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A proton nuclear magnetic resonance~NMR! relaxation study of molecular dynamics in the liquid
crystal 4-octylphenyl 2-chloro-4-~4-cyanobenzoyloxy!benzoate ~DB8Cl! is presented. DB8Cl
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 of DB8Cl. In 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 Physics.@DOI: 10.1063/1.1413744#

I. INTRODUCTION

It is well-known that liquid crystals with strong polar
terminal groups often present a great variety of mesophases,
including the nematic phase and smectic A and C phases,
consisting of monolayers, bilayers or partial-bilayers.1–6 The
structures of these phases and transitions among them have
been an object of detailed study by x-ray diffraction,7–11

calorimetry,12–15 and nuclear magnetic resonance
~NMR!.16–23Dielectric measurements and NMR relaxometry
gave information on molecular dynamics, predominantly in
the nematic and bilayer smectic A phases.16–22,24 On the
other hand, the structural properties and dynamics in tilted
smectic phases have been much less investigated and are still
not well understood. In this paper we apply proton NMR
relaxometry in a broad frequency range to study the peculiar
molecular arrangement and mobility of such phases. We fo-
cus on the uniformly tilted bilayer smectic C phase (SmC2),
and on the anticliniclike phase (SmC?), which appears at
lower temperature, and which is—as far its proposed struc-
ture is concerned—between the alternating and the bilayer
tilted phases.24,25

In NMR relaxometry of liquid crystals we are dealing
with several mechanisms, i.e., types of molecular motion,
responsible for the relaxation of nuclear spins. As different
motional processes occur over different time scales they are
usually assumed to be statistically independent and the cou-
pling between them is neglected. Previous studies of molecu-
lar dynamics in compounds with polar end-groups have re-
vealed that the relaxation mechanisms in the smectic A phase
are not considerably different from those observed in the
nematic phase.18,19,26–29If protons are used as the molecular
probe, the relaxation in the MHz regime of both mesophases
is governed by reorientations of the whole molecule, fast
conformational changes within the molecule, and transla-
tional self-diffusion. The latter affects only intermolecular
proton interactions.

The most significant difference between a liquid crystal
and isotropic fluids is observed in the kHz frequency
range.30,31 Collective molecular reorientations, which are
known as director fluctuations~DF!, produce here a peculiar
dependence of the spin-lattice relaxation rateT1

21 on the
Larmor frequencyn. In the nematic phase,T1

21 is propor-
tional to n21/2 over several frequency decades as theoreti-
cally predicted by Pincus and experimentally definitely con-a!Electronic mail: pedros@lince.cii.fc.ul.pt
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firmed by Wölfel, Noack, and Stohrer.30,32 In the smectic A
phase, collective orientational fluctuations are basically layer
undulations. They seem to be less effective than nematic
fluctuations as the spin-lattice relaxation time in the smectic
A phase exceeds that of the nematic phase almost by one
order of magnitude in the kHz regime. The relaxation rate
associated with pure layer undulations should go asT1

21

}n21 due to the two-dimensional character of such fluctua-
tions.26

The relaxation in the tilted smectic phases, composed of
nonchiral molecules, has been up to now only marginally
included in the papers describing the relaxation in liquid
crystals.27,33,34 No definite conclusion on the frequency de-
pendence ofT1

21 in the kHz regime has been given. In some
cases it was ascribed to nematiclike director fluctuations and
in others to undulations as in the smectic A phase. This
should be the reason for the comment of Vold and Vold that
director fluctuations should be operative in tilted smectic C
phase,35 but adequate theory and experiment are lacking. The
situation has not much improved up to now. Recently, Acosta
and Pusiol pointed out that both types of dispersion,T1

21

}n21/2 and T1
21}n21, are observed close to the smectic

C-nematic phase transition.21 Their observation was only
qualitative and assigned to the pre-transitional effects, i.e.,
pseudo nematic domains within the smectic phase. In order
to throw additional light on this problem and on the molecu-
lar dynamics in tilted smectic phases generally, we decided
to perform a comprehensive study of the NMR proton spin-
lattice relaxation in the liquid crystal 4-octylphenyl 2-chloro-
4-~4-cyanobenzoyloxy!benzoate, DB8Cl for short.

The DB8Cl compound shows four mesophases upon de-
creasing temperature: One nematic and three bilayer smectic
phases~Fig. 1!.9,15 The structures of the SmA2 and SmC2
phases are well understood. In the smectic A2 phase mol-
ecules are oriented perpendicular to the plane of the layer
which has a thickness of approximately two molecular
lengths as illustrated in Fig. 2. In the SmC2 phase, the mo-
lecular pairs are tilted with respect to the layer normal. The
tilt angle u depends on the temperature and amounts up to
30° just above 107 °C. At this temperature the transition into
another tilted smectic phase, which is denoted by SmC?,

takes place. On the basis of dielectric measurements, x-rays
diffraction and proton NMR studies an anticlinic type of or-
dering was proposed for this mesophase.9,23,24,36Within this
model the anticlinic arrangement is superimposed on the
‘‘regular tilt.’’ Within a bilayer, one layer of molecules are
tilted for an angleu1b and the other for the angleu2b
away from the layer normal~Fig. 2!. b was found to be
about 13°62°.23

In this work we present a study of relaxation in all me-
sophases of DB8Cl in order to correlate the parameters ob-
tained for the description of molecular dynamics in the SmC2

and SmC? phases with those of the N and SmA2 phases. In
Sec. II experimental procedure and results are described. In
Sec. III we present the relaxation mechanisms used in the
analysis of the measured relaxation times. The values of the
parameters obtained in the fitting procedure are discussed in
Sec. IV. They show significant differences between different
mesophases and provide an insight into molecular dynamics,
particularly for the tilted smectic phases. The conclusions are
outlined in Sec. V.

II. EXPERIMENTAL TECHNIQUES AND RESULTS

The proton spin-lattice relaxation timeT1 of DB8Cl was
measured as a function of Larmor frequency (n), sample’s
orientation angle (D) and temperature~T!. In order to cover
a broad Larmor frequency range from;500 Hz to 300 MHz,
three different NMR spectrometers were used: a Bruker MSL
300 operating at 300 MHz; a Bruker SXP-4/100 for frequen-
cies between 5 and 100 MHz, and a home-built fast field-
cycling spectrometer in the low-frequency regime.37 Differ-
ent pulse sequences were applied according to different
frequency ranges. The usual inversion-recovery pulse se-
quence was used to perform theT1 measurements in the
MHz frequency range. On the fast field-cycling spectrometer
the sequence (BH→L2t i2BL→H2(p/2)2FID ) was used,
wheret i is the evolution time, (p/2) is the radio frequency
~rf! detecting pulse, andBH→L ,BL→H are transitions be-
tween the high and low magnetic fields, respectively.31 The
measurements of the angular dependence ofT1 were per-
formed at a frequency of 60 MHz on the Bruker SXP spec-
trometer by using a step motor to achieve the angular reso-
lution of 0.6°.

The DB8Cl sample was sealed in NMR glass tubes of
0.5 mm diameter under moderate vacuum (,0.133 Pa!.
Since the observedT1 might depend somewhat on the pro-
cedure by which the mesophases were oriented in the mag-
netic field, we took care to perform all measurements after
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 smectic A2 phase has the same direction.
When the sample is cooled into the smectic C2 phase, the
molecules are still aligned along the magnetic field.38 This
fact implies, however, an inclination of the smectic planes
and consequently a decomposition of the uniform structure
into domains. Each domain is characterized by the orienta-
tion of the layers’ normal, i.e., by its polar and azimuthal

FIG. 1. Chemical structure and polymorphism of the DB8Cl compound.

FIG. 2. Schematic representation of the structures of the SmA2, SmC2, and
SmC? phases of DB8Cl. B represents the external magnetic field.
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angles with respect to the magnetic field. Whereas the polar
angle equalsu in all domains, the azimuthal angle assumes
all values between 0 and 2p, with equal probability.

In Fig. 3 we present the experimental results ofT1(n) at
one temperature for each mesophase of DB8Cl. The random
error limits are estimated to be610%; for the sake of clarity
the experimental error bars are omitted. TheT1 frequency
dispersions in the N and SmA2 phases of DB8Cl are similar
to those found in other liquid crystals.18,19,39 In both me-
sophasesT1 increases from the low to high frequencies but at
intermediate frequencies there is a plateau inT1(n) in the
SmA2 phase which is not observed in the N phase. In the
SmA2 phase the dispersionT1}n1 is observed in one decade
(103– 104 Hz!, whereas in the nematic phase the director
fluctuations (T1}n1/2) obviously govern the relaxation from
103 to 106 Hz. In this frequency rangeT1 in the nematic
phase is considerably shorter than in the SmA2 phase.

A first inspection of theT1 dispersion in the SmC2 phase
~Fig. 3! shows partly the characteristics of the nematic and
partly of the SmA2 phase, namely:~i! at low frequencies
(103 Hz–43104 Hz! T1 increases with frequency as in the N
phase (T1}n1/2); ~ii ! at intermediate frequencies~43103

Hz–106 Hz! T1(n) evidences a leveling-off which resembles
the plateau in the SmA2 phase. In the SmC? phase the spin-
lattice relaxation time is considerably shorter than in other
mesophases over the whole frequency range studied. The
shape of the dispersion is similar to the one observed for the
SmC2 phase.

In Fig. 4 the angular dependences of the relaxation rate

(T1
21(D)) are presented for one temperature in each smectic

mesophase at the frequency 60 MHz; for the sake of clarity
the experimental error bars are omitted. The angular depen-
dence is obtained by rotating the sample about an axis per-
pendicular to the external magnetic field.D denotes the angle
of rotation of the sample withD50 denoting the position at
which the cooling from the isotropic phase was performed.
In the case of the smectic A2 phase, the molecular director
turned away from the magnetic field by sample rotation, does
not realign for quite a long time. This enables the measure-
ments of the spin relaxation rate with the director turned
away byD from the direction of the magnetic field. Figure 4
shows thatT1

21(D) exhibits a characteristic maximum at 90°
in the SmA2 phase. Rotating the tilted smectic phases, SmC2

and SmC?, results in the corresponding rotation of the layer
planes. However, the molecules in each domain adjust their
orientation closer to the magnetic field while preserving their
tilt angle and the orientation of the layers. The director,
which represents also in the tilted smectic phases the pre-
ferred direction of long axis, has therefore different orienta-
tions in different domains forDÞ0.23 The angle of the di-
rector in eachm domain with respect to the magnetic field is
denoted bydm and depends, naturally, on the angleD of the
rotation of the sample. In both tilted smectic phases, SmC2

and SmC?, the NMR spectra show a well expressed angular
dependence.23 On the other hand, the spin-lattice relaxation
rates are almost independent of the sample orientation as
shown in Fig. 4.

III. RELAXATION MECHANISMS

The proton spin-lattice relaxation measurements are
quantitatively interpreted by a global target nonlinear least-
square fitting minimization procedure in which a linear com-
bination of relaxation mechanisms’ models is used. The most
important relaxation mechanisms are:

~1! Translational self-diffusion ~SD!, modulating inter-
molecular magnetic dipolar proton interactions;

~2! director fluctuations~DF!, expected to be effective at
low frequencies;

~3! molecular rotations/reorientations~R!, 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-
cally independent, the measured relaxation rate can be inter-
preted as a sum of three contributions:

1

T1
5 S 1

T1
D

SD

1 S 1

T1
D

DF

1 S 1

T1
D

R

. ~1!

The following relaxation models were used in the fitting
procedure of the theory to the experimental data:

~1! Anisotropic translational self-diffusion as de-
scribed by Vilfan and Zˇumer for nematic and smectic A
phases.40,41 Its contribution to the relaxation rate induced by
the time-modulation of intermolecular interactions is

FIG. 3. Frequency dependence of the proton spin-lattice relaxation time
T1(n)in the N, SmA2, SmC2, and SmC? phases of DB8Cl. The dashed lines
are guide lines to the characteristic slopes of the DF mechanism (T1;n1/2

andT1;n1).

FIG. 4. Angular dependence of the proton spin-lattice relaxation rateT1
21 in

the smectic phases of DB8Cl at n560 MHz.
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d2
,

D i

D'

,
l

d
, d D , ~2!

whereg is the proton gyromagnetic ratio,n is the number of
spins per unit volume,d the distance of closest approach of
two proton spins on neighboring molecules,^r'

2 & is the mean
square jump distance, andtD' the average time between two
successive jumps in the plane of the layer for the smectic
phases and in the direction perpendicular to the director for
the nematic phase. Similarly,l denotes layers’ spacing in the
smectic phases and molecular length in the nematic phase.
The relaxation rate (T1

21)SD depends further on the ratioD i/
D' of the diffusion coefficients in two perpendicular direc-
tions and on the angled between the molecular director and
the magnetic field. The dimensionless functionQ, which de-
termines the frequency dependence of (T1

21)SD, depends on
the details of the diffusion process and on the spatial molecu-
lar arrangement. It is different for the nematic and for the
smectic A phase and was evaluated numerically for both
cases in Refs. 40 and 41. It should be also mentioned that the
parametersD i andD' are related to the ones referred for the
perfectly ordered nematic and smectic A structures (D i

0 and
D'

0 ) through the orientational order parameterS42

D i5
2D'

0 1D i
0

3
~12S!1SDi

0, ~3a!

D'5
2D'

0 1D i
0

3
~12S!1SD'

0 . ~3b!

As there is no specific model for the relaxation induced by
translational self-diffusion in the tilted smectic phases, the
above model for the SmA phase was used also in the analysis
of the SmC2 and SmC? phases. The approximation is reason-
able in view of a weak dependence of (T1

21)SD on the angle
between the molecular director and the external magnetic
field.

In fitting the contribution of translational self-diffusion,
(T1

21)SD, to the experimental data,tD' was the only free
parameter. The values of other parameters used in the fit are:
n.3.431028 spins m23 ~calculated for DB8Cl from a spe-
cific density of;1 g/cm3 and taking into account the num-
ber of proton spins present in each molecule!, ^r'

2 &/d251;
d.5.0310210 m in the nematic and SmA2 phases, andd
.4.8310210 m in the SmC phases~in agreement with the
decreasing of molecular area with temperature!;43 l . 28
310210 m ~estimated from the DB8Cl molecule in its
stretched conformation!. As for D i /D' , the values obtained
in the literature for similar compounds were used, i.e.,
D i /D' is 1.4 in the nematic phase, 1 in the smectic A2 and
C2 phases and 0.18 in the smectic C? phase.40,41,44Anyway,
the value of this parameter, taken within reasonable limits
does not affect appreciably the fit;

~2! director fluctuations modulate in a slow time scale
the residual proton-proton interactions left after averaging by

fast molecular motions. The well known square root fre-
quency dependence (T1

21)DF;n21/2, obtained for the nem-
atic phase,32,45 is modified if the finite dimension of mol-
ecules on one side, and the finite size of the nematic domain
on the other side, are taken into account. As a result, the
square root regime is limited to the frequency range between
nCmax

N on the upper side andnCmin

N at the lower side. For

Larmor frequenciesn larger thannCmax

N the dispersion be-

comes quadratic, whereas it levels-off into a plateau for fre-
quencies smaller thannCmin

N . Such behavior is described by

the following equations for the nematic phase:35,46–49

S 1

T1
D

DFN

5
AN

An
F j N

(1)~n,nCmax

N ,nCmin

N ,d!

1
1

A2
j N
(2)~2n,nCmax

N ,nCmin

N ,d!G , ~4!

where

j N
(k)~n,nCmax

N ,nCmin

N ,d! 5 f k1~d!FgNS nCmax

N

n
D 2gNS nCmin

N

n
D G
~4a!

and

gN~a! 5
1

p S arctan~A2a11!1arctan~A2a21!

2arctanhS A2a

a11D D . ~4b!

The effectiveness of order fluctuations in relaxing the spins
is given by the parameterAN which depends on the vis-
coelastic properties of the liquid crystal, on the square of the
orientational order parameterS and on the strength of the
proton-proton interaction.nCmax

N and nCmin

N are the high and

low cut-off frequencies. The angular functionsf k1(d) deter-
mine the (T1

21)DF(d) and can be found elsewhere.46,50

In the smectic A phase, the director fluctuations are as-
sociated with layer undulations. If the compressibility of lay-
ers is neglected, such fluctuations preserve the layer spacing
and the perpendicular orientation of the molecules with re-
spect to the instantaneous layer normal. They are restricted to
wave vectors in the layer plane, i.e.,qz50 and yield a linear
dependenceT1

21;n21 over a broad frequency range, de-
scribed by equations18,19,26

S 1

T1
D

DFLU

5
ALU

n
@ j LU

(1)~n,nCmax

LU ,nCmin

LU ,d!

1 1
2 j LU

(2)~2n,nCmax

LU ,nCmin

LU ,d!#, ~5!
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j LU
(k) ~n,nCmax

LU ,nCmin

LU ,d! 5 f k1~d!F 2

p
arctanS nCmax

LU

n
D

2
2

p
arctanS nCmin

LU

n
D G , ~5a!

where the same notation is used as in Eq.~4! and LU denotes
layer undulations.

As far as we know, there is no theory specific for relax-
ation induced by director fluctuations in the smectic C phase.
Light scattering studies clearly show that in this phase the
fluctuations are not limited to wave vectors in the plane of
the layer (qz50) but involve also fluctuations of the direc-
tor, i.e., of the preferred orientation of the long molecular
axes, about the layer normal withqzÞ0.1 In consequence,
the smectic C phase is more turbid in appearance than the
smectic A phase. The fluctuations withqzÞ0, which refer to
the rotation of the directorn[(nx ,ny ,nz) without any dis-
tortion of the layers, have the mean square amplitude

^uny~q!u2&5
kBT

~B1qx
21B2qy

21B3qz
212B13qxqz!V

, ~6!

whereB1 , B2 , B3, andB13 are the elastic constants of the
smectic C phase which are roughly of the same order of
magnitude as the nematic elastic constants andV is the
sample volume.1 The componentny of the director is perpen-
dicular to the plane determined by the layer normal and by
the average direction ofn. Assuming that the characteristic
damping times of the viscoelastic relaxation modes are given
by45

ty~q!5
h

B1qx
21B2qy

21B3qz
212B13qxqz

, ~7!

whereh is an effective viscosity, we sum up the contribu-
tions of all modes by integrating overq from 0 to `. A
dispersion similar to the nematic phase, i.e.,T1

21}n21/2, is
found. On the other hand, the undulations of the layers in the
SmC phase should give aT1

21}n21 dependence as in the
smectic A phase. Neglecting the coupling term between both
types of fluctuations,51,52we fit the experimentalT1 values in
the SmC phase by adding up a contribution of nematiclike
fluctuations with strengthAN and of smectic fluctuations
with strengthALU . It should be mentioned that in the chiral
smectic C* phase additional modes related to the distortions
of the helix should be taken into account.53,54

In fitting the total relaxation rate@Eq. ~1!# to the experi-
mental data,AN , ALU , and the cut-off frequencies can be
obtained. However, the high cut-off frequenciesnCmax

N and

nCmax

LU do not have much influence on the model fits since in

the frequency region where they constrain the relaxation
~MHz regime! the DF mechanism is overwhelmed by trans-
lational self-diffusion and local molecular reorientations.
Therefore, fixed valuesnCmax

N 5100 MHz andnCmax

N 560 MHz

were used in the N and SmC fits andnCmax

LU 5100 MHz in all

smectic phases;
~3! molecular rotationsÕreorientations. Their effect

upon nuclear relaxation has been intensively worked out to

explain the deuterium spin relaxation rate in the MHz regime
in smectic and nematic compounds.16,22,35,55,56Here a rota-
tional diffusion model which assumes that each molecule
moves in time in a sequence of small angular steps caused by
collisions with surrounding molecules and under the influ-
ence of a mean square torque exerted by these molecules is
usually used.57–59 In the analysis of our data, however, the
local molecular rotations and conformational changes give a
smaller contribution than in the case of deuterons. They are
effective only at the highest frequencies studied. We used,
therefore, a simpler model evaluated by Voldet al.60 The
possible anisotropy of the local molecular long-axis-
reorientations is neglected,

S 1

T1
D

R

5
9

8 Sm0

4pD2

g4\2~J(1)~n, d,A(0),A(1),A(2),t' ,ti ,tg ,S!

1J(2)~2n, d,A(0),A(1),A(2),t' ,t i ,tg ,S!!, ~8!

where the spectral densitiesJ(k) are given by Voldet al.60

A(m) are geometric factors which depend on the intra-
molecular interproton distances and orientations.t' ,t i , and
tg are the correlation times associated to the molecular re-
orientations in the director frame (t' ,t i) and to the molecu-
lar fast rotations around the long molecular axis in the mo-
lecular frame (tg), respectively.S is the orientational order
parameter. The geometric factorsA(m) are estimated from the
intramolecular interproton distances and orientations with re-
spect to a molecular long axes:A(0).431057 m26, A(1)

. 331057 m26, and A(2) . 431057 m26. The orienta-
tional order parameterS for DB8Cl is obtained from proton
spectra at different temperatures. Its values areS50.46,
0.63, 0.67, 0.73, 0.73, 0.75, and 0.75 consequently for the N
(T5162 °C), SmA2 (T5145 °C andT5135 °C), SmC2 (T
5115 °C andT5112 °C), and SmC? (T5105 °C andT
5102 °C) phases.t' ,t i , andtg were the fitting parameters
of this model.

In the analysis of the angular dependence ofT1
21 results

in the SmA and SmC phases different treatments are re-
quired. In the SmA2 phase the director is always parallel to
layers’ normal and, therefore,d[D. In the case of the SmC2
and SmC? phases it is necessary to take into account a dis-
tribution of director orientations, as the sample is rotated in
the magnetic field, as described at the end of Sec. II. Besides,

FIG. 5. Frequency dispersion of the proton spin-lattice relaxation time in the
nematic phase of DB8Cl. The solid line represents the fit of Eq.~1! to the
experimental data. The contributions of different relaxation mechanisms are
indicated. The values of the fitting parameters are given in Table I.
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in the SmC? phase an additional tilt angleb of the molecules
has to be taken into account in order to reflect the particular
structure of this phase,23 similar to the antiferroelectric phase
formed by chiral molecules. To account for these details in
calculating the relaxation rate, the functionsf k j(d) which
appear in Eqs. 4 and 5@and which are also implicitly in-
volved as spectral densities prefactors in Eqs.~2! and~8!# are
replaced by their values averaged over all domains

f k j~D!5 (
m51

N

f k j~dm~D!!/N. ~9!

In Eq. ~9! the summation is over all domains with different
director orientations. In the case of the SmC2 phase, the
angledm(D) is obtained by minimizing the free energy in the
smectic C2 phase taking into account the elastic and the mag-
netic energy of the liquid crystal.23

IV. ANALYSIS AND DISCUSSION

In the analysis of the DB8Cl experimental data we re-
duced the number of fitted parameters as much as possible.
As a rule six fitting parameters were considered in the opti-
mization process:tD' , A (AN , ALU!, nCmin

(nCmin

N , nCmin

LU ),

t' ,t i , and tg . This might seem to be a large number of
parameters, but fortunately different relaxation mechanisms

act in different frequency ranges. Therefore, the total disper-
sion curve, which extends over six frequency decades, gives
quite reliable values for the above parameters. The results of
the fit are further supported by the analysis of angular depen-
dences. The values of parameters, which provide the best fit
to the experimental data, are summarized in Table I.

The contributions of different relaxation mechanisms
calculated with these parameters and the total relaxation rates
are plotted, together with experimental data, in Figs. 5–11.

A. Nematic phase

As shown in Fig. 5,T1(n) 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 theT1;n1/2

dependence. Its ‘‘strength’’AN52600 s23/2 at 162 °C is
slightly larger than the values obtained for similar
compounds.18,19 Translational self-diffusion and rotations/
reorientations prevail as relaxation mechanisms in the high
frequency range. The self-diffusion coefficientD' , esti-
mated fromD'5^r'

2 &/4tD' , amounts to 9310211 m2/s.
The measurements of the angular dependence ofT1

21 in the
nematic phase could not be performed without special equip-
ment or a more elaborated experimental technique, as the
director adjusts to the magnetic field in a very short time.19,20

FIG. 6. Frequency dispersion of the proton spin-lattice relaxation time in the
SmA2 phase of DB8Cl. The solid line represents the fit of Eq.~1! to the
experimental data. The contributions of different relaxation mechanisms are
indicated. The values of the fitting parameters are given in Table I.

FIG. 7. Angular dependence of the proton spin-lattice relaxation rateT1
21 in

the SmA2 phase of DB8Cl at T5135 °C andn560 MHz. The solid line
represents the fit of Eq.~1! to the experimental data. The contributions of R
and SD relaxation mechanisms are indicated~theDFLU contribution is neg-
ligible at this frequency!. The values of the fitting parameters are identical to
those used in the fit presented in Fig. 6.

FIG. 8. Frequency dispersion of the proton spin-lattice relaxation time in the
SmC2 phase of DB8Cl. The solid line represents the fit of Eq.~1! to the
experimental data. The contributions of different relaxation mechanisms are
indicated. The values of the fitting parameters are given in Table I.

FIG. 9. Angular dependence of the proton spin-lattice relaxation rateT1
21in

the SmC2 phase of DB8Cl at T5112 °C andn560 MHz. The solid line
represents the fit of Eq.~1! to the experimental data. The contributions of
different relaxation mechanisms effective at this frequency are indicated~the
DFLU contribution is negligible at 60 MHz!. The values of the fitting pa-
rameters are identical to those used in the fit presented in Fig. 8.
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B. Bilayer smectic A phase „SmA2…

The T1 versusn in the SmA2 phase is presented in Fig.
6 andT1

21 versusD in Fig. 7. The experimental data clearly
indicate that a relaxation mechanism yieldingT1;n1 fre-
quency dependence is effective below 104 Hz. It is also in-
directly responsible for the ‘‘shoulder’’ in the dispersion
curve, which is not observed in the nematic phase. This
mechanism can be—in view of its specific dispersion—
assigned most probably to layer undulations, though the im-
pact of layers’ compressibility on cut-off frequencies has not
yet been experimentally clarified.61 In our case the low cut-
off frequency could not be precisely determined as no true
low-frequency plateau was detected inT1(n). The value of
nCmin

LU presented in Table I is merely indicative.

The relaxation in the intermediate frequency range~10
kHz–20 MHz! is dominated by translational self-diffusion,
which is slower that in the nematic phase. The estimated
diffusion coefficient is D'55310211 m2/s. Rotations/
reorientations are important only in the high-frequency re-
gime (.20 MHz!.

All parameters obtained in the fit of dispersion curves
can be here additionally tested by the angular dependence of
the relaxation rate. Parameters listed in Table I were used to
plot the solid line in Fig. 7. Obviously it matches well the
experimental data. The observed maximum atD590° is due
mainly to the contribution of the rotation/reorientations
mechanism.

C. Bilayer tilted smectic phase „SmC2…

Measurements of the frequency dependence ofT1
21 in

the bilayer SmC2 phase atT5112 °C are presented in Fig. 8.
The contributions of rotations/reorientations and particularly
of self-diffusion toT1

21 have obviously increased compared
to the nematic and smectic A phases. This is due to an in-
crease of parameterst' , t i , tg for rotations and oftD'

for translational diffusion with decreasing temperature, as
expected for thermally activated motions. The angular de-
pendence ofT1

21 at 60 MHz, presented in Fig. 9, is much
less pronounced than in the SmA2 phase and hardly exceeds
the experimental error. This is due to a relatively smaller
contribution of local rotations to the total relaxation rate at
60 MHz. The flatT1

21(D) curve is well explained by the
compensating effect of the self-diffusion and rotations/
reorientations relaxation mechanisms. Since both the fre-
quency and the angular dependences ofT1

21 in the MHz
regime can be described by the same values of fitted param-
eters, we are reasonably sure that the interpretation is correct
in spite of a large number of parameters involved.

A particularly interesting point in our study is the proton
relaxation in the kHz regime. According to earlier studies of
the smectic C phase, director fluctuations should be domi-
nant in this frequency range, but the frequency dependence
of their contribution to T1

21 has not been well establi-

TABLE I. Parameters describing molecular dynamics in DB8Cl as obtained from the fit of theoretical expressions~described in the text! to the measuredT1
21

vs n21 andT1
21 vs D dependences.

Phase
T ~°C!

N
162

SmA2 SmC2 SmC?

145 135 115 112 105 102

SD tD'(1029 s) 0.68 1.2 2.1 4.3 6.3 19 27

nCmin

N (103 Hz) ;0.03 ••• ••• 1.5 1.5 1.5 1.6
DF AN(103 s23/2) 2.6 ••• ••• 1.9 2.0 4.0 6.0

nCmin

LU (103 Hz) ••• 0.36 0.32 1.5 1.5 1.5 1.5
ALU(104 s22) ••• 2.2 2.6 13 13 15 16

t'(10210 s) 0.73 0.78 1.0 2.3 3.0 3.4 3.4
R t i(10211 s) 0.10 0.18 0.28 0.97 1.4 1.7 1.8

tg(10212 s) 0.63 1.1 1.7 8.2 11 17 18

FIG. 10. Frequency dispersion of the proton spin-lattice relaxation time in
the SmC? phase of DB8Cl. The solid line represents the fit of Eq.~1! to the
experimental data. The contributions of different relaxation mechanisms are
indicated. The values of the fitting parameters are given in Table I.

FIG. 11. Angular dependence of the proton spin-lattice relaxation rateT1
21in

the SmC? phase of DB8Cl at T5105 °C andn560 MHz. The solid line
represents the fit of Eq.~1! to the experimental data. The contributions of
different relaxation mechanisms effective at this frequency are indicated~the
DFLU 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.
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shed.21,27,34 We find thatT1
21 of DB8Cl in the kHz range

cannot be fitted either withT1
21;n21/2 nor with T1

21;n21

dispersion alone. Only a superposition of both dispersion
‘‘laws’’ is capable of explaining the experimental data~Fig.
8!. This fact is not surprising if we take into account that in
the tilted smectic phase the director can reorient about the
layer normal without disturbing the layer thickness. This mo-
tion, described by Eqs.~6! and~7!, leads to a relaxation rate
proportional ton21/2 in the range between the low and the
high cut-off frequencies, as shown in Sec. III-2. The fit, pre-
sented in Fig. 8, shows that the contribution of in-layer fluc-
tuations of the director exceeds that of layer undulations in
the whole frequency range studied. Its effectiveness is given
by the parameterAN52.03103 s23/2 ~see Table I!, which is
only slightly smaller than in the nematic phase. This might
seem unusual since the director in the smectic C is ‘‘free’’ to
rotate only in the plane of the layer, whereas the out-of-plane
fluctuations are much more restricted. However, a similar
value of the parametersAN for both mesophases may result
from increased viscosity and orientational order parameter in
the SmC2 phase.62 The constant describing the effectiveness
of layer undulations,ALU , is roughly 5 times larger in the
SmC2 phase than in the SmA phase because of increased
positional, i.e., smectic ordering. The values of the cut-off
frequencies,nCmin

N and nCmin

LU , given in Table I, are only in-

dicative. They should be larger than in the nematic or smec-
tic A phase, respectively, as a low-frequency plateau in the
dispersion curve between 103 and 104 Hz is here clearly
observed. But the data do not allow to decide whether this is
caused by of the onset of the frequency cutoff or by the
transition from Zeeman into the dipolar spin ‘‘reservoir’’
which takes place in the same frequency range.

D. Anticliniclike smectic C phase „SmC?…

Frequency and angular dependences of the proton relax-
ation in the SmC? phase are presented in Figs. 10 and 11,
together with the best fit of Eq.~1! to the experimental data.
The measurements are explained basically by the same re-
laxation mechanisms as in the SmC2 phase, but there are
some important differences. Translational self-diffusion is
considerably slower in the low-temperature tilted phase.
Consequently its importance in the spin relaxation process is
increased. Self-diffusion is here the dominating relaxation
mechanism in the whole frequency range between 23104

Hz and 23107 Hz, i.e., over three frequency decades. The
in-plane correlation time for translational diffusion,tD' , ex-
hibits an abrupt increase by a factor of 3 at the transition
from SmC2 to the SmC? phase. This indicates that in the
SmC? phase the diffusion in the bilayer is hindered by the
formation of molecular pairs with anticlinic arrangement. It
should be also stressed that the best fit was obtained in the
limit D i

0/D'
0 →0. Obviously a strong slowing-down of mo-

lecular exchange between the layers takes place supporting
again the conjecture of anticlinic molecular ordering. The
contribution of in-plane director fluctuations toT1

21 in
DB8Cl is increased as well, most probably due to the in-
crease in the viscosity coefficient. The determination of the
contribution of layer undulations is less reliable as there is no

frequency region where this contribution would dominate.
Therefore, the magnitude of (T1)DFLU

was kept here at val-
ues close to the ones obtained in the SmC2 phase. It was not
possible to perform a more detailed study of theT1 disper-
sion at low frequencies since theT1 values in the SmC?
phase are so small that they are close to the fast field-cycling
spectrometer’s experimental limit.

V. CONCLUSIONS

In conclusion we may say that a comprehensive study of
proton spin-lattice relaxation in the nematic and bilayer
smectic phases of DB8Cl has been performed. Though the
same relaxation mechanisms are basically present in all me-
sophases, their parameters obtained in the fit reveal the spe-
cific character of each mesophase. The correlation times as-
sociated with local molecular reorientations, which are the
most effective relaxation mechanism in the high-frequency
regime, increase with decreasing temperature in the usual
way, characteristic of thermally activated motions. On the
other hand, translational self-diffusion dominating the proton
relaxation at intermediate frequencies, shows an abrupt in-
crease in the intra-layer correlation time at the transition
from the SmC2 into SmC? phase. Besides, the best fit in this
phase is obtained in the limitD i

0/D'
0 →0 indicating a con-

siderable decrease of out-of-layer molecular diffusion as
well. These facts—slowing-down of intra-layer and particu-
larly of out-of-layer molecular diffusion—indirectly support
the anticlinic arrangement of molecular pairs in the SmC?

phase. A similar effect was observed in antiferroelectric liq-
uid crystals, where the anticlinic molecular ordering dimin-
ishes the diffusion between layers by two orders of magni-
tude compared to ferroelectric liquid crystals with uniform
short range tilt.63

Director fluctuations dominate the relaxation in the low-
est frequency regime under study. In the nematic phase the
usual square root dispersion profile is observed. In the SmA2

phase a linear frequency dependence of (T1
21)DF explains the

experimental data. It is ascribed to the undulations of the
layers. In contrast to former conjectures, we find that theT1

21

low-frequency dispersion in the SmC2 and SmC? phases can
be explained only if—in addition to layer undulations—
fluctuations of the molecular director about the layer normal,
which occur without distortion of the layers, are taken into
account. Both types of fluctuations are well-known from op-
tical studies but have not been identified by NMR so far.62

The calculated contribution of the in-plane director fluctua-
tions in the tilted smectic phases yields a dispersion
(T1

21)DF;n21/2, similar to nematic fluctuations. However,
the nematiclikeT1 dispersion in the SmC2 and SmC? phases
is not a matter of nematic domains in the smectic phase or a
pretransitional effect but an intrinsic property of tilted smec-
tic phases.
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