left. Note that
any path of length n having ¢ contacts cannot start
further than n — 2(t — 1) step lengths from the wall.
Normalizing by Z ensures that any attached path has
a probability of 1 to have at least one contact. Now the
total probability for an attached path to have exactly ¢

contacts with the plane can easily be written using eq
7

n—2(t—1)

pt) = p (7)

a=

1. Comparison to 1D Random Walk. We are now able
to compare the results from MD simulations to random
walk predictions, as given by eq 7. The use of a one-
dimensional model reproduces the chain behavior in a
single direction, z, perpendicular to the wall. As the
train length for a one-dimensional random walk is
strictly zero steps, a single attachment point of the one-
dimensional walk corresponds to a train for the three-
dimensional chain (as steps in the x and y direction are
not taken into account). Thus, eq 7 gives the probability
distribution for Ny, the number of trains per adsorbed
chain. Still, the one-dimensional walk length n has to
be chosen in accordance with the 3D studied chains
containing N monomers. As successive steps in the
random walk are uncorrelated, the step length in a
random path corresponds to the product of the bond
length / and the persistence length, /;,, of the 3D chain.
Hence, the number of uncorrelated steps in the one
dimension random walk has to satisfy nll, = 2200= Y3
(R2[= Y5 (N — 1)ll,, where [R2[lis the end-to-end mean
square distance of a bulk chain and is given by [R2[0=
(N — Dlp. For our model I = 0.97 and /, = 1.32.1% Using
this mapping we can compare the analytical prediction
to the numerical result. The outcome of this comparison
is shown in Figure 2a for the probability distribution
function of N,.. Very good agreement between the model
and simulation is obtained.

2. 3D Random Walk. Other quantities characteristic
of chain conformations, such as Na, lir, lioop, and liai,
cannot be obtained from the calculation in one dimen-
sion. Therefore, we performed simple random walk
simulations in three dimensions to compare the result-
ing statistics to those obtained in the simulation. No
interaction was implemented between the surface and
the random walk, and the surface was impenetrable.
The step length for the random walk was chosen to be
equal to the persistence length of the bulk chain as
discussed above. The number of steps is equal to the
number of bonds in the polymer (N — 1 for a polymer of
N monomers). Thus, we have the same end-to-end mean
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Table 2. Measured Mean Values for Adsorbed Chains in the Studied Systems®

10a 10r 10rw 20a 20r 20rw 50a 50r 50rw 100a 1007 100rw
Na 3.82 3.15 2.25 5.72 4.55 3.09 9.54 7.38 4.74 14.23 10.34 6.62
Ny 1.53 1.60 1.49 2.05 2.14 1.99 3.05 3.12 3.00 4.59 4.46 4.16
Niail 1.22 1.28 1.58 1.39 1.44 1.77 1.58 1.62 1.84 1.66 1.73 1.91
Ly 2.28 1.90 1.44 2.65 2.16 1.52 2.97 2.40 1.57 3.18 2.56 1.59
Lioop 1.99 2.12 1.83 3.00 3.16 3.01 5.04 5.06 5.28 7.18 7.55 7.92
Ltail 4.03 4.11 3.42 7.83 7.89 7.16 19.0 19.5 17.99 35.9 36.4 35.3

@ The labels in the first line give the chain length followed by a (attractive wall), r (repulsive wall), or rw (3D random walk simulation

in continuum space).

100

Figure 3. Attached monomers/chain N, as a function of chain
length N for attractive (circles) and repulsive (squares) sur-
faces. Open symbols are for overall averages, and filled symbols
are averages over “relaxed” conformations only. Results of a
SII)Vg"sandom walk are also shown (diamonds). Dashed line is

square radius for the polymer and the random walk as
(N — 1)lI, = [R?0 The results of this comparison are
summarized in Table 2. As expected, the random walk
model is in good agreement with the MD simulations
for the distribution of Ni,.. However, the distribution and
the mean of N4, the number of attached monomers per
chain, differ significantly as shown in Figure 2b. Ny is
in fact larger in the simulation than for a random walk.
We associate this discrepancy with the known tendency
of polymer chains to lie “flat” on a substrate, which has
been observed in a number of simulations.? Since the
FENE bond length is shorter than the equilibrium
distance of the Lennard—dJones potential, longer trains
allow for closer packing of monomers in the attached
layer and are therefore favored.

For an ideal chain, at any given attached monomer
the neighboring monomer along the chain has a char-
acteristic probability of being in the attached layer as
well. Simulation results show an exponential decay for
the distribution of /i, in agreement with this explana-
tion. The average train length converges with increasing
N to values between 2.5 and 4 for both surfaces. The
average loop length /., does not appear to converge but
rather increases as approximately N%. As would be
expected, /i, depends essentially linearly on N.

The dependence of Ny on N is shown in Figure 3. A
power law dependence is clearly observed with an
exponent of approximately 0.5. This exponent also
agrees with the random walk model, although the actual
value of N is larger for the simulations. This is
consistent with our finding that the number of trains
per chain is predicted by the random walk model but
the length of these trains is greater than predicted.
Surface—monomer attraction increases, N but does not
alter the scaling with N. Also shown in Figure 3 are
values for chains which have relaxed on the surface, as
explained in the following section. The distributions

0.8 T T

0.6H

Aavg

0.4

P*N

0.2

% ' 2
N, /N

Aavg

Figure 4. N, distribution scaled by N, for repulsive surface.
N = 10 (circles), 20 (squares), 50 (diamonds), 100 (triangles).

4 T T

bead position
Figure 5. Attached monomer positions for attractive surface,

N = 50 and Ny = 1 (circles), 2 (squares), 3 (diamonds), 4
(triangles), 8 (crosses).

P(Ny), scaled by the mean Nj, for a repulsive surface
are shown in Figure 4. It appears that the distribution
approaches a universal curve at large N.

We also examined the position of attached monomers
along the chain (Figure 5). To do this we consider a set
of chains with a given value of Ny and then measure
the fraction of the attached monomers on these chains
as a function of distance from chain end. This gives a
distribution for attached monomer positions which is
divided by 2/N, the value of the uniform distribution if
the attached monomers were randomly distributed.

The difference from a random distribution of attach-
ments is most pronounced for Ny = 1, chains with only
one attached monomer. Here, the probability that an
attached monomer lies at a chain end is increased by a
factor of 4 for N = 50. As one looks at chains with larger
N, the most probable attachment location shifts (by one
unit at a time) away from the chain end and decreases
in magnitude. This is expected and indicates a greater
chance that attached monomers are consecutive. A
similar result is found for three-dimensional random
walks, although the peaks are smaller.
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IV. Dynamics

A. Measuring Desorption Dynamics. In this study
we concentrate on the intrinsic dynamics of the popula-
tion of adsorbed chains. This population is continually
exchanging chains with the rest of the melt, and the
characteristic time scale for renewing this population
can be seen as a “lifetime” of the interfacial region. To
characterize the transition of chains from adsorbed to
desorbed conformations, we calculate correlation func-
tions defined as

G(t) = [,y (t)/n 4 (0)0 (8)

in which n,44(¢) is the number of adsorbed chains at time
t, in some set of “labeled” chains. In particular, we are
interested in evolution of chains which are adsorbed on
the surface at ¢ = 0 or some subset of this group, for
instance, all chains with Ny = i at ¢ = 0. Here, two
slightly different methods can be used.!3 In the first any
labeled chain remains permanently labeled (as in the
case of experiments where chains are labeled with, say,
radioactive or fluorescent labels). This measure is a true
correlation function in that it depends only on the
correlation between chain conformation at ¢ = 0 and at
some later time ¢. Thus, a chain is considered “adsorbed”
at a given time as long as Ny > 0, although the chain
may have desorbed from and readsorbed to the surface
any number of times since ¢ = 0. This measure has the
advantage of being more closely related to experimental
methods. However, it has the disadvantage that the
form of G(¢) depends not only on desorption dynamics
but also on adsorption and diffusion in the bulk. This
unnecessarily complicates the interpretation of the
results. Furthermore, at long times G — P45, where P,gs
is the fraction of all chains in the system which are
adsorbed on a surface. Thus, G(¢) is influenced by the
finite size of the system at long times. This inhibits
comparisons between systems of different sizes or
different surface-to-volume ratios.

In the second method the label is removed from a
chain as soon as it leaves the surface and it can no
longer contribute to n,gs. Thus, G(¢) is a measure of the
fraction of chains which have never left the surface over
a period of time ¢. This measure, which describes only
the desorption kinetics, is used here. It should be
pointed out that G(¢) is a function of chain history, not
just chain conformations at two instances separated by
a given time interval. Therefore, chain conformations,
as characterized by N, must be measured at frequent
intervals to observe the first desorption. For accurate
comparisons, the size of this interval must be the same
for all systems. We measured N4 for all chains every
four simulation time steps.

There is one more issue that must be considered in
defining G(¢). Monomers undergo vibrational motion
over short time and lengths scales before forces from
bonds and neighboring monomers are felt. To accurately
calculate dynamical properties it is necessary to average
over this behavior. For instance, it is possible for a
monomer which, over a longer time scale, lies in the
attached layer to make several short excursions outside
of this layer due to its vibrational motion. These events
cannot properly be construed as detachment. We take
a characteristic time to be the smallest Rouse relaxation
time,1® 7y, = £b%3a2kT, where ( is the monomer friction
coefficient whose value we take to be { ~ 20 from ref 19
and b ~ 1.28 is the bond length so that 7y, = 1.1.
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Figure 6. Decay of G(¢) for Ny = 1 (circles), 2 (squares), 3
(diamonds), 4 (triangles), 6 (pluses), 8 (crosses) and for all
adsorbed chains (solid line). Results are for N = 10 and an
attractive surface.

Therefore, we take the actual value of Na(¢) for a given
chain to be the average of its instantaneous value
between ¢ — 7yip and ¢, rounded to the nearest integer.

B. Decay Rates and Desorption Times. To gain
insight into the desorption process we consider a
representative case and examine the form of G(¢) when
it is broken down according to the value of N at ¢ = 0.
Figure 6 shows the evolution of G(¢) for a system of chain
length N = 10 at an attractive wall. The behavior of
G(t) for the entire set of adsorbed chains consists of a
short transient period, where desorption is rapid, fol-
lowed by exponential decay. The length of the transient
period is related to the equilibration time of adsorbed
chains. This point is more evident when one considers
the form of G(¢) for chains which have a given value of
Ny att = 0. For No(0) = 1, the transient period is much
larger and most of the chains desorb before the onset
of exponential decay. The transient period shrinks with
increasing Na(0). At around N(0) = 4, the form of G(¢)
is exponential essentially from ¢ = 0. At larger Na(0),
the opposite behavior is observed, G(¢) decays more
slowly at early times before the exponential regime.

The existence of a transient and an exponential
regime is explained as follows. A key factor in the
behavior of polymers at surfaces is that the molecules
have many possible adsorbed conformations. By con-
trast, in a Lennard—dJones fluid (N = 1) there is
basically only one “adsorbed state” and G(¢) is entirely
exponential. Exponential decay implies that molecules
desorb at a given rate regardless of the amount of time
they have been on the surface. Thus, in the exponential
regime, the average conformation of an adsorbed mol-
ecule at a given time is statistically equivalent to the
average conformation at any other time. Such chains
are “fully relaxed” on the surface. However, in the
transient regime the rate of desorption is time varying.
This implies that the average conformation of adsorbed
molecules evolves the longer they remain on the surface.
Chains which have recently arrived on the surface, or
are about to leave it, have a conformation with Ny ~ 1.
In Figure 7 we plot the evolution of Na with the amount
of time a chain has been adsorbed to the surface, #.q4s.
(Note the different definition, #,gs = 0 is the moment
when a chain first arrives at the surface. By contrast,
in calculating G(¢), any adsorbed chain conformation can
be taken as ¢ = 0.) After a sufficiently long time the set
of chains which are still adsorbed has a constant value
of Na. In other words, these chains have no memory of
their initial state N4(0) and their average conformation
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Figure 7. Average number of attachments as a function of
time adsorbed to an attractive surface for N = 10 (solid line)
and 50 (circles).
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Figure 8. Decay of G(¢) at repulsive and attractive surfaces
for N = 10 (circles), 20 (squares), 50 (diamonds), and 100
(triangles). Open symbols are for repulsive surfaces, and filled
symbols are for attractive surfaces.

does not change. However, the size of this set is
constantly decreasing as more chains desorb.

On the basis of this behavior one can (roughly) divide
adsorbed chains into two categories. The shape of G(¢)
demonstrates that a single characteristic desorption
time cannot describe the behavior of all adsorbed chains.
Chains which spend a long time on the surface migrate
toward states of larger N and “diffuse” around a certain
Ny before desorbing. We label these “slow” chains. The
initial fast decay of G(¢) represents mainly chains that
have only been on the surface a short time; they have
few attached monomers and are able to desorb quickly.
This population of “rapid” chains is frequently renewed
on a time scale shorter than the average adsorption
lifetime, but in order to see the dynamics of a/l adsorbed
chains, one has to wait much longer. At large ¢,4s chains
continue to desorb from the surface but the average
conformation of the remaining adsorbed chains (as
characterized by P(INa) and Nj, for instance) does not
change. This is compatible with a constant desorption
rate and the exponential behavior of G(¢).

Results for G(¢) (for all adsorbed chains) at various N
and for both attractive and repulsive surfaces are shown
in Figure 8. The desorption time increases with N and
also with attraction. Due to screening effects in the melt,
the attractive part of the monomer—surface interaction
is not expected to inhibit desorption as significantly as
in solution. The slightly slower dynamics seen here are
most likely due to the higher density peak in the
adsorbed layer for an attractive surface. A crossover to
exponential decay at late times is observed for all V.
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Figure 9. Decay G(¢) for a repulsive surface with time
rescaled by tay for N = 10 (circles), 20 (squares), 50 (dia-
monds), and 100 (triangles).

Wang et al.!2 took a similar approach to examine the
desorption of polymers in dilute solution from a flat
surface. They report a power law dependence of the
desorption time on N which is equivalent to the behavior
of the relaxation time of the first Rouse mode. They also
report a much smaller transient period for G(¢). The
longer period reported here is most likely due to
screening of the surface attraction by the melt, which
prolongs the relaxation time of an adsorbed chain.

To compare the effect of chain length and monomer—
surface interaction on the dynamics it is useful to define
a desorption time. A typical approach would be to obtain
a time 7exp by fitting the late time desorption to G(¢) ~
exp(—#/Texp). This measure is characteristic of chains
which are fully relaxed on the surface and have a
“maximal” number of attachments. However, as we
discussed, the population of adsorbed chains can be split
into two groups: rapid and slow chains. Then 7ey, is
relevant only for slow chains. It does not reflect desorp-
tion time scales for the rapid chains or the ratio of rapid
to slow chains in the system. Intuitively, one expects
these properties to also depend on chain length and
surface—monomer interactions. For instance, at low N
chains are likely to relax more quickly on the surface
and thus have a smaller percentage of rapid chains than
at high N. To obtain a measure which is characteristic
of the desorption of all adsorbed chains, we measure the
average adsorbed lifetime

T = [, Gdt (9)

Since chains that stay on the surface for a short time
are frequently renewed, their contribution to this mea-
sure is significant relative to the contribution from long
time adsorbed chains.

We now consider more closely the effect of varying N
on desorption dynamics. Two issues must be consid-
ered: the effect on the shape of G(¢) and the effect on
the time scale 7,v,. To examine the first point we replot
G(¢) for a repulsive wall scaled by 7avs in Figure 9 (the
result is similar for the attractive wall). The integral of
each curve is thus equal to 1. This allows one to compare
the qualitative nature of desorption at different N. If
G(¢) is purely exponential, then there are essentially no
rapid chains; all molecules become fully relaxed on the
surface before desorbing. (Remember that the relative
terms “rapid” and “slow” are used only to compare
chains within a given system. Certainly “slow” short
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Figure 10. Desorption times for a wall as a function of N for
repulsive (squares) and attractive (circles) surfaces. Open
symbols are for 7.y, and filled symbols are for 7es. Dashed
line is ~N2.

chains may desorb more quickly than “rapid” long
chains.) By rescaling it is possible to see how the
importance of rapid chains depends on N. At low N the
G(t) has an early crossover to the exponential regime.
The transient regime grows with increasing N, but in
comparing the N = 50 and 100 cases it appears that G
converges to a universal curve at large N. As N
increases, one would expect the transient period to
increase because it takes longer for chains to fully relax
on the surface. One might assume this would be true
for all N, but it appears that above N ~ 50 the behavior
may be universal. This conclusion needs to be confirmed
for larger N. If it is true, the implication is that the
relaxation time of an adsorbed chain (which determines
the crossover in G(t)) is proportional to the desorption
time scale, independent of N. Recall that a convergence
at large N was also found for the static conformation
distribution (Figure 4).

In Figure 10 we plot the dependence of the two
desorption time measures on N. If a power law descrip-
tion of these results is attempted, the exponents are
systematically smaller than 2 (in the range 1.5—2) for
the chain length investigated. This is somewhat sur-
prising. Naively, one may expect that desorption from
the surface will take place essentially through diffusive
motion. Thus, in an average sense it could be expected
that 7.,y will be related to the time needed for an
adsorbed chain to diffuse a distance on the order of Rg
away from the surface, Tayg ~ Rg%D. Since Rg ~ NV2, D
~ N in the Rouse regime, and D ~ N? in the reptation
regime this predicts

N?2, N <N,

avg” | A3 N> N, (10)

T,

Our results are clearly not compatible with this simple
description. This is particularly true in the large N
regime since the entanglement length of MD bead—
spring chains has been estimated to be N, ~ 34.1° Our
results do not display a stronger N dependence for N >
N..
C. Microscopic Kinetics of Adsorption/Desorp-
tion. The behavior observed for G(¢) is, in fact, remi-
niscent of what would be expected from a description
in which each adsorbed chain is described as a point
moving along the one-dimensional ‘reaction coordinate’
N4 (0 < N < N). If we assume that this ‘coordinate’ is
undergoing simple diffusive dynamics, we may sche-
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matically write for the number of chains attached by
Na monomers at time ¢ F(INa, t)

SF(N ., £) 2
22 LT pav, 0 11)
ot T [oN,2

where 7 is a transition time.
The boundary conditions are as follows. At No = N,
the flux is zero

AF(N, t)
—— = 12

oN, 0 (12)
As Ny — 0, we have an adsorbing boundary condition
since a chain that reaches this state is forever removed
from the tagged population. Hence

F0,)=0 (13)

Within such a description the function F(Ny, ), starting
from any initial condition F(IV,, 0), will evolve rapidly
toward an essentially factorized distribution

F(n, t) ~ P,(n) exp(—t/t,) (14)

where P1(n) and 1/71 are the first eigenfunction and
eigenvalue of the diffusion problem, yielding

Pyn) =5 sin(g niN) (15)

7, = (2N/n)*c (16)

Hence, if we consider the normalized distribution of Ny
in the limit of long adsorption times, the average
number of attached monomers in this limit is propor-
tional to and the long time relaxation takes place on a

Ny= [ nPa) dn =2 N (amn
time scale that scales such as N2.

1. Discrete Model/Transition Times. Obviously the
above picture, treating Na as a continuous variable, is
oversimplified. However, it is interesting to discuss the
dynamics in terms of the (discrete) ‘reaction coordinate’
Np and defining transition rates between the ‘states’
with different values of Na. A transition time between
two neighboring (on the N4 axis) adsorption states is
defined as the average time that a chain stays in the
initial state before migrating to the final state (for
instance, 7,;+1 a change from Ny =i to Ny = + 1).
One can alternatively speak in terms of a transition rate
ki—i+1, which is the inverse of the respective transition
time.

The transition times are measured as follows. We
consider a set of chains all in states Na =i and measure
the rate at which they leave this state without counting
chains which later enter V4 =i from neighboring states.
If R(i, ¢) is the number of chains remaining in state I,
then

oR(G, t i .
;lt’ ) = — (1,44,  + 71 DRG, D) (18)

The total residence time in state i is given by 7,71 =
771—i+1 + 771—;—1. The fractions of chains which, upon
leaving state i, move to state i + 1 or to state i — 1 are
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Figure 11. Overall residence times (circles) and transition
times 7;-;—1 (squares) and 7,41 (triangles) for Ny = i. Values
are calculated using only chains which have been attached for
at least a time of 100. For a repulsive surface and N = 10.

labeled f and f- respectively. They are related to the
transition times by

fiTiit1 = Tin 19)

The transition times are calculated using these two
equations, the measured residence times, and /% of all
chains in state i.

A typical range of transition times is shown in Figure
11. The values were calculated using only chains which
had been adsorbed for t.qs > 100 for reasons explained
below. Residence times in highly adsorbed states are
shorter and become essentially constant as Nao — N.
This does not imply that detachment of an individual
monomer becomes faster. Rather, it can be explained
by the fact that strongly adsorbed chains inevitably have
many monomers near the adsorbed layer and thus have
more chances to exchange attached and detached mono-
mers per unit of time. Thus, a particular transition time
depends not only on N but also strongly on the detailed
chain conformation, including the number of trains,
tails, and position of chain center of mass. As the
number of trains of a chain is not simply related to Ny,
its influence on transition times is difficult to extract.
One can argue that if a chain is strongly adsorbed it
has, on average, the mean number of trains for the
specific system, so its residence times are expected to
be constant on average, a hypothesis supported by the
measures.

The overall distribution of the number of attached
monomers per chain, N, has been shown to agree with
the distribution predicted by an ensemble of random
walks (representing ideal chains in the melt) in the
vicinity of the surface. In a time evolving system this
distribution represents a set of chains which have been
adsorbed to the surface for varying lengths of time. We
now consider the properties of the distribution P(IVa,
tads), that is, the distribution for the subset of adsorbed
chains which have been continuously attached to the
surface for a time of exactly #,4s. Clearly, for ¢,qs = O,
when a given chain has just arrived on the surface, it
is attached by exactly one monomer and P is a delta
function at Na = 1. At late times G(¢) undergoes
exponential decay. Thus, we expect that a stationary
distribution is reached as t4qs — . This indeed occurs
in our simulations, as can be seen for the case of a
repulsive wall with N = 10.

We note here that we necessarily make a simplifica-
tion in describing adsorbed configurations by one pa-
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rameter, Na. A more complete description would also
include the location of the attached monomers along the
chain backbone as well the position of the unattached
portions of the chain with respect to the surface. If a
chain conformation is sufficiently described, then its
evolution should depend only on its current state.
However, in our simplified approach we cannot rule out
the possibility that a chain’s evolution will also depend
on its history. For instance, chains with Ny = 1 which
have just arrived on the surface may have a different
average behavior from chains with Ny = 1 which have
been attached for a long time. This would imply that
there are other differences between the configurations
not described by Na.

2. Late Time P(Na, t). Now we may consider any set
of adsorbed chains and ask how its distribution P(IN4,
tags) evolves in time. At any time ¢,gs we are only
interested in members of the original set which have
never left the surface. In absolute terms, this is a set
whose size decreases to zero over time. It is useful to
distinguish here between absolute and normalized
terms. We start by labeling some finite number of chains
which have just arrived on the surface. Then we define
X(taqs) as the number of chains which have remained
continuously attached at time #¢,4s. The distribution
P(N,) is normalized, so that 3 n,—1" P(Na, tags) = 1. We
define the related value F(Na, tags) = P(Na, tads)X(tags)
which is the actual number of chains in the set with
Ny attached monomers. It follows that

N
F(NA’ tads) = X(tads) (20)

A=1

The transition times describe the rate of change of the
absolute numbers of chains. A master equation can be
written as

oFG, t _ _
% == i T T ) FG D+

v FG+1L,0+7 ", FG—1,t (21)

i—i—1

The solution of this equation approaches a factorized
distribution where only the total number of chains X
decreases in time, F(Na, tags) = P(NA)X(taqs) at late
times. This is related to the exponential decay of G(¢)
by X(t) ~ e~t/rexp,

Thus, by using the correct transition times as input
to eq 21, it should be possible to find a stationary
solution for P(INa) which matches the true distribution
for fully relaxed chains (those which have been adsorbed
for long times) in our simulation. To verify this we first
measured 7,417 from all transitions occurring in the
simulation and used these values as parameters in eq
21. We then solve the equation with an initial condition
in which F'is large for Ny = 1 and zero elsewhere. (Other
initial conditions give the same result.) The solution is
carried out until P(INs) reaches a stationary form.
However, the result does not agree with the actual late
time distribution (Figure 12). The disagreement is
evidence that these transition times do not accurately
reflect the behavior of fully relaxed chains. As a second
approach we computed new values of 7,11 counting only
the transitions of chains which had been attached for
tads > 100 ~ T,ye. This time the solution agrees with the
actual late time distribution.
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Figure 12. Distribution of N, for chains in the limit of long
attachment times. The actual late time distribution (circles)
is compared with stationary solutions of P(IN) from eq 21 using
7,41 calculated for all transitions (triangles) and calculated for
transitions only of chains which have been attached for #.4s >
100 (squares). For a repulsive surface and N = 10.
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Figure 13. Fraction of chains in state Na = i which undergo
a transition to state Ny =i + 1 rather than Ny =i — 1. Squares
are values for all chains. Circles are for chains which have
been attached for at least a time of 100. For a repulsive wall
and N = 10.

This difference implies that chain behavior depends
not only on Ny but also on the chain history. Chains
which have been attached only a short time are not
statistically equivalent to chains which have been
attached a long time but have the same number of
attached monomers. To clarify the difference in behav-
ior, we plot the percentage of transitions which increase
(rather than decrease) N4 in Figure 13. At high Ny the
two curves converge, most chains in state i evolve to i
+ 1 rather than i — 1 regardless of how long the chain
has been attached to the surface. This is expected since
only a limited variety of such conformations are possible.
However, for chains with few attachments (low Na),
chain history is important in predicting the chain’s
behavior. Chains which have only been attached for a
short time are more likely to desorb than chains which
have been attached a long time. We propose one possible
explanation for this behavior. Chain adsorption and
desorption should be more likely to occur at chain ends.
Thus, a chain with Ny = 1 which has recently arrived
on the surface tends to be attached near a chain end
and can desorb easily. Chains which have spent a longer
time on the surface may have attached monomers
anywhere along the chain background. Even when such
chains have only one attached monomer there is a
greater probability that this monomer is near the center
of the chain and is unlikely to immediately desorb.
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We now consider chain conformations in the limit of
long adsorption times. As chains remain on the surface
for an increasing amount of time, their conformation
distribution reaches a steady shape as discussed above.
This distribution is related to the transition times and
has a peak near where 7,—;+1 = 7;—i—1. A typical distribu-
tion P(INy) at late times is shown in Figure 12, and the
late time value of N, is shown as a function of NV in
Figure 3. It scales as Najae ~ N9, approximately
similar to the scaling of Na. This late time conformation
should be related to the desorption rate in the expo-
nential region of G(¢). In the simple diffusion model
described above one would expect a desorption time
scaling as Na, 1ate?. This is not rigorously correct as the
desorption and adsorption time display a dependence
on Na. However, the general idea remains and yields
an expected desorption time that will depend on N more
weakly than N2, as observed in the simulations.

V. Conclusion

We examined static and dynamic properties of poly-
mers in a melt in the presence of a flat surface. Static
conformations were compared to predictions from a
random walk model and found to be in good agreement
for the number of trains per chain. The length of the
trains is larger than in the random walk model, reflect-
ing a tendency of chains to lie flat on the surface.

For dynamic properties we measured the evolution
of chain conformations as described by a single param-
eter Nj, the number of “attached” monomers. The
population of chains is shown to contain a portion of
weakly adsorbed chains with rapid desorption dynamics
and strongly adsorbed chains with slower desorption
dynamics. The strongly adsorbed chains are responsible
for a slow-down in dynamics near the surface. Slightly
slower desorption is observed for an attractive surface;
this is attributed to greater ordering in the adsorbed
monomer layer. The desorption time is seen to scale
slightly slower than N2, even for chains that are in the
reptation regime. A kinetic model for chain desorption
was proposed to rationalize the behavior and conforma-
tion of strongly adsorbed chains. If a simple “diffusion”
model in terms of the variable Ny was adopted, such a
model would yield a desorption time scaling as N2. Our
results indicate a more complex behavior in that the
behavior of chains depends not only on N but also on
the length of time a chain has been attached to the
surface. This suggests that to sufficiently describe the
conformations at least one more parameter is needed,
for instance, the distance of the chain center of mass
from the surface.

This work traces the outline of a more complete study
to be undertaken. The static characterization of a wider
range of systems by the method presented here would
permit extraction of general dependencies of the melt
conformations on chain length and surface interaction
that are questions of great interest from both a practical
and a fundamental point of view. The bases of a detailed
dynamic study gives the ingredients to further develop
a more complete model capable of predicting the differ-
ent time scales and behavior of adsorbed chains. The
establishment of characteristic times also provides
guidelines for precise studies of complex nonlinear
dynamics dependent phenomena. In particular, the
desorption time defined in this work can be used as a
measure of the lifetime of the melt/solid interface and
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should be of importance when discussing the response
of this interface to high-frequency oscillations.
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