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We report nonequilibrium molecular dynamics simulations of grafted and free chains surrounded by solvent
molecules and sheared between two atomic walls. Each wall is covered by a layer of amphiphilic molecules,
which are twenty units long and chemically bounded to the surface. Simulations were performed at surface
coverages ranging from 1/3 to 0, where 1/3 corresponds to a system with only grafted chains. Coverages lower
than 1/3 were obtained by randomly detaching chains from the wall. The particles interact through the Weeks-
Chandler-Andersen repulsive potential. Bond interactions and the stiffness of the chains are modeled using
harmonic potentials. Heat is removed from the system through the walls by applying a Nose-Hoover thermo-
stat. At coverages larger than 0, the chains behave like a wall resulting in steep velocity gradients. With
decreasing coverages, the tilt of the amphiphiles is increased, and at the same time solvent molecules diffuse
into the chain region. This effect of solvent molecules entering into the chain region is most pronounced at a
coverage of 0.22. Frictional forces are higher for the intermediate coverages. This is probably due to entangle-
ments between free and grafted chains. Decreasing the flexibility of the amphiphilic molecules creates a more
dramatic response to the imposed shear field resulting in a larger chain tilt, higher frictional forces, and a
higher solvent density at the wall.@S1063-651X~96!13711-9#

PACS number~s!: 36.20.Fz, 68.15.1e, 36.20.Ey

I. INTRODUCTION

Much of the interest in the rheology of molecularly thin
films has been stimulated by experiments conducted to de-
termine frictional forces@1–9#. These experiments revealed
that the rheology of nanoscopically thin films of organic lu-
bricants can be drastically different from that of the corre-
sponding bulk liquids. A detailed understanding of the prop-
erties of liquids in a confined geometry and of the physical
origin of these confinement induced changes is fundamen-
tally important to basic and applied problems such as adhe-
sion, capillarity, contact formation, friction, lubrication,
wear, modifications of surfaces, etc.@10–21#. Theoretical ap-
proaches@22,23# and simulation techniques~in particular
with the recent developments in computer hardware and
implementations of computational methods! @24–53# have
been used to elucidate the microscopic origins for these phe-
nomena and their technological consequences.

Many modern instruments require smooth, low-friction
surfaces to reduce wear and increase equipment lifetime. Es-
pecially with the production of miniature motors and aero-
space devices, this area has become the subject of intense
activity and recent approaches have focused on boundary
lubrication processes, where graphite, inorganic compounds,
or amphiphilic molecules are adsorbed at the solid surface to
reduce friction and wear between sliding surfaces. For such a
system, the friction between the pure surfaces is replaced by
the weaker adhesive contact forces between the lubricant lay-
ers. Macroscopically, friction is accompanied by conductive
heat flow and several studies have investigated the mecha-
nism by which the system dissipates energy using first prin-
ciples calculations@29,30# based onab initio total energy

calculations of moving two layers past each other or by mo-
lecular dynamics simulations@31–33#.

Most of the computational studies were performed using
traditional atomic-scale modeling of atoms and molecules,
which allows us to consider relatively small systems and
short times. We have used mesoscale computer modeling
@34#, which significantly reduces the computational burden
and provides an avenue to extend simulation periods up to
several nanoseconds. Additionally, these methods allow us to
study collective and cooperative behavior such as phase
separations, the formation of micelles, and viscoelasticity
@35–48#.

In our first paper@53# we investigated structural and rheo-
logical properties of grafted amphiphiles at a range of re-
duced shear rates varying from 0.0 to 0.101. Interestingly,
we found that the grafted chains behave like a wall that was
displaced into the flow a distance corresponding to the hy-
drodynamic thickness of the layer. Due to the shear induced
flow and hence the flow resistance, the grafted amphiphilic
molecules tilted, and this was accompanied by an elongation
of the chains. During shearing, solvent molecules are ex-
pelled from the chain region close to the boundary wall.
Increasing the stiffness of the chains produced significant
changes in their geometry, but only affected the flow behav-
ior slightly.

In the present study, we have varied the surface coverage
by randomly detaching amphiphiles from the wall, a process
that is encountered, for instance, in surface force apparatus
when studying frictional forces between solid surfaces
coated with polymer brushes@8#. We are interested in how
the shearing and detachment of surfactant molecules change
the structural characteristics and rheological properties of the
system. Throughout the simulations, we applied a reduced
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shear rate of 0.0101, which in the case of block polymers
assuming that each unit is of size 100 Å with an average
mass of 50 000 g/mol corresponds to a shear rate of the order
of 1023 ns21. Typical shear rates observed in experiments
are in the range of 1027–1024 ns21 in surface force appa-
ratus @5,49#. Similar rates are proposed for spontaneous
shape changes in bilayers leading to a significant increase in
curvature@50#. Though our shear rate is slightly higher, it
was determined by the results of our previous study@53#,
where we observed that lower rates yielded pressure tensor
and viscosity data with large uncertainties~low signal to
noise ratio!.

The paper is organized as follows. In Sec. II we describe
the potential model and simulation details used in our shear-
ing experiments. Section III contains a discussion of our re-
sults obtained for different surface coverages of flexible and
stiff amphiphilic molecules immersed in Lennard-Jones fluid
and free amphiphiles. Finally, we conclude by summarizing
the changes of the rheological properties observed due to
detachment of amphiphiles and the effect of increasing chain
stiffness.

II. MODEL AND SIMULATION

The model used in our computational study and displayed
in Fig. 1 is composed of solvent molecules, amphiphilic
chains, and two atomic boundary walls. The chains can be
grafted to the wall or free to move in the solvent. The inter-
action between all particles is described by a shifted and
truncated Lennard-Jones potential known as the repulsive
Weeks-Chandler-Andersen potential~WCA! @51# and is
given by

ULJ54eF S s

r D
12

2S s

r D
6G1e, r<21/6, ~1!

ULJ50, r.21/6, ~2!

wheres ande are the collision diameter and the well depth
of the potential, respectively. This potential is truncated and
shifted at the minimum of the full Lennard-Jones potential
and only includes repulsive contributions. Additional attrac-
tive potentials are required for the bead-bead interaction in
the chains and to keep certain particles in the crystal lattice
that forms the wall. The intramolecular bead interactions are
modeled by the bead spring potential@44#, where beads are
connected by an anharmonic spring@45–47# of the form

Uc52
1

2
kcR0

2lnF12S r

R0
D 2G , r<R0 , ~3!

Uc5`, r.R0 . ~4!

The adopted values forkc andRo are 30e/s2 and 1.5s and
are taken from Ref.@47#.

The stiffness of the chains is controlled by including one
additional harmonic potential acting between beadsi and
i12,

Ubd,ik5
1

2
kik~ urW ik2rWeq.,iku!2, k5 i12 ~5!

with rWeq.,ik51.9216s, which is twice the distance of the lo-
cation of the minimum of the potential given by Eqs.~1!–
~4!. The force constantkik is equal tokc defined above. Two
sets of simulations were performed using (kik50! and
(kik530!. Henceforth, these two sets of parameter are re-
ferred to as LJ1C ~Lennard-Jones plus chains! and LJ1SC
~Lennard-Jones plus stiff chains!.

The wall atoms are attached to their initial lattice points,
rWeq,i , by a harmonic potential

Ubd,w5
1

2
kw~ urW i2rWeq,i u!2. ~6!

The force constant,kw572e/(21/3s2), is equal to the nu-
merical value of the second derivative of the full Lennard-
Jones potential determined at the minimum of the potential
@25#. This yields a harmonic potential well, which is compa-
rable to the full LJ potential@26#. It is sufficiently deep to
prevent the wall atoms from moving from their equilibrium
positions, and at the same time provide a thermal bath for
removing heat from the system and preventing solvent mol-
ecules from entering the wall region. Each wall contains 306
particles arranged in three hexagonally close packed layers.
In view of the short range nature of the WCA potential, the
boundary is sufficiently thick that solvent particles which are
trapped close to the walls do not experience a direct force
from the outermost layer.

The nonequilibrium molecular dynamics~NEMD! simu-
lations@52–58# were performed in an orthorhombic cell with
periodic boundary conditions applied in thex and y direc-
tions. Along thez direction, the fluid is bound by the two
walls. The cell dimensionsL are in reduced units:
Lx517.0, Ly55.83, andLz533.80. The initial configura-
tion was generated by randomly tethering amphiphilic mol-
ecules of chain length 20 beads to each wall corresponding

FIG. 1. Schematic representation of the simulation cell. Open,
marked with a cross, and filled circles represent boundary, fluid,

and chain particles.ġ indicates the direction of the displacement of
the wall particles to impose a shear field on the fluid.
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to a coverage of 33% and randomly placing solvent mol-
ecules in the pore region@which defines the region between
the opposing walls and is given byLxLyLz ~see Fig. 1!#
resulting in a total density ofr5N/V50.825.N is the total
number of particles~beads1 solvent molecules! in the cell
of volumeV. At this statepoint, chains attached to opposing
walls are separated by a solvent region~i.e., interfacial re-
gion between opposing brushes!, which in the most extended
conformation of the chains is of thickness of 122s. In the
course of the study, chains are removed randomly from both
walls, but keeping the number of chains at both walls iden-
tical. However, the disposition of chains at opposite walls
can be different.

We have performed a series of simulations by removing
chains from the wall and allowing them to reach their equi-
librium conformation in the pore region. As shown schemati-
cally in Fig. 1, these chains are no longer tethered to the
surface. The simulations were carried out at surface cover-
ages of 0.33, 0.22, 0.13, and 0 corresponding to 0, 24, 42,
and 68 free chains. It is important to note that we are not
reporting the dynamics of the depletion, but the steady state
properties of the depleted layers.

The shear rate is fixed atġ*50.0101. In our previous
study @53#, this was the lowest shear rate we could apply to
obtain accurate viscosity profiles across the slab. The sepa-
ration of the walls was fixed at 33.8 Å throughout. Further
simulation details are described in Ref.@53#. As summarized
in Table I, simulations were run for approximately 106 steps
with a time step ofDt!50.0025~approaching a time scale of
ns!.

III. RESULTS AND DISCUSSIONS

We have investigated two different model systems to
study the effect of shearing off the surface-attached am-
phiphiles as the two surfaces slid past each other on the shear
viscosity and friction coefficient. The first model consists of
amphiphilic molecules tethered to the wall and surrounded
by solvent molecules. We will refer to this system as LJ1C
~Lennard-Jones plus chains!. In the second model, we in-
creased the stiffness of the chains by including an additional
harmonic potential@Eq. ~5!#. We will refer to this model as
LJ1SC ~Lennard-Jones plus stiff chains!. For both model
systems, four different coverages 0.33~0!, 0.22 ~24!, 0.13
~42!, and 0~68! were studied, where the number in paren-
theses refers to the number of free chains. In the following
discussion, we will introduce an abbreviation for conve-

nience and indicate the coverage by placing the number of
free chains after LJ1C or LJ1SC; e.g., at a coverage of 0.13
for the LJ1C system, we would write LJ1C42.

The shear field imposed by sliding the wall particles in
opposite directions results in characteristic gradients in tem-
perature, density, velocity, and viscosity, which will be ad-
dressed in the following discussion. The evolution of the
temperature was monitored by calculating an average slab
temperature defined as

Tz~zn!5K ( i51
N Hn~zi !mi@vz,i2uz~zn!#

2

kB( i51
N Hn~zi !

L , ~7!

where the slab width for sampling wasnz51.2s. A detailed
discussion of the effect of the slab width on the accuracy of
the temperature is given in@53#. In Eq. ~7!, ^•••& denotes a
time average,mi is the mass of particlei located in the slab
n, andHn„zi(t)… is a top-hat function with functional values
of

Hn~zi !51 for zn2
nz

2
,zi,zn1

nz

2
, ~8!

Hn~zi !50 otherwise. ~9!

uz(zn ,t) in Eq. ~7! is the instantaneous slab velocity in the
z directions computed as( i51

N Hn„zi(t)…vz,i(t)/Nn , where
Nn5( i51

N Hn„zi(t)…. Figure 2 shows the temperature profiles
at different coverages for the LJ1C model. At all coverages,
the conduction across the boundary is sufficiently fast that
the fluid maintains the same temperature as the thermostated
atoms in the walls. Only at zero coverage is a slight tempera-
ture increase observed, which, as discussed below, is due to
a slip at the boundary. Similar results were obtained for the
LC1SC model, where the temperature rise, as shown in
Table II, is marginally higher at the different coverages.

The most important quantities in studying boundary lubri-
cations by amphiphiles are the normal and tangential forces
between the sliding coated surfaces, since these forces are a
measure of the friction coefficient@59# defined as

j5
2Pxz

Pzz
. ~10!

TABLE I. Simulation details. LJ1C and LJ1SC refer to Lennard-Jones fluid and amphiphilic chains
using (kik50e/s2) or (kik530e/s2); see Eqs.~1!–~5!.

Model No. loose chains No. grafted chains Coverage Time steps

LJ1C 0 68 0.33 1000000
LJ1C 24 44 0.22 1150000
LJ1C 42 26 0.13 1275000
LJ1C 68 0 0 1185000
LJ1SC 0 68 0.33 1000000
LJ1SC 24 44 0.22 1350000
LJ1SC 42 26 0.13 1365000
LJ1SC 68 0 0 1325000
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The off-diagonal pressure tensor component in the shear di-
rection can also be used to calculate the viscosity,

h~z!5
^2Pxz~z!&

ġ~z!
, ~11!

where the instantaneous shear rate,ġ(z), is given by the
velocity gradient,dux(z)/dz. As in our previous study@53#,
we used the Irving-Kirkwood definition of the pressure ten-
sor @60–62# to compute the stress across the pore.

P~z!5r~z!kBTI

2
1

LxLy
K (
i, j

rW i j rW i j

urW i j u

dU

dri j

1

uzi j u
uS z2zi

zi j
D uS zj2z

zi j
D L .
~12!

I is the unit tensor,̂ & denotes a configurational average, and
u is a unit step function, which is 1 for every positive value
of its argument and 0 otherwise. Details of the sampling

procedure are given in@53#. Todd et al. @63# have recently
pointed out that Eq.~12! is the leading order term in a series
containing the expansion of the differential operator
Oi j51•••1(1/n)@2r i j •]/]r #

n211•••, ~the IK1 approxi-
mation of @63#!. The neglect of the higher order terms pro-
duces oscillations in the density profile close to the wall but
does not significantly effect the estimates of the normal pres-
sure from the fluid in the center of the box. The pressure
tensor components,Pzz(z) andPxz(z), at different coverages
for the LJ1C model are displayed in Figs. 3 and 4, respec-
tively. The constant values of the normal component over the
fluid region are an indication that the system is mechanically
stable@64#. Oscillations occurring close to the wall are due to
the neglect of the higher order terms in the full Irving-
Kirkwood expression@63#. An increase inPN(z)5Pzz(z) is
observed as the coverage is reduced. However, the most sig-
nificant changes are found between a coverage of 0.33 and
0.22, and the differences inPN(z) diminishes with decreas-
ing coverages. Interestingly, not only doesPxz(z) ~shown in
Fig. 4! become more negative for the intermediate cover-
ages, but it also has approximately the same values for cov-
erages of 0.33 and 0 as well as 0.22 and 0.13; see Table II.
Figure 5 shows the friction coefficient calculated from Eq.
~10!, and, as indicated by thePxz(z) profiles, the frictional

TABLE II. Selected thermodynamic data taken atz8, where the streaming velocity is zero;vx(z8)50.
See Table I for more details.

Model Coverage

dv*

dz*
~z8!

T* (z8) PN* (z8) 2Pxz* (z8)
j5

uPxzu
Pzz h* (z8)

LJ1C 0.33 0.039 2.07 10.87 0.047 0.0043 1.20
LJ1C 0.22 0.022 2.08 11.09 0.071 0.0064 3.19
LJ1C 0.13 0.019 2.09 11.19 0.073 0.0065 3.91
LJ1C 0 0.008 2.12 11.21 0.046 0.0041 5.70
LJ1SC 0.33 0.050 2.05 10.98 0.058 0.0060 1.14
LJ1SC 0.22 0.032 2.09 11.35 0.101 0.0095 3.21
LJ1SC 0.13 0.022 2.10 11.43 0.105 0.0094 4.86
LJ1SC 0 0.005 2.15 11.36 0.063 0.0053 8.44

FIG. 2. Temperature profiles of the three components across the
slab at distinct coverages for the system containing flexible am-

phiphilic molecules~LJ1C!. The shear rate isġ*50.0101. Quan-
tities are given in reduced units, wherex*5x/s, y*5y/s,

z*5z/s, T*5kBT/e, andġ*5ġA(ms2/e).

FIG. 3. Normal pressure tensor component profiles,
PN* (z* )5PNs3/e(z/s), at different coverages computed during the
simulations of the~LJ1C! system. See Fig. 2 for more details.
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forces for the intermediate coverages are higher than those
found for coverages of 0.33 and 0. It is important to note that
only at intermediate coverages are there grafted and free
chains in the pore region, and it is the resulting entangle-
ments between the grafted and free chains that increase the
frictional forces. This effect is more pronounced for the
LJ1SC model, where the stiffness of the chains is increased
and the chains cannot easily adapt to changes in the fluid
flow.

Velocity profiles for the LJ1C model system as a func-
tion of coverage are shown in Fig. 6. At coverages ranging
from 0.33 to 0.13, the chains behave as if they were part of
the wall and the sharp change in the velocity only occurs in
the fluid region. This may be caused by the increased solvent
density in the chain region close to the interface~see density
profiles!. Essentially solvent molecules are trapped between
the chains reducing the flexibility of the amphiphilic mol-

ecules. Decreasing the coverage, the interfacial region be-
comes more diffuse and the profiles less steep. At a coverage
of 0, a clear slip is visible causing the slight temperature rise
observed in Fig. 1. For comparison, the velocity profile of a
pure Lennard-Jones~LJ! fluid is also shown. The LJ fluid
does not show a significant slip at the wall, which may dem-
onstrate that increasing the chain length of the fluid increases
the slip at the wall and, hence, reduces the heat conduction
between fluid and wall. Similar profiles are obtained for the
LJ1SC model. The profile for the LJ1SC0 system is signifi-
cantly steeper than the one obtained for the LJ1C0 model,
which is caused by the stiffness of the chain. For the LJ
1SC0 system, the chains extend further into the fluid region,
and essentially the fluid region becomes smaller~i.e., the
hydrodynamic thickness of the LJ1SC0 layer is greater than
for the LJ1C0 layer!. Decreasing the coverage, the differ-
ences diminish and similar velocity gradients are found for a
coverage of 0.13. At zero coverage, the slip at the wall is
slightly larger for the LJ1SC model than for the LJ1C sys-
tem. This is an indication that momentum flux is reduced due
to the stiffness of the chains, which hinders the ability of the
chains to adapt easily to changes in the flow pattern.

The average stress and the velocity profiles can be used to
calculate the viscosity profiles using Eq.~11!. These profiles
as a function of coverages are displayed in Figs. 7 and 8 for
the two models LJ1C and LJ1SC, respectively. The viscos-
ity profile obtained for a pure LJ fluid@53# is also included in
the figures for comparison. In the middle of the pore, the
viscosities of LJ1C0 and LJ1SC0 are a factor of'2 lower
than those of the LJ fluid. This is caused by the much steeper
velocity profiles observed in the LJ1C and LJ1SC systems
~see Fig. 6!. Interestingly, the viscosities for the intermediate
coverages are similar for the LJ1C system, whereas increas-
ing the stiffness of the chains~LJ1SC! yields different val-
ues of the viscosity. In both model systems, the most dra-
matic change occurs between coverages of 0.13 and 0, where
the latter model resembles an alkane-solvent mixture. The

FIG. 4. Off-diagonal pressure tensor component profiles,
Pxz* (z* ), at different coverages computed during the simulation of
the ~LJ1C! system. Quantities are expressed in reduced units. See
Fig. 2 for more details.

FIG. 5. Friction coefficients,j52Pxz /Pzz, calculated across
the slab for the~LJ1C! system at distinct coverages. Quantities are
expressed in reduced units. See Figs. 2 and 3 for more details.

FIG. 6. Velocity profiles calculated across the slab are presented
for 0.33 coverage ~LJ1C! , 0.22 coverage ~LJ1C!
•••••••••••, 0.13 coverage~LJ1C! 222222, 0 coverage
~LJ1C and LJ1SC; thicker line refers to LJ1SC! •2•2•2•, and
pure Lennard-Jones fluid•••2•••2•••. Quantities are given in
reduced units. See Figs. 2 and 3 for more details.
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viscosity of the LJ1SC68 model is higher than the one de-
termined for the LJ1C68 system reflecting the stiffness of
the chains. The same trend was observed for the friction
coefficients~see Fig. 5 and Table II!, which were larger for
the LJ1SC model. However, approximately the same fric-
tion coefficients were determined for coverages of 0.33 and
0, whereas the viscosities for these two statepoints are sig-
nificantly different.

Structural ordering of the different particles in the system
was determined from the instantaneous number density in
the slabn,

FIG. 8. Viscosity profiles calculated across the slab for the~LJ
1SC! system are presented for 0.33 coverage•••••••••••, 0.22
coverage222222, 0.13 coverage•2•2•2•, 0 coverage
•••2•••2•••, and pure Lennard-Jones fluid————. Quanti-
ties are given in reduced units. See Figs. 2 and 3 for more details.

FIG. 9. ~a! Density profiles,r* (z* )5rs3(z/s), of the grafted
~———— and •2•) and loose (222, •••2•••, and
————! chains computed across the slab for the~LJ1C! sys-
tem. Quantities are given in reduced units.~b! Profiles of the total
(222 and •••2•••) and fluid ~ and •2•) densities com-
puted across the slab for the~LJ1C! system at different coverages.
~c! Profiles of the total and fluid densities computed across the slab
for the ~LJ1C! system at different coverages.

FIG. 7. Viscosity profiles calculated across the slab for the
~LJ1C! system are presented for 0.33 coverage•••••••••••, 0.22
coverage222222, 0.13 coverage•2•2•2•, 0 coverage
•••2•••2•••, and pure Lennard-Jones fluid————. Quanti-
ties are given in reduced units. See Figs. 2 and 3 for more details.
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r~zn!5K 1

LxLynz(i51

N

Hn~zi !L . ~13!

The same slab width,nz, and sampling procedure were
applied in the simulations as in@53#. Figures 9~a!–9~c! show
the different density profiles determined during the simula-
tions of the LJ1C model. Figure 9~a! displays the profiles
for grafted and free amphiphiles at distinct coverages. At
high coverage, the overlap between the profiles for grafted
and free chains is small, indicating only a small penetration
depth of the free chains into the grafted layer. Larger pen-
etration is observed for the coverage of 0.13, where the over-
lap of the profiles is substantial. At a coverage of 0, as ex-
pected, the density profile is constant across the pore.
Histograms for the solvent particles and all particles in the
system as a function of coverage are shown in Figs. 9~b! and
9~c!. At the highest coverage of 0.33, the penetration of sol-
vent molecules into the chain region decreases towards the
wall. Lowering the coverage significantly increases the pos-
sibility of solvent molecules entering the chain region, and at
a coverage of 0.13 the fluid density is approximately con-
stant across the slab. The small decrease in density close to
the wall reflects the limited space due to grafted amphiphiles.

In the case of the LJ1SC system~results not shown!, the
observations are qualitatively similar, but more solvent mol-
ecules penetrate the region of grafted amphiphiles at high
coverages, and the width of the density profiles for the

TABLE III. Radius of gyration. See Table I for more details.

Model No. grafted ^Stot
2 & ^S'

2 & ^Si
2& ^Stot

2 & ^S'
2 & ^Si

2&
chains ~free! ~free! ~free! ~grafted! ~grafted! ~grafted!

LJ1C 68 — — —
LJ1C 44 5.8 1.6 4.2 7.7 4.9 2.8
LJ1C 26 5.5 1.5 4.0 6.6 3.0 3.6
LJ1C 0 5.2 1.6 3.7 — — —
LJ1SC 68 — — —
LJ1SC 44 11.0 2.2 8.9 13.2 7.1 6.1
LJ1SC 26 10.9 2.3 8.7 13.2 9.0 4.2
LJ1SC 0 10.4 2.7 7.7 — — —

FIG. 10. Tilt order parameter of the grafted chains calculated
during the simulation of the two different model systems LJ1C
(d) and LJ1SC (s) as a function of shear rate and coverage.
Quantities are given in reduced units. See Fig. 2 for more details.

FIG. 11. ~a! Tilt distribution of ~a! loose and~b! grafted chains
determined during the simulations of the model system~LJ1C!.
Coverages are 0.33•••2•••2•••, 0.22 , 0.13222222,
and 0 •2•2•2•2•. ~b! Tilt distribution of ~a! loose and~b!
grafted chains determined during the simulations of the model sys-
tem ~LJ1SC!. Coverages are 0.33•••2•••2•••, 0.22 , 0.13
222222, and 0•2•2•2•2•.
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grafted chains extends further into the fluid region than the
ones obtained for the LJ1C system, reflecting the stiffness
of the chains.

Complementary information about the conformation of
the chains and their alignment in the flow was deduced from
the radii of gyration@65,66# given in Table III, tilt order
parameter displayed in Fig. 10 and tilt distributions shown in
Figs. 11~a! and 11~b!. The mean square radius of gyration
and its components@65,66# were computed as

^Si
2&5

1

N(
k51

N

^~xk2xcom!21~yk2ycom!2&, ~14!

^S'
2 &5

1

N(
k51

N

^~zk2zcom!2&, ~15!

^Stot
2 &5^Si

2&1^S'
2 &, ~16!

where the index ‘‘com’’ refers to the center of mass of each
chain. The tilt angle was determined as the angle between the
surface normal of the boundary~see Fig. 1! and the long axis
of the molecule, which is defined as that eigenvalue of the
inertia moment tensor with the smallest eigenvector. Reduc-
ing the coverage has only a marginal effect on the confor-
mation of the free chains: theS'

2 andSi
2 values are presented

in Table III. The grafted chains are more sensitive to changes
in surface coverage. For both models,Si

2 increases andS'
2

decreases as the coverage is reduced, which is an indication
that the tilt angle increases. As one would expect, the
changes observed in both components are more significant in
the LJ1SC system. Compared with the LJ1C model, both
S'
2 andSi

2 increase for the LJ1SC system, suggesting that
the tilt is accommodated by a stretching of the chains. The
tilt behavior is also observed from the tilt order parameters
shown in Fig. 10. Increasing the stiffness of the amphiphilic
molecules yields a larger tilt, indicating that the stiff chains
are more sensitive to the induced shear stress. A more flex-
ible chain has an additional degree of freedom in folding,
essentially reducingS'

2 . The inset in Fig. 10 shows the tilt
order parameter as a function of shear rate taken from Ref.
@53#. Lowering the coverage, it has a much more pronounced
effect on the tilt behavior than increasing the shear rate by a
factor of 10. Tilt distributions of the grafted and free chains
for the LJ1C and LJ1SC models are displayed in Figs.
11~a! and 11~b!, respectively. As already indicated by the
order parameters and radii of gyration, the grafted chains are
more sensitive to changes in coverages than the free chains.
At all coverages, the free chains show a tendency to align
with the fluid to the same extent indicated by the broadness
and similarity of the distributions. Stiffer chains align more

with the fluid than the flexible ones to reduce the flow resis-
tance. For the grafted amphiphiles~LJ1SC! the distributions
are shifted further to smaller angles than observed for the
LJ1C model.

IV. CONCLUSIONS

We have performed nonequilibrium molecular dynamics
simulations to examine the rheological and structural prop-
erties of a complex fluid system composed of solvent mol-
ecules, grafted and free amphiphiles. In our previous study
@53#, we focused our investigations on a relatively low sur-
face coverage and examined the interplay between solvent
and amphiphiles as a function of shear rate. Here, we have
maintained a constant low shear rate throughout the simula-
tions and varied the surface coverage from 0.33 to 0 by ran-
domly detaching amphiphiles from the wall. The reduced
shear rate is 0.0101, which in our previous study was the
lowest shear rate we could apply to compute reliable stress
and viscosity data.

As observed previously@53#, the grafted chains behave
like a wall at coverages larger than 0. For a pure amphiphile-
solvent mixture~coverage 0!, a slip evolves at the boundary,
which is more pronounced for the stiffer surfactants. A key
parameter in boundary lubrication processes is the friction
coefficient. For the LJ1C and LJ1SC models, the coeffi-
cients are constant across the pore at all coverages studied.
Surprisingly, the frictional forces for the intermediate cover-
ages are higher than those found for coverages of 0.33 and 0.
We note that only at intermediate coverages are there grafted
and free chains in the pore region. It appears as if entangle-
ments between grafted and free chains, which are indicated
by the overlap of the corresponding density profiles, increase
the frictional force. This effect is more pronounced for the
LJ1SC model, where the chains are less flexible and, hence,
the amphiphile cannot easily adapt to changes in the fluid
flow. This is also reflected in the geometrical quantities for
the grafted amphiphiles, where the stiffer chains are more
tilted and stretched due to the flow resistance. The structural
ordering of the free chains are independent of coverage, and
have the tendency to align with the fluid flow, which due to
the stiffness of the amphiphiles is more pronounced for the
LJ1SC model.
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