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AFM study of forces in and structures of nematic liquid crystal
interfaces on silanated glass
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We have studied interfacial forces in MBBA, 5CB, 8CB and 12CB liquid crystals on DMOAP
silanated glass substrates using a temperature controlled AFM in the force spectroscopy
mode. In the bulk isotropic phase all these interfaces are clearly divided into two regions.
The first molecular layer, which is absorbed to the glass surface, is smectic-like and shows
submicron holes; this layer covers approximately 70% of the surface and is in all cases stable
far beyond the clearing point. It is followed by a partially ordered region, which is different
for different materials. We observe pre-nematic ordering in 5CB, pre-smectic ordering in SCB
and well developed layer-by-layer ordering in 12CB.

1. Introduction

The structure of liquid crystal interfaces on solid
substrates has been a subject of great technological and
fundamental interest in recent years [ 1]. From the tech-
nological point of view, these interfaces are important
parts of liquid crystal devices and an understanding of
the physical mechanisms that align liquid crystals on
solids or polymers is crucial for liquid crystal technology.
On the other hand, the behaviour of liquid crystals in
confined geometries, and wetting phenomena at surfaces,
have also attracted much attention due to their fascinating
richness. This has stimulated numerous X-ray [ 2], NMR
[3], non-linear optical [4], ellipsometric [5], STM [6],
SFA [7] and other studies (for a review see [1]).

In many cases it was observed that the aligning action
of the substrate is mediated by the first molecular layer
that is in close proximity to the substrate [4, 8]. This is
directly manifested in the so-called memory effect, where
a particular liquid crystalline texture is observed even
after heating the interface far above the isotropic phase
transition point [8]. The memory effect was explained
on the basis of the so-called first molecular layer: this
is a layer of liquid crystal molecules that is strongly
adsorbed to the solid surface and remains stable on
heating the bulk material into higher temperature phases
or even the isotropic phase. This layer was first directly
detected in the non-linear optical studies of 8CB on
polymer-coated glass substrates (see Ouchi et al. [8]).
The experiment showed the presence of a polar molecular

* Author for correspondence e-mail: igor.musevic@ijs.si

layer of 8CB, which was very stable to increasing temper-
ature. Indirectly, the presence of a first molecular layer
was detected in ellipsometric [ 5] and NMR experiments
[3] on cyanobiphenyls on solid substrate. In these
cases, the extra, surface-adsorbed layer was necessary to
explain the shape and temperature dependence of the
NMR or ellipsometric spectra.

Up to now, there has been no ‘in situ’ AFM study of
‘buried’ interfaces between a nematic liquid crystal and
a solid substrate. The experimental problem here is that
the interface is buried under bulk liquid crystal above
the interface and it is therefore difficult to image and
access. We have solved this problem by using a temper-
ature controlled AFM [9], where bulk liquid crystal
above the interface is kept in the isotropic phase, whereas
the temperature of the interface is allowed slowly to
approach the clearing point from above. The AFM was
used in the so-called force spectrometry mode, and we
have studied the temperature dependences of the inter-
facial forces in the nematic liquid crystals SCB, 8CB,
12CB and MBBA on DMOAP silanated glass. In this
mode of operation, the forces on the AFM tip were
measured as a function of the separation between a solid
surface and the AFM tip. The force profiles obtained
reflect the structure of the interface [10] and were
interpreted using Landau-de Gennes formalism [ 11, 12].

We have observed the following.

(1) In all materials we have detected the first
molecular layer. The thickness of this layer is
close to the length of the fully extended liquid
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crystal molecule used in the particular experi-
ment. It is stable more than 20 K above the
clearing point, which indicates strong adsorption
of the liquid crystal molecules to the glass surface.

(i1)) The first molecular layer can be elastically
deformed on pressing it with a sharp tip, and it
ruptures at a maximum load of 50 pN across a
20 nm tip. The corresponding elastic modulus of
the first layer is of the order of E= 10" Nm™?,
which is close to the elastic compressibility
modulus B of smectics.

(ii1)) The first molecular layer is laterally inhomo-
geneous; holes of submicron scale are randomly
distributed across the interface.

(iv) The first molecular layer is followed by a pre-
nematic layer in 5CB, a smoothly decaying pre-
smectic modulation in 8CB and a layer-by-layer
sequence in 12CB.

2. Experimental

In our experiments we have used a temperature con-
trolled atomic force microscope [9], shown schematic-
ally in figure 1(a). The AFM has a double temperature
control and can be used to measure and image liquid
crystal interfaces above the clearing point. The temper-
ature of the liquid crystal is controlled within 5 mK by
a small heater, attached directly to the piezo scanner
of the AFM. The second micro-heater is attached above
the AFM cantilever to reduce the temperature gradients
in the liquid crystal which fills the space between the
lower glass plate and the upper heater. In this geo-
metry, the AFM cantilever and the AFM probe are
completely immersed in liquid crystal and there are no
capillary forces. We have used two different AFM probes
to expand the accessible range of forces exerted on
the surface. In the first set of experiments, cantilevers
with a sharp Siz; N, tip (Park Scientific) were used. The
force constants of the cantilevers ranged from 0.01 to
0.1 Nm™ "' and the radius of the tip was typically 20 nm.
Using these sharp cantilevers, relatively large force loads
can be applied to the interfacial structure and one can
eventually detect (and image) the surface-adsorbed layers
of molecules. In other experiments, a micrometer-sized
glass sphere was attached to the cantilever, figure 1(b),
and the force beween the sphere and the flat surface was
measured with nematic liquid crystal in between.

The glass substrates and glass spheres were carefully
cleaned in detergent, rinsed in pure water and cleaned
in acid. After rinsing with pure water, a monolayer of
DMOAP (N,N-dimethyl- N-octadecyl-3-aminopropyltri-
methoxysilyl chloride), was deposited on the glass surfaces

:[ AFM
TIP

[SUBSTRATE -

HEATER

(@)

ZABKUY H2.000 18k m ZeB588

(b)

Figure 1. (a) Details of the temperature controlled AFM
set-up. (b) Electron microscope image of a micron sphere
attached to the AFM cantilever.

from a water—alcohol solution, as described elsewhere.
This gave an excellent and stable homeotropic alignment
of nematic liquid crystal, as checked by polarizing optical
microscopy on separate samples. The AFM sharp probes
were used with no modifications and cleaning. New
AFM probes were used for each experiment.

The AFM was used in the so-called force plot mode
of operation, where the piezo scanner of the AFM and
the substrate perform time-periodic linear movements in
the direction of the AFM tip. The speed of approach is
several nm per second; at the same time the deflection
of the AFM cantilever is monitored, giving force versus
separation plots. Zero separation was determined from
the point of hard contact between the sharp AFM probe
and the substrate.
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3. Results and discussion
3.1. Forces mediated by the DMOAP monolayer and the
first molecular layer

A typical force plot using a sharp AFM tip is shown
in figure 2; this was measured at a DMOAP-MBBA
interface, in the isotropic phase. At large separations, the
force on the AFM tip is zero. When the tip approaches
to a distance of several molecular lengths (point A in
figure 2), it is suddenly strongly attracted towards
the surface and comes into equilibrium at a separation
somewhat larger than the length of a single molecule
(point B in figure 2). After that, the tip starts compressing
the material (B—C) and the forces necessary to compress
the material increase strongly with decreasing separation
(C-D). Finally, at some critical distance (point D in
figure 2), the tip ruptures the material and comes into

hard contact with the substrate (E). We can clearly see
that the thickness of fully compressed layer is of the
order of a molecular length and can be attributed to
the first adsorbed layer of liquid crystal molecules,
which are homeotropically anchored to the surface. The
deformation of this layer is purely elastic. Using the
Hertz continuum theory of indentation of a soft layer of
material with a sphere of radius R [13], we calculate
the elastic modulus of this first layer to be of the order
of E~ 10" Nm™"'. This is close to the compressibility
modulus of smectics and gives a hint that the first
molecular layer is smectic-like.

We have excluded the other possibility that the
observed first layer is a DMOAP layer by the following
experiment. We used hexane instead of liquid crystal
and figure 3 shows the corresponding force plot for

0.04 1

Z

Figure 2. The force on the Si;N, x

AFM tip, normalized to the tip w
radius R=20nm, as a function

of separation between the tip 0.00 -

and the DMOAP silanated

glass surface in the bulk iso-

tropic phase of MBBA, several

degrees above T.. The solid

A

line is the fit to Hertz theory
with compressibility modulus
E=16x10"(1£0.15)Nm~™>2

10 20 30
Separation [nm]

0.020
0.015
TE 0.010
Z
Figure 3. The force on the Si; N, 14 -
AFM tip, normalized to the tip L
radius R = 20 nm, as a function 0.005 -
of separation between the tip
and the DMOAP silanated i
glass surface in the presence of
hexane at room temperature. 0.000
The solid line is the exponential :

fit with decay length 2nm.
The length of the fully extended
DMOAP molecule is 2.9 nm.

Separation [nm]



18: 09 25 January 2011

Downl oaded At:

602 K. Kocevar and 1. Musevic

the hexane-DMOAP interface. The interfacial forces are
short ranged and are of the same order of magnitude as
those observed for the liquid crystal-DMOAP interface.
There are however two important differences. First, the
separation dependence of the force is quite different and
can be well described by an exponentially decaying force
with a decay distance of 2 nm. Second, the layer is never
ruptured by the tip, but merely compresses to a very
thin layer. This clearly indicates that the DMOAP
molecules are strongly positionally anchored and cannot
move away from the AFM tip under an applied force.
We therefore conclude that in the previously mentioned
experiments we indeed observe compression and rupture
of the first adsorbed layer of liquid crystal molecules.
This layer is observed in 5CB, 8CB, 12CB and MBBA.

When measuring force plots at different places on the
substrate, we have observed that the characteristic ‘step’
in the force plot is observed in some places, whereas
it cannot be observed in others. This has led to the
conjecture that the first molecular layer is not laterally
homogeneous, but appears in the form of smectic
clusters. By performing a large number of force plots
(i.e, volume force lots) across the interface, we observe a
characteristic pattern, shown in figure 4 for 8CB. Here,
the field of view is 5 by 10 um and force plots have been
performed at equidistant points. Dark points indicate

10 um

T void

\:] Covered with molecular layer

Figure 4. Volume force plot of the SCB-DMOAP interface.
Light regions represent the presence of an elastic first
molecular layer, which is detected by performing a force
plot at that place. In the dark regions, there is no first
molecular layer. The field of view is 5 by 10 um>.

the absence of the first molecular layer (i.e. voids),
whereas light points indicate the presence of the first
molecular layer. Lateral inhomogeneities are clearly
evident and are observed across a typical distance of
0.1-0.5 pm.

We have imaged the first molecular layer in the
contact AFM mode, with the result shown in figure 5
for MBBA on DMOAP. Most of the surface is covered
with a 2-3nm thick layer of liquid crystal molecules,
whereas one can clearly see ‘voids’ of 100—500 nm lateral
size where this first smectic-like layer is absent. We
have therefore a general situation, where the DM OAP
aligning layer is incompletely wetted by a smectic-like
first molecular layer, which forms a ‘cheese-like’ surface
cover. This layer is followed either by a pre-nematic or
pre-smectic region, depending on the characteristics of
the bulk liquid crystal. In materials where the nematic
phase is very narrow (8CB) we observe pre-smectic
ordering following the first molecular layer, whereas
in materials with no smectic phase (5CB) we observe
pre-nematic order, as will be shown later in the paper.

3.2. Pre-nematic forces at the 5SCB—DMOAP interface

Forces mediated by pre-nematic or pre-smectic surface-
induced order are too small to be detected with a sharp
AFM tip. We therefore use a tip with an attached glass
microsphere, as shown in figure 1(b), and measure the
separation dependence of the force on a microsphere, as
it approaches the DMOAP interface. The results are
shown in figure 6 for SCB on a DMOAP glass surface
at two different temperatures above the clearing point.
One can clearly see an attractive force between the
two surfaces, decaying approximatel y exponentially with
increasing separation. The decay length is approximatel y
5-10nm, which is close to the correlation length in
5CB at these temperatures. At higher temperatures, the
magnitude and range of this force are somewhat smaller.
This is a clear indication that this attractive force is
mediated by surface-induced pre-nematic ordering, as
discussed theoretically by various authors [14]. For
small values of the surface-induced nematic order, the
mean-field attractive force on a sphere with radius R

is [12]
L] Lo
287 )f -

Here we have used the Derjaguin approximation [10],
which is valid as long as the range of the force ¢ and
the separation D between the two surfaces are small
compared to the radius R. The temperature dependent
coefficient a(T) = a(T — T *) drives the weakly first order
isotropic—nematic transition, whereas S, is the value of

F(D)Sphere = 2TERQ(T)£(T)S(2) {th
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Figure 5. Image of the first
molecular layer of MBBA at the
DMOAP interface. The image
was taken in the contact mode
several degrees above the iso-
tropic—nematic phase transition
of the bulk material. Note that
this image was taken by an
AFM tip immersed in the bulk
liquid crystal, which is above
this first molecular layer.

2.0x10° ]

0.0 1
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Figure 6. Force plot for a SCB-DMOAP interface. The
attractive force on a micrometer-sized sphere attached to
the AFM cantilever is due to a combination of van der
Waals and nematic mean-field forces (Eq. 1), shown by
the solid line; see equation (1). Note that this attractive
force is temperature dependent.

the nematic order parameter at the surface. The force,
which is mediated by the surface-induced nematic
order parameter, is attractive and decays approximately

M

exponentially with increasing separation D. The solid
line in figure 6 is the fit to equation 1, using Landau
parameters for SCB (see Ziherl et al. [3]). We have
added a small van der Waals attraction, with Hamaker
constant 1 x 107*' J calculated from the dielectric and
optical data for glass and 5CB. The results of the fit
yield a bare nematic correlation length £, = 0.66 nm and
the value of the nematic order parameter at the surface
S, = 1.5 x 10~ . The nematic correlation length is in good
agreement with that from ellipsometric data (see Hsiung
et al, [5]), whereas S, is nearly an order of magnitude
smaller. We have made independent ellipsometric experi-
ments on the same system, which give similar value of
S,, as deduced from the force experiments. The con-
clusion is that we have indeed observed an attractive
mean-field force due to surface-induced pre-nematic
order.

3.3. Pre-smectic forces at the SCB—DMOAP interface

The results of the force spectroscopy on the 8CB—
DMOAP interface are quite different, as shown in
figure 7. Instead of the smooth force profile observed for
5CB, we observe an oscillatory force profile, indicating
pre-smectic ordering of 8CB on the DMOAP surface.
The amplitude of oscillation is larger as we approach
the nematic phase transition from above, and the range
of the oscillations increases. The range of the oscillations
is several molecular lengths, and is of the order of a
smectic correlation length of 8CB on the DMOAP surface.
The force profile was fitted with an expression first
derived by de Gennes [11], and later used by Moreau
et al. [15], who observed similar force profiles in the
isotropic phases of lyotropic crystals. In the Derjaguin
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Figure 7. The normalized structural force as a function of
separation between a 6.2 um silanated glass sphere and a
flat silanated glass surface in the bulk isotropic phase of
8CB, at different temperatures. The solid line in the lower
graph is the best fit to the equation (2) with , = 0.04
(1+£0.05), d,=32 (1£0015)nm and £,=2.9 (1+0.15)nm.

approximation, this structure force is [ 15]:

F =2nRol, ps {tanh[(d —d,)I2¢,]

I —cos[®] 1){ 2)

T Sinh[(@— do)/E ]

Here, d, is the zero-stress separation without any inter-
mediate smectic layer. ¥ = exp(i®) is the smectic order
parameter, iy measuring the amplitude of modulation, and
@ = (2n/a,)u is the phase related to layer displacement
u and smectic periodicity a. [@]= @ (d[2)— D (- d[2)=
2n(d = na,)la, is the phase difference that gives rise to
strain when the distance d between the surfaces is not
an integral multiple of a,. p, = Y2 is the smectic density
at the surface. ¢, is the smectic correlation length and
oa=a(T — T,) is the coefficient of the harmonic term of
the Landau expansion, driving the nematic—smectic A
transition.

The modelling force is in good quantitative agree-
ment with experiment and allows for a determination
of the smectic order ¥, at the surfaces, the smectic

correlation length &, and the smectic periodicity a. We
obtain from the data in figure 7 the smectic amplitude
at the surface y, = 0.04(1 £ 0.05), the smectic correlation
length &, =2.9(1 £ 0.15)nm, the zero stress separation
d,= —0.8(1+0.2)nm and a smectic periodicity a, =
3.2(1£0.015) nm. This is in excellent agreement with bulk
values [16] and indicates bilayer pre-smectic ordering.

3.4. Smectic forces at the 12CB—DMOAP interface

The force profiles obtained at the 12CB-DMOAP
interface in the bulk isotropic phase are shown in figure 8
and are quite different from those for SCB and 8CB.
The force profiles, taken at different temperatures, clearly
show well defined steps that correspond to rupturing of
smectic layers and directly reflect the tendency of 12CB
to form the smectic phase. The width of a single step
is 3.9nm and equals the thickness of a single smectic
bilayer of 12CB [16]. The number of smectic layers
increases as the temperature is lowered towards the
clearing point from above. This is consistent with X-ray
experiments of Ocko [2], who observed layer-by-layer
growth of 12CB on an alkylsilane-coated silicon. The
rupturing force increases with decreasing temperature,

6.0x10° T T T T I
. T=57.17°
5.0x10° 7 5 ¢
£ 4.0x10°1 & .
Z - & -

@ 3.0x10° 7]
L

R oo oo™ q@%%ow@ﬁ%?j

qoxigt—T—— T 77—
0 10 20 30 40 50

Separation [nm]

Figure 8. The normalized structural force as a function of
separation at the 12CB-DMOAP interface, taken at
different temperatures above the isotropic phase transition.
Note an increased number of smectic layers when the
temperature approaches the clearing point.
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which means that the smectic order parameter of the
pre-smectic layers grows as we approach the smectic
phase from the isotropic phase.

4. Conclusions
In conclusion, we have shown that AFM in the force
spectroscopy mode can be used very efficiently to extract
important quantitative data on the structure of nematic
interfaces on solids. Our experiments on the structure
of glass— DMOAP—cyanobiphenyl interfaces lead to the
following conclusions:

(1) In 5CB, 8CB, MBBA and 12CB there is always
a first layer of molecules, strongly adsorbed to
the DM OAP—glass surface. The thickness of this
layer is close to the length of a single liquid crystal
molecule. It is smectic-like, and is stable far above
the clearing point. This layer is responsible for
the ‘memory effect’ in liquid crystals.

(i1)) The first molecular layer is laterally inhomo-
geneous, as it clearly shows submicron-sized
voids and covers approximately 70% of the inter-
face. There are two possible explanations for this
incomplete coverage. The first is the relatively
low surface energy of the liquid crystal on
DMOAP, which can be a reason for incomplete
wetting of DM OAP by smectic order. The second
possibility is inhomogeneities in the glass surface
which are of a size similar to the size of the voids.

(ii1) In 5CB, the first smectic-like molecular layer is
followed by a weak pre-nematic order, with a
nearly undetectable smectic modulation. The
nematic surface order parameter is S, = 0.015 and
is temperature independent. In some experiments,
we observe very weak smectic modulation, which
is however smaller than < 107>,

(iv) In 8CB, the first smectic-like molecular layer
is followed by a pre-smectic modulation, which
is strongly temperature dependent. Smectic order
of the first layer is estimated as y; & 0.3, whereas
the amplitude of the smectic order in the pre-
smectic region is i/, & 0.04(1 £ 0.05) and this decays
with a smectic correlation length as we move into
the isotropic bulk. AFM can therefore be used to
detect the smectic order parameter and surface
correlation lengths.

(v) In 12CB, the first molecular layer is followed by
a discrete sequence of well developed smectic
bilayers. The number of smectic layers decreases
with increasing temperature.

These observations have several implications for the
interpretation of wetting experiments and theory. The

experiments show that many wetting phenomena in
liquid crystals may be in reality much more complicated
than was previously assumed. The first complication
arises from the presence of the first molecular layer,
which is adsorbed to the surface. The question is to
what extent this first molecular layer dictates the wetting
mechanism. Does the interior of a liquid crystal ‘see’ the
surfactant at the surface or does it merely see the first
adsorbed layer? Secondly, liquid crystal interfaces on
glass and other amorphous substrates seem to be highly
laterally inhomogeneous, which can have a strong
influence on the interpretation of wetting experiments.
Thirdly, there is obviously an intrinsic, strong coupling
between the smectic and nematic order parameters in
materials that have a very narrow nematic phase,
followed by a smectic phase. This coupling induces pre-
smectic modulation near a flat surface already in the
isotropic phase of a nematic liquid crystal material. The
question whether these observations are related only to
particular properties of glass and other amorphous
surfaces, or are observable on atomically smooth surfaces
as well, has to be answered by future AFM experiments
on atomically well-defined surfaces.
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