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ABSTRACT: A novel dynamical Monte Carlo computer model designed to investigate the configurational
relaxation of homopolymers at the solid/solution interface is described. Ensembles of polymer chains, each
up to 99 segments in length, have been generated by n-step random self-avoiding walks throughout a simple
cubic lattice, the basal face of which represented an impenetrable solid surface. To model adsorption, each
chain is generated “in solution” at the center of the lattice and then displaced to the surface and allowed to
approach its equilibrium adsorbed conformation through a succession of elementary moves operating on
randomly selected segments. Each chain was considered to be in an athermal solvent environment, and the
effect of surface coverage was simulated by the inclusion of a periodic boundary constraint. When the
enthalpy of adsorption is low, it has been possible to observe chains that have initially adsorbed, relaxed,
completely desorbed, and then readsorbed. For isolated nonadsorbed chains, root-mean-square end-to-end
distance data from the model have provided an estimate of the universal scaling exponent, », of 0.591, which
is in good agreement with the Flory value of 0.6 for polymers in athermal solvents. By introduction of a
probability of desorption, the model has also been used to study the evolution of the structure of the adsorbed
layer for polymers undergoing both chemical (irreversible) and physical adsorption at the interface.

Introduction

The adsorption of polymers at the solid/solution in-
terface is an area of considerable practical and theoretical
interest.! This is largely due to the use of adsorbed
polymers as dispersion stabilizers or flocculating agents
in many modern industrial processes and products.

The conformation of an adsorbed polymer can be
described in terms of four parameters. These are the
adsorbed amount, I', or surface coverage, 6; a layer
thickness, §; the average bound fraction of polymer seg-
ments, p; and the polymer volumed{raction profile normal
tothe interface, #(z). Infact,given a complete knowledge
of ®(z), it is possible to derive all of the other structural
parameters. Experimentally these parameters may be
determined by a number of techniques: & from photon
correlation spectroscopy measurements,? electrokinetic
methods,? or ellipsometry,* p from magnetic resonance®
or FT-IR® measurements; and $(z) from small-angle
neutron scattering (SANS)? or neutron reflectometry.8
Theoretical descriptions of polymer adsorption abound
but generally fall into two categories. These differ in
how they treat intrachain interactions within the interfacial
region and also in how the configurational freedom of the
polymer chains is accounted for. Mean-field theories are
generally successful in describing adsorption over a wide
range of molecular weight, polymer concentration, and
solvency. Conversely, scaling theories are analytic and
their description of adsorption is in terms of qualitative
power laws, 9:29.35

Complementing these experimental techniques and
theoretical models are an increasing number of ever more
sophisticated computer simulations. The advantage of a
computer “experiment” is that it permits one toinvestigate
the effect of many different variables on a given system,
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either singly or collectively, in a much more systematic
way than could reasonably be achieved by practical
experimentation. Inaddition, because the simulation must
keep track of the coordinates of every “atom” in a polymer
“molecule”, the behavior of a chain can be examined in
much greater microscopicdetail. Furthermore, itis always
possible to calculate analogues of the structural parameters
listed above.

For reasons largely of computational simplicity, many
simulations still utilize the Monte Carlo (MC) method,
instead of the more realistic atomistic approaches that
are now possible. As its name implies, the MC approach
attempts to predict the equilibrium quantities of interest
by randomly generating a representative subset of the total
number of possible conformations of a chain of a given
length. It is a development of this method which we have
used in this work.

In many simulations of adsorbed polymers it has become
customary to “grow” each chain in the ensemble from a
point of attachment at the surface and not tolet the chains
desorb. This is done irrespective of whether or not the
simulation is designed to investigate physically adsorbed
or grafted chains.1%-12 In the case of physically adsorbed
chains, the reason for adopting this approach is that it
reduces the total number of conformations to be sampled.
However, in doing so it presupposes that there is no
equilibrium between the grafted chains and any polymer
in solution. A glance at a typical polymer adsorption
isotherm shows that this condition is, in reality, only met
at very low solution concentrations (though the situation
isnot as clear-cut in the case of polyelectrolytes). Another
drawback with this methodology is that because it does
not mimic the whole adsorption process only long-time
(or what have become known as “static”) ensemble averages
are obtained.

An alternative procedure is to grow the chains but then
move them, and this is the basis of the dynamical Monte
Carlo (DMC) method. Although computationally more
intense than static MC, DMC is beginning to find favor.
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Recent work has focused on polymer adsorption at the
liquid/liquid interface,!3 polyelectrolyte adsorption at the
solid/liquid interface,!4 polymer adsorption on heteroge-
neous surfaces,'5 and chemisorption.43

In a previous paper we have presented bound fraction
data from a DMC computer simulation which showed
qualitative similarities with comparable experimental data
from the system poly(methylsiloxane)/alumina/tetrachlo-
romethane.!® In that paper we adopted a novel approach
that allowed us to study both the evolution of the structure
of the adsorbed polymer layer and the “equilibrium”
adsorption. The purpose of this paper is to describe that
simulation in detail.

Monte Carlo Procedure

Our simulation attempts to mimic the configurational
relaxation of homopolymers at the solid/solution interface
by a two-stage process.

First, a polymer chain of up to 99 (n) segments is
generated by a n-step random self-avoiding walk (SAW)
on a simple cubic lattice. Each segment of the chain
occupies one lattice site, and all lattice sites not occupied
by the chain are assumed to contain a solvent molecule of
equal volume.

The first segment is always placed at the center of the
lattice, and the remainder of the chain is then generated
by the sequential addition of new segments to this initial
one. The algorithm checks each new step in the SAW to
ensure that it does not contravene the principle of excluded
volume. If it does, then that step is rejected and another
alternative placement of that step is chosen at random. If
no permissible alternative placement can be found within
some fixed (but arbitrary) number of attempts, then that
chain is rejected and the whole process begins over with
the placement of a new first segment. The probability of
generating a particular conformation by this process is,
however, not the same as the true probability of that
configuration occurring on a purely stochastic basis. In
turn this introduces a considerable bias into the ensemble
which we remove through the system of chain weighting
developed by Rosenbluth et al.1” This ascribes each chain
in the ensemble a chain weighting factor, W,, generated
from the product n stepwise transition probabilities, P;.

n

W, = HP,. @

n
=1
Any ensemble average quantity is then calculated in such
a way that it is weighted by W,

W, = W, exp(n q,x,) exp (-xn,,/H) (2
and normalized to w

N
w=) W, ®3)

c=1

where n,g, is the number of adsorbed segments, ny, is the
number of polymer-solvent contacts for chain ¢ in an
ensemble of N chains, x is the Flory—-Huggins polymer-
solvent interaction parameter (x = 0 throughout this work),
and x, is the polymer—surface interaction parameter.!8 The
quantity 8 is the lattice coordination number. Thus, for
example, the ensemble-average segment density in some
lattice layer 2, p(2), is given by

p@) = (Q_Wn)lw @
=1

where n, is the number of segments of chain ¢ in layer z.
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p(2) is in fact directly related to the volume fraction of
segments, $(2), through the adsorbed amount, T.

In this way all chains in the ensemble may be counted
with equal probability. This method of “choosing” each
chain with some Boltzmann-like probability but then
weighting it equally, rather than choosing each chain purely
at random and weighting it by some Boltzmann-like
exponential factor, was first proposed in a general form
by Metropolis et al.!® and is now often referred to as
Metropolis MC.

To minimize the possibility of the program generating
the same ensembles of chains on different occasions, the
seed for the random number generator was always ini-
tialized with a value based on the computer’s system clock.
Thus, provided that the total number of random numbers
requested during a simulation was less than the square
root of the period of the pseudo random number sequence
used (typically this period is 232 — 257), the ensemble was
unique.

The Model

The basal face of the lattice (the plane z = 0) is taken
to represent an impenetrable solid surface for which the
enthalpy of adsorption, x,, can be varied. In this paper
Xs is always greater than the critical value necessary for
adsorption to take place, xgc.2°

Each newly-generated chain is displaced in the direction
normal to the surface (the z-direction) until the segment-
(s) with the lowest z-coordinate(s) reach the surface. At
this point the chain is deemed to be adsorbed. Thisis the
start position for the second stage of the simulation. By
generating each chain at the center of the lattice in this
way, that chain is free to adopt a “solution-like” confor-
mation.

During the running of the simulation an ensemble of N,
typically ~0(10%), chains is accumulated. Each chain is
allowed to approach its equilibrium adsorbed conformation
through a succession of K elementary moves operating on
randomly selected segments.

There are a large number of algorithms which could
conceivably be used to model the motion of a polymer
chain receiving random collisions from solvent molecules.
Most use a finite repertoire of local, n-conserving, ele-
mentary moves where the term local indicates that the
algorithm applies to a short, contiguous, run of chain
segments. However, nonlocal, n-conserving, algorithms
do exist. One example is the Pivot algorithm.?! In this
work we have implemented the set of elementary moves
first proposed by Verdier et al.22 These are a trans—gauche
end-of-chain move, a gauche-trans end-of-chain move, and
a 180° flip of a pair of gauche bonds known as a “kink-
jump”. These moves are illustrated in parts a—c of Figure
1, respectively. We have also included an additional local
move, known as the “crankshaft” motion, which has
recently been shown as necessary to establish the true
dynamics of lattice models of this type.?32¢ This move
involves a 90° or 180° flip of two adjacent bonds in gauche
positions to the main chain and is depicted in Figure 1d.
A set of logical rules determines if a randomly selected
segment in the chain can move and, if so, what type of
move can take place. These rules take into account the
position of the segment in the chain, the local lattice
occupancy, and the number of nearest-neighbor contacts
(i.e., the energy) of both the existing chain configuration
and the proposed configuration.

If, during a movement stage, a segment is selected which
is already adsorbed, then clearly a decision must be made
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(a)

Figure 1. Elementary moves used in the simulation: (a) trans—
gauche end-of-chain move; (b) gauche—trans end-of-chain move;
(c) kink-jump move; (d) crankshaft move.

about whether to allow that segment to desorb or not. The
simulation caters for one of three modes of polymer
adsorption. The first of these is a purely “chemisorptive”
approach where an adsorbed segment cannot desorb under
any circumstances. The second approach is a “physisorp-
tive” one. This allows a segment to desorb only if a
probability of desorption, Py, given by

P;= A+ Bexpl-(x, ~ X)) ()

where
A = [1 - B(ngxsc)] U(XBC_XS)

B = Ulx;~x,.)

exceeds a random number between zero and 1. Ineq 5,
dis the usual Kronecker delta and U is a unit step function
with the properties that U(i~j) = 0if i < j and U(i~j) =
1if i 2 j. Clearly, for a neutral or unfavorable surface
where x; £ Xsc, Pq is unity and an adsorbed segment always
desorbs. For all other surfaces P4 falls exponentially with
increasing x..

The final mode of adsorption represents an initially
physisorptive interaction between the chain and the
surface that becomes more chemisorptive the more the
chain relazes and which we term the composite mode. In
this case

Py = A + Bexpl-(x, - x,0)(m + C)/C] (6)

where m is the move index (0 < m < K) and C is a constant
very much smaller than K and is chosen s0 as to make Py
— 0 as m — K over the simulation period.?6 In this way
desorption is made increasingly less likely as m (viz. time)
increases. The differences between the three modes of

Macromolecules, Vol. 26, No. 20, 1993

0.84

0.6t

0.2+ N

Probability of desorption, P,

0.0

T T T T 1
0 2+10° 4x10° 6%10° 8+10° 1%10*
Nurmber of moves, K

Figure 2. Probability of desorption, Pg, as a function of the
number of elementary moves, K. x; = 0.4 (Solid line) Chemi-
sorptivemode. (Dashed line) Physisorptive mode. (Dot-dashed
line) Composite mode.

adsorption in terms of the variation of P4 with K are shown
in Figure 2. The x, and x,. values are the same in each
case.

The use of an exponential form for P4 in eqs 5 and 6 is
a purely empirical choice on our part, but a similar idea
has been suggested elsewhere.?’

The simulation incorporates the effect of surface cov-
erage on the adsorbed conformations through a simple
periodic boundary constraint.?2 Every chain in the en-
semble is both generated and moved subject to this
constraint.

Results and Discussion

(1) Static Properties. The variations of the ensemble-
average root-mean-square end-to-end length, r, and en-
semble-average root-mean-square radius of gyration, s,
with the chain length, n, for fully isolated, nonadsorbed
chains were used to estimate the universal scaling expo-
nent, », in the expression

resacn’

where »=[3/(D+2)] and D is the number of dimensions
available to the chain.®

For chains with lengths between 7 < n < 63, values of
»=0.591 and »=0.542 were obtained, respectively. These
estimates are in quite good agreement with the value of
0.6 expected by Flory for homopolymers in a good solvent
environment (x < 0.5).2 Qur estimates are also compa-
rable with those of other workers.17:223031 The small
discrepancies, most pronounced in the value of v deter-
mined from s(n), are attributed to the very small sample
size of only N=500 chains in that instance.

These results indicated that the simulation behaved as
expected and gave confidence that the chain generation
routines were satisfactory. The SAW algorithm was
further verified by a visual inspection of the lattice
coordinates of some chains as output by the program.

(2) Effect of Elementary Moves. The next step in
the testing procedure was to introduce the elementary
moves. Table I details r and s for chains with lengths
between 7 < n-< 68 before and after K=1000 elementary
moves. The sample size is again N=500 chains.

The data show that r and s are, within the limits of
statistical error, unaffected by the incorporation of the
elementary moves. The data for K=1000 give values of
»=0.622 and »=0.564, respectively. This is not an unrea-
sonable finding. It could be argued that 1000 moves might
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Table I. Root-Mean-Square End-to-End Length, r, and
Root-Mean-Square Radius of Gyration, s, as a Function of
the Chain Length, n, and the Number of Elementary Moves,
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Table II. Root-Mean-Square End-to-End Length, r, and
Root-Mean-Square Radius of Gyration, s, as a Function of
the Number of Elementary Moves, K, for 99 Segment

K Chains*
n K r s ri/s? K r s
7 0 3.29 = 0.56 1.40 £ 0.13 5.52 £ 1.07 20 000 15.00 £ 3.79 5.74 £ 1.00
1000 3.29 £+ 0.64 1.40 £ 0.15 5.52 £ 1.23 30 000 14.80 £ 3.59 5.75 £ 0.93
15 0 5.75 £ 1.21 2.22 £ 0.27 6.71 £ 1.63 40 000 15.18 £ 3.09 5.82 % 0.86
1000 5.42 £ 1.20 2.17 £ 0.26 6.24 = 1.57 50 000 15.37 £ 3.23 5.91 £ 0.87
23 0 6.91 £ 1.57 2.71 £ 0.33 6.50 = 1.68 60 000 1597 £ 3.15 6.09 £ 0.91
1000 6.99 = 1.70 2.78 £0.37 6.32+ 1.76 70 000 15.90 £ 3.03 6.08 £ 0.88
31 0 7.89£2.25 3.11x0.42 6.44 £ 2,08 80 000 16.23 £ 3.10 6.19 £ 0.93
1000 8.26 £ 2,11 3.22+ 047 6.58 £ 1.94 90 000 16.52 £ 2.76 6.35 % 0.85
39 0 8.67 % 2.37 3.41 £ 0.50 6.46 = 2,00 100 000 17.15 + 3.69 6.41 £ 1.10
1000 9.26 = 2.35 3.568 £ 0.53 6.69 £ 1.97
47 0 9.55 + 2.55 3.75 £ 0.57 6.40 £ 1.99 8 Quoted errors represent 1 average deviation.4?
1000 10.04 + 2.62 3.89 % 0.58 6.66 = 2.00 .
55 0 1011273 399+062  6.42%2.00 have yielded y=0.89 = 0.02 by n=13 for x,=1 but suggest
1000  1064+286  412+061  6.672.05 that y—1 as n—=.,32 Using some simple geometrical ideas
63 . 008 Hgg i g-gé i-gé : g-’ég g-gg i g-gg to describe the contact volume between a polymer sphere
55 1 e L241 1995193  Blziios (the segment density distribution of which is Gaussian

@ Also listed is the constant relating r? and s2. Quoted errors
represent one average deviation.42

not be significant in terms of any perturbation it might
inflict on the chain statistics. To test this, simulations
with much greater numbers of moves were conducted on
ensembles of 99 segment chains. The results are sum-
marized in Table II. To reduce the computer time
necessary, the sample size is only N = 100 chains in each
case. While there is a small increase in both r and s with
increasing n, once again within the statistical error it would
seem that the chain dimensions are unaffected by incor-
poration of the elementary moves.

Table I also shows the constant of proportionality
between r2and s? as determined by the model. The average
value is 6.33 £ 0.48. In the limit of high molecular weight
(equivalent to large n) polymers this constant is expected
to tend to a value of 6.00 and so our data shows reasonable
agreement.

(3) Adsorbed Chains. (3a) Physically Adsorbed.
In this section the effect that an impenetrable interface
has on the chains and how it affects their conformations
is considered. Figure 3 shows the mean initial bound
fraction (given the subscript i) as a function of n for isolated
chains with lengths between 9 < n < 99. A solid line has
been added to aid the eye. The quantity p; is the
instantaneous average bound fraction that exists the
moment the newly-generated chain is placed at the
interface and is therefore independent of x; and the
number of moves, K. The dataare highly repeatable within
the statistical errors, being independent of the choice of
random number seed. Each pointrepresents an ensemble
of N=20 000 chains.

The graph shows that p; decreases with increasing n, a
trend that is well described by the empirical power law

p; = 2.553n7"

where y=0.869. This trend may be explained by the fact
that, because the chains are isolated, when n is small they
are able to adsorb in rather flat conformations which give
rise to large bound fractions. However, as n increases this
is no longer possible because in a random coil the segment
density is concentrated around the center of a polymer
“sphere” rather than at its periphery. Fewer segments
are initially adsorbed as a result and thus p; decreases. It
is interesting to note that the data are consistent with the
number of initially adsorbed segments doubling with every
200-fold increase in chain length.

How exactly p should scale with n for an isolated chain
is unclear. Neville table estimates of v for a cubic lattice

about the center) and a planar interface, we have derived
a scaling relationship of the form (see the Appendix)

p« n—Zv
Thus, in an athermal solvent y=1.2, decreasing to y=1.0
in a O solvent.

In our simulation the temporal relaxation or rearrange-
ment of an adsorbed chain is controlled by three param-
eters: K, xs, and the surface coverage, 8, as implemented
by the periodic boundary. For any given value of x, and
providing the ensemble is large enough, it is reasonable
to expect that the bound fraction will tend toward some
limiting value if plotted as a function of (simulation) time
or, as in this model, as a function of K, Figure 4 shows
an example of one such “convergence test” for ensembles
of 49 segment chains adsorbing on an attractive surface
(xs=0.82, N=10 000 chains). It can be seen that even after
K=10° moves the mean limiting (or final—hence the
subscript f) bound fraction, ps (circles), is still increasing,
though the rate of increase could be slowing as the data
points for K=105moves are actually for the slightly higher
adsorption energy of x,=1.0. These required about 20 h
ona CRAY supercomputer.* The initial bound fractions
for each ensemble, p;, are shown as squares. Solid lines
have been added as a visual aid. Figure 4 suggests that
well in excess of 10 moves would be required before a
(physically adsorbing) 49 segment chain could reach
something approximating true thermodynamic equilib-
rium. Since this work would then have required excessive
amounts of computer time, many of the results that follow
are from shorter chains where adsorption equilibrium is
attained far more rapidly. However, this does not inval-
idate our results for two reasons. First, it has been
demonstrated that, as equilibrium is gradually approached,
0 only changes by 1-2% per 106 moves at most.!5 Second,
it must be remembered that the attainment of adsorption
equilibrium by real polymers is a very slow process. So
slow, in fact, that many experimental studies are probably
conducted on nonequilibrium systems.

Figure 5 shows the variation of pswith x, for an ensemble
of N=20 000 isolated chains of n=9 segments (circles) after
K=1000moves. Itisseenthat princreases withincreasing
xs as might be expected; the surface becomes more
attractive and therefore adsorption becomes more favor-
able. A dashed line has been used to join the data points
as a guide. A similar graph for a cubic lattice has been
generated by exact enumeration methods and is depicted
in Figure 5 as the continuous line.3® Due to the nature of
those calculations, it was possible to extrapolate p(x,) in
the limit n — o,
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Figure 3. Mean initial bound fraction, p;, as a function of the
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Figure 4. Mean bound fraction as a function of the number of
elementary moves, K: (squares) initial, p;; (circles) final, pr (n=49,
N=10 000, and x,=0.82 except for log (K)=5 where x,=1.0).

For a lattice system the value of x is given by%
Xee = ~IN(1-A;) )

where A is the fraction of nearest neighbors that could lie
in an adjacent lattice layer. Thus for a cubic lattice x4
~0.18, and it is seen that this approximately coincides
with the region in which p (x,)—0for the exact enumeration
data. Although we did not explore the behavior of the
simulation in the region x, < xa, it is clear that our bound
fraction data are tending to some small but finite value
and not to zero. However, this is also to be expected
because xs is defined in the limit n—«.20 To illustrate
this point, Figure 5 also shows two additional data points
for xs=0.22. These are identical data to the circles but for
chains of lengths n=49 (squares) and n=99 (triangles). It
can be seen that, for this value of x;, as n increases, ps
decreases. We do not show any further data points for
these longer chains because while 1000 elementary moves
might allow a 9 segment chain to reach an equilibrium
adsorbed conformation this number of moves would not
be sufficient for the longer chains. At very high x, the
exact enumeration data also converge toward a value of
p which is close to unity. We have not tested this.

The effect of surface coverage on p is shown in Figure
6 for n=49 segment chains adsorbed at x,=0.82 after
K=5000 moves. The sample size is N=3000 chains. The
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Figure 5. Mean final bound fraction, p;, as a function of the
surface interaction energy, x,: (circles) n=9, (squares) n=49,
(triangles) n=99, (continuous line) exact enumeration data for
?bic lattice extrapolated to infinite chain length® (N=20 000,
=1000).
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Figure 6. Mean final bound fraction, py, as a function of the
surface coverage, § (n=49, N=3000, K=5000, x,=0.82).

abscissa is expressed as segments per surface lattice site,
6, such that

8 = n/W? (8)

where W is the width of the lattice (the same in both the
x and y directions) in lattice units. Thus for n=49 the
chain may be regarded as isolated if § < 0.02.%% Reducing
the width of the periodic boundary raises the surface
coverage.

It can be seen that p; falls quite quickly between 0.05
< 6 < 0.2 but then decreases slowly beyond 8~0.68. This
latter point approximately coincides with n/(2s)2 for this
chain length (the actual value would be §=0.84). Similar
observations were made for some lower x, values, but the
change in p; was less distinct. Since 2s is the separation
at which neighboring chains (in solution) would start to
experience one another, the observed behavior can be
explained in terms of steric crowding effects. Atlow 8 the
chain is free to relax in such a way that it may maximize
its contacts with the surface and form quite expanded
conformations in the plane of the surface. However, as §
increases, the chain is forced to adopt conformations with
more “loops” and “tails” (which extend further away from
the surface). With fewer and fewer segments in “trains”,
Dris gradually reduced. This behavior has also been seen
in MC studies of terminally-attached chains3” and in
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Figure 8. Number of adsorbed segments, 7,q4,, and cumulative
bound fraction as a function of the number of elementary moves,
K, for a chain adsorbing in the physisorptive mode for x,=0.1
(n=49, N=1).

exact enumeration studies.20%839 Figure 6 also compares
favorably with predictions from contemporary mean-field
theories*® and experimental data.4!

Figure 7 shows the normalized ensemble-average seg-
ment density profiles for n=49 segment chains at surface
coverages of #=0.012 and §=2.041. Asthesurface coverage
increases, it is possible to see a shift in segment density
away from the surface and, although less distinct, a small
increase in the maximum extent (equivalent to ) of the
profiles.

(3b) Chemically Adsorbed. The variation of ps(f) has
also been investigated for the case of chemisorption, where
segments are irreversibly adsorbed. It was found that ps
was not only smaller than in Figure 6 (for chains of the
same length) but also only weakly dependent on 6. This
suggests, as might be expected, that the chains are
adsorbing in a solution-like conformation but then finding
themselves unable to rearrange at the surface.

(4) Effect of P3. One of the important aspects of this
simulation is its ability to allow segments to desorb, and
this is illustrated in Figures 8-10. Each figure shows the
number of adsorbed segments, 1,45, as a function of K for
three different (i.e., N=1) initial conformations of isolated
n=49 segment chains adsorbing under slightly different
conditions. Alsoshown are the corresponding cumulative
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Figure 9. Number of adsorbed segments, n,4, and cumulative
bound fraction as a function of the number of elementary moves,
K, for a chain adsorbing in the physisorptive mode for x,=0.8
(n=49, N=1).

bound fractions after move m in each case, p(m), as given
by

K
pm) = (Y py)im )

m=1

In Figure 8 the chain has physically adsorbed. This
means that Py is constant and only determined by x,. In
this example, x;=0.1, giving P4=0.9; that is, thereis a 90 %
chance of an adsorbed segment desorbing if selected and
if able to move. It is seen that the number of adsorbed
segments gradually builds up over the first 16 000 moves
but that after 25 000 moves it completely desorbs and never
readsorbs during the remainder of the simulation (105
moves).

InFigure 9 the chain is again purely physically adsorbed
but this time the adsorption energy is much higher at
xs=0.8. Although this only corresponds to P3=0.45, the
chain is adsorbed for 1000 moves, completely desorbs for
the next 63 000 moves, and then readsorbs with more
segments adsorbed than it had originally.

Last, in Figure 10 the chain has adsorbed with the model
running in the composite mode. In this example x,=0.3,
thereby allowing P, to exponentially decrease from 0.74
at K=0 to 0.0004 at K=10000. As a result there is an
irregular but consistent increase in the number of adsorbed
segments until at the end of the run 44% of them are
adsorbed.

(5) Segment Density Profiles. x;plays an important
role in determining the degree to which a chain will adsorb
and it therefore influences the form of p(z). This is
illustrated in Figure 11 where p(z), for three ensembles of
isolated n=49 segment chains adsorbed at x,=0.22,
xs=0.42, and x,=0.62 (N=20 000 chains, K=1000 moves)
in the physisorptive mode are shown.

With increasing x, the maximum in p(2), diminishes
and the segment density beyond the first layer drops
sharply. The pronounced maximum in the data for
xs=0.22 occurs because the system is only 0.04 above x,.
The surface therefore appears almost neutral to the chain.
With little to be gained thermodynamically by adsorbing,
the chain retains much of its solution conformation.
Similar profiles have been obtained experimentally for
terminally-attached polymers using SANS.! The surface
will actually be even more unfavorable than the preceding
discussion implies because, as has already been mentioned,
eq 7 is defined in the limit of large n. For shorter chains
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Figure 11. Normalized segment density profiles for n=49
segment chains physically adsorbing at different interaction
energies: (triangles) x,=0.22, (squares) x,=0.42, (circles) x,=0.62
(N=20 000, K=1000).

the “effective” xs of the surface rises.®® The shapes of the
profiles change rapidly as x; increases. Although the
maximum extents of all three distributions appear to be
the same, it must be remembered that the chain lengths
depicted are very short. The important observation to be
drawn from these data are that changes in x, only affect
the conformations of isolated chains at, or in close
proximity to, the surface.

The differences between the physisorptive and chemi-
sorptive modes of adsorption suggest two very different
segment density profiles for isolated chains. Examples
are shown in Figure 12 for ensembles of n=49 segment
chains adsorbing at x;=0.2 (minimum N=5000 chains,
K=1000 moves). It is seen that in the case of the
physisorbed chains p(z), falls rapidly from 0.61 to 0.06
over the first two layers and then decreases more slowly
out to about z=6. This is because the chains have been
able to rearrange themselves at the surface, forming trains
and loops in the process. In contrast, much less surface
rearrangement can take place with the chemisorbed chains
as those segments which adsorb do not desorb. Conse-
quently the segment density distribution for this ensemble,
p(2)., still retains much of its initial (bulk solution)
Gaussian form. This gives rise to the maximum of
p(2).=0.13 at 2=3.
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Conclusions

A novel dynamical Monte Carlo computer simulation
of homopolymer adsorption at a solid interface from an
athermal solution has been presented.

Estimates of the universal scaling exponent, », of 0.591
and 0.542 were made from the root-mean-square end-to-
end length and root-mean-square radius of gyration data,
respectively, for isolated, nonadsorbed chains.

The simulation has been used to study the evolution of
the structure of an adsorbed polymer layer through the
average bound fraction of segments at the surface and the
polymer segment density profiles perpendicular to the
interface. The enthalpy of adsorption could be varied
but was always favorable, and the effect of surface coverage
was modeled by the use of a periodic boundary constraint.
The trends shown by the data from the simulation are
broadly in agreement with published results from both
experimental investigations and contemporary analytical
theories,35:40:41

The simulation is able to model chemical adsorption
and, by introducing a probability of desorption, physical
adsorptionalso. Inthelatter case, and when the enthalpy
of adsorption is low, chains can adsorb, desorb, and then
readsorb. Besides making the simulation more represen-
tative of the real adsorption process, this capability has
also enabled qualitative comparisons with an experimental
system to be made.16
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Appendix

In this appendix we derive a simple scaling relationship
between the bound fraction of polymer segments at a
planar interface, p, and the number of segments in the
polymer, n.

We start by assuming that the volume occupied by a
random-coil polymer in solution can be represented by a
sphere whose radius is equal to the radius of gyration of
the polymer, s (see Figure 13). So far as the initial
adsorption is concerned, we need only consider those
segments in a spherical shell between radial distances s—a
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Contact Sector

Figure 13. Cross-sectional representation of a random-coil
polymer of radius of gyration s and segment length a adsorbed
at a solid surface. See the Appendix.

and s, where a is the length of a segment. The volume of
such a shell, V, is then given by

V = (4/3)n(3s%a - 3sa® + a®)

If we further assume that thereis aspherically symmetric
distribution of segments about the center of mass of the
polymer, then the segment density, p(R), at some radial
distance, R, is given by the well-known expression

p(R) = n[3/(27s%1%/% exp(-3R%/2s%)

The number of segments at distance R from the center,
Np, is simply proportional to the product fp(R) ds V, where
the integral is taken between s—a and s. However, since
the segment density in this region is small and s>>a, we
use the approximation that Ng~p(R) V. When R=s

Ng ~ C,(n/s*(3s% - 3sa® + a®)

where C; is a constant.

Only a fraction, F, of the spherical shell will actually be
in contact with the interface. For a spherical sector of
thickness a

F = 2nsa/4ns® = a/2s

and the number of segments within it, N,, is just the
product FNxg.

Utilizing the scaling relationship s«<n” and neglecting
terms of O(a®) and higher since s>>a, it may be shown that

N, ~ Cznl"z”
where C; is a constant. It then follows that
p=N,/n~Cpn?
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