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The behavior of a single polyethylene chain grafted to an impenetrable surface, under shear flow, is
investigated using Brownian dynamics simulations. Both short-range conformational energies and
excluded volume effects are included in the model. Simulations are performed in good and poor
solvent conditions in order to explore the effect of solvent quality. The shear flow is represented by
the superposition of a force profile increasing linearly with the distance from the surface.
Distribution of rotational angles, chain dimensions, components of the radius of gyration, segment
density distribution, average layer thickness, and average orientation of bond vectors with respect to
flow direction are determined and compared with other studies. Above a certain value of the shear
rate, a significant increase in chain dimensions is observed for both good and poor solvents, the
transition from coiled to stretched state being sharper in poor solvent. In good solvent, chain
dimensions along the two perpendicular directions to the flow direction diminish with increasing
shear rate. On the other hand, in poor solvent, there is an overall expansion in chain dimensions in
all directions at low shear rates, which is subsequently followed by the orientation and alignment of
the chain along the direction of flow. The experimentally observed increase in chain dimensions
normal to the flow field at low shear rates is evidenced for the first time by simulations. ©1996
American Institute of Physics.@S0021-9606~96!50428-9#

INTRODUCTION

The behavior of polymer chains attached to a surface at
one end and subject to a flow field is of significant interest
for many practical applications such as steric stabilization,
chromatography, tribology, etc. Knowledge of the conforma-
tions of end-grafted chains under shear flow is essential for
improving the surface properties of the materials and predict-
ing the surface and rheological properties of the chains in the
above applications. The behavior of surface-bound chains
has been studied~i! experimentally,1–5 ~ii ! theoretically,6–14

and ~iii ! by computer experiments. In the third group, some
important problems of end-grafted polymers have been ad-
dressed using Monte Carlo~MC!,15–17 Brownian dynamics
~BD!1,18–20 and molecular dynamics~MD! simulations.21,22

In the present BD simulation, theequilibriumproperties of a
single flexible end-grafted polyethylene~PE! chain under
shear flow in different solvent regimes, below and above the
U state, are studied. Thedynamicbehavior of the chains
under the same environmental conditions has also been in-
vestigated, and will be presented in a separate paper.

To date, the BD studies reported in the literature for
terminally attached chains have been restricted to
bead-spring1,18 and freely jointed bead-rod model chains.20

Although these simple models have been successful in giv-
ing insights into the general behavior of grafted chains, they
were not completely successful in describing a number of
experimental observations. Examples are the dependence of
the stretch-coil transition phenomenon on the solvent quality,
the shear induced expansion of the chain normal to the wall
direction induced at low shear rates in poor solvent environ-
ment, etc. As will be shown below, the inclusion of the local

structural and conformational characteristics of real chains in
the simulations permits assessment in detail, the response of
end-grafted chains to the shear flow under different polymer-
solvent interactions.

In the following sections, the simulation model and
method will be described, and the response of the model
chain to a wide range of shear rates in different solvent quali-
ties will be analyzed.

DESCRIPTION OF THE MODEL AND METHOD

The shear flow is implemented into the Brownian dy-
namics equation of motion by superposition of a force field
parallel to the surface of adsorption, which increases linearly
with separation from the surface. The equation of motion for
the i th atom in a viscous medium in the presence of a ran-
dom Brownian force and the external shear force takes the
form

b dr i /dt52¹ iU1Fsi1Fbi~ t !. ~1!

Here,b is defined as the ratioj/mi of the friction coefficient
j and mass of thei th atom,mi . In the present case,mi[m
represents the mass of the unified CH2 groups, and the ratio
j/m is taken23 as 105 ns21. ¹i is the gradient operator
indicating the partial derivative with respect to the posi-
tion vector r i , U is the total potential,Fbi(t) is the
Brownian force with zero mean and covariance
^Fbi(t)Fb j(t)&52bkBT/md i jd(t2t8)I3, where kB is the
Boltzmann’s constant,T is the absolute temperature,d~t2t8!
is the Dirac delta function,di j is the Kronecker delta, andI3

2919J. Chem. Phys. 105 (7), 15 August 1996 0021-9606/96/105(7)/2919/8/$10.00 © 1996 American Institute of Physics

Downloaded¬08¬Jul¬2003¬to¬136.142.92.33.¬Redistribution¬subject¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp



is identity matrix of order 3. The shear force is taken as
Fsi5bġ0zi , ġ0 being the zero shear rate, andzi the distance
of i th atom from the surface of adsorption.

The potentialU includes bond angle bending, bond
stretching, bond torsion potentials and Lennard–Jones
~LJ! interactions. The latter is given by
ULJ54e[(s/r )122(s/r )6], if r,r cut, andULJ50 otherwise,
for the chain units separated by four or more bonds along the
backbone. Here,r is the distance between the interacting
groups,e ands are the energy and length parameters of the
LJ potential.r cut is the cutoff distance beyond whichULJ is
assumed to vanish. Hydrodynamic interactions are not taken
into account. The solvent quality below and above theU
point is introduced by appropriate choices ofe andr cut. The
value ofr cut is taken as 2.5s for poor solvent, and as 21/6 s
for good solvent conditions, i.e., intramolecular attractions
cover a wider range in poor solvent environment.s is taken
as 0.338 nm.24 A value of 0.5 kJ/mol is used fore under
good solvent conditions; whereas the higher value of 0.75
kJ/mol is adopted in poor solvent. This choice of cutoff and
energy parameters ensures the occurrence of weaker attrac-
tions between chain units in good solvent, compared to those
in poor solvent. The force constants25 for bond angle bend-
ing, bond stretching, and torsional potentials are 2.53109

ns22, 1.33107 J/kg, and 6.6343105 J/kg, respectively.
The PE chain hasn5100 bonds of lengthl . The terminal

atom is fixed in thexy plane, and the first bond is directed
along thez axis. The bath temperature,T, is 400 K. The time
step of integration is taken as 5 fs. The other simulation
details and parameters may be found in our previous
work.23,26,27Shear rateġ0, varied in the range 0–85 ns

21, is
applied along thex direction. This range as will be shown
below covers the passage from a coiled to a highly stretched
conformation. The system is equilibrated for a relatively long
duration~approximately 10 ns! prior to simulations. MD runs
are carried out for 10 ns, at least, for each choice of shear
rate and solvent type.

RESULTS

Mean chain dimensions

In Fig. 1, snapshots of the chain configuration in poor
solvent are shown at four different shear rates,ġ050, 0.9,
4.3, 42.7 ns21. The effect of the shear flow along thex axis
becomes rapidly significant and the chain obtains highly
stretched conformations aboveġ054.3 ns21. At ġ0542.7
ns21, the chain has almost reached its fully extended con-
figuration.

Figure 2 depicts the dependence of mean square end-to-
end separation̂R2& on shear rate,ġ0 in poor ~open circles!
and good solvent~filled circles! regime. Figure 2~a! shows
the logarithmic dependence of^R2& on shear rate while Fig.
2~b! shows the normalized values of^R2& where ^R2&0 and
^R2&` are, respectively, the value of^R2& in the quiescent
solvent and under infinitely high shear rate. They are deter-
mined from the asymptotic values approached in the two
limits in Fig. 2~a!. BD results are connected by lines to guide
the eye. The dotted straight lines on both sets of data of both

figures represents the unperturbed dimensions that obtain in
the absence of shear. The curves in Fig. 2~a! exhibit three
distinct regions: For low values ofġ0 the chains are weakly
deformed, and the coiled state persists. A sharp increase in
chain dimensions in the range 0.4<ġ0<4.0 ns21 ~approxi-
mately! is observed, characteristic of a transition between
coil ~C! and stretched~S! structures.

Variation of conformer population and local geometry

The perturbation of the distributionP~f! of the back-
bone dihedral angles~f! by the effect of the external shear
force is presented in Fig. 3. Parts~a! and~b! are obtained for
chains in poor and good solvent regimes, respectively.
Curves labeled fromi to v in the figures hold for the respec-
tive casesġ050, 0.9, 4.3, 21.4, 42.7 ns21. The population of
trans conformers~f50°! increases with shear rate in both
media. This is naturally accompanied by the depression of
the probability of thegauche6 ~f56120°! states. On the
other hand, for a given shear rate, the chain attains a rela-
tively more extended conformation in good solvent regime,
compared to poor solvent, as indicated by the lower prob-
ability values of thetrans state~and higher probabilities of
gauche6 states! in Fig. 3~a!.

In Fig. 4~a! the fraction,Pt , of transconformers in poor
solvent is presented as a function ofġ0. The BD results are
shown by the open circles and the curves are drawn for vi-
sualization. Here, thetrans state is identified by dihedral
angles in the range240°<f<140°. The dependence of the
transpopulation on the shear rate reflects the response of the
bond dihedral angles to the external field. Figures 4~b! and
4~c! illustrate the mean change in bond lengths and bond
angles in response to the shear flow. The normalized mean-
square bond lengtĥL2& and bond anglêQ2& are plotted

FIG. 1. Snapshots of the grafted chain in poor solvent, as projected onxz
plane, under different shear rates, illustrating the gradual transition of the
chain from coiled to stretched structure. The adsorption wall is given byxy
plane. The chain configurations are shifted along the vertical axis for clarity.
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againstġ0 in parts ~b! and ~c!, respectively. Here the BD
results, shown by the open circles, are normalized in their
full range of relaxation, so as to provide a quantitative com-
parison with the MC simulations of Laiet al., shown by the
open triangles in part~b!. The absolute ranges in which the
bond length and bond angles change upon stretching are
0.1518<1<0.1575 nm and 110°<u<115°, respectively,
with the present choices of parameters.

The curve in part~a! of Fig. 4 is consistent with the
transition observed at 0<log ġ0<1 in Fig. 2, for the poor
solvent case. In fact, an increase in the geometric variables is
observable at higher shear rate. It is interesting to notice that,
with increasing shear rate, the bond torsional angles are the
first responding degrees of freedom. The changes in bond
angles and bond lengths occur at somewhat higher shear rate,
which is consistent with the fact that these degrees of free-
dom are stiffer than the bond torsional angles. Above shear
rates ofġ0.;60 ns21, the geometrical parameters assume
values corresponding to complete unwinding of the coiled
state. Yet, the coil~C!–stretch~S! transition occurs in the
form of a second order transition rather than a discontinuous,
first order transition. The occurrence of a C–S transition for

the chains under flow was originally pointed out by de
Gennes,10 and applied to grafted chains under flow.11–13,28

Components of the radius of gyration

Another statistical quantity useful in interpreting the re-
sults is the radius of gyration, Rg. Asymmetries in the con-
formations of the end-grafted chain resulting from its inter-
action with the flow can be clearly viewed in thex, y, andz
components of Rg. Figure 5 displays the components of the
radius of gyration,^Rgx2&1/2, ^Rgy2&1/2, and ^Rgz2&1/2, for
poor ~open circles! and good~filled circles! solvent regimes.

In good solvent,̂Rgz2&1/2 decreases with the shear rate,
as expected from the alignment of chains parallel to the wall
of adsorption due to flow. The changes in^Rgz2&1/2 gradually
level off aboveġ051 ns21, approximately, indicating that
the chain tends to align parallel to the wall. A decrease in
chain dimensions along they direction is also observed,
which is understandable from the fact that the flow field is
applied along thex axis. ^Rgx2&1/2 increases withġ0, as ex-

FIG. 2. ~a! Dependence of the mean square end-to-end separation^R2& of
the grafted chain on shear rate, in good~filled circles! and poor ~open
circles! regimes obtained from BD simulations. The ordinate refers to the
average taken over snapshots taken at 5 ps after equilibration of chain struc-
ture at a given shear rate. The curves through the are drawn to guide the eye.
~b! Dependence of the normalized values of^R2& on shear rate,̂R2&0 and
^R2&` presents the value of^R

2& in the quiescent solvent and under infinitely
high shear rate respectively, on shear rate, in good~filled circles! and poor
~open circles! solvent regimes.

FIG. 3. Equilibrium distributions of bond dihedral angles,P~f!, in ~a! poor
solvent, and~b! good solvent obtained for~i! ġ050, ~ii ! ġ050.9, ~iii !
ġ054.3,~iv! ġ0521.4, and~v! ġ0542.7 ns21. Increase in flow rate enhances
the fraction oftrans ~f50°! conformers and reduces that ofgauche6 con-
formers. The probability of thegauche6 states is further depressed in good
solvent.
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pected. A unique sharp transition region is not discernible
from the examination of the three curves:^Rgz2&1/2 exhibits
an abrupt decrease atġ0<0.4 ns21. The response of̂Rgy2&1/2

is somewhat delayed toġ0'10 ns21, whereaŝ Rgx2&1/2 ex-
hibits an intermediate behavior.

The behavior in poor solvent is completely different, ex-
cept for high shear rates.^Rgx2&1/2 shows a relatively sharp
increase at aboutġ051 ns21. It is interesting to notice that, at
low shear rates~ġ0<1 ns21! the stretching along thex axis is
accompanied by the expansion of the chain in thez and y

directions, as well. An inversion in chain dimensions along
the z and y directions is observed atġ051 ns21, approxi-
mately, which is followed by the contraction of they andz
components of the radius of gyration. This phenomenon was
verified by several independent runs. The increase in the
components of the radius of gyration along the two perpen-
dicular directions to the flow field, at low shear rate and
under poor solvent conditions, is a unique phenomenon con-
forming with experimental evidence.5 In fact, a shear-
induced expansion of the adsorbed polymer layer is observed
by Cohen5 in the study of polystyrene–cyclohexane inu con-
ditions at low shear rates. The concentration of the polymer

FIG. 4. ~a! The fraction oftransconformers,Pt vs ġ0 for the chain in poor
solvent. The increase in the population of trans rotameric states is particu-
larly enhanced aboveġ0510 ns21. ~b! The mean-square bond length^L2&,
normalized within the full range of the variable^l 2&, as a function of shear
rate, in poor solvent. Triangles represent MC results of Laiet al. ~c! The
mean-square bond angle^U2&, normalized with respect to the full range
accessible tou, plotted againstġ0.

FIG. 5. Dependence of the components of the radius of gyrationRg on the
shear rate. The ordinate in parts~a!, ~b!, and ~c! represent the root-mean
square componentŝRgx

2 &1/2, ^Rgy
2 &1/2, and ^Rgz

2 &1/2 of Rg . Open and filled
circles stand for the results in poor and good solvent, respectively.
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adsorbed on the surface in that experiment was low enough
to validate the comparison of these experimental observa-
tions with the present results obtained for a single grafted
chain. The rise in the thickness of the adsorbed layer below
the critical shear rate is attributed,5 to the shear-induced dis-
entanglement of subloops and/or the detachment of the trains
from the surface. The occurrence of this phenomenon is
demonstrated for the first time by BD simulations.

We note that similar calculations have been carried out
in a recent MC study17 of a single grafted chain, and BD
simulation of a single grafted chain of freely jointed bead
rods.20 There, it was not possible to observe the effect of the
solvent quality.

Surface density distribution and mean layer
thickness

The density distribution of chain segmentsr(z) under
different shear rates in poor solvent are displayed in Fig. 6,
as a function of the vertical separationz from the wall. The
ordinater(z) represents the average number of CH2 units
located in successive layers of thickness 0.1 nm, starting
from the interface. The curves are drawn for the cases~i!
ġ050, ~ii ! ġ050.9 ns21, ~iii ! ġ052.1 ns21, ~iv! ġ054.3 ns21,
~v! ġ0521.4 ns21, and~vi! ġ0542.7 ns21.

In general, the distributions obey a Gaussian-type form
which becomes narrower, and shifts towards smallerz values
with increasing shear rate. In the highest value ofġ0542.7
ns21, chain units are practically confined to a region of thick-
ness;0.75 nm, with a highest density at 0.25 nm.

On the other hand, at low shear rates, the density distri-
bution of chain units becomes broader than that of the free
~ġ050! chain, as may be seen from the comparison of the
curves~i! and ~ii !. This shear-induced expansion of the ad-
sorbed layer is consistent with the initial~at low ġ0! expan-
sion of thez component of the radius of gyration in poor
solvent, already shown in Fig. 5~c!. An inversion in the de-
pendence ofr(z) on the shear rate occurs at aboutġ051.0
ns21, as already apparent in Figs. 5~b! and 5~c!. Beyond this

value, the distribution curves indicate a gradual concentra-
tion of chain units within regions closer to the wall with
increasing flow rate.

The average height of the layer occupied by chain seg-
ments may be estimated either from the first moment of the
density profile or from the average position of the last atom
in the chain. Table I shows the layer thickness,^Lz&, evalu-
ated from the first moments as a function of shear rate in
both good solvent and poor solvent conditions. The re-
sponses of the chain in the two different types of solvents are
quite different, as already revealed in the preceding figures.
At lower shear rates, an increase in the shear rate leads to an
increase in layer thickness in poor solvent, whereas the latter
decreases uniformly in good solvent.

At low values of shear rate in poor solvent the chain
segments unfold, which were originally in a relatively con-
tracted configuration due to unfavorable interaction with the
solvent. At stronger shear rates, as the chain is expanded and
oriented along the flow, the chain segments gradually ap-
proach the wall, in both solvents. Upon further increase of
the shear rate, a new regime is entered, where the bond
angles and bond lengths deform appreciably. This resembles
the above mentioned experimental observation of Cohen.5

We note that experiments carried out by Klein and
co-workers4 suggest that shear flow in fact increases the
brush thickness. Another experimental study by Leeet al.1

revealed that in polystyrene samples at theU temperature, no
detectable changes in the layer thickness were obtained, ex-
cept for the one with the highest molecular weight where a
decrease in layer thickness took place.

Local and global orientation of the chain with respect
to the flow field

The local orientation of chain segments with respect to
the direction of the flow may be evaluated from the average
cosine of the anglea between the bond vectors and the di-
rection of flow as

S~z!5 1
2@3^cos2 a~z!&21#. ~2!

Here,S(z) is the order parameter which represents the aver-
age orientation of chain segments located at an elevation
z6Dz from the wall. The angular brackets refer to the en-
semble average over all bonds in that particular layer of
thicknessDz, and time average over several snapshots of

FIG. 6. Distribution of number density of chain segmentsr(z), as a function
of the distance from the adsorption surface,z. Layers of thicknessDz50.01
nm are observed at various snapshots under a given flow field for determin-
ing r~z!. Curve~i! represents the distribution in the absence of flow. Curves
~ii !–~vi! are obtained for the respective cases of 0.9, 2.1, 4.3, 21.4, and 42.7
ns21.

TABLE I. Average layer thicknesŝLz& for grafted chain under shear flow.

ġ0 ~ns21!
Poor solvent
^Lz& ~nm!

Good solvent
^Lz& ~nm!

0 0.65 2.04
0.4 0.80
0.9 0.76 0.78
2.1 0.54
4.3 0.52 0.58
21.4 0.35
42.7 0.35
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interval 5 ps. The results obtained for PE chains subject to
various strength flow fields in poor solvent are illustrated in
Fig. 7. Curves~i!–~v! refer to shear rates ofġ050, 0.9, 4.3,
21.4 and 42.7 ns21, respectively.Dz is taken as 0.1 nm. In
the absence of shear flowS(z) is approximately zero for all
z, indicating no preferential orientation. With the application
of flow field, a gradual reorientation along the direction of
flow takes place. This response is more evident at small
separationsz from the wall; whereas bonds located farther
from the wall exhibit a weaker reorientation. The order pa-
rameter sharply decreases withz at higher shear rates.

An assessment of the degree of orientation of the overall
chain with respect to the direction of the flow field may be
made on the basis of the angular deviation between the flow
direction and the mean chain direction. The mean chain di-
rection is defined by the unit vectorecm directed from the
first atom to the mass center of the chain. The inclination of
ecm with respect to the flow direction is expressed in terms of
the angleC5cos21~ecm•dx! wheredx is the unit vector in the
direction of flow. Figure 8 shows the time average^cosC& as
a function ofġ0 for the two types of solvents. At high shear
rates~ġ0>5 ns21! the chain is almost fully aligned along the
flow direction; further extension of the chain is imparted by
the distortion of bond lengths and angles, and does not affect
the global reorientation. The chain in good solvent~filled
circles! exhibits a weaker dependence on the shear rate than
that in poor solvent~open circles!. For comparison, results
obtained by Laiet al.17 by lattice MC simulations of a single
grafted chain are also displayed in the figure by the open
triangles. An important feature is the occurrence of a
smoother transition in MC simulations, whereas the present
BD simulations indicate a rather sharper passage, in poor
solvent particularly, from random to fully oriented chain
structure.

FURTHER INTERPRETATION OF RESULTS AND
COMPARISON WITH OTHER WORK

An interesting feature observed from the snapshot of the
chain for ġ050.85 ns21 is a ‘‘flowerlike’’ configuration,13

where a number of bonds starting from the one attached to
the wall are in a highly oriented and extended configuration
~stempart! and the remaining ones up to the free end of the
chain are in a relatively disordered state~flowerpart!. This is
in agreement with the recent predictions of
Brochard-Wyart.13 It is to be noted that at higher flow rates,
the flowerlike configuration is lost and the so-calledstem
part of the chain grows, and eventually all bonds become
strongly oriented. The flowerlike configuration is intuitively
plausible because the stem is subject to a large shear force
and is expected to orient strongly while the bonds at the free
end enjoy a high mobility and therefore assume a relatively
disordered state.

In poor solvent, the onset of the transition region is ob-
served in Figs. 2 and 8 to take place atġ050.5 ns21, ap-
proximately. This value may be rationalized in terms of the
dimensionless parameterġ0tz wheretz is the Zimm relax-
ation time for weak perturbations13 and is given by the rela-
tion

tz5
hRF

3

kT
. ~3!

Hereh is the solvent viscosity related to the friction coeffi-
cientj by the Stokes law,j56pha. In the latter expression,
a is the hydrodynamic radius of a CH2 group.RF in Eq. ~3!
is the Flory radius of the chain. With these expressions, one
obtains the relaxation time as

tz;Fj/kT6pa G~C`n
2nl 2!3/2, ~4!

where the exponentn is 3/5 for a good solvent and 1/3 for a
poor solvent.C` is the characteristic ratio which is equal to
6.4 for PE chains of 100 bonds. At the onset of the transition
region, one would expect this dimensionless numberġ0tz to
equate to unity. Substitution of the values corresponding to
our system, i.e.,n5100, l50.153 nm, a50.076 nm,
j/m5105 ns21, T5400 K leads to a correlation timetz of

FIG. 7. The order parameterS(z) for bond vectors located at an elevation
z6Dz from the wall, in poor solvent under different shear rates. Curve
labels~i!–~v! refer to the respective cases of 0, 0.9, 4.3, 21.4, and 42.7 ns21.

FIG. 8. Dependence of the global chain orientation on shear rate. The ordi-
nate^cosC& represents the average cosine of the anglec between the flow
direction and the mean chain direction. BD results are shown for the poor
solvent~filled circles! and good solvent~open circles!. Triangles represent
the results from the MC simulations of Laiet al. ~Ref. 17!.
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1.68 ns in poor solvent. Equating the dimensionless number
to unity leads to a shear rate ofġ050.6 ns21 in agreement
with the results obtained by BD simulations. However, we
note that in good solvent, Eq.~5! predicts a largertz , and
consequently lowerġ08 which is in qualitative disagreement
with simulations.

The segment density distribution curves shown in Fig. 6
may be expressed by a distribution of the form

r~z!5A exp@2az#z2, ~5!

whereA is the normalization constant,

A5
2

a3 H 12exp~2aLmax!F ~aLmax!22
1aLmax11G J ~6!

provided that ther(z) is normalized in the finite interval
@0,Lmax#. Here,Lmax is taken as the fully extended length of
the chains. The values of the parametera, may be readily
obtained by a least square fit to the distribution functions of
Fig. 6, whereas the choice of the upper boundLmax has neg-
ligibly small effect provided that the latter is sufficiently
large. On the other hand, the orientation functionS(z) given
in Fig. 7 may be approximated by a relation of the form

S~z!; f ~z!r5K8F E
z

L

zr~z!dzG r , ~7!

where f (z) is the total force experienced by a chain unit at
the level z, K8 is a proportionality constant, andr is an
exponent. Substituting Eq.~5! in Eq. ~7!, we obtain a pro-
portionality of the form

S~z!;F E
z

L

z3 exp~2az!dzG r . ~8!

The values forS(z) for the two curves,~iii ! and ~v!, of Fig.
7 were calculated by using Eq.~8!. The value of the expo-
nentr giving the best fit was obtained as 1/4. The results of
calculations are illustrated by the two boldface curves in Fig.
9 and compared with corresponding results of BD simula-
tions.

CONCLUDING REMARKS

The differences in the behavior of the polymer chain in
the two types of solvent vanish with increasing flow rate.
The most severe departure between the response of the chain
in the two different media to a flow field is observed at low
shear rates. The major difference is the following: In poor
solvent, the flow field first expands the chain, and subse-
quently deforms it along the preferred direction. The increase
in chain dimensions at low shear rates is evidenced in parts
~b! and ~c! of Fig. 5. Likewise, the probability distributions
in Fig. 6 and the layer thicknesses obtained at various shear
rates~Table I! confirm the same behavior. Such an inversion
is not observed in good solvent, where the lateral~with re-
spect to flow field! components of the radius of gyration are
strictly decreasing withġ0.

The passage from coiled to stretched state is observed to
be sharper and faster in poor solvent compared to that in
good solvent. This feature is indicated by the curves in Fig. 2
and 8. We note that, in agreement with the present results,
the stretching of a collapsed coil is observed by MC
simulations29 to exhibit an abrupt upturn of the force-length
curve, which is explained as a transition of a globular coil
into an extended coil. A smoother passage occurs in good
solvent.

Tirrell and collaborators report that no apparent shear-
induced expansion of adsorbed layers takes place in pure
shear flow unless there exists some local flow perpendicular
to the adsorption surface, induced by wall roughness.3 In the
present simulations, inhomogeneities in the flow field are
introduced by the Brownian character of the polymer motion.
In other words, polymer segments are subject to a pure shear
force and a random force, simultaneously. This may partly
explain the expansion of chain dimensions in the directions
transverse to that of the flow field at low shear rates.

It should be noted that this observation was only pos-
sible upon the use of real structure and energy characteristics
of the polymer chain, which was not explicitly accounted for
in previous BD simulations.

An interesting point concerns the response of the chain
orientation on a local scale to the externally applied flow
field. Although a linear dependence ofS(z) on the applied
force f (z) might be expected by analogy to segmental orien-
tation of a uniaxially deformed chain which is not bound to
any surface,30 a weaker dependence is observed in the pres-
ently investigated grafted chains under shear flow. A rela-
tionship of the formS(z); f (z)1/4 is estimated from the
analysis of the density distribution functions and bond orien-
tations as a function of the separation from the adsorption
surface.
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FIG. 9. The order parameterS(z) for bond vectors located at an elevation
z6Dz from the wall, calculated from BD simulation, in poor solvent at
g054.3 ~h!, and 42.7~n! ns21. The bold face solid curves are calculated
using Eq.~8!.
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