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Fluorescence photobleaching recovery spectroscopy in a dye doped nematic liquid crystal
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The process of dye diffusion through a nematic liquid crystal~LC! host is studied by fluorescence pho-
tobleaching recovery spectroscopy and digital imaging. The effects of temperature and anisotropy on the
diffusion of photobleached dye molecules within a planar aligned LC cell are explicitly shown. Furthermore,
the possibility of utilizing Raman rather than fluorescence imaging for the study of diffusion in binary mixtures
of fluorescence-free nematoges is suggested.@S1063-651X~99!10902-4#

PACS number~s!: 61.30.Gd, 87.64.Ni, 78.20.Fm, 32.80.Lg
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I. INTRODUCTION AND OVERVIEW

The in situ study of the diffusion dynamics of fluores
cently tagged proteins or dextrants within cells or biolo
cally relevant fluids is a customary practice in the field
biophotonics@1,2#. Normally, dyes which bind to specifi
macromolecules or proteins are employed as tracers to
low the particular dynamics of the latter. The dyes can
resonantly pumped by an external laser which is usually
cused by a microscope objective. The fluorescence em
by the tagged molecules can be collected by the same ob
tive, to be subsequently filtered and detected. If photoblea
ing of the dyes takes place within the focal region of t
objective, a decay of the fluorescence signal is observe
the early stages of laser illumination. The decay time p
duced by photobleaching depends on the input power,
cific laser wavelength, and peculiarities of the absorpt
spectrum of the dyes. On the other hand, if the laser is tur
off for a given period of time, a recovery of the fluorescen
signal can be observed when the laser illumination is re
stated, for diffusion of new molecules takes place from
neighboring regions into the focal volume of the laser sp
In this manner, the diffusion process of the tagged molecu
themselves can be studied. Diffusion of biomolecules is
fact, one of the most basic an important mechanisms in
biology @3#, and can be microscopically studied in this ma
ner. The termfluorescence photobleaching recovery sp
troscopy~FPRS! has been coined as a general description
this method. The technique has different variations accord
to the details of the specific experiment. In particular,
geometrical aspects of the illuminating optics and the im
ing method to monitor the fluorescence emission~normal,
confocal, etc.! determine the type of experiment under co
sideration. Very recently, the usage of two-photon scann
microscopy in addition to FPRS has been proposed@4# as a
method for creating a flat, almost two-dimensional, distrib
tion of photobleached molecules, allowing a better contro
the initial conditions before diffusion takes place.

Liquid crystals ~LC’s! are complex fluids with intrinsic
long range orientational order and intricate hydrodynam
properties@5#. Dye molecules can be diluted within a LC t
take advantage, in this manner, of the intrinsic molecu
order of the liquid crystalline phases, and become orien
along particular directions. The induced macroscopic or
PRE 591063-651X/99/59~2!/1860~8!/$15.00
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of the dyes was calledguest-host interactionby Heilmeier,
Castellano, and Zanoni, who observed it for the first time@6#.
Since the absorption of the dyes is normally very anisotrop
dye doped LC’s are ideal systems where dichroism can
controlled by external parameters like temperature and m
netic or electric fields. Furthermore, the addition of dyes
nematic liquid crystals has been shown to be the sourc
several very interesting and complex nonlinear optical pr
erties. In particular, the observation of enhanced opt
torques@7,8#, unusual reorientation dynamics upon ultrash
laser illumination@9#, and permanent holographic recordin
of patterns@10# are a few incomplete examples of the ric
optical properties of these systems. From the viewpoint
applications, dye doped LC’s seem to be promising s
stances for electro-optic devices with enhanced contras
tios in the visible@11#.

The diffusion process of dyes in LC’s has heretofore be
poorly studied. In this paper, we shall concentrate on
study of dye diffusion through both oriented and unorien
nematic liquid crystal hosts. In particular, the application
FPRS, the effect of temperature, and a direct view into
diffusion process by means of digital imaging of the fluore
cence emission will be demonstrated. Dye diffusion with
an ordered nematic LC cell takes place in an anisotro
manner, which ensures the long term preservation of the
chroism. A direct view into the diffusion process of ph
tobleached dye molecules will be shown by virtue of a tw
beam FPRS technique. The interplay betwe
photobleaching and diffusion will be explicitly shown, a
well as the effect of temperature on a planar oriented LC
where dye molecules are locally photobleached. Moreo
we show that Raman rather than fluorescence signals c
be used to study the interdiffusion of transparent substan
like binary mixtures of nematogens, where intrinsic fluore
cence cannot be used.

The paper is organized as follows: Section II presents
experimental setup for the forthcoming experiments,
sample preparation, a description of the interpretation of
data, and the experimental findings. The necessary theo
cal background is also supplied in Sec. II, whenever it
relevant for the interpretation of the data. Finally, in Sec.
a brief discussion is presented and a few conclusions
bestowed.
1860 ©1999 The American Physical Society
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II. EXPERIMENTS

A. Experimental setup

All the experiments reported in this paper made use of
experimental setup shown in Fig. 1 and slight variations o
In the experiments we shall describe subsequently,
sample~S! is either a hot stage for LC cells, where transm
sion experiments can be performed and temperature ca
controlled in the range 20–150 °C, or a small quartz capi
where dye diffusion through an unoriented LC sample w
be studied at a fixed temperature. The sample can be illu
nated either by one or two crossed polarized He-Ne las
HeNe1 ~17 mW! and HeNe2 ~5 mW!, which are focused and
expanded, respectively. HeNe1 is attenuated byF1 , and fo-
cused onto the sample byL1 through the beam splitter~BS!.
The beam diameter of the spot on the sample produced
HeNe1 can be controlled by varying the distance fromL1 to
S. HeNe2 is expanded by the telescopeL2–L3 , attenuated by
F2 , and combined with the beam from HeNe1 at the BS,
where it is directed toward the sample.L4 and L5 form an
image of the sample onto the monochromator~Mc! entrance.
The monochromator is used in two different modes depe
ing on the experiment. Mc is, in some of the reported exp
ments, a double subtractive monochromator with an inter
diate slit acting as a spectral filter. The output of the sec
stage is, in this manner, the same image formed on the
trance slit but filtered at a given wavelength, with a ban
width that depends on the aperture of the intermediate
The image is sent onto a cooled charge-coupled-de
~CCD! array, where it can be digitally recorded. Converse
Mc is used in a triple subtractive configuration, i.e., the o
put of the double subtractive stage is sent to a third gra
where the light is dispersed and analyzed either by a ph
multiplier tube~PMT!, for fluorescence measurements, o
CCD array, for Raman signals. All these configurations
allowed by a Jobin-Yvon T64000 triple spectrometer. T

FIG. 1. Experimental setup used for FPRS or digital imaging
the diffusion process in a dye doped LC.Li : lenses;Mi : mirrors;
Fi : filters; BS: beam splitter;S: sample, hot stage; Mc: monochro
mator; CCD: detector. The sample~S! can be shone by either on
laser beam coming from HeNe1 and focused byL1 or two lasers if
the expanded beam~by the telescopeL2-L3) of HeNe2 is also com-
bined with the former at BS. Mc can be either a double subtrac
monochromator coupled to a 2D CCD array for digital imaging,
a triple subtractive monochromator coupled to a photomultip
tube ~PMT! for fluorescence measurements. See text for furt
details.
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different applications of this setup with one or two beam
being shone onto the sample will be further clarified in S
II B.

The sample was made from the nematic liquid crys
mixture E7 ~Merck! ~nematic range;210–63 °C). The
sample preparation followed that of Ref.@8#. We used a pla-
nar aligned LC cell with a thickness of 100mm achieved by
a mica spacer and a dye concentration of 1023 mg/ml. The
dye was 3,3’-diethylthiadicarbocyanine iodide~DTDCI!,
which has its absorption and fluorescence maxima at;655
and 695 nm, respectively@8#. For the diffusion experiments
through an unoriented LC sample within a quartz capill
we used a mixture ofE7 , and DTDCI with a concentration
of 1022 mg/ml.

B. Modeling overview

We start by gathering the necessary information based
simple models to discuss the experimental findings and
coexistence of photobleaching and dye diffusion in a pla
aligned dye doped nematic LC cell. Exactly as in Ref.@8# we
shall refer to two possible configurations to monitor the flu
rescence emission of the dyes. The incoming laser ligh
HeNe1 ,EW L

1 , is polarized along the vertical direction, and a
analyzer is placed before the entrance slit of the monoch
mator parallel toEW L

1 . The LC cell in between will be ori-

ented with the directornW eitheri or' to EW L
1 . We shall refer

to these two configurations asparallel or perpendicularex-
citation, and their fluorescence signals will be represented
I i andI' , respectively. After Ref.@8#, photobleaching of the
dyes will produce two characteristic decay times of the flu
rescence emission for the two aforementioned excita
conditions; to wit, t i}„I 0

2^cos4(Q)&T…
21 and t'

}„I 0
2^sin4(Q)&T…

21, whereQ is the angle between the prin
cipal axis of a given LC molecule and the direction
EW L

1 ,I 05(EL
1)2, and ^ &T denotes a thermal average whic

takes into account the spread of orientations aroundnW ac-
cording to the order parameter in the nematic state at a g
temperatureT. If diffusion of the dyes within the LC did not
exist, the fluorescence signalsI i ,' would decay with time
constantst i ,' , and approach a zero limiting value when th
dye concentration within the laser spot is fully exhaust
Conversely, if diffusion were extremely fast compared to t
characteristic timest i ,' , the fluorescence signalsI i ,' would
never be seen to decay. The diffusion process has a cha
teristic responsetD related to the time it takes for a uniform
dye distribution to recover from a small perturbation in t
local concentration. In general, the observed decay time
I i ,' will depend on botht i ,' andtD . Sincet i ,' depends on
I 0 , it will be in most cases possible to go from a regim
where t i ,'! or @tD to a situation wheret i ,';tD . The
simplest model that takes into account the time evolution
the fluorescence emission is of the form

dI i ,'~ t !

dt
52

I i ,'~ t !

t i ,'
2S I i ,'~ t !2I 0

tD
D , ~1!

whereI 0 is the intensity of the equilibrium background fluo
rescence in the absence of photobleaching.I 0 is proportional
to the incident input power, the absorption coefficient of t
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1862 PRE 59P. ETCHEGOIN
dyes at the laser wavelength, and the dye concentration.
steady-state equilibrium value, once the balance betw
photobleaching and diffusion has been reached, will be gi
by

I i ,'~ t→`!5I 0 /~11tD /t i!. ~2!

If t i ,'!tD becauseI 0 is high, the decay time will be gov
erned essentially by photobleaching and, according to
~2!, I i ,'(t→`);0. In this case, the measured decay times
I i and I' will have the following properties@8#: t'.t i for
T,Tc ,t'5t i for T.Tc ,t i ,'}I 0

22 at a fixedT, andt i /t'

5^sin4(Q)&T /^cos4(Q)&T independent ofI 0 for any T (Tc is
the nematic-isotropic phase transition temperature!. All these
properties have been demonstrated in Ref.@8#.

The diffusion time constanttD will also depend on tem-
perature. Its temperature dependence is, however, more
ficult to predict from a microscopic model than in the case
t i ,' . It turns out that the diffusion process of a dye molec
within a LC can be reasonably well modeled by a tempe
ture dependence of the form

tD5tD
0 ~12e2T* /T!, ~3!

wheretD
0 is a constant andT* is an activation temperatur

~energy!. Equation~3! gives the appropriate limiting value
of tD→0 for T→` andtD→tD

0 for T→0, which imply fast
and saturated diffusion, respectively. For intermediate te
peratures, Eq.~3! gives a smooth decreasing function ofT,
which implies a faster diffusive response of the system
higher temperatures.

By gathering the aforementioned formulas, we shall
pect a temperature dependence of the steady state flu
cence emission~2! of the forms

I i /I 051/@11C~ I 0!~12e2T* /T!^cos4~Q!&T# ~4!

and

I' /I 051/@11C~ I 0!~12e2T* /T!^sin4~Q!&T#, ~5!

whereC(I 0) is a constant for a fixedI 0 . The thermal aver-
ages^ &T of the director orientations in Eqs.~4! and ~5! can
be modeled as in Ref.@8#, i.e., by using the self-consisten
mean-field Maier-Saupe theory of the nematic state. The
culation can be greatly simplified if an analytic approxim
tion for the order parameterS(T) is used@8#. In Sec. II C we
shall show the experimental verification of Eqs.~4! and ~5!.

Another aspect of interest for the forthcoming discuss
will be the case of pure diffusion without photobleaching.
the intensity of the pumping laser is extended and w
enough, thent i ,'@tD , and photobleaching can be safe
neglected. Suppose that a region, where an inhomogen
dye concentration exists, is uniformly illuminated by
pumping laser, and a fluorescent image is obtained wh
reveals the dye distribution. Let us further assume that
dye distribution is inhomogeneous in one direction (x), since
this will be the relevant case for the study in capillars. F
thermore, we assume that the LC is not oriented and, acc
ingly, that there is an average diffusion constant in the o
erwise anisotropic nematic state. If the initial fluorescen
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has an intensity profileI (x,t50), the fluorescence for sub
sequent times will be given by

I ~x,t !}
1

ADt
E

2`

1`

I ~x0,0!e2~x2x0!2/4Dtdx0 , ~6!

if a Gaussian~random walk! type of diffusion is assumed. In
Eq. ~6!, D5(D i12D')/3 is an average diffusion constan
for the dyes in the nematic state. By fitting the fluorescen
intensity profiles for different times with an appropriateD,
the average diffusion constant of the dyes within the LC c
be accurately measured. It is worth noting at this point t
diffusion in an oriented LC nematic film takes place in
anisotropic manner with two different diffusion constantsD i
and D' , akin to the self-diffusion process for the LC mo
ecules themselves@12#. However, there is only one diffusion
relaxation timetD affecting the magnitude of the fluores
cence emission in Eqs.~1!–~5!. This is easy to understand
since the contribution to the total fluorescence of a dye m
ecule moving into or out of the illuminated area cannot d
cern between parallel or perpendicular diffusion. In oth
words, once a molecule is within the laser spot, we can
decide from its fluorescence emission whether the molec
came into that position from one direction or another. T
anisotropy in the diffusive behavior of the molecules can
seen, nevertheless, by direct imaging of the evolution of p
tobleached molecules using the two-beam FPRS, as we
show below. On the other hand, photobleaching does h
two relaxation time constantst i ,' , inasmuch as it is related
to a direct coupling of the laser field with the molecule@8#,
and this can, of course, discern between ai or' orientation.

In Sec. II C, we shall present the different experimen
results, and make a connection to specific aspects of
models displayed here. Further details of the theoretical
terpretation of the experiments will be given when approp
ate.

FIG. 2. Example of FPRS in a planar aligned LC cell ofE7

doped with DTDCI. The data have been taken for thei excitation.
The laser is turned on initially with a power density o
2100 mW/mm2, which implies thatt i!tD . Photobleaching domi-
nates in the initial decay of the fluorescence. The excitation is s
sequently turned off and diffusion replaces the photobleached m
ecules in the spot area. The laser is, a while later, reinstated se
times for a few seconds to monitor the recovery of the fluoresce
produced by diffusion. Note the square-root type of recovery of
signal. The dashed line following the diffusion recovery peaks i
guide to the eye. See text for further details.
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C. FPRS and digital imaging

Figure 2 shows the prototype example of FPRS with o
laser beam. In this case, an oriented dye doped nematic
film is illuminated in parallel excitation with HeNe1 in Fig.
1. The fluorescence emission at 695 nm is detected by
triple subtractive monochromator Mc coupled to the PM
The emission is measured as a function of time at ro
temperature (23 °C) with a fixed input laser power density
2100 mW/mm2. This power density is high enough@8# for
this excitation wavelength to assure thatt i!tD and, as a
consequence, the initial decay of the fluorescence emis
will be essentially dominated by photobleaching. After 18
sec the laser is turned off, whereupon diffusion takes o
and starts replacing the photobleached region with new
molecules. The laser is subsequently turned on for a
seconds at different times to observe the recovery of
fluorescence with a minimum effect of photobleaching.
can clearly be seen in Fig. 2, the fluorescence reco
steadily after the laser has been turned off and, for this p
ticular LC (E7) and dye~DTDCI! it takes about 2 h to re-
cover the initial fluorescence in the illuminated area. T
data in Fig. 2 are the archetype examples of FPRS and
fact, the photobleaching and diffusion time constants can
directly measured from here. Note also that the fluoresce
recovers with square root type of law~dashed line in Fig. 2!,
in accordance with a Gaussian-like diffusion.

Conversely, there are other aspects of the diffusion p
cess which cannot be observed by FPRS as presented in
2. The anisotropy of the diffusion, for instance, cannot
directly acquired from a one-beam FPRS experiment. Thi
where the two-beam FPRS technique comes into play. Le
assume now that we illuminate the sample with both HeN1

and HeNe2 in Fig. 1. The beam from HeNe2 (EW L
2) is ex-

panded to reduce the power density, and it is polarized' to
nW to minimize its photobleaching effect. The beam also c
ers a wide area so that it monitors the dye concentrat
producing abackgroundfluorescence. Accordingly, we ca
HeNe2 a probe beam. HeNe1 , conversely, is focused to
small spot within the area covered by HeNe2 , and with its
polarizationi to nW . In addition, the power density of HeNe1
is much higher than that produced by HeNe2 in the same
region. Thus the photobleaching rate at the spot of He1
will be much faster than the one produced by the pro
beam. If HeNe1 is left for a few seconds and then turned o
there will be a region within the illuminated area of HeN2
where the dyes exhibit less fluorescence. In other words,
possible todig a hole in the background fluorescence
HeNe2 by the faster photobleaching effect of HeNe1 . This is
shown in Fig. 3 over a wide area where the full illuminatio
produced by HeNe2 can be seen. In Fig. 3~a!, the Gaussian-
like intensity profile of the expanded probe beam can
easily observed. In Fig. 3~b!, HeNe1 has been turned on for
few seconds at the position labeled as thelaser spot. Finally,
Fig. 3~c! shows the smearing of the photobleached regio
few minutes later. The digital images in Fig. 3 have be
obtained with Mc in a double subtractive configuration w
an intermediate slit of;5 mm assuring a spectral width o
2 nm around 695 nm in the filtered image that reaches
CCD camera. Normally, the study of the details of the dif
sion process requires a much tighter focused laser spot
e
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HeNe1 than the one shown in Fig. 3. In fact, in order
evaluate the details of the diffusion process, it is far bette
have a nearly homogeneous fluorescence background
the probe beam, and this can be achieved by observing
effect of HeNe1 over a very small area where the Gauss
profile of HeNe2 can be ignored. Likewise, the observatio
of anisotropic diffusion is better observed if a long enou
time is allowed for the initial perturbation to develop. How
ever, the longer the time the poorer the contrast of the p
tobleached spot with respect to the fluorescence backgro
of the probe. In addition, the inevitable imperfections of t
sample~like inhomogeneities or small domains with slight
different orientations! become more evident for longer time
Accordingly, the observation of the diffusion dynamics b
the two-beam FPRS method requires a compromise betw
laser spot size, intensity, and elapsed time for diffusion.

Figure 4 shows images from a two-beam FPRS exp
ment over a smaller area of the LC cell. The light greyi
area in Fig. 4~a! displays, actually, a small region within on
of the rings in Fig. 3~a!. HeNe1 is focused down to a spot o
0.25 mm in diameter, and it is turned on for 10 sec. Figu
4~b!, 4~c!, and 4~d! show the time evolution of the pho
tobleached region at 10, 20, and 40 min after HeNe1 has
been turned off. It is quite clear from Fig. 4 that~i! the
perturbation produced by HeNe1 in the background fluores
cence of HeNe2 becomes elliptic due to the anisotropy of th
diffusion coefficients;~ii ! contrast is being lost as a functio
of time because the fixed number of photobleached m
ecules created by HeNe1 spread, and their density per un
volume is decreased; and~iii ! imperfections in the diffusion
pattern of the photobleached region become evident afte

FIG. 3. General view of two-beam FPRS spectroscopy in a p
nar aligned LC cell ofE7 doped with DTDCI. Darker colors imply
fewer fluorescence emissions. The digital images represent the
rescence at 695 nm of the resonantly pumped DTDCI molecule
room temperature. In~a!, only the probe expanded beam fro
HeNe2 is shown with its characteristic Gaussian profile. The be
has approximately 10 mm in diameter. HeNe1 is focused in the
region labeled as laser spot with a diameter of;1 mm, and is
turned on for a few seconds. The clear contrast between the
tobleached area by HeNe1 and the background fluorescence
HeNe2 , as well as its time evolution, can be clearly seen in~b! and
~c!. The images in~b! and ~c! have been taken at 10 and 20 m
after HeNe1 has been turned off.
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1864 PRE 59P. ETCHEGOIN
min, mainly in the periphery of the spot. Figure 4 sho
explicitly how the diffusion process can be directly studi
in an anisotropic fluid like an oriented LC. It can, in fac
render the anisotropy of the diffusion coefficients, which
normally very difficult to measure accurately for a small co
centration of molecules within a solvent fluid. In order
obtain a numerical estimate for the anisotropy, it is necess
to model the diffusion process. By assuming a tw
dimensional~2D! Gaussian diffusion model triggered by
uniform circular photobleached region with the size of t
laser spot, it is possible to fit the fluorescence images in
4. From best fits of images~b!, ~c!, and ~d! in Fig. 4, we
obtain the anisotropy to beD i /D';0.8260.08, somewhat
larger compared to the anisotropies found in self-diffus
coefficients in LC’s. Note, however, thatD i.D' , exactly as
in the self-diffusion of LC’s. This latter property is, actuall
most likely to have a microscopic explanation in the elo
gated molecular shape of dye and LC molecules than in
details of the molecular interactions among them. Not o
the anisotropy but also the absolute value of the diffus
coefficients can also be obtained from the fit within 10
15 %. This is not however the most accurate method for th
determination. In general, it is more convenient to meas
the pattern of a diffusing substance over a long period
time to be able, in that manner, to measure the spread
larger distances and reduce the relative error. Notwithsta
ing, due to the loss in contrast in the digital imaging of t
photobleached region, a relatively large error is introduce
the evaluation of the form and size of the photobleached a
after a long period of time has run by. As we shall sho
below, a better quantitative measurement of the diffus
coefficient can be obtained from a situation in whicht i ,'
.tD in the capillary tubes.

One important question to address at this moment is
difference between the diffusion of a dye molecule and

FIG. 4. Same as Fig. 3 for a smaller area within the probe be
HeNe1 is focused down to a spot of 0.25 mm in this case, and
time evolution of the photobleached region is monitored after
20, and 40 min. The thick black line encircling the spot is a guide
the eye. Note the increasing anisotropy in the shape of the spo
loss of contrast, and the appearance of imperfections around
boundary for t540 min. The diffusion constant of the pho
tobleached molecules is slightly larger along the director orienta
of the planar aligned LC cell. See the text for further comment
-
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photobleached dye molecule. On a microscopic level, p
tobleaching occurs in cyanines like DTDC
(C23H23N2S2 :I 2) by dissociation of theadded I2 atom from
the central backbone of the molecule. This is supported
quantum chemical calculations of the total energy and
reaction path coordinates@13# by means of a semiempirica
Hamiltonian like the Austin model 1@14#. The most impor-
tant general structural features of the backbone of the m
ecule, however, remain unaltered. Moreover, there is no
rect chemical interaction with the LC host, either before
after photobleaching. We can, therefore, safely assume
diffusion of photobleached molecules is, to a very good
proximation, identical to that of unbleached molecules. T
evolution of thephotobleached cloudof dyes in Figs. 3 and
4 is, accordingly, representative of the dyes themselves.

Further insight into the dye diffusion dynamics within a
oriented nematic LC cell can be obtained by direct measu
ment of the fluorescence decay in parallel or perpendic
excitation as a function of temperature. According to t
models introduced in Sec. II B we expecttD to decrease
when T is raised and, after a sufficiently long time
I i ,'(T2)/I 0.I i ,'(T1)/I 0 if T1,T2 . Moreover, we expect
t i(T) to increase with temperature sincêcos4(Q)&T2

,^cos4(Q)&T1
if T1,T2,Tc in the nematic state@8#. Con-

versely, t'(T2),t'(T1), becausê sin4(Q)&T2
.^sin4(Q)&T1

.

As a consequence, upon raising the temperature fromT1 to
T2 , we expect the fluorescence for thei excitation condition
to show a slower decay and to have a limiting value
sufficiently long times which is above that ofT1 . This im-
plies, as a consequence, thatI i(T2).I i(T1) for all times. For
the' excitation, however, we expectI'(T2) to initially de-
cay faster@ I'(T2),I'(T1) for t;0] but, sinceI'(T2)/I 0
.I'(T1)/I 0 for t→`, there must be a crossover to reassu
this condition. This is clearly seen in Figs. 5~a! and 5~b!,
where the fluorescence from the parallel and perpendic
excitation conditions are compared for two different te

.
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FIG. 5. Fluorescence decays at two different temperatureT
535 and 55 °C~below Tc563 °C) for thei ~a! and' ~b! excita-
tion conditions. Note thatI i(55 °C) decays more slowly than
I i(35 °C) in~a!, while the opposite occurs in~b!. On the other hand,
the signal at 55 °C is larger than the one at 35 °C in both cases
sufficiently long time passes. The data have been taken at 695
with a triple subtractive configuration ofMc and the PMT. The
incident laser power density from HeNe1 was 630 mW/mm2 and,
accordingly, the initial decay time is influenced by both ph
tobleaching and diffusion.
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peratures belowTc . The solid lines in Fig. 5 are best fits t
the data with exponential decays. In Fig. 5~a!, the data for
T555 °C display a slower decay and the limiting value
the fluorescence for sufficiently long times is above the s
nal at 35 °C. Conversely, the' excitation condition in Fig.
5~b! shows a faster fluorescence decay forT555 °C with a
crossover producingI'(55 °C).I'(35 °C) for sufficiently
long times, as predicted by the model. In addition, from th
very same fits to the data we can plot the values ofI i ,'(t
→`)/I 0 for different temperatures, and compare them w
the predictions of Eqs.~4! and ~5! in Sec. II B. This is done
in Fig. 6, where the values have been obtained for sev
temperatures below~and one slightly above! Tc . The dashed
lines in Fig. 6 are a fit with Eqs.~4! and ~5!. The thermal
orientational averageŝsin4(Q)&T and ^cos4(Q)&T have been
obtained with the self-consistent mean-field Maier-Sau
theory, with an analytic approximation for the order para
eter of the nematic state, as in Ref.@8#. Note that for a given
set of parametersC(I 0) andT* in Eqs.~4! and ~5! the two
curves in Fig. 6 are fit together, i.e., the dashed lines in F
6 represent a simultaneous fit of two curves with two fr
parameters. The physical meaning of the data in Fig. 6
quite clear in light of the interpretation given in Sec. II B
Both I i(t→`)/I 0 and I'(t→`)/I 0 increase with tempera
ture because the average diffusion of the dyes incre
whenT is raised. However, the input laser discerns betw
I i and I' on account of the polarization dependence of
photobleaching decay ratest i ,' . In this manner, the two
curves in Fig. 6 are a compromise between the increa
mobility of the dyes and the anisotropic coupling to the la
polarization guided by the order parameter of the LC. T
difference between the two vanishes aboveTc , as expected
from an isotropic phase.

To complete the experimental results, in Sec. II D
shall show another form of spectroscopic experiment wh

FIG. 6. I i(t→`)/I 0 ~open squares! and I'(→`)/I 0 ~closed
circles! as a function ofT. The data have been obtained from t
exponential decay fits of the fluorescence signal over a perio
time of 1800 sec at 695 nm with the HeNe1 excitation~see Fig. 1!
in i or ' excitation, and a power density of 630mW/mm2. The
dashed lines are a~simultaneous! fit of both data sets with the
model equations~4! and~5!. The average increase ofI /I 0 is due to
the rise in dye diffusion, while the difference between the t
curves is accounted for by the distinct photobleaching time c
stantst i ,' . The difference vanishes aboveTc;63 °C, as expected
f
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can be carried out in the opposite limit wheret i ,'@tD and,
accordingly, the presence of photobleaching can be
glected. Further comparison with the aforesaid models is a
conferred.

D. Diffusive regime

The limit t i ,'@tD implies that the total effective deca
time @8# 1/teff51/tD11/t i ,' is completely dominated by dif-
fusion. This situation is experimentally realized when t
incident laser is expanded to a large area in order to mon
the evolution of a dyed region and, in this manner, the in
dent power density is considerably smaller and the diffus
replacement of photobleached molecules is much faster
t i ,' . As a matter of fact, we could always use this situati
to monitor the diffusion of dyes~or tagged molecules! with-
out having the additional ingredient of photobleaching. Ho
ever, it is very helpful to have a small region with a we
controlled initial geometry for the dyes to start observing t
diffusion process, and this is frequently much more laborio
in the present case. If we observe the diffusion of ph
tobleached dyes in a homogeneous background of
bleached molecules, we define the initial conditions with
external optics. As in the case of two-photon scanning
croscopy with FPRS@4#, the initial geometrical distribution
of photobleached molecules can be controlled very ac
rately, and this, without doubt, facilitates the subsequent
terpretation of the data. Needless to say, this is particul
crucial in cases where anisotropies or inhomogeneities
present. If we study a case wheret i ,'@tD , conversely, the
initial dye distribution is given, or must be produced, b
mechanicalmeans. A small well defined volume can only b
obtained byinjectingthe dyes or tagged molecules within th
sample. This is normally very difficult if we wish to study
for instance, dye diffusion within a LC cell which may hav
only a thickness of;10–100 mm. In this sense, the two
situations depicted in this and the previous subsections
resent two aspects of the same problem, and, undoubte
both have advantages and weaknesses.

In Fig. 7 we explicitly show an example of dye diffusio
through a thick capillar filled with an unoriented nematic L
and t i ,'@tD . The thick quartz capillar with a diameter o

of

-

FIG. 7. Dye diffusion through a thick (;7 mm) capillar. Only
the fluorescence at 695 nm of the central part (;2 mm) of the
capillar is imaged. Att50 the capillar is half-filled@bottom half in
~a!# with pureE7 , and the upper half is filled with a mixture ofE7

and DTDCI. The initial concentration in~a! ~darker colors represen
higher concentrations! is clearly seen to spread as a function
time. The images have been taken att50, 30, 60, 450, and 1140
min.
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d;5 mm is half-filled with unoriented and undopedE7 at
room temperature. The sample is illuminated from the b
with the expanded beam from HeNe2 in order to obtain a
fairly homogeneous illumination at the observation poi
The beam is expanded twice in this case to assure this
dition. At t50, the upper half of the capillar is filled with
mixture of E7 and DTDCI (1022 mg/ml), and the filtered
image at 695 nm of the central part of the capillar~to avoid
considering the effect of the walls! is observed with the CCD
array and Mc in double subtractive configuration. An in
gration time of 10 sec has been used for these images. In
7, the initial inhomogeneous dye concentration is clea
seen to spread by diffusion as a function of time. By virtue
the geometry and constraints, this is a typical example wh
can be adequately well described by a 1D diffusion proble
By averaging the concentration profiles in Fig. 7 perpendi
lar to the diffusion direction, we obtain the curves in Fig.
for three representative times. If the initial concentration p
file at t50 is defined asI (x0,0), the succeeding profiles ca
be easily predicted from Eq.~6! if an adequate value ofD is
chosen. This is explicitly shown in Fig. 8 fort5450 and
1140 min, where the solid lines are the predictions of Eq.~6!
using the concentration profile fort50 as I (x0 ,t) and D
51.0231027 cm2 sec21. It is worth noting that, for the mo-
lecular weight of the dyes under consideration, gravity h
no measurable effect on the diffusion profile. As can ea
be seen from Fig. 8, the Gaussian diffusion model in Eq.~6!
can successfully account for the spread in the initial d
concentration profile. Furthermore, diffusion takes place
this case through an unoriented LC and, accordingly,D rep-
resents the average diffusion constantD5(D i12D')/3 of
the dyes. Situations in which the LC is oriented within t
capillar by proper surface treatment and/or the temperatu
varied are obviously possible. Moreover, loss of contras
the concentration profile is only achieved at extremely lo
times in comparison with the photobleaching method, as
number of observed molecules is much larger than the t
cal number of photobleached molecules achieved after a
seconds of illumination with HeNe1 . This results in a more
accurate value of the diffusion coefficient. Combining t
diffusion anisotropy observed with photobleaching in S
II C, and the average diffusionD obtained here, we deduc
D i57.9231028 cm2 sec21 and D'57.3731028 cm2

FIG. 8. Dye concentration profiles along the diffusion directi
taken from the images in Fig. 7. By defining the curve att50 as
I (x0,0), the solid lines fort5450 and 1140 min are a fit with Eq
~6!, and D51.0231027 cm2 sec21. The curves have been vert
cally shifted for display purposes. Further details are given in
text.
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sec21 at room temperature. In Sec. III, we shall summar
the principal features of the experiments reported in this s
section and Sec. II C as well as their interpretation, and
addition, the plausible usage of Raman rather than fluo
cence spectroscopy to image diffusion processes will be
cussed.

III. DISCUSSION AND CONCLUSIONS

Throughout this paper we showed the interplay betwe
diffusion and photobleaching in a prototype dye doped ne
atic LC through~i! the application of FPRS with one or tw
laser beams,~ii ! digital imaging of the fluorescence emis
sion, and~iii ! the effect of temperature and/or the intrins
order of the LC. To the very best of our knowledge, this
the first study by pure optical means where the diffus
process of dyes within a LC is directly studied and imag
Diffusion in ananisotropic fluidlike a LC is not at all very
common and the combination of one- or two-beam FP
with digital imaging opens the possibility to study seve
aspects of the diffusion dynamics. While the one-beam FP
technique allows a direct measurement of the interplay
tween photobleaching and diffusion, the involved time co
stants, and the effect of temperature~Figs. 2, 5, and 6!, the
microscopic observation of the diffusion anisotropy as w
as the regimet i ,'@tD are better observed by either two
beam FPRS or direct digital imaging with a uniform illum
nation ~Figs. 3, 4, and 7!. As pointed out above, all thes
experiments indeed represent different faces of the s
problem. Diffusion and photobleaching are two importa
physical properties of dye doped LC’s which are relevant
only for the prediction of tailor made electro-optic devic
@11#, but also for the understanding of other experiments l
transient thermal gratings generated by dye absorption@9#,
photothermal self-phase modulation@15#, or transient and
permanent optical recording@10#. In this latter experiments
the diffusion time constant of the dyes as compared to
repetition rate of the laser play a central role in the stea
state characteristics of the induced thermal modulation
fecting the laser. Thermal gratings produced by dye abso
tion are sometimes induced in LC’s to study mo
complicated situations which arise by further application
external electric or magnetic fields@9#. A basic understand-
ing of diffusion and photobleaching in the most simple ca
is, in this sense, important.

It is quite interesting to note that direct digital imagin
with the spectral filtering of the double subtractive config
ration in the monochromator is, by no means, restricted
the observation of fluorescence. Actually, Raman signals
also be imaged by this method, and provide a much m
specific signature of a substance under study than fluo
cence. Raman signals are, notwithstanding, much wea
and normally require a better illumination from the lase
They have the benefit, however, that they are intrinsic o
substance which may not display fluorescence for the p
ticular laser under use. Conventional Raman imaging is
tained as in Fig. 9~a!. A laser spot with a given resolution i
scanned through the region of interest, and the intensity
Raman peak is monitored as a function of position. The sp
tra in Fig. 9~a! have been taken with Mc in a triple subtra
tive configuration with the CCD observing the dispersion

e
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the third grating. Conventional Raman imaging is compo
of hundreds of spectra like these, which have to be combi
to give a map of intensity vs position. A 2D scan is necess
to render an image, and there is the additional possibility
working with the depth of focus if the imaging is made co
focal. An alternative to this is direct 2D imaging with th

FIG. 9. ~a! Raman imaging through a 1D scan. Th
;1600 cm21 Raman mode ofE7 is monitored as a function o
position. The different data are a scan of ten positions separate
10 mm along a line crossing the interface of the LC. The decre
in intensity indicates the interface of the LC.~b! Effect of the in-
termediate slit of Mc in the double subtractive configuration. N
that the intensity is on a logarithmic scale. The intermediate slit
isolate the signal coming from the Raman mode of interest for
subsequent 2D imaging.~c! 2D Raman image of a 200-mm-thick
capillar partly filled withE7 taken with 10-sec integration time. A
gliding trail of LC adhered to the capillar wall can also be seen
,

i-
d
d

ry
f

double subtractive configuration and a homogeneous l
illumination. The homogeneity of the illumination i
achieved by overfilling a microscope objective with an i
verted telescope@13#. In Fig. 9~b! we show the result of
isolating the Raman peak under study with the intermed
slit of the double subtractive Mc. Note that the scale in F
9~b! is logarithmic. It is possible to have an almost perfe
rejection of unwanted signals forming the filtered imag
Figure 9~c! shows a Raman image of a 200-m-m thick cap-
illar filled with E7 . The image takes 10 sec of integratio
time with an input power of 200 mW at the 514.5-nm line
an Ar1-ion laser. It is quite clear that this technique allow
the study of diffusion phenomena in a way that the 1D co
position of spectra can never achieve. One of the main pr
lems in the 1D scanning is that there is considerable de
between the signal coming from different regions of t
sample due to integration and/or scanning time. These p
lems are essentially avoided in the present method, and
sults of interdiffusion of transparent nematogens and/or b
logically relevant liquids will be published elsewhere@13#.
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