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Interlayer molecular exchange in an anticlinically ordered chiral liquid crystal

Boštjan Zalar, Alan Gregorovicˇ, and Robert Blinc
J. Stefan Institute, University of Ljubljana, Jamova 39, 1000 Ljubljana, Slovenia

~Received 6 March 2000!

The interlayer molecular exchange has been determined in the antiferroelectric smectic-CA* phase ofad2

deuterated 4-~1-methylheptyloxycarbonyl!phenyl48-octyloxybiphenyl-4-carboxylate via quadrupolar deuteron
NMR self-diffusion in the spatially varying electric field gradient produced by the anticlinic smectic layer
structure. The interlayer self-diffusion coefficient is here by two orders of magnitude smaller than in synclini-
cally ordered smectic phases. The results support the entropic suppression model of the origin of anticlinic
smectic ordering. The applied technique could possibly allow for a new insight into the local structure of the
intermediate ‘‘clock’’ phases.

PACS number~s!: 61.30.2v, 65.20.1w, 76.60.2k
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Ferroelectric~FE! chiral tilted smectic (Sm-C* ) liquid
crystals@1# as well as most other tilted smectics exhibit sy
clinic ordering where molecules in adjacent layers tilt in t
same direction. Because of chirality, both the average
lecular tilt direction and the in-plane polarization in th
Sm-C* phase vary slowly in space as one goes from o
smectic layer to another. The pitchP0 of this helicoidal
modulation is however large as compared to the interla
spacingd. Recently tilted smectic phases have been disc
ered exhibiting anticlinic ordering@2#. In the Sm-CA* phase
in particular, the tilt direction and the in-plane spontaneo
polarization alternate from layer to layer, leading to antif
roelectric~AFE! ordering without intralayer positional orde
ing. Intermediate ‘‘clocklike’’ phases, where the angle b
tween the tilt directions as well as between the directions
in-plane polarizations in two successive layers takes on
termediate values between 0 andp, have been discovered a
well @3#. A variety of experimental techniques have be
used to characterize these newly observed phases@4–6#.
Most of them are macroscopic and, except for resonant x
scattering@7#, do not provide for a direct insight into th
structure on the molecular level.

The microscopic mechanisms leading to anticlinic resp
tively synclinic smectic ordering are still not well unde
stood. One possibility is that the synclinic interlayer orderi
is entropically favored@8# over the anticlinic one by molecu
lar exchange between adjacent layers and out-of-layer fl
tuations of the molecules. The existence of a bent tail c
figuration @9# found in 4-~1-methylheptyloxycarbonyl!
phenyl48-octyloxybiphenyl-4-carboxylate~MHPOBC! and
other anticlinic liquid crystals could suppress this exchan
allowing weaker nonsteric interactions like dipole-dipole a
quadrupolar ones, favoring anticlinic ordering, to take ov
So far there has been no direct experimental evidence for
effect.

In this Rapid Communication we report that in the an
clinic AFE Sm-CA* phase ofad2 deuterated MHPOBC liq-
uid crystal a significant reduction of the interlayer molecu
exchange process indeed takes place. The respective
layer self-diffusion coefficient is here by two orders of ma
nitude smaller than the one found in synclinically order
smectic phases@10#. The observed values are also signi
PRE 621063-651X/2000/62~1!/37~4!/$15.00
-

o-

e

r
v-

s
-

-
f
-

y

-

c-
-

e,

r.
is

r
ter-
-

cantly different from the ones obtained in the same sys
by forced Rayleigh scattering on tracer molecules@11# which
did not show the expected reduction of the interlayer dif
sion in the anticlinically ordered Sm-CA* phase. Our results
obtained by quadrupolar deuteron NMR~DNMR! self-
diffusion measurements, give strong support for the abo
mentioned entropic suppression mechanism of the origin
anticlinic smectic ordering. In performing the experimen
we exploited the fact that the anticlinic layer structu
provides for an intrinsic spatial modulation of the local ele
tric field gradient~EFG! so that translational diffusion o
quadrupolar nuclei such as deuterons can be dete
on a microscopic level without the use of externally appli
gradients. It should be stressed that the observed s
diffusion coefficients are so small that classical NMR puls
magnetic field gradient self-diffusion measuring metho
@12# fail because the pulsed gradients cannot be m
large enough. In contrast to the time-domain quadrupo
diffusion methods introduced for incommensurate cryst
@13,14# the full power of our technique rests on the use of t
frequency domain and on the variation of the orientation
the sample with respect to the external magnetic field.
show that the obtained partially averaged DNMR spectra
rectly reflect the local structure and dynamics of the inve
gated liquid crystalline phase and allow for a discriminati
between synclinic, anticlinic, or ‘‘clocklike’’ intermediate
ordering.

To probe the self-diffusion of the anticlinically ordere
MHPOBC in the Sm-CA* phase, we have performed
DNMR experiment in a 9 T (nL558.3 MHz! superconduct-
ing magnet between 355 and 385 K. We have used aad2
deuterated sample in which the two aliphatic cha
protons closest to the MHPOBC molecular core were
placed with deuterons. We have varied the angleuH between
the normal to the smectic layers and the external magn
field H in the range 0° to 90°. In order to prevent magne
field-induced sample reorientation and layer destructi
the structure was stabilized by filling the sample into a m
tiple layer sandwich, made of thin glass plates. The la
thickness was 200mm. The DNMR spectra were measure
by a 90°x2t290°y2t solid echo pulse sequence at diffe
ent sample orientations with aDuH55° orientation
interval.
R37 ©2000 The American Physical Society
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For a sample at an orientationuH,H,z where z points
along the normal to smectic layers, the quadrupole-pertur
DNMR frequency shift from the Larmor frequencynL of a
deuterated liquid crystal molecule with a molecular tiltu0
and an azimuthal anglef is given by@15#

n~f!5V~f!/2p563/8nQS@3~cosuH cosu0

1sinuH sinu0 sinf!221#. ~1!

HerenQ5e2qQ/h is the quadrupole coupling constant. B
cause of rapid molecular reorientations around their lo
axes and the fluctuations of these axes around the ave
direction n, the largest principal axis of theC-D deuteron
EFG tensor will point along the molecular directorn. Due to
the rather weak biasing of these motions, the time-aver
deuteron EFG tensor will possess cylindrical symme
around this axis.S is the nematic order parameter whic
measures the degree of the orientational order ofn. It should
be stressed that the change in the orientation of the molec
director on going from one smectic layer to an adjacent
provides for an intrinsic spatial modulation of the orientati
of the EFG tensor.

Expression~1! does not take into account intralayer a
interlayer molecular diffusion. The former does not chan
the NMR absorption frequencyV(f) since f is constant
within a smectic layer. Consequently, measurements
DNMR absorption spectra are insensitive to intralayer dif
sion, macroscopically quantified by the intralayer compon
D' of the self-diffusion tensor. On the contrary, any inte
layer molecular jumps, formally described as a on
dimensional random-walk processz(t), and macroscopically
by the interlayer self-diffusion componentD i , demand a si-
multaneous change of the azimuthal anglef5f„z(t)…, thus
makingV(f) time-dependent. In the Sm-CA* phasef varies
by p on going from one layer to an adjacent one. Se
diffusion thus results in a motionally altered spectrum if t
motion is fast enough. The effect is only present at orien
tions where the magnetic field is not parallel to the norma
the smectic layers since atuH50° interlayer jumps do no
change the resonance frequency.

It should be pointed out that there exists a major diff
ence between synclinic and anticlinic ordering, related to
impact of self-diffusion on the DNMR spectra. Synclinic o
dering implies only a minute change in the DNMR frequen
of two neighboring layers due to the infinitesimal change
the azimuthal angleDf5f(z1d)2f(z)52pd/P0!1, as
P0@d. For an anticlinic arrangement, on the other ha
Df52p(d/P011/n) is of the order of unity for smalln.
Heren52 in the Sm-CA* phase andn53,4, . . . in theclock-
like phases. Consequently, the DNMR frequency chan
significantly between adjacent layers in anticlinic system
Motional averaging effects due to translational diffusion a
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thus negligible in synclinically ordered phases but all imp
tant in anticlinically and ‘‘clocklike’’ ordered ones.

The n52 case of a Sm-CA* phase withDf'p, in par-
ticular, corresponds to a two-site chemical exchange c
where the molecule carrying the resonant nucleus perfo
stochastic jumps between to sites with resonances atV(f)
andV(f1p), respectively~Fig. 1!. This is so since DNMR
does not resolve between the jumps into the upper and lo
neighboring layers; that is,V(f1p)'V(f2p). The
absorption spectrum of such a system can be calcul
by solving the Bloch master equation@16# for the nuclear
magnetizationM (t,f)5@M (t,f),M (t,f1p)# of the two
sites,

Ṁ ~ t,f!5 iV= ~f!M ~ t,f!2M ~ t,f!/T21K= M ~ t,f!,
~2a!

with

V= ~f!5FV~f! 0

0 V~f1p!
G , K= 52wF21 1

1 21G .
~2b!

The elements ofV= (f) are defined with Eq.~1!, T2 is the
spin-spin relaxation time, describing all contributions to t
homogeneous line broadening apart from the diffusi
whereas 2w denotes the probability per unit time fo
the molecule to diffuse into one of the two neighborin
layers. w, the interlayer jump probability, is related t
the macroscopic diffusion coefficient viaw5D i /d2.
The DNMR absorption spectrum, which is the real part
the Fourier-transformed sum of the magnetization com
nentsM (t,f)1M (t,f1p), can be expressed analytical
@16# as

FIG. 1. Molecular director configuration in the Sm-CA* phase
and the geometry of the DNMR experiment.XYZ is the laboratory
frame, whereas thexyz frame is fixed to the LC smectic layers.n1

andn2 denote the directors in the neighboring layers, with the
spective DNMR absorption frequenciesV(f) andV(f1p).
I ~v,f!}
dV2~f!~T2

2114w!1T2
21$@v2V0~f!#21~T2

2114w!2%

dV4~f!22dV2~f!$@v2V0~f!#22T2
2224T2

21w%1$@v2V0~f!#21T2
22%$@v2V0~f!#21~T2

2114w!2%
.

~3!
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Here V0(f) is the averaged resonance frequency of t
nuclear sites in adjacent, anticlinically ordered layers,

V0~f!5@V~f!1V~f1p!#/2

53p/4SnQ@3~cos2 uH cos2 u0

1sin2 uH sin2 u0 sin2 f!21#, ~4a!

whereas 2dV(f) represents the respective frequency se
ration,

dV~f!5@V~f1p!2V~f!#/2

59p/8SnQ sin 2u0 sin 2uH sinf. ~4b!

If the exchange is neither fast nor slow with respect
dV(f), i.e., if we are in the intermediate exchange regi
w'dV(f), the DNMR line shape is inherently non
Lorentzian, or equivalently, the solid-echo time-decay is
Hahn-like@16#. This makes the determination ofw from the
solid-echo decay rate rather tedious. Moreover, the resp
of the whole system is a linear superposition of contributio
from all layers, so that one has to integrate over the distri
tion of phase anglesP(f). We therefore decided to conside
the frequency domain response

I tot~v!5E
0

2p

P~f!I ~v,f!df. ~5a!

The respective ‘‘fast motion’’ (w5`) and ‘‘rigid lattice’’
(w50) limits are

I tot~v!5P~f!udv/dfu21* L~v!,

v~f!5H V0~f!; w5`

V~f!; w50.
~5b!

Here * denotes the convolution with the Lorentzian lin
shapeL(v)}(11v2T2

2)21. The big advantage of working
in the frequency domain is the appearance of singularitie
frequencies satisfyingdv/df50. These singularities can b
used to determinenQS(T) andu0(T), whereas the analysi
of the line shape in the intermediate exchange regime yi
w.

For a determination of the theoretical DNMR line sha
as given by Eq.~5a!, we have to know the distribution of th
azimuthal anglesP(f)5dN/df}udf/dzu21 in the presence
of an external magnetic field, which introduces solitonli
distortion into the phase angle layer modulation. The spa
variation off(z) can be evaluated by minimizing the Lan
dau free energy density@17# in the single elastic constan
approximationK5K22'K33:

g5sin2u0H KF1

2 S df

dzD 2

2
2p

P0

df

dzG
2

1

2
xaH2~cos2 uH cot2 u01sin2 u0 sin2 f!J . ~6!

Here xa is the anisotropy of the diamagnetic susceptibili
The fact that the critical magnetic fieldHc for the unwinding
of the modulated structure is inversely proportional to
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pitch @18# implies that the anticlinic order is by far less se
sitive to the external magnetic field than the superimpo
chiral long pitch helicity. One can thus regard theDf'p
anticlinicity of the two neighboring layers as fixed and th
treat the chiral spatial modulation of this quasirigid doub
layer system in a continuous manner.

The theoretical DNMR line shape in the presence of d
fusion can be rewritten as

I tot~v;uH ,u0 ,h,w!

}E
0

2p E„k~h,uH!…

A12k2~h,uH!sin2 f
I ~v,f;uH ,u0 ,w!df, ~7!

allowing for the determination ofu0 andw by measuringI tot
at different sample orientations. HereE(k) is the complete
elliptic integral of the second kind andk5k(h5H/H0

c ,uH)
is the respective modulus, given by the solution of the s
consistent equationk5h sinuHE(k). H0

c5p2/P0AK/xa is the
critical field for the unwinding of the chiral helix at an or
entationuH590°.

By a generalization of expression~7! it can be shown that
the DNMR line shape angular patterns in the intermedi
exchange regimes allow for a determination of the lo
structure, and more specifically, of the relative tilt directi
arrangements in adjacent smectic layers in the generan
53,4, . . . case. DNMR can be thus used to discrimina

FIG. 2. Experimental and theoretical angular dependencie
the DNMR line shapes in the Sm-CA* phase of MHPOBC atT
5380 K. The expected singularity positions in the ‘‘fast motion
limit w5` and in the ‘‘rigid lattice’’ limit w50 are shown as
dashed and dotted lines, respectively.
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between different ‘‘clocklike’’ smectic phases. The abo
method is not applicable to synclinic phases due to the
sence of motional narrowing effects.

The experimental angular dependence of the DNM
spectra atT5380 K in Sm-CA* phase, where the molecula
directors are known to be tilted with respect to the lay
normals, is shown in Fig. 2. The results show that the av
aged direction of the largest principal axis of the deute
EFG tensor in the Sm-CA* phase is normal to the smect
layers. This is similar to the results found in the Sm-A phase
whereu050°, i.e., where the molecular directors are para
to the layer normals. The above result demonstrates the
eraging of the anticlinically arranged deuteron EFG tens
in the Sm-CA* phase due to interlayer exchange. Nearly p
fect theoretical line shape fits to Eq.~7! are obtained with
nQS55162 kHz, u052062°, and w53.83104(160.2)
s21. The value of the tilt angleu0 matches the one obtaine
by ellipsometry@3#. From the observed soliton-induced di
tortion of the spectra which is distinctively pronounced
uH590° in the form of an asymmetry of the two spectr
singularities, one finds a value of the critical fie
H0

c(380 K)518 T. This is close to the critical field for th
unwinding of the chiral helix measured via conoscopy@19#.
By taking the distance between adjacent smectic layer
d53.4 nm @8#, one finds a surprisingly low value of th
diffusion constantD i5wd2'4.4(160.3)31029 cm2 s21. A
variation of less than 20% about this value was detecte
other investigated temperatures in the Sm-CA* phase. The
observed value ofD i is significantly smaller than the value
s.
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found in the synclinically ordered FE Sm-C* phases, where
D i'1027 cm2 s21 @10#. It is also much smaller than the va
uesD i'6 – 831028 cm2 s21 found for tracer molecules@11#
in the anticlinically ordered AFE Sm-CA* phase of MH-
POBC. However, the diffusion of the tracer dye molecu
may be considerably different from the bent MHPOBC m
ecules obeying different local ordering rules. Whereas
diffusion of tracer molecules gave no support for the an
clinic ordering induced reduction of the interlayer exchan
rate, the direct measurement of the self-diffusion of t
MHPOBC molecules definitely demonstrates the existe
of this effect.

In conclusion we have shown that the measuremen
quadrupolar self-diffusion induced motional averaging
fects of the DNMR spectra at different orientations of t
magnetic field with respect to the normal to the smectic l
ers allows for a determination of the local structure and
namics of anticlinic smectic phases. We have also dem
strated the potential of this method in the investigations
‘‘clocklike’’ and ferrielectric smectic phases. The extrem
sensitivity of our technique is related to the large elect
field gradient variations induced by different tilt directio
arrangements in adjacent smectic layers. The results obta
in the antiferroelectric Sm-CA* phase of MHPOBC in par-
ticular support the entropic suppression mechanism mode
the origin of anticlinic smectic ordering.

We are extremely grateful to Mary Neubert and her c
workers for providing us with the deuterated MHPOBC.
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