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ABSTRACT: The exchange kinetics of macromolecules (e.g. polymers or proteins) desorbing from a solid 
surface is investigated using a theoretical model which accounts for both transport-controlled and 
detachment-controlled kinetics in a unified manner. In the transport-controlled regime, the decay has 
an effectively stretched-exponential behavior with an exponent that could vary anywhere from 0 to 1. 
The theoretical predictions agree well with the results from dynamic Monte Carlo simulations. The 
solution presented here will be valuable for interpreting exchange-kinetics experiments and can be used 
to obtain both the attachment rate and the detachment rate unambiguously. 

I. Introduction 
Adsorption of macromolecules (polymers, proteins) 

onto a solid surface plays an important role in a variety 
of applications, including chromatography, paint and 
coating, and biomedical material design, and therefore, 
has attracted considerable research efforts. Apart from 
the complicated surface processes one may encounter 
in the case of adsorptioddesorption of macromolecules 
(e.g. conformational relaxation of polymers on the 
surface), the adsorptioddesorption kinetics of macro- 
molecules shares a physical picture similar to the case 
of small molecules adsorbed at interfaces (i.e. air-liquid 
or liquid-liquid). They both can be influenced or 
controlled by the transport of the materials to the 
adsorbing surface. This question has been explored 
theoretically as early as in 1946 by Ward and Tordai,l 
and has continued to receive considerable attention2a 
even Most of the theoretical work so far has 
focused on adsorption kinetics or desorption kinetics and 
has considered the influence of the transport step on 
such kinetics. Unfortunately, the theoretical model has 
no analytical solutions under these situations. Even the 
qualitative understanding of the interplay between the 
transport process and surface process is not very clear. 
As a result, measurements of adsorption kinetics or 
desorption kinetics have not been able to  provide much 
quantitative results about adsorption and desorption 
rates of polymers at surfaces. 

Recently, measurements of exchange kinetics have 
received considerable attention for polymers adsorbed 
on a surfa~e.~-lO In these experiments, polymers are 
first allowed to adsorb onto the surface while in equi- 
librium with their bulk solution. Then the bulk solution 
is replaced by another solution which contains a differ- 
ent polymer, or a similar polymer, but with certain 
labels that will allow one to trace the p ~ l y m e r . ~ ~ ~  The 
subsequent exchange of polymers and the resulting 
decay of the amount of originally adsorbed polymers, 
r(t), can then be monitored by an appropriate detection 
method. Such experiments can probe the desorption of 
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polymers from the surface. It has been reported that 
the decay of Ut)  monitored by such exchange-kinetics 
methods can be either diffusion-controlled or detach- 
ment-~ontrolled.~~~ The former shows a stretched- 
exponential decay, while the latter shows a simple- 
exponential decay. However, there have been no 
theoretical investigations (of such exchange kinetics) 
which consider the interplay between the surface de- 
tachment process and the transport processes. All the 
experimental data are analyzed by extracting the ap- 
parent decay rate from such measurements and by 
simply treating the extracted rate as the desorption 
rate. This rate apparently has contributions from both 
the transport step and surface detachment step. 

We present here a simple model which is constructed 
on the basis of the physical picture of exchange kinetics 
we describe and which is also supported by our Monte 
Carlo simulation of the desorption of homopolymer 
chains from a solid surface. The model employed has 
been used earlier to study the adsorption and desorption 
kinetics under the influence of t ran~port . l -~ When one 
applied this simple model to exchange kinetics, under 
an ideal situation (i.e., the replacing molecules in the 
bulk are thermodynamically equivalent to those ad- 
sorbed on the surface), a simple analytical solution is 
obtained for the decay of the amount of the originally 
adsorbed molecules. This greatly simplifies the analysis 
of the data obtained in the experimental measurement 
of the exchange kinetics, and thus it will be possible to 
obtain both the attachment and the detachment rates 
of macromolecules on the surface from such studies. 

11. Theoretical Model 
The physical situation of interest consists of a surface 

which has an adsorbed layer of polymer chains with a 
surface coverage of To (in mass per unit area) at time t 
= 0. These polymer chains are labeled by suitable 
means (e.g. isotopic label or fluorescence label), which 
allow one to distinguish these polymers from those in 
the bulk that have no labels. The label itself does not 
influence the thermodynamic properties of the chains 
as far as adsorption is concerned. As time elapses, the 
labeled chains will exchange with those unlabeled in the 
bulk. The system is otherwise in a thermodynamic 
equilibrium state if one does not differentiate between 
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Figure 1. Schematic drawing of the exchange kinetics under 
consideration. 

the labeled and unlabeled chains. We call the kinetics 
thus measured by monitoring the decay of the amount 
of the labeled chains on the surface, Ut) ,  as “exchange 
kinetics under an ideal situation”. In a real experiment, 
the replacing chains in the bulk quite often will be 
different from those originally adsorbed on the surface. 
That difference will complicate the problem further. As 
a first step, we only focus on the exchange kinetics 
under the above-defined ideal situation. 

The geometry of the system under consideration is 
depicted in Figure 1. The bulk solution extends infi- 
nitely along the positive z-direction, with the origin at 
the flat adsorbing surface. We use k ,  and kd to denote 
the attachment and detachment rates of polymers onto 
and from the adsorbing surface. These rates may have 
a complicated dependence on the surface coverage. We 
call k ,  and kd the at tachment  and detachment  rates, 
respectively, rather than by the commonly used terms, 
“adsorption” and “desorption” rates, in order to differ- 
tiate them from the rates measured in adsorption/ 
desorption kinetics. In the latter situation, the rates 
measured contain the combined effects of both the 
transport process and the surface process. The kinetic 
equation for the labeled chains then follows: 

Here C(z,t) is the concentration of the labeled chains at 
time t along the z-direction, and C(z,t)lz=o is the con- 
centration near the surface region. Note k ,  has the 
dimension of lengthhime, while kd has the dimension 
of time-,. We write k ,  explicitly as a function of Ts, the 
total surface coverage that counts both the labeled and 
unlabeled chains on the surface, since ka is expected to 
be strongly dependent on the total surface coverage. In 
comparison, kd is not expected to be strongly dependent, 
but may be weakly dependent on the surface coverage 
in most situations. 

Before proceeding with the problem, we would like 
to show that the above equation naturally leads to an 
attachment rate which is consistent with the Langmuir 
adsorption kinetics when the adsorption isotherm fol- 
lows the Langmuir equation. When the adsorption is 
reversible and equilibrium is reached between bulk 
solution and the surface layer, then drldt becomes zero 
and one has 

The Langmuir adsorption isotherm is of the form 

r -  AC 
rmax 1 +AC 
--- (3) 

in which A is a constant. Rearranging the above and 

assuming kd is not a function of T, one arrives at 

This attachment rate is exactly what is commonly used 
when one speaks of Langmuir adsorption kinetics. The 
attachment rate is a decreasing function of the surface 
coverage. 

Nevertheless, no assumption concerning the form of 
the adsorption isotherm is needed in our theoretical 
model about the exchange kinetics. The only assump- 
tion we need is the time independence of ka and kd in 
eq 1. In the case of exchange kinetics under the ideal 
situation, the total surface coverage is constant. There- 
fore, the assumption that ka and kd are independent of 
time can be justified. This is also the reason why we 
can separate the kinetic equations for the labeled and 
unlabeled chains. The bulk concentration of the labeled 
chains, C(z,t), obeys the following mass-transport equa- 
tion: 

in which D can be a function of distance [through its 
possible dependence on C(z,t)l, but we shall assume that 
it is a constant. At time t = 0, C(z,O) = 0, since all the 
labeled chains are on the surface initially. The second 
boundary condition that is needed to determine C(z,t) 
uniquely is 

dictated by the conservation of mass. 
The above equations remain the same for the adsorp- 

tion and desorption kinetics, but the boundary condi- 
tions are different. In the case of adsorption and 
desorption kinetics, the surface coverage becomes a 
function of time. Therefore, the equations have no 
analytical solution because of the nonlinearity of the 
second term in (1). 
An analytical solution for r(t) can be obtained using 

the Laplace transforms. The Appendix outlines the 
procedure. Although U t )  depends on the three coef- 
ficients, ka, kd, and D,  it is a function of only two 
parameters, since ka, kd, and D appear in the following 
combinations in the solution: 

When a1 * a2, one gets 

where 

in which erfc(w) is the complementary error function. 
When a1 and a2 are complex numbers, T(t) is still a real 
function oft, because a1 will be a complex conjugate of 
a 2  and flazt1I2) will be a complex conjugate of flalt1I2). 
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the relative magnitudes of (k,/2D1/2)2 and kd. Note that 
these two variables have the same dimensions. It is 
easy to show that when diffusion is fast, so that ( k a /  
2D1/2)2 << kd, (8 )  reduces to  

r(t) = eXp( -kdt) ( 1 1 )  

as one would expect when the rate of detachment 
controls the decay. 

On the other hand, when kd is small compared to (ka/ 
201/2)2, one has 

( 1 2 )  

( 1 3 )  

a, RZ k$li2/k, + ... 
a, x k,/D1'2 - k$'"/k, 

as well as the inequality 

a2 >> a, ( 1 4 )  

Therefore, Ut)  can be approximated by 

r(t) = r$(a,t1'2) ( 1 5 )  

This approximation, however, will not be valid as t - 
0. Nevertheless, since we are interested only in esti- 
mating the time of decay, we can use this approxima- 
tion. The functionflw) decays to W e )  at approximately 
w = 1.25. Thus if one defines zoff as the time needed 
for U t )  to decay to l / e ,  then one has the following 
approximation: 

zoff RZ l . 5 6 k 2 / ( k d 2 D )  ( 1 6 )  

This approximation is only held when a2 >> al. 
The above discussions have shown that the relative 

magnitudes of ka2/(4D) and kd determine whether the 
decay will be detachment-controlled or transport- 
controlled. The role of D is easy to understand. When 
D is small, ka2/(4D) will be large and, therefore, the 
decay will be transport-controlled, or vice versa. How- 
ever, the role of kd seems to be counter to physical 
intuition. If one keeps ka2/(4D) constant and decreases 
kd, the decay will become transport-controlled rather 
than detachment-controlled. This counter-intuition is 
due to the fact that ka is strongly dependent on kd, as 
shown by (2 ) :  

k ,  = k d P q / c q  = kd& ( 1 7 )  

where Q is a quantity which does not vary significantly 
when kd is varied. Using the above relationship, the 
inequality which determines the decay to be more 
detachment-controlled becomes 

Q 2 k d / m  << 1 ( 1 8 )  

Now the role of kd is consistent with physical intuition. 
When kd becomes smaller, the above inequality will be 
satisfied. Therefore, the decay will be more detachment- 
controlled. 

Douglas et aL7 have reported observing stretched- 
exponential decays of r in their experiments and have 
interpreted the stretched-exponential behavior as due 
to the "diffusion-controlled" decay. However, there is 
an important difference between their interpretation 
and ours, The diffusion process they have discussed is 
the diffusion of the chains through the adsorbed polymer 
layer (or the "adlayer" in their terminology). The 
diffusion process we have discussed above is the diffu- 
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Figure 2. Sample calculations of T(t)h-o with k d  = 0.01 time-', 
k, = 0.02 (lengtwtirne): (a) D = 0.001 length2/time, Q2kd/m 
= 10; (b) D = 0.01 length2/time, Q2kd/m = 1; (c) D = 1.0 
length2/time, Q2kd/m = 0.1; (d) simple exponential decay 
function, exp(-kdt). 
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Figure 3. Data in Figure 2 replotted as -ln(T(t)Ko) vs t .  
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When a1 = a2 = a, 

In Figure 2, we present several sample calculations for 
T(t)/To when kd = 0.01 (time-,) and k, = 0.02 (length/ 
time) are kept constant and the diffusion coefficient, D, 
is varied from 0.001 to 1 (length2/time). Curve b (D = 
0.01) corresponds to a1 = a2. It can be seen from the 
figure that when the diffusion coefficient becomes 
progressively smaller, the decay deviates more and more 
from the simple-exponential function. In Figure 3, the 
same data are replotted using -ln(T(t)/To) vs t on a log- 
log plot. The dependence of T( t )  on t is not strictly a 
stretched-exponential function, but for a limited range 
of t ,  it often can be approximated by a stretched- 
exponential function. For example, curve a in Figure 3 
exhibits a straight line with a slope of 0.5 for t that 
spans from 200 t o  2000,2 orders of magnitude in time. 

Whether U t )  is closer to  a simple-exponential decay 
function or to a stretched-exponential decay depends on 
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Figure 4. Replot of curve (a) in Figure 3 over a wider range 
o f t .  The three short lines indicate three different slopes B 
(with the values specified by the numbers above the lines). 

sion of the detached chains in the bulk, away from the 
surface layer. On the first sight, it may not appear that 
the diffusion in the bulk solution can exert such a 
significant influence on the overall decay measured in 
the exchange kinetics, since the overall decay reported 
in the experiments in refs 7 and 8 is on the order of 
hours, whereas diffusion in the bulk typically takes only 
several minutes. But what is different about exchange 
kinetics is the strong tendency of the detached chains 
to be readsorbed if they cannot be transported away 
relatively fast. Therefore, it is the coupling between the 
readsorption and diffusion in the bulk that causes the 
overall decay in the exchange kinetics to slow down 
significantly. Douglas et al. have overlooked this aspect, 
and therefore, in order to explain the slow diffusion that 
is on the order of hours, they invoke the idea of sluggish 
diffusion through the adsorbed polymer layers. 

The above model proposed for the exchange kinetics 
can readily explain the experimental results reported 
by Douglas et al .  without any additional assumptions. 
In particular, we focus on the results reported in Figures 
3 and 4 of ref 7 where stretched-exponential decays with 
an exponent less than 0.5 are observed. According to 
our model, one can observe a stretched-exponential 
decay (exp(-tP)) with an exponent /3, that could lie 
anywhere between 0 and 1. To illustrate this, we have 
replotted curve a in our Figure 3 over a much wider 
range of t  (spanning a total of 7 orders of magnitude) 
in Figure 4. The three short lines in the figure indicate 
three different slopes, i.e., three different p's. Experi- 
mental measurements rarely probe decays over a range 
oft spanning 7 orders of magnitudes. The typical range 
of time covered in the experiments reported by Douglas 
et al .  is about 2 orders of magnitude. One can see from 
our Figure 4 that if the range of observation is from t = 
lo3 to t = lo5 [during which r(t)lro varies from about 
0.5 to 0.043, the observed exponent will be approxi- 
mately 0.3. It is also apparent from this figure that the 
smaller the initial measured values of r(t)lro are (Le. 
the further along the tail the monitored decay lies), the 
smaller the observed j3 will be. This trend can be easily 
seen in the results reported in Figures 3 and 4 of ref 7. 

Recently, we have carried out dynamic Monte Carlo 
simulations of desorption of homopolymers from a solid 
surface and have observed similar stretched-exponential 
decays. In fact, it is these results that make one 
appreciate the role of diffision in the bulk in causing 
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the stretched-exponential decay of r. Below we present 
the dynamic Monte Carlo simulation results which 
support the above theoretical model for the exchange 
kinetics. 

111. Comparison with Dynamic Monte Carlo 
Simulation 

We have performed dynamic Monte Carlo simulations 
to  investigate the dynamical properties of adsorbed 
homopolymers on a flat surface. Part of the study has 
been reported in a previous publication," but for a 
better understanding of the results, the details of the 
simulation models are reported here again. 

The simulations are carried out on a cubic lattice of 
size 503, with periodic boundary conditions applied in 
the x -  and y-directions. The z = 0 layer is the impen- 
etrable adsorbing surface, and the layer at z = 49 is a 
noninteracting hard wall. The chains are modeled as 
self-avoiding walks on the lattice, and only attractive 
segmenffsurface interactions, with cs = l.OkBT, are 
applied with the Metropolis rule12 whenever a segment 
is in the z = 1 layer (in direct contact with the adsorbing 
surface). The simulation starts with an appropriate 
number of chains in the box, so that when the system 
reaches equilibrium, the concentration in the bulk, Ceq, 
is maintained at  a nearly constant level (i.e. 0.027 f 
0.004) for each chain length (in the other work, we have 
used @b to denote this bulk concentration, but here we 
want to be consistent with the previous theoretical 
section). Only the extended Verdier-Stockmayer12 
relaxation method is employed for generating subse- 
quent dynamic trajectories after the system is equili- 
brated by a combination of reptation and the extended 
Verdier-Stockmayer relaxation. Some of the other 
details, such as how to determine the equilibrium bulk 
concentration, can be found in ref 13. 

A chain is defined as adsorbed whenever there is at 
least one segment of that chain in direct contact with 
the adsorbing wall. These chains are reversibly ad- 
sorbed on the surface, and they constantly exchange 
with the chains in the bulk. To monitor the dynamics 
of the exchange, we define the following correlation 
function: 

Here, Ns(0) and Ns(t)  are the number of "labeled" chains 
adsorbed on the surface at  times 0 and t ,  respectively. 
We distinguish the initially adsorbed chains from the 
rest (those in the bulk at  time t = 0) by "labeling" the 
former. T w o  different correlation functions are ex- 
tracted from the trajectory. In one, as soon as a labeled 
chain leaves the surface, it is no longer considered as 
labeled. Thus its subsequent return to the surface does 
not contribute to Ns(t) .  The correlation function thus 
obtained, denoted by G,(t), describes only the detach- 
ment of the adsorbed chains from the surface. In the 
other, the label is retained regardless of whether that 
chain has left the surface, and the subsequent return 
of that chain to the surface contributes to the count of 
Ns(t) .  The latter "labeling" method is closer, or equiva- 
lent, to the "labeling" method adopted in experiments, 
since in a real experiment the label is always perma- 
nently attached. The correlation function thus obtained, 
denoted by Gnc(t), is the one that we have discussed in 
the above theoretical section, the decay of r(t) in 
exchange kinetics under the ideal situation. 

We have examined decay of both GJt) and G,,(t) for 
the chain length in the range 5-85. For all the chain 
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Figure 5. (a) G,(t) and (b) G,,(t) determined from the 
simulations for chain length, 1 = 10. 

Table 1. Parameters Extracted from the Simulationa 
1 Cw k d  (time-') D (length2/time) res k, (lengtldtime) 
5 0.023 2.5 x 0.03 0.33 3.6 x 

10 0.031 4.1 x lo-* 0.013 0.62 8.2 x 
20 0.027 6.8 x 0.0057 0.83 2.1 10-3 
50 0.026 5.6 x 0.0020 1.04 2.2 x 10-4 
85 0.023 2.3 x 0.0011 1.18 1.2 x 

unit length. I denotes the number of beads in the chain. 
a The time is in Monte Carlo steps, and the length is in lattice 

lengths examined, G,(t) exhibits an unequivocally simple- 
exponential decay, while G,,(t) decays much slower than 
G,(t), and often it exhibits stretched-exponential behav- 
ior. It is these results that have led us to investigate 
the exchange kinetics theoretically. Figure 5 presents 
an example of the difference between G,(t) and G d t )  
for one of the chain lengths examined. 

In order to compare the results from the simulation 
with the theoretical predictions in the above sections, 
we need to determine kd, k,, and D independently from 
the simulation. G,(t) provides kd directly. Since the 
chains in the simulations are reversibly adsorbed on the 
surface, 12, can be related to kd through (2) .  Therefore, 
we only need to evaluate P and Ceq from the simula- 
tions in order to obtain k,, and that can be easily done.14 
The diffusion coefficient, D, of the chains in the bulk is 
evaluated by monitoring the displacement of the aver- 
age center of mass of the chains as a function of Monte 
Carlo step in the simulation. Table 1 summarizes the 
coefficients determined in the simulations for several 
chain lengths. 

From the simulations, D is found to have a power- 
law dependence on the chain length with an exponent 
of 1.21, which is what one expects for a Rouse chain 
with excluded-volume interactions (we have examined 
a total of eight different chain lengths). The coefficient 
kd is found to  have a power-law dependence on the chain 
length as well, with an exponent of -2.5. This result 
has been discussed in a previous pub1ication.l' The 
physical meaning of the attachment rate l z ,  is not well- 
understood. Nevertheless, we found k ,  also has a 
power-law dependence on the chain length but with an 
exponent of -2.0. Apparently, this k, is quite different 
from the rate of conformational relaxation when a 
homopolymer is brought into contact with an adsorbing 
wall, as examined by Shaffer.14 In the latter case, it 
has been reported to have a power-law dependence with 
an exponent of -1.5. 

0.4 t 
0.0 0.5 1 .o 1.5 2 . 0 ~ 1 0 ~  

Time (MC step) 

Figure 6. Solid line: G,,(t) determined from the simulation 
for I = 20. Dashed line: Calculated according to (8 )  using 
parameters tabulated in Table 1 for I = 20. 

t . . . . 1 . . a . 1 . . . . 1 6 . a .  

0.0 0.5 1 .o 1.5 2.0x1106 

Time (MC step) 
Figure 7. Solid line: G,,(t) determined from the simulation 
for I = 85. Dashed line: Calculated according to (8) using 
parameters tabulated in Table 1 for I = 85. 

Figures 6 and 7 present the calculations according to 
(8) with the parameters tabulated in Table 1, along with 
the G,,(t) determined in the simulations for 1 = 20 and 
I = 85. The simulations were carried out with a finite 
lattice length along the z-direction. Thus the later part 
of the decay from the simulation deviates upward from 
the theoretical predictions since the theory assumes an 
infinite extension along the z-directions. The agreement 
between the theoretical predictions and the Monte Carlo 
simulation results down to  W / T o  - 213 is very good. A 
test of the theoretical predictions at  smaller T(t)lTo 
would require a larger simulation box. Figures 6 and 
7 confirm that the physical picture adopted by us and 
the theoretical predictions obtained in the above sections 
are correct and that it is the transport process in the 
bulk that affects the decay of the exchange kinetics. 

The Monte Carlo simulation results reported here are 
limited to only one surfacelsegment interaction energy, 
xs = l.OkBT, and although this may limit what one can 
infer about the detachment kinetics, the physical picture 
we have proposed above, specifically the relationship 
between the detachment kinetics and exchange kinetics 
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remains valid under more general situations. In the 
simulations reported here, all the G,&) studied are 
transport-controlled. This is of course due to the limited 
range of the physical situation we have investigated. 
However, we do not expect any fundamental change in 
the physical picture of the exchange kinetics presented 
above even if the surfacehegment interaction is much 
higher than we have presently investigated. When the 
surfacehegment interaction is very high, G,,(t) merely 
becomes detachment-controlled, and our  solution al- 
ready covers this limit. 

We close our discussion with a few brief general 
comments. The kinetics of adsorption and desorption 
have been recognized to be important for a number of 
years, and the general theoretical formalism used is not 
different from the physical picture employed here. 
However, adsorption problems do not admit analytical 
solutions except in highly simplified cases since the 
surface coverage varies with time (and, often, in a 
complicated or unknown manner). In contrast, the 
equations for the exchange-kinetics experiments of the 
type addressed in the present paper can be solved 
analytically when k a  and kd remain constant, and such 
exchange-kinetics experiments can be used to determine 
detachment and attachment rate constants. Perhaps a 
combination of adsorption-kinetics, desorption-kinetics, 
and exchange-kinetics experiments may assist one in 
developing a comprehensive picture of the dynamics of 
polymer adsorption and desorption. 

We are presently carrying out additional dynamic 
Monte Carlo simulations to  investigate exchange kinet- 
ics when the replacing chains are different from those 
initially residing on the surface. These simulations will 
be valuable for interpreting experiments in which the 
replacing chains differ from the initially adsorbed 
chains. 
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Appendix 
Applying a Laplace transform to (5 ) ,  one has 

(20) 

C(z,P) is the Laplace transform of C(z,t), and C(z,t) is 
zero at  time t = 0. The solution of the above equation 
has to  be finite along the positive z-direction, thus 

where A(P) is an undetermined coefficient, which is a 
function of P, but not a function of z .  The second 
boundary condition in (6) gives 

(22) 

Applying a Laplace transform to (1) and substituting 
the above-determined C(z,P), one obtains 

One can obtain T(t)lTo easily from (23) by applying an 
inverse Laplace transform. 

References and Notes 
(1) Ward, A. F. H.; Tordai, L. J .  Chem. Phys. 1946, 14, 583. 
(2) Baret, J. F. J .  Phys. Chem. 1968, 72, 2755. 
(3) Mysels, K. J. J .  Phys. Chem. 1982, 86, 4648. 
(4) Bychuk, 0. V.; O’Shaughnessy, B. J .  Colloid Interface Sei. 

(5 )  Pefferkorn, E.; Carroy, A.; Varoqui, R. J .  Polym. Sei., Polym. 

(6) Frantz, P.; Granick, S. Phys. Rev. Lett. 1991, 66, 899. 
(7) Douglas, J. F.; Johnson, H. E.; Granick, S. Science 1993,262, 

(8)  Johnson, H. E.; Douglas, J. F.; Granick, S. Phys. Rev. Lett. 

1994,167, 193. 

Phys. Ed.  1985,23, 1997. 

2010. 

1993. 70.3267. 
I ,  

(9) Dijt, J. C.; Cohen Stuart, M. A,; Fleer, G. J. Macromolecules 
1994.27.3229. . .  

(10) Schneider, H. M.; Granick, S.; Smith, S. Macromolecules 
1994,27,4714. 

(11) Wang, Y.; Rajagopalan, R.; Mattice, W. L. Phys. Reu. Lett. 
1995, 74, 2503. 

(12) Binder, K. In Computational Modeling of Polymers; Bicerano, 
J., Ed.; Marcel Dekker: New York, 1992. 

(13) Wang, Y.; Mattice, W. L. Langmuir 1994, 10, 2281. 
(14) Shaffer, J. S. Macromolecules 1994,27, 2987. 

MA9501470 


