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Contact angle-based predictive model for slip at the solid—liquid interface
of a transverse-shear mode acoustic wave device
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We have revisited the Blake—Tolstoi theofZoll. Surf. 47, 135 (1990] for molecular and
hydrodynamic slip and applied it to the fundamental description of acoustic wave devices coupled
to a liquid of finite thickness. The aim is to provide a framework for a predictive model for slip,
based on surface—liquid interactions and contact angle. This theory provides a description of slip
that links hydrodynamic boundary slip to a schematic, molecular description involving the
wettability of the liquid—solid interface. We redevelop the model, using current acoustic sensors
notation, then evaluate its qualitative behavior as a predictive model for slip length in the context of
acoustic wave devices. Finally, we discuss the limitations of the model and consider the advantages
of a predictive model for boundary slip. @003 American Institute of Physics.
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I. INTRODUCTION describes stick—slip motion, which involves the dynamics of
The thickness-shear mode acoustic wave de(T@M) sliding friction between surfaces. Blake and co-workers

has found rapidly increasing use as a sensor for biochemicglave used molecular kinetics to characterize droplet spread-

species present in the aqueous pHaBke principle of de- "g and hydrodynamic wetting. . _
tection lies in the binding of a particular analyte to a chemi- A ¢ommon hydrodynamic model of slip is the slip length

cally selective receptor moiety, which is attached to the surPoundary and't'c’ﬁ’Wh'Ch describes a vertical shift in the
face of the device. This technique has its origins in the work/elocity profile so that the no-slip point occurs at some dis-
of Sauerbrey, who related changes in the series resonant@nCe @ slip length, within the solid surface, and there is a
frequency to changes in surface-attached mass. In this trediDité liquid velocity at the wall, as shown in Fig. 1. This
ment, any rigidly attached mag® this case stemming from description has been used extensively in describing the slip
the gas phagevas assumed to possess the acoustic propeff Polymer melts and in the explanation of observations of
ties of the piezoelectric material employed for the fabricationdrainage flow in the surface force apparat8&A). For the
of the sensor. In the liquid phase, the device is operated &P length, shear rate is a strong determinant as to whether
high frequencies, normally in the megahertz range, over verglip will occur#°At small shear rates, molecular ordering
small displacement&—10 A). As a result of the high speeds of a liquid near a wall is strong enough to retain the liquid
involved, complex hydrodynamic behavior may exist at themolecules at the wall, which is the no-slip condition. How-
surface—liquid interface. The surface experiences shear ratéyer, as the shear rate of the liquid is increased, the shear
on the order ofy=(dv/dx),—o,=1000 s1, which corre- stresses in the liquid become strong enough to overcome the
sponds to the high shear regime and may result in strongrdering induced by the wall, and motion of the molecules
slip 34 adjacent to the wall may increase. At lower shear rates, this
There are varied interpretations of boundary slip, de4motion is on the order of a few molecular diameters and so
pending on the application. Slip can be seen as a discontin@ppears as no-slip at the macroscopic level. At higher shear
ity in the equations of motion at an interface, which arerates, the motion becomes much more prevalent, on the order
invoked through boundary conditions. This is known as hy-of tens or hundreds of nanometers, which can be observed
drodynamic slip and has been applied in various formgnacroscopically. Jostét al**” have developed a compre-
across a wide range of areas, most notably in describing thieensive model to predict slip in the flow of polymer melts
flow of polymer melts. Most of the early advances in thisover polymer surfaces.
field are attributed to de Gennes and co-workefsAnother The nature of the surface and the surface—liquid interac-
interpretation is molecular slip, which describes the motiortion also influences slip. Barrat and Bocdidaised a mo-
of individual particles close to an interface. IsraelacA¥fli  lecular dynamics simulation to show slip behavior during the
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a) Z¢ b) Z¢ description, slip can be viewed as the feedback element in a
single-loop negative feedback system, with the forward
transfer function given by the no-slip impedance. Ferrante

B et al3*and Hayward and Thomps&tused displacement slip
> Vo Vslinr BCs in two- and four-layer models of a quartz device, where
X / X slip was included as a multiplying facter for the displace-

ments of adjacent layers. The slip parametezan be com-
FI_G. 1. yelogity profile fpr(a) tht_e no-slip conditipn_an(b) a slip condition plex, so both magnitude and phase differences between lay-
with an imaginary no-slip location at some point in the wall. ers can be modeled. Ellis and HayV\fé?rdhowed that, at a
solid—liquid interface, the complex valueis related to the

wetting and dewetting of hydrophobic surfaces. Other moJ€@l-valued slip length by1=cos(o/5\/!—2)-iij sin(/6j2). _
lecular dynamics studies predict slip at high shear rates in Furthermore, to a first-order approximation for small slip
variety of configurationd®-?2Many experimental studies us- 1€ngths, the slip parametsiis related to the slip length by
ing atomic force microscopy or the surface force apparatu§=P/7r where 7 is the liquid viscosity*" This implies
have noted slip of both hydrophobic and hydrophilic quuidsthat' in cgrtam cwcums_tances, the stress and velocity bound-
on hydrophobic surfaces at high shear rates, with slip length@'y conditions are equivalent. _ .
on the order of tens or hundreds of nanometers. A recent DeSpite the proliferation of experimental evidence and
study? has even found slip of water at a hydrophilic inter- theoretical quadfgsls Zf(?srg interfacial slip at solid—liquid
face at high shear rates (19%), with slip lengths on the boundaries ®44-161820%%here is currently no method to
order of 10 nm. Thompsoat al?* suggested the possibility predict th_e occurrence of_ slip, or its st_re_ngth, on acou_stlc
of slip at the interface of a TSM device operating in liquids, Wave dey|ce su_rface_s. _It is therefore difficult to determm_e
which was reiterated by Pit al? This idea, however, has whether |nterfaC|aI.sI|p.|s occurring or whether th_e acoustic
met with stiff resistance from the acoustic sensor communityf€SPonses are being influenced by other physical mecha-
which in many cases continues to use models with no-slif"'SMs- In an attempt to introduce t_he framework for such a
boundary conditions, such as the Sauerbrey model for afnedel, we apply the Blake—Tolstoi treatment of molecular
tached mass and the Kanazawa and Gordon result for tiiP*”**to the fundamental description of acoustic wave de-
response to liquid loading?® While the no-slip boundary v?ces coupled toa liquid (_)f finite t_hickness. This theor_y pro-
condition has been applied in many cases, it may not repre/ides a description of slip that links a hydrodynamic slip
sent an accurate description for complex biomolecular agPoundary condition, to a schematic, molecular description
sorption in liquids?’ involving the wettability of the liquid—solid interface.
The motional resistanc&,, is another experimental
value that can be measured along with the series resonant
frequency,fs. It is a measure of the amount of energy dis-||. THEORY
sipated by any adsorbed mass or liquid at the surface, and
can be thought of as due to the internal friction of a viscous ~ The following application of the slip boundary condition
or viscoelastic layerR,, is related to the dissipation factor, is based on an acoustic model that includes the hydrody-
D, and its invers&), the filter quality factor. namic slip boundary condition and the Blake—Tolstoi de-
Many experiments involving complex biomolecular in- scription of molecular slif>* It is summarized here for
teractions yield results that cannot be explained by th&onvenience, as well as to highlight some additions to the
simple Sauerbrey mass modelyle et al?® measured the model.
binding of the drug warfarin to a chemisorbed layer of hu-, Slip on an acoustic device
man serum albumitHSA), attached to a TSM surface by
different linker molecules. The binding of warfarin to HSAis ~ We begin with a finite liquid in contact with a solid
known to alter the tertiary structure and possibly the hydro-surface oscillating in the shear direction at a frequency
phobicity of the surface layer. This, in turn, could influence =27 f, wheref is the resonant frequency of the combined
surface—liquid coupling and lead to possible slip behavior. IrSystem. The surface has a velocity @f, which is deter-
a recent experimerit, light-activated cross-linking surface Mined by the properties of the solid and the liquid is of finite
adsorbed monolayers$SAM) have been applied to the sur- thicknesst;. This situation is shown in Fig. 2.

faces. Increases in the series resonant frequénand de- The liquid velocity for a single fluid layer with no slip is,
creases in the motional resistariRg were observed, without from McHaleet al,***

any loss of the monolayer. 3Cl)ther similar situations have been . costiki(z—t;)]

reported in our laboratory” vf(Z)=qu, (1)

Slip can be applied to acoustic device models by intro-
ducing slip boundary conditionéBC), either as stress or wherek; is the liquid wave numbek;=\—2j/8, dis the
displacement/velocity discontinuities. Rodahl and Kas&mo shear wave decay length in the liquiek 2 7¢ /wp¢, and 7;
used a shear stress BC where the difference in surface amahdp; are, respectively, the viscosity and density of the lig-
liquid shear forces was modeled with a coefficient of frictionuid andqs is the speed of displacement of the substrate at the
x- This model was applied by McHalet al® in ann-layer  solid—liquid boundary. This gives the expected behavior of a
impedance model, characterized by a slip paraneeterthis  damped sinusoidal shear wave in the liquid.
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FIG. 2. No-slip velocity profile for a liquid layer of thicknegs on an
oscillating surface with speegl, and thickness-w. The decay lengtl# is
the characteristic decay length of the damped oscillatory motion.
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In the model explained below, Blakeintroduced a sur-
face pressure term to account for the possibility that the
boundary mobility may be less than the bulk. Inclusion of the
surface pressure can result in negative slip lengths. McHale
and Newtod’ have shown that for small, negative slip
lengths, Eq.(8) can provide an apparent “trapped mass”
contribution to the frequency response of a TSM. Thus, a
hydrodynamic slip boundary condition can be a suitable for-
mulation to describe a rough, but completely wetted, TSM
surface. However, a recent stdéyras shown that positive
boundary slip in fact increases with increasing surface rough-
ness, as opposed to the negative slip length discuss above.

The “trapped gas” model is, however, a mathematical
formulation, and there is no experimental evidence for
trapped mass when using TSM devices with optically flat
surfaces, as is the case for many devidadolecular slip is
a plausible alternative scenario. In the following section, we
consider the situation of molecular mobility as it is related to

Normally, acoustic wave experiments involve the mea-slip at a smooth, partially wetting, TSM surface.

surement of electrical properties, which can be linked to theB
acoustic impedance of the device. The impedance of the’

single-fluid layer device is
Z7o*®= pik; tanhkity). 2)

The change in series resonant frequefgynd dampingd
can be estimated using the impedance from

Molecular mobility and surface tension

The Tolstoi—Blaké&“® treatment of molecular slip is
based on a molecular-kinetic description of mobility and dif-
fusion of liquid molecules near a surface. We begin with
Frenkel'd® description of the mobility of a liquid molecule
of molecular diametes and whose center is at a mean dis-
tancer from the center of an adjacent molecudfeean inter-
molecular separationFrenkel gave the mobility of a liquid
molecule as:

r.2

_ —W/KT
Erer L ©

wherep, andt, are the density and thickness of the deviceyherek is the Boltzmann constant ardis the temperature,

Afs:Zqutq Im(Z;)
3
AD= Re(Z;),
opat REZD)
substrate.
The slip length is included as
vPP(—b)=g. (4)

The velocity expression then becomes
coshki(z—tf)]
Scoshiki(b+t5)]"

From a first-order Taylor expansion, assuming thaf<1
and using Eq(5), the velocity becomes

(5)

v§®(2)=

coshiki(z—ty)]

viP(z)= qscosr( ket)[1+ZSP/ 2] ©
and the liquid velocity at the wall is given by
vif(z=0)= 1+z?gz”‘b/ 7 "
The acoustic impedance for the slip case becomes
no-slip
ZyP = ®

14275/ 7

70 is the relaxation time of molecular displacement, &vigs

the activation energy required to form a microcavity into
which a neighboring molecule can move. The activation en-
ergy isW=Ay"Y, whereyY is the surface tension of the
liquid in a vacuum and\ is the effective molecular surface
area. We usé = 7o for a spherical molecule, distinguish-
ing between the molecular diameter and the center-to-
center molecular separationTolstof*® extended this idea to
the layer of liquid molecules in contact with a solid boundary
so that:

r2

kT

where the subscrips applies to the liquid molecules at the
boundary. The activation energy for a liquid molecule at the
boundary is given by the loss of the solid—liquid interfacial
area and the gain in solid—vapor and liquid—vapor interfacial
areas in opening a microcavity. Usiagas the fraction of the
microcavity area within the solid, we write

We=aA(y%Y =y + (1 a) Ay
=aA(y>V = Y=Y+ AYY, (11)

e_Ws/kT, (10)

Us

From Eqgs.(3) and(8), the acoustic properties can be calcu-where y5V and yS“ are the surface tensions of the solid/
lated. The impedance can also be described using the slimcuum and solid/liquid interfaces. The fact@A must be

parametes, using the substitutios= b/ »; .35’

estimated, but is expected to be on the ordesaf
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z

_
e

b (15
> r Equation(15) is the result commonly used by de Gennes and
14 others®>*®42|t js interesting to note that the friction coeffi-

A B cient k is equivalent to the slip parametsr 7; /b used by

o . = McHale et al>®

717777771 7777777 777777777 The result in Eq(15) is a contlnuum I’.eSU|.'[. To cqmplete

b 7 the development, a molecular description is required. The

e molecular mobility at the surface is related to the motion of
particles near that surface. For a bulk shear ratedofqz)
induced by the shear stress the velocity of a molecule

FIG. 3. Schematic representation of molecular slip from Bi@ez Ref. 45 relative to its neighbor would be(dv/dz), wherer is the

showing the motion of surface-adjacent liquid molecules in a velocity field. mean distance to the center of an adjacent molecule. The

The particle diameter ig- and the slip length is. force on the molecule would then b&r and the mobility is

1/(d
o . u=—(—”). (16
A further approximation made by Tolstoi is thaf rr\dz

=72, so the ratio of surface to bulk mobility is

For molecules near the surface, with the presence of slip, we
would replace the bulk shear rate with a different boundary

u
US = exf (W—Wy)/kT] shear rateqv/dz)s, still for a givenr. The velocity gradient
near the surface was described schematically by Tolstoi, and
=exf aA(ySH+ Y — ySY)IKT]. (12)  is shown in Fig. 3. It shows that
The difference in activation energies depends on the interfa- u, (dv/dz), AB/r b
cial energies throughaA(yS+yY—+%Y). By using U (doldz) - ABI(bTT) -+ (17)

Young's Law ySV— y=yY cosé, where @ is the equilib- _ _ .
rium contact angle of a liquid droplet on a solid surface inTherefore, the slip length used in the hydrodynamic model

vapor, Eq.(12) can be written for acoustic wave devices is related to the ratio of boundary
to bulk mobility by b=r(us/u—1). Figure 3 illustrates a
%=exp{aAyLV(1—cosﬁ)/kT]. (13) molecular description of the hydrodynamic slip boundary

condition shown in Fig. 1. Rearranging Ed.7) and insert-

This theory predicts that the mobility of liquid molecules at N9 EQ-(13), we find

the boundary between a liquid and a solid is the same as in  p=r{exd aAy"/(1—cos6)/kT]—1}, (19
the bulk liquid when the surface is completely wetted = . ] ) )
(6—0°), but that a partially wetting surfad@>0°) results in ~ Which is the result obtained of Tolstoi and Blake. Equation

liquid molecules at the boundary being more mobile than in(18) iS a key result because it links the hydrodynamic equa-
the bulk phase. Since the mobility of a molecule is the averlions for a TSM device using a slip length boundary condi-
age velocity with respect to surroundings when acted upoH°n t©© the Wettablllty of the splld surfape characterlzgd by
by a force of unit magnitude, we anticipate that the saméhe contact anglé. It is reassuring that slip Iengths_predlt_:ted

shear stress will result in different velocity gradients acrosdrom this model are on the order of molecular dimensions,

at least the first molecular layer in contact with the solidSince the exponent term is multiplied by the molecular diam-
compared to those in the liquid. eter. Equatior{18) predicts that the slip length vanishes for a

completely wetting liquid(6#—0°), but becomes exponen-
tially important as increasingly nonwetting liquids are used,
with the most extreme case whéfi—180°). For the case of
water, the theory predicts that a no-slip boundary condition is
From continuum fluid mechanics the slip velocitys  expected for a hydrophilic TSM surface, but that slip could
induced by a shear stres$s Avs=7/«, whereris the shear  occur on a highly hydrophobic TSM surface. It has been
stress andk is the liquid—solid coefficient of frictioh®**®  reported in the literature that slip may occur for water on
andAuj is the discontinuous change in velocity at the math-hydrophilic surface$® However, the current theory does not
ematical surface representing the wall. It is evident that fopredict this.
infinite friction, there is no slip, and for no friction, there is Assuming a spherical liquid molecule, from E@8), the
infinite slip. The molecular situation is shown in Fig. 3. From gjip length can be estimated from the literature and experi-

C. Molecular slip

the shear stress in a viscous liquid: mental data related to the contact angle. Moreover, based on
dov knowledge of the contact properties between a liquid and a
T= ”f(E =kAvg, (14  solid, we can approximate the behavior of an acoustic wave

device in liquid, using Eq¥3), (8), and(18). This is a direct
and the trigonometry of Fig. 3 which giveAv,=CD  predictive model for slip behavior on an acoustic wave de-
=b(dv/dZz), we deduce, vice that links surface and contact properties to acoustic
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FIG. 4. Change in slip length as contact angle varies from 0° to 180°, with FIG. 6. Change in slip length as contact angle varies from 0° to 180° and
microcavity fractiona=1/6, molecular diametar=0.276 nm, the approxi- ~Mmolecular diametes varies from 1 to 6 A, with microcavity fraction=1/6

mate size of water, and=0.385nm, the mean separation, as estimatedand mean intermolecular separation 9 A. The scale is shown logarithmi-
from the density of water at 25 °C, assuming a spherical molecule. cally to better illustrate the changes in slip length.

properties. In the following sections, we explore the behavioperimental observations, both on a T¥Mvand in other
of the model over a range of contact and surface values, argystems**143%0Thjs is due to the sensitivity of the model to
then discuss its physical limitations and potential applicathe molecular diametes, the mean separation and the

tions. fraction of the microcavity within the solid.
The liquid would not behave as close-packed particles,
Ill. MODEL BEHAVIOR so using the same value for both the molecular sizend

L . .._intermolecular separationwould not be realistic. Figure 5
To assess this slip length model, we will evaluate its S . .
shows the change in slip length for various values,ah-

behavior over a range of situations. The dependence (.)f SII8Iuding that of water. Since the mean separation enters the
length on contact angle shows the expected exponential de-

pendence, with low slip values for completely wetting films, modell |.nﬂEq.(18) has ahprqportlonallnl/ factfor, llt. dloes EOI
followed by a rapid increase for partially wetting liquid, and greatly influence the behavior, and values for slip length are

. N . -~ still low in this model. However, caution must be exercised
then flattening out for nonwetting films. This is shown in Fig. in treatinar solelv as a probortionality factor. sincdikel
4 for water [yV(25°C)=72.0mN/m, 0~2.76 A, r 9 y as a prop y tactor, sinceikely
S . enters the exponent in the fact@A. This point is discussed
~3.85A] over a range of contact angles, which is experi- . . .
. . . ! further in the following section.
mentally equivalent to varying the interaction of the surface . - .
: . 4 . . Figure 6 shows the change in slip length with molecular
with the water. This value is the surface tension for water in. . . S
9 : . diametero, which appears in the model within the exponent.
a vacuunf® which may deviate slightly from the surface .
. o . It therefore has a strong effect on the slip length, and pro-
tension of water in its vapor, but the difference would be . S .
. - duces physically realistic values when<=5 A. Figure 7
small, and of little significance to our results.

While this situation demonstrates the expected qualita—ShOWS the variation in slip length with, which is the frac-

tive behavior of the model, it predicts slip lengths lower bytlon of the molecular cavity that is solid. The shape of Fig. 7

is similar to that of Fig. 6, since bothr and « enter the

at least an order of magnitude than those deduced from &% odel in the exponent. However, the slopes are different,

s
? €10 Ry
NN
= \\\\\\i\\\\\\\\\;\\\\\\\\\\\\\\j\\\\\\\z\\\\\\\ " < 0
s NN . 107§
< \\\\\\\\\\\\\\\\\\\\\\\1\\\\\\\\\ : 2
° N k=)
= N\ =
Q y )
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''''' 150 05 S
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| | |°'5 L o2 : . 120
ntermolecular 0 2 o 60
i i i : ontact
separation r (nm) 00 Contact Microcavity b

Angle 6 (deg) fraction o Angle 6 (deg)
FIG. 5. Change in slip length as contact angle varies from 0° to 180° and FIG. 7. Change in slip length as contact angle varies from 0° to 180° and

intermolecular separation from 2.76 to 9 A, with molecular diameter microcavity fraction @ varies from 0 to 1/2, with molecular diameter
0=2.76 A and microcavity fractiom=1/6. 0=2.76 A and intermolecular separatios9 A.
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FIG. 8. Change in frequency shift with contact angle, compared to the

no-slip condition. The contact angle varies from 0° to 180°, for microcavity FIG. 10. Liquid velocity profile for three different contact angles, with a

fraction @=1/6, molecular diametesr=6 A, and intermolecular separation surface velocity of 30Qum/s: (a) solid line (0°) shows the no-slip caséh)

r=9A. dashed130° shows some slip, an@) dash—do{180° shows greater slip.
Here, the microcavity fractiom=1/6, molecular diametes=6 A, and in-
termolecular separation=9 A.

sinceo is squared in the area, and thus has a greater effect.

Blake did not offer a method for determining the microcavity The slip length ob=0 corresponds to the no-slip condition,
fraction «, though it may be analogous to calculating theyhich are the shifts in frequency and dissipation for a surface
contact area for an elastic sphere in contact with a soli¢goyered with a 10Qsm-thick film of water, with density
surface. 997 kg/nt and viscosity 0.914 cP, at a surface speed of 0.3
In the analysis of Figs. 5, 6, and7ando were assumed  mmy/s. As the contact angle increases, indicating a decrease
independent. It is important to note that this is likely not thejy interfacial coupling, the resonant frequency shift and the
case, since the separation between polar molecules depergigsipation both decrease. This is because less energy is lost
on the interaction between them, as well as the size of theyough viscous interactions with the liquid as the coupling
individual molecules. While an analysis of this relationshipdecreases. The resonant frequency responds faster to changes
is essential for the complete characterization of the predictivg, coupling, which is observed in a similar slip mod@l,
model, it is very rigorous, and will not be covered here.jngicating that frequency is a more sensitive indicator of sur-
Since the intermolecular separatioronly enters the model f5ce coupling than dissipation.
as a linear factor, for the remainder of this study, we treat The shear rate in the liquid is found from the velocity
ando independently. For a more complete coverage of inter—prof"e, which decays rapidly with decay lengthWhen slip
molecular forces and separations, see for example Ref. 51s introduced, the velocity at the wall is reduced, as shown in
Figures 8 and 9 show the changes in resonant frequenq;qg_ 10 for a 100um-thick film of water, with density
and motional resistance with contact angle, as calculateggz kg/n? and viscosity 0.914 cP, at a surface speed of 0.3
from Eqs.(3) and(8), compared to the shifts with the no-slip mm/s. Herer=9 A, 0=6 A and a=1/6.
condition. Frequency shifts are displayed in Hz, so Fig. 8  These sjtuations deal solely with the surface—liquid in-
shows a frequency increase with increases in contact anglgarface, where the surface layer is treated as a pure solid and
The model shows the expected dependence of both serigge Jiquid as mobile. In biosensor applications, there are al-
resonant frequency and motional resistance on contact angl\ﬂ,ays biomolecule and linker layers present that act as the
signal transducers as surface—layer reactions proceed. Bind-
ing events may alter the wettability, which in turn would
affect the slip length, either increasing or decreasing it. How-
ever, there are other factors that can also play a role in slip.
The internal structure, most importantly the viscoelasticity of
the linker and biomolecule layers, will affect the relative
velocity at the solid—liquid interfaceThis does not refer to
the bulk acoustic properties of the film, but the stiffness-
induced hydrodynamic properties of the interface, which is
shown to be a factor in oscillatory flow in nonequilibrium
molecular dynamics studiéS.

. S

i
(2]
T

AD - ADno-slip

. IV. CONCLUSIONS
120 180

60
Contact Angle @ (deg) We have revisited the Blake—Tolstoi theory for molecu-

FIG. 9. Change in dissipation with contact angle, compared to the no-slip%far and hydrodynamic slip {,jmd applied it tc,) the _Surface_
condition. The contact angle varies from 0° to 180°, for microcavity fraction 1quid interface of an acoustic wave sensor in liquid. For a

@=1/6, molecular diametes=6 A, and intermolecular separatior=9 A. complex biomolecular surface, understanding the relation-
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