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Fluorescence photobleaching recovery spectroscopy in a dye doped nematic liquid crystal

P. Etchegoin
Centro Afanico Bariloche and Instituto Balseiro, ComisidNacional de Energ Atamica and Universidad Nacional de Cuyo,
8400 San Carlos de Bariloche, RNegro, Argentina
(Received 25 August 1998

The process of dye diffusion through a nematic liquid crystal) 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 sugge$®t063-651X99)10902-4

PACS numbes): 61.30.Gd, 87.64.Ni, 78.20.Fm, 32.80.Lg

[. INTRODUCTION AND OVERVIEW of the dyes was calleduest-host interactioty Heilmeier,
Castellano, and Zanoni, who observed it for the first tjBle
The in situ study of the diffusion dynamics of fluores- Since the absorption of the dyes is normally very anisotropic,
cently tagged proteins or dextrants within cells or biologi-dye doped LC’s are ideal systems where dichroism can be
cally relevant fluids is a customary practice in the field ofcontrolled by external parameters like temperature and mag-
biophotonics[1,2]. Normally, dyes which bind to specific netic or electric fields. Furthermore, the addition of dyes to
macromolecules or proteins are employed as tracers to fohematic liquid crystals has been shown to be the source of
low the particular dynamics of the latter. The dyes can beseveral very interesting and complex nonlinear optical prop-
resonantly pumped by an external laser which is usually foerties. In particular, the observation of enhanced optical
cused by a microscope objective. The fluorescence emitte@rqueq7,8], unusual reorientation dynamics upon ultrashort
by the tagged molecules can be collected by the same objeggser illumination[9], and permanent holographic recording
Five, to be subsequently filtered .ar?d detected. If photobleacrbf patterns[10] are a few incomplete examples of the rich
ing of the dyes takes place within the focal region of thegptical properties of these systems. From the viewpoint of

objective, a decay of the fluorescence signal is observed iQppIications dye doped LC's seem to be promising sub-

the early stages of laser illumination. The decay time progianceq for electro-optic devices with enhanced contrast ra-
duced by photobleaching depends on the input power, sp

Sios in the visible[11].

cific laser wavelength, and peculiarities of the absorption e - .
spectrum of the dyes. On the other hand, if the laser is turned The diffusion process of dyes in LC's has heretofore been

off for a given period of time, a recovery of the fluorescencepoorly stud|ed: In _th|s paper, we Sh"?l" concentrate on the
signal can be observed when the laser illumination is rein-StUdy .Of dye diffusion through both oriented and unoriented
stated, for diffusion of new molecules takes place from th X P
neighboring regions into the focal volume of the laser spotm PRS; the effect of temperature, and a direct view into the
In this manner, the diffusion process of the tagged moleculediffusion process by means of digital imaging of the fluores-
themselves can be studied. Diffusion of biomolecules is, iffeénce emission will be demonstrated. Dye diffusion within
fact, one of the most basic an important mechanisms in cefn ordered nematic LC cell takes place in an anisotropic
biology [3], and can be microscopically studied in this man-manner, which ensures the long term preservation of the di-
ner. The termfluorescence photobleaching recovery spec-chroism. A direct view into the diffusion process of pho-
troscopy(FPRS has been coined as a general description ofobleached dye molecules will be shown by virtue of a two-
this method. The technique has different variations accordinpeam FPRS technique. The interplay between
to the details of the specific experiment. In particular, thephotobleaching and diffusion will be explicitly shown, as
geometrical aspects of the illuminating optics and the imagwell as the effect of temperature on a planar oriented LC cell
ing method to monitor the fluorescence emissioprmal, where dye molecules are locally photobleached. Moreover,
confocal, etg. determine the type of experiment under con-we show that Raman rather than fluorescence signals could
sideration. Very recently, the usage of two-photon scannindpe used to study the interdiffusion of transparent substances
microscopy in addition to FPRS has been propdgddas a like binary mixtures of nematogens, where intrinsic fluores-
method for creating a flat, almost two-dimensional, distribu-cence cannot be used.
tion of photobleached molecules, allowing a better control of The paper is organized as follows: Section Il presents the
the initial conditions before diffusion takes place. experimental setup for the forthcoming experiments, the
Liquid crystals(LC’s) are complex fluids with intrinsic sample preparation, a description of the interpretation of the
long range orientational order and intricate hydrodynamiadata, and the experimental findings. The necessary theoreti-
propertied 5]. Dye molecules can be diluted within a LC to cal background is also supplied in Sec. Il, whenever it is
take advantage, in this manner, of the intrinsic molecularelevant for the interpretation of the data. Finally, in Sec. Il
order of the liquid crystalline phases, and become oriented brief discussion is presented and a few conclusions are
along particular directions. The induced macroscopic ordebestowed.
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different applications of this setup with one or two beams
being shone onto the sample will be further clarified in Sec.
IIB.

The sample was made from the nematic liquid crystal
mixture E; (Merck) (nematic range~—10-63°C). The
sample preparation followed that of Rg8]. We used a pla-
nar aligned LC cell with a thickness of 10Q@m achieved by
a mica spacer and a dye concentration of 10ng/ml. The
dye was 3,3'-diethylthiadicarbocyanine iodidé®©TDCI),
which has its absorption and fluorescence maxima @55
and 695 nm, respectively8]. For the diffusion experiments
through an unoriented LC sample within a quartz capillar,

we used a mixture oE;, and DTDCI with a concentration
FIG. 1. Experimental setup used for FPRS or digital imaging ofpf 102 mg/ml.

the diffusion process in a dye doped LG.: lenses;M; : mirrors;
F;: filters; BS: beam splitterS sample, hot stage; Mc: monochro-
mator; CCD: detector. The sampl§) can be shone by either one
laser beam coming from HeNend focused by, or two lasers if We start by gathering the necessary information based on
the expanded beafhy the telescopé,-L3) of HeNs is also com-  simple models to discuss the experimental findings and the
bined with the former at BS. Mc can be either a double subtractivecoexistence of photobleaching and dye diffusion in a planar
monochromator coupled to a 2D CCD array for digital imaging, oraligned dye doped nematic LC cell. Exactly as in R&f.we

a triple subtractive monochromator coupled to a photomultipliershall refer to two possible configurations to monitor the fluo-
tube (PMT) for fluorescence measurements. See text for furthefescence emission of the dyes. The incoming laser light of

details. HeNe_L,él, is polarized along the vertical direction, and an
analyzer is placed before the entrance slit of the monochro-
mator parallel toE.. The LC cell in between will be ori-

A. Experimental setup ented with the directon either| or L to E. We shall refer

do these two configurations gmrallel or perpendicularex-
citation, and their fluorescence signals will be represented by
|andl , respectively. After Ref.8], photobleaching of the

B. Modeling overview

Il. EXPERIMENTS

All the experiments reported in this paper made use of th
experimental setup shown in Fig. 1 and slight variations of it.

In the experiments we shall describe subsequently, th ! il ;
A . dyes will produce two characteristic decay times of the fluo-
sample(S) is either a hot stage for LC cells, where transmis- o . L
rescence emission for the two aforementioned excitation

sion exper_lments can be perfozmed and temperature can t():%nditions; o wit, rHoc(IS(coé‘(@))T)*l and 7,
controlled in the range 20—-150 °C, or a small quartz capﬂlaroc(l2<Sm4(®)> )-1 where® is the angle between the prin-
where dye diffusion through an unoriented LC sample will .* 0 oo 9 P

be studied at a fixed temperature. The sample can be iIIumﬁ'fal aX|slozf a given LC molecule and the dlrectlon.of
Jo=(E;)*, and(); denotes a thermal average which

nated either by one or two crossed polarized He-Ne lasers;L b
HeNg (17 mW) and HeNeg (5 mW), which are focused and takes into account the spread of orientations aronnrak-
expanded, respectively. HeNis attenuated bf,, and fo-  cording to the order parameter in the nematic state at a given
cused onto the sample ly; through the beam splittgBS).  temperaturd’. If diffusion of the dyes within the LC did not
The beam diameter of the spot on the sample produced b§¥ist. the fluorescence signalls, would decay with time
HeNg can be controlled by varying the distance framto Constantsr; , , and approach a zero limiting value when the
S HeNe is expanded by the telescope—L 5, attenuated by dye concentration within the laser spot is fully exhausted.
F,, and combined with the beam from 3I-,|e1\lat the Bs.  Conversely, if diffusion were extremely fast compared to the

where it is directed toward the sample, and Ls form an characteristic times; , , the quorescgnce signalls, would
image of the sample onto the monochromd?dc) entrance. never be seen to decay. The diffusion process has a charac-

The monochromator is used in two different modes dependt_eristic responsep, related to the time it takes for a uniform

ing on the experiment. Mc is, in some of the reported experi-dye distribution to recover from a small perturbation in the

ments, a double subtractive monochromator with an intermel©c@l concentration. In general, the observed decay time in
diate slit acting as a spectral filter. The output of the secondi.. Will depend on bothy , and7p . Sincer),, depends on
stage is, in this manner, the same image formed on the et it Will be in most cases possible to go from a regime
trance slit but filtered at a given wavelength, with a band-Where 7. < or >7p to a situation wherer, ~7p. The
width that depends on the aperture of the intermediate sli$iMPIest model that takes into account the time evolution of
The image is sent onto a cooled charge-coupled-devick'® fluorescence emission is of the form

(CCD) array, where it can be digitally recorded. Conversely, dly (1) L () (1 (=1
Mc is used in a triple subtractive configuration, i.e., the out- (SN _( = 0), (1)
put of the double subtractive stage is sent to a third grating dt Tt D

where the light is dispersed and analyzed either by a photo-

multiplier tube (PMT), for fluorescence measurements, or awherel is the intensity of the equilibrium background fluo-
CCD array, for Raman signals. All these configurations argescence in the absence of photobleachipgs proportional
allowed by a Jobin-Yvon T64000 triple spectrometer. Theto the incident input power, the absorption coefficient of the
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dyes at the laser wavelength, and the dye concentration. The » = . . . : :
steady-state equilibrium value, once the balance between = [laseron diffusion
photobleaching and diffusion has been reached, will be given 541 recovery
by _E laser off L

s |

L, (t=2)=lo/(1+ 715/ 7). (2 > il [ ‘

Mol
If 7y, <7p becausd, is high, the decay time will be gov- S ° phobleaching
erned essentially by photobleaching and, according to Eq. c decay
(2), 1), (t—2)~0. In this case, the measured decay times in T 0 2000 4000 6000 8000 10000
I andl, will have the following propertie$8]: 7, > 7 for Time (sec)
T<T¢,7, =7 for T>T,, 7 =l at a fixedT, and /7, , .
=<Sin4(®)>T/<Co§(®))T independent of , for any T (T, is FIG. 2. Example of FPRS in a planar aligned LC cell Bf

doped with DTDCI. The data have been taken for [ttexcitation.
The laser is turned on initially with a power density of
2100 wW/mm?, which implies thatr < 7 . Photobleaching domi-

) J?ates in the initial decay of the fluorescence. The excitation is sub-
perature. Its temperature dependence is, however, more dif-

ficult t dict . . del than in th fsequently turned off and diffusion replaces the photobleached mol-
ICUIL o predict from a microscopic model than in the case o ecules in the spot area. The laser is, a while later, reinstated several

7L - It turns out that the diffusion process of a dye mOIeCUIetimes for a few seconds to monitor the recovery of the fluorescence
within a LC can be reasonably well modeled by a temperagoqyced by diffusion. Note the square-root type of recovery of the

ture dependence of the form signal. The dashed line following the diffusion recovery peaks is a
guide to the eye. See text for further details.

the nematic-isotropic phase transition temperatuké these
properties have been demonstrated in R&f.
The diffusion time constantp will also depend on tem-

p=73(1—e 7T, 3)
has an intensity profilé(x,t=0), the fluorescence for sub-

0 1 * 1 1 - . .
where Tp IS a constant and™ is an activation temperature sequent times will be given by

(energy. Equation(3) gives the appropriate limiting values

of 1p—0 for T—o and7p— 7'% for T—0, which imply fast

and saturated diffusion, respectively. For intermediate tem- 1 [+ — (x—xg)2/4Dt

peratures, Eq(3) gives a smooth decreasing function bf ”XJ)OCEJUJ 1(X0,0)e™ 0" " d Xy, (6)
which implies a faster diffusive response of the system for

higher temperatures.

By gathering the aforementioned formulas, we shall ex4f a Gaussiarirandom walk type of diffusion is assumed. In
pect a temperature dependence of the steady state fluoresy. (6), D=(D|+2D,)/3 is an average diffusion constant
cence emissiol2) of the forms for the dyes in the nematic state. By fitting the fluorescence

intensity profiles for different times with an appropridde
I /1o=1[1+ C(lo)(1—e ') (cod(0))1] (4)  the average diffusion constant of the dyes within the LC can
be accurately measured. It is worth noting at this point that
and diffusion in an oriented LC nematic film takes place in an
anisotropic manner with two different diffusion constabts
I, /lo=1[1+C(lg)(1—e T/M(si*(®));], (5) andD,, akin to the self-diffusion process for the LC mol-
ecules themselvd4 2]. However, there is only one diffusion
whereC(ly) is a constant for a fixetly. The thermal aver- relaxation timerp affecting the magnitude of the fluores-
ages( )1 of the director orientations in Eq¢4) and(5) can  cence emission in Eq$1)—(5). This is easy to understand,
be modeled as in Ref8], i.e., by using the self-consistent since the contribution to the total fluorescence of a dye mol-
mean-field Maier-Saupe theory of the nematic state. The cakcule moving into or out of the illuminated area cannot dis-
culation can be greatly simplified if an analytic approxima-cern between parallel or perpendicular diffusion. In other
tion for the order paramet&(T) is used 8]. In Sec. IIC we  words, once a molecule is within the laser spot, we cannot
shall show the experimental verification of E¢4) and (5). decide from its fluorescence emission whether the molecule

Another aspect of interest for the forthcoming discussioncame into that position from one direction or another. The
will be the case of pure diffusion without photobleaching. If anisotropy in the diffusive behavior of the molecules can be
the intensity of the pumping laser is extended and wealseen, nevertheless, by direct imaging of the evolution of pho-
enough, thenr >y, and photobleaching can be safely tobleached molecules using the two-beam FPRS, as we shall
neglected. Suppose that a region, where an inhomogeneosBow below. On the other hand, photobleaching does have
dye concentration exists, is uniformly illuminated by a two relaxation time constants , , inasmuch as it is related
pumping laser, and a fluorescent image is obtained whicko a direct coupling of the laser field with the molec{#,
reveals the dye distribution. Let us further assume that thand this can, of course, discern betwedhaa L orientation.
dye distribution is inhomogeneous in one directiai, (since In Sec. IIC, we shall present the different experimental
this will be the relevant case for the study in capillars. Fur-results, and make a connection to specific aspects of the
thermore, we assume that the LC is not oriented and, accoranodels displayed here. Further details of the theoretical in-
ingly, that there is an average diffusion constant in the othterpretation of the experiments will be given when appropri-
erwise anisotropic nematic state. If the initial fluorescenceate.



PRE 59 FLUORESCENCE PHOTOBLEACHING RECOVER. . . 1863

C. FPRS and digital imaging

Figure 2 shows the prototype example of FPRS with one pro be
laser beam. In this case, an oriented dye doped nematic LC Iaser_>
film is illuminated in parallel excitation with HeNen Fig.

1. The fluorescence emission at 695 nm is detected by the
triple subtractive monochromator Mc coupled to the PMT.
The emission is measured as a function of time at room
temperature (23 °C) with a fixed input laser power density of laser
2100 pW/mmn?. This power density is high enoudB] for
this excitation wavelength to assure that<rp and, as a SpOt
consequence, the initial decay of the fluorescence emission
will be essentially dominated by photobleaching. After 1800
sec the laser is turned off, whereupon diffusion takes over
and starts replacing the photobleached region with new dye
molecules. The laser is subsequently turned on for a few director
seconds at different times to observe the recovery of the
fluorescence with a minimum effect of photobleaching. As FIG. 3. General view of two-beam FPRS spectroscopy in a pla-
can clearly be seen in Fig. 2, the fluorescence recovensar aligned LC cell o, doped with DTDCI. Darker colors imply
steadily after the laser has been turned off and, for this parfewer fluorescence emissions. The digital images represent the fluo-
ticular LC (E;) and dye(DTDCI) it takes aboti2 h to re-  rescence at 695 nm of the resonantly pumped DTDCI molecules at
cover the initial fluorescence in the illuminated area. Theroom temperature. Ir{@), only the probe expanded beam from
data in Fig. 2 are the archetype examples of FPRS and, iHeNe is shown with its characteristic Gaussian profile. The beam
fact, the photobleaching and diffusion time constants can bBas approximately 10 mm in diameter. HgNe focused in the
directly measured from here. Note also that the fluorescend&dion labeled as laser spot with a diameter~of mm, and is
recovers with square root type of laatashed line in Fig. 2 turned on for a few seconds. The clear contrast between the pho-
in accordance with a Gaussian-like diffusion. tobleached area by HelNeand the background fluorescence of

: . HeNe, as well as its time evolution, can be clearly seefnand
e e et o e lTeion 1. Th mage b an ) hve oo ke at 10 and 20 i
2. The anisotropy of the diffusion, for instance, cannot be er HeNg has been turned off.
directly acquired from a one-beam FPRS experiment. This is . )
where the two-beam FPRS technique comes into play. Let udeNe than the one shown in Fig. 3. In fact, in order to

assume now that we illuminate the sample with both ﬂeNeevaluate the details of the diffusion process, it is far better to
and HeNe in Fig. 1. The beam from Hel\ge(ﬁf) is ex- have a nearly homogeneous fluorescence background from

. = . the probe beam, and this can be achieved by observing the
panded to reduce the power density, and it is polarized effect of HeNg over a very small area where the Gaussian

n to minimize its photobleaching effect. The beam also covyyofile of HeNg can be ignored. Likewise, the observation
ers a wide area so that it monitors the dye concentrationyf gnisotropic diffusion is better observed if a long enough
producing abackgroundfluorescence. Accordingly, we call time is allowed for the initial perturbation to develop. How-
HeNe, a probe beamHeNg, conversely, is focused to @ eyer, the longer the time the poorer the contrast of the pho-
small spot within the area covered by HelNend with its  tobleached spot with respect to the fluorescence background
polarization|| to n. In addition, the power density of HeNe of the probe. In addition, the inevitable imperfections of the
is much higher than that produced by HeNa the same sample(like inhomogeneities or small domains with slightly
region. Thus the photobleaching rate at the spot of HeNedifferent orientationsbecome more evident for longer times.
will be much faster than the one produced by the probeAccordingly, the observation of the diffusion dynamics by
beam. If HeNg is left for a few seconds and then turned off, the two-beam FPRS method requires a compromise between
there will be a region within the illuminated area of HeNe laser spot size, intensity, and elapsed time for diffusion.
where the dyes exhibit less fluorescence. In other words, itis Figure 4 shows images from a two-beam FPRS experi-
possible todig a holein the background fluorescence of ment over a smaller area of the LC cell. The light greyish
HeNe, by the faster photobleaching effect of HgN&his is  area in Fig. 4a) displays, actually, a small region within one
shown in Fig. 3 over a wide area where the full illumination of the rings in Fig. 88). HeNg is focused down to a spot of
produced by HeNgecan be seen. In Fig.(&), the Gaussian- 0.25 mm in diameter, and it is turned on for 10 sec. Figures
like intensity profile of the expanded probe beam can bel(b), 4(c), and 4d) show the time evolution of the pho-
easily observed. In Fig.(B), HeNg has been turned on for a tobleached region at 10, 20, and 40 min after HelNas

few seconds at the position labeled as ldser spot Finally,  been turned off. It is quite clear from Fig. 4 thé} the

Fig. 3(c) shows the smearing of the photobleached region @erturbation produced by HelNén the background fluores-
few minutes later. The digital images in Fig. 3 have beerncence of HeNgbecomes elliptic due to the anisotropy of the
obtained with Mc in a double subtractive configuration with diffusion coefficients{ii) contrast is being lost as a function
an intermediate slit of-5 mm assuring a spectral width of of time because the fixed number of photobleached mol-
2 nm around 695 nm in the filtered image that reaches thecules created by HeNepread, and their density per unit
CCD camera. Normally, the study of the details of the diffu-volume is decreased; artii ) imperfections in the diffusion
sion process requires a much tighter focused laser spot fropattern of the photobleached region become evident after 40

time

(b)
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1'07 (a) parallel | -8 perp.  (b)-
(a) excitation ; excitation
1 mmI
b
laser A (b)
— (c) | | | 35°%¢”
director 0 10C0 2000 O 1000 2000
d) Time (sec)
', FIG. 5. Fluorescence decays at two different temperatiires

=35 and 55 °C(below T,=63 °C) for the|| (a) and_L (b) excita-
mtion conditions. Note that(55°C) decays more slowly than

FIG. 4. Same as Fig. 3 for a smaller area within the probe beam.” __~*" * . . .
HeNg is focused down to a spot of 0.25 mm in this case, and thé”(35 C) in(a), while the opposite occurs ). On the other hand,
' the signal at 55 °C is larger than the one at 35 °C in both cases, if a

time evolution of the photobleached region is monitored after 10, = > )
sufficiently long time passes. The data have been taken at 695 nm

20, and 40 min. The thick black line encircling the spot is a guide to™" . k ) -
H/glth a triple subtractive configuration dfl. and the PMT. The

chident laser power density from HeNwas 630 wW/mn? and,

accordingly, the initial decay time is influenced by both pho-

r{obleaching and diffusion.

loss of contrast, and the appearance of imperfections around t
boundary fort=40 min. The diffusion constant of the pho-
tobleached molecules is slightly larger along the director orientatio

of the planar aligned LC cell. See the text for further comments. photobleached dye molecule. On a microscopic level, pho-
) ) ) ) ] tobleaching occurs in cyanines like DTDCI
min, malnly in the .perlphery of the spot. F|gure 4 Sho_"VS(ngHngzSz:I‘) by dissociation of thedded I atom from
explicitly how the diffusion process can be directly studiedihe central backbone of the molecule. This is supported by
in an anisotropic fluid like an oriented LC. It can, in fact, quantum chemical calculations of the total energy and the
render the anisotropy of the diffusion coefficients, which is qaction path coordinatd43] by means of a semiempirical
normally very difficult to measure accurately for a small con-ysmiitonian like the Austin model [14]. The most impor-
centration of molecules within a solvent fluid. In order 10 (50t general structural features of the backbone of the mol-
obtain a numerical estimate for the anisotropy, it is necessar¥q e however. remain unaltered. Moreover. there is no di-
to model the diffusion process. By assuming & tWO-yect chemical interaction with the LC host, either before or
dimensional(2D) Gaussian diffusion model triggered by a afier photobleaching. We can, therefore, safely assume that
uniform circular photobleached region with the size of theyitysion of photobleached molecules is, to a very good ap-
laser spot, it is possible to fit the fluorescence images in Figyoximation, identical to that of unbleached molecules. The
4. From best fits of imaget), (c), and (d) in Fig. 4, we  gyqution of thephotobleached cloudf dyes in Figs. 3 and
obtain the anisotropy to bB /D, ~0.82+0.08, somewhat 4 s accordingly, representative of the dyes themselves.
Iarger .comp_ared to the anisotropies found in self-diffusion g ther insight into the dye diffusion dynamics within an
coefficients in LC's. Note, however, thB{>D, , exactly as  griented nematic LC cell can be obtained by direct measure-
in the self-diffusion of LC’s. This latter property is, actually, ment of the fluorescence decay in parallel or perpendicular
most likely to have a microscopic explanation in the elon-eycitation as a function of temperature. According to the
gateq molecular shape qf dye apd LC molecules than in thg,odels introduced in Sec. IIB we expeet to decrease
details of the molecular interactions among them. Not onlyhen T is raised and. after a sufficiently long time
the anisotropy but also the absolute value of the diffusion 1L (T (T1)/lo if T;<T,. Moreover, we expect

coefficier_lts_ can also be obtained from the fit within 10—_TH(T) to increase with temperature sincécog(®)),
15 %. This is not however the most accurate method for their 4 i T.<T.<T. in th . c z
determination. In general, it is more convenient to measure<<C0 ( )>T1 if T,<T,<T, in the nematic stat¢s]. Con
the pattern of a diffusing substance over a long period oVersely, 7. (T)<7.(Ty), because(sin'(@))r,>(sir'(0))r..
time to be able, in that manner, to measure the spread ovéts a consequence, upon raising the temperature fforo
larger distances and reduce the relative error. NotwithstandF,, we expect the fluorescence for thexcitation condition
ing, due to the loss in contrast in the digital imaging of theto show a slower decay and to have a limiting value for
photobleached region, a relatively large error is introduced irsufficiently long times which is above that . This im-
the evaluation of the form and size of the photobleached areglies, as a consequence, thdfr,)>1(T,) for all imes. For
after a long period of time has run by. As we shall showthe | excitation, however, we expett(T,) to initially de-
below, a better quantitative measurement of the diffusiorcay faster[|, (T,)<I,(T;) for t~0] but, sincel, (T,)/I,
coefficient can be obtained from a situation in whigh, >1,(Ty)/l, for t—oe, there must be a crossover to reassure
> 7p in the capillary tubes. this condition. This is clearly seen in Figs(ab and 5b),

One important question to address at this moment is thevhere the fluorescence from the parallel and perpendicular
difference between the diffusion of a dye molecule and &xcitation conditions are compared for two different tem-
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FIG. 7. Dye diffusion through a thick7 mm) capillar. Only

0.20 5'0 100 the fluorescence at 695 nm of the central part2( mm) of the

o capillar is imaged. At=0 the capillar is half-filledbottom half in

Temperature ("C) (@] with pureE-, and the upper half is filled with a mixture &,

and DTDCI. The initial concentration i) (darker colors represent

 FIG. 6. 1(t—==)/lo (open squargsand I (—=)/lo (closed  phigher concentrationsis clearly seen to spread as a function of
circles as a function ofT. The data have been obtained from the {ime. The images have been takentat0, 30, 60, 450, and 1140

exponential decay fits of the fluorescence signal over a period of,in.

time of 1800 sec at 695 nm with the HeNexcitation(see Fig. 1

in || or L excitation, and a power density of 630W/mn?. The  can be carried out in the opposite limit wherg, > 7 and,
dashed lines are &imultaneouk fit of both data sets with the accordingly, the presence of photobleaching can be ne-

model equation$4) and(5). The average increase bl is due to  glected. Further comparison with the aforesaid models is also
the rise in dye diffusion, while the difference between the twoconferred.

curves is accounted for by the distinct photobleaching time con-
stantsr , . The difference vanishes aboVeg~63 °C, as expected. D. Diffusi .
. Diffusive regime
peratures below .. The solid lines in Fig. 5 are best fitsto  The limit 7)..> 7p implies that the total effective decay
the data with exponential decays. In Fidap the data for  time[8] 1/rey= 1/7p+ 1/7) , is completely dominated by dif-
T=55°C display a slower decay and the limiting value of fusion. This situation is experimentally realized when the
the fluorescence for sufficiently long times is above the sigincident laser is expanded to a large area in order to monitor
nal at 35°C. Conversely, the excitation condition in Fig.  the evolution of a dyed region and, in this manner, the inci-
5(b) shows a faster fluorescence decay Ter55°C with a  dent power density is considerably smaller and the diffusive
crossover producingd, (55°C)>1,(35°C) for sufficiently  replacement of photobleached molecules is much faster than
long times, as predicted by the model. In addition, from theserH’L . As a matter of fact, we could always use this situation
very same fits to the data we can plot the valuesg|of(t  to monitor the diffusion of dyegor tagged moleculgswith-
— )/l for different temperatures, and compare them without having the additional ingredient of photobleaching. How-
the predictions of Eq94) and(5) in Sec. IIB. This is done ever, it is very helpful to have a small region with a well
in Fig. 6, where the values have been obtained for severaontrolled initial geometry for the dyes to start observing the
temperatures belogand one slightly aboveT .. The dashed diffusion process, and this is frequently much more laborious
lines in Fig. 6 are a fit with Eqs(4) and (5). The thermal in the present case. If we observe the diffusion of pho-
orientational averagessin(®)); and (cog(®)); have been tobleached dyes in a homogeneous background of un-
obtained with the self-consistent mean-field Maier-Saupéleached molecules, we define the initial conditions with the
theory, with an analytic approximation for the order param-external optics. As in the case of two-photon scanning mi-
eter of the nematic state, as in RES]. Note that for a given croscopy with FPR$4], the initial geometrical distribution
set of parameter€(l,) andT* in Eqgs.(4) and (5) the two  of photobleached molecules can be controlled very accu-
curves in Fig. 6 are fit together, i.e., the dashed lines in Figrately, and this, without doubt, facilitates the subsequent in-
6 represent a simultaneous fit of two curves with two freeterpretation of the data. Needless to say, this is particularly
parameters. The physical meaning of the data in Fig. 6 igrucial in cases where anisotropies or inhomogeneities are
quite clear in light of the interpretation given in Sec. IIB. present. If we study a case whetg, > 75, conversely, the
Both I|(t—=)/lq and |, (t—=)/l, increase with tempera- initial dye distribution is given, or must be produced, by
ture because the average diffusion of the dyes increasesechanicameans. A small well defined volume can only be
whenT is raised. However, the input laser discerns betweembtained byinjectingthe dyes or tagged molecules within the
Iy andl, on account of the polarization dependence of thesample. This is normally very difficult if we wish to study,
photobleaching decay rateg , . In this manner, the two for instance, dye diffusion within a LC cell which may have
curves in Fig. 6 are a compromise between the increasingnly a thickness of~10-100 um. In this sense, the two
mobility of the dyes and the anisotropic coupling to the lasersituations depicted in this and the previous subsections rep-
polarization guided by the order parameter of the LC. Thaesent two aspects of the same problem, and, undoubtedly,
difference between the two vanishes abdye as expected both have advantages and weaknesses.
from an isotropic phase. In Fig. 7 we explicitly show an example of dye diffusion
To complete the experimental results, in Sec. 1D wethrough a thick capillar filled with an unoriented nematic LC
shall show another form of spectroscopic experiment whickand 7, > 75 . The thick quartz capillar with a diameter of
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_"9‘ T omm sec ! at room temperature. In Sec. lll, we shall summarize

=T O t=450min | | the principal features of the experime.nt.s reported. in this su_b—
3 4 t=1140 min section and Sec. IIC as well as their interpretation, and, in
-é addition, the plausible usage of Raman rather than fluores-
s 50l | cence spectroscopy to image diffusion processes will be dis-
= cussed.

e

..2 ok J I1l. DISCUSSION AND CONCLUSIONS

- Ptz)sition4(mm) 6 8 Throughout this paper we showed the interplay between

diffusion and photobleaching in a prototype dye doped nem-

FIG. 8. Dye concentration profiles along the diffusion direction atic LC through(i) the application of FPRS with one or two
taken from the images in Fig. 7. By defining the curvaap as  laser beams(ii) digital imaging of the fluorescence emis-
I(x0,0), the solid lines fot=450 and 1140 min are a fit with Eq. sion, and(iii) the effect of temperature and/or the intrinsic
(6), andD=1.02x10"7 cm?sec’l. The curves have been verti- order of the LC. To the very best of our knowledge, this is
cally shifted for display purposes. Further details are given in thethe first study by pure optical means where the diffusion
text. process of dyes within a LC is directly studied and imaged.

Diffusion in ananisotropic fluidlike a LC is not at all very
d~5 mm is half-filled with unoriented and undopég at  common and the combination of one- or two-beam FPRS
room temperature. The sample is illuminated from the backyith digital imaging opens the possibility to study several
with the expanded beam from HeNe order to obtain a aspects of the diffusion dynamics. While the one-beam FPRS
fairly homogeneous illumination at the observation point.technique allows a direct measurement of the interplay be-
The beam is expanded twice in this case to assure this cofiween photobleaching and diffusion, the involved time con-
dition. At t=0, the upper half of the capillar is filled with a stants, and the effect of temperatiFfégs. 2, 5, and § the
mixture of E; and DTDCI (102 mg/ml), and the filtered microscopic observation of the diffusion anisotropy as well
image at 695 nm of the central part of the capiltar avoid  as the regimer), > 7 are better observed by either two-
considering the effect of the wallss observed with the CCD  beam FPRS or direct digital imaging with a uniform illumi-
array and Mc in double subtractive configuration. An inte-nation (Figs. 3, 4, and )} As pointed out above, all these
gration time of 10 sec has been used for these images. In Figxperiments indeed represent different faces of the same
7, the initial inhomogeneous dye concentration is clearlyproblem. Diffusion and photobleaching are two important
seen to spread by diffusion as a function of time. By virtue ofphysical properties of dye doped LC’s which are relevant not
the geometry and constraints, this is a typical example whiclynly for the prediction of tailor made electro-optic devices
can be adequately well described by a 1D diffusion problem{11], but also for the understanding of other experiments like
By averaging the concentration profiles in Fig. 7 perpendicutransient thermal gratings generated by dye absorg8gn
lar to the diffusion direction, we obtain the curves in Fig. 8 photothermal self-phase modulati¢m5], or transient and
for three representative times. If the initial concentration pro-permanent optical recordind.0]. In this latter experiments,
file att=0 is defined a$(x,0), the succeeding profiles can the diffusion time constant of the dyes as compared to the
be easily predicted from E@6) if an adequate value d is  repetition rate of the laser play a central role in the steady-
chosen. This is explicitly shown in Fig. 8 fa=450 and state characteristics of the induced thermal modulation af-
1140 min, where the solid lines are the predictions of B). fecting the laser. Thermal gratings produced by dye absorp-
using the concentration profile fa=0 asl(xq,t) and D tion are sometimes induced in LC's to study more
=1.02x10 7 cn?sec . Itis worth noting that, for the mo- complicated situations which arise by further application of
lecular weight of the dyes under consideration, gravity hagxternal electric or magnetic field9]. A basic understand-
no measurable effect on the diffusion profile. As can easilying of diffusion and photobleaching in the most simple cases
be seen from Fig. 8, the Gaussian diffusion model in@y. s, in this sense, important.
can successfully account for the spread in the initial dye It is quite interesting to note that direct digital imaging
concentration profile. Furthermore, diffusion takes place inwith the spectral filtering of the double subtractive configu-
this case through an unoriented LC and, accordinDlyep-  ration in the monochromator is, by no means, restricted to
resents the average diffusion constéant (D +2D,)/3 of  the observation of fluorescence. Actually, Raman signals can
the dyes. Situations in which the LC is oriented within thealso be imaged by this method, and provide a much more
capillar by proper surface treatment and/or the temperature ispecific signature of a substance under study than fluores-
varied are obviously possible. Moreover, loss of contrast ircence. Raman signals are, notwithstanding, much weaker,
the concentration profile is only achieved at extremely longand normally require a better illumination from the laser.
times in comparison with the photobleaching method, as th&hey have the benefit, however, that they are intrinsic of a
number of observed molecules is much larger than the typisubstance which may not display fluorescence for the par-
cal number of photobleached molecules achieved after a feticular laser under use. Conventional Raman imaging is ob-
seconds of illumination with HeNe This results in a more tained as in Fig. @). A laser spot with a given resolution is
accurate value of the diffusion coefficient. Combining thescanned through the region of interest, and the intensity of a
diffusion anisotropy observed with photobleaching in SecRaman peak is monitored as a function of position. The spec-
IIC, and the average diffusioB obtained here, we deduce tra in Fig. 9a) have been taken with Mc in a triple subtrac-
D=7.92x10"% cnfsec! and D,=7.37x10"% cm? tive configuration with the CCD observing the dispersion of
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200 um double subtractive configuration and a homogeneous laser
T illumination. The homogeneity of the illumination is
achieved by overfilling a microscope objective with an in-
verted telescopgl3]. In Fig. 9b) we show the result of
isolating the Raman peak under study with the intermediate
slit of the double subtractive Mc. Note that the scale in Fig.
9(b) is logarithmic. It is possible to have an almost perfect
rejection of unwanted signals forming the filtered image.
Figure 9c) shows a Raman image of a 2pOm thick cap-
illar filled with E;. The image takes 10 sec of integration
time with an input power of 200 mW at the 514.5-nm line of
an Ar*-ion laser. It is quite clear that this technique allows
the study of diffusion phenomena in a way that the 1D com-
FIG. 9. (@ Raman imaging through a 1D scan. The Position of spectra can never achieve. One of the main prob-
~1600 cm! Raman mode of, is monitored as a function of lems in the 1D scanning is that there is considerable delay
position. The different data are a scan of ten positions separated Hyetween the signal coming from different regions of the
10 um along a line crossing the interface of the LC. The decreassample due to integration and/or scanning time. These prob-
in intensity indicates the interface of the L() Effect of the in-  lems are essentially avoided in the present method, and re-
termediate slit of Mc in the double subtractive configuration. Notesults of interdiffusion of transparent nematogens and/or bio-
that the intensity is on a logarithmic scale. The intermediate slit canogically relevant liquids will be published elsewhdrs].
isolate the signal coming from the Raman mode of interest for the
subsequent 2D imagingc) 2D Raman image of a 20@m-thick
capillar partly filled withE, taken with 10-sec integration time. A
gliding trail of LC adhered to the capillar wall can also be seen.

(c)

1400 1600 1800
Raman shift (cm™)

log,(I) (arb. units)
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