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Hydrodynamic Mapping of Two-Dimensional Electric Fields in Monolayers

Pierre Nassoy, William R. Birch, David Andelman,* and Francis Rondelez
Laboratoire de Physico-Chimie des Surfaces et Interfaces, Institut Curie, 11 Rue Pierre et Marie Curie, F-75231 Paris Ce

France
(Received 10 July 1995)

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 mmys, corresponding to forces in the10215–10212 N range.

PACS numbers: 68.10.–m, 47.65.+a, 82.70.Kj, 87.22.Bt
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Despite the key role played by electric fields in num
ous interfacial physical and biological phenomena, s
as electrostatic adhesion [1], voltage-gated ion trans
in cell membranes, and nerve impulse propagation
very few attempts to probe the local electric potent
have been reported. Indeed, although theoretical ca
lations for model systems can be solved at least num
ically, nondisruptive experimental observations are m
difficult to achieve and often require sophisticated ins
mentation. In this respect the recent report by Shikin
optical mapping of surface potentials in helium films, o
tained by depositing electrons at the liquid/gas interfa
is quite an achievement [3].

In this paper, we present a hydrodynamic meth
which provides both direct visualization and quanti
tive measurement of local electric fields in thin film
of organic molecules. Here we have chosen to inv
tigate Langmuir monolayers of fatty acids but the sa
methodology can be applied to phospholipid monolay
biological membranes, etc., i.e., in all the cases wh
density fluctuations and/or insertion of charged prote
are likely to create nonuniform electric field distributio
[4]. On the one hand, regions of higher surface den
than their surrounding can be viewed as macrodipo
the values of which are the vectorial sum of all the in
vidual molecular dipoles. On the other hand, char
proteins create Coulombic electric fields around th
The central idea of our method is to incorporate in
monolayer a few micron-size particles, carrying a
dipole moment, and to record their motion by using
tical microscopy. The measured velocity is directly p
portional to the drag force and, therefore, to the lo
electric field gradient.

Let us consider a Langmuir monolayer in its two-pha
liquid condensed (LC) and liquid expanded (LE) coex
tence region. Because of the difference in surface d
sities the LC domains possess an excess dipole de
$md with respect to the surrounding LE phase. This is

very reason why periodic superstructures (supercrysta
hexagonal symmetry or stripe phases) can be forme
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insoluble monolayers via long-range dipole-dipole inte
actions [5] and why LC domains can be displaced latera
on the interface by external electric field gradients [6].
we will show later we have to consider only the vertic
componentmd. The electric field generated at distancer
from the border of one domain is then

Esrd  2
md

4p´´0

1
R

"
s1 1 r2d1y2

r

2
f1 1 sr 1 2d2g1y2

r 1 2

#
, (1)

where´ is the effective dielectric constant of the medium
R is the radius of the domain, andr  ryR [7].

Let us then calculate the dipole associated with a
tex particle of radiusa trapped at the air/water interfac
and uniformly coated with sulfonic acid groups (surfa
densityQp). As shown by Pieranski [8], if the beads a
partially immersed in the aqueous subphase, the ioniza
groups will be dissociated only on the submerged s
tion of the bead, resulting in an asymmetric charge dis
bution. Together with the counterions, this gives rise
an electric double layer and hence to an effective mac
scopic dipole $mp oriented normal to the water surface
and of orderpa2QpelD. HerelD is the Debye screen
ing lengthøs3 Ådy

p
csalt, wherecsalt is the salt concen-

tration in molyl.
The energy acquired by the dipolar probe is given

the scalar product between the field$Esrd and the dipole
$mp, Wdsrd  $mp ? $Esrd. Since $mp is perpendicular to
the interface, the interaction energyWd depends only on
the vertical component of the electric field as expressed
Eq. (1).

The particle velocityysrd in the plane of the interface
is obtained by balancing the dipolar forceFdsrd 
2R21dWdsrdydr with the viscous force3phay [9].
The prefactor3p comes from the boundary conditions o
the Navier-Stokes equation for half-immersed beads [1
while h is the subphase viscositysh  1022 P for water).
© 1996 The American Physical Society 455
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This yields

ysrd 
2

3pha

mpmd

4p´´0

1
R2

3

"
1

r2s1 1 r2d1y2

2
1

sr 1 2d2f1 1 sr 1 2d2g1y2

#
.

(2)

Since y  Rdrydt, Eq. (2) is a differential equation
whose integral will be used to determinerstd. The energy
Wdsrd can be calculated by using the literature values
the various parameters. The dielectric constant of wa
is ´ ø 7 near the air/water boundary [11]. For carboxyl
acids the perpendicular molecular dipole is equal
20.15 D (pointing upwards) on an aqueous subphase
pH 2 [12]. Since the molecular cross section in the L
phase is 20 Å2, this yields md  27.5 3 1023 DyÅ2.
For the polystyrene (PS) spheres commercially availa
the surface charge densityQp corresponds to one charg
per 300 6 100 Å2. For a bead of radius1.4 mm, the
estimated particle dipole moment is thereforemp  3 3

109 D (pointing towards the water) takinglD ø 30 Å
for the acidified (1022M HCl) subphase. Figures 1(a
and 1(b) display the calculated dipole-dipole energyWd

and probe velocityy vs the distancer for three typical
domain radii: 10, 25, and50 mm. We note that the
interaction is attractive over the whole range of separat
distances, consistent with the fact that the dipoles of
bead and the LC domain have opposite orientations,
that Wd markedly exceedskBT up to distancer ø 3R.
The velocity can be described by simple power laws in
limit of very small and very larger, respectively. In the
first case, the domain is equivalent to a semi-infinite w
and the velocity is proportional to1yr2. In the second
case, both the bead and the domain behave like p
dipoles and the velocity decays as1yr4. At intermediate
distances, there is a smooth crossover between those
power laws. Line segments with slopes22 and 24 are
shown in Fig. 1(b) (log-log plot). We also observe th
the calculated sphere velocities are in the range 0.1
20 mmys, which is well within the capabilities of ou
optical detection.

The PS latex beads were purchased from Sigma
the form of aqueous solutions stabilized by surfacta
and were extensively dialyzed against pure water j
before use. Their contact angle with water was obser
to be between 90± and 120±. Langmuir monolayers of
pentadecanoic acid were spread on ultrapure wate
pH 2 at an area per molecule of40 Å2, corresponding
to the homogeneous LE phase [13] and to a surf
pressure of 1 mNym. A few droplets of the dilute
bead suspension were then deposited at the inter
and the monolayer was subsequently compressed u
LC domains of size10–50 mm were nucleated. The
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FIG. 1. (a) Calculated dipole-dipole interaction energy
separation distance between a particle of radiusa  1.4 mm
bearing a dipolemp  3 3 108 D and a square LC domain
of side length 2R: (dashed line)R  10 mm, (solid line)
R  50 mm with a dipolar densitymd  20.75 Dy100 Å2.
(b) Log-log plot of the calculated bead velocityy as a function
of the distancer.

monolayer was visualized by epifluorescence microsco
using a metallurgical microscope equipped with a403

objective and a video camera. The monolayer was do
with 1% of NBD-HDA (from Molecular Probes) as
fluorescent markers. Preferential partitioning of the d
between the LE and LC regions makes the LC doma
appear as dark disks in a background of bright LE pha
The spheres in the monolayer were detected as br
dots floating at the air-water interface and at rando
positions with respect to the LC domains. Their positio
were recorded on a videotape and the sequences w
later analyzed with an image analysis software. Care
elimination of convective flows [6(b)] leads to spatial an
temporal resolutions of1.5 mm and 0.05 s, respectively.

Figure 2 shows three snapshots, taken at succes
times, of a1.4 mm radius bead interacting with an isolate
LC domain of22.5 mm in radius. Since the images wer
taken at decreasing intervals, one can see that the sp
is moving towards the LC domain at accelerated speed
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FIG. 2. Snapshots of a1.4 mm polystyrene bead (white dot
approaching a LC domain of pentadecanoic acid (dark di
in a Langmuir monolayer on an aqueous subphase ofpH 2.
Scale bar is50 mm and domain radius is22.5 mm. The origin
of time t  0 is the time at which contact is established. Aft
contact the bead stays trapped at the LE-LC boundary. It
later serve as an attachment point for a second LC domain (
for instance, the two domains at the bottom of the image).

it gets closer to the domain. It takes 33 s to move from
to 16 mm and 4 s only to move from 16mm to contact.
After contact, the bead remains trapped at the LE/
interface. On the other hand, no attraction is detected,
the bead appears immobile if the bead-to-domain dista
is larger than100 mm. It is therefore always possible t
select a bead which interacts with a single domain, wh
greatly simplifies the experiment. We have also verifi
by triangulation that the LC domains keep their relati
positions during the bead displacement.

Figure 3 displays typical time evolutions of the positio
of a 1.4 mm bead interacting with a25 mm radius LC
domain. In each case the collection of data points com
from the video analysis of three independent even
Curves A and B correspond to pure and salted (0.2M
NaCl) water subphase, respectively. CurveC corresponds
to a particular case in which the bead is a 1.4mm
carboxylate-modified latex (CML) particle bearing n
electrical surface charges. Several points are immedia
apparent: (i) attraction between the charged bead
the LC domains is felt at large distances (20–30mm);
(ii) the velocity y  drydt increases as the bead com
closer to the domain and reaches its maximum va
(up to 10 mmys); (iii) attraction is considerably less in
the presence of the monovalent salt and is nonexis
for uncharged beads, even over the longest experime
times (several minutes) and for distances as small
3 mm from the boundary. All these observations a
consistent with an electrostatic interaction between the
domain and the charged sphere. The solid lines are
fits to the data points obtained by numerically integrati
Eq. (2) where the bead is considered as a point dip
[14] and the domain as an array of dipoles. The be
dipole momentmp is the only adjustable parameter, sin
the other parameters of Eq. (2),md, ´, andh, are known
from the literature. Themp values derived from the fit
are found to be3.1 3 108 and0.7 3 108 D for curvesA
and B, respectively, and are in excellent agreement w
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FIG. 3. Influence of the screening conditions on the displa
ment of a1.4 mm bead interacting with a LC domain of radiu
25 mm. CurvesA and B correspond to a polystyrene bea
on an acidifiedspH 2d aqueous subphase, with no added s
and 0.2M NaCl salt, respectively. CurveC corresponds to a
carboxylate-modified bead, bearing no surface charges.
solid lines are best fits by the functionrstd obtained by inte-
grating Eq. (2) and taking the bead dipole momentmp as the
only adjustable parameter. A typical error bar in the bead p
sition is shown on curveB.

the calculated valuemp  pa2QpelD, taking the Debye
lengthslD equal to 30 and 7 Å in pure and salted wate
respectively.

The excellent agreement between the experimen
points of the bead velocities and the predictions of t
dipolar model has encouraged us to try and calculate
interfacial electric field surrounding the LC domains. In
deed we know that the velocity of the bead is propo
tional to the local electric field gradient. Therefore a sim
ple integration of the velocity-distance curve yields th
local field at each point on the bead trajectory. The
are several ways to achieve this integration; here we h
selected a cubic spline operation followed by a nume
cal integration because it provides a direct knowledge
the electric field without anya priori assumption of its
spatial dependence. Figure 4 gives the calculated va
for the interfacial electric fields generated by a LC d
main of 25 mm radius as a function of the distance
the edge of the domain (between 0 and20 mm). Each
data point was derived from the position versus time me
surements of Figs. 3(a) and 3(b). Because of the circu
symmetry of the system, a polar plot is sufficient to g
the complete map. The absolute values of the elec
field have been derived assuming half-immersed bead
radiusa  1.4 mm and the nominal surface charge de
sity Qp  s300 Å2d21. We observe that the electric field
varies from 0 to about 30 Vycm, with a rapid increase
457
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FIG. 4. Interfacial electric field created by a LC domain
radius R  25 mm vs distance. The open and full circle
are the electric field values deduced from the bead velo
measurements on the salted and pure water [respectiv
Figs. 3(a) and 3(b)], according to a numerical integrati
of Eq. (2): t 

Rr
0 dryysrd. It is important to note that

these values are model independent. The solid line is dra
according to Eq. (1).

at distances shorter than5 mm. The solid line is the
curve drawn using Eq. (1) for the distance dependen
It agrees extremely well with the values calculated fro
the velocity data, thus proving the validity of this hydro
dynamic method to measure the electric fields. We
serve that theE field generated by the LC domain on th
pure and the salted subphase, respectively, are quite
ilar, even though the velocities at any given distance
markedly different. This result, which suggests that t
electric field is not significantly screened by the counte
ons of the subphase, is by no means trivial and indica
that the molecular dipoles of the pentadecanoic acid
not in intimate contact with the water subphase. This w
be discussed in more details in a forthcoming paper.

Our results give evidence that two-dimensional elect
fields distributions in molecularly thin fluid systems ca
be deduced from velocity measurements of floating la
particles of micron size and bearing ionizable groups.
the particular case of Langmuir monolayers we have sho
that the measurements are in quantitative agreement
the dipolar field generated by the excess surface cha
densities contained within the LC domains. The values
the measured electric fields are in the range1–102 Vycm.

The method is exceptionally sensitive. Bead velocit
of 0.1 mmys, which are easily detectable by optic
microscopy, correspond to forces of the order of10215 N.
By comparison, force measurements using atomic fo
microscopy are currently limited to10211 N [15]. The
bottom line of our hydrodynamic approach is that t
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work W dissipated in the process must be larger th
kBT . Therefore weak forcesF have to be applied over
sufficiently long distancesl to ensure thatW  Fl . kT ;
however, this puts no restriction on the absolute value
the forces that can be measured. The field distributio
around proteins bearing typically 1000 electrical charg
in biological membranes should be within experiment
reach.
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