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Linear dependence of surface drag on surface viscosity
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Flow at an air-water interface is limited by drag from both the two-dimensional surface and three-
dimensional subphase. Separating these contributions to the interfacial drag is necessary to measure surface
viscosity as well as to understand the influence of the interface on flow. In these experiments, a magnetic
needle floating on a monolayer-covered air-water interface is put in motion by applying a constant magnetic
force,Fm . The needle velocity varies exponentially with time, reaching a terminal velocityFm /C, in whichC
is the drag coefficient.C is shown to be linearly proportional to the monolayer surface viscosity,hs , for
dipalmitoylphosphatidylcholine monolayers in the condensed phase by comparison to surface viscosity mea-
sured by channel viscometry.
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The study of the viscosity and flow behavior of Langmu
monolayers has a long history as monolayer rheology pla
crucial role in dynamic processes at gas-liquid interfaces
both technology and biology@1,2#. There are two broad cat
egories of surface viscosity measuring devices. The firs
based on measuring the response of a monolayer to a to
pendulum or other oscillator@2–4#. The second category
typified by the canal viscometer, relies on measuring asp
of a surface pressure gradient induced flow. The surf
shear viscosity is evaluated by comparing the flow to so
tions of the Navier-Stokes equation appropriate to the ge
etry @2,5–8#. For these types of viscometers, it is often ne
essary to determine the flow profile of the monolayer, us
tracer particles, fluorescence microscopy@7#, or Brewster
angle microscopy@9#. The variation in surface pressure in th
canal viscometer also makes it difficult to assign a particu
surface pressure to a given surface viscosity, especiall
phase coexistence where large variations in monolayer m
phology occur over small changes in surface pressure.

The magnetic needle viscometer, first developed by S
hin @10# and modified by Brookset al. @11# and Dinget al.
@12,13#, is a relatively new method for measuring monolay
viscosity. Helmholtz coils with a controlled current apply
force to a magnetic needle floating on the monolayer, wh
drives the needle into motion. If the applied force is oscil
tory, the complex shear modulus is determined from m
surements of the in-phase and out-of-phase response o
resulting strain@11#. If the applied force is constant, the she
surface viscosity of the monolayer can be extracted from
terminal velocity of the needle@12,13#. The major benefit of
both of these devices is that the surface properties can
measured at constant surface pressure.

To extract the surface viscosity~or complex shear modu
lus!, the terminal velocity of the needle,v f , was assumed to
be linear in the surface viscosity,hs , for a given applied
force. This is the result for a simple two-dimensional Coue
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flow @11,13#. This simplified flow assumption has bee
called into question by a recent theoretical analysis fo
needle dragged across a laterally infinite water pool wh
depth is small compared to the needle length@14#. In this
theory, the drag on the needle depends on the square ro
the surface viscosity when the ratio of surface drag to s
phase drag~Boussinesq number, Bo! is of order 1. The drag
on the needle approaches a linear response only when B@1
@14,15#. However, in our experimental apparatus, the nee
moves in a channel the width of which is similar in magn
tude to the water depth@12,13#, which should result in a
stronger dependence of the drag on the surface visco
Hence, it is necessary to determine the dependence o
surface drag on the surface viscosity over a range of Bo

The surface viscosity of lipid monolayers is a strong fun
tion of the area per molecule,A, at the interface. For lipid
monolayers in the condensed phase, experimental value
the surface viscosity determined from surface press
driven flow in a channel viscometer are well correlated b
free-area model@5,8,16–18#:

ln hs5 ln hs
01B

A0

Af
. ~1!

The free surface area,Af , is the difference between the are
molecule,A, and the minimum required area/molecule,A0
~taken to be the limiting area/molecule in that phase!: Af
5A2A0 @5,18#. This model is the two-dimensional analo
of the classic free volume model developed to describe liq
viscosities@16,17#. From this model, a wide range of surfac
viscosities can be correlated with just a few parameters o
a wide range of Bo.

We developed a direct method of measuring the abso
drag on the magnetic needle to determine the drag coeffic
for DPPC ~1,2-dipalmitoyl-sn-glycero-3-phosphatidyl-
choline! monolayers. The drag coefficients measured w
the magnetic needle viscometer were compared to litera
values of DPPC surface viscosity as a function of molecu
area. The measured drag coefficient is well correlated by
free area model@Eq. ~1!# and gives the same dependence
the free area as the surface viscosity data of Sacchettiet al.
@5#. This confirms that the drag coefficient is linearly propo
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tional to the surface viscosity of monolayers of lipids in t
condensed phase over a wide range of Bo. Hence, for
drag on a magnetic needle in a channel, the flow is simila
two-dimensional Couette flow@11#, and is linear in the sur-
face viscosity for Bo.1.

DPPC was purchased from Avanti Polar Lipids~Alabas-
ter, AL; purity.99%!. Monolayers were formed by spread
ing the appropriate amount of a 1 mg/ml chloroform solution
onto pure Millipore water~18 MV cm resistivity! in a
custom-built Langmuir trough@13# maintained at 25 °C. The
trough was positioned between two Helmholtz coils to cre
a homogenous magnetic field gradient at the air/water in
face and thus a constant magnetic force,Fm , when interact-
ing with the permanent magnet in the needle. A channel
mm wide, formed by two glass plates, was made along
axis of the magnetic gradient to direct the magnetic nee
across the trough. The magnitude of the magnetic field g
dient was adjusted by varying the current in the coils via t
power supplies. A video camera directly above the chan
recorded the needle motion; the video signal was digiti
and the needle velocity derived from these images. The
minal needle velocities used for measurements range f
about 1–15 mm/s. The estimated shear rate~terminal
velocity/channel half width! varies from about 0.01–2 s21.
There was no variation in the measured surface drag o
these shear rates. A more detailed description of the magn
needle viscometer can be found in Ref.@13#.

The motion of the needle results from the competiti
between the inertia due to the needle mass,m, the applied
magnetic force,Fm , and the viscous drag forceF, which is
assumed to be linearly proportional to the needle velo
@13–15#:

F52Cv ~2!

in which C is the drag coefficient.C contains contributions
from the drag due to the monolayer and the subphase@13–
15#. On application of the magnetic force, the needle mo
according to the force balance,

m
dv
dt

5Fm2Cv, ~3!

the solution to which is

v5
Fm

C
~12e~2Ct/m!!. ~4!

Figure 1 shows the needle velocity profile at the air-wa
interface and the corresponding fit to Eq.~4!. The needle
does not move instantly when the magnetic field is switch
on. Short-range capillary attraction~the characteristic length
scale for capillary forces, (g/Drg)1/2'2 – 3 mm; g is the
surface tension,Dr is the density difference between wat
and air, andg is gravity @19#! between the needle and th
walls of the trough must be overcome before the needle
move according to Eq.~4! @19,20#. A delay time, t0 , was
introduced as a fitting parameter to compensate for this
havior at smallt. After t0 the needle velocity is well de
scribed by Eq.~4!, the average errors being less than 5
02160
he
to

e
r-

4
e
le
a-
o
el
d
r-
m

er
tic

y

s

r

d

n

e-

,

justifying the assumption that the drag force is linearly p
portional to the needle velocity. The terminal velocity a
the startup velocity are determined from a fit to Eq.~4!.

Fm is set by the interaction of a permanent magnet in
needle with a constant magnetic field gradient along the a
between two Helmholtz coils,

Fm5hS dB

dxD
5h

23m0NR2

2 F xIA

~R21x2!5/22
~L2x!I B

@R21~L2x!2#5/2G
~5!

in which h is the magnetic dipole moment of the need
m0 the permeability constant,N the number of turns in the
coils,R the coil radius,I A andI B are the currents in the coils
and x is the distance from coilA. Fm is constant over the
length of the needle channel ifL, the distance between th
coils, equals twice the radius,R, of the coils, and the sam
magnitude, but opposite direction current in the two co
I A52I B , is applied. A Gauss meter was used to check
predictions of Eq.~5!, which was valid within a few percen
over the entire gap between the coils~data not shown!. From
Eq. ~5!, Fm is proportional to the magnitude of the applie
current:

Fm5kI A . ~6!

k is a parameter that depends on the needle size, shape
magnet, but is independent of the subphase and monolayk
was determined from the asymptotic variation ofv for t close
to t0 :

v~ t→t0!>
Fm

m
t. ~7!

FIG. 1. Velocity profile of magnetic needle floating on ba
water. The current applied in the Helmholtz coils was 1.4 V. T
line is a fit to Eq.~4! after a lag time oft052.560.1 s. The terminal
velocity, v f ,511.860.4 mm/s5Fm /C, corresponding to a drag co
efficient Cw50.0460.01 mN s/m. The initial slope gives the rati
between the applied force and the needle mass,Fm /m.
2-2
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The slope of the needle velocity vs time curve~Fig. 1! for
different applied currents (I A) determines the relationshi
betweenFm and I A . Fm was evaluated according to Eq.~7!
for bare water and for a DPPC monolayer in the liquid co
densed~LC! phase as a function ofI A in Fig. 2. All the
experimental points follow the same line with an avera
slopek50.35 mN/A for this needle~the offset from the ori-
gin is due to the time delayt0). Knowing the absolute value
of the magnetic force,Fm , the drag coefficient,C
5Fm /v f , can be calculated@Eq. ~4!# from the terminal ve-
locity, v f , and checked for self-consistency. The measu
values ofC for a bare water and a DPPC monolayer cove
interface were roughly Gaussian with their respect
maxima at 0.04 and 0.11 mN s/m@21#, independent of ap-
plied current from 1–5 A; the width of both distributions
half-maximum was about 0.01 mN s/m.

Although the phase behavior and structure of DP
monolayers is well known@22–26#, there are surprisingly
few systematic measurements of DPPC surface shear vis
ity over a wide range of Boussinesq number, Bo@5,8,18#.
The most reliable data is probably that of Sacchettiet al. @5#,
who measured DPPC shear viscosity in the condensed p
using canal viscometry and correlated the data with a
area model@5#. An additional complication is that the can
viscometer requires a variation in surface pressure along
length of the channel to induce the flow@5#. Hence, the ac-
tual surface pressure~or area per molecule! at which the
surface viscosity is being measured is more ambiguous
the experiments reported here. To minimize these effe
both surface viscosity and drag coefficient data were fit to
free area model@Eq. ~1!# to determine the relationship be
tween the experimentally measured absolute drag co
cients with surface viscosity.

From theory@11,14,15#, the drag coefficient of a needle a
an air-water interface covered by an insoluble monola
should depend on the surface viscosity as a power law w
exponent, 0<n<1, althoughn may vary depending on th
Bo number@14#.

FIG. 2. Magnetic force,Fm , as a function of applied current fo
two interfaces, bare water~s! and a DPPC monolayer-covered in
terface at 20 mN/m and 25 °C~d!. Fm varies linearly with the
current, independent of the surface coverage, with an average
k50.3560.02mN/A.
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hs5S C

a D 1/n

. ~8!

For n constant,C should obey the free area model of Eq.~1!:

lnS C

a D 1/n

5 ln hs
o1B

A0

Af
,

ln C5 ln a~hs
o!n1nB

A0

Af
, ~9!

ln C5 ln Cw1nB
A0

Af
.

Cw is the drag on a bare water interface. Comparing Eq.~9!
with Eq. ~1! shows that the parameterB of the free area
model for surface viscosity is simply related to that for t
drag coefficient,B5B8/n, for constantn. For n>1, B
>B8.

Figure 3 shows the drag coefficient,C, for a DPPC mono-
layer on water at 25 °C as a function of the area per molec
A ~A was determined from the isotherm at a given surfa
pressure,p!. The plateau in the isotherm at;12 mN/m lo-
cates the first order phase transition between the liqu
expanded~LE! to the liquid condensed~LC! phase@24#. For
p below the plateau,C is roughly constant at 0.05 mN s/m
@21#, slightly above that for the bare interface,Cw . In the LC
phase, the drag coefficient increases steadily and the su
viscosity dominates the flow.

Figures 4~top! and 4~bottom! show the best fit of the free
area model to the surface viscosity data of Sacchettiet al. @5#
and the drag coefficientC measured with the magneti
needle.A0 , B ~or B8) andh0 ~or Cw) are determined from
the fit of the data to Eq.~1! @Fig. 4 ~top!# or Eq. ~9! @Fig.

pe

FIG. 3. Drag coefficient,C, as a function of surface pressur
for a DPPC monolayer spread on water at 25 °C. The inset is
isotherm of DPPC at 25 °C showing the coexistence plateau
;p512 mN/m separating the liquid expanded~LE! phase at low
pressure and the liquid condensed~LC! phase at higher pressure.
2-3
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4 ~bottom!#. Both fits are very good suggesting that the fr
area model correlates both the surface viscosity and the
solute drag coefficient. This confirms that the drag coe
cient can be expressed as a single power law in the sur
viscosity over the range of Bo we examined here, 1,Bo
,10. For the surface viscosity data of Sacchettiet al. @5#, the
best fit to Eq. ~1! gives h057.96531025 mN s/m, B
50.2060.074,A0543.260.4 Å2. For our drag coefficient
data, the optimal values of the fit to Eq.~9! are Cw50.030
60.005 mN s/m,nB50.2260.056, andA0539.960.7 Å2.
The values ofA0 obtained are comparable to the expec
values of 40–44 Å2/mol obtained from various literatur
sources for DPPC@5,26,27#, and the value ofCw is similar to

FIG. 4. ~Top! C as a function of molecular areaA. The solid
line corresponds to the fit to the free area model, Eq.~9!, with
Cw50.03060.005 mN s/m, nB50.2260.056, and A0539.9
60.7 Å2. The inset showsC as a function of the free area,Af5A
2A0 , calculated from the value ofA0 determined from the fit,
confirming the constant power law relationship between the sur
viscosity and the drag coefficient.~Bottom! Surface viscosity data
from Sacchettiet al. as a function of molecular areaA. The solid
line corresponds to the fit to Eq.~1! with h05(7.965)
31025 mN s/m, B50.2060.074, andA0543.260.4 Å2. nB is
equal toB within experimental error confirming that the drag coe
ficient is linearly proportional to surface viscosity. The inset sho
the free area model calculated from the value ofA0 determined
from the fit.
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FIG. 5. Log plot of the drag coefficient for two different chann
widths, 9 and 14 mm, for a DPPC monolayer as a funct
of surface pressure. The two lines are parallel showing that the
a constant factor of;2.5 at all surface pressures for the narro
channel.

FIG. 6. Drag coefficient as a function of surface pressure fo
monolayer of DPPC spread on water at 25 °C. Four needles with
same length but different diameters~1.4, 2.0, 2.3, 3.3 mm, respec
tively, for needle 1, 2, 3, 4! were used.~Top! Measured drag coef-
ficient, C, for the different needles.~Bottom! @(C2Cw)/Cw#
3(Pc /Ac) is plotted to correct for the effect of changing the need
dimensions.Cw is the drag for a bare water surface;Pc /Ac is the
ratio of the needle perimeter to the contact area with the w
subphase. The four curves superimpose.
2-4
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LINEAR DEPENDENCE OF SURFACE DRAG ON . . . PHYSICAL REVIEW E69, 021602 ~2004!
that measured directly, 0.0460.01 mN s/m.
Within experimental error,B5nB, suggesting that the

power law exponent is constant and equal to 1. Hence,
drag coefficient depends linearly on the surface viscosity
the Bo range of about 1 to about 10 for this experiment.
the approximation that the drag coefficient is linear
surface viscosity improves with increasing Bo, this mea
that the viscosity ratios measured in Ref.@12#, in which
1,Bo,;500, are accurate.

From our results, it follows that Bo should give a goo
approximation of howC depends on the geometry of expe
ment and the needle diameter@11–13#.

Bo[
~surface drag!

~subphase drag!
5

hsPc /Lc8

hAc /Lc9
}

~C2Cw!Pc /Lc8

CwAc /Lc9
.

~10!

h is the subphase viscosity,Lc8 andLc9 are the characteristic
length scales for shear in the surface and subphase,Pc is the
contact perimeter between the needle and the interface,
Ac is the contact area between the needle and the subp
Decreasing the channel width from 14 to 9 mm does
changePc /Ac , but does increaseLc9/Lc8 . Hence, the mea
sured drag coefficient at a given surface pressure~or equiva-
lently, area per molecule! for the smaller channel should in
crease by the same ratio independent of the magnitude o
surface viscosity. Figure 5 shows (C2Cw) for the narrow
channel is consistently about 2.5 times that of (C2Cw) for
the wider channel over almost 3 decades in mN s/m. Fo
given channel width,Pc /Ac can be varied by changing th
diameter of the needle. The surface drag for a DPPC mo
layer was measured using four different needles of the s
length ~3 cm! but with diameters of 1.4, 2.0, 2.3, and 3
mm. As expected, the surface drag@Fig. 6 ~top!# increases
on

d

on

v

6
on

et
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with the needle diameter and the scaling factor betw
needles is the ratioPc /Ac @Fig. 6 ~bottom!#.

Characterizing the mechanical properties of comp
monolayers is important to understanding the relationsh
between monolayer composition, structure, and functi
The magnetic needle viscometer described here allows
quick measurements of the drag on a magnetic needle
monolayer-covered interface at a known and constant sur
pressure~or equivalent area/molecule!. This is especially im-
portant to measure surface viscosity in the vicinity of first
second order phase transitions at which the properties of
monolayer may change dramatically with small changes
surface pressure@13#. Monolayers at coexistence can also
investigated with minimal disruption of the distribution o
coexisting phases@12#. However, to analyze the data from
the viscometer, it is important that the drag coefficie
is simply related to the surface viscosity over the use
range of experimental parameters, especially Bo, the r
of surface drag to subphase drag. We have shown
the drag coefficient is linearly related to the surface viscos
for Bo.1 by comparing surface viscosity data of DPP
from a channel viscometer with the absolute drag coeffici
measured by our needle viscometer. All of the necess
instrumental parameters of the needle viscometer
measured directly, with no assumptions regarding the r
tionship between drag and surface viscosity. Hence, a
calibration to known surface viscosities@13#, the magnetic
needle viscometer is a reliable method for measuring sur
viscosity.
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