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Using laser-induced photobleaching of a fluorescent tracer molecule, we study diffusion in f
standing smectic films as thin as two layers. For films four or more layers thick, the in-plane diffus
constant increases in agreement with a hydrodynamic theory outlined here. Two- and three-layer
show different behavior. [S0031-9007(97)04825-4]
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Stable, free-standing smectic-liquid-crystal films can
made from two to hundreds of layers thick and unifor
over a cm2. They are model systems for studying th
crossover between two- and three-dimensional pheno
ena. For many years, smectic films have been essenti
used to study liquid-crystal phases and phase transition
restricted geometry, looking at such issues as hexatic
termediate phases [1], surface freezing [2], heat capa
[3], and transition-temperature shifts [4]. More recentl
physicists have realized that many other interesting a
fundamental phenomena may be usefully explored in th
systems, including viscosity [5], surface tension [6–8
electroconvection [9], nonlinear vibrations [10], and d
fects [11].

In this paper, we present the first direct study of th
diffusion of a tracer molecule in free-standing films o
various thicknesses. We measure how the value of
vertically averaged, in-plane diffusion constant evolves
very thin films.

Diffusion constants of small Brownian particles in
fluid can be related to microscopic mobilities via the cel
brated argument of Einstein that considers the balance
tween impulses due to thermal fluctuations and respon
determined by hydrodynamic flow [12]. (In the simples
bulk calculation, the particle is a sphere and the flow giv
a Stokes force on the sphere.) Then, as we discuss be
the crossover between two- and three-dimensional dif
sion is calculated by considering the (enhanced) mobil
of a particle near a free surface. Because such argum
use hydrodynamics, which assumes that the tracer mo
cule is large compared to the surrounding fluid particl
and that the system is large in all dimensions compa
to the fluid particles, it is interesting to probe diffusion i
situations where these assumptions are not valid. Wh
the tracer particle is itself a molecule, the Stokes-Einste
formula still tends to be quite accurate [12]. But whe
the system size is confined along one or more directio
the situation is more subtle, as we shall see. Studies
micron-sized particles near walls [13] and in soap film
[14] show that hydrodynamic arguments can successfu
describe those cases. More recently, theoretical stud
based on mode-coupling models of self diffusion ne
solid surfaces suggest that hydrodynamic behavior sho
hold down to films that are four to five molecules thick
0031-9007y97y79(24)y4922(4)$10.00
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Here, we show that a hydrodynamical model, develope
below, is valid down toN ­ 4 layers thick, but that there
are surprises forN ­ 2 and 3.

The liquid-crystalline compound we used was40-n-
octyl-4-cyanobiphenyl (8CB) which has a smectic A
mesophase for temperatures ranging from22 to 33.4 ±C.
A fluorescent molecular tracer, 4-(4-dihexadecylamino
styryl)-N-methylpyridinium iodide (DIA), is dissolved in
the liquid crystal to saturation. (We use the maxima
concentration of dissolved DIA molecule in order to
maximize the fluorescence signal in very thin films
Measurements at lower concentration on thick films lea
to the same bulk value ofD.)

The smectic films are obtained by spreading a liquid
crystal droplet over a rigid square frame, whose area
64 mm2. The film is kept in an oven whose temperatur
is stabilized to60.1 ±C, to 28.4 ±C, 5 ±C below the bulk
smectic-nematic transition. The film stabilizes after abo
half an hour: Its thickness is then homogeneous over
entire surface, and there is no fluid flow. A carefully time
and shaped current pulse in a heating wire placed50 mm
below the film allows one to remove a single molecula
layer [15], as discussed in detail in Ref. [11]. In this
way, we could systematically reduce film thicknesses fro
about a hundred layers down to two, performing diffusio
measurements at desired thicknesses.

The films are observed, from above, in a reflectio
microscope equipped with three different light source
(Fig. 1). By measuring the film’s reflectivity at nor-
mal incidence as a function of wavelength, we coul
deduce the number of layersN [8]. The measure-
ment is unambiguous forN , 25 and to within2% for
thicker films.

Our measurement method for the diffusion consta
is an adaptation of the technique known as fluorescen
recovery after photobleaching (FRAP), which has bee
widely used in biophysics in the study of protein diffusion
in phospholipid bilayers [16]. The general principle o
the measurement is that an intense laser beam is used
photobleach (destroy) the fluorescence of tracer molecu
in a small region. A much weaker beam then monitor
the recovery of the signal as unbleached molecules diffu
into the bleached area, leading to the recovery of th
fluorescence signal.
© 1997 The American Physical Society
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FIG. 1. Experimental setup: (a) Thickness measurement.
Bleaching. (c) Observation of the fluorescent light.

Our implementation of FRAP differs from the classica
one of Axelrodet al. [16] in several ways. Like them, we
use laser light to bleach a spot in the film. We then, how
ever, monitor the optical image of the spot, as illuminate
weakly by a halogen lamp followed by an excitation fil
ter matched to the absorption band of the DIA dye. Th
fluorescence is imaged directly. There are advantages
directly imaging the bleached spot, as opposed to the cl
sical technique of reducing the bleaching beam intens
and monitoring the recovery signal. First, the actual in
tial condition, which must be modeled in the former tech
nique, may be directly observed. Second, the presence
any hydrodynamic flow is immediately apparent, while i
nonimaging versions of FRAP, flow can only be inferre
by its change in the time-dependence of the recove
signal. Several other groups have imaged the imprint
photobleaching pattern [17,18], but our implementatio
differs in a number of technical details, as we will discus
in a more specialized paper. We can measure diffus
constants with a reproducibility better than 20% for th
thinnest filmsN ­ 2d.

The bleaching of the DIA dye molecule allows on
to mark the probe and to follow afterwards the tim
evolution of a given initial concentration profile: When
a molecule absorbs a photon, it can either reemit
photon with a longer wavelength (fluorescence) or trans
its energy nonradiatively to a different molecule (ofte
oxygen), with a given probability. The excited single
state of oxygen is extremely reactive and can destroy
dye’s fluorescence. The process is irreversible.

We bleach a spot aboutR ­ 20 mm in radius by fo-
cusing the TEM00 mode of a multimode Ar1-ion laser of
total power 40 mW. The intensity profile of the beam
is approximately Gaussian. Typical bleaching times a
of the order of one second. (The characteristic diffusio
b)
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time, R2y4D, of the initial spot is about20 sec.) The
signal was weak enough to require a silicon-intensifie
tube camera (SIT). Because the absorption length of
dye is large compared to the film thickness, the loc
light intensity is proportional to the concentration of non
bleached molecules (Fig. 2). (We checked that there w
no concentration quenching of the dye’s fluorescenc
The sensitivity of the SIT camera allowed us to resol
the bleached spot over several diffusion times.

For three-dimensional diffusion in a thin film, the
concentration field of nonbleached moleculescsr , td obeys
a two-dimensional diffusion equation

≠c
≠t

­ DDc 2 bI0c . (1)

Here, the source termbI0c accounts for the bleaching due
to the observation light, whose homogeous intensity isI0.

In Eq. (1),D is a vertically averaged in-plane diffusion
constant given by

D ­
1

Nb

Z 1Nby2

2Nby2
rszdDszd dz , (2)

whereb is the thickness of one layer,z is the direction
normal to the plane of the film,rszd is the steady-
state concentration distribution (normalized to unity), an
Dszd is the local in-plane diffusion constant. Equation (2
may be proven by expanding all functions ofz in
orthogonal polynomials [sines in the case of unifor
rszd]. Intuitively, the film is so thin compared to the
lateral scale of the diffusing spot that any deviation
the concentration from the long-time steady-state field
the vertical direction relaxes quickly to zero. Note th
for a smectic liquid crystal, diffusion along the molecule
occurs at a different rate from diffusion in plane, so thatD

FIG. 2. Image of the film after bleaching: The black do
correspond to the concentration profile along the dashed li
the black line to the Gaussian interpolation.
4923
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is more properlyD', but Eq. (2) is also valid for diffusion
in a uniaxial medium.

The long-time solution to Eq. (1) is

csr , td ­ A

√
e2bI0t

t

!
exp

√
2

r2

4Dt

!
. (3)

For larget, the bleaching of the molecules during obse
vation affects only the amplitude of the Gaussian dis
bution and, thus, does not affect the spatial distribution
the bleached molecules.

The diffusion coefficient is deduced from the images
fitting a Gaussian function whose free parameters are
two coordinates of the center, the amplitude, and the wi
w ­

p
4Dt. Tracking the position of the center allow

us to check that there is no fluid flow in the film. Th
asymptotic regime is reached after about10 sec even if
the initial profile is not strictly Gaussian and, in agreeme
with Eq. (3), the spot areaw2 is then proportional tot
(Fig. 3).

The experimental values ofDsNd are plotted in Fig. 4.
For N $ 4, the diffusion coefficient obeys

DsNd ­ Db

µ
1 1

Nh

N

∂
, (4)

where Db ­ s4.4 6 0.1d 3 1028 cm2 s21 is the lateral
diffusion constant of the DIA in an infinitely thick film
andNh ­ 3.4 6 0.3.

The 1yN finite-size correction to the diffusion constan
can be understood as follows: Assuming slow-enou
variation of diffusion, we can write a local Stokes
Einstein relation between diffusion and mobility:Dszd ­
kBTmszd. The position-dependent mobilitymszd is eval-
uated by computing the force exerted on a tracer molec
when it moves at constant altitudez. If the film is thick
enough, the contributions from the two free interfaces c
be added and the mobility can be approximated by

mszd ­ m0

µ
Nb
2

1 z

∂
1 m0

µ
Nb
2

2 z

∂
2 mb , (5)

wheremb ­ DbykBT is the bulk mobility andm0szd is the
position-dependent mobility in a semi-infinite geometr
with a free interface located atz ­ 0. For z sufficiently

FIG. 3. Surface area versus timesN ­ 7d. The linear inter-
polation givesD ­ 6.1 3 1028 cm2ys.
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large, we obtain

m0szd .
1

z0f1 2 fs2zdg
. (6)

Here,z0 is the friction coefficient on a single particle and
fs2zd is the velocity field created by the molecule with
a unit velocity on its image (located at a distance2z)
with respect to the free interface. Using the results
de Gennes [19], we havez0 ­ 8phsh, with h the viscos-
ity of the smectic phase andsh the hydrodynamic radius
of the tracer, andfs2zd . sh

2z 1 O f
° sh

2z

¢
2g. This yields,

to leading order

m0szd . mb

µ
1 1

sh

2z

∂
, (7)

with

mb ­
1

s8phshd
­

Db

kBT
. (8)

The presence of the free interface thus enhances
mobility of the tracer.

Next, let us denote by, the spatial scale of the decay
(in the z direction) of the density profilerszd of the
tracer away from the free surface. Using Eq. (7), Eq. (
reduces to leading order to Eq. (4), withNh given by
Nh ­

2Nsh

, lnh Nb1,
Nb2, j. At this point, two scenarios are

possible. Either the decay length, is of the order of
the film thicknessNb, and thenNh . 2sh

b lnhNbyscj,
with sc being a cutoff value of orderb (introduced
in order to avoid the unphysical divergence of th
mobility at the interface). Under this assumption,Nh

depends only weakly on the number of layer throug
the lnN term. Another possibility is that, is smaller
than the film thicknessNb. This scenario is supported
by the experimental observation that the DIA molecule
crystallize out of solution when the film thickness i
decreased, indicating that the tracer concentration
higher in the middle of the film than it is at the edge
This is physically plausible: since the DIA molecule i

FIG. 4. Diffusion coefficientD vs thicknessN. Open circles:
N . 3; Full line: interpolation with Eq. (4). Each point
corresponds to the average value ofD over ten measurements
involving three different films. Error bars are estimated from
data dispersion.
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larger than the layer thicknessb, it behaves as if it
were a small edge dislocation loop, which we know
be repelled from the free surfaces [20]. In this ca
we obtain Nh . 4sh

b , independentof N, in agreement
with the experimental law. Putting numbers into the tw
previous estimations leads to values ofNh of order of a
few units (sh and b being expected to be of the sam
order of magnitude). A semiquantitative agreement w
the experimental valueNh ­ 3.4 6 0.3 is thus found,
which is quite reasonable in view of the qualitative natu
of our theoretical description. It is, however, difficult t
decide clearly between the two alternatives because of
weak lnN dependence ofNh in the first scenario.

The theoretical prediction thus justifies the experime
tally observed increase of the diffusion coefficient in fr
smectic films and allows one to understand the sim
1yN finite-size correction. Note that a recent mode-mod
coupling theory predicts that in simple fluids, the decrea
in mobility near a solid surface predicted by hydrod
namic theories should also hold for a molecule as w
down to within a few (3–4) molecular thicknesses aw
from the wall [21].

For N ­ 2 and 3, the film thickness is smaller tha
the characteristic size of the diffusing particles. In th
case, the hydrodynamic calculation of particle mobil
near free surfaces breaks down. One still expects gre
values of the diffusion coefficient, which we observe f
N ­ 2. On the other hand, the surprisingly small valu
of D for three layers remains unexplained. While it
premature to speculate at length as to the reasons
the anomaly atN ­ 3 (measured independently in thre
different films), we note that this case is distinguish
in that the middle layer is adjacent to the two out
layers. One can then anticipate that there may be eff
dependent on the cooperative interaction of the t
surface layers. In other words, the additivity assum
in Eq. (5) is not likely to be correct, or even a goo
approximation.

In conclusion, the thickness of free-standing smec
films can be varied continuously from two to several hu
dred layers. Such films are good systems for studying
crossover between two- and three-dimensional diffusi
We studied the diffusion of a fluorescent molecule (DIA
in films of the smectic A phase (8CB),5 ±C below the
smectic-nematic phase transition. At this temperature,
free-surface layers are liquid and the diffusion coefficie
increases with decreasing thickness. The experimenta
sults agree with a calculation based on hydrodynamics
long as the film thickness is greater than the hydrod
namical size of the diffusing particle (about three smec
layers). On the other hand, the diffusion coefficient is s
prisingly small for a three-layer film.

Further study of theN ­ 3 case, as well as a sys
tematic exploration of parameter space (dye concen
to
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tion and type, temperature, liquid crystal molecule) ar
in progress.

This work was supported by the Research Netwo
Contract from the European Community (FMRX-CT96
0085) and a grant from the Centre Jacques Cartier.

*Present address: Department of Physics, Simon Fras
University, Burnaby, B.C., V5A 1S6 Canada

[1] C. C. Huang and T. Stoebe, Adv. Phys.42, 343 (1993).
[2] B. D. Swansonet al., Phys. Rev. Lett.62, 909 (1989).
[3] T. Pitchford, C. C. Huang, R. Pindak, and J. W. Goodby

Phys. Rev. Lett.57, 1239 (1986); R. Geer, T. Stoebe,
T. Pitchford, and C. C. Huang, Rev. Sci. Instrum.62, 415
(1991).

[4] R. Geer, T. Stoebe, and C. C. Huang, Phys. Rev. E48,
408 (1993).

[5] R. Pindak, D. J. Bishop, and W. O. Sprenger, Phys. Re
Lett. 44, 1461 (1980).

[6] T. Stoebe, P Mach, and C. C. Huang, Phys. Rev. E49,
3587 (1994).

[7] M. Eberhardt and R. B. Meyer, Rev. Sci. Instrum.67, 2846
(1996).

[8] P. Pieranski et al., Physica (Amsterdam)194A, 364
(1993).

[9] S. W. Morris, Liq. Cryst. Today2, 4 (1992); S. W. Morris,
J. R. de Bruyn, and A. D. May, Phys. Rev. Lett.65, 2378
(1990).

[10] M. Brazovskaia, H. Dumoulin, and P. Pieranski, Phys
Rev. Lett.76, 1655 (1996).

[11] J. C. Geminard, R. Holyst, and P. Oswald, Phys. Rev. Le
78, 1924 (1997).

[12] J. P. Hansen and I. R. McDonald,Theory of Simple Liquids
(Academic Press, London, 1986).

[13] L. P. Faucheux and A. J. Libchaber, Phys. Rev. E49, 5158
(1994).

[14] C. Cheung, Y. H. Hwang, and X.-l. Wu, Phys. Rev. Let
76, 2531 (1996).

[15] The physics behind the layer removal is a bit subtle [12
Briefly, because of the meniscus, the pressure in a fil
is lower than the ambient atmosphere. Heating local
softens the film and allows thermal fluctuations to nuclea
a dislocation loop with a Burger’s vector of one layer. If
the loop is large enough, it will grow in size (because th
air is squeezing down on it) until it reaches the film’s edg
(meniscus). In this way, one layer is removed.

[16] D. Axelrod, E. Koppel, J. Schlessinger, E. L. Elson, an
W. W. Webb, Biophys. J.16, 1055 (1976).

[17] B. A. Smith and H. M. McConnell, Proc. Natl. Acad. Sci.
U.S.A. 75, 2759 (1978).

[18] C. Dietrich, R. Merckl, and R. Tampé, Biophys. J.72,
1701 (1997).

[19] P. G. de Gennes, Phys. Fluids17, 1645 (1974).
[20] L. Lejcek and P. Oswald, J. Phys. II (France)1, 931

(1991).
[21] L. Bocquet and J. L. Barrat, Europhys. Lett.31, 455

(1995); J. Phys. Condens. Matter8, 9297 (1996).
4925


