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Dipolar and chain-linking effects on the rheology of grafted chains in a nanopore
under shear at different grafting densities
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Nonequilibrium molecular dynamics simulations are applied to investigate the rheological properties of
coplanar nanopore systems of amphiphilic chain molecules with the tails grafted to the walls of the nanopore
and with the head-group ends immersed in a solvent inside the nanopore. In particular, the effects of modifying
the interaction between the amphiphilic head-groups by repulsive dipolar interactions or directly covalently
linking pairs of chains at the head-groups have been studied. Different grafting densities are considered. The
chains are modeled by a harmonic bead-spring model, and all particles interact through the repulsive part of a
shifted Lennard-Jones potential. Head-group linking is also governed by a bead-spring potential. A harmonic
potential models the lattice vibrations of the atomic boundaries. The rheological properties are studied by a
shearing process in which the heat generated is conducted away from the system through the walls by applying
a NoseHoover thermostat. Computed geometric parameters such as average chain length and average tilt angle
indicate reduction in chain flexibility at large dipole moments. Dipolar repulsion is found to broaden the
density profiles of the solvent. This effect is opposed by chain linking. For increasing head-group repulsion, the
amphiphile-solvent interfaces become less diffusive that leads to systematic variations in viscosities with
increasing dipole moments. Friction forces become stronger at large grafting density and for larger dipole
moments. The changes in rheological properties for fixed grafting density are essentially governed by the
change in the response of the normal pressure to the applied shear field. The velocity gradients depend strongly
on the degree of grafting density but appear to be less sensitive to the strength of the interactions between the
head groups.

DOI: 10.1103/PhysReVE.64.011507 PACS nun)er83.10.Rs, 68.08:p, 36.20.Ey

[. INTRODUCTION trolled and specific manner promote the desired material per-
formance. Such chemical modifications may be
In the field of material science the ability of fabricating accomplished in various ways. A successful route is the
interfaces with designed performance has been utilized ivariation of the polarity of the free head group, which was
many areas such as the stability of colloids, adhesion, wett&&xtensively explored by, among others, Bain and Whitesides
bility of surfaces, corrosion, and lubrication between sur-7]and Bain, Evall, and Whitesid¢8]. These authors intro-
faces [1-6]. Controlling, optimizing, and designing the duced different polar head-groups on long chain alkyl thiols
physicochemical interfacial properties is a nontrivial task ancE"d grafted to gold. In turn they observed an interfacial wet-
requires knowledge at the molecular level. In this regard:[ab'"ty that clearly displayed systematic variation with head-

exploitation of the propensity of organic molecules to self9roupP polarity; i.e., with the physicochemical state of the

assemble and form supported monolayers is a valuable tooqi.e&gned interface?,8]. Wettability, of course, is only one

Among the well-known and highly controlled self-assembleg®’ S€veral interesting and relevant macroscopic interfacial

svstems are those involving suppborted monolavers of alk}}Properties of microscopic origin that one should investigate
y g supp Y in order to fully understand nanoscopic organic films and in
thiols. These molecules adsorb onto gold surfaces and for

. . ) rder to improve their material performance. Mechanical in-
highly oriented, dense, organic monolayers that are remark[—

i e erfacial properties such as friction, to which this study is
ably robust and thermodynamically staiig8]. Similarly,  yeyoted, is another critical quantity important for a detailed

phospholipids may also be grafted to metallic surfaces byjngerstanding of these films as well as for ultimately im-
using the proper coupling reagents in the grafting $&p  roving their performance and persistence in technological
Furthermore, the supported monolayer formed is easily congpplications. Friction that occurs under shear depends
verted into a bilayef9]. Formation of self-assembled mono- strongly on the intermolecular forces transmitted across the
layers involving adsorption to silicon and glass has also beemterfaces and therefore on the microscopic nature of the in-
reported[10]. terfaces. Clearly, by chemically modifying the interfaces one
Being able to control the grafting of different organic or may be able to manipulate interfacial friction forces. Follow-
biological molecules provides an avenue of introducing ang the approach in Ref$7,8], this could be done by vary-
chemical functionality at the free, nongrafted end. By chemi-ing, e.g., the polarity of the head groups.
cally modifying the interfaces, one may in a highly con- Depending on the system, various experimental tech-
niqgues may measure interfacially transmitted forces. Present
experimental methodologies include powerful techniques
* Author to whom correspondence should be addressed. such as atomic and friction force microscopies, osmotic
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stress measurements, interference reflection spectroscopy,
optical tweezers, and micropipette methdd4—-14. Most

commonly though, intermolecular forces between coated sur- ] i ] i ) . >

faces are measured using the surface force appai@gs 3 B D e B B
[15-23. Measurements using these techniques have re- %, % % G a8, ~ 9 S &)
vealed intriguing properties of confined liquids, i.e., molecu- i, @ ‘ % ®a N

larly thin films in which the thickness of the film is on the a « d « o od *d «
nanometer scale. This includes self-assembled monolayers ,° +° <~ °® o o« & ® o o |-
and bilayers as well as structurally less organized systems  _» ¢ L I . A B °” B.
such as polymeric brushes. Despite the improved resolution 2 P hd . . o 7D N
of various experimental techniques probing, e.g., friction : .°. .' I R .'. L,
forces in thin films at the nanoscale leéR], detailed in- b T pet e 4 ® 4 ot

formation at the molecular level is still difficult to extract SO R G P o o e

from experimental data. One may therefore argue that insight  « Yool % o e & *« o« o«

into the molecular origin of, e.g., shear rheological properties N N . Y e
probably is most directly accessed by computational ap- > » Pe p D o B P 2
proaches. Along these lines the intrinsic mechanical and geo- ~ Spe 5, Ny 5,0 5 5 O K
metrical properties of end-grafted monolayer and bilayer sys- N T *a N

tems as well as of polymeric brushes have been subjectedto  « « « « & & a o

a significant number of computational studies. Molecular dy-

namics(MD) and Langevin dynamics techniguegt—27 as
well as Monte Carlo method28,29 have all extensively
been applied; see, e.30] and references therein.

Not only from a fundamental point of view but also from  FIG. 1. Schematic representation of the simulation cell. Arrows
the perspective of technological applicatiofisw friction symbolize dipolar head groups and dashed lines indicate the op-
enhances the lifetime of nanoscale equipmethts two most  tional linking of head groups. Solvent particles are symbolized by
important quantities to be understood when studying moleculold circles.
larly thin films under shear are friction forces and viscosities.

To address this issue several studies have been carried diifnulations include average dimensions of the chains, a
within the framework of mesoscopic modeling, i.e., a coarsechain tilt order parameter, and different density profiles. The
graining of an atomic-scale description. Hereby one benefits1echanical response to shear is monitored by calculating the
by being able to approach much longer time scales, typicallppressure tensor, the friction coefficient, and the viscosity pro-
well within the nanosecond regime, than when using fullfiles across the nanopore.

atomistic modeling. For studies of, e.g., rheological proper- In all simulations presented, a constant reduced shear rate
ties of molecularly thin films, the loss of atomic detail is of 0.0101 has been applied. This rate was chosen from a
more than well balanced by the ability of approaching longePrevious study which showed that this rate leads to a suffi-
time scales and thereby providing a solid statistical basis fogiently high signal-to-noise ratio and hence to reliable fric-
a reliable computational determination of friction forces andtion and viscosity dat@31]. This reduced shear rate corre-
viscosities. sponds to an experimental shear rate of s ! [32],

The present study is motivated by the work in RETs8]. which is somewhat higher than the shear rates used in SFA
We here focus on how mechanical interfacial properties sucBxperiment§15-17,19,20,3B The systems studied here are
as friction and viscosity may be affected and controlled byrelated to the systems considered in R¢&], [32] in the
chemical modification of the head-groups of amphiphilessense that they are based on similar model potentials. How-
constituting a nanoscopic film. Furthermore, we investigatecVer, only low to intermediate grafting densitiés-33%)
the rheological properties of the modified interfaces usingvere considered and no investigations regarding chemical
two different grafting densities, i.e., different amphiphilic modification of the interface were done in Ref31], [32]. It
coverages of the atomic grafting surface. This study shoulds exactly this area that is addressed in the present study, the
provide a better understanding at the molecular level of howelevance earlier being demonstrated in RET$, [8].
specific chemical modifications could be applied to construct The paper is organized as follows. In Sec. Il we describe
interfaces that influence and thereby govern macroscopithe model and present the simulation details including the
rheological properties in a desired way. equilibration and sampling procedures. The results are dis-

The molecules applied here are grafted at their tail ends téussed in Sec. IlI, and finally Sec. IV summarizes the main
a solid atomic surface(i.e., a supported monolayerThe findings.
molecules are pairwise unlinked or linked together at their
free head-groups which means a chemical cross linking of Il. MODEL AND SIMULATION DETAILS
the amphiphiles in each individual monolayer. The response
of the amphiphilic molecules to the applied shear field is
analyzed in terms of conformational and mechanical Figure 1 illustrates the simulation cell that is composed of
changes. Conformational properties calculated during theamphiphilic chains tail-grafted to two atomic boundary walls

g Y

A. Model and potentials
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and surrounded by solvent molecules. We shall denote thehere the force constari,,, is taken to be 7&/(2%¢?)
central solvent region as tipwreregion and when subdivid- [37]. This yields a harmonic potential well comparable to the
ing the system into discrete slices normal to thaxis, i.e., full LI potential. The well depth is sufficiently large to pre-
slices in thexy plane, each slice will be referred to aslab. ~ vent wall atoms from moving out of their equilibrium posi-
Each boundary wall contains 306 boundary atoms. These ai®ns, to allow sufficient heat transfer, and to prevent solvent
arranged in three hexagonally close-packed layers. The aparticles from entering the boundaries.

rows displayed at the end of the chain’s head groups sym-
bolize point dipoles and the dashed lines indicaptional
linking between head groups. Periodic boundary conditions A series of nonequilibrium MD simulations were per-
are applied in thex andy directions, whereas in thedirec-  formed to explore the effects of dipoles, head-group linking
tion solvent molecules are confined between the boundargs well as grafting density on the rheology of the am-
walls. The chosen reduced cell dimensions hte: 170, phlphlles The Configl_JrationS and S_imulation times are sum-
L* =5.83, andL* =33.80(in units of o). marized in Table I. Initial configurations were set up by ran-

The amphiphiles consist of 14 individual units, so—calleddomly or periodically grafting amphiphilic molecules to the

beads. The intramolecular bead-bead interaction is modeleté@’o atomic boundary walls. Solvent molecules were distrib-
ed randomly in the region between the opposing waks

. . U
by a bead-spring model and the solvent is modeled as a puﬁg. 1) and insertion was only allowed in the case of non-

Lennard-Jones solvent. The lattice vibration of the atoms irbverlapping o's. Two different grafting densities with re-

the two hexagonally close-packed boundary walls is degpective chain numbers of 34 and 68 were deployed corre-

scribed by a harmonic potential. All particles in the SyStemsponding to grafting densities of 33 and 66%, respectively.
interact through the repulsive part of a shifted, truncated, poth cases the total densityy* was 0.825 f*
Lennard-JonegLJ) potential[34] =0°N/V). Increasing the grafting density can be accom-
U(ri) plished by maintaining either the total density or the total
LA number of solvent particles. In this study we choose to main-

B. Simulation details

i 12 i 6 U6 tain the total density. Hence an increase in grafting density

4€) re r_) +ej, rs2700y @ from 33 to 66% implies a compensatory reduction in the
g g number of solvent particles.

0, rij>21/60'ij . (2 Furthermore, since we are interested in how friction and

viscosity are affected by the underlying subtle interfacial

L , properties we choose to keep the monolayer separation fixed
oj; ande;; are the collision diameter and well depth of the (yia || see Fig. 1at a distance where the interfaces can be
full LJ potential, respectively. Ther;; and €; parameters gynected to couple through dipolar interactions for both

were calculated using the Lorentz-Berthelot ruig4]. grafting densities. Approaching the limit of uncoupled inter-
The beads in the chains are connected by anharmonigces is of minor interest from a rheological point of view
springs described by the potentj5,36 and is therefore not addressed in this study.

) As a starting point for the setup of the chain-linked, i.e.,
1l F <R 3) the pairwise head-group linked configurations, a periodic,
Ry, |7 W7 nonrandom, initial configuration was applied. At first, single
amphiphiles were periodically grafted to every third bound-
ary atom along the first rowin the x direction of Fig. 2 in
the layer of the boundary wall adjacent to the pore region.
where bb denotesbead-bead The interaction parameters, Subsequently, the next set of single amphiphiles were grafted
kop=30e/02 and Ry= 1.5, are taken from Ref.36]. Two with the same period to the second row of boundary atoms in
chains may be linked together through the head groups dhis I_ayer. Addltlonally, the constraint was imposed that the
each individual chain. This amphiphilic head-group interac-9rafting points of the second row has to lead to bond dis-
tion is also modeled by the potential described by Egs. @nces, (i), to the amphiphiles present in the first row so

— 2kppR3In

Upp(rij) =
oo, rij>Ro, (4)

and (4). that ri’]sl.S Vi,j. The indicesi, j label the pairwise
Additionally, we choose to introduce repulsive scalar di-Ponded head groups. A grafting density of 33% was used.
polar interactions between the head groups In the simulations with dipolar head-group interactions,

different reduced dipole strengths ranging frafi=1.1 to
iy 25.0 were appliedu* = u/(0€)Y?, where u is given in
Ud(rij)_ﬁ' (5) Debyd. The largest dipole strength resembles dipole mo-
. ments of zwitterionic phospholipid88]. For the purpose of
where identical magnitudes of the dipole momeptsare  direct comparison between linked and nonlinked systems
assigned to head groupsndj. when dipolar interactions are introduced, we choose to as-
The ith atom of the atomic boundary is confined to vi- sign one dipole moment to each of the head groups of the
brate around the hexagonal lattice poind,;, through the linked configurations. Accordingly the same number of di-
harmonic potential poles and the same total dipole moment in each amphiphilic
Uvat(F1) = SKat] i — o2 ®) layer are maintained for all values @f applied and regard-
wall\ i/ 2 BwalllTi = Teqil less of linking status. This choice necessarily implies that our

2
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TABLE I. Summary of all systems simulated. The abbreviations are as follows: Conf. denotes configu-
ration; P andR indicate periodic and random chain assignment, respectikehdicates head-group linking;
Cov. refers to grafting density expressed in % of the total number of particles present in the layer of the
boundary surface adjacent to the pore regjoh;is the reduced dipole moment; apd, is the reduced shear
rate (see text The length of the trajectories, is given in nanoseconds.

Conf. Cov. n* y* t Conf. Cov. n* y* t
R 33 0.0 0.0 1.25 R 66 0.0 0.0 1.25
R 33 0.0 0.0101 1.25 R 66 0.0 0.0101 1.25
R 33 1.1 0.0 1.25 R 66 1.0 0.0 1.25
R 33 1.1 0.0101 1.25 R 66 1.1 0.0101 1.25
R 33 2.2 0.0 1.25 R 66 2.2 0.0 1.25
R 33 2.2 0.0101 1.25 R 66 2.2 0.0101 1.25
R 33 6.0 0.0 1.25 R 66 6.0 0.0 1.25
R 33 6.0 0.0101 1.25 R 66 6.0 0.0101 1.25
R 33 12.5 0.0 1.25 R 66 12.5 0.0 1.25
R 33 12.5 0.0101 1.25 R 66 12.5 0.0101 1.25
R 33 25.0 0.0 2.50 R 66 25.0 0.0 2.50
R 33 25.0 0.0101 2.50 R 66 25.0 0.0101 2.50
P 33 0.0 0.0 1.25 P,L 33 0.0 0.0 1.25
P 33 0.0 0.0101 1.25 P,L 33 0.0 0.0101 1.25
P 33 1.1 0.0 1.25 P,L 33 1.1 0.0 1.25
P 33 1.1 0.0101 1.25 P,L 33 1.1 0.0101 1.25
P 33 2.2 0.0 1.25 P,L 33 2.2 0.0 1.25
P 33 2.2 0.0101 1.25 P,L 33 2.2 0.0101 1.25
P 33 6.0 0.0 1.25 P,L 33 6.0 0.0 1.25
P 33 6.0 0.0101 1.25 P,L 33 6.0 0.0101 1.25
P 33 12.5 0.0 1.25 P,L 33 12.5 0.0 1.25
P 33 125 0.0101 1.25 P,L 33 12.5 0.0101 1.25
P 33 25.0 0.0 1.25 P,L 33 25.0 0.0 1.25
P 33 25.0 0.0101 1.25 P,L 33 25.0 0.0101 1.25

model amphiphiles somewnhat artificially have two dipolar=0.0025) or 1x 10° time steps £ 7=0.001 25) followed by
interaction sites. sampling periods of %10°(A7=0.0025) or Ix1(P-2

The shear field was induced by sliding the boundary walls< 10°(A 7=0.001 25) time steps resulting in sampling times
in opposing directiongsee Fig. 1 Sliding the atomic walls of 1.25-2.5 ns. The smaller time step was required for the

in opposite directions yields the overall displacement simulations with the largest dipole moment to ensure a cor-
L. rect integration of the equations of motion. This was initially
Ax==*3XLAt () checked by monitoring energy conservation of the simula-

tions in the NVE ensemble with different dipole moments
and no applied shear rate. For all systems in question the
observed drift in energy was within the accepted and ex-
mass of a bead., amt! and e are the usual parameters of the pected range using the integrator abd@]. For systems

LJ potential defined in Eqsl) and(2)]. As stated in Sec. |, gjmylated with shear, the equilibrated configuration of the

this value was based on previous studies, where it was Ohs,resnonding system without shear was used as the starting
served that 0.0101 is the lowest possible shear rate th%bnfiguration for the equilibration.

yields reliable friction and viscosity data and at the same
time approaches experimental shear rg8ds32. The simu-
lations were carried out in thidVT ensemble and performed
at a reduced temperature Bf =2.083 (T* =kgT/€) by cou-
pling the wall atoms to a Nosdoover heat bath. The neigh- Our presentation of the results is subdivided into two sec-
boring list was updated every tenth time step. Integration ofions. In the first section we discuss the geometric changes of
the equations of motion were carried out using the leap-froghe grafted amphiphiles induced by the shear, while the sec-
algorithm [39]. As usual r=t(Mo?/€) 2 is the reduced ond section contains thermodynamic and viscosity data ob-
time expressed in the Lennard-Jones parameters. The syisined in the presence of shear. Unless explicitly stated, we
tems were initially equilibrated for 810* time steps A+  limit our discussion concerning the nonlinked configurations

A reduced shear ratg* of 0.0101 was appliefiwhere y*
=%Y(Ma?/€)*? is the shear rate in reduced unitd, is the

IIl. RESULTS AND DISCUSSION
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FIG. 2. Squared radius of gyratigR?) as a function of reduced FIG. 3. Squared parallel component of radius of gyrati&f),
dipole momeniu*, calculated according to Eqé8)—(10) with and  as a function of reduced dipole momeuit, calculated according to
without shear applied. Shear is indicated bysan the inset. Num-  Eq. (9) with and without shear applied. See Fig. 2 caption for more
bers in the inset refer to grafting densities of randermnlinked details.

configurations(see Table | caption P,L denotes the periodic, - . . . .
linked configuration. played in Fig. 3. By introducing dipolar head-group interac-

tions we observe two opposing effects on the conformation
at low grafting density to the random setup, iR,,33%, of  Of the chains. Atlow grafting density and low dipole strength
Table I. (u*=<2.2), the repulsion between the head groups located
within the same layers is dominant. These repulsive interac-
tions are sufficiently strong to cause an extension of the
chains and hence an inherent ordering within the layer. As
Molecular information providing insight into the averaged ,,* is further increased, the dipolar repulsive forces between
configurational state of the amphiphiles in the presence anghe more distant head groups of the two opposing am-
absence of shear may be gained by analyzing various geghiphilic layers become significant resulting in a shortening
metric parameters such as chain tilting, squared end-to-engk the chains. Fop.* =0.0(R?) is lower for the linked con-
distances, and radii of gyration. These parameters are in pafigurations than for the corresponding nonlinked chains at
ticular used to investigate the effect of introducing dipoles3394 density. We may therefore conclude that chain linking
and chain linkages at the amphiphilic head groups. All geoteads to a shortening of the amphiphiles in absence of di-
metric quantities reported in this subsection are given in repples. For u* being nonzero the linked amphiphiles

duced UnitS, i.e., all |ength3 are reduced by a factor of 1/ Straighten S||ght|y and fow*>66 linked and nonlinked

use of reduced Lennard-Jones units, in these particular length at jow grafting density the dependence @2) on u* is

A. Geometric quantities

parameters. . , _only moderate, whereas much stronger effecudfon (R?)
Averaging over time and chains the mean square radius G§ ghserved at high grafting density. When comparing results
gyration may be computed as for both grafting densities and same value 6t ,(R?) is
2\ _/p2 2 significantly larger at high grafting density than at low den-
(RO=(R)+(RL) ®) sity. This reflects the closer chain packing for the denser
with parallel. |, and normal.L, components given bj40 syst_em and consequgntly Ies; ponformatlonal freedom of the
P - P g a0l chains. At both grafting densitiedR?) decreases when the
K L dipolar repulsion becomes stronger. This observation is,

(R?)= T > > (=X (Y= YD) (99 however, most significant at 66%. At this grafting density the
k=11lek head groups of opposing amphiphilic layers are more closely

LKL located than at 33% and hence the decreagRip at 66% is
2\ 2 more pronounced due to the stronger dipolar interactions

(RL)= szl gk (z=2J%. (10 acrosspthe pore than at 33%. ’ P

The dependence of the grafting density on the chain pack-

In Egs.(9) and (10) (X.Y«,Z) is the center of mass of the ing is also reflected in the parallel component Bf) shown

kth chain and the inner summation runs over the number oih Fig. 3. (Rf) is notably smaller at high grafting density

beads belonging to thieth chain.(:--) denotes a time aver- than at low density, reflecting denser packing and hence a
age. decrease in conformational freedom of the chains. When no
The squared radius of gyration as a function df is  shear is applied we note that small dipole moments lower
shown in Fig. 2 and the parallel component(&®) is dis-  (R?), since weak repulsion overall straightens the chains ir-
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respective of the degree of grafting density. Under shear, the
chains start to tilt, and consequen(Rf} increases. The de-
pendence o(Rf} on the shear field becomes stronger when
u* is nonzero, indicating that chain tilting under shear is
reinforced by head-group repulsion. At low grafting density i
the chains have more configurational freedom to fold and
entangle resulting in a IargéRf} regardless of the presence
of shear. When no dipoles are present, chain linking reduces;

03 r

0.2 1\

<O>

1

(R? and a significant maximum is displayed aroupd f&
=12.5. X PLs
In all systems studied the normal componéRt) has a 1
maximum atu* <2.2 (data not shown Therefore shear in . e

general causes the amphiphiles to shorten slightly in the SN
presence of dipoles. According to Fig.(Rﬁ) does change 00 ‘ ‘ ‘ '
significantly under shear but the numerical change is an or- ~ © 5 oo 15 20 2
der of magnitude smaller than f¢R?) (data not shown
Hence the overall change in radius of gyration induced by FG. 4. Tilt order parameter 4(0O) as a function of reduced
shear(Fig. 2 is predominantly determined by changes in dipole momeni*, calculated according to E¢L1) with and with-
(Rf) out shear applied. See Fig. 2 caption for more details.

Similar characteristics are observed for the squared end-
to-end distaanRgg of the amphiphilegdata not shown  small dipole moments g*<2.2), the weak repulsion de-
We find that( Rig initially increases for weak dipolar repul- creases the order parameter in all systems. By increasing the
sion and then becomes lower with increasing dipolar repuldipole moment further, +(O) increases. For the linked
sion. Shear cause{ngg to be slightly reduced. The largest configuration this increase leads to a maximum value of 1
structural response of the chains to an increased dipole mo=(O) aroundu* =12.5. The initial decrease in-1(0O) is
ment is observed in the simulations with high grafting den_reflecting the initial Straightening of the chains that occurred
sity. Again this is rationalized by the close contacts betweeyvhen weak dipolar repulsion was switched @ee Fig. 2
the head groups of the opposing amphiphilic layers. In théAt high grafting density the variation in-1(O) with in-
absence of dipolegR2) is lowered by chain linking; how- creasing dipole moment is less pronounced than observed at
ever dipolar repulsions between head groups in the sama3%. This e_ssentlally _shows that the increased ordering is
layer cause the linked chains to straighten and the¢&gy  due to the higher grafting density.
converges toward the same values as those obtained for the
nonlinked counterparts. B. Shear rheology

In order to gain more specific information on the degree gy ctural ordering in the system can be deduced from
of chain t||t|.ng under she.ar, we define a tilt o'rder parametehistogram sampling of the particle number density across the
as the configurationally time averaged quantity system. The density in the slaly was for this purpose cal-
culated ag41]

18 1 &
1—<O>=1—Rk21(Pz(cosok»:ngl<3co§0k—1>, L N

(11) Pz = 2 (Hal2), (12

where P, is the second Legendre polynomiurf, is the

angle between the surface normé, see Fig. 1 and the where the step function is given as

principal axis of the inertia tensor having the smallest eigen- Az Az
vector, i.e., the long axis along which the amphiphile pos- 1 for z,— =<z<z,+ —=
sesses the largest moment of inertia. The summation runs Hn(z) = 2 2
over all K chains regardless of linking status. Figure 4 dis- 0, otherwise.

plays the tilt order parameter as a functiorudf. Values for

1-(O) of 0 and 1 correspond to the fact that the averagdn Eq. (12) the summation runs over all particles present in
orientations of the amphiphiles are perpendicular and parallehe system. Sampling was made at every tenth time step.
to 2, respectively. Figure 5 displays the solvept (z*),and total number den-

At high grafting density, +(O) is significantly lower sity profiles p* (z*),, at different dipole moments. At low
than observed at low density. This again reflects the densegrafting density a continuous widening of the distribution of
chain packing. As expected, in all systems, the induced shedine solvent particles is seen when increasing the dipole mo-
causes an increase in chain tilting. At low grafting densityment up tou* =12.5[Fig. 5a)]. Increasingu* further to
and in absence of dipoles, chain linking prevents tilting sig-25.0 only affectg* (z*) marginally resulting in almost iden-
nificantly except foru* =12.5 where we also observed that tical density curves fop* =12.5 andu* = 25.0. The dipolar
<R”2) had a pronounced maximufkig. 3). Interestingly for  repulsion between the head groups apparently creates vacan-
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10 cies in between the chains in which the solvent particles can

penetrate. This in turn yields a solvent distribution extending
further into the grafted chain regions. The marginal differ-
ences observed in solvent distributions between=12.5
and 25.0 indicate that essentially no more vacancies are gen-
erated in this range.

As also observed by the geometrical quantities, the largest

0.8

— 0.0,s0
— 0.0, to
2.2,s0

0.6 {

S / 2Rt dipolar effect on the structural properties in the system is
oa b ---- 60,10 \ | seen at a high grafting density that is clearly demonstrated by

' ! - ]g-’s’ g the density profiles at 66%94ig. 5(b)]. Some of the features
D B0 of these profiles can be explained in terms of the constant

total density p* =0.825). As discussed before, high grafting
density implies removal of solvent particles in order to main-
tain constant total density. In turn solvent and total densities
‘ . . both drop significantly in the poreolven) region. Again we

38 139 . 338 find that increasing dipolar repulsion promotes solvent dis-
tribution toward the boundaries and solvent depletion in the
pore region. The gap present in the profiles fof<6.0
between total and solvent densities implies that the total den-
sity in the central region is not constituted by the solvent
alone but also by the chains. However, fet =12.5 and

u* =25.0 repulsion between the head groups located in op-
posing amphiphilic layers becomes so significant that the gap
is closed by solvent molecules. Density fluctuations become
larger with an increasing chain density. Overall, the pro-
nounced roughening of the density curves reflects the in-

0.2 Hit#

0.8

0.6 H

p*

----6.0,10

04 F 12550 - creased stiffness of the system.
TR _ At low density, chain linking[Fig. 5(c)] causes the sol-
—-— 250,10 vent to localize slightly more in the pore region since head-

02 ¢ group linking opposes dipolar repulsion between the two

linked, dipolar head-groups. Compared to the corresponding

e i unlinked configurations, the solvent-accessible space in be-
%5 139 239 339 tween the linked chains is reduced, and the solvent conse-
() z quently has to localize more toward the center of the pore in

these systems. Interestingly, by increasing the dipole strength
from pu*=12.5 to u*=25.0 the profile for the solvent is
slightly narrowed. This suggests that the chain-linking bond
stretches until the dipolar repulsion from neighboring chains
becomes so largeu(* = 25.0) that the bond again is forced to
shorten. It should be recalled that strong nonmonotonous be-
havior was also observed for the linked configuration for
w*=12.5 in the plots of RY) and 1—(O) in Figs. 3 and 4,

iR respectively.
---- 60,10 % 1 Turning to the thermodynamic response quantities we
T }gg oy consider the pressure tendgdgiven by kinetic and configu-
—-— 250,50 R rational contribution$39]
—-— 250,10 N N
N N
1 pil?
_ T
= — — |+ =
=yl 2 m i (F (13
39 EEY) 239 339 . . .
(c) z In Eqg. (13) p; is the linear momentum of particieof mass

FIG. 5. Density profilep(z*), across the nanopore for different m;. | is the Carte§|an unit tensor, |rjdlcates a transposed
reduced dipole momenta*. The lower profiles are solverisg ~ C0lUmn vector entity, and:--) denotes time average. In ab-
densities, upper profiles are totéb) densities. The profiles are S€nce of sheak is diagonal as required by mechanical equi-
calculated according to E4L2) with shear applied for the random librium under isotropic condition$42]. Applying a shear
configurations at 33%a) and 66%(b) grafting density and for the ~field along the=x direction(see Fig. 1 breaks the symmetry
periodic, linked configurationP,L (c). For clarity, the profiles for ~ Of the system, and the mechanical response fun®ie@no
u*=1.1 have been omitted and only the slab densities between tHenger diagonal. From the off-diagonal response components
boundaries are shown, i.e., for 389* <37.69. we can calculate the viscosities and friction coefficients. In
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14.0

— 0.0,s
------ 11,8
----22,8
12.0 ——-6.0,8
. —-— 1258 .
ot —x 2505 ot
A u
10.0 | A
8.0 N - 2.0 L I .
3.9 13.9 23.9 33.9 3.9 13.9 23.9 33.9
z* 7

FIG. 6. Normal pressure profileB:(z*) (P¥,=P,,0°€) for s
the R, 33% configuration across the nanopore for different reduceq_ FlG.' 7. Normal pressure proflld?,zi(_z ) for the R, 66%. con-
dipole momentg.* (given in the inset These are obtained accord- iguration across the nanopore for d|ffgrent reduged dlpolg mo-
ing to Eq.(14) with and without shear applied. Shear is indicated byments, ant_j with and without shear applied. See Fig. 6 caption for
ansin the inset. Only the slab pressures between the boundaries ardore details.
shown, i.e., for 3.8&z* <37.69.

overall causes a lowering ¢Py,(z*)) relative to the corre-

the simulations the pressure tensor is calculated from theponding configuration fop* =0.0.

Irving-Kirkwood expressiori43] The general increase in normal pressures with increasing
dipole moment can be ascribed to a larger configurational

P(2)= p(2)ksTI— 1 contribution to{ P (z*)); see Eqgs(5) and(14). The profiles

W)= plz)ie LiLy for the linked configurationgdata not shownare essentially

0(2_ Zi) (zj—z) i(cljzgntig)al to the profiles obtained for low grafting density
— | 0 —— ig. 6).
zZ;; Z;: .
XE rijoijV:.U(rij) 'l| " 4 , The_off—_dlagonal response componemE’;Z(z*_)),

i< 4 Zjj shown in Figs. 8 and 9. In the absence of shear it fluctuates

(14)  around zero as dictated by symmetry and mechanical equi-
librium constraintd43,46. Imposing shear leads to profiles

where| again is the diagonal unit tens@®j; is a differential ot nonzero values. The values become lower with increasing
operator(---) denotes alNVTensemble average, ag- - -)

is a unit step function, which is 1 for {-)>0 and O other-
wise. The kinetic contribution was obtained through the mo-
mentum exchange across the amawhich is given by
Ap/(AtA) as discussed in Ref42]. This contribution was
evaluated at every time step, whereas the configurational par
was sampled at every tenth time step.

Normal pressureg,P{(z*))=(P3/(z*)) [see Fig. 1 and
Eqg. (14)], are plotted in Figs. 6 and 7P} (z*)) is essen- -,
tially constant over the whole system. The strong fluctuations *
that occur at the boundarigsartly shown may be caused by
neglecting higher-order terms in a series expansion of the
differential operatorO;; in the configurational part of Eq.

(14) [44,45. At low grafting density, the values of the nor- ST o ,11%:\ ‘@\‘M‘ ﬁ'ﬁ% ) )
mal pressures are hardly affected by the magnitudg*ofin ~008 @&mél M JA Aw"&g‘&ﬁd k"&?

contrast, at high density,Py(z*)) increases significantly -0.083[9 = s s

when increasing the strength of the repulsive dipolar poten- z

tial [Eq. (5)]. The profile for,u* = 1.*1 obtained in absence of FIG. 8. Off-diagonal pressure profilesP?(z) (P,
shear is the only eX‘?ep“O”- _He(rQN(_Z*» is actually lower  _ =P,,0°% €) for the R, 33% configuration across the nanopore for
than the corresponding profile obtained fof =0.0. Appar- dn‘ferent reduced dipole moments. These profiles are obtained ac-
ently, the structural ordering of the chains that was characcording to Eq.(14) with and without shear applied. The six lower
teristic of the smallest dipolar repulsion onfsee Figs. 2—4  curves(in bold fon are in the presence of she@s also indicated
and Sec. Il A, implies that the amphiphiles in absence of by ansin the inset. Only the slab pressures between the boundaries
shear and fou* = 1.1 are able to adopt a configuration that are shown, i.e., 3.89z* <37.69.

011507-8



DIPOLAR AND CHAIN-LINKING EFFECTS ON THE . .. PHYSICAL REVIEW E 64 011507

by the larger off-diagonal pressure component, since the ve-

00 et s kN SR R S e S e RO RS . - ; . :
- ' ' y? locity profile, as shown in the inset, is less dependent on the
-0-1 k . \ ‘ dipolar strength.
| B SN e In general, we find that dipolarization of the amphiphilic
o2 i et . j’ head groups has a pronounced effect by causing significantly
o VTR T T e higher viscosities at the interface i.e., the interface becomes
. ;; much less diffusive. Minor difference in viscosity profiles
2t 04| ——- 560 are noted for dipole strengths pff =12.5 andu* =25.0 at
ey | both grafting densities. We note in particular that the pore
w05 90 ) region of low viscosity clearly narrows when dipolar head
o P ~ groups are present. This holds for all systems studied. The
RS | interfacial flow resistance also increases dramatically with
-07 *— 250 : increasing chain stiffness, as dictated by denser packing and
il = : reflected by the more narrow viscosity profiles obtained at
%5 ' 139 239 39 66% than at 33%.
z When no shear is applied the velocity profileqz*) are

FIG. 9. Off-diagonal pressure profild,(z*) for the R, 66%  zero through the whole slgllata not shown Displacing the
configuration across the nanopore for different reduced dipole moboundary walls in ther x directions[see Fig. 1 and Eq7)]
ments and with and without shear applied. See Fig. 8 caption foleads to positive and negative flow velocities in each half of
more details. the pore region as seen in the insets of Fig. 10. In contrast,

X*(z*) remains constant in the two amphiphilic regions. As

dipole moments due to the increased configurational contriexpected the tail-grafted amphiphiles have to move with the
bution to(P%,(z*)); see Eqs(5) and(14). For the lowest walls under the applied shear. The chains therefore behave as
dipole moments, only small decreases(Ri,(z*)) are ob-  though they were displaced into the solvent region. This dis-
served, whereas increased dipolar repulsion influencelacement is equal to the hydrodynamic radius of the layer as
(P*(z*)) more strongly. Ignoring fluctuationéP*(z*)) is  discussed in31]. The longitudinal movement of the am-
seen to be constant over the amphiphilic region. This regioRhiphiles in the shearing process induces the geometrical
can be defined as the region that extends approximatety 10changes presented in Figs. 2—4 and are discussed earlier. At
and 15 from the atomic boundaries toward the center of thelow grafting density,X* (z*) becomes steeper across the
slab for the 33%Fig. 8 and 66%(Fig. 9 grafting densities, Pore when the head-group repulsion increases and hence the
respectively. The range of the amphiphilic region over whichsystem becomes stiffer. Clearlyy (z*) is sensitive to the
(P%(z*)) is essentially constant is in agreement with theincreased stiffness of the amphiphilic system at low cover-
averaged chain lengths, see, e.g., Fig. 2. Across the solvef@€. At high grafting density we observe significantly steeper
region, i.e., across the central part of the pore, we find d€locity profiles. This is a combined consequence of the
noticeable increase P} (z*)). This observation is most feWer solvent particles presefibe solvent flow now spans a
pronounced for 66% coverage where the increase roughl'0'e harrow region, see Fig) &nd of the elongation of the
occurs over B. For 33% coverage we also observe an in-2mphiphilestheir hydrodynamlg*radluslls larger at 66% than
crease which, however, is less pronounced and occurs over® 33%, see Fig. )2 However,x* (z*) is only marginally
region of approximately 1@ These characteristics of the &fected by increasing dipolar repulsion that is due to the
off-diagonal pressure profiles reflect the differences in th&lenser chain packing. Finally, we find that chain linking in
broadness of the solvent distributions obtained for the tw@eneral has little influence axf'(z*). Linked and unlinked
different grafting densitie¢see Fig. 5. The linked configu- qhams practically yield identical velocity and viscosity pro-

rations essentially have pressure profiles almost identical tfiles.

their unlinked counterparts in Fig. @ata not shown The dimensionless friction coefficient for the solvent can
The shear viscosity profiles are obtained across the slae obtained through the so-called sheg&esscomponent,
through the instantaneous shear raig), given by the ve- —(Py,), (i.e., the negative of the response of the normal

locity gradient,dx(z)/dz, and through the off-diagonal re- Pressure to the applied shear in thdirection and the nor-
sponse componentP,(2)), as[47] mal pressurgP_,) [47]

- PXZ(Z) - sz =
2(2)= % 15 E(z=29)= %

These profiles are shown in Fig. 10. At low grafting density The friction coefficient is evaluated at the center of the pore
we find almost no change in viscosity in the very central pore(z=2,), where the streaming velocity is zero. The paigt
region, i.e., at the minimum of the curves in Fig. 10. At largecorresponds to the minima of the curves in Fig. 10. Values
grafting densities, the shear viscosity in the central pore infor £*(z5) and other quantities are summarized in Table II.
creases approximately by a factor of 2 wheh is increased Results obtained at low grafting density by periodic, nonran-
from the smaller (0.&u*<6.0) to the largest dipolar dom assignment are also included in Table Il for compari-
strengths ft* =12.5—-25.0); see Fig. 10). This is caused son. The limited set of dipole moments{u*

(16)
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FIG. 10. Viscosity profiles »*(z*) (#%*
=P/x(Mo? €%)Y?) across the nanopore for dif-
ferent reduced dipole momenig} (given in the
inse). Only the central pore region is displayed
(see Fig. 1 The profiles are calculated from Eq.
(15) for the random configuratiorR, 33%(a), R,
66% (b), and for the periodic, linked configura-
tion P,L (c). Note the different scales used on the
axes. The corresponding velocity profiles
(x* =x(M/€)*?) are shown in the inset.
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TABLE Il. Selected thermodynamic data determinedk&(z* =z3)=0.0, i.e., where the streaming
velocity of the solvent is zero. All quantities are reported in reduced units, note, howevét tlsatimen-
sionless.n* (z5) and £*(z5) are friction and viscosity coefficients calculated from E¢E5) and (16),
respectively. See Table | caption regarding the nomenclature of the configurations.

dx(z*
Conf. Cov. p*  T*(z) (%)ﬁ L OPH@) PN@) @) (@)
%
R 33 0.0 2.0530 0.0353 —0.0428  10.7750 1.2119 0.003 97
R 33 1.1 2.0670 0.0376 —0.0420  10.7500 1.1168 0.00391
R 33 2.2 2.0380 0.0406 —0.0420  10.7400 1.0337 0.00391
R 33 6.0 2.0560 0.0406 —0.0472 10.7566 1.1618 0.004 39
R 33 12.5 2.0544 0.0443 —0.0592 10.7800 1.3359 0.00551
R 33 25.0 2.0540 0.0461 —0.0530 10.7600 1.1488 0.004 93
R 66 0.0 2.0588 0.1772 —0.1012 4.7388 0.5627 0.021 36
R 66 1.1 2.0520 0.1819 —0.1132 4.7755 0.6115 0.02370
R 66 2.2 2.0462 0.1814 —0.1038 4.8708 0.5597 0.02131
R 66 6.0 2.0650 0.1839 —0.1159 5.2016 0.6194 0.022 28
R 66 12.5 2.0744 0.1597 —0.2116 5.7513 1.3077 0.036 79
R 66 25.0 2.0738 0.1524 —0.2118 5.7516 1.3769 0.036 82
P 33 0.0 2.0593 0.0381 —0.0417 10.8000 1.0934 0.003 86
P 33 1.1 2.0420 0.0377 —0.0412 10.7000 1.0903 0.003 85
P 33 2.2 2.0590 0.0411 —0.0443 10.7495 1.0777 0.004 12
P 33 6.0 2.0535 0.0399 —0.0465 10.7879 1.1657 0.004 31
P 33 12.5 2.0500 0.0447 —0.0577 10.7800 1.2892 0.005 35
P 33 25.0 2.0485 0.0462 —0.0555  10.7700 1.1989 0.005 15
P,L 33 0.0 2.0480 0.0354 —0.0378 10.7800 1.0667 0.00351
P,.L 33 1.1 2.0500 0.0354 —0.0373 10.6936 1.0534 0.003 49
P,.L 33 2.2 2.0537 0.0360 —0.0356 10.7407 0.9869 0.00331
P,L 33 6.0 2.0520 0.0378 —0.0421 10.7534 1.1114 0.003 92
P,L 33 12.5 2.0579 0.0435 —0.0592 10.7813 1.3598 0.005 49
P,L 33 25.0 2.0490 0.0452 —0.0534 10.7900 1.1787 0.004 95

=0,1.1,2.2,6.0,12.5,25}0applied and summarized in Table coefficients are approximately a factor of 2 higher than for
Il seems sufficient to capture upper and lower bounds of théhe lower ones. This is mainly due to large differences in
variation of friction and viscosity data with magnitude of (P},(z§)) as demonstrated when inspecting the pore regions
dipole moment for this model system. Calculations usingof the curves in Figs. 8 and 9. The remarkably low friction
more values ofu* between 0 and 25 are not pursued, sinceand viscosity coefficients found for zero or small dipole mo-
they would probably not provide more insight into the rheo-ments essentially reflect the reduced number of solvent par-
logical behavior of the grafted chains. ticles in the system causind},(z5)) to become lower.

From Table Il we conclude that the induced shear leads to For the low grafting density, periodic and random grafting
almost identical temperatures in all systeri$. fluctuates  of the amphiphiles leads to practically identical viscosity and
around 2.04-2.07. Recall that all systems are N@sever  thermodynamical data indicating no significant sensitivity to
thermostated to 2.083 at the boundary walls. With respect tehe initial setup of the configuration of the grafted am-
the friction forces at low grafting density;* (z5) reaches a phiphiles. The periodic, nonlinked configuration was gener-
maximum atu*=12.5. We observe that almost identical ated as the linked configuration as outlined in Sec. Il B. The
frictions are determined for linked and unlinked systems. Asonly difference is that in these simulations, the potential co-
indicated by the values of* (z), the viscosity is also high- valently linking the two head groups, Eq8) and (4), was
est aroundu* =12.5 at low grafting density. As shown in not invoked.

Figs. 6, 7, and 10 large differences occur in normal pressures Summarizing, we conclude that Table Il demonstrates nu-
and velocity gradients when comparing low and high graft-merical differences between friction coefficients and viscosi-
ing densities. Viscosity and friction data on the other handies at high and low grafting densities for all but the second
appear quantitatively different. In particular fai* <6.0 one  highest dipole momeng* =12.5. Chain linking does not
finds that the values fo£* differ by almost an order of affect these mechanical quantities. The differencé*irand
magnitude, whereag* varies less. n* observed for the two coverages is a combined effect due

At high grafting density and for the two largest dipolar to differences in velocity gradients, due to differences in
strengths(u* =12.5 andu* =25.0, viscosity and friction (P},(z5)), and due to differences in{P3/z5)).
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(P3(25)),(P%z8)) and the velocity gradient are all seen to separation was intentionally chosen such that the interfaces
vary significantly with grafting density. Within each of the should couple through dipolar interactions. Indeed this was
two coverages(P},(z%)) displays the most pronounced de- observed; the coupling being strongest for the largest graft-
pendence on the magnitude of . ing density. Increasing the monolayer separatioal ,, see
Fig. 1) and keeping the number of beads in the amphiphiles
fixed would lower friction and viscosity for both grafting
IV. CONCLUSION densities. The limit of uncoupling would be approached es-

We have performed nonequilibrium molecular dynamicsSentially as _ﬂs’ wherer is the average distance of two
simulations to probe structural and dynamical properties ofhtéracting dipoles residing in the two opposing monolayers.
tail-grafted, amphiphilic chains under shear at different graft- N the chosen coupling regime, our model systems show
ing densities. Emphasis was put on the modification of thes.lgmflcan.t ghfferences in the viscosity data and henqe in fric-
head groups in order to investigate to which extent thid!on coefficients when comparing high and low grafting den-
modification of the interfacial region could specifically con- Siti€s and in  particular when comparing lowuX
trol the mechanical propertiggeflected in friction and vis- =0-0—6.0) and high 4* =12.5-25.0) dipole moments. In
cosity). Moreover, by considering two different grafting den- the interfacial region, the viscosity data are strongly depen-
sities we were able to address the effect of dipolar force§l€nt on dipolar interactions. At intermediate to high dipole
across the nanopore with increasing load. The potentials détoments the amphiphile-solvent interface is less diffusive
scribing the strength of the head-group interactions werdhen compared to small or no dipole moments. At high
chosen such that the corresponding variation in head-grou@rafting density the viscosity in the solvent region increases
type covers a wide range of amphiphilic molecules. with increasing dipolar repulsion. The friction coeff|C|e_nt is

An experimental study addressing the effect of introducfound to be remarkably small when no or only small dipoles
ing dipolar head-group interactions to a confined liquid un-are applied. Surprisingly, chain linkinge., constraining the
der shear was recently reported in Ré8]. Both ends of the head-group movemenhas essentially little or no effect on
polymers(tail and head-groupwere functionalized by polar the shear rheology. On the basis of our observations one
groups. Furthermore, not all of the chains were necessariljould therefore not expect any significant differences in the
end grafted; some chains moved freely in the solvent. Acilow characteristics between a tail-grafted system of cross-
cordingly the experimental study was carried out in the polyJinked and nonlinked amphiphiles within each monolayer.
meric brush regime. The authors addressed two main quedhe dipolar effects are far more pronounced. Differences
tions. One regarding how the end-grafting property of thefounq in wscqsmes and fr|ct|pn coefﬁcpnts within the same
polymer depends on the chemical functionality of the enddrafting density are predominantly assigned to a larger re-
group, the other regarding how the molecular film respond$POonse of the normal pressure to the applied shear field; i.e.,
to normal compression when interfacial dipolar forces aredu€ to a larger configurational contribution to the response
present. We emphasize that the systems utilized in the SFAOMPonent(P,,(2)). At high grafting density, the normal
work and our study are different in nature, since the studiePressur&(P,42)) is strongly affected by the magnitude of
address different questions. A comparison between the exipolar repulsion. Velocity gradients are very sensitive to the
perimental data and our results is therefore yet not approprarafting density, but less affected by the modifications of the
ate. However, combining the experimental methodology outhead groups. Increasing dipolar interactions broadens the
lined in Refs.[23,48 with, e.g., the alkyl thiol monolayers Solvent distributions leading to a wider and less diffusive
introduced in Refs[7,8] would be interesting, since this amphlph|le-_solvent interface. In contrast, we find in t_he ab-
could in principle examine the essential findings of oursence of dipoles that the solvent molecules essentially are
study. The authors of Ref§7,8] originally chose the varia- €xpelled from the boundary zones toward the central pore
tion in wettability as a macroscopic interfacial quantity to region. This displacement generates a more diffusive inter-
specifically probe the implications of a chemically manipu-face and thereby lowers friction and viscosity. The geometric
lated interface, whereas we instead reported to probing th@ata of the amphiphiles are characteristically different for the
friction forces and viscosities. However, using, e.g., thetwo grafting densities. At large density, chain folding and
model systems of Ref$7,8] and invoking dielectric spec- entanglement are reduced. In contrast, dipolar repulsion pro-
troscopy along with the SFA could possibly provide the ex-motes chain folding and/or entanglement. The overall result
perimental information on how dipolar forces are transmittedS that interfacial viscosities and friction forces increase in
across interfaces and how they affect the shear rheologyj@il-grafted amphiphilic systems where repulsive head-group
Such an experiment could presumably examine to which exnteractions are significant, i.e., where strong coupling be-
tent macroscopic mechanical interfacial properties could b&veen the interfaces occur.
controlled by molecularly designing the interfaces. Supple-
mentary information may be obtained by examining how the ACKNOWLEDGMENTS
friction and viscosity of the supported lipid monolayer and
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