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On étudie la stratification en couches d’un cristal liquide polaire NCS lorsqu’il passe d’une phase
à
nématique une structure smectique A classique en monocouches ; la méthode utilisée est l’étude de la surface
du matériau par mesure de la réflectivité des rayons X. On observe la formation de monocouches à la surface
du cristal liquide, sans qu’il y ait rupture de la symétrie haut-bas. Ce comportement est contraire à celui des
composés polaires substitués CN qui forment des bicouches à la surface et une phase smectique A1 dans la
profondeur du matériau. On discute les conséquences de ces résultats pour les modèles moléculaires des
phases smectiques A.
2014

Abstract.
Using X-ray reflectivity smectic layering is investigated on both sides of a classical monolayer
smectic-A to nematic phase transition in a polar NCS substituted compound. At the surface, only
monolayering is observed ; there is no breaking of up-down symmetry. This contrasts with the situation of a
smectic-A1 phase in a polar CN substituted compound, where bilayering occurs at the surface. Consequences
for molecular models of smectic-A phases are discussed.
2014

1. Introduction.

(SA) liquid crystal mesophases are
layered phases in which elongated molecules are
aligned along the layer normal n with liquid-like inplane order. In the classical picture of the SA phase
any molecular asymmetry is nullified by a random
up-down order on the scale of a few molecules.
Other possibilities arise when the intermolecular
Smectic-A

forces connected with the molecular asymmetry are
strong ; in practice this is the case for terminal
dipoles like CN or N02. Then a variety of SA phases
is possible due to the additional dipolar ordering of
the molecules. Detailed descriptions of the monolayer SA1, bilayer SA2 and partially bilayer SA and
SAa phases have been given elsewhere [1, 2]. In
phase diagrams, these phases often appear in the
succession Spl-SA-SA2 or SAd-SA2 as the temperature
is lowered. In this paper, we reserve the name
« classical
SA» for SA phases in which the up-down
in
the layers is completely random ; it is
ordering
distinguished from the SAl phase which has antiferroelectric short-range order. Arguments for this
distinction will be given in the discussion.
In an earlier experiment, the surface of an
SAl liquid crystal was found to break the up-down
symmetry, thereby inducing a few SA2-like bilayers
[3, 4]. Other cases reported in the literature involve
either SA phases without polar endgroups or SAd

phases in which the molecules are, to a great extent,
coupled into dimers that are naturally up-down
symmetric. In both cases, it is not surprising that no
additional bilayering occurs at the surface. One
possibility not yet investigated is that of a classical
SA phase of polar molecules. The objective of this
paper is to test whether the surface field is strong
enough here to polarize the first molecular layer at
the surface so that bilayers can develop as in the
SAl phase. We therefore choose a compound with an
NCS endgroup, which has a considerable dipole
moment without inducing the « exotic » SA phases
that often occur with CN or N02 endgroups. We
report on the X-ray reflectivity from the surface of
this compound and conclude that no bilayers are
present in this case, despite the strongly polar
character of the molecules. Consequences for
molecular models of SA phases will be discussed.
2.

Experimental.

The experiments have been carried out at the Riso
National Laboratory (Roskilde, Denmark) with a
modified triple axis spectrometer as shown in figure 1. The liquid nature of the surface imposes the
restriction on the scattering geometry that the sample
remains horizontal under all circumstances. A similar
set-up operated at a synchrotron source has been
described elsewhere [5-7]. The X-ray source (A) is a
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specially treated with either silane coatings or
greasy fingers such that n is perpendicular to the
glass plate as well as to the liquid crystal to air
interface. The sample is placed in a two-stage oven
with kapton windows ; the inner stage is electronically controlled with a stabilization better than 0.03 °C.
are

1.
anode

Side view of the spectrometer, with A : rotating
X-ray source ; B, C : beam defining slits ; D :
sample ; E : detector slit ; F : graphite analyser crystal ;
G : detector. Horizontal dimensions : AB
147 mm,
717 mm, AD
AC
793 mm, ED
AD. Slit widths
(vertical) : B : 0.2 mm, C : 0.05 mm, E : 2 mm ; horizontal
2 mm each. The picture is drawn for specular reflection ;
the momentum transfer q == kf - k; is then along the
q z axis.

Fig.
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copper rotating anode operated at 50 kV and
180 mA. The natural divergence of the primary
beam is used to select radiation incident on the
horizontal sample surface (D) at an angle 0, by
choosing the appropriate positions of the slits B and
C. X-rays that are either specularly reflected from
the surface or Bragg scattered from the smectic
layers parallel to it, leave the surface at the same
angle 0 and pass through slit E onto the pyrolytic
graphite analyzer crystal (F), which selects the
Ka lines (A = 1.54 A). The slit and sample heights
at B, C and D are controlled such that the beam
always illuminates a fixed position of the sample. Slit
E can be moved either vertically or horizontal
(//y ) out of the specular reflection to monitor the
background scattering from the bulk. A NaI scintillation counter (G) detects the scattered X-ray
photons. Dimensions and slit sizes are indicated in
the caption of figure 1. The resolution function in
reciprocal space has widths (FWHM) Aqz=
5. x 10- 3 A- 1 in the vertical direction (qz), Aqx
2 x 10- 3 qZ in the horizontal
in-plane direction
1
(qx) and Aqy = 0.02 A-1 in the horizontal out-ofplane direction (qy ). Note that Aqx is proportional to
qz because the scattering is elastic ( I kfI =I k;j ).
The experiments were performed on the com-

Rigaku

3. Results.

The X-ray reflectivity of the sample has been
measured as a function of q, with qx = qy
0, for
five temperatures around the N-SA phase transition.
The signal from the bulk, obtained with qy offset to
0.02 Å -1, was substracted to obtain the surface
reflectivity R(qz). As an example, raw data of the
scans with and
without qy offset are displayed in
2.
The
result
should be compared with the
figure
for
radiation
incident on a planar dielecreflectivity
tric discontinuity as given by Fresnel’s law, RF (qZ ),
which thus gives the background on which the
structure of a realistic surface manifests itself [9]. As
for X-rays the dielectric permittivity of the material
is slightly smaller than 1 (e = 1 - 6 x 10- 6), Fresnel’s law predicts total reflection for scattering
angles 0 smaller than 0, -:- 0.15° (or qz qc =
0.02 A-1) and a steep fall-off - qz 4 above this angle.
=

pound [8] :

4-isothiocyanatophenyl-4-

(trans-4-heptylcyclohexyl)-benzoate.
The structural formula and the

phase

transitions

are :

qy

Samples

are

prepared as droplets put on a glass plate

in the nematic or isotropic phase to flow out freely
over an area of typically 10 cm2, and then cooled
down to the desired temperature. The glass plates

2.
0

Intensity as a function of qz, with qx 0 and
(circles) or qy 0.02 A-1 (triangles : mean value
for left and right offset) at TAN + 1.5 °C. The surface signal
Fig.

=

=

-
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is obtained as the difference between the two scans. The
full line is the calculated Fresnel reflectivity multiplied
with the intensity of the direct beam. At small qZ deviations
occur as the beam shines over the edges of the sample.
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region of interest (0.5° 0 2.0°) is well above
In
this region, refraction away from the surface
0c
normal slightly decreases the wavevector transfer
inside the material according to Snel’s law : qz, in
The reflectivity normalized to the
Fresnel function, R/ RF, is shown as a function of the
calculated wavevector inside the liquid crystal in
figure 3. The peak at qz qo - 0.22 Å -1 , caused by
pretransitional smectic layering which extends to a
depth § (T) below the surface, narrows and increases
in intensity as the SA phase is approached. It
becomes resolution limited in the scan at the lowest
temperature which is just below the critical temperature TAN. At all temperatures, the intensity drops
dramatically for qz::&#x3E; 1.1 qo. In this region, there is
no significant difference between the scans with and
without offset in qy. Consequently, only an upper
boundary for R/RF can be given here.

The

of the reflected beam as a function of q
(0,
0, q) to the electron density profile p (z 3 along the
surface normal [9] :
=

=

(qz2 out - q;)1/2.

=

Since the phase factor in the complex quantity
4, (q) is lost we cannot obtain p (z ) directly from
R/RF. The alternative is to make an intelligent guess
about the shape of p (z ) which, in general, contains a
number of parameters which in turn can be fitted to
the observed R/RF curve. In order to maintain a
connection to the molecular origin of the SA layering,
we take the electron density of a single molecule as
the basis of our assumptions about p (z). In addition,
assumptions have to be made about the degree of
layering at the surface and the way it decays into the
bulk. If also bilayers are present, a similar set of
assumptions is needed for the bilayering. The procedure for calculating R/RF with these ingredients
has been given in reference [3]. It turns out to be
convenient to split the molecular electron density
Pm (,) into its average value p, the symmetric part
P s (, ) and the antisymmetric part P a (C ), where’ is a
molecular coordinate along the z-axis with the origin
in the middle of the molecule. The average p of all
layers together naturally produces the Fresnel reflectivity. The monolayers, having equal numbers of
molecules pointing up and down, produce a contribution to the electron density which is symmetric
around 0. The bilayering, on the other hand,
depends on the difference between the numbers of
molecules pointing up and down in each layer and
the contribution to the electron density is antisymme0. Hence the monolayering couples
tric around C
to P S (C ) and the bilayering to p,, (C ) :
=

=

Fig. 3. - The measured reflectivity R (qz ), relative to the
calculated Fresnel reflectivity RF (qz ), as a function of the
wavevector transfer qZ inside the liquid crystal. The
temperatures T - TAN are : a) 0.5 °C, b) - 0.5 °C,
c) -1.5 °C, d) - 3.5 °C, e) - 6.5 °C. Data for each temperature have been displaced by one decade. The full lines
represent the best least square fit to the model described in
the text, convoluted with the resolution function. The
broken lines in the curve for T
TAN + 1.5 °C represent
the hypothetical reflectivity with the addition of one (---)
and two (...) full bilayers as explained in the text.
=

4. Discussion.
of any analysis of X-ray reflectivity
data is the master formula, which relates the intensity

Starting point

(cf. Eq. (8) in Ref. [3]) where F,(q) and Fa(q) are
the Fourier transforms of Ps(’) and Pa(C). The
complex functions cp s (q) and 9a(q) depend on the
way the layering decays into the bulk. The Gaussian
smearing parameters a and UL are introduced to
account for thermal roughness of the surface itself
(capillary waves) and of the smectic layers, and h is
the displacement of the actual surface above the first
layer. This parameter is always needed in practice to
allow for a « dirty » surface [3-7, 9].
The atomic coordinates, needed to construct
Pm (,), are given in table I. The molecule is assumed
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Table I.
Atomic numbers Z and coordinates I of
atoms and groups in different parts of the molecule :
a) the alkyl chain, b) the cyclohexane ring, c) and
e) the benzene rings, d) the bridge group between
the benzene rings, f) the NCS polar group.
-

Table II.
Least-square fit values of the parameters
in the model described in the text. A convolution with
the resolution function o f inverse width (HWHM) 400
A-11 has been included in the fitting procedure. The
value of § labelled with an asterix is resolution
-

limited.

to be in its most stretched

configuration ; bond
lengths and angles have been taken from spacefilling molecular models. A coaxial spatial arrangement of the NCS group bound to the benzene ring
has been used [10]. Analogous to other NCS compounds [11], the molecular length of 29.6 A thus
obtained (taking into account the extent of the
electron clouds) approximates the layer thickness
d
29.8 A. In making the fits to the experimental
data, the first layer is assumed to have saturated
smectic order. The layering vanishes into the bulk
with an exponential decay curve characterized by a
temperature dependent penetration depth ç (T).
The absence of special features like peaks or dips
=

near

qo/2

in the

R/RF curves suggests that there are

bilayers. Therefore, we first fitted the data to the
model without bilayers, with 6 as the only temperature dependent parameter. The other parameters
no

(qo, h, u, O"L)

held constant for all temperaas obtained from a
nonlinear least-square fit are summarized in table II.
These calculations include a convolution with the
resolution function. The resultant reflectivity curves
are given in figure 3. In addition, the hypothetical
reflectivity curves were calculated for the cases that
tures. The

one or

two

were

parameter values

fully developed bilayers

are

present

at

the surface. As can be seen in figure 3, this would
result in a clearly observable deviation of R/RF near
qo/2. Hence we conclude that the molecules have
also at the surface a random up-down distribution.

The present observations are important for
molecular models of the various types of SA phase.
In principle, one should expect at the interface
between the air and the liquid crystal a tendency of
the molecules to orient with their polar heads
pointing away from the surface. This would lead to
an oriented top layer, which may in turn orient the
second layer in the opposite direction, and. so on.
Thus a number of SAz-like bilayers can be formed.
This is, in fact, exactly what has been observed in the
SAl and N phases at the surface of a compound with
a terminal CN polar group [3]. In the present case,
the dipole moment of the terminal group is only
slightly less : 2.9 Debye for NCS against 4.0 Debye
for CN [12]. The dipolar interaction energy of
parallel neighbours in one layer is approximately
kB T for NCS against 2 kB T for CN. The fact that in
the present case we do not observe such bilayers
despite the still considerable dipole moment indicates that the « classical » SA phase, though with
polar molecules, differs qualitatively from the
SAl phase. In the former case, the molecular asymmetry is nullified by a random up-down distribution
of the molecules and the resultant short-range structure is similar to that of symmetric molecules. In the
latter case, the macroscopic symmetry is the same
but the local structure is a bilayer one as in the
SA2 phase. This leads to similar dielectric behaviour
in the SA1 and SA2 phases [13]. The SA2 regions in the
SAl phase are assumed to be separated by « walls »
as in the SA phase, in which the bilayers shift over a
single molecular length, but with a random distribution of walls (see Fig. 4). This explains the diffuse
scattering found near qo/2 in the bulk [14]. These
walls will be expelled from the surface, so that the
underlying short-range bilayer structure reveals itself. In a « classical » SA phase of polar molecules,
the cooperative effect of the SA2-like regions is
absent. Orienting the top layer then means orienting
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4.
(a) SA2 : smectic layering with the orientation
of the polar molecules alternating from layer to layer. (b)
SA : SA2-like domains are separated by « walls » where the
bilayer structure shifts over one molecular length. The
regular pattern of walls becomes irregular in the S Al phase
as discussed in the text. (c) Classical SA : smectic layering
with random up-down order of the polar molecules. (For
the sake of clarity the pictures have been drawn for perfect
orientational and positional order.)

Fig.

-

each molecule in this layer separately, which evidently costs too much energy to be compensated for by
the more favourable orientation of the polar heads
with respect to the surface.
5. Conclusion.

To our present state of understanding, two rather
different types of molecular organization can lead to
a monolayer smectic-A phase (d = 1 ) with polar
molecules. One is the S Al phase with strong local updown order of the dipoles, resembling the SA and

SA2 phases. The other is the « classical » SA phase, in
which there is up-down disorder on a molecular scale
so that the phase is effectively equivalent to one of
symmetric molecules. The difference reveals itself
more strikingly at smectic surfaces than it does in the
bulk. An SA1 surface has been found to induce a
number of bilayers, whereas at a classical SA surface
there are none. Since the dipoles involved are
approximately equal ( = 4 D for CN in SAl and 3 D
for NCS in classical SA) the phase itself rather than
the actual value of the dipoles must lie at the origin
of the difference.
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