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Forced Rayleigh scattering studies of tracer diffusion in a nematic liquid
crystal: The relevance of complementary gratings

Daniel R. Spiegel,? Alexis L. Thompson, and Wesley C. Campbell
Department of Physics, Trinity University, San Antonio, Texas 78212-7200

(Received 29 September 2000; accepted 27 November) 2000

We have employed forced Rayleigh scatteriRRS) to study the diffusion of an azo tracer molecule
(methyl red through a nematic liquid crystdbCB). This system was first investigated in an
important study by Harat al.[Jpn. J. Appl. Phys23, 1420(1984]. Since that time, it has become

clear that the presence of complementary ground-state and photoproduct FRS gratings can result in
nonexponential profiles, and that complementary-grating effects are significant even when “minor”
deviations from exponential decay are observed. We have investigated the methyl red/5CB system
in order to evaluate the possible effects of complementary gratings. In the isotropic phase, we find
that the presence of complementary gratings results in a nonmonotonic FRS signal, which
significantly changes the values inferred for the isotropic diffusion coefficients. As a result, the
previously reported discontinuity at the nematic/isotropic transition temperaky[eié not present

in the new data. On the other hand, in the nematic phase, the new experiments largely confirm the
previous observations of single-exponential FRS decay and the non-Arrhenius temperature
dependence of the nematic diffusion coefficients closgyo Finally, we have also observed that

the decrease in the diffusion anisotropy with increasing temperature can be correlated with the 5CB
nematic order paramet&T) over the full nematic temperature range. 2001 American Institute

of Physics. [DOI: 10.1063/1.1342036

INTRODUCTION vestigations of the diffusion anisotropy. Second, the funda-
Many of the most fascinating properties of nematic lig- mental length scale of the FRS experimére., the grating

uid crystals(NLCs) derive from the simultaneous presence SPacing, which is typically on the order of several micjons
of flow and a nonzero orientational order parameter: a molmaiches the intrinsic length scale at which mesomorphic flu-

ecule within the NLC mesophase will undergo translationafdS €xhibit many of their most interesting _properﬁeE_:-
diffusion while maintaining (on average a preferred naIIy_, FRS allows measurements at a spatial resolu_t|on de-
orientation® It is thus rather unfortunate that some of the termined by the diameter of the laser beams, which can
most fundamental aspects of translational diffusion within€asily be reduced to-10d (whered is the grating spacingf
NLCs are still not well understood, in spite of the impressivedesired:
array of experimental, simulation, and theoretical methods In this paper we wish to consider a possible means for
that have been brought to bear on the probfefi.On the  significant improvements in the accuracy of FRS studies on
experimental side, reports on NLC diffusion coefficients ob-NLC systems. While mass-diffusion FRS signals were ini-
tained by different methods have displayed significant distially modeled as simple exponential functioist was later
crepancies, and even results reported by different laboratgealized that a FRS signal results, in general, frouifeer-
ries employing the same method often display markednceof two exponential decays due to “complementary”
disagreemerft” The lack of consistency was severe enoughout-of-phase modulations in the ground-state and photoprod-
to be termed an “experimental dilemma” in a recent uct populations*® A series of recent papefs¢have out-
review. These difficulties have largely prevented a rigorouslined the changes in the interpretation of FRS profiles neces-
comparison of experimental results with fundamental theositated by the presence of complementary gratings. These
ries proposed for NLC molecular diffusidh;? and it is  developments have led us to reexamine a pertinent liquid
clear that experimental accuracies must be improved if sucbrystal system, first studied with FRS before the complemen-
comparisons are to be realized. tary grating model was set forth, that has displayed some
One very useful experimental method for studies of dif-surprising results. Specifically, we use FRS to investigate
fusion in liquid crystals is forced Rayleigh scatteringthe azo dye molecule methyl red(MR, 2{4-
(FRS,*~*which was first employed for tracer diffusion in (dimethylaminaphenylazdbenzoic acid diffusing though a
NLCs by Hervetet al. in 19787! FRS is a transient grating cyanobiphenyl NLC (5CB, 4n-pentyl-4-cyanobiphenyl
method that is particularly well suited for studies of NLC The first FRS investigations on the MR/5CB system were
dynamics for three reasons. First, FRS permits real-timearried out in an important study by Hara and co-workers
measurements of diffusion in the specific direction selectegh 1984 This early work showed several intriguing features,
by the grating wave vector, which readily enables direct iNncluding a non-Arrhenius temperature dependence in the
nematic-phase diffusion coefficients near the nematic—
dElectronic mail: dspiegel@trinity.edu isotropic transition temperaturel(;), and an unexpected
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discontinuity(a positive jump in the diffusion coefficient at the slides were first treated with an aqueous solution of poly-
T - A considerably larger positive jump &f, was reported  (vinyl alcoho) (PVA) following standard procedurd$ and
for MR in MBBA in the same publication, and later papersthen rubbed with soft paper along a specific direction to
showed positive jumps afy, for MR in a number of other achieve planar alignment. The use of rubbed PVA coatings
mesomorphic solvents, including othe€B compounds r resulted in nearly single-domain nematic samples: at most,
=6-9), 40.8, and 80CB>? To explain the nematic/ only a few small disclinations were observed, and these
isotropic discontinuity, it was propos&dhat tracer diffusion could be easily avoided when choosing the small spot
through the nematic phase could be envisioned as &oughly 4 mnf) to be examined with the FRS apparatus. For
“dressed” process, in which the mobility of the tracer was studies of the isotropic phase at temperatures greater than
reduced due to local distortions in the nematic continuunB6 °C, the slides were cleaned but not coated with PVA. The
generated by the tracer movement, in a manner somewhMR/5CB solution was sealed within the cell using a silicone
analogous to polaron motion in the solid state. The data suladhesive.
mitted in the current report, interpreted in the context of the  In a FRS experiment, two interfering pump beams are
complementary grating model, largely confirm the importantused to produce a periodic fringe pattern within a sample
observation by Harat al. of non-Arrhenius diffusion in the containing a small concentration of a photochromic dye. Ab-
5CB nematic phase; however, in the 5CB isotropic phase wsorption of the pump-beam photons creates a modulation in
observe a distinctly nonexponential decay, which signifi-the photoproduct an¢hence the ground-state dye popula-
cantly changes the values obtained for the isotropic diffusiortion. The maxima in the ground-state population profile are
coefficients. We will discuss the implications of these find-coincident with the minima in the complementary photo-
ings. product distribution. The decay of the induced modulation
FRS is a tracer diffusion technique, in the sense that ipatterns due to diffusion can be monitored with a Bragg-
measures the self-velocity correlations of detected dilutaliffracted probe beam. Since the ground-state and photo-
“tracer” dye molecules within a host solvent. MR has beenproduct molecules do not diffuse at identical rates, the inten-
frequently chosen as a tracer dye in liquid crystal systemsity of a Bragg-diffracted homodyne-detected probe beam
due to its convenient photochromic properties and the simiwill decay with time according to
larity between its structure and that of liquid crystal mol- B 5
ecules containing a two-phenyl-ring cdre??2%:3239-4¢joyy- V()= (Arex —rit] = Az ex —rot])”, @)
ever, here we make na priori assumptions that tracer where theA; and ther; represent the amplitudes and decay
diffusion of MR will mimic exactly the self-diffusion of the constants, respectively, associated with the ground-state and
5CB solvent molecules, since the chemical properties of MRyhotoproduct gratings. The negative sign arises because of
and 5CB are certainly different. Indeed, using FRS, Urbachhe 180° spatial phase shift between the two gratings. Nearly
et al*® and, more recently, Ohta and co-workersave re-  single-exponential decay is a special case of @y.and it
ported that MR-tracer diffusion is considerably slower thanshould be kept in mind that, according to E@), highly
the self-diffusion of the IIqUId Crysta”ine solvent molecules nonexponentiaﬁndeed, nonmonotonj(prof”es are possib|e
in nematic MBBA. It has been argued that, in NLCs, thefor anarbitrarily small difference between the rate constants
self-diffusion of the solvent molecules and the tracer diffu-r if the difference between the amplitud@sis also smalf’
sion of a probe molecule of similar size will, in general, Equation(1) is strictly correct only for pure phase gratings.
show the same basic features, but the aniSOtrOpy will be '9n the more genera| case of “mixed” amp"tude/phase grat_

duced for the |atte‘i‘.Keeping this caveat in mind, it none- ingsy the decay of a Bragg_diffracted probe is giveﬁ48§
theless remains clear that tracer diffusion is a very helpful

tool for improving the understanding of NLC dynamics. FRS V(1) =|A; exd —rit]—e'*?Ay ex —r,t]|%, v
tracer diffusion, in particular, provides a very direct experi-
mental probe of the anisotropic micron-scale dynamics o
NLC fluids, which remains an area with many open ques
tions.

hereA¢ is the difference between the optical phase shifts
f the electric fields diffracted from the two gratings. The
‘phase differencé ¢ will be nonzero whenever a portion of
the probe beam is absorbed within the saniple.
Azobenzene derivativeqsuch as MR undergo a
trans=-cis isomerization when excited by photons within the
MR and 5CB were purchased from Aldrich and EM In- visible/UV absorption band. The FRS grating contrast is pro-
dustries, respectively, and were used as received. MR/5CRided by the difference in thecompleX index of refraction
solutions were prepared for FRS studies at a concentration dfetween thetrans and thecis species. The FRS apparatus
0.1 wt%. The nematic—isotropic transition temperature foremployed for the current studies utilizes a 488 nm pump
the 0.1% solution was found to 1§84.2+0.2) °C, which was beam and a 633 nm probe beam incident at powers of 12
not (within uncertainty different from the measured transi- mW (total) and 5 mW, respectively. Since this apparatus has
tion temperature for the neat 5CB. The MR/5CB NLC been described in previous repotts’ the discussion here is
samples were prepared by confining the mesophase betwebmited to several new features relevant to studies of NLCs.
two clean microscope slides. The slides were separated bihe liquid-crystal sample holder consists of a machined alu-
34-gauge copper wire strands, resulting in samples with aninum retainer mounted to a rotation stage, which allows the
nominal thickness of 15@m. For studies of the temperature director to be oriented parallel or perpendicular to the hori-
dependence of the diffusion coefficient in the nematic phaseontal grating wave vectogq. An 8 mmdiam hole cut

EXPERIMENTAL PROCEDURES
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FIG. 1. FRS signals obtained in MR/5CB samplesgat 5.50x 10’ cm™ 2. Profiles are displayed with the director oriented perpendidulaand paralle(l)

to the grating wave vector in the nematic phase at 33.9 °C, along with a profile in the isdtiiepit) phase at 35.6 °Ga) Full profiles, with horizontal and
vertical offsets added for clarity. To avoid detector saturation, the perpendicular and parallel nematic signals were attenuated by 75% guec808ty,res
using neutral density filters placed between the sample and the detertbhe signal obtained at an increased oscilloscope sensitlvityV/division), with

no additional changes. Horizontal and vertical offsets have been added for clarity. It is apparent that the isotropic profile is nonntonbtmz@dthm of

the signals shown in parts) and (b). Vertical offsets have been added to the logarithmic profiles for clarity. The smaller-size data points were obtained at
the higher oscilloscope sensitivity.

through the holder and the rotation stage allows passage detween the phase of the probe light diffracted from the grat-
the laser beams. The stage is attached to a copper bloakgs and the phase of the probe light scattered from station-
soldered to copper pipes to permit water-flow temperaturary defects. The sum of the two FRS profiles acquired before
control (Neslab RTE-11]1 The sample temperature was cali- and after this phase shift is then a pure homodyne sifnal.
brated in a separate run using a thermocouple junctioll data were acquired using this procedure.

mounted between two microscope slides and placed at the One concern that arises with the MR/5CB system in-
position usually occupied by the sample. The precision of therolves the potential effects of the photoprodeit popula-
temperature control was limited to abotit0.2 °C due to tion on the mesoscopic properties of the NLC: sincedise
fluctuations in room temperature. The pump beam polarizastate of MR is nonplanar, photoexcitation of a MR molecule
tion was verticalto about+1°). Following Haraet al,?’the  might be expected to lead to a local disruption of the nematic
polarization of the probe beam was rotateding a 633 nm  ordering*#°=52 To investigate the possible unintended ef-
half-wave platg¢ so that the probe polarization was always fects due to dye photoexcitation, we measured the FRS rate
parallel to the nematic director, and a spatial filter and aconstant as a function of the pump-beam intensity in the
dichroic polarizer with its transmission axis aligned parallelnematic phase at a temperature of 33.9°C with=2.47

to the incident probe-beam polarization were placed betweer 108 cm™2. Attenuation of the pump beam by up to a factor
the sample and the detector to reduce the detection of scatf 14 did not result in a measurable change in the FRS rate
tered light. The probe-beam polarization was vertical in theconstants for diffusion parallel or perpendicular to the direc-
isotropic phase. Pump beam exposure tirfls7 mg were  tor, implying that even an order-of-magnitude change in the
controlled using a shutter. Signals were acquired and avegis population does not measurably affect our diffusion-
aged for 50—300 single shots on a digital storage oscillocoefficient results.

scope(DSO). Reports in the literatufé*® have clearly dem-

onstrated the need for the proper separation of th??ESULTS AND DISCUSSION

heterodyne and homodyne baseline components for accurate

FRS results. For the present studies, the heterodyne baseline FRS profiles for diffusion parallel and perpendicular to
contribution(i.e., the cross-term arising from the mixing of the director in the nematic phase at 33.9 °C, along with a
light diffracted from the pump-induced gratings with light profile for the isotropic phase at 35.6 °C, are shown in Fig. 1.
scattered from stationary defectsas eliminated by passing The three profiles, acquired on the same day using the same
one of the pump beams through a 488 nm half-wave platePVA-coated sample, appear qualitatively similar using a
which, when rotated through 90°, introduced a 180° shiftDSO sensitivity in which the entire profile is acquirfig.
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1(a)]. If the DSO sensitivity is increased, however, the iso-of K,/(K;)? at two different temperatures with the director
topic profile is seen to contain a secondary maximum, asrientated either perpendicular or parallel to the grating wave
shown in Fig. 1b). The secondary peak is quite smd#iss  vector. In each case, four signal profiles obtained at different
than 0.1% of the maximum signalbut is observed consis- grating wave vectors were each fit over the time interval for
tently at all grating wave vectors and temperatures investiwhich V(t) varied from 90% down to 40% of its maximum
gated in the isotropic phase. Evidently, the isotropic signal issalue.(The top 10% of the profile was not included in the fit
an example of a “decay—grow—decay” type of profileith  to allow time for the much faster thermal-grating ded3y.
two times at which the derivativ¥/’ (t) vanishe$ that has At a temperature of 33.8 °C, we obtained, usih@jo uncer-
appeared frequently in the FRS literatdfé?*"%3%4n-  tainties,(K,/(K)?), =0.13+0.09 and(K,/(K;)%),=—0.1
cluding at least one case of a smectic mesopfase. +0.1. At a temperature of 25.9°C, we measured
The existence of profiles with zero, one, or two times at(K,/(K;)?), =—0.08+0.08 and (K,/(K;)?),=0.003
which the derivativev'(t) is zero follows directly from Egs. +0.07. Thus, the curvature ratio is zero within uncertainty,
(1) or (2) above. Care must be exercised in fitting Ed$.or  which validates quantitatively the application of single-
(2) to experimental profiles via nonlinear regression, since iexponential fits to the nematic data and implies that the semi-
has been shown that such fits are, in general, nolog slope is equalwithin uncertainty to the rate constant
unique®*"*To avoid such problems, we adopted the ap-r,,.3” All nematic rate constants were then obtained using
proach recently suggested by Partkal,*® who pointed out  single-exponential fits over the time interval for whidt)
that in many cases thaverageFRS rate constant,,=(3)  varied from 90% down to 2% of its maximum value.
X(rq+r,) can be determined uniquely and without diffi- Examples of rate constants obtained from single-
culty from nonexponential profiles by expressing the FRSexponential fits to the nematic profiles, and from fits to Eq.
signal[Eq. (2)] in the simple form (3) for the isotropic profiles, are shown as a functiorgéfin
Fig. 3. All diffusion coefficients in this report were obtained
V(D)= (at*+bt+c)exp(—2rah). ®) from the slope of such plots using four different values of
The constant coefficients, b, and c can be expressed in g2. In Fig. 4 we show the diffusion coefficient as a function
terms of ¢,—r,), A¢, and theA;. Equation(3) is obtained of temperature for diffusion parallel and perpendicular to the
from a Taylor series expansion of E@) about the timety,  director in the nematic phase, along with the diffusion coef-
=(r,—rq) YIn(A,/A)+i A¢], and represents a useful ap- ficient in the isotropic phase. From sample-to-sample varia-
proximation for nonmonotonic profiles whenever the frac-tions in the rate constants we estimate the maximum error in
tional differences A,—A;)/A; and (,—rq)/r, are not very the diffusion coefficient to be-3% in the nematic phase and
large (as expected for azo dye®°°and A¢<1 rad. Equa- +6% in the isotropic phase. The temperature dependence is
tion (3) has four unknown parametdisne less than Eq2)],  arguably of the Arrhenius type for the isotropic phase and in
three of which appear linearly; thus, E8) is expected to be the low-temperatureT< 30 °C) region of the nematic phase,
far less susceptible to the problems with nonunique fits realthough certainly any assignment of an “Arrhenius” depen-
ported using Eqs(l) or (2).2"3338%8F0r pure phase gratings dence over the rather narrow temperature regions studied
(A¢=0), in which case is real and represents the time at must be made with due caution. Table | reports the corre-
which the signaV(t) is zero, Eq.(3) reduces to sponding isotropic activation energyE;,, and the nematic-
e+ N2 _ phase activation energidE, andAE, . There is no obvious
V=a'(t—to)" exp —2rat), @ break in the temperaturg dependence at the nematic—
which contains three unknown parametgse less than Eq. isotropic transition temperatur®, and D, are essentially
(D]. In Fig. 2 it can be seen that the minimum in the isotro-continuous acros$y .
pic profile does not reach the baseline, which demonstrates As the temperature approachBg in the nematic phase,
that A¢+0 due to a small amount of probe beam absorptiorthe behavior is clearly non-Arrhenius. Although b@h and
within the long-wavelength tail of the visible MR absorption D, display a decreasing slope &s- Ty, the effect is more
band. We therefore fit all isotropic profiles to B§) to ob-  dramatic forD,, so that the anisotropy rati®,/D, de-
tain r,,. An example of a fit to Eq(3) is also shown in  creases as the phase transition is approached. The variation
Fig. 2. in D,/D, can be exhibited in a more direct fashion by plot-
Turning to the nematic profiles, it is important to deter- ting this ratio as a function of the nematic order parameter
mine if single-exponential fits are appropriate in this case. It5(T). To obtain the latter, we us®(T) as derived by Sher-
has been shown that,when the photoproduct and ground- rel| and Crellirf® from their measurements of the anisotropy
state rate constants differ by a small amount, forcing an the 5CB nematic-phase magnetic susceptibility, which
single-exponential fit to a monotonic FRS profile can leadyere |ater recommended by Ahlétsas the best available
to significant errors, since the semilog slopeyalyes.D,/D, is plotted as a function oS(T) for the full
r exp=(—2d(IN[V])/dt does not represent a physically useful nematic temperature range in the inset of Fig. 4. As expected
FRS rate constant unless the dimensionless curvatuigom first principlest®*® the diffusion anisotropy measured
K2/(Ky)? is zero within experimental erroK; andK, are  ysing FRS increases as the 5CB nematic order parameter
the first and second derivatives gf (n(V[t]) att=0 and can increases, although improved precision will certainly be nec-
be used to provide estimates of the first and second cumwessary before the correct quantitative relation between these
lants, respectively, of the FRS decdyWe applied second- two quantities can be identified with confidence.
order polynomial fits to multiple profiles to obtain averages  We may now compare the current work to a previous
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FIG. 2. A FRS profile obtained in the isotropic phase at a temperature of q2 (cm'z)

34.8 °C using a grating wave vector witi=7.29x 10’ cm™2. For clarity,
only 25% (every fourth point of the data have been plotted. A fit to E8)

(solid line vyields a=229V/$, b=-489V/s, ¢=2.61V, and
r=23.7 Hz. The residualéwith every fourth point plottedare shown in
the inset.

FIG. 3. Plots of the rate constant as a function of the square of the grating
wave vector. In the upper plot, the nematic rate constants, measured with the
director oriented paralldll) and perpendiculatL) to the grating wave vec-

tor, were obtained from simple exponential fits. In the lower plot, the rate
constants in the isotropic phase were obtained from fits to(&q.

22 . .
stugly by Hareet al,™ who also carried out FRS studies on 4,4t tyo-thirds of the value obtained previougge Table
0.1% MR-5CB samples confined between rubbed PVAy) 11,5 it is apparent that the unexpected discontinuity at

treateql slides. As in the c_urrent s_tudy,_rate constants_ in t_h(";NI is not observed when the complementary grating charac-
nematic phase were obtained using single-exponential fitsg igtics of the FRS signals are accounted for. It is not sur-

For comparison, the nematic activation energies and the Vabrising that the isotropic diffusion coefficients obtained in

ues ofD; andD, at 25°C obtained by Haretal. are in-  yho hrevious investigation are consistently larger than those
cluded along with the results of the present work in Table I..,aasured in the current study, since it is easily shown that,

There is good agreement in the values of the diffusion coef;,, nearly pure phase gratings, the rate constagt=

ficients at 25°C. On the other hand, Haaal. obtained (—Yd(In[V])/dt extracted by fitting a decay—grow—decay
activation energies for parallel and perpendicular diffusionrpg profile to a single exponential function will always be
coefficients that differed by about 80%, while the two aCti'Iarger than either, or r,.3’ The rather unremarkable tran-

vation energies are nearly equal for the current investigagjion from nematic to isotropic diffusion evident in Fig. 4

tions. It is worth noting, however, that the scatter in thejnsjies that it is not necessary to invoke a hypothesis involv-
diffusion coefficient versus the temperature measurement %g “dressed” polaronlike tracer diffusion within the 5CB

Haraet al.is larger than that of the presgnt studyz aqd thatnematic phase. As noted above, nematic/isotropic diffusion
the average of the parallel and perpendicular activation ergiscontinuities have been reported in FRS studies for MR in
ergies reported previously is close to the average obtained ifhor NLC system&-42 Although the current experiment

the current study. Harat al. carefully noted a decrease in j\olves only 5CB, it is possible that the nematic/isotropic

the slope oD, as the temperature approachigl, and Fig.  yiscontinuities reported for these other systems could also be
6 of their paper shows a possible decrease in the slopg of  g|ated to complementary grating effects. In any case, it is
in this temperature region. The present results largely con-

firm these important observatiofigt a somewhat higher in-
ternal precisioly and also show that the non-Arrhenius de-

0
pendence can be correlated with the nematic order Temperature ('C)

5625 30 35 40 45
parameter. a

In their studies of the isotropic MR/5CB phase, Hara S 5¢ D °
et al. also fit the FRS profiles to single-exponential decays. "‘9 4 O'“O
The secondary peak shown in Figblof the current report x 50
was apparently not detected, presumably because of its small 2 3t D o S 16
amplitude relative to the maximum signal levit.should be ;8 O llg O ' D”/Dl o
noted that there was no reason to expect a secondary maxi- “‘g’, 2r 0 A At 151 S “
mum when the Harat al. work was carried out, since the [$) S 14 e
significance of complementary FRS gratings had not yet 15 Al 1.3 a4 06
been identified*>% The data of Haraet al. show (in their é D, STy
words a “discontinuous jump” in the diffusion coefficient a1 335 3.30 3.25 3.90 3.15

at Ty, with Digo(Tyy) exceedingD(Ty;) by ~30%. The
current studies treat the FRS signals in the context of the o N _ _
complementary grating model, yielding a smaller value for!G- 4. Tracer diffusion coefficients for MR in 5CB as a function of tem-

. L . . perature in the nematic and isotropic phases. The inset shows the ratio
Diso at Ty that is (within erron nearly continuous wittD , D,/D, as a function of the 5CB nematic order param&F) for the full

along with an isotropic activation energ¥E;, equal to  nematic temperature range.

Inverse Temperature (x 10° K)
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