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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,F,. The needle velocity varies exponentially with time, reaching a terminal velbg#C, in whichC
is the drag coefficientC is shown to be linearly proportional to the monolayer surface viscosity, 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 Langmuir flow [11,13. This simplified flow assumption has been
monolayers has a long history as monolayer rheology plays ealled into question by a recent theoretical analysis for a
crucial role in dynamic processes at gas-liquid interfaces imeedle dragged across a laterally infinite water pool whose
both technology and biologhl,2]. There are two broad cat- depth is small compared to the needle length]. In this
egories of surface viscosity measuring devices. The first igheory, the drag on the needle depends on the square root of
based on measuring the response of a monolayer to a torsi¢he surface viscosity when the ratio of surface drag to sub-
pendulum or other oscillatof2—4]. The second category, Phase dragBoussinesq number, Bas of order 1. The drag
typified by the canal viscometer, relies on measuring aspec®n the needle approaches a linear response only wheriBo
of a surface pressure gradient induced flow. The surfackl4,15. However, in our experimental apparatus, the needle
shear viscosity is evaluated by comparing the flow to soluimoves in a channel the width of which is similar in magni-
tions of the Navier-Stokes equation appropriate to the georrfude to the water deptfil2,13, which should result in a
etry[2,5—8. For these types of viscometers, it is often nec-stronger dependence of the drag on the surface viscosity.
essary to determine the flow profile of the monolayer, usingience, it is necessary to determine the dependence of the
tracer particles, fluorescence microscdpyl, or Brewster surface drag on the surface viscosity over a range of Bo.
angle microscopy9]. The variation in surface pressure inthe ~ The surface viscosity of lipid monolayers is a strong func-
canal viscometer also makes it difficult to assign a particulation of the area per moleculd, at the interface. For lipid
surface pressure to a given surface viscosity, especially @nonolayers in the condensed phase, experimental values of
phase coexistence where large variations in monolayer mothe surface viscosity determined from surface pressure
phology occur over small changes in surface pressure. driven flow in a channel viscometer are well correlated by a

The magnetic needle viscometer, first developed by Sh&ree-area moddl5,8,16-18§:
hin [10] and modified by Brooket al. [11] and Dinget al.
[12,13, is a relatively new method for measuring monolayer
viscosity. Helmholtz coils with a controlled current apply a
force to a magnetic needle floating on the monolayer, which
drives the needle into motion. If the applied force is oscilla-The free surface aredy, is the difference between the area/
tory, the complex shear modulus is determined from meamolecule,A, and the minimum required area/molecubg,
surements of the in-phase and out-of-phase response of tiggaken to be the limiting area/molecule in that phask
resulting strairj11]. If the applied force is constant, the shear =A— A, [5,18]. This model is the two-dimensional analog
surface viscosity of the monolayer can be extracted from thef the classic free volume model developed to describe liquid
terminal velocity of the needlgl2,13. The major benefit of  viscosities16,17]. From this model, a wide range of surface
both of these devices is that the surface properties can bdscosities can be correlated with just a few parameters over
measured at constant surface pressure. a wide range of Bo.

To extract the surface viscositgpr complex shear modu- We developed a direct method of measuring the absolute
lus), the terminal velocity of the needle;, was assumed to drag on the magnetic needle to determine the drag coefficient
be linear in the surface viscosityys, for a given applied for DPPC (1,2-dipalmitoylsnglycero-3-phosphatidyl-
force. This is the result for a simple two-dimensional Couettecholine monolayers. The drag coefficients measured with

the magnetic needle viscometer were compared to literature
values of DPPC surface viscosity as a function of molecular
* Author to whom correspondence should be addressed at Depa@rea. The measured drag coefficient is well correlated by the
ment of Chemical Engineering, University of California, Santafree area mod€lEqg. (1)] and gives the same dependence on
Barbara, CA93106-5080. FAX: 805-893-4731. Email addressthe free area as the surface viscosity data of Sacokiedili
gorilla@engineering.ucsh.edu [5]. This confirms that the drag coefficient is linearly propor-
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tional to the surface viscosity of monolayers of lipids in the
condensed phase over a wide range of Bo. Hence, for the
drag on a magnetic needle in a channel, the flow is similar to
two-dimensional Couette flopl1], and is linear in the sur-
face viscosity for Bo-1.

DPPC was purchased from Avanti Polar Lipigs§abas-
ter, AL; purity>99%). Monolayers were formed by spread-
ing the appropriate amount a 1 mg/ml chloroform solution
onto pure Millipore water(18 M{Qcm resistivity in a
custom-built Langmuir troughl3] maintained at 25 °C. The i ;
trough was positioned between two Helmholtz coils to create $ J
a homogenous magnetic field gradient at the air/water inter- 0 I . . .
face and thus a constant magnetic forég,, when interact- 0 oo 4 ¢ s 10
ing with the permanent magnet in the needle. A channel, 14 t®

mm wide, formed by two glass plates, was made along the G, 1. \elocity profile of magnetic needle floating on bare
axis of the magnetic gradient to direct the magnetic needi@ater. The current applied in the Helmholtz coils was 1.4 V. The
across the trough. The magnitude of the magnetic field graine is a fit to Eq.(4) after a lag time of,=2.5=0.1 s. The terminal
dient was adjusted by varying the current in the coils via twovelocity, v; =11.8+ 0.4 mm/s=F,,/C, corresponding to a drag co-
power supplies. A video camera directly above the channedfficient C,,=0.04+0.01 mN s/m. The initial slope gives the ratio
recorded the needle motion; the video signal was digitizedetween the applied force and the needle masgm.

and the needle velocity derived from these images. The ter-

minal needle velocities used for measurements range frogstifying the assumption that the drag force is linearly pro-
about 1-15 mm/s. The estimated shear ré@rminal portional to the needle velocity. The terminal velocity and
velocity/channel half widthvaries from about 0.01-2%. the startup velocity are determined from a fit to E4).

There was no variation in the measured surface drag over F_ is set by the interaction of a permanent magnet in the

these shear rates. A more detailed description of the magnetifeedie with a constant magnetic field gradient along the axis
needle viscometer can be found in Rf3]. between two Helmholtz coils,

The motion of the needle results from the competition

F /C

v (mm/s)

between the inertia due to the needle massthe applied dB

magnetic forceF,, and the viscous drag fordg which is F= 77(—)

assumed to be linearly proportional to the needle velocity dx

[13-15: - —3M0NRT Xla  (L=x)lg
F=—Cu @) n 2 (R2+x2)5/2 [R2+(L—x)2]5’2

®

in which C is the drag coefficientC contains contributions
from the drag due to the monolayer and the subpha3e ) ) ) L
15]. On application of the magnetic force, the needle moved? Which 7 is the magnetic dipole moment of the needle,

according to the force balance, Mo the permgability constanly the number of tgrns in the

coils, Rthe coil radius] 5 andl g are the currents in the coils,

dv and x is the distance from coiA. F,, is constant over the

masz—Cv, (3 length of the needle channel i the distance between the

coils, equals twice the radiu®, of the coils, and the same
the solution to which is magnitude, but opposite direction current in the two coils
Io=—1g, is applied. A Gauss meter was used to check the

_Fnm (—ct/m) predictions of Eq(5), which was valid within a few percent

v ?(1_ € ). @ over the entire gap between the cdifimta not shown From

Eq. (5), F,, is proportional to the magnitude of the applied
Figure 1 shows the needle velocity profile at the air-watercurrent:
interface and the corresponding fit to Ed). The needle
does not move instantly when the magnetic field is switched Fro=kl . (6)
on. Short-range capillary attractigthe characteristic length
scale for capillary forces,/Apg)Y?~2—-3 mm; y is the
surface tensionAp is the density difference between water
and air, andg is gravity [19]) between the needle and the
walls of the trough must be overcome before the needle ca]
move according to Eq(4) [19,20. A delay time,ty, was
introduced as a fitting parameter to compensate for this be-
havior at smallt. After ty the needle velocity is well de-
scribed by Eq.(4), the average errors being less than 5%,

k is a parameter that depends on the needle size, shape, and

magnet, but is independent of the subphase and monolayer.
as determined from the asymptotic variatiorvdbr t close

0 tg:

Fm
v(t—ty)= s (7)
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FIG. 2. Magnetic forceF,,, as a function of applied current for 7 (mN/m)

two interfaces, bare watéf)) and a DPPC monolayer-covered in- . .
¢0) Y FIG. 3. Drag coefficientC, as a function of surface pressure

terface at 20 mN/m and 25°Q®). F,, varies linearly with the N ) -
current, independent of the surface coverage, with an average slog)%r a DPPC monolayer sporead on .Water at 25 C The inset is an
k=0.35+0.02 uN/A. isotherm of DPPC at 25°C showing the coexistence plateau at
~m=12 mN/m separating the liquid expandédcE) phase at low
pressure and the liquid condengéd) phase at higher pressure.

The slope of the needle velocity vs time curifgg. 1) for

different applied currentslf) determines the relationship C=an?,

betweenF,, andl 5. F,, was evaluated according to E{)

for bare water and for a DPPC monolayer in the liquid con- c\n

densed(LC) phase as a function df, in Fig. 2. All the "5_(2) (8)

experimental points follow the same line with an average
slope k=0.35 uN/A for this needle(the offset from the ori-
gin is due to the time delaty). Knowing the absolute value
of the magnetic force,F,,, the drag -coefficient,C n 0
=F,/vs, can be calculatefEq. (4)] from the terminal ve- In(;) =In 7o+ B
locity, v, and checked for self-consistency. The measured f
values ofC for a bare water and a DPPC monolayer covered

For n constantC should obey the free area model of Ed).

interface were roughly Gaussian with their respective INnC=Ina(n)"+nB—, 9
maxima at 0.04 and 0.11 mN s/[@1], independent of ap- A
plied current from 1-5 A; the width of both distributions at
half-maximum was about 0.01 mN s/m. InC=InC. +ng 2
Although the phase behavior and structure of DPPC w A

monolayers is well knowri22—-26, there are surprisingly

few systematic measurements of DPPC surface shear viscoSy, is the drag on a bare water interface. Comparing (B5.

ity over a wide range of Boussinesq number, B8,1§.  with Eq. (1) shows that the paramet&® of the free area
The most reliable data is probably that of Saccredttl.[5],  model for surface viscosity is simply related to that for the
who measured DPPC shear viscosity in the condensed phadeag coefficient,B=B’/n, for constantn. For n=1, B
using canal viscometry and correlated the data with a free=B’.

area mode[5]. An additional complication is that the canal = Figure 3 shows the drag coefficied, for a DPPC mono-
viscometer requires a variation in surface pressure along tHayer on water at 25 °C as a function of the area per molecule
length of the channel to induce the flg®]. Hence, the ac- A (A was determined from the isotherm at a given surface
tual surface pressuréor area per moleculeat which the pressures). The plateau in the isotherm at12 mN/m lo-
surface viscosity is being measured is more ambiguous thatates the first order phase transition between the liquid-
the experiments reported here. To minimize these effectexpandedLE) to the liquid condensef.C) phase24]. For
both surface viscosity and drag coefficient data were fit to ther below the plateauC is roughly constant at 0.05 mN s/m
free area modelEq. (1)] to determine the relationship be- [21], slightly above that for the bare interfacg,,. In the LC
tween the experimentally measured absolute drag coeffphase, the drag coefficient increases steadily and the surface
cients with surface viscosity. viscosity dominates the flow.

From theory{11,14,19, the drag coefficient of a needle at  Figures 4(top) and 4(bottom show the best fit of the free
an air-water interface covered by an insoluble monolayearea model to the surface viscosity data of Saccbeti.[5]
should depend on the surface viscosity as a power law witland the drag coefficienC measured with the magnetic
exponent, Bn=<1, althoughn may vary depending on the needle.Ay, B (or B') and 7, (or C,,) are determined from
Bo number{14]. the fit of the data to Eq(l) [Fig. 4 (top)] or Eq. (9) [Fig.
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line corresponds to the fit to the free area model, &), with
C,,=0.030+ 0.005 mN s/m, nB=0.22:0.056, and A,=39.9  (mN/m)
+0.7 A2, The inset show€ as a function of the free area;=A
—A,, calculated from the value o, determined from the fit, 14 T T T T T N
confirming the constant power law relationship between the surface — 4
viscosity and the drag coefficieniBottom) Surface viscosity data = o
from Sacchettiet al. as a function of molecular area The solid E ol 8 J
line corresponds to the fit to Eq(l) with %y=(7.9x5) < .
X10"°> mN's/m, B=0.20+0.074, andA,=43.2-0.4 A%, nB is o st o 1
equal toB within experimental error confirming that the drag coef- X ok
ficient is linearly proportional to surface viscosity. The inset shows S 6r )
the free area model calculated from the valueAgf determined O 4l 0.t ]
from the fit. = *
S T |
4 (bottom]. Both fits are very good suggesting that the free 8,;31
area model correlates both the surface viscosity and the ab- Olﬂm"l"’* L L .
solute drag coefficient. This confirms that the drag coeffi- 0 10 2 30 40 50 60
7 (mN/m)

cient can be expressed as a single power law in the surface
viscosity over the range of Bo we examined here;Bb
<10. For the surface viscosity data of Sacchedtttal.[5], the
best fit to Eq. (1) gives 7,=7.9+5x10 °> mNs/m, B
=0.20+0.074,A,=43.2+ 0.4 A%. For our drag coefficient
data, the optimal values of the fit to E@®) are C,,=0.030
+0.005 mN s/m,nB=0.22+0.056, andA,=39.9+0.7 AZ,

FIG. 6. Drag coefficient as a function of surface pressure for a

monolayer of DPPC spread on water at 25 °C. Four needles with the
same length but different diametgis4, 2.0, 2.3, 3.3 mm, respec-
tively, for needle 1, 2, 3, Awere used(Top) Measured drag coef-
ficient, C, for the different needles(Bottom) [(C—-C,)/C,]

X (P./A,) is plotted to correct for the effect of changing the needle

The values ofA, obtained are comparable to the expecteddimensionsC,, is the drag for a bare water surfade;/A, is the
values of 40—44 Amol obtained from various literature ratio of the needle perimeter to the contact area with the water

sources for DPP(5,26,27, and the value of,, is similar to
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that measured directly, 0.82.01 mN s/m. with the needle diameter and the scaling factor between
Within experimental errorB=nB, suggesting that the needles is the rati®./A. [Fig. 6 (bottom].
power law exponent is constant and equal to 1. Hence, the Characterizing the mechanical properties of complex
drag coefficient depends linearly on the surface viscosity fomonolayers is important to understanding the relationships
the Bo range of about 1 to about 10 for this experiment. Asetween monolayer composition, structure, and function.
the approximation that the drag coefficient is linear inThe magnetic needle viscometer described here allows for
surface viscosity improves with increasing Bo, this meangyyick measurements of the drag on a magnetic needle at a
that the viscosity ratios measured in RgL2], in which  nonojayer-covered interface at a known and constant surface
1<Bo<~500, are accurate. _ pressurgor equivalent area/moleculeThis is especially im-
From our results, it follows that Bo should give a good ;5 1o measure surface viscosity in the vicinity of first or
?npepr:toglrr\?jatt;]%nnogehd?:%g?r??{nd(jis olnathe geometry of experi- second order phase transitions at which the properties of the
' monolayer may change dramatically with small changes in
, ) surface pressurfel3]. Monolayers at coexistence can also be
o (surface drag _ 773Pc/|—co( (C—Cy)Pc/L; investigated with minimal disruption of the distribution of
~ (subphasedrag 7A./L! CwAcILL coexisting phasepl2]. However, to analyze the data from
(10)  the viscometer, it is important that the drag coefficient
is simply related to the surface viscosity over the useful
range of experimental parameters, especially Bo, the ratio
of surface drag to subphase drag. We have shown that
Iae drag coefficient is linearly related to the surface viscosity
r Bo>1 by comparing surface viscosity data of DPPC
rom a channel viscometer with the absolute drag coefficient
changeP, /A, but does increase’/L! . Hence, the mea- _measured l:l)y our needle vifscor:neter. AIII of _the necessary
sured drag coefficient at a given surface pressoirequiva- Instrumental parameters of the r_1eede viscometer are
measured directly, with no assumptions regarding the rela-

lently, area per moleculdor the smaller channel should in- .. - . :
crease by the same ratio independent of the magnitude of tﬁ[g)nshlp between drag and surface viscosity. Hence, after

surface viscosity. Figure 5 show€ & C,) for the narrow calibration to known surface viscositi¢$3], the magnetic
g w . . . .
channel is consistently about 2.5 times that 6t{(C,,) for needle viscometer is a reliable method for measuring surface

the wider channel over almost 3 decades in mN s/m. For g|sc05|ty.

given channel widthP./A. can be varied by changing the = The authors acknowledge helpful discussions with J.
diameter of the needle. The surface drag for a DPPC mondding, D. K. Schwartz, Th. M. Fischer, and A. Levine. Finan-

layer was measured using four different needles of the sam@al support was provided from NIH Grant No. HL-51177

length (3 cm) but with diameters of 1.4, 2.0, 2.3, and 3.3 and the University of California Tobacco Related Disease
mm. As expected, the surface drHgig. 6 (top)] increases Research Program, Grant No. 11RT-0222.

7 is the subphase viscositly, andL_ are the characteristic
length scales for shear in the surface and subpligsis, the
contact perimeter between the needle and the interface, a
A. is the contact area between the needle and the subpha
Decreasing the channel width from 14 to 9 mm does no
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