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A proton nuclear magnetic resonan®MR) relaxation study of molecular dynamics in the liquid
crystal 4-octylphenyl 2-chloro-f4-cyanobenzoyloxXypenzoate (DBgCl) is presented. DECI
molecules possess a strong polar terminal group and form, in addition to the nematic phase, three
different smectic phases: bilayer smectic A, bilayer smectic C, and anticliniclike smectic C phase.
The proton spin-lattice relaxation times were measured in all mesophases over a broad frequency
range of six decades by applying conventional and fast field-cycling NMR techniques. The
parameters obtained in the analysis of the experimental data give quantitative information on
molecular motions, particularly for the tilted smectic phases ofg@CIBIn contrast to former
conjectures, we found that the low-frequency relaxation in the bilayer smectic C phases results from
director fluctuations about the layer normal, which occur without distortion of the layers, and from
layer undulations, similar to those in the smectic A phase. In the low-temperature bilayer smectic C
phase, a considerable slowing-down of molecular translational diffusion is observed. It confirms
indirectly the anticlinic character of this mesophase. Measurements of angular dependence of the
relaxation times at 60 MHz support the conclusions obtained from the frequency dispersion
data. © 2001 American Institute of Physic§DOI: 10.1063/1.1413744

I. INTRODUCTION In NMR relaxometry of liquid crystals we are dealing

It is well-known that liquid crystals with strong polar With several mechanisms, i.e., types of molecular motion,
terminal groups often present a great variety of mesophasetgsponsible for the relaxation of nuclear spins. As different
including the nematic phase and smectic A and C phase#yotional processes occur over different time scales they are
consisting of monolayers, bilayers or partial-bilay&r€The  usually assumed to be statistically independent and the cou-
structures of these phases and transitions among them haptng between them is neglected. Previous studies of molecu-
been an object of detailed study by x-ray diffractfoht  lar dynamics in compounds with polar end-groups have re-
calorimetry’>™®® and nuclear magnetic resonance vealed that the relaxation mechanisms in the smectic A phase
(NMR).2¢-23Dielectric measurements and NMR relaxometryare not considerably different from those observed in the
gave information on molecular dynamics, predominantly innematic phas&1%26-29f protons are used as the molecular
the nematic and bilayer smectic A phas®s>?*On the  probe, the relaxation in the MHz regime of both mesophases
other hand, the structural properties and dynamics in tilteds governed by reorientations of the whole molecule, fast
smectic phases have been much less investigated and are s§dinformational changes within the molecule, and transla-
not well understood. In this paper we apply proton NMRtional self-diffusion. The latter affects only intermolecular
relaxometry in a broad frequency range to study the peculiagroton interactions.
molecular arrangement and mobility of such phases. We fo-  The most significant difference between a liquid crystal
cus on the uniformly tilted bilayer smectic C phase (SMC and isotropic fluids is observed in the kHz frequency
and on the anticliniclike phase (Sm)Cwhich appears at range3%3! Collective molecular reorientations, which are
lower temperature, and which is—as far its proposed strucgnown as director fluctuatior®F), produce here a peculiar
ture is concerned—between the alternating and the b"ayedependence of the spin-lattice relaxation ritfel on the

; 4,25 . -1

tited phases! Larmor frequencyw. In the nematic phasel; * is propor-
tional to v~ 2 over several frequency decades as theoreti-

dElectronic mail: pedros@lince.cii.fc.ul.pt cally predicted by Pincus and experimentally definitely con-
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a takes place. On the basis of dielectric measurements, x-rays
chl7@ooc©ooc@CN diffraction and proton NMR studies an anticlinic type of or-
dering was proposed for this mesoph&$&2*®within this
Cr 100C SmCy 107C $mC; 117°C Smaz 153%C N 168°C 1 model the anticlinic arrangement is superimposed on the

“regular tilt.” Within a bilayer, one layer of molecules are
tited for an angled+ B and the other for the anglé— g8
away from the layer normalFig. 2. 8 was found to be
firmed by Wdfel, Noack, and Stohre’*? In the smectic A about 13%2° 23
phase, collective orientational fluctuations are basically layer In this work we present a study of relaxation in all me-
undulations. They seem to be less effective than nematisophases of DECI in order to correlate the parameters ob-
fluctuations as the spin-lattice relaxation time in the smectigained for the description of molecular dynamics in the SmC
A phase exceeds that of the nematic phase almost by ongd SmG phases with those of the N and Smphases. In
order of magnitude in the kHz regime. The relaxation rateSec. Il experimental procedure and results are described. In
associated with pure layer undulations should goTas  Sec. Ill we present the relaxation mechanisms used in the
«p~* due to the two-dimensional character of such fluctua-analysis of the measured relaxation times. The values of the
tions2® parameters obtained in the fitting procedure are discussed in
The relaxation in the tilted smectic phases, composed ofec. IV. They show significant differences between different
nonchiral molecules, has been up to now only marginallymesophases and provide an insight into molecular dynamics,
included in the papers describing the relaxation in liquidparticularly for the tilted smectic phases. The conclusions are
crystals?’*33*No definite conclusion on the frequency de- outlined in Sec. V.
pendence 011'1’1 in the kHz regime has been given. In some
cases it was ascribed to nematiclike director fluctuations antd. EXPERIMENTAL TECHNIQUES AND RESULTS
in others to undulations as in the smectic A phase. This The proton spin-lattice relaxation tin¥g of DBCl was
should be the reason for the comment of Vold and Vold that : ;
director fluctuations should be operative in tilted smectic Cm_easur_ed as a function of Larmor frequenay,(sample’s
orientation angle 4) and temperaturé€r). In order to cover

5 . .
p.hasé, but adequate th_eory and experiment are lacking. Thea broad Larmor frequency range frornb00 Hz to 300 MHz,
situation has not much improved up to now. Recently, Acost

fhree different NMR s :

. . . 1 pectrometers were used: a Bruker MSL
andillj;usml p(3|{1ted7;)ut that both types of dispersiog, . 300 operating at 300 MHz; a Bruker SXP-4/100 for frequen-
oy and T; “«xv~*, are observed close to the smectic

C-nematic phase transitidh. Their observation was only cies between 5 and 100 MHz, and a home-built fast field-

o . o " _cycling spectrometer in the low-frequency regifdiffer-
qualitative and assigned to the pre-transitional effects, |.ee.§m pulse sequences were applied according to different
o . . r ncy ranges. Th | inversion-recover I -
to throw additional light on this problem and on the molecu- equency ranges € usud ersion-recovery puise se
uence was used to perform tfig measurements in the

lar dynamics in tilted smectic phases generally, we decide Hz frequency range. On the fast field-cycling spectrometer
to perform a comprehensive study of the NMR proton spin-, '

) o _ the sequenceBy ., —7—B, .n—(7w/2)—FID) was used,
lattice relaxation in the liquid crystal 4-octylphenyl 2-chloro- where?i i< theagvoLlutioln tinL1e H(r/é) is)the rad)io frequency
4-(4:I'Cr¥: rI;)Ob((e:rI]zc%yrlr? )%?Jenr::izgﬁgi;/stilrfr%%igoﬁéses upon de!"") detecting pulse, and,,_. B, are transitions be-

. Bs P } ) phas P tween the high and low magnetic fields, respectivélyhe
creasing temperature: One nematic and three bilayer SmeCtr'ﬁeasurements of the angular dependencd ofvere per
H 9,15 m Aa T -
phases(Fig. 1. The structures of the S. nd SmG formed at a frequency of 60 MHz on the Bruker SXP spec-
phases are well understood. In the smecticphase mol-

ecules are oriented perpendicular to the plane of the Iay%ﬁ?igstgfr (;J)éousmg a step motor to achieve the angular reso-

which has a thickness of approximately two molecular The DB,CI sample was sealed in NMR glass tubes of

lengths as illustrated in Fig. 2. In the Spm@hase, the mo- 0.5 mm diameter under moderate vacuuri0(133 Pa

lecular pairs are tilted with respect to the layer normal. TheSince the observed, might depend somewhat on the pro
L -

tlt a_ngle ¢ depends on the_temperature and amo“ﬂts up teedure by which the mesophases were oriented in the mag-
30° justabove 107°C. At this temperature the transition Intonetic field, we took care to perform all measurements after
another tilted smectic phase, which is denoted by §mC !

cooling the sample, in the presence of the external magnetic
field, from the isotropic phase to the desired temperature at
the rate 1 °C/min. In this way the nematic and smectic A
phases are homogeneously oriented with the director parallel
to the magnetic field everywhere in the sample. The normal
to the layers in the smectic4phase has the same direction.
When the sample is cooled into the smectig ghase, the
molecules are still aligned along the magnetic f&ldhis

fact implies, however, an inclination of the smectic planes
and consequently a decomposition of the uniform structure
FIG. 2. Schematic representation of the structures of the SIBWG, and  INt0 domains. Each domain is characterized by the orienta-
SmG, phases of DBCI. B represents the external magnetic field. tion of the layers’ normal, i.e., by its polar and azimuthal

FIG. 1. Chemical structure and polymorphism of theg@Bcompound.

i
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10' . e . . . (T;*(A)) are presented for one temperature in each smectic

. mesophase at the frequency 60 MHz; for the sake of clarity

10° v/‘/ v:f,,:/. SO the experimental error bars are omitted. The angular depen-

,;’./...... .‘,’,:(’- s . dence is obtained by rotating the sample about an axis per-
210" NG . pendicular to the external magnetic fielddenotes the angle
a e /»::{':;'00@w ° ) of rotation of the sample witth =0 denoting the position at

102 L™ e ] which the cooling from the isotropic phase was performed.
o2 * SmA,(135°C) In the case of the smectic,Aphase, the molecular director

10 Lo i N‘.‘fz < turned away from the magnetic field by sample rotation, does

10° 10° 10° 10° 10

10° 10° not realign for quite a long time. This enables the measure-
ments of the spin relaxation rate with the director turned
FIG. 3. Frequency dependence of the proton spin-lattice relaxation tim@way byA from the direction of the magnetic field. Figure 4
Ty(»)in the N, SmA, SmG, and SmG phases of DCI. The dashed lines  shows thalr; *(A) exhibits a characteristic maximum at 90°
Z;z_?_tjfiill)lhes to the characteristic slopes of the DF mecharigm % in the SmA phase: Rotating the tllteql smectlp phases, $mC
and SmG, results in the corresponding rotation of the layer
planes. However, the molecules in each domain adjust their
angles with respect to the magnetic field. Whereas the pola@rientation closer to the magnetic field while preserving their
angle equal® in all domains, the azimuthal angle assumedtilt angle and the orientation of the layers. The director,
all values between 0 andr2 with equal probability. which represents also in the tilted smectic phases the pre-
In Fig. 3 we present the experimental resultdTgf») at  ferred direction of long axis, has therefore different orienta-
one temperature for each mesophase of©IBThe random tions in different domains foA #0.22 The angle of the di-
error limits are estimated to be10%; for the sake of clarity ~rector in eachm domain with respect to the magnetic field is
the experimental error bars are omitted. The frequency  denoted bys,, and depends, naturally, on the angleof the
dispersions in the N and Sm/phases of DBCI are similar ~ rotation of the sample. In both tilted smectic phases, $mC
to those found in other liquid crystat&!®®°In both me- and SmG, the NMR spectra show a well expressed angular
sophased, increases from the low to high frequencies but atdependencé’ On the other hand, the spin-lattice relaxation
intermediate frequencies there is a plateaTjifv) in the  rates are almost independent of the sample orientation as
SmA, phase which is not observed in the N phase. In theshown in Fig. 4.
SmA, phase the dispersioh, > v is observed in one decade
(10°-10* Hz), whereas in the nematic phase the director
fluctuations [y vl’z)_ obviously govern the relaxation from ;| RE| AXATION MECHANISMS
10° to 1° Hz. In this frequency rang@; in the nematic
phase is considerably shorter than in the SrpAase. The proton spin-lattice relaxation measurements are
Afirst inspection of theT; dispersion in the Sm{phase quantitatively interpreted by a global target nonlinear least-
(Fig. 3 shows partly the characteristics of the nematic andsquare fitting minimization procedure in which a linear com-
partly of the SmA phase, namely(i) at low frequencies bination of relaxation mechanisms’ models is used. The most
(10° Hz—4x 10* Hz) T, increases with frequency as in the N important relaxation mechanisms are:
phase T;>v'?); (i) at intermediate frequencie&x 10°
Hz—-1@ Hz) T,(») evidences a leveling-off which resembles
the plateau in the SmAphase. In the Smphase the spin-
lattice relaxation time is considerably shorter than in othe
mesophases over the whole frequency range studied. Tlg)
shape of the dispersion is similar to the one observed for th
SmG phase.
In Fig. 4 the angular dependences of the relaxation rate

v(Hz)

(1) Translational self-diffusion (SD), modulating inter-
molecular magnetic dipolar proton interactions;

I,(2) director fluctuations(DF), expected to be effective at

low frequencies;

molecular rotations/reorientationéR), acting on the

intra-molecular interactions; i.e., magnetic dipolar inter-

actions among protons in the same molecule.

Assuming that these relaxation mechanisms are statisti-

20 . : . cally independent, the measured relaxation rate can be inter-
preted as a sum of three contributions:
??eeoo’“tf:"eoaﬁo?'
; (1 N +(1) )
TQ 10 | . ] Tl Tl sD Tl DE Tl R
e o SmC, (105°C)
= SmC,(112°C) . . . -
* Sm A, (135°C) The following relaxation models were used in the fitting
procedure of the theory to the experimental data:
0.0 1 1 1
0.0 45.0 900 1350  180.0 (1) Anisotropic translational self-diffusion as de-

0. ~

40 scribed by Vilfan and Emer for nematic and smectic A
0,41 S : ;

FIG. 4. Angular dependence of the proton spin-lattice relaxatioriaten phase$?**Its contribution to the relaxation rate induced by

the smectic phases of @B at v=60 MHz. the time-modulation of intermolecular interactions is
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1 9 2 fast molecular motions. The well known square root fre-
_7[Fo)" 4, 2N7DL 1 Y :

7| “slan — quency dependencél { “)pe~ v~ %, obtained for the nem-
/'sp 7 d atic phas€?* is modified if the finite dimension of mol-

<I’J2_> D” I

v, =t L (2)  on the other side, are taken into account. As a result, the
Dl s d2 ] DL I d,

square root regime is limited to the frequency range between
ve__on the upper side anadg at the lower side. For

XQ

) ecules on one side, and the finite size of the nematic domain

wherevy is the proton gyromagnetic ratio,is the number of ) ]

spins per unit volumed the distance of closest approach of Larmor frequenciess larger th"’m”c the dispersion be-

two proton spins on neighboring moleculé52> isthe mean comes quadratic, whereas it levels- off into a plateau for fre-

square jump distance, ang, the average time between two quencies smaller thanc . Such behavior is described by

successive jumps in the plane of the layer for the smecti¢he following equations for the nematic phasé®—4°

phases and in the direction perpendicular to the director for

the nematic phase. Similarly, denotes layers’ spacing in the

smectic phases and molecular length in the nematic phase. ( 1) An
DF,

_ (1) N
The relaxation rateT; YYsp depends further on the ratio,/ T, ]

N (V,VC 1V(N: . 15)

max min
D, of the diffusion coefficients in two perpendicular direc- N Vv
tions and on the anglé between the molecular director and 1
the magnetic field. The dimensionless functinwhich de- +—=j @2, vC V(’\:‘ L9, (4
termines the frequency dependence Bf Ysp, depends on \/E "
the details of the diffusion process and on the spatial molecu-
lar arrangement. It is different for the nematic and for the\\pare
smectic A phase and was evaluated numerically for both
cases in Refs. 40 and 41. It should be also mentioned that the
parameter®, andD, are related to the ones referred for the vy vy
perfectly ordered nematic and smectic A structu@§ and (v, g Ve, vam,é) = fi1(6) QN( max) —gm(ﬂ)
DY) through the orientational order parame®ét v g 3
2D%+D} 0
DFT(l—SHSDu- (38 and
2D+ 1
DL—T(l S)+sD°. (3b) gn(a) = ;(arctam V2a+1)+arctari\2a— 1)
As there is no specific model for the relaxation induced by J2a
translational self-diffusion in the tilted smectic phases, the —arctamém (4b)

above model for the SmA phase was used also in the analysis

of the SmG and SmG phases. The approximation is reason-

able in view of a weak dependence GTI(l)so on the angle The effectiveness of order fluctuations in relaxing the spins

between the molecular director and the external magnetits given by the parametehy which depends on the vis-

field. coelastic properties of the liquid crystal, on the square of the
In fitting the contribution of translational self-diffusion, orientational order paramet(S and on the strength of the

(T, )so, to the experimental data,, was the only free Proton-proton mteractlonvC and Vc are the high and

parameter. The values of other parameters used in the fit arkaw cut-off frequencies. The angular functiof\a(&) deter-

n=3.4x 10?® spins m® (calculated for DBCI from a spe- mine the [T; %)pe(8) and can be found elsewhet&™

cific density of~1 g/cn? and taking into account the num- In the smectic A phase, the director fluctuations are as-

ber of proton spins present in each molea:u{ef)/dZ:l; sociated with layer undulations. If the compressibility of lay-

d=5.0x10"'° m in the nematic and SmAphases, andi ers is neglected, such fluctuations preserve the layer spacing

=4.8x10 1% m in the SMC phasegn agreement with the and the perpendicular orientation of the molecules with re-

decreasing of molecular area with temperatifel = 28  spect to the instantaneous layer normal. They are restricted to

x1071% m (estimated from the DECI molecule in its wave vectors in the layer plane, i.g,=0 and yield a linear

stretched conformationAs for D, /D, , the values obtained dependenceél; *~v~* over a broad frequency range, de-

in the literature for similar compounds were used, i.e.scribed by equation&!°26

D,/D, is 1.4 in the nematic phase, 1 in the smecticafd

C, phases and 0.18 in the smectig ghase’®****Anyway,

the value of this parameter, taken within reasonable limits (i) ALU (1)( WU LU )

DF ¢

Cmin’

does not affect appreciably the fit; Ty

(2) director fluctuations modulate in a slow time scale

1:(2) LU LU
the residual proton-proton interactions left after averaging by +2it2r,ve max’ Cin O (5)
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- (k) LU LU 2 V(L:lrJnax o IN(162I°C) I I S
ito(vive,ave +6) = fia(6) —arcta S
10
LU
2 chin [
— —arcta , (5a) Z 10
a 14 B~
where the same notation is used as in @yand LU denotes 107 4 e
layer undulations. !
As far as we know, there is no theory specific for relax- 10° P P PP
ation induced by director fluctuations in the smectic C phase. o 10 10 V(HOZ) o 1010

Light scattering studies clearly show that in this phase the
fluctuations are not limited to wave vectors in the plane ofFIG. 5. Frequency dispersion of the proton spin-lattice relaxation time in the
the |ayer qz: 0) but involve also fluctuations of the direc- nematic phase of DEI. The solid line represents the fit of E() to the

t . f th f d orientati f the | | | experimental data. The contributions of different relaxation mechanisms are
or, 1.e., 0 € preierred onen a lon Ol € long molecularygicated. The values of the fitting parameters are given in Table I.

axes, about the layer normal witfy#0.” In consequence,

the smectic C phase is more turbid in appearance than t
smectic A phase. The fluctuations wih# 0, which refer to
the rotation of the directon=(n,,n,,n,) without any dis-
tortion of the layers, have the mean square amplitude

heeXpIain the deuterium spin relaxation rate in the MHz regime
in smectic and nematic compountfg23>°®5¢Here a rota-
tional diffusion model which assumes that each molecule
moves in time in a sequence of small angular steps caused by
ksT collisions with surrounding molecules and under the influ-
(6) ence of a mean square torque exerted by these molecules is

usually used’~*°In the analysis of our data, however, the
whereB;, B,, Bz, andB,; are the elastic constants of the local molecular rotations and conformational changes give a
smectic C phase which are roughly of the same order ofmaller contribution than in the case of deuterons. They are
magnitude as the nematic elastic constants ®nis the  effective only at the highest frequencies studied. We used,
sample volumé.The component, of the director is perpen-  therefore, a simpler model evaluated by Vaitial®® The _
dicular to the plane determined by the layer normal and bypossible anisotropy of the local molecular long-axis-
the average direction af. Assuming that the characteristic feorientations is neglected,

{Iny(a)|?)= ,
y (B102+ B,02+ Ba02+2B150,d,)V

damping times of the viscoelastic relaxation modes are given 9/ uo\? 2 © A A2
5 | =—|==
by4 I(‘Tl) . 8 (477_) 7 h (\] (Va 51A 1A 1A 171 yTH yTyIS)
Ty(q) = 7] (7) +J(2)(2V1 61A(0)1A(1):A(2)17-L 1TH :T»y 15))1 (8)

B,02+B,q2+B3q2+2B ' » -
10x T B20y T B3z T 2B130; where the spectral densitig§® are given by Voldet al®°

where 7 is an effective viscosity, we sum up the contribu- A™ are geometric factors which depend on the intra-
tions of all modes by integrating over from 0 to . A molecular interproton distances and orientatians.r;, and
dispersion similar to the nematic phase, i.‘é;,loc v 12 s 7, are the correlation times associated to the molecular re-
found. On the other hand, the undulations of the layers in therientations in the director frame-(, ;) and to the molecu-
SmC phase should give 'EIloc v~ ! dependence as in the lar fast rotations around the long molecular axis in the mo-
smectic A phase. Neglecting the coupling term between bottecular frame ¢,), respectivelyS is the orientational order
types of fluctuations>>?we fit the experimental ; values in  parameter. The geometric factax&™ are estimated from the
the SmC phase by adding up a contribution of nematiclikeéntramolecular interproton distances and orientations with re-
fluctuations with strengthAy and of smectic fluctuations spect to a molecular long axes{®?=4x10" m 6, A(®
with strengthA_ . It should be mentioned that in the chiral = 3x10°" m~8, and A® = 4x10°” m®. The orienta-
smectic C* phase additional modes related to the distortionsonal order paramete® for DBgCl is obtained from proton
of the helix should be taken into accoit* spectra at different temperatures. Its values Sre0.46,

In fitting the total relaxation ratfEq. (1)] to the experi- 0.63, 0.67, 0.73, 0.73, 0.75, and 0.75 consequently for the N
mental dataAy, Ay, and the cut-off frequencies can be (T=162°C), SmA (T=145°C andT=135°C), SmG (T
obtained. However, the high cut-off frequencire('émax and =115°C andT=112°C), and Smg(T=105°C andT

vg?  do not have much influence on the model fits since in=102 °C) phasesz, , 7, andr, were the fitting parameters

the frequency region where they constrain the relaxatior?’ (s model.
(MHz regime the DF mechanism is overwhelmed by trans-

lational self—diﬁusion %nd local molecula{l reorientations.; . < smA and SmC phases different treatments are re-
Therefore, fixed valuesc =100 MHz andvc =60 MHz quired. In the SmA phase the director is always parallel to
were used in the N and SmC fits anf’ =100 MHz inall  |ayers' normal and, thereforé=A. In the case of the SmC
smectic phases; and SmG phases it is necessary to take into account a dis-
(3) molecular rotations/reorientations. Their effect tribution of director orientations, as the sample is rotated in
upon nuclear relaxation has been intensively worked out téhe magnetic field, as described at the end of Sec. II. Besides,

In the analysis of the angular dependencé’@i‘ results
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10" por . e . 10" pom . ey
SmA, (135°C) / / smC, (112°C)
10° > . e ]
2107 3
[NN .
w o D e .
o DF,
10—3 I3 I4 I5 IG I7 IS 9 10—3 I3 I4 I5 IG I7 IS 9
10° 10 10° 10° 107 10° 10 10° 10 10° 10° 107 10° 10
v (Hz) v (Hz)

FIG. 6. Frequency dispersion of the proton spin-lattice relaxation time in theFIG. 8. Frequency dispersion of the proton spin-lattice relaxation time in the
SmA, phase of DBCI. The solid line represents the fit of Efl) to the SmG, phase of DBCI. The solid line represents the fit of Efl) to the
experimental data. The contributions of different relaxation mechanisms arexperimental data. The contributions of different relaxation mechanisms are
indicated. The values of the fitting parameters are given in Table I. indicated. The values of the fitting parameters are given in Table I.

in the SmG phase an additional tilt angje of the molecules act in different frequency ranges. Therefore, the total disper-
has to be taken into account in order to reflect the particulasion curve, which extends over six frequency decades, gives
structure of this phasg,similar to the antiferroelectric phase quite reliable values for the above parameters. The results of
formed by chiral molecules. To account for these details irthe fit are further supported by the analysis of angular depen-
calculating the relaxation rate, the functiohg(s) which  dences. The values of parameters, which provide the best fit
appear in Egs. 4 and fand which are also implicitly in- to the experimental data, are summarized in Table I.

volved as spectral densities prefactors in Egsand(8)] are The contributions of different relaxation mechanisms
replaced by their values averaged over all domains calculated with these parameters and the total relaxation rates
N are plotted, together with experimental data, in Figs. 5-11.
fkj(A):mE:l fij(Om(A))/N. (9 A. Nematic phase

As shown in Fig. 5T1(») in the nematic phase reveals a
typical distribution of relaxation mechanisms over the stud-
ied frequency range. The DF mechanism dominates the re-
laxation from 1 kHz to~10 MHz exhibiting theT,~ »'/2
dependence. Its “strengthAy=2600 s°? at 162°C is
slightly larger than the values obtained for similar
compounds$®® Translational self-diffusion and rotations/
IV. ANALYSIS AND DISCUSSION reorientations prevail as relaxation mechanisms in the high

In the analysis of the DECI experimental data we re- frequency range. The self-diffusion coefficiebt, , esti-
duced the number of fitted parameters as much as possibl@ated fromD, =(r?)/47,, , amounts to %10 ** m?s.
As a rule six fitting parameters were considered in the optiThe measurements of the angular dependendg ofin the
mization processrp, , A (Ay, ALu), v, (,,2! ,,EU ), nematic phase could not be performed without special equip-

min- ment or a more elaborated experimental technique, as the

7,7, and r,. This might seem to be a large number of " ) CAEE 1920
parameters, but fortunately different relaxation mechanismdirector adjusts to the magnetic field in a very short time.

In Eqg. (9) the summation is over all domains with different
director orientations. In the case of the Synghase, the
angles,(A) is obtained by minimizing the free energy in the
smectic G phase taking into account the elastic and the mag
netic energy of the liquid crystaf

2.0 2.0 T T T

SmaA, (135°C) SmC, (112°C)

T,—I (541)
5
>>
7,7 )
5
8> >

-------- SD ----- DF,
0.0 1 1 1 0.0 Eomrrers G ol SIS ISP Yarsarar forar b b
0.0 45.0 90.0 135.0 180.0 0.0 45.0 90.0 135.0 180.0
A0 ING)
FIG. 7. Angular dependence of the proton spin-lattice relaxatioriiatan FIG. 9. Angular dependence of the proton spin-lattice relaxationTatin

the SmA phase of DBCI at T=135°C andv=60 MHz. The solid line  the SmG phase of DBCI at T=112 °C andv=60 MHz. The solid line
represents the fit of Eq1) to the experimental data. The contributions of R represents the fit of Eq1) to the experimental data. The contributions of
and SD relaxation mechanisms are indicatbé DF, , contribution is neg-  different relaxation mechanisms effective at this frequency are indi¢tdted
ligible at this frequency The values of the fitting parameters are identical to DF_, contribution is negligible at 60 MHz The values of the fitting pa-
those used in the fit presented in Fig. 6. rameters are identical to those used in the fit presented in Fig. 8.
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FIG. 10. Frequency dispersion of the proton spin-lattice relaxation time inFIG' 11. Angular dependence of the proton spin-lattice reIaxatlonTrfﬁm

the SmG phase of DBCI. The solid line represents the fit of Ed) to the the SmG phase of DECI at T=105°C andy=60 MHz. The solid line

] S b ; . represents the fit of Eq1) to the experimental data. The contributions of
experimental data. The contributions of different relaxation mechanisms argifrf)erent relaxation me(c:(h;nisms effepctive at this frequency are indidted
indicated. The values of the fitting parameters are given in Table I.

DF,y contribution is negligible at 60 MHz The values of the fitting pa-
rameters are identical to those used in the fit presented in Fig. 10.

B. Bilayer smectic A phase (SmA,)

The T, versusv in the SmA phase is presented in Fig. ) _ )
6 andT; * versusA in Fig. 7. The experimental data clearly C- Bilayer tilted smectic phase  (SmC,)

indicate that a relaxation mechanism yieldifig~ »* fre- Measurements of the frequency dependencé’l‘o]f in
quency dependence is effective below! Hy. It is also in-  the bilayer Smgphase af =112 °C are presented in Fig. 8.
directly responsible for the “shoulder” in the dispersion The contributions of rotations/reorientations and particularly
curve, which is not observed in the nematic phase. Thigf self-diffusion toT; ! have obviously increased compared
mechanism can be—in view of its specific dispersion—to the nematic and smectic A phases. This is due to an in-
assigned most probably to layer undulations, though the imcrease of parameters , 7, 7, for rotations and ofrp,
pact of layers’ compressibility on cut-off frequencies has noffor translational diffusion with decreasing temperature, as
yet been experimentally clarifiéd.In our case the low cut- expected for thermally activated motions. The angular de-
off frequency could not be precisely determined as no trugyendence off; * at 60 MHz, presented in Fig. 9, is much
low-frequency plateau was detectedTin(v). The value of |ess pronounced than in the Smphase and hardly exceeds
ve. presented in Table | is merely indicative. the experimental error. This is due to a relatively smaller
The relaxation in the intermediate frequency rari@@  contribution of local rotations to the total relaxation rate at
kHz—20 MH3 is dominated by translational self-diffusion, 60 MHz. The flatT; *(A) curve is well explained by the
which is slower that in the nematic phase. The estimatedompensating effect of the self-diffusion and rotations/
diffusion coefficient is D, =5x10 ' m?/s. Rotations/ reorientations relaxation mechanisms. Since both the fre-
reorientations are important only in the high-frequency re-quency and the angular dependencesTg’ﬂ1 in the MHz
gime (>20 MHz). regime can be described by the same values of fitted param-
All parameters obtained in the fit of dispersion curveseters, we are reasonably sure that the interpretation is correct
can be here additionally tested by the angular dependence of spite of a large number of parameters involved.
the relaxation rate. Parameters listed in Table | were used to A particularly interesting point in our study is the proton
plot the solid line in Fig. 7. Obviously it matches well the relaxation in the kHz regime. According to earlier studies of
experimental data. The observed maximum &t90° is due the smectic C phase, director fluctuations should be domi-
mainly to the contribution of the rotation/reorientations nant in this frequency range, but the frequency dependence
mechanism. of their contribution toT;* has not been well establi-

TABLE I. Parameters describing molecular dynamics insDBas obtained from the fit of theoretical expressi¢escribed in the texto the measured; *
vs v~ andT;* vs A dependences.

Sm Sm SmG,
Phase N i © i
T(°C) 162 145 135 115 112 105 102
SD 75, (1072 s) 0.68 1.2 21 4.3 6.3 19 27
g (10° Hz) ~0.03 15 1.5 15 1.6
DF An(1C° s7%3) 2.6 1.9 2.0 4.0 6.0
ygLr’mn(lo3 Hz) 0.36 0.32 15 1.5 1.5 1.5
Au(10* s72) 2.2 2.6 13 13 15 16
7,.(107%0 ) 0.73 0.78 1.0 2.3 3.0 3.4 3.4
R (101 s) 0.10 0.18 0.28 0.97 1.4 1.7 1.8

(10712 s) 0.63 1.1 1.7 8.2 11 17 18
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shed?'273*\We find thatT[l of DBgCI in the kHz range frequency region where this contribution would dominate.
cannot be fitted either Wiml—l~ »~ 12 nor with TI1~ ,~1  Therefore, the magnitude oTT()DFLU was kept here at val-

dispersion alone. Only a superposition of both dispersioi€s close to the ones obtained in the Smlase. It was not
“laws” is capable of explaining the experimental ddfig.  Possible to perform a more detailed study of thedisper-

8). This fact is not surprising if we take into account that in sion at low frequencies since thg, values in the Smg

the tilted smectic phase the director can reorient about thehase are so small that they are close to the fast field-cycling
layer normal without disturbing the layer thickness. This mo-Spectrometer’s experimental limit.

tion, described by Eq$6) and(7), leads to a relaxation rate

proportional tor~ 2 in the range between the low and the

high cut-off frequencies, as shown in Sec. IlI-2. The fit, pre-V. CONCLUSIONS

sented in Fig. 8, shows that the contribution of in-layer fluc-
tuations of the director exceeds that of layer undulations i
the whole frequency range studied. Its effectiveness is giverE
by the parameteAy=2.0x 10° s~ 32 (see Table), which is
only slightly smaller than in the nematic phase. This might

In conclusion we may say that a comprehensive study of
roton spin-lattice relaxation in the nematic and bilayer
mectic phases of DfEl has been performed. Though the
same relaxation mechanisms are basically present in all me-
: : . . .Y "sophases, their parameters obtained in the fit reveal the spe-
seem unusual since the director in the smectic C is *free” oy character of each mesophase. The correlation times as-

rotate qnly in the plane of the Iayer_, whereas the OUt'Of'_pI"_’m%ociated with local molecular reorientations, which are the
fluctuations are much more restricted. However, a similar

I £ th el for both h it most effective relaxation mechanism in the high-frequency
vaiue of the paramelersy 1or boh mesopnases may resu .regime, increase with decreasing temperature in the usual
from increased viscosity and orientational order parameter i

2 o . ay, characteristic of thermally activated motions. On the
the SmG phase‘?. The constant descnblr_]g the eﬁeCt.'Venessother hand, translational self-diffusion dominating the proton
of layer undulationsA, , is roughly 5 times larger in the

; . relaxation at intermediate frequencies, shows an abrupt in-
SmG, phase than in the SmA phase because of mcreaseﬁ d P

itional. i . deri Th | f th t-off ease in the intra-layer correlation time at the transition
positiona, "e,g,’ smec |CLU0r ering. The vaiues ol the CUt-Ollg,, the SmG into SmMG, phase. Besides, the best fit in this
frequenciespyc  andvc . given in Table I, are only in- '

A . _ phase is obtained in the lim®P/D?—0 indicating a con-
dicative. They should be larger than in the nematic or smecsjderable decrease of out-of-layer molecular diffusion as
tic A phase, respectively, as a low-frequency plateau in thue||. These facts—slowing-down of intra-layer and particu-
dispersion curve between 1@nd 10 Hz is here clearly |arly of out-of-layer molecular diffusion—indirectly support
observed. But the data do not allow to decide whether this ighe anticlinic arrangement of molecular pairs in the SmC
caused by of the onset of the frequency cutoff or by thephase. A similar effect was observed in antiferroelectric lig-
transition from Zeeman into the dipolar spin “reservoir” g crystals, where the anticlinic molecular ordering dimin-

which takes place in the same frequency range. ishes the diffusion between layers by two orders of magni-
tude compared to ferroelectric liquid crystals with uniform
D. Anticliniclike smectic C phase  (SmC,) short range tilf?

Director fluctuations dominate the relaxation in the low-

. Fr_equhency and r::mgular dependence; of .the proton reIa>é—5t frequency regime under study. In the nematic phase the
ation in t € Smé p ase are presented in F|_gS. 10 and Hysual square root dispersion profile is observed. In the SmA
together with the best fit of Ecﬁ;) to the gxperlmental data. phase a linear frequency dependenceTqT]() o explains the
The measurements are explained basically by the same r85<perimental data. It is ascribed to the undulations of the

laxation mechanisms as in the Spphase, but there are layers. In contrast to former conjectures, we find thaﬂ’tﬁé

some important differences. Translational self-diffusion islow-frequency dispersion in the Sm@nd SmG phases can
considerably slower in the low-temperature tilted pha:se_be explained only if—in addition to layer ‘undulations—

Consequently its importance in the spin relaxation process 'fuctuations of the molecular director about the layer normal,

mcrehasgd. S_elf—ﬁlﬁus;]orﬂ '? here the domlngtmg ;I:La;at'othich occur without distortion of the layers, are taken into
mechanism in the whole frequency range betwe account. Both types of fluctuations are well-known from op-

hoe
Hz and 2<10° Hz, i.e., over three frequency decades. The, i sdies but have not been identified by NMR sofar.

m-plane correlathn time for translational diffusion,, , €X" " The calculated contribution of the in-plane director fluctua-
hibits an abrupt increase by a factor of 3 at the transitior, ) i the tilted smectic phases yields a dispersion

from SmG to the SmG phase. This indicates that in the (Til o~ v~ Y2 similar to nematic fluctuations. However,

meC_,tphasef thel dlfflusmn n th_?hbllatyelr IS hindered bytthlfthe nematiclikeT, dispersion in the SmCand SmG phases
ormation of molecular pairs with anticinic arrangement. {tjs o 5 matter of nematic domains in the smectic phase or a

I . . etransitional effect but an intrinsic property of tilted smec-
limit DJ/D?—0. Obviously a strong slowing-down of mo- ?ﬁ: phases property

lecular exchange between the layers takes place supporting
again the conjecture of anticlinic molecular ordering. The
contribution of in-plane director fluctuations t®;* in
DBgCl is increased as well, most probably due to the in-  The authors wish to thank Fundacpara a Ciacia e
crease in the viscosity coefficient. The determination of thelecnologia (FCT) through projects PBIC/C/CTM/1935/95
contribution of layer undulations is less reliable as there is n@and PRAXIS XXI 3/3.1/MMA/1769/95. One of the authors
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