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Optical trapping of particles at the air/water interface for studies
in Langmuir monolayers

A. Gutiérrez-Campos and R. Castillo
Instituto de Fsica, Universidad Nacional A@homa de Nxico,
P.O. Box 20-264, Mexico, 01000 D.F.

Recibido el 7 de abril de 2010; aceptado el 8 de junio de 2010

Optical experimental devices allow to observe and manipulate several micron-sized objects, for instance, condensed phase domains forme
in Langmuir monolayers at the air/water interface. In this paper, an experimental instrument designed to trap and manipulate those domain:s
is presented. This instrument consists of optical tweezers, colloidal beads as handles and Brewster angle microscopy (BAM) to observe the
trapped domains. With this instrument it was possible to trap and observe small doiain8{ .m) of nervonic acid monolayers.
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Los dispositivos experimentalépticos permiten observar y manipular diversos objetos de escalas rjicaEccomo, por ejemplo, domin-
ios de fases condensadas formados en monocapas de Langmuir en la intercara aire/agua. EEnleste presenta un instrumento experi-
mental diséado para atrapar y manipular dichos dominios utilizando piogtsas, microesferas coloidales como sujetadores y micrascop
de angulo de Brewster (MAB) para observarlos. Con este instrumento fue posible atrapar y observar dominfossg@ue30 pm) de
monocapas dacido nerdnico.

Descriptores:Atrapamientadptico; pinzapticas; monocapas de Langmuir.

PACS: 87.80.Cc; 82.70.Dd

1. Introduction scales? — 500 zm). BAM is a noninvasive optical technique
that is quite sensible for observing very fine details during
An 0ptica| tweezer is an instrument that uses a t|ght|y fo-phase tranSfOfmationS, anditis prObably the best suited to be
cused laser beam to provide an intensity gradient to physiused in direct observations during monolayer compression or
cally hold and move microscopic dielectric objects. Opticale€xpansion. BAM is based on the study of the reflected light
tweezers are invaluable tools to study a wide variety of syscoming from an interface illuminated at the Brewster angle,
tems [1]. When a microsphere is attached to a structure d?y @ p-polarized laser beam. When the angle of incidence of
|a|’ger size they both can be manipu|ated by On|y trappindhis beam is at the Brewster angle, the reflected intenSity is
the microsphere with the tweezers. For instance, domaing minimum for a real interface, which has a transition region
formed during the growth of condensed phases into |iquithere the refractive index changes smoothly from one value
phases in Langmuir mono|ayer5, are good examp|es of Struéo another. The reflected intenSity at this angle is Strongly de-
tures that can be studied with this technique. Spherical bead¥ndent on the interfacial properties, mostly when a mono-
have been used by just one group as handles to Study Lanbﬁyer is involved in the interface. The reﬂeCtiVity has three

muir monolayers domains [2-4]. origins:

Amphiphilic molecules that are nearly insoluble in wa- (a) the thickness of the interface;
ter can form Langmuir monolayers (LMs) at the air/water () the roughness of the real interface due to thermal fluc-
interface, which are macroscopic systems (formed by tuations:
~ 10'> molecules) with the only particular property of be-
ing one-molecule thick. The most common way to study
LMs has been through measurements of the pressure-ar&eflected light is a function of the orientation of the
isotherms,II(A,T) = ~o(T) — v(A,T), whereT is the  molecules in monolayer domains. In tilted phases, the
temperature A is the area per molecule, andand~, are  anisotropy is relatively strong producing enough light reflec-
the surface tensions of the monolayer and of pure water, raion to make quite visible the mosaic of textures due to tilted
spectively [5]. In the last 20 years, new experimental techdomains in different directions. In untilted phases with rect-
nigues have revealed that many of the singularities observeghgular lattice symmetry, textures are also visible, but with
in surface pressure-area isotherms, since the works of Stemuch less contrast. On the other hand, multilayer structures
hagen [6] and Ludquist [7,8], are due to phase changes, whereflect very large quantities of light as compared with mono-
each phase can be described in terms of four order paramkyers.
ters [9]. In particular, one of the techniques that has been Recently, a study of how patterns formed by monolayer
developed to study monolayer organization is the Brewstedomains of a stable phase, usually solid or liquid condensed
angle microscopy (BAM) [10, 11]. It provides information (LC); propagate into a metastable one, usually liquid ex-
about homogeneity, texture, structure, and dynamics at largeanded (LE), has been presented [5,12,13]. During this prop-

(c) the anisotropy of the monolayer.
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agation, the line interface between the two phases moves as Although theories behind optical tweezers are still in
the metastable phase is transformed into the more stable orgrogress, the basic principles are straightforward for objects
The line interface becomes unstable and forms patterns beither much smaller, or much larger, than the wavelength of
cause of the competition between a chemical potential grathe incident beam. Small objects develop an electric dipole
dient that destabilizes the interface, on the one hand anchoment as a response to the light's electric field, which, usu-
line tension that stabilizes the interface, on the other handally has intensity gradients in the electric field toward the fo-
The further the system is out of equilibrium, the faster thecus. Larger objects behave as lenses, refracting the optical
metastable phase will turn into the stabler phase and, conseays and redirecting the momentum of their photons [1, 14].
guently, the faster the interface will propagate. The compeTherefore, two regimes can be distinguished. In both cases,
tition between effects that stabilize and destabilize the linghe optical forces involved can be divided into two groups:

interface gives rise to characteristic length scales of growing (i) the forces arising from scattering of the incident beam
domains which determine, together with the anisotropy, the and '

overall shape and symmetry of the domains. This kind of . - . . .
studies have motivated our group to design and assemble an(”) the forces arising from an intensity gradient [15].
optical tweezer to help in the manipulation of domains during2
their growth which, in turn, can be controlled experimentally.
It is possible to deposit, together with the monolayer, mi-
crospheres with an index of refraction higher than that of than cases where the diameter of the trapped particle is much
surrounding medium. During monolayer compression, thesemaller than the wavelength of the beamthe conditions
microspheres become nucleation centers, staying attachedfior Rayleigh scattering are satisfied and the particle can be
the domains. On this way, it is possible to manipulate bothtreated as a point dipole in an inhomogenous electromagnetic
the microsphere and the domain, using optical tweezers. Rdield [16]. In this case, the scattering force is due to absorp-
cently, Th. M. Fischeet al.[2] have developed a novel tech- tion and reradiation of light by a dipole. For a spherical par-
nique to manipulate Langmuir monolayer domains with opti-ticle, this force is in the same direction of propagation of the
cal tweezers in combination with BAM and fluorescence mi-incident light, and proportional to its intensity. This means
croscopy. With this technique they achieved thermal and methat the incident light pushes the particle in the direction of
chanical micromanipulation of monolayers using silica andpropagation of the beam [17, 18].
polyethylene (PE) microspheres. They also measured the line
tension of liquid expanded/gas-phase boundary of methyl oc- LASER BEAM
tadecanoate Langmuir monolayers by deforming the bound-
ary with the tweezers [3], or, by observing a fixed domain
deformed by the hydrodynamic flow of the surroundings [4].
In this paper, an instrument to study Langmuir mono-
layers based on optical tweezers combined with BAM is
reported. The lens objective to form the tweezers is not _ |
immersed in the subphase as in previous designs [2-4].
This instrument allows to trap microspheres deposited at the GRADIENT \

1. Small objects regime: electromagnetic field approx-
imation

air/water interface and, at the same time, monolayers de- fFoRecE
posited together with the microspheres can be observed. The
principles of optical trapping are briefly reviewed in Sec. 2.

In the subsequent Sections, a detailed description of the ex: B
perimental setup, with examples showing trapped nervonic ,/———f* =

PARTICLE
acid domains, are presented. - —~m
| A
r—-—_—-——...*

L . . ! A
2. Principles of optical trapping ‘s
An optical tweezer is an optical trap that uses the forces pro- |
duced by a sharply focused beam to manipulate objects, withge AT TERING . : ;
size ranging from~ 10 nm to~ 10 um, and with index of FORCE
refraction higher than that of the surrounding medium. Usu- OPTICAL
ally, a microscope objective of high numerical aperture (NA) AXIS

is used to concentrate the incident light in a small diffraction-gigure 1. In the electromagnetic approximation the particles
limited spot. If the incident beam overfills the objective en- are drawn toward the beam focus by virtue of the gradient force,

trance pupil by using, for instance, a beam expander, the sp@ihereas the scattering force tends to move the particles along the
will be smaller. optical axis. Adapted image from Ref. 14.
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FIGURE 2. Ray optics to represent the gradient force: (a) gradient
intensity increasing from left to right, and (b) radial intensity gra-
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spherical particle, it can be shown that the extreme rays con-
tribute the most to the axial gradient force, and the central
rays are mainly responsible for the scattering force. It can
also be shown that the stable trapping point is located just
below the focus for a beam directed downwards. In Fig. 2
two light intensity profiles are shown. In (a), a sphere is il-
luminated by a beam with an intensity gradient increasing
from left to right. The two refracted rays shown in the image
have different intensities. The sphere experiences a momen-
tum change represented by the two vectors pointing outwards
from its center. The effect of this intensity gradient on the
particle is a net displacement toward the right and slightly
down. The particle is not trapped. In (b) a radial intensity
gradient is represented. In this case, the sphere is trapped in
three dimensions by virtue of the configuration of the incident
beam.

dient. In the latter case the optical trap is stable. Adapted image3- EXpe“mental technlques

from Ref. 17.

In this section, the techniques and instruments used to as-
sembly the complete experimental setup to trap monolayer

On the other hand, the gradient force is a consequence gfomains with the optical tweezers are described.

the fact that a dipole in an inhomogeneous electromagnetic
field experiences a force in the direction of the field gradi-

ent [16]. In optical tweezers, the incident beam induces fluc-
tuating dipoles in dielectric particles, and the gradient trap-
ping force arises when these dipoles interact with the inho-
mogeneous electromagnetic field [17]. In this case, the gra-
dient force is proportional to the intensity gradient and points

in the same direction as the gradient when the index of re-
fraction of the particle is higher than that of the surrounding

medium [17,18].

The scattering force acts in the same direction as the
beam, whereas the gradient force acts toward the beam fo-
cus. It is straightforward to note that for a beam directed
downwards the stable trapping point is located below the fo-
cus. Therefore, for a stable three-dimensional trap, it is nec-
essary that the gradient force exceeds the magnitude of the
scattering force [18]. In Fig. 1, scattering and gradient forces
are shown.

2.2. Large objects regime: ray optics approximation

When the trapped particles are much larger than the wave-
length of the incident beam, the forces can be calculated from
ray optics. The incident light is refracted by the particle, and
the momentum carried by the light changes. By Newton’s
third law, an equal and opposite momentum change on the
sphere ensues. Thus, the force acting on the sphere is propor-
tional to the intensity of the light. If the index of refraction
of the particle is higher than that of the surrounding medium,
the optical force coming from refraction is in the intensity
gradient direction. On the contrary, if the index is smaller
than that of the medium, the force is in the opposite direction
of the intensity gradient [17, 18]. From ray optics, and for a

Optical system To form the optical tweezers,
a microscope objective00x (Mitutoyo M plan APO,
NA 0.7, working distance o6 mm) was used. The op-
tical trap was created from a single beam of laser light
at wavelengthh = 514.5 nm provided by an Ar laser
(Stabilite 2017, Spectra Physics, U.S.A.). A beam ex-
pander (model 09 LBZ 001 Melles Griot, U.S.A.) was
used to fill the back aperture of the microscope objec-
tive. To illuminate the beads to be trapped, a fiber
optic illuminator (Cole-Parmer model EW-09790-00,
U.S.A) of cold white light was used. Additionally, a
special set of lenses and mirrors used to manipulate
the tweezers was mounted. To observe the trapped
particles at the air/water interface a Modular Magni-
fication System (Edmund models 55-908 MMS R4,
and MMS OBJ-7 55-901, U.S.A.) was connected to
a video camera (High Performance Vidicon Camera,
modelo C2400-01, Hamamatsu, Japan). The camera
was connected to a monitor (Sony Trinitron model
SSM-14N5U, Japan), and to a video recorder (Mit-
subishi VHS Hi-Fi model HS-U48, Japan).

Beam waist measurementsTo measure the
laser beam waist a photosensor (model H5784-04,
Hamamatsu, Japan) was used. Perpendicular to the
laser beam, a knife-edge was placed on a XY microp-
ositioner.

Isolation system The experiment was placed
on an optical table (model 13811, Oriel Corporation,
U.S.A)), to avoid external vibrations, and to keep the
optical system aligned. Additionally, the experiment
was put inside of @ m? plastic box to avoid undesired
air convection.
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Langmuir trough . Arectangular NIMA trough 9.00 and2.00 um (Bangs Laboratories, Inc., U.S.A.),
(601 M, Nima Technology Ltd., England) made of were usedq.9 and10 wt% solids, respectively). These
PTFE, with a working area starting at 84 tnwas beads were cleaned with— 10 times centrifugation-
used. The trough is supplied with a sapphire UV- sonication cycles in ethanol. The size of the beads
Visible transmission window for inverted microscopy ranges between.00 and9.00 um in diameter. There-
where the laser beam that forms the tweezers enters fore, the ray optics approximation explained above
with the aid of the high numerical aperture microscope may be used to describe the forces exerted by the
objective. The temperature difference between the sur- tweezers.

roundings defined by the air inside the box and the
trough was at most°L. A Wilhelmy plate was used to 4. Beam waist measurement
measure the lateral pressufg, and temperature was

kept constant with the aid of a water circulator bath gefore setting up the tweezers, measurements of the beam
(Cole-Parmer 1268-14 U.S.A.). All experiments wereajst, after the light has passed through the microscope ob-
carried out in a clean-room lab. jective, were performed. The original laser beam is Gaussian,
and it preserves its shape after passing through the objective
(see, forinstance, Ref. 19). A beam with such a characteristic
has an intensity distribution described by a Gaussian function
depending on the beam propagation directipmnd on the
radial distance,

Amphiphiles. Nervonic acid (NA) & 99%)
was obtained from Sigma Aldrich Inc. (MO, U.S.A)).
It was used without further purification.

Monolayer. Measurements of the pressure-area
isotherms were performed spreading the amphiphiles Wo 2p2
in solution onto a subphase made of ultrapure wa- I(p,z) = Io [W(z)} exp (WQ(Z)>, (1)
ter (Nanopure-UV,18.3 M{2, U.S.A.) in a Langmuir
trough.T is the temperatured is the area/molecule, ~ wherelV (z) is the beam radius (or the beam width). It as-
and-, are the surface tensions of the monolayer and ofumes its minimum valu#/, in the planez = 0, called the
the uncovered subphase, respectively. The spreadirgeam waist. Thusl/, is the waist radius. In that region the
solution was made with chloroform (HPLC, Aldrich, wavefronts are nearly flat and they become spherical away
U.S.A.) at a concentration afmg/mL. The NA mono-  from the waist.I/; is a function of the laser wavelength. If
layers were worked at pH.7 — 5.8. After a waiting ~ the beam waistV(z) = Wy, is located at = 0 the intensity
time (15 — 20 minutes) for allowing evaporation of the is given by [20, 21]
solvent coming from the spreading solution, the mono- . < 2(a? + y2)>

2P,

layer was slowly compressed. I(z,y) = e Xp e (2)

BAM. The growth of domains was observed
with an EIi2000 imaging ellipsometer (Nanofilm
Technologie GmbH, Germany) in the BAM mode (spa-
tial resolution of~ 2 um). When the monolayer
moved slowly, this instrument allowed us to get ob-
servations with the whole field of view in focus, due to

its movable objective lens.

wherep = /xz2 4+ y2. The method to determine the beam
waist consists of the measurement of the power past a knife-
edge which is slowly inserted in the beam, as shown in Fig. 3.
This is perpendicular to the direction of propagation of the
beam. The poweP transmitted past the knife-edge blocking
off all points for whichz < a (see inset in Fig. 3) is given
by [21]

Microspheres Silica beads (with silanol oo o0
(SiOH) sqrface groups) were purchased from Bangs pP— / /I(a:,y) dody = &erfc <a\/§> . (3)
Laboratories, Inc. (U.S.A.) with a mean diameter 2 Wo
of 2.47 um (10 wt%, solids). The density of the e
microspheres i2.0 g/cn?, avoiding flotation on the whereP, is a constant, and erfgis the complementary error
subphase. However, if beads are treated With 10  function [20]. If power is measured for different positions of
times centrifugation-sonication cycles in a chloroform- the knife-edge, it is possible to plét as a function of:, and
ethanol mixture, they end up hydrophobized, allowingtherefore, one can obtali, through Eq. (3).
them to float on the air/water interface. Awt% With the experimental set up shown in Fig. 3, the volt-
bead suspension in a1 chloroform-ethanol mixture age (which is proportional to the power) of the beam past
was prepared. 8@L of this suspension were mixed the microscope objective was measured. The knife-edge was
with 5 mL of the monolayer spreading solution. This placed on a XY micropositioner. The voltage was measured
new suspension is the actual spreading solution to dewith a photosensor. In Fig. 4, plots of voltage as a func-
posit amphiphiles and microspheres at the same timéon of the knife-edge position are shown. The experimental
on the air/water interface. To test the optical tweez-data (squares) were obtained by inserting the knife-edge in
ers, polystyrene microspheres, with mean diameters ahe beam past the objective. The solid line is the fitted curve
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using Eq. (3). The inset shows a similar plot for the beamb. Experimental setup
before the microscope objective. On average, the beam waist

past the objective i56 + 7 um, whereas the beam waist be- In this section, the experimental details of the instrument
fore the objective i$.6 & 0.086 mm. (tweezers, trough and BAM) assembly will be described.

5.1. Optical tweezers

The basic optical components to assembly the tweezers are:
a trapping laser and a microscope objective as described en
Sec. 3. Itis also convenient to use an afocal telescope to ma-
nipulate the beam. The microscope objective has two func-

tions:

(i) itis the most important element of the tweezers, since
it determines the overall efficiency of the optical trap-
ping system. Due to its high magnification and numer-
ical aperture, one can obtain a small diffraction-limited
spot.

FIGURE 3. Experimental setup to measure the beam waist: (a) ..
laser, (b) beam, (c) microscope objective, (d) knife-edge, (e) XY (ii)
micropositioner, (f) photosensor. Inset: semi-infinite plane, placed

atx = a, representing the knife-edge. The laser beam is along the . L .
Since the objective is apochromatic, the tweezers are more

It forms a real, inverted imagB)0 times magnified in
the focal plane.

= s efficient. The incident laser beam has to overfill the back
8 aperture of the objective lens as a requirement to obtain the
E [ o smallest possible focused spot, and therefore, steeper inten-
@ 74 § o0 1 sity gradient; a beam expander was used.
g 15 30| —Fiiedcune The afocal telescope [22] is an optical array consisting
> 8q¢ 5 ] of two converging lenses and a beam steering mirror to ma-
51 . ] nipulate the trapped object. This system has to produce a
l l collimated laser beam which is always centred on the back
4 T T a5 6 F . aperture of the objective lens. An angular displacement about
RNEREREEFORNIE ) the beam center will produce a lateral displacement of the fo-
1 ] cused spot in the sample plane [18]. In Fig. 5 an afocal tele-
2_' Spot size: 49.28 +0.084 um i scope diagram is shown. It is formed with two converging
= Experimental data ] lenses with focal distancg and a beam steering mirror: the
14 Fitted curve . collimated laser beam incides at some amigipon the mirror
0 1 . . 5 . 1 located at a distancg from the first lens. Past the first lens,
) LS I L 1 g

the reflected beam focuses in the focal plane located halfway
between the two lenses. The two lensesZf@part. From
RRIFE-EDGEPOSITIIN. i) this plane, the beam diverges toward the second lens, where
FIGURE 4. Voltage vs knife-edge position. The knife was placed the beam emerges parallel. At a distarfcom this lens,
at the objective working distancee. the focal plane. The squares  the beam center hits the optical axis, where the back pupil of
gorrespond to _the experimental points, whereas the solit_j line is thgne objective is found. So, if the beam is moved through the
fitted curve using Eq. (3). The inset shows the same kind of plot i the back pupil will be still overfilled. In front of the
for the beam before the objective. - . . .
objective, the beam will emerge slightly deviated from the
optical axis. This deviation can be controlled on a microm-
eter scale with a kinematic optic mount. Two plano-convex
LENS2 MICROSCOPE lenses withf = 150 mm were used.
i OBJECTIVE The laser beam trajectory can be modified if different op-
tical components are inserted, for instance, between the sec-
ond lens and the objective, as shown in Fig. 6. A dichroic
mirror, reflecting the laser wavelength 4i°, and transmit-
f f ting the rest, was used. Thus, the laser beam is reflected in the
FIGURE 5. Afocal telescope formed with two converging lenses of dichroic mirror (DM1), then it enters the microscope objec-
focal distancef and a beam steering mirror. This system is used to tive and forms the tweezeésmm above the objective, where
manipulate the trapped objects. Adapted image from Ref. 18. the sample plane is located. In that plane, part of the light is

% ! ¥ T Y T
660 665 6.70 6.75 6.80 685 6.90

Rev. Mex. . 56 (4) (2010) 339-347



344 A. GUTIERREZ-CAMPOS AND R. CASTILLO

ILLUMINATION

|1 SAMPLE

4
| |

MICROSCOPE

TELESCOPE OBJECTIVE

FIGURE 6. Optical tweezers diagram. An infinity corrected micro-
scope objective was used.

FIGURE 8. Images of a cluster 09.00 pm polystyrene beads

T LANGMUIR . . - . ) .

. | MICROSCOPE TROUGH trapped with the tweezers, in an air/water interface in a Langmuir

OBJECTIVE trough, observed with the tweezers video camera at (&) 0 s,
(b)t =32s,(c)t =96s,and (dy = 140 s.

«“"fim%»m:%%m.::mwnnﬁ = ; i
» Yoz | VIDEO CAMERA

FIGURE 7. Experimental setup diagram. The Langmuir trough was
resting on an aluminum table (not shown) to place it just above the
microscope objective. In front of the BAM objective the narrow
bandpass interference filter was placed.

transmitted and part reflected. The latter is reflected once
again by mirror DM1, wher®0% of this light returns in di-
rection of the telescope. The remainih@o is transmitted
through DM1 and is blocked with another dichroic mirror
(DM2) and with a dichroic filter (DF). Thus, the light coming
from the tweezers is almost totally blocked before arriving to
the video camera used to observe the trapped particles.

On the other hand, itis necessary to use an additional illu-
mination source to observe the trapped particles. This has tq
be placed above the sample, as shown in Fig. 6. In this case
a cold white light was used. This lamp does not cause an im-
portant warming of the sample. The light coming from the
illumination system travels to the video camera after being
filtered by two dichroic mirrors (DM1 and DM2) and a filter
(DF). The video camera was coupled to a modular magnifi-
cation system, as described in Sec. 3, to obtain an additional
magnification and an infinity-corrected system. To determing-;gyre 9. BAM images of a cluster of polystyrene beads
the magnification of the complete system, a calibration grid9.00 nm) trapped with the tweezers in an air/water interface on
located on the sample plane was used. The measured magaitangmuir trough at: (a) = 0's, (b)t = 10's, (c)t = 20s, y
fication was found to be- 4000 x. (d)t = 30 s. The horizontal full width ig60 pm, for each image.
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FIGURE 11. BAM images of a silica microsphere trapped. When a
gdomain is near the microsphere, they interact. The domain rotates
about the trapping point due to the monolayer flow. The images

were taken each s. Horizontal full width245um, for each image.

FIGURE 10. BAM images of a silica bead, attached to a nervonic
acid domain, captured by the optical twezers in the place pointe
by the arrow. Images were taken edch8 s. Horizontal full width
245 pm, for each image.

To test the optical tweezers, a cell consisting of two5.2. Langmuir trough and BAM mounting
glass cover slips, glued to each side with M{@afpolyethy-
lene tereftalate) spacers, was used. The cell was filledo couple the Langmuir trough with the optical system de-
with polystyrene beads2(00um diameter) in suspension scribed above, a height adjustable aluminum table, with a
(0.1 wt%) of ultrapure water. A Z micropositioner was used hole in the center, was used. With this table it was possi-
to move vertically the cell to determine that the trapping pointble to place the trough’s transmission window just above the
is located80m above the focus. The laser power required tomicroscope objective. Then, the BAM was placed above the
trap these microspheresis 40 mW. The maximum lateral trough to observe the air/water interface. The complete ex-
displacement of the tweezers, that can be obtained with theerimental setup is shown in Fig. 7.
beam steering mirror, was found to be50m. The light coming form the laser beam is partially trans-
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mitted at the air/water interface, and it is detected by the Another possibility, is to trap one of the microspheres dis-

BAM objective. This light excess coming from the tweez- persed in the LE phase, and to wait for the moment when an
ers avoids the interface observation, and therefore, a narroimteraction of a domain with the microsphere takes place, as
bandpass interference filter (FWHBInm) centered on the shown in Fig. 11. In this case, four successive images were
BAM laser wavelength432 nm) was required, so the light taken eaclé s. Notice that the microsphere is located in the

detected by the BAM objective comes from the BAM itself space between two arms of the domain. It rotates by virtue of
and not from the optical tweezers. the monolayer flow and the interaction between domains. Fi-
nally, the domain is dragged away from the optical tweezers

6. Results and discussion (not shown).

Once the experimental setup was mounted, the optical tweez-
ers were tested with polystyrene beadl®@ um diameter). 7. Concluding remarks
The beads were deposited on an air/water surface of ultrapure
water, at pH5.7 and at room temperatur@2°C). In these A technique, based on optical tweezers, to trap colloidal par-
conditions, a cluster of beads was trapped with the tweezerdicles at the air/water interface which interact with phase con-
with a laser power 0500 mW. In Fig. 8 four successive im- densed domains of Langmuir monolayers was developed. Di-
ages acquired with the tweezers video camera are shown. A8Ct observation of the monolayers was made with a BAM. To
time elapses fromt = 0 s tot = 140 s, the cluster rotates trap the domains, their size has to range betvi®en30 nm,
about the trapping point. otherwise the tweezers are not strong enough to trap them. It
The trapped particles can be observed with the BAM atvas also noticed that interaction between other not trapped
the air/water interface. In this case, the tweezers and thdomains, may cause the trapped domain to be detached from
BAM field of view alignment is critical. In Fig. 9, four the tweezers, so it would be convenient to trap isolated do-
successive BAM images of a cluster of polystyrene bead&ains. The laser power should be as low as possible, since it
(9.00 um) trapped with the tweezers are shown. The arrowdvas observed that for powers 800 mW, the microspheres
indicate the tweezers position. Here, it is easy to see howre warmed up to the point to melt the LC domains, and it
particles not trapped are moving with respect to the trappe§€ems as they are “erased” with the microsphere. The laser
cluster. In this case, the subphase pH.i at room temper- Power should range betwedf0 — 600 mW for a good trap.
atureT = 22°C, and a laser powel00 mW. Finally, it should be mentioned that this technique, ap-
With the experimental setup described, a nervonic acidarently, may have further applications to studies in mono-
monolayer mixed with silica bead8.47 »m) was deposited layers, such as to perform viscosity measurements, or studies
onto an air/water interface. The subphase pH Wasand in dipolar interactions. On the other hand, it can be used to
at room temperatur@ = 22°C. The monolayer was com- study the dynamics of Janus particles at the air/water inter-
pressed at relatively low speegior? /min). At this tempera- faceT [23]. However, it should be pointgd that it WO'LI|d be con-
ture, the nervonic acid monolayer shows a coexistence regioygnient to improve the tweezers, for instance, with a micro-
of liquid expanded (LE) and liquid condensed (LC) phasesSCope objective with a higher numerical aperture. This may
at lateral pressures of 3 mN/m [12]. Above this pressure, 9enerate a stronger optical trap. The experimental setup de-
LC domains, with sizes ranging betwe® — 500um, start scribed in this paper may be appropriate to study pattern for-
to grow. The silica microspheres are initially dispersed inmation in monolayers forming small domains, such as dioc-
the LE phase. As monolayer compression takes place, sont@decylamine, DMPE, or DPPC.
of these microspheres become nucleation centers for LC do-
mains, whereas the rest remains dispersed in the LE phasacknowledgment
To trap a single domain with the tweezers it is required to trap
one of the microspheres that have become a nucleation cefithe support from SEP-CONACYT (81081) and DGAPA-
ter. An example is shown in Fig. 10, where a small domainUNAM (112508) is gratefully acknowledged. We also thank
(~ 20 wpm) is trapped with the tweezers (see arrow). Fourto C. Garza and S. Ramos for their technical support in opti-
successive images were taken e@et® s. The surrounding cal alignment and monolayer development.
domains interact with the trapped domain up to the point of
detaching it from the optical tweezers (not shown).
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