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Hydrodynamic Mapping of Two-Dimensional Electric Fields in Monolayers
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We have measured the 2D dipolar electric fields generated by surface density fluctuations in Langmuir
monolayers using optical microscopy to monitor the motion of micron-size, electrically charged,
particles trapped at the air-water interface. The particle velocity is directly proportional to the local
electric field gradient. Quantitative agreement with the theory is demonstrated for charged polystyrene
latex particles interacting with liquid condensed domains of pentadecanoic acid. Typical velocities are
of order0.1-10 um/s, corresponding to forces in the~'>-10~'2 N range.

PACS numbers: 68.10.—m, 47.65.+a, 82.70.K], 87.22.Bt

Despite the key role played by electric fields in numer-insoluble monolayers via long-range dipole-dipole inter-
ous interfacial physical and biological phenomena, suclactions [5] and why LC domains can be displaced laterally
as electrostatic adhesion [1], voltage-gated ion transpodn the interface by external electric field gradients [6]. As
in cell membranes, and nerve impulse propagation [2]we will show later we have to consider only the vertical
very few attempts to probe the local electric potentialscomponentw;. The electric field generated at distance
have been reported. Indeed, although theoretical calcidrom the border of one domain is then
lations for model systems can be solved at least numer-
ically, nondisruptive experimental observations are more E(p) =2 Ha 1 {(1 + p)!/?
difficult to achieve and often require sophisticated instru- 4meey R p
mentation. In this respect the recent report by Shikin of
optical mapping of surface potentials in helium films, ob- [1+ (p + 2)2]/2
tained by depositing electrons at the liquid/gas interface, B p +2 - (D
is quite an achievement [3].

In this paper, we present a hydrodynamic methodvheree is the effective dielectric constant of the medium,
which provides both direct visualization and quantita-R is the radius of the domain, and= r/R [7].
tive measurement of local electric fields in thin films Let us then calculate the dipole associated with a la-
of organic molecules. Here we have chosen to investex particle of radius: trapped at the air/water interface
tigate Langmuir monolayers of fatty acids but the samend uniformly coated with sulfonic acid groups (surface
methodology can be applied to phOSphOleld monolayersgdensityQ,). As shown by Pieranski [8], if the beads are
biological membranes, etc., in all the cases wher@artially immersed in the aqueous subphase, the ionizable
density fluctuations and/or insertion of charged proteingroups will be dissociated only on the submerged sec-
are likely to create nonuniform electric field distributions tion of the bead, resulting in an asymmetric charge distri-
[4]. On the one hand, regions of higher surface densitpution. Together with the counterions, this gives rise to
than their surrounding can be viewed as macrodipolesin electric double layer and hence to an effective macro-
the values of which are the vectorial sum of all the indi-Scopic dip0|e/1p oriented normal to the water surface,
vidual molecular dipoles. On the other hand, chargedind of orderma’Q,eAp. Herelp is the Debye screen-
proteins create Coulombic electric fields around theming length=(3 A)/,/cqr, wherecq,, is the salt concen-
The central idea of our method is to incorporate in thetration in m0V|
monolayer a few micron-size particles, carrying a net The energy acquired by the dipolar probe is given by
dipole moment, and to record their motion by using op-the scalar product between the figldp) and the dipole
tical microscopy. The measured velocity is directly pro-a,, W.(p) = &, - E(p) Since i, is perpendicular to
portional to the drag force and, therefore, to the locathe interface, the interaction enerd§;, depends only on
electric field gradient. the vertical component of the electric field as expressed in

Let us consider a Langmuir monolayer in its two-phaseEq. (1).
liquid condensed (LC) and liquid expanded (LE) coexis- The particle velocityv(p) in the plane of the interface
tence region. Because of the difference in surface deris obtained by balancing the dipolar forcE;(p) =
sities the LC domains possess an excess dipole densityR~ YdWa(p)/dp with the viscous force3mnav [9].

a with respect to the surrounding LE phase. This is theThe prefacto3s comes from the boundary conditions of
very reason why periodic superstructures (supercrystals dhe Navier-Stokes equation for half-immersed beads [10],
hexagonal symmetry or stripe phases) can be formed iwhile 7 is the subphase viscosity = 10~2 P for water).
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Since v = Rdp/dt, Eq. (2) is a differential equation :
whose integral will be used to determipér). The energy -3oo0 il 1!0 . 2!0 . 3!0 1

W,(p) can be calculated by using the literature values for

the various parameters. The dielectric constant of water

is e = 7 near the air/water boundary [11]. For carboxylic

acids the perpendicular molecular dipole is equal to

—0.15 D (pointing upwards) on an aqueous subphase of

pH 2 [12]. Since the molecular cross section in the LC

phase is 20 A this yields wy = —7.5 X 1073 D/A%

For the polystyrene (PS) spheres commercially available,

the surface charge densigy, corresponds to one charge

per 300 = 100 A%, For a bead of radiud.4 um, the

estimated particle dipole moment is therefarg = 3 X

10° D (pointing towards the water) taking, =~ 30 A

for the acidified (0~2M HCI) subphase. Figures 1(a)

and 1(b) display the calculated dipole-dipole enetgy

and probe velocityy vs the distance: for three typical — | ; :

domain radii: 10, 25, and0 um. We note that the 4 6 810 80

interaction is attractive over the whole range of separation Distance from the domain (um)

distances, consistent Wi_th the fact tha_t the.dipolf_es of theyg. 1. (@) Calculated dipole-dipole interaction energy vs

bead and the LC domain have opposite orientations, angkparation distance between a particle of radius 1.4 um

that W, markedly exceed&zT up to distancer = 3R. bearing a dipolex, = 3 X 10 D and a square LC domain

The velocity can be described by simple power laws in th@f side length 2R: (dashed line)R =10 um, (solid line)

limit of very small and very large, respectively. In the £ =30 #m with a dipolar densityzg = ~0.75 D/100 A2,

. L . AP (b) Log-log plot of the calculated bead velocityas a function

first case, the domain is equivalent to a semi-infinite wally¢ e distance:.

and the velocity is proportional td/r>. In the second

case, both the bead and the domain behave like point

dipoles and the velocity decays a-*. At intermediate monolayer was visualized by epifluorescence microscopy

distances, there is a smooth crossover between those twging a metallurgical microscope equipped withi@x

power laws. Line segments with slope® and —4 are  objective and a video camera. The monolayer was doped

shown in Fig. 1(b) (log-log plot). We also observe thatwith 1% of NBD-HDA (from Molecular Probes) as

the calculated sphere velocities are in the range 0.1 tfluorescent markers. Preferential partitioning of the dye

20 um/s, which is well within the capabilities of our between the LE and LC regions makes the LC domains

optical detection. appear as dark disks in a background of bright LE phase.
The PS latex beads were purchased from Sigma iThe spheres in the monolayer were detected as bright

the form of aqueous solutions stabilized by surfactantlots floating at the air-water interface and at random

and were extensively dialyzed against pure water juspositions with respect to the LC domains. Their positions

before use. Their contact angle with water was observedere recorded on a videotape and the sequences were

to be between 90and 120. Langmuir monolayers of later analyzed with an image analysis software. Careful

pentadecanoic acid were spread on ultrapure water &limination of convective flows [6(b)] leads to spatial and

pH 2 at an area per molecule @ A%, corresponding temporal resolutions of.5 wm and 0.05 s, respectively.

to the homogeneous LE phase [13] and to a surface Figure 2 shows three snapshots, taken at successive

pressure of 1 mKm. A few droplets of the dilute times, ofal.4 um radius bead interacting with an isolated

bead suspension were then deposited at the interfade€C domain of22.5 uwm in radius. Since the images were

and the monolayer was subsequently compressed untéken at decreasing intervals, one can see that the sphere

LC domains of sizel0-50 um were nucleated. The is moving towards the LC domain at accelerated speeds as
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FIG. 2. Snapshots of &4 wm polystyrene bead (white dot)
approaching a LC domain of pentadecanoic acid (dark disk)
in a Langmuir monolayer on an agueous subphaseéf2.
Scale bar i$0 wm and domain radius 82.5 um. The origin

. . . . ; . o_ o L)
of timer = 0 is the time at which contact is established. After oty O 0oy gy ooy gOppgpooo og
contact the bead stays trapped at the LE-LC boundary. It canw r t
later serve as an attachment point for a second LC domain (seqQ) 0 [ ! . I . [ ! ]
for instance, the two domains at the bottom of the image). 10 .8 -6 -4 -2 0

Time to contact (sec)

[¢)]

tance from the domain (um)

it gets closer to the domain. It takes 33 s to move from 35 ) N _
to 16 um and 4 s only to move from 1fm to contact. FIG. 3. Influence of the screening conditions on the displace-

- ent of al.4 um bead interacting with a LC domain of radius
After contact, the bead remains trapped at the LE/LdZn um. CurvesA and B correspond to a polystyrene bead

interface. On the other hand, no attraction is detected, angh ‘an acidified(pH 2) aqueous subphase, with no added salt
the bead appears immobile if the bead-to-domain distancend 0.2 NaCl salt, respectively. Curv€ corresponds to a
is larger thanl00 um. It is therefore always possible to carboxylate-modified bead, bearing no surface charges. The
select a bead which interacts with a single domain, Whicﬁ?ggng”‘éz a(rze) gﬁzt tfgliinbgy tﬁ‘: g‘;gﬁ“%&g?ﬁ%?ﬁd tbi)i/SITft]ee-
great_ly S|mpl'|f|es the experiment. 'We have aIsp Ver'f,'e nly adjustable parameter. A typical error bar inﬁ?r;we bead po-
by triangulation that the LC domains keep their relativesiiion is shown on curve.
positions during the bead displacement.

Figure 3 displays typical time evolutions of the position
of a 1.4 um bead interacting with &5 um radius LC the calculated valug., = ma*Q,eAp, taking the Debye
domain. In each case the collection of data points comelengthsA, equal to 30 and 7 A in pure and salted water,
from the video analysis of three independent eventsiespectively.
Curves A and B correspond to pure and salted. QM The excellent agreement between the experimental
NaCl) water subphase, respectively. Cu€seorresponds points of the bead velocities and the predictions of the
to a particular case in which the bead is a k#  dipolar model has encouraged us to try and calculate the
carboxylate-modified latex (CML) particle bearing no interfacial electric field surrounding the LC domains. In-
electrical surface charges. Several points are immediatelyeed we know that the velocity of the bead is propor-
apparent: (i) attraction between the charged bead aniibnal to the local electric field gradient. Therefore a sim-
the LC domains is felt at large distances (20—3®M); ple integration of the velocity-distance curve yields the
(i) the velocity v = dr/dt increases as the bead comeslocal field at each point on the bead trajectory. There
closer to the domain and reaches its maximum valuare several ways to achieve this integration; here we have
(up to 10 wm/s); (iii) attraction is considerably less in selected a cubic spline operation followed by a numeri-
the presence of the monovalent salt and is nonexisteral integration because it provides a direct knowledge of
for uncharged beads, even over the longest experimenttiie electric field without any priori assumption of its
times (several minutes) and for distances as small aspatial dependence. Figure 4 gives the calculated values
3 um from the boundary. All these observations arefor the interfacial electric fields generated by a LC do-
consistent with an electrostatic interaction between the L@nain of 25 um radius as a function of the distance to
domain and the charged sphere. The solid lines are betite edge of the domain (between 0 &l um). Each
fits to the data points obtained by numerically integratingdata point was derived from the position versus time mea-
Eq. (2) where the bead is considered as a point dipolsurements of Figs. 3(a) and 3(b). Because of the circular
[14] and the domain as an array of dipoles. The beadymmetry of the system, a polar plot is sufficient to get
dipole momeniu ), is the only adjustable parameter, sincethe complete map. The absolute values of the electric
the other parameters of Eq. (ZJ4, €, andn, are known field have been derived assuming half-immersed beads of
from the literature. Theu, values derived from the fit radiusa = 1.4 um and the nominal surface charge den-
are found to be.1 X 10% and0.7 X 10® D for curvesA  sity 0, = (300 A%)~!. We observe that the electric field
and B, respectively, and are in excellent agreement withvaries from 0 to about 30 Xtm, with a rapid increase
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0 work W dissipated in the process must be larger than

kgT. Therefore weak forces have to be applied over
sufficiently long distancesto ensure thaW = FI > kT,
however, this puts no restriction on the absolute value of
the forces that can be measured. The field distributions
around proteins bearing typically 1000 electrical charges
in biological membranes should be within experimental
reach.
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FIG. 4. Interfacial electric field created by a LC domain of .

radius R = 25 um vs distance. The open and full circles  *Permanent address: School of Physics and Astronomy,
are the electric field values deduced from the bead velocity =~ Raymond and Beverly Sackler Faculty of Exact Sciences,
measurements on the salted and pure water [respectively, Tel-Aviv University, Ramat-Aviv 69978, Israel.

Figs. 3(a) and 3(b)], according to a numerical integration [1] S. Duinhoven, R. Poort, G. Van der Voet, W.G. M.

of Eq. (2): t = [, dr/v(r). It is important to note that Agterof, W. Norde, and J. Lyklema, J. Colloid Interface
these values are model independent. The solid line is drawn  gscj. 170, 340 (1995).
according to Eq. (1). [2] B. Alberts, D. Bray, J. Lewis, J. Raff, K. Roberts, and

J.D. Watson,Molecular Biology of the Cell(Garland
Publishing, New York, London, 1989).

. P : [3] V.B. Shikin, Fiz. Nizk. Temp.20, 1158 (1994).
at distances shorter tha um. The solid line is the [4] P. Fromherz and J.U. Muller, Ber. Bunsen-Ges. Phys.

curve drawn using Eg. (1) for the distance dependence. Chem.97, 1071 (1993)

It agrees extremely well with the values calculated from 5] (a) H..M.’McConneII, Annu. Rev. Phys. Chem2, 171

the velocity data, thus proving the validity of this hydro- (1991); (b) D. Andelman, F. Brochard, and J.F. Joanny,

dynamic method to measure the electric fields. We ob-  j chem. Phys88, 3873 (1987).

serve that the field generated by the LC domain on the [6] (a) A. Miller and H. Méhwald, Europhys. Lett2, 67

pure and the salted subphase, respectively, are quite sim- (1986); (b) J.F. Klingler and H. M. McConnell, J. Phys.

ilar, even though the velocities at any given distance are  Chem.97, 2962 (1993).

markedly different. This result, which suggests that the [7] Equation (1) is strictly valid for a square domain of side

electric field is not significantly screened by the counteri-  'ength 2R. We have checked numerically by integrating

ons of the subphase, is by no means trivial and indicates [t Taylor development up to sixth order that it remains

that the molecular dipoles of the pentadecanoic acid are 2" €xcellent approximation (to better tha6 - for r >
L . o 2 um) for circular domains of radiu®’, provided the

not in intimate contact with the water subphase. This will conversion factor’ = (2//7)R is used

be discussed in more details in a forthcoming paper. [8] P. Pieranski, Phys. Rev. Le#t5, 569 (19é0).

Our results give evidence that two-dimensional electric (9] The low Reynolds number of the system, Re 10,
fields distributions in mOIeCUIarly thin fluid SyStemS can justiﬁes this laminar flow approximation_ Moreover, the
be deduced from velocity measurements of floating latex  small mass of the sphere<10~'* kg) allows one to
particles of micron size and bearing ionizable groups. In  neglect inertia effects.
the particular case of Langmuir monolayers we have showfil0] L. Landau and E. LifshitzFluid Mechanics(Pergamon
that the measurements are in quantitative agreement with  Press, Oxford, 1984).
the dipolar field generated by the excess surface chardéll R.J. Demschack and T. Fort, Jr., J. Colloid Interface Sci.
densities contained within the LC domains. The values o[ 46,191 (1974). _ i
the measured electric fields are in the range0® V/cm. 12] V. Vogel and D. M6bius, J. Colloid Interface Sdi6, 191

: . i i (1988).

The method is exceptionally sensitive. Bead velocitie

- . . 13] S. Ak t d F. Rondelez, J. Phys. Il (F 09
of 0.1 um/s, which are easily detectable by optlcals[ ] (1991?.ma su an ondelez ys. Il (Frarce)s

; 15
microscopy, correspond to forces of the orded®f * N.  [14] The point approximation for the bead is valid to within
By comparison, force measurements using atomic force ~ .59 at all distances larger thars zm.

microscopy are currently limited td0~'" N [15]. The  [15] V. T. Moy, E.-L. Florin, and H. E. Gaub, Scien@66, 257
bottom line of our hydrodynamic approach is that the (1994).
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