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ABSTRACT: The behavior of a terminally anchored, freely jointed bead-rod chain subjected to uniform
solvent shear flow was investigated via Brownian dynamics simulations. The effects of solvent flow were
demonstrated through the dependence of the segment density distributions, components of the radius of
gyration, and the attachment force on the solvent shear rate. Additionally, it was found that the effective
hydrodynamic thickness was a strong function of the shear rate, in contrast to previous results for bead-spring
model chains. Stationary statistical results obtained for the chain extension show two regimes in the con-
figuration space of the model chain, a Brownian regime at low shear rates and a hydrodynamic regime at high

shear rates.

1. Introduction and Literature Review

The interaction of surface-bound polymers with flowing
fluids is important in a number of applications such as
chromatographic separations,! biocompatibility,? en-
hanced oil recovery,® and the manufacture of composite
materials. Knowledge of the conformations that adsorbed
or terminally anchored chain molecules attain when
subjected to solvent flow is essential for predicting the
surface and rheological properties of the polymer layers
involved in the above applications.

Experimental studies on the effect of solvent flow on
polymers at solid surfaces have relied, primarily, on either
the ellipsometric method® or the hydrodynamic flow
method.®? Theellipsometrictechnique measures the root-
mean-square (rms) thickness of the polymer layer. The
hydrodynamic technique measures the increased resistance
to flow due to a surface-bound polymer layer and thus
gives a measure of the polymer layer thickness commonly
referred to as the effective hydrodynamic thickness (EHT).
A qualitative summary of the EHT and ellipsometric
measurements obtained to date with adsorbed polymer
layers is given in Figure 1. Briefly, the ellipsometric
experiments® with polystyrene (MW = 20 X 10%) in a ©
solvent showed that the rms polymer layer thickness
decreased by about 15% as the shear rate was increased
to approximately 8000s™1. However, polystyrene samples
of molecular weight approximately 8.6 X 10 and less did
not reveal any change in the rms thickness with shear
rate.> The hydrodynamic measurements in smooth-walled
tubes® showed that the EHT decreased monotonically for
polystyrene and polyacrylamide in good solvents. For
polystyrene in a © solvent the EHT curve went through
amaximum.® An increase in the EHT for polymer layers
adsorbed from good solvents in smooth-walled pores was
observed® (not shown in Figure 1), but only when the pore
diameter was smaller than the polymer radius of gyration.
Measurements with polyacrylamide and polystyrene ad-
sorbed from both good”® and 68 solvents showed that the
EHT of an adsorbed polymer layer in porous filters
underwent an abrupt increase above a critical strain rate.
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Figure 1. Schematic representation of the trends seen in
experimental measurements of polymer layer thickness, L,
normalized to the thickness at zero shear rate, L(0): slit flow,
ellipsometry® (polystyrene: 1 X 10® < MW < 20 X 108, © solvent
= cyclohexane at 34.8 °C, surface = polished chrome); capillary
flow, EHT® (polystyrene: MW = 20 X 108, good solvent = toluene,
O solvent = cyclohexane at 34.8 °C, polyacrylamide: MW = 5.5
X 108, good solvent = aqueous NaCl, surface = smooth-walled
silica capillaries); filter flow, EHT" (polystyrene: 2.4 X 10% <
MW < 8.2 X 108, good solvent = toluene, polyacrylamide: 3 X
105 < MW < 8.2 X 108, good solvent = aqueous NaCl, surface =
Millipore filters); filter flow, EHT® (polystyrene: 10 X 108 <MW
< 48 X 108, O solvent = cyclohexane at 34.8 °C, polyacrylamide:
MW = 7.5 X 108, good solvent = aqueous NaCl, surfaces = Nu-
cleopore membranes, sand, and glass beads).

That behavior has been attributed to the possibility that
the flow field in the filters contained both shear and elon-
gational components.56:8

Attempts to explain the interaction between the surface-
bound polymer and the solvent flow have progressively
evolved from porous-layer modelsi®!! to numerical Brown-
ian dynamics simulations.512-15 The porous-layer models
describe solvent flow through a surface-bound polymer
layer with flow equations that account for the increased
resistance to flow due to the presence of the polymer
segments.’817 The usage of such models requires the
segment density profile ®(y), or at least the functional

© 1991 American Chemical Society



Macromolecules, Vol. 24, No. 16, 1991

form of ®(y), in order to estimate the permeability « as a
function of height y above the surface and within the
polymer layer. Dejardin and Varoquil® assumed an
exponential form for ® (i.e., ® = Ae™>/9) while Cohen Stu-
art et al.l! used the mean field model of Scheutjens and
Fleer!®to compute ®. Itisimportant to note that in these
previous models shear effects on the polymer layer were
not considered since the segment density distribution was
taken to be invariant with shear rate. The porous-layer
models®!! predicted that the thickness of an adsorbed
polymer layer should vary linearly with the polymer mo-
lecular weight, in agreement with the experimental results
of Dejardin and Varoqui'® conducted at shear rates below
20051, Additionally, Cohen Stuart et al.!! found that the
major contribution to the EHT (evaluated from dynamic
light scattering) came from the long dangling tails of the
polymer that extend far into the solution.

In an effort to understand the role of chain conformation
in the relationship between the measured EHT and the
shear rate, several simple models of the dynamics of
surface-bound macromolecules have been proposed.512-15
These studies have focused on isolated, terminally an-
chored chains (i.e., polymer tails) or anchored loops. Di
Marzio and Rubin!? and later Fuller!3 concluded that, in
simple laminar shear flow, the Hookean bead—spring model
for an adsorbed tail (or loop) predicts a bound polymer
layer thickness that is invariant with wall shear rate. These
previous models were analytically solvable by virtue of
the linear spring law used to link the bead to the surface.
Improved models, based on the finitely extensible non-
linear elastic (FENE) spring law,!® predict a bound polymer
layer thickness that is invariant to shear rate at low shear
rates but that decreases at high shear rates.51415 Those
model predictions indicated that the polymer layer was
deformed more easily for shorter chains. The latter trend
is opposite to the experimental observation with adsorbed
polystyrene in a © solvent in which the rms thickness of
the adsorbed polymer layer decreased to a greater degree
for the higher molecular weight polymers.? Inan attempt
to explain the shear thickening of the adsorbed polymer
layer observed by Gramain and Myard,” Armstrong and
Jhon?® argued that under some conditions hydrodynamic
interactions could destabilize a polymer layer, leading to
an expansion of the layer away from the wall, and At-
kinson et al.16 proposed that the shear thickening may be
due to elongational flow resulting from surface nonuni-
formities.

Analytical solutions for the configurational distribution
of macromolecules in solution have been obtained for a
variety of mechanical models of macromolecules in simple
flow fields.?! The question of wall interactions has also
been addressed for the simple dumbbell model.22 Ana-
lytical solutions have also been obtained for models of
surface-bound polymers subjected to simple laminar shear
flow, but only for Hookean bead—-spring models!21? and
linearized forms of models involving nonlinear spring
laws.514 With the advent of large-scale computational
facilities, numerical simulations of the detailed dynamics
of terminally anchored macromolecules have been made
possible for a variety of phenomena and for model
macromolecules that are not amenable to analytical
treatments.!%23-25 A number of experimental techniques
have been developed to probe macromolecular behavior
at interfaces,? and these can be used in conjunction with
numerical simulations to provide an improved description
of interfacial macromolecular dynamics.

To date, the Brownian dynamics studies reported in
the literature for terminally anchored chains have been
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restricted to bead-spring chains.5!2-16 Although the
terminally anchored bead-spring model chains have
provided valuable insight into the behavior of surface-
bound polymers, they have been unable to satisfactorily
describe the experimentally observed polymer response
toflow. It has been suggested that freely jointed or freely
rotating chain models may provide a more realistic
description of the behavior of macromolecules than do
bead-spring chain models, especially at large chain
deformations.2127-29 Although spring constants, which are
required in bead—spring models, are not required in flexible
bead-rod models to emulate the rheological properties of
polymer solutions, the constraint of a constant bead
separation distance complicates the mathematical analysis
of bead-rod models considerably.3® Due to the added
complexity, bead-rod models have not been widely used
in modeling macromolecular dynamics of polymer solu-
tions and have not been previously applied to the problem
of surface-bound polymer. Numerical simulations of the
dynamics of bead-rod model chains are, however, feasible
as was demonstrated in the early study of Gottlieb and
Bird for a 3-bead freely jointed chain free in solution2?3!
and the more recent studies of Liu?® and of Cohen and
Parnas® for longer freely jointed bead-rod chains.

In the present work, the conformation and effective
hydrodynamic thickness of terminally anchored, freely
jointed bead-rod model chains (Kramers chains®?) sub-
jected to solvent flow and under quiescent conditions were
studied by Brownian dynamics simulations, More complex
macromolecular models that include bond rotational
potentials, bond angle restrictions, and other molecular
details have been formulated33-3 for chains free in solution
and could be adapted to surface-bound chains. These
models have the potential to produce more accurate results
than the freely jointed chain model but are more com-
plicated and require significant computational resources.
In the current study the freely jointed chain model was
adopted as a reasonable compromise between modeling
complexity and physical reality. Specifically, we focus on
an isolated terminally anchored chain in an attempt to
first understand the interaction of a single chain (or non-
interacting tails of adsorbed polymer) with solvent flow.
Hydrodynamic interactions were neglected, but a porous-
layer model was used to estimate the effect of the polymer
layer on the solvent flow. It is worth noting that
measurements of the effective hydrodynamic thickness of
adsorbed polymer layers are most sensitive to the tails of
the adsorbed macromolecules.!! While the tail of an ad-
sorbed polymer chain may change length over time and
its interaction with the surface may be very complex due
to other competing segments in the adsorbed layer, the
terminally anchored chain model explored below provides
results of striking similarity to those observed in exper-
iments with adsorbed polymer. Therefore, the current
study should also provide an insight into the hydrody-
namics of the tails of adsorbed polymer and terminally
grafted chains.

2. Model Development

2.1. Model Equations. The freely jointed bead-rod
model chain is shown schematically in Figure 2 and a
description of this chain model can be found elsewhere.2!
Briefly, the freely jointed chain consists of a sequence of
beads linked by fixed-length rods. Therods are connected
to the beads via free joints such that the rotation of the
rods about the beads is not constrained. However, the
chain contour length is constant due to the fixed length
of the rods, and this point differentiates bead-rod models
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Figure 2. A 6-bead terminally anchored, freely jointed bead-
rod chain.

from bead-spring models. The forces F acting on the beads
in the chain arise from Brownian collisions, hydrodynamic
drag, and bead—-surface interactions. As a result of the
forces applied to the chain, internal chain forces T arise
in the connecting rods and they are transmitted throughout
the chain. The equations governing the motion of the
chain are modified Langevin3é equations which are subject
to the constraints of fixed length and rigidity of the rods
joining the beads,23-25:27.28,30-32

A force balance on each bead in the terminally anchored
N-bead chain requires that

Fi+Ti_Ti—1 =m i=2, ...,N (1)

with T; being the internal chain force transmitted along
the ith rod. The fixed-length rods require that the
separation of adjacent beads along the chain remain fixed
at all times, and this constraint may be expressed as

di=L i=1,2.,N-1 @)

in which d; is the position vector between beads i and i +
1,and £ isthefixed rod length. Furthermore, theinternal
chain forces are constrained to act along the connecting
rods; thus

8,

Ti = Tl'ai (3)

and d; is the unit vector along d;. The forces F applied
to the beads may be expressed as

F,=F"+F*+F i=2.,N (4)

where F;?, F#, and F# represent forces arising from Brown-
ian motion, viscous drag, and surface interaction effects,
respectively?1:37 (see section 2.2).

The model equations, eqs 1-4, may be most conveniently
solved by performing a coordinate transformation to
internal spherical coordinates. Figure 3a shows the
internal spherical coordinate system in which the origin
of the spherical coordinates for bead i lies on bead i - 1.
The rotation of bead i about bead i — 1 is measured by
angles 6; and ¢;. The transformation from Cartesian
coordinates to the internal spherical coordinates shown in
Figure 3a is accomplished by subtracting the force balance,
eq 1, for bead i from the force balance equation for bead
i + 1, thereby resulting in the equation for the motion of
bead i + 1 relative to bead i in the r,0,¢ coordinate system.
The general expressions, in the internal spherical coor-
dinate system, for the 8, ¢, and r components of the force
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Figure 3. Coordinate systems used to describe the behavior of
a terminally anchored chain: (a) internal spherical coordinate
system used to compute bead motions; (b) cylindrical coordinate
system with origin at the anchoring point used to compute
segment densities.

balance on the beads may be expressed as follows:

m|d,|d%,
—l__it?—m = [(Fuy" - FP) + (Fiu* - F) + (Fy," -
F))by + Ty + 2T, - Tiyy)Biyy 6)
m|d;|d%,
% = [(Fu "~ F?) + (Fiu* - F) + (F,," -
F)ldiy + Tiy + 2T, - Ty 63y (6
m d¥dy

F)+ (Fi+1h -

de? == [(Fu,® - F") + (Fi,' -

Fih)]'ai + (_Ti-1 + 2Ti - Ti+1)'ai (7

where 8;41, $i+1, and d; are the unit vectors in the internal
spherical coordinate system. The solution of eqs 5-7 gives
the position and velocity of bead 2 relative to bead 1, bead
3 relative to bead 2, and so forth up to the motion of bead
N relative to bead N - 1. Note that for the case where the
subscript i = 1, eqs 5-7 snmphfy because bead 1, which is
attached to the surface, is immobile and the terms FP,
Fy®, Fib, and T are set equal to zero.

2.2. Simulation of the Applied Forces. Inthepresent
analysis, the Brownian forces were simulated with a
numerical approximation of white noise.3® Weiner3?
established that a reasonable form for the stochastic
expression of Brownian forces in a large “sea” of solvent
is white noise, defined by constant power spectral density
and zero autocorrelation.4® Although the presence of a
surface may affect the characteristics of the Brownian
fluctuations, the white noise approximation was adopted
for lack of a better formulation of Brownian motion near
a surface. A convenient way to simulate the Brownian
forces is via random numbers. In the current model the
n + 1 random number was generated by*!

r'™*Y = fractional part of {= + ™8 8

The random numbers I', computed from eq 8, must be
scaled to properly reflect the level of thermal activity.
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The expression of the Brownian forces is then

F = (2fkT)Y/%Q (9a)
and

Q = 2(3Y3(r-0.5) (9b)

where the mean-squre Brownian force ((F?)2) is given by
2fkT as shown by Kramers,¥ f is the friction coefficient,
kis Boltzmann’s constant, and T is absolute temperature.
The value 0.5 is subtracted from I to produce random
numbers that will be positive or negative with equal
probability and the factor 2(3!/2) ensures that (Q2) is unity.

Viscous forces on the beads in a model chain arise from
their movement through the surrounding solvent. The
commonly used method of estimating viscous drag is to
adopt a continuum approach?! and employ a friction
coefficient. Inthe absence of hydrodynamic interactions,
the viscous drag on a bead i in the chain is

FP=—f(v,- vip) (10)

where v;;is the mass-average fluid velocity at the location
of bead i. The friction factor f is assumed to be a scalar
quantity and is computed as a Stokes drag coefficient given
by?2!

f = Brur (11)
where u is the solvent viscosity and r is the bead radius.

In addition to being constrained to an anchoring point
on a solid surface, the interactions of the terminally
anchored chain with the solid surface must be simulated.
The overall effect of simulating the bead—surface inter-
actions is that the model chain is required to occupy only
the space above the surface. In the current model, the
surface interaction force on bead i is taken to be due to
a hard-core repulsive potential between bead i and the
surface

Fr={° ify‘”}? (12)

N ify;<r

where y; is the vertical distance of bead i above the surface
and ¢ is the unit vector in the vertical direction. Consistent
with eq 12, the surface interaction force is set equal to zero
if the bead center is located at a distance greater than r
above the surface. When the bead center approaches the
surface to a distance equal to or less than r, the magnitude
of the surface interaction force is set equal to a large
constant M (i.e., |[F#| = M, where M > 1). The value of
M should be infinity to be entirely consistent with the
hard-core repulsive potential. An infinite value of M is
impossible to realize in a numerical simulation, and thus
a large finite value of M was chosen for computational
purposes. The constant M was determined by performing
simulations, at increasingly large values of M, until a value
of M was found above which the statistical solution was
invariant to M.

2.3. Dynamics of a Bead-Rod Chain. The detailed
motion of the beads of the terminally anchored model
chain is determined by solving eqs 5-7, subject to the
simulated forces, eqs 9-12, for the angles §; and ¢;, as well
as the internal chain forces T;. The values of §; and ¢; are
computed as functions of time by numerically integrating
eqs 5 and 6. The internal chain forces T; must be found
to completely specify the forces applied to each bead in
the chain, and they are obtained by considering the
component of the force balance, eq 7, rewritten below with
the hydrodynamic drag term F* expressed by using eq 10.
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m d?d,)

de? = [(Fi+1b - Fib) + (Fipt" = F) + f(Viy - Vif)]'ai -
fdjd;/dt + (-T,, + 2T, - T;,,)-d; (13)

The derivative d|d;|/dt is the radial component of the bead
velocity and the second derivative d?|d;|/dt? is the radial
component of the bead acceleration in the internal

" spherical coordinate system. The constraint of constant

separation distance between the beads, eq 2, requires that
the time derivatives in eq 13 be identically zero; thus

(T - 2T; + Ty, = [(Fi, - FP)+ (Fu'-F)+
f(V,'+1f - V.'f)]'a,' (14)

The internal chain forces T may now be expressed as a set
of algebraic equations by combining eq 14 with the force
transmission constraint given by eq 3

-1 dqd, 0 0 o _Tl ]
dyd, 2 dyd; 0 .. T,
0 aa'az —2 33'64 « . TS =
2
L. dydy-, -2| | Ty
r7’2,1‘a1 N
f;;,z’ 2
f4,3' 3
(15)
__fN.N-l'aN:l

where the notation £+ d; is an abbreviation for the right-
hand side of eq 14, and the set of scalars T; are the
magnitudes of the internal chain forces T;. The solution
of the tridiagonal system of equations for the T; can be
accomplished with a standard sparse matrix solution
algorithm.4!

The internal rearrangements of the chain beads are
computed by numerically integrating the 6 and ¢ com-
ponents of the force balance, eqs 5and 6. To facilitate the
numerical integration of eqs 5 and 6, the time derivatives
are approximated with second order accurate central
differences

de/dt =1/,[0¢+2 - g¢-291 /At + O(ALY)  (16)

d20/dt2 = [0(t+At) - 20(0 + e(t-At)]/At2 + O(Atz) (17)

Analogous equations hold for the approximations of d¢/
dt and d%¢/dt2. An approximation for the first derivative
of bead position is required due to the appearance of the
bead velocity in the viscous drag term, eq 10. Substituting
the difference approximations for the derivatives into eqs
5 and 6 provides expressions for computing the values of
6e+at) gnd ¢(t+49 from information at time ¢ and at time
t — At. For example, the expression for computing 8(t+a0)
is

(t+At) (ALY _ ot 4 gu-an[ ( _fAL] o AL o
6 [1+2m] 260 + 629 1 L ] il

T, + 2T, - T, ]98¥ (18)
with a similar equation for the ¢ component. In the

absence of hydrodynamic interactions, eq 18 provides an
explicit expression for computing #(t+at),
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3. Representation of Model Results

3.1. Segment Density Distributions. Model results
that are of interest for surface-bound polymer layers
include the segment density distributions above the surface
and the additional hydrodynamic drag created by the
polymer layer when subjected to fluid flow over the surface.
For the purpose of expressing the segment density profiles,
a cylindrical coordinate system is used with its origin at
the chain anchoring point (see Figure 3b). The segment
density of a terminally anchored chain is computed in the
three-dimensional cylindrical space about the anchoring
point. The segment density is defined as the probability
P(R/ L, y/ L, ©) of finding a bead center at a particular
location, normalized suchthat [ f fP(R/.L,y/L,0)d(R/
L)d(y/ L) de]/J = 1.0, where R/ L is the radial distance
from the anchoring point and y/ L is the vertical distance
above the surface, both nondimensionalized with respect
to the segment length .£, O is the angular position, and J
is a normalization constant. The vertical, radial, and
angular segment densities can be obtained from the three-
dimensional distribution by integration. For example, the
vertical segment density distribution is given by P(y/.L)
= (fP(R/L,y/L,0)d(R/L)dO6. The effects of flow on
a polymer layer may be conveniently expressed in terms
of changes in the segment density distributions and the
rms values of the distributions. For example, the rms
thickness of the polymer layer can be obtained from the
vertical segment density profile. The vertical segment
density profile can also be used in conjunction with a
porous-layer model to compute the effective hydrodynamic
thickness as described in the discussion section.

3.2. Radius of Gyration. An additional statistical
quantity that is useful in interpreting the Brownian
dynamics simulation results is the radius of gyration, R;.
Asymmetries in the configurations of the terminally
anchored chain can be clearly displayed with a vectorial
interpretation of R;. The instantaneous square of the
radius of gyration, kgz(t), is computed as the average of
the squared distances of the beads from the center of mass
of the chain at time ¢

RAt) = J%El:r,--ri (19)

where N is the number of beads in the chain and r; is the
vector from the chain center of mass to bead i at time ¢.
The time average of R %(t) is the mean-square radius of
gyration R (i.e., R;2 = (Rg%(t))). Expanding the vector
dot product ryr;in eq 19 in the components of the vectors
r; and time averaging leads to

Ri=xl +y’+2] (20)
Thus, R? is the square of the magnitude of the vector
Rg = x,x +y, 9+ zgz (21)

where x;2 = ((Xx:?)/N), x;is the x component of the vector
r;, and yg and 2, are defined in a manner analogous to the
definition of x;. For a symmetrical chain x; = y; = z,
while any asymmetries in the statistical chain conformation
will be revealed by inequalities in the gyration components
Xg Yp and 2.

3.3. Surface Attachment Force. When a surface-
bound chain is subjected to fluid flow, hydrodynamic drag
on the chain must be balanced by a surface attachment
force which is required to hold the chain to the surface.
The surface attachment force is equivalent to the tension
T, in the rod connecting beads one and two. During the
numerical simulations the tension in the rod connecting
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beads one and two, T4, is computed at each time step (see
eq 15), and the time average of the x component of T},
(T1x), denoted simply as T, below, is the average surface
shear force due to the anchored chain. Adsorbed and
grafted polymer layers typically consist of surface chains
that interact, and thus a description of the complex
hydrodynamics of such surface-bound polymers is not
possible with the current approach. Nonetheless, in an
effort to understand the relationship between chain
conformation and wall shear stress, the current model of
an isolated terminally anchored bead-rod chain was used
to calculate the wall shear stress for a collection of non-
interacting terminally anchored chains. The contribution
of a collection of noninteracting chains to the total shear
stress at the wall is nT;, where n is the number of terminally
anchored chains per unit surface area. Assuming that the
contributions of the solvent and the surface-bound polymer
chains are linearly additive, the wall shear stress (y), with
a surface-bound polymer layer may be expressed as

(14) = w¥, + nT, (22)

where u¥w is the contribution to the wall shear stress due
to the solvent flow.

4. Results and Discussion

A set of model parameters was chosen to simulate a
“generic” polymer and to qualitatively demonstrate the
hydrodynamic response of a surface-bound polymer layer.
The diameter and mass of the beads were chosen to be 100
A and 1000 Da, respectively, to correspond with the order
of magnitude of the size and mass of the chain segments
ina persistence length of a typical polymer. Therod length
was chosen to be 100 A, equal to the bead diameter, giving
a“pearl necklace” model chain. The solvent viscosity was
set equal to 0.01 P, a typical value for water and other low
molecular weight solvents. Lastly, shearrates in the range
0-1000 5! were employed to determine the response of
the model chain to flow, and that range is similar to the
shear rates used in experimental investigations.

4.1, No-Flow Cases. Segment density distributions
were accumulated for 4-, 5-, 6-, and 10-bead terminally
anchored, freely jointed chains under no-flow conditions.
Illustrations of the vertical, radial, and angular distribu-
tions are shown in Figure 4 for the cases of 5- and 10-bead
terminally anchored chains. These distributions were
obtained after simulating a period of time sufficient for
the distributions to closely approach the statistically
stationary state. The angular segment density distribu-
tions were used to determine the convergence rate of the
simulations to the statistically stationary state. Since, in
the absence of flow, the model chain should not be oriented
in any preferred direction, the angular distribution of
segments about the anchoring point must be flat in the
long-time limit. Clearly, as shownin Figure 4b, the angular
segment density distributions have become quite flat. Note
that this angular segment density does not imply any
particular behavior for the distribution of internal chain
angles. Since the stationary state of the angular distri-
bution function is known for the case of no flow, the
evolution of the angular distribution as the simulation
proceeds can be analyzed to provide a quantitative measure
of the convergence rate of the simulation results to the
stationary state. The rms error in the computed angular
distribution is plotted as a function of the simulation time
in Figure 5 for the case of the 5-bead terminally anchored
chain. Aftersimulating 60 ms,the rms error in the angular
distribution function is approximately 0.25%. The slope
of the least squares fit straight line in Figure 5 illustrates
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Figured4. Normalized segment density distributions for a 5-bead
and a 10-bead terminally anchored chain under no-flow condi-
tions. The distributions for the 5-bead chain were plotted after
simulating 50 ms of time, and the distributions for the 10-bead
chain were plotted after simulating 100 ms of time. (a) Vertical
segment density. ¢, is the root-mean-square vertical extension
of the chain. (b) Angular segment density. (c) Radial segment
dﬁnslty Rmms is the root-mean-square radial extension of the
chain

that the convergence behavior of the angular distribution
follows the theoretical half-power dependence on the
simulation time, as expected for random processes.42 The
scatter about the least squares fit line is expected due to
the stochastic nature of the simulated process.
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Figure 5. Convergence behavior of the angular segment density
distribution function of a 5-bead terminally anchored bead-rod
chain. The least-squares fit line indicates a square root con-

vergence rate and the ordinate is RMS error = {Zl [Ps(6)) -
P(8;)12/ M}V/2, where P, is the computed angular density and P is
the known statlstlcal]y stationary angular density.

The vertical and radial distributions (Figure 4a,c) for
the 5- and 10-bead chains reveal distinct peaks at
approximately 1 segment length from the anchoring point.
These peaks are due to the second bead in the chain, which
is linked to the anchoring bead. Since the second bead is
constrained to a hemispherical surface about the anchoring
point, of radius equal to 1 segment length, it contributes
strongly to the vertical and radial distributions at distances
near 1 segment length from the anchoring point. Prom-
inent shoulders are also visible at about 1.5 segment lengths
from the anchoring point primarily due to the third bead
in the chain. The vertical segment density distributions
are qualitatively similar to the off-lattice Monte Carlo
results obtained by Croxton.43 Croxton*? attributed the
differences in the results obtained with off-lattice and
lattice models to the usage of a continuous spatial
coordinate system in the off-lattice model, 1844

A useful measure of the conformation of terminally
anchored chains is the rms thickness and rms radial
extension of the chain, as given in Figure 4 for the vertical
(Figure 4a) and radial (Figure 4c) segment density
distributions. The rms vertical thickness increases by only
4% when the chain length increases from 5 beads to 10
beads. However, Figure 4c shows that the rms radial
extension of the chain increases by approximately 50%
for the same increase in chain length. Thus, for isolated
chains, it is expected that longer chains will extend radially
more than vertically, resulting in a flattened conformation.
The above conclusion of a flattened conformation for
terminally anchored chains at low surface density is
consistent with the conclusions from the electron spin
resonance study by Hommel et al.45 for the case of poly-
(ethylene oxide) grafted onto a silica surface and the
infrared measurements of Novotny et al.4

It is interesting to compare the rms thickness of the
model chain, obtained from the vertical density, to the
radius of gyration R; of an identical chain that is free in
solution. For the case of the 5-bead anchored chain, the
rms thickness is approximately 1.46.L, where .L is the
segment length. The value of 2R, fora 5-bead model chain
free in solution is approxlmately 1.76.L;25:33 therefore, the
rms thickness is about 83% of 2R;. A similar comparison
for a longer 10-bead chain reveals that the rms thickness
of a 10-bead terminally anchored chain is approxlmately
1.53.L, the value of 2R; of a 10-bead chain free in solution
is approx1mately 2.58.L,21 and therefore the rms thickness
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of a 10-bead anchored chain is about 59% of 2R; of a
10-bead chain free in solution. These results indicate that
the rms thickness of a layer of noninteracting terminally
anchored chains, relative to the radius of gyration of chains
freein a © solvent, decreases with chain length. Thistrend
is opposite to that predicted by Cohen Stuart et al.!! for
the rms thickness of adsorbed layers, relative to the radius
of gyration of chains free in solution, under 6 conditions.
This difference in predicted trends in the ratio of rms
thickness to Ry should not be surprising since the isolated-
chain calculations are not expected to accurately approx-
imate the behavior of dense systems under 6 conditions
given the importance of entanglement effects in dense
layers,28:%

4.2, Effects of Flow. The response of a terminally
anchored chainto the simple laminar shear flow of a solvent
was investigated for terminally anchored bead-rod chains
of lengths ranging from 5 to 40 beads at various shear
rates. Figure 6 shows the changes that occur in the
computed segment density profiles of a 5-bead terminally
anchored chain (contour length of 4 segments) as the shear
rate over the surface is increased. The vertical density
shown in Figure 6a indicates that the chain is squeezed
down against the surface as the shear rate increases. The
rms thickness decreased from 1.46 segment lengths under
no-flow conditions to 1.04 segment lengths at a shear rate
of 10571 and to 0.82 segment lengths at a shear rate of 100
sl Theradial density, as depicted in Figure 6b, indicates
that the chain is stretched by the shear flow. The radial
segment density distribution for the case of a shear flow
of 10 37! shows that the chain is partially extended. The
radial density for the case of a shear rate of 100 s shows
four clear peaks corresponding to the four mobile beads
in the chain, indicating that the chain is nearly fully
extended. Thermsend-to-end distance alsoindicates that
the 5-bead terminally anchored chain subjected to a shear
flow of 100 s! was highly extended since the rms end-
to-end distance was approximately 97% of the contour
length of the chain. The angular density shown in Figure
6¢ clearly indicates the chain alignment with the flow at
increasingly higher shear rates. As the shear rate is
increased, the angular distribution, which was flat in the
no-flow case, changes to yield a distinct peak along the
flow direction, indicating chain alignment with the flow.
Moreover, the peak in the angular density becomes sharper
when the shear rate is increased from 10 to 100 s,
indicating that the chain aligns more closely with the flow
at the higher shear rate.

The effects of solvent shear rate on the anchored chain
may also be characterized by examining the rms vertical
thickness of the model chain. As Figure 7 illustrates, a
monotonic decrease of the rms layer thickness with
increasing shear rate is evident for the 5-, 10-, 20-, and
40-bead chains. Simulations at zero shear rate for chains
longer than 10 beads were not carried out due to the very
long times required to reach the statistically stationary
state of long chains under no-flow conditions. The curves
for the 20- and 40-bead chains indicate, however, that the
zero shear rate rms thickness is likely to increase with
increasing chain length. At high shear rates where the
curves of rms thickness begin to plateau, the rms thickness
of the longer chains becomes slightly smaller than the rms
thickness of the shorter chains. Longer chains experience
more viscous drag due to solvent flow than shorter chains
and are therefore dragged down to the surface more
strongly. The sigmoidal shape of the curves in Figure 7
indicates that the rms thickness of a polymer layer may
have both zero shear rate and high shear rate limits.
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Moreover, the longer model polymer chains clearly undergo
a larger decrease in rms thickness, in accordance with
previous ellipsometric measurements. The ellipsomet-
ric measurements® on adsorbed polystyrene layers revealed
the low-shear region of the rms thickness curve where the
curve is concave downward. If a high shear rate limit for
the rms thickness exists, as indicated in Figure 7, then
ellipsometric measurements at higher shear rates than
conducted to date may be expected to show a second
plateau in rms polymer layer thickness, if flow-induced
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Figure 7. Rms layer thickness as a function of shear rate for 5-,
10-, 20-, and 40-bead anchored chains, nondimensionalized with
respect to the segment length L.

desorption does not occur. Due to flow-induced desorp-
tion of adsorbed polymer at high shear rates,” it may be
advantageous to conduct high shear rate experiments with
grafted polymer layers.

It is also instructive to quantify shear-induced changes
in chain configuration in terms of the time-averaged
components of the radius of gyration, xg ¥, and z;, as
illustrated in Figure 8 for 5-, 10-, 20-, and 40-fJead chains.
At shear rates below 3 571, the gyration components in the
plane of the surface, x; and 2, are approximately equal,
and the component perpendicular to the surface, y;, is
smaller than the x; and z; components. The smaller value
of y, is indicative of the flattened conformation of an
isolated terminally anchored chain. As the shear rate
increases, the component of the gyration perpendicular to
the surface, y;, decreases as the chain is pushed down
against the surface (see also Figure 6a). At the same time
the component of the gyration parallel to the flow axis, x;,
increases with shear rate to reflect the chain stretching.
Finally, 2, the component parallel to the surface but
perpendicular to the flow axis decreases at shear rates
above 3 871, reflecting the alignment of the chain with the
flow. The z; component, however, does not vanish at high
shear rates because the alignment of the chain by the flow
is countered by the randomizing effect of Brownian motion.
It is also interesting to note that the inflection points in
the x; and 2, curves suggest a sharp transition in chain
extension at shear rates between 30 and 100s-!. Thesharp
transition between a coiled and extended configuration
(coil-stretch transition) divides the configuration space
of the model chains into a weak-flow region dominated by
Brownian forces and a strong-flow region dominated by
shear forces.

The increase in the asymmetry of the chain configu-
ration with chain length may be quantified at the zero
shear rate limit by either of the ratios x4/ y; or z;/y;, since
these two ratios should be equal at zero shear rate. The
ratio z;/y; at the zero shear rate limit, for example,
increases from about 1.45 for a 5-bead chain to about 1.73
for a 10-bead chain. Thus, longer isolated chains adopt
flatter configurations on the surface in the absence of flow.
The increase in asymmetry with chain length is most
evident at high shear rates where the ratios x;/y; and
23/y; must be examined separately due to a three-way
asymmetry in chain configuration. Theratiox;/y; changes
withshear rate for a particular chain length, which reflects
the chain stretching in the flow direction as the shear rate
is increased. For example, x;/y,; increases from 1.43 to
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9.01 for a 5-bead chain as the shear rate is increased from
0to 1000871, The ratio x;/y, increases from 1.73 to 29.87
in the case of a 10-bead chain as the shear rate is increased
from 0 to 1000 s, and larger asymmetry ratios, xg/y;,
occur for the 20- and 40-bead chains. The ratio z;/y; does
not vary strongly with shear rate for a particular chain
length since both 2; and y; decrease as the shear rate is
increased.
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Figure 9. Time-averaged shear force required to hold the
terminally anchored chain to its anchoring point scaled by the
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obtained with the bead-rod model and with the FENE bead-
spring model of Atkinson et al.!® as a function of shear rate; (b)
scaling behavior of the time-averaged shear force obtained with
the bead-rod model.

The effects of flow on the terminally anchored bead-
rod model chain can also be explored in terms of the axial
component of the time-averaged attachment force T\,
which is computed by the Brownian dynamics simulations
(Figure9a). Itis worth noting that T, (or the contribution
of the terminally anchored chain to the wall shear stress)
is a function of the hydrodynamic drag on each bead in
the chain and the fraction of that drag which is transmitted
through the chain to the surface. The fraction of the axial
force thatis transmitted through the chain to the anchoring
point is affected by the chain conformation. Thus, the
wall shear stress generated by flow over a surface-bound
polymer layer (eq 22) is also a function of chain confor-
mation, which varies with the imposed shear rate as
depicted in Figures 6-8.

The wall shear force values obtained from simulations
of the terminally anchored bead-rod chain as well as the
wall shear force values recalculated from the results of
Atkinson et al.16 for FENE!® terminally anchored bead-
spring model chains, in the absence of excluded volume
and hydrodynamic interactions, are shown in Figure 9a.
The attachment force T, shown in Figure 9a is scaled by
the shear rate 4 in order to show the relative contribution
of the polymer to the wall shear stress. Note that the wall
shear stress with a polymer layer, (74),, divided by the
wall shear stress in the absence of a polymer layer, i.e., 7y
= u¥w, i8 given by (74)a/7w = 1 + nT;/u¥w. Since the
above results do not consider excluded volume interactions,
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they are representative of the O condition. A quantitative
comparison of the results obtained from the different
models is not feasible because of the inherent differences
in the physical structure of the models.#® Nonetheless,
important features of the trends predicted by the two
models are immediately apparent. The terminally an-
chored bead-spring models®1415 predict a constant value
of nT./u¥w at low shear rates and an eventual decline of
nT./u¥w at shear rates over 10* s". In contrast, the
terminally anchored bead-rod chain model predicts an
increase of the relative wall shear stress nT/uyw at low
shear rates, a maximum in nTy/uvy, and then a decline
in nT,/u¥yw with further increases in the shear rate. The
maximum in the curve of relative wall shear stress becomes
more pronounced for longer chain lengths.

The scaling behavior of nT,/uvw can be explored by
plotting the logarithm of nT./u%¥« vs the logarithm of the
chain length N, asshown in Figure 9b. The quantitynT,/
u¥w scales with the chain length in a linear manner for
chain lengths of up to 10 beads, as indicated by the slopes
of the lines given in Figure 9b and in accordance with the
results obtained by Dejardin and Varoqui!? and by Cohen
Stuart et al.!! with adsorbed polymer layers. Figure 9b
also indicates that the dependence of the relative wall
shear stress on chain length becomes quite weak above a
critical chain length which may depend upon the shear
rate. Although it would be surprising if the hydrodynamic
properties became completely independent of chain length
at high molecular weights, a weaker than linear dependence
of nT;/utw on chain length may be explained in terms of
the effect of chain conformation on the axial drag 7. In
order for beads (in the anchored chain) that are many
segments away from the anchoring point to contribute to
T., the viscous drag on those beads must be transmitted
through the many intervening chain segments to the
anchoring point. However, bends and loops in the chain
reduce the fraction of stress transmitted through the chain
to the anchoring point. Therefore, beads located far from
the anchoring point do not contribute strongly to T,.

The above illustration of the wall shear stress (Figure
9) shows that an important relationship exists between
the configuration of a terminally anchored bead-rod chain
and the solvent flow. However, the computation of the
increase in relative surface shear stress due to the surface-
bound polymer layer given above must be regarded as a
first-order approximation since the fluid flow field was
assumed to be homogeneous shear flow. The presence of
the polymer may be expected to retard the fluid flow.

4.3. Effective Hydrodynamic Thickness. As dis-
cussed previously, a measure of the increased resistance
to flow in a conduit due to the existence of a surface-
bound polymer layer is the effective hydrodynamic thick-
ness (EHT). Insteady wall-bounded shear flows,the EHT
is normally calculated from experimental data based on
a comparison of the solvent flows through a conduit (e.g.,
capillary tube, porous medium) with and without a surface-
bound polymer layer.8” The decreased flow due to the
presence of the polymer layer is then expressed in terms
of the EHT of the surface-bound polymer. Comparing
the flows at the same pressure gradient, Vp, before and
after adsorption and making use of the Poiseuille equation
for laminar flow in a tube gives

Ly/R=1-(Q,/Q"* (23)

where Ly, is the EHT, R is the tube radius, @ is the solvent
flow rate in the absence of the surface-bound polymer,
and Q, is the solvent flow rate in the tube with a surface-
bound polymer layer.
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The flow in a tube with a surface-bound polymer layer,
@, can be predicted with the aid of a porous-layer model
inwhich the permeability of the polymer layer is estimated
by utilizing the segment density distributions obtained
from the Brownian dynamics simulations. The tube with
the wall-bound polymer layer may be considered to consist
of two regions, a central region in which flow is unob-
structed by the polymer layer and a porous wall region
where the flow is partially obstructed by the polymer layer.
The solvent flow in the porous wall region can be described
by an equation of the form proposed by Debye and
Beuchel617

uV% + Vp - (u/)v =0 (24)

where « is the permeability of the polymer layer, u is the
solvent viscosity, and Vpis the pressure gradient. Solution
of eq 24 provides the axial velocity v(y) of the solvent
flowing through the polymer layer as a function of the
positiony above the wall. The variation insegment density
in a wall-bound polymer layer leads to spatial variation
of the permeability «, necessitating the numerical solution
of eq 24. For polymer layers much thinner than the tube
radius, curvature effects in the wall region may be
neglected. The flow in the central portion of the tube is
obtained from the Navier-Stokes equation

Vp~(x/r)d(rdv/dr)/dr=10 (25)

and eqs 24 and 25 are solved simultaneously to obtain the
coupled flow of solvent in the porous wall region and the
central portion of the tube. The solution of eqs 24 and 25
is subject to boundary conditions specifying that the
solvent velocity equals zero at the wall and the shear stress
equals zero at the center of the tube. Additionally, the
solvent velocity and shear stress must be continuous at
the interface between the wall region and the central region
of the tube in order to couple the solutions obtained by
eqs 24 and 25. Additional details of the procedure used
to solve the entire flow model are available elsewhere.348

Values of the permeability in the polymer layer are
required to obtain a solution to eq 24, which describes the
fluid flow in the porous polymer layer, and these values
can be obtained from the segment density distribution
generated by the Brownian dynamics simulation. The
segment density distribution given by P(y/.L) is used to
find the volume fraction ® occupied by beads at height y
above the surface

®(y) = V,nNP(y/ L)/d (26)

where V), is the bead volume, n is the number of chains
bound to the surface per unit surface area, N is the number
of beads in each chain, and d is the diameter of the beads.
Following Cohen Stuart et al.,!1 the permeability « is given
by an equation of the form

k=c(l-d)/® 27
and ¢ is commonly obtained from sedimentation mea-
surements.*? However, for the theoretical calculations
done below, ¢ is taken as ¢ = u/f, the value appropriate
for segments modeled as hard spheres.!® Once the
permeability is obtained from the segment density dis-
tribution with eqs 26 and 27 and the velocity profile in the
tube is found from the solution of the flow mode given by
eqs 24 and 25, the flow in the tube, Q,, is found by
integration

Q, =2 "yu(y) dy (28)
and the EHT is estimated with eq 23.
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Values of the EHT (Lp), nondimensionalized with
respect to the tube radius R, were calculated with eq 23
and are plotted as a function of the shear rate 4, for
chains ranging in length from 5 to 40 beads in Figure 10.
For illustration purposes, the numerical values of Ly/R
shown in Figure 10 were obtained for a tube radius of R
= 0.01 cm and a surface density of chains of n = 1019
chains/cm?. The assumed value of n was selected to yield
values of the bead volume fraction (& < 0.001) in
accordance with the assumption of noninteracting chains
utilized in the Brownian dynamicssimulations, The curves
of Ly/R ¥s 4., displayed in Figure 10 show a monotonic
decreasing trend, just as the curves of rms thickness
displayed in Figure 7. However, unlike the curves of rms
thickness, the curves of the EHT do not exhibit an
inflection point when plotted on a logarithmic shear rate
axis. Although the trend in L,/R resembles the trend
seen in the experimental measurements of adsorbed
polymer layers in good solvents, it would be premature to
claim that the current Brownian dynamics model ade-
quately simulates the behavior of a polymer layer in a
good solvent since such polymer layers consist of multiple
interacting chains. Nonetheless, the calculations of the
EHT for a single isolated chain subjected to an imposed
shear flow do convey the importance of the interaction
between the surface-bound polymer and the fluid flow.

5. Summary and Conclusions

The freely jointed bead-rod model chain was used to
simulate the detailed conformations of isolated, terminally
anchored chain molecules subjected to laminar solvent
flow. Under no-flow conditions, the results of the current .
model indicate that isolated, terminally anchored chain
molecules have a root-mean-square thickness significantly
less than the radius of gyration of an identical chain
molecule free in solution, in accordance with the lattice
model results of Lal and Stepto# and consistent with the
exgﬁerimental results of Hommel et al.** and Novotny et
al.

The results for the terminally anchored bead-rod chain
subjected to solvent flow suggest that macroscopic prop-
erties such as the EHT and the polymer contribution to
the wall shear stress relative to the stress due tothe solvent
alone, nT,/u¥, are strong functions of the shear rate at
low to moderate shear rates. In contrast, bead-spring
models predict that the EHT and nT,/u+w are sensitive
to the shear rate only at extremely high shear rates. The
current model predicts that nT,/u¥s increases with
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increasing shear rate at lowshear rates. Additionally,nT;/
#¥w goes through a maximum and declines with shear rate
at high shear rate levels. The trend predicted in nT,/uvy
for a terminally anchored bead-rod chain is explained in
terms of a sharp transition in chain extension at a critical
shear rate which separates the weak-flow regime dominated
by Brownian forces from the strong-flow regime dominated
by hydrodynamic forces. The EHT is predicted by the
current model to decline steeply as the shear rate is
increased, in accordance with the trend observed in the
experimental measurements with polymers adsorbed on
smooth-walled tubes in good solvents.® The reported
results can, however, be improved upon by including
hydrodynamic interactions to provide more accurate
solutions of the fluid velocity profile and segment density
distribution within the polymer layer.

The Brownian dynamics model developed in this work
is quite general and may be applied in the study of different
microscopic environments by modifying eq 4, which is used
to compute the forces acting upon the beads in the model
chain. For example, the behavior of surface-bound
polymer in a good solvent may be simulated by introducing
excluded volume interactions.?® Current studies are
underway to incorporate the effects of excluded volume
and hydrodynamic interactions.
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