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The molecular self-diffusion coefficients in nematic and smeattbermotropic liquid crystals are measured
using stimulated-echo-typ8H and *H pulse-field-gradient spin-echo nuclear magnetic resondRGSE
NMR) combined with multiple-pulse dipolar decoupling and slice selection. The temperature dependence of
the principal components of the diffusion tensor in the nematic phase follows a simple Arrhenius relationship
except in the region of nematic-isotropic phase transition where it reflects, merely, the decrease of the molecu-
lar orientational order. The average of the principal diffusion coefficients in the isotropic-nematic phase tran-
sition region is close to the diffusion coefficient in the isotropic phase. At the nematic—srAeptiase
transition the diffusion coefficients change continuously. The results in nematic phase are best described in
terms of the affine transformation model for diffusion in nematics formed by hard ellipsoids. In the shectic-
phase the data are interpreted using a modified model for diffusion in presence of a periodic potential along the
director.
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I. INTRODUCTION is, however, less suitable for liquid crystalline materials
where anisotropic spin interactions, such as the nuclear
Anisotropic translational diffusion in thermotropic liquid dipole-dipole coupling, are not averaged to zero by molecu-
crystals(LC) has attracted considerable attention in the pastar motions. Hence, spin coherences created by radio-
This information is essential for understanding various asfrequency pulses decay quickly, which leaves insufficient
pects of the anisotropic molecular interactions and orderingme for the encoding/decoding gradient pulgés3]. Our
in mesophasefs —6]. Diffusion in LCs has been studied by a @pproaches are based on the early concept of combining the
variety of experimental techniques including quasielastic H multiple-pulse dipolar decoupling and the PGSE tech-
neutron scatteringQENS, magnetic resonancfelectron  Mdue[19-24. Furthermore, a PGSE experiment, which in-
spin resonanceESR and nuclear magnetic resonance volves deuterium stimulated echo sequence, was recently de-
(NMR)], forced Rayleigh scatteringFRS, optical micros- veloped [12] and used to determine the slow molecular

G 10-14 2 ; i ;
copy, and radioactive tracer diffusion. To date, a general unggfus'?gs]( FlO LCm /s_%hm a|C°|Tmn§;’f I|qU|d nyfﬁ;?"".”'”te
derstanding of the relationship between the diffusion proP a>ckeol, FOr LS WIth molecular difiusion cOetticients
g . nship i : PTO~- 10712 m?/s these new experiments provide the diffusion
cesses an_d the _onentatlonal order in various types o oefficients with an accuracy of few percents, as demon-
thermotropic liquid crystals has been reached. Furthegtrated on lyotropid7—10] and thermotropid11,12) liquid

progress in revealing the details of molecular diffusion, how’crystals.

ever, has been limited due to experimental problems. In par- *|, the present work, we extend our previous investiga-

ticular, there is a lack of data in phase transition regions thafjgns of thermotropic nematic phases. In addition, we report
are reliable enough to be confronted with theoretical modelsgiffysion measurements in a smechicphase. We focus here
Recently, we have reported new pulsed-field-gradienpn the analyses of the experimental diffusion coefficients
spin-echo(PGSB NMR experiments that enable accurate and, in particular, their correspondence to different dynami-
measurements of diffusion coefficients in anisotropic syscal models for both nematic and smectic phases.
tems, such as LCs or soft solifie-12. Compared to other  The paper is organized as follows: in Sec. Il experimental
methods, PGSE NMR is unique because it is noninvasivegetails are provided, the main features of the diffusion mod-
molecularly selective, and requires no foreign probesels are presented in Sec. Il Finally, the experimental results

[1,3,13-18. In this technique, no change of molecular prop-and validity of the various models are discussed in Sec. IV.
erties is required, instead, the uniform labeling of the posi-

tion of all molecules in the sample is achieved by spatial

encoding of the NMR resonance frequency in the presence of

the magnetic field gradient. The method in its original form  The measurements were performed on three thermotropic
liquid crystals formed by ethoxy-benzylidene-butyl-aniline
(EBBA), 4-pentyl-4-cyanobiphenyl(5CB), and partially

*Corresponding author; Electronic address: sergey@physc.su.sdeuterated 4-octyl-“4cyanobiphenyl (8CB). The EBBA
on leave from the Institute of Physics, St. Petersburg State Univesample was obtained from NIOPIK, St. Petersburg. The
sity, 198904 St. Petersburg, Russia. sample of 5CB was a kind gift from Merck, UK. The 8CB

Il. EXPERIMENT
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sample, synthesized according to previously described pro- A. Nematic phase

cedurg[26], was deuterated in all positions except B¥€H, Chu and Moroi (CM) modelThe self-diffusion coefficient
group of the aliphatic chain. All samples were used withoutiy nematic phases has been derived via a parametrized form
further purification. The phase transition temperatures, estiof the linear momentum time autocorrelation function in the
mated from NMR spectra and by polarizing microscopyjimit of perfectly ordered clusted80]. The theory relateB)
were in agreement with previously tabulated valigg].  andD,, the principal components of the diffusion tensor
Both nematic and smectic phases orient homogeneously witharallel and perpendicular to the phase director, to the
the director parallel to the external magnetic field of theuniaxial molecular geometry and the order paramgtby

NMR spectrometer. The measurements were performed on a

Bruker DMX-200 spectrometed®.6 T), operating at 200, 50, D=(D)[1+2S(1-p)/(2p+1)] (1a

and 31 MHz for *H, *C, and 2H nuclei, respectively. A
home-built multiple-tuned gradient probe was u$8¢2§|.
The probe was equipped with two interchangeable gradient D, =(D)[1-S(1-p)/(2p+1)], (1b)
coils that produced magnetic field gradients either along the

z (parallel toBg) or x (perpendicular tdB,) axes[28]. The  with the isotropic averagedefined by

length of the 90° radio-frequency pulses were 2.3, 7.0, and

5.0 ws for 'H, 13C, and®H, respectively. The gradient coils (D)=(2D, + D13, (10
were calibrated by measuring the diffusion coefficients of . ) )

D,O in the temperature range of 5-45°C By PGSE wherep=7/(4Q) is a geometrical factor for a rodlike mol-

NMR and comparing them to literature d429]. The sample  €cule of lengthL and diameterd with the axial ratioQ
temperature was stable and reproducible withip.15 K. = /d- The theory predicts that the isotropic average is inde-
Sample heating by the decoupling sequences was estimatBndent oS and at the transition to the isotropic phase.,

by observing the shift in the isotropic-nematic transition tem-" the limit S—0) coincides withD;s,, the diffusion coeffi-
perature and the recycling delay was adjusted to keep thg€nt in the isotropic phase. Consequently, is supposed

heating effect to less than 0.4 K. The typical random error of© follow the temperature dependence extrapolated from the

the diffusion coefficient values, estimated from the reproducdiffusion coefficients in the isotropic phase, with no discon-

ibility, were about2% near the phase transition to isotro- tinuity at the isotropic-nematic phase transition. The model
pic phase and=5% at the lowest temperatures. has been previously applied with varying success to nematic
The diffusion in theisotropic phase was measured by con- 119uid crystals:p-azoxyanisol&PAA) [30,39, 5CB [11,36,
ventional Hahn-echo or stimulated-echo-type PGSE NMRAND methoxy-benzylidene-butyl-anilii®IBBA) [21,35,37.
[13,14. In the mesophase of protonated samples 5CB angarticularly, some agreement with the radio-tracer results in
EBBA most of the data were obtained Byt PGSE NMR ~ PAA was found[30]. .
combined withhomonuclearmultiple-pulse dipolar decou- . Hess-FrenkeI-AIIen_(HFA) modeThe follo.W|ng EXpres-
pling [8], while a few points were also measured by theSions have been obtained for the diffusion in nematic phase
heteronu,clearlsc{ 1) analog of this techniquE7] and by by the affine transformation from the isotropic diffusion of
method based ofH magic-echd24]. In the partially deu- hard spheres to the space of aligned uniaxial ellipsi8ds
terated 8CB sample most of the measurements were per- Di=(D 43_2/130"2302-1)(1-S 2
formed by stimulated-echo-typgH PGSE NMR on the sig- 1=(P)galQ 3Q QT ARG
nal from the methyl group[12] with supplementary gnd
experiments by'H homonuclearly decoupled PGSE NMR

and

on the signal from thgs-CH, group. D, =(D)ga[ Q™23+ 1/3Q %3 Q?-1)(1-9)], (2b)
where

In this section, a number of theoretical models for mo- X (1-S)] 23 20
lecular diffusion in the nematic and smectic phases will be

discussed. For the former, three different approaches aigy 5 molecule with axial rati®). Note that according to this
compared:(i) a model based on a properly parametrizedygdel the isotropic average), as defined in Eq(10), is

form of the velocity correlation function proposed by Chu sensitive to the molecular orientational order and geometry.
and Moroi [30], (i) an affine transformation model sug- |nstead theyeometric average

gested by Hesst al.[31], and(iii ) a hydrodynamic approach

developed by Franklif32]. In the smectic phase the modi- <D>g=(Df’3D”1’3) (2d)
fied model of Volino and co-workel83,34 for diffusion in
the presence of a periodic potential will be considered. is predicted to be independent of the molecular shape and

While many models have been described in the literaturegrder and becomed;, at S=0. This model has been suc-
those selected here have already been used by other autheessfully tested using molecular dynamics computer simula-
for interpreting experimental diffusion results in LCs andtion[31,38 and also recently by comparison to NMR results
some have been tested using molecular dynamics simulatiofil1].
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Franklin model The model is based on the hydrodynamic  In the nematic and smecti-liquid crystals the second-
theory for isotropic liquids and the diffusion coefficients arerank diffusion tensor has, due to the uniaxial symmetry of

defined by the following expressiofi32]: the liquid crystals, two principal values. Since the director is
) homogeneously oriented along the magnetic field of the
Dy=kT[Uut+(2+S)/(6mu Pa))] (33 spectrometer, the two principal diffusion coefficiebts and

D, are measured by magnetic field gradient held, respec-
tively, parallel and perpendicular to the main magnetic field.

D, =KT[1/uf+(5—S)/(12mu2Da,)], (3  Inthe isotropic phase the experimental diffusion coefficients
for the two gradient directions coincide.

and

wherek is the Boltzmann’'s constant,is the scalar friction
constantu and® are geometrical parameters related to the
molecular structure. Viscosity parametesg and «, are
given by the linear combination of five Leslie coefficients The molecular diffusion in isotropic and nematic phases
a;, i=1-5 (for the explicit formulas see the original paper of the three compounds exhibits some common qualitative
[32] and also the correction by Urbaet al. [35]). features that can be observed in Fig. 1, and summarized as
Apparently, the temperature dependence of the anisotropiillows: (i) temperature dependence of the diffusion coeffi-
radio-tracer diffusion in the nematic phase of PAA was cor-cient in the isotropic phase exhibits Arrhenius-type behavior
rectly predicted using this modgB2]. The theory involves with D=Dgexp(~EZ%RT), (i) the relationD;>D, holds
many parametersfriction and viscosity constantswhich  for all liquid crystalline phasedjii) the diffusion in nematic
are often not readily available with sufficient accuracy.phase, except in the phase transition region, can be approxi-
Therefore, the analysis using this model is not always feamated using Arrhenius relationship wilﬂl< EX°<E,, and
sible. In the present work we restrict it to 5CB, for which the (iv) the diffusion coefficients in the liquid crystalline and
required material properties have been reported elsewhereisotropic phases are related b |>Diso~(D)~(D)q
>D, , whereDjq, is extrapolated from the isotropic phase
B. SmecticA phase and(D), (D), are the average diffusion coefficients as de-

Volino and co-author§33,34] have modeled the diffusion fined in Eqgs.(10) and (.Zd)' This contrasts some previous
in smecticA phase with the assumption of the existence Ofunexpected observations wh_ereDH, Dl>.DiS° and
periodic potential along the smectic director. This creates &1 Di<Diso. Such results obtained by fo.re|g.n probe mol-
potential barrier, which influences the molecular di]‘fusioneCl"IE"s[l"m_45 may be connected to their different mass

along the directorZ coordinate, while the in-layer diffusion and geometry, while data obtained on the mesogenic mol-

remains essentially unaffected. Thus, the temperature(?cmes[z’21’4(3 may rather be attributed to experimental ar-

A. Isotropic and nematic phases

. . . tifacts.
independent symmetric potential becomes The diffusion anisotropyD /D, shown in Fig. 8a) is
V=—V,/2 cog2mz/d) (4) largestin EBBA, it varies from 1.8 at the phase transition to

~3.3 at low temperatures. For 5CB, the corresponding val-
whered is the layer spacing. With this potential, the equa-ues are 1.6 and 2.7, respectively. In 8CB, the anisotropy

tions for the diffusion in smectié phase are given by reaches a maximum value ef2.1 in the nematic phase and
<m ne , decreases te=1.7 on further cooling in the smectic phase.
(D)>™= (D" "lo(V1/2RT)] (5a) The activation energiem the isotropic phasdor 5CB,
and 8CB, and EBBA are collected in Table I. They agree, in

general, well with other NMR resultst,5,46—55. Due to
(D,)*M=(D,)"e™m (5b) the methodical difficulties, the diffusion coefficients obtained

by different method#n the nematic phasdiffer by as much
wherel, is the modified Bessel function of first kind and of as one order of magnitude. For 5CB, the literature diffusion
zero order, D))" and D,)"™ are the diffusion coeffi- data in the isotropic and nematic phase have been compiled
cients in the absence of smectic positional ordering but idn Ref. [11]. Recent measurement of diffusiganly D) in
presence of the nematic orientational order. For the nonzerdese phases of 5CB by stray field static gradient NI{@&
potential amplitudeV, this model predicts discontinuity of agree well with our results. Also, deuteron magic-echo PGSE
Dy at the nematic—smectié-phase transition. This approach NMR [12] measurements performed recently in chain deu-
has successfully described the diffusion measured by QEN&rated 5CBdy; [76] confirmed our previous proton data
and NMR methods in some smectic LCs with a pronounced11]. For 8CB, the diffusion coefficients obtained by FRS

discontinuity of D at the nematic-smectic phase transitiontechnique on probe moleculg44] are underestimated by a
[1,39]. factor of up to 2 and the observed diffusion anisotropy is

significantly lower than our present value. Diffusion mea-
IV. RESULTS AND DISCUSSION surements on i_mpurity molecules, generally, underestimate
the diffusion anisotropy of the solvent, even where the guest
The results of diffusion experiments in isotropic and lig- molecule closely matches the mass and geometry of the host
uid crystalline phases for 5CB, 8CB, and EBBA samples aranolecule[41—-44,55,56 Moreover, the relation between av-
collected in Figs. 1 and 2. erage diffusion coefficients in nematic phase &ng, is am-
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FIG. 1. The temperature dependence of the diffusion coeffidiggt (@) in the isotropic phase and principal diffusion coefficients
D, (O) andD; (V) in the nematic liquid crystal. Their averagéf)= (2D, +D)/3 (¢) and(D),=(D,)*3(D))** (O), are also
included. The dotted lines are the Arrhenius fits to the isotropic diffusion coeffifiggt also extrapolated into the mesophase region.
Dashed and solid lines are the fits to the CM md@&él] [Eqgs.(1)] and to the HFA mod€l31] [Eqgs.(2)], respectively.
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FIG. 2. Experimental diffusion dat®, (O) andDj (V) in 3 0.2
the nematic and smect-phases of 8CB together with theoretical o 4

fits (lines). Dis, (@) is the diffusion coefficient in the isotropic

phase. In the nematic phase the HFA mo&d] is applied with . Nematic

parameters as in Fig(l). In the smectic phase and near the phase 0.0 1 '00 1 62 1 64 1 66 1 68
transition in the nematic phase the modified Volino and co-author’s ; ) ’ ’ ’
model[33,34] [Egs. (4),(5)] with the potential amplitude given in TC/T

Eq. (6) is applied.

FIG. 3. The temperature dependence of the diffusion anisotropy
D/D, in 5CB (O), 8CB (M), and EBBA (A). Solid lines are
calculated using the HFA modé&br 5CB and EBBA and the com-
Pined HFA and Volino and co-author’s moddfer 8CB) with the
parameters as in Figs. 1 and(B) The temperature dependence of
the order paramete&sin 5CB (O), 8CB (H), and EBBA(bold line)

s reported in Refd.60—62, respectively. Thin lines are the ap-
é)roximation by Haller functio63], as described in the text.

biguous in this case. The results by QENS in nematic chain
deuterated EBBA[57-59, available only for nominally
perpendicular direction, disagree with our results by a facto
of ~2 in magnitude(after the correction for temperature
shift and presumably inhomogeneous sample orientatio
[57]). The activation energy, however, agrees well.

The temperature dependence of diffusion coefficient
within the mesophase can be tentatively decomposed in erted to its isotropic liquid state, this limiting diffusion co-
conventional thermally activatedArrhenius-type process, efficient is expected to coincide with, or to be close to, the
analogous to one observed in the isotropic phase, and aralue extrapolated from the isotropic phase.
anisotropy activateghrocess due to the presence of molecu- Interpreting the experimental data in terms of the models
lar orientational ordering. The nematic diffusion models ofrequires the knowledge of the order parameter profile across
Refs.[30,3]] (see Sec. Il deal with the lattefanisotropi¢ ~ the mesophase region. Since it was not determined in the
contribution. Inspection of the temperature dependences qfresent work, we rely on literature data. Fortunately, for the
the average diffusion coefficients reveals that the parameteesent samples numerous measuremenghafve been re-
of thermally activated contribution are similar to that in the ported. Data typically scatter within approximately 20%
isotropic phase. Note that various theoretical models introwide ranges due to experimental scaling problems. The rela-
duce different average diffusion coefficientsee above tive profiles, however, are much more accurate. In our simu-
However, for small diffusion anisotropy their difference is lations, we selecte(somewhat arbitrarilythe order param-
not significant(Fig. 1) and isotropic and geometric averages, eter profiles of Refs[60—62 for 5CB, 8CB, and EBBA,
(D) and(D),, are within 5-10% of the diffusion coeffi- respectively, that fall approximately in the middle of scatter-
cients extrapolated from the isotropic phase. Also, the appaing intervals. The data, presented in Figh)3in the nematic
ent activation energies are of similar magnitude. phases were approximated by the Haller funct®p,=(1

In the models, the theoretical “diffusion coefficient in the —T/T*)” [63] with the parameters valuds =308.5 K and
isotropic limit” is formally defined as the limiting value of y=0.162, T*=312.5 K andy=0.150, T*=351.4 K and
Dy, at S—0. SinceS=0 implies that the sample is con- y=0.182, for samples 5CB, 8CB, and EBBA, respectively.
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TABLE |. Parameters for the diffusion model simulation in the isotropic and nematic phases.

Isotropic Nematic phase
CM model HFA model
Ese E( £
(kd/mol) (kd/mol) © Q2 (kd/mol) Q2
5CB 32.8 29.1 4.4 32.8 2.4
(3.6-5.6 (2.2-2.6
8CB 34.2 38.3 3.4 42.4 2.1
(2.9-3.9 (1.9-2.2
EBBA 28.7 28.7 6.6 32.0 2.9
(5.2-9.2 (2.5-3.4

&/alues in parentheses are the range of variation of the best fit val@vdien the order paramet&is

scaled by a factor of 0.9—-1.1 corresponding to the scatter in the previously determined experimental order
parameter.

b(+0.5)kJ/mol.

¢(=2.0)kd/mol.

In the smecticA phase of 8CB the approximatioBs,, experimentakD), temperature dependence. Also here, the
=0.721%x (1—T/306.07f-%*3was used. points in the nematic-smectic transition regi¢ior 8CB
CM model [30] The two sets of diffusion coefficientd, sample were excluded from the fit. The values@f derived
and Dy, were numerically fitted to Eqg¢1a),(1b) with the  from the analysis, and the activation energies (), are
axial ratioQ as the only free parameter. The activation en-included in Table | and results are shown in Fig. 1. The
ergy E{?’, required in the model, was determined from theconclusions from the analysis can be summarized as follows:
slope of the experimentgD) temperature dependen(éig. (i) The geometrical averag®), calculated from the ex-
1). Note that for 8CB, the points in the nematic phase CI()S%erimental diffusion coefficient®| andD, using Eq.(2d)
to the smectic transition temperature, where formation Otoincides with the line extrapolated from the isotropic phase
pretrgrysnmnal smectic clusters may |nfluence the dlffusmrn:ig' 1). This agreement is particularly impressive for 5CB.
coefficient, were excluded from the fit. The values @f (i) Once again we note that the activation energies for the
derived from the analysis, together with the activation enerayerage diffusion coefficient are similar to those determined
giesEf,,lD> are collected in Table | and the results are shown inn the isotropic phase.
Fig. 1. A number of observations can be pointed out: (iii ) The axial ratio parameters derived here are essentially
(i) The isotropic averageD)=(2D, +D|)/3 in the nem-  in agreement with the values we expect from molecular ge-
atic phase can be described by the Arrhenius-type relatiorometries Q~3). Somewhat low values for 5CB and 8CB
ship, except for the phase transition region. In 5CB andmay be a consequence of molecular association as was sug-
EBBA samples, a small but significant discontinuity for co- gested from x-ray data for 5CE6,64. In a similar type of
efficient (D) is observed at the nematic-isotropic transition, experiment on EBBA homologs no association phenomenon
so that(D) is approximately 5% larger compared to the iso-has been observd®4]. The smaller axial ratio for 8CB as
tropic diffusion coefficienDs, near the transition point. No compared to 5CB homolog can be explained by the fact that
such discontinuity was detected within experimental accuthe longer chain inclined to the molecular core results in
racy for 8CB. increasing the effective molecular diameter. Note thatQhe
(i) No obvious trend is observed for the activation ener-yalues fornCB are very similar to those recently obtained
gies in nematic liquid crystals compared to the isotropicfrom the analysis of the viscosity dat@=2.6 and 1.9 for
phases. In fact, these are slightly lower, slightly higher, andsCB and 8CB, respectively65].
unaffected for 5CB, 8CB, and EBBA, respectively. Thisisin  Franklin model [32] The analysis using this model re-
agreement with the expectations since the activation energigfiires the five Leslie coefficients; (i=1,...,5) and the
in the nematic phases reflect the temperature behavior of galar friction constant§ in the nematic phase, which are
hypothetical isotropic diffusion coefficientP). scarcely available. The complete and relatively accurate set
(i) The axial ratiosQ determined for the three com- of Leslie coefficients can only be found for 5CB, as reported
pounds are larger than expected from the molecular geomn Ref.[66]. Hence, analysis of diffusion in this sample only
etries Q~3). In particular the value derived for EBBAX  will be considered. However, accurate value of the friction

=6.6) is in contradiction with the molecular picture. ~  constantf and its temperature dependence is still missing.
HFA model [31] In analogy with the CM model analysis, Therefore the difference of two diffusion coefficient(
the diffusion coefficient® , andD| were fitted to Eqsi28-~  —D,) was evaluated, since in that the term contairfirig

(2¢) using the axial ratiaQQ as free parameter and with the canceled oufcf. Egs.(3)]. The calculated and experimental
activation energyE;D>g determined from the slope of the data are compared in Fig. 4. A clear disagreement in quali-
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1 308 304 300 296 202 more “conventional” behavior with faster in-layer diffusion.
Lo ' ' ' This has indeed been observed in smeatiphase of TBBA
0.8 [68].
: Another notable experimental result in 8CB is tben-
° tinuousdecrease of both principal diffusion coefficients ob-
- served at the nematic-smectic phase transition. On the other
04 -y, hand, the diffusion anisotropy behavior changes from a gen-
r‘ ., eral increase with lowering temperature in nematic phase to
o the opposite in smectic phaf€ig. 3(a)]. Note, that the the-
oretical mode(33,34,39 predicts discontinuity oD and its
02 L+ . . . i activation energy at the nematic-smectic transition as a result
324 328 332 336 340 344 of layered structure formation. By experiments, previous
1000/ (1/K) measurements were of insufficient accuracy near the transi-
tion point[1,39,68,69.
The analysis of the diffusion coefficients using the Volino
et al. model[Eqgs.(4),(5)] resulted in large fitting errors and
unphysical parameters. Therefore, in order to adapt the

tative behavior is seen. This theorv is based on the analo model to a situation with continuous change of diffusion co-
: y fficients at the nematic-smectic transition we empirically

with polymer solutions in which the number of flexible seg- e . .
ments in the molecule is supposed to be large, which is o modified it by allowing the parametéf, in Eq. (4) to be-

viously not the case for 5CB molecule. Alternatively, the come temperature dependent. Suitably parametrized form of
inconsistence may also be caused by insufficient accuracy &gncuon Va(T) is

experimental Leslie coefficients, especially in the phase tran- Vi=Vo(1—T/T*)?, (6)
sition region.

0.6

-1 2
DD, (10 ‘m%s)

FIG. 4. Comparison of the experimental difference of two prin-
cipal diffusion coefficients Dy—D,) (H) in nematic 5CB to the
calculation(O) by the Franklin mode[32] of Eq. (3).

which reflects the temperature dependence of McMillan’s
smectic order parametgr5|. The value of parametér* in
Measurements of molecular diffusion in smectic phasegq. (6) is close to the smectic-nematic transition temperature
have been reported more frequently in the literature as comand V, is the potential amplitude at the low-temperature
pared to nematics. The ability of a viscous smectic phase tbmit. The modified model converges to the original expres-
keep its director orientation at an arbitrary angle to the magsions of Eqs(4),(5) at temperatures within the smectic phase
netic field allowed performing conventional PGSE NMR ex- away from the transition point, where the potential of Ej.
periment with the director oriented at the “magic angle” becomes virtually constant.
54.7° to the magnetic field. In such a situation, the nuclear The experimental results in 8CB in its smectic phase and
dipolar couplings are suppresgeld67—-7Q. This type of ex-  in pre-transitional region in nematic phase were simulated by
periment, however, is not feasible for 8CB due to a relativelyEgs. (4)—(6), where the coefficientsy))"*™ and ©,)"™
fast director reorientation characteristic of the smectic phasare calculated according to the HFA model with the param-
of this compound 71]. eters optimized in the nematic phase of 8CG&e above
In 8CB, the relationD>D, characteristic of nematics, The best parameters for the potential of Eg).are estimated
holds also in the smecti&-phase(Fig. 2). This result is in  to Vy=6.5 kJ/mol, T*=306.13 K, andy=0.150. The po-
contradiction with theoretical expectations tential amplitude can be compared to the values 4.6 and 11.1
[1,20,33,34,39,7Rand also with the majority of experimen- kJ/mol, obtained for TBBA [33,34 and ethyl-
tal results in other compounds. Such unconventional behawacetoxybenzylidene-aminocinnama@&ABAC) [1], respec-
ior, however, has previously been observed intively. The corresponding fit for both the nematic and smec-
cyanobenzylidene-octyloxyaniline (CBOOA) [70] and tic regions, shown in Fig. 2, demonstrates a good consistency
terephthal-bis-butylaniling TBBA) [68]. Also, recent mo- with the experiment. Particularly, it was possible to fit the
lecular dynamics simulation of the smecficphase of 8CB  theory to the data in the nematic—smedighase transition
(though, performed only on nanosecond time scaee-  region.
dictedD|>D, [73]. The fact that the smectic layer structure
is stable in spite of faster out-of-layer diffusi@) compared
to in-layer motionD, has been discussed in the literature
[74] and can be understood by assuming solid-like jump pro- We have presented the measurements of diffusion coeffi-
cess diffusion foD| and liquidlike small stegcompared to  cients for three mesogenic compoun¢sCB, 8CB, and
molecular sizes diffusion inside the layer. In contrast to EBBA) in their isotropic and liquid crystallinénematic and
nematics, the apparent activation energy in the smectic phasgnecticA) phases. The methods, based'¢hand ?H PGSE
is larger for diffusion parallel to directo(i.e., along the NMR, allow accurate measurements of diffusion coefficients
smectic layers normplE!,>E_ . Hence, if the smectic-phase in the range down to 102 m%s. The measurements pro-
temperature region would extend to lower temperatures, theided information on anisotropic diffusion that was previ-
two curvesD|(T) and D, (T) would cross, resulting in a ously inaccessible.

B. SmecticA phase

V. CONCLUSION
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Since the self-diffusion of the molecules constituting thevalues. In fact, the latter produced very realistic molecular
mesophase is measured instead that of probe molecules, thgial ratios for all three compounds.
information is direct and the analysis and interpretation is For the first time the transformation of the diffusion tensor
simple. In the nematic phase, three different models wer@t the nematic—smectig-transition is accurately measured.
applied to experimental diffusion coefficient§) the Chu- It is found that for the 8CB sample the diffusion coefficients
Moroi model where the self-diffusion coefficient has been change continuously and “nematic-like” relatio>D
derived using a parametrized form of the linear momentunPersists in the observed smectic temperature range. The
time autocorrelation functiof30], (ii) the Hess-Frenkel- translational dynamics in the smecticphase of 8CB can be
Allen approach based on the affine transformation from th&lescribed by Volino and co-authors’ mod8B,34|, modified
isotropic diffusion of hard spheres to the space of aligned®' the case of the second-order nematic-smectic phase tran-

uniaxial ellipsoids[31], and (iii) the Franklin modelthat sition.
rests on the hydrodynamic theory for isotropic liqu[@g].

All three models depend on parameters that are related to the
orientational order and molecular shape. In the analyses we This work has been supported by the Carl Tryggers Foun-
performed numerical fits of the experimental diffusion coef-dation, Magn. Bergvalls Foundation, the Swedish Research
ficients,D, andD). The analysis using the hydrodynamic Council(VR), and the Deutscher Academischer Austauschdi-
model(iii ) failed completely. Modeléi) and(ii) were, on the enst together with the Swedish Institute under Project No.
other hand, able to provide fits with reasonable paramete313-S-PPP-7/98.
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