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Alignment and ordering mechanisms at a
liquid crystal-solid interface

By G. P. CRAWFORD#*, R. J. ONDRIS-CRAWFORD, S. ZUMERY,
S. KEAST, M. NEUBERT and J. W. DOANE

Liquid Crystal Institute, Kent State University, Kent, Ohio 44242-0001, U.S.A.

‘the role of surface coupling agents on the aligning and ordering mechanisms at
a liquid crystal-solid interface are examined with deuterium nuclear magnetic
resonance. The cylindrical channels of alumina membranes 0-2 um in diameter are
chemically modified using an aliphatic acid (C,H,, . ;COOH) as a surface coupling
agent and filled with the liquid crystal compound 4'-pentyl-4-cyanobiphenyl
deuteriated in the a position of the hydrocarbon chain (5CB-ad,). The preferred
anchoring direction at the cavity wall and its strength are found to depend on the
length of the aliphatic chain of the surface coupling agent which determine the
nematic director field in the pores. The planar polar configuration with
homeotropic anchoring conditions is stable for agents with n > 7 while chain lengths
n< 6support a uniform axial configuration with planar anchoring at the cavity wall.
The pretransitional orientational ordering at the cavity wall above the clearing
temperature is strongly reflected in the spectra. The radical changes in the
quadrupole splitting as the length of the aliphatic chain of the surface coupling agent
is varied indicates strong coupling between the SCB molecules and the n=15
surface, while shorter chain lengths reveal substantially reduced degrees of coupling.

1. Introduction

In recent years a substantial amount of research has been devoted to understanding
the anchoring and ordering mechanisms of liquid crystal molecules near solid surfaces
[1]. The main reason for the basic interest in surface phenomena of nematic liquid
crystals is that they represent simple examples of complex systems where orientational
wetting, wetting transitions, anchoring transitions, ordering in microconfined systems,
etc., are possible. The principle driving force behind many of the anchoring and related
surface studies is the liquid crystal display. Surface preparation and controlled
alignment play a critical role in the fabrication process of many liquid crystal devices
that depend on uniform orientation of liquid crystal moiecules over macroscopic
distances.

The interaction of a liquid crystalline compound with a solid surface depends on the
nature of both the surface and liquid crystal material. In order to obtain a uniform
nematic director pattern between planar glass substrates, the glass is usually modified
with a surface agent that couples the liquid crystal molecules to the glass. Once the
surface coupling agent is applied to the substrate in a careful manner, a specific
orientation of the liquid molecules will be transmitted through the bulk via
intermolecular forces that are responsible for the liquid crystal phase itself. Two
extreme anchoring directions at the solid substrate, namely homeotropic anchoring
where the director assumes an orientation perpendicular to the solid substrates and
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unidirectional planar anchoring where the director is everywhere paraliel to one
direction in the plane of the substrate, have been extensively studied [ 2] because of their
importance in electrooptical devices.

Homeotropic anchoring can be achieved by depositing soaps or lipids on glass
substrates in the following manner. The polar heads of these molecules attach to the
glass with the aliphatic chains orthogonal to the interface. Evaporating Au or SiO at
oblique incidence on a glass substrate enables liquid crystal molecules to orient along a
single planar direction or at an angle to the interface [3,4]. The most common way to
achieve unidirectional planar alignment is to mechanically rub a polyimide treated
substrate. The same applies to diamond polished surfaces.

One way to characterize the solid-liquid crystal interaction is to measure the
coupling constant that is associated with the interaction. Rapini and Popular [5] first
proposed the free energy density associated with the interaction to be of the form

f.=1Wsin? @,

where 0 is the angle between the preferred and actual anchoring direction. The
coupling constant W(anchoring strength) measures the ease at which the orientation
can deviate away from its preferred anchoring direction. In general all directions of
deviations are not equivalent so the director orientation at the surface is usually
described in terms of the polar and azimuthal angles, ¢’ and ¢, respectively. Both
principle directions are associated with an anchoring strength, W, (polar) and W,
(azimuthal). Many measurements have been performed on the magnitude of W, ranging
between 107-1073Jm ™2 and values of W, are expected to be one or two orders of
magnitudz weaker [6-10].

One of the most intriguing aspects of studying the liquid crystal-solid interface is
the possibility of an anchoring transition { 11]. Ryschenkow and Kleman [12] observed
the first anchoring transition; a continuous transition where anchoring characterized
by one direction transformed into anchoring characterized by an infinite number of
anchoring directions making a fixed angle with respect to the substrate normal as a
function of temperature. Hiltrop and Stegemeyer [13] reported similar observations
using surfactant monolayers applied to glass substrates. Anchoring transitions were
also reported to occur on cleaved mica and gypsum [14] that were driven by the
composition of the environment above the nematic cell. Kitzerow et al. [14] have
induced an anchoring transition by mechanically deforming their muscovite mica
surface. Flatischler et al. [15] observed a temperature induced abrupt transition from
homeotropic-to-planar on lecithin covered surfaces.

The dzcisive work of Porte [16] demonstrated that the anchoring angle could be
varied away from its preferred homeotropic anchoring direction by varying the length
of the aliphatic chain of the surface coupling agent (C,H,,, ;—NH,). Porte observed
that n>>12 supported homeotropic alignment at the glass substrate and n<10 gave
way to a tilt angle with respect to the preferred homeotropic anchoring direction. The
titt angle was found to increase as the aliphatic chain length decreased. This was one of
the initial studies of anchoring phenomena that produced systematic results.

An in depth understanding of the liquid crystal-solid interface requires surface
sensitive techniques that are capable of extracting basic parameters which characterize
these elusive interactions. Second harmonic generation [17] and small angle X-ray
reflectivity [ 18] measurements are complementary techniques that provide important
information about orientational and positional order at the interface, respectively.
Evanescent wave ellipsometry [19] is another proficient technique to extract
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information on the orientational order parameter at the surface. Scanning tunnelling
microscopy allows an image of the molecules at the substrate boundary [20]. In the
past few years there has been a great deal of interest in confining liquid crystals to
microporous membranes and to well-defined geometries. The large surface to volume
ratio of these systems allows techniques such as nuclear magnetic resonance [21],
dielectric spectroscopy [22] and heat capacity [ 23] to probe surface interactions. These
confining systems include porous glass [24], porous polycarbonate membranes [25],
porous alumina membranes [26], gel systems [27] and polymer dispersed liquid crystal
(PDLC) materials [28].

The pioneering work of Golemme [21] revealed that deuterium nuclear magnetic
resonance ((H NMR) could be used as a tool to identify the nematic director field
configurations in submicrometer spherical cavities. Golemme [29] further demon-
strated that the weakly first order nematic—isotropic transition evolves into a
continuous change from paranematic to nematic order in a limiting cavity size. This
was the first experiment to confirm the theoretical predictions of Sheng [30].
Subsequent magnetic resonance studies by Vilfan and co-workers [31] provided
evidence that the local molecular reorientations of the liquid crystal molecules at the
surface of the spherical cavity are hindered.

Recently, it was discovered that a detailed analysis of the stable nematic director
configurations in cylindrically shaped cavities could provide information on molecular
anchoring and surface elastic properties [ 32]. The cylindrical cavities of Polycarbonate
membranes were permeated with a liquid crystal compound. This allows the nematic
director distributions inside these cavities to be accurately studied with *H NMR
enabling the average defect density [33], the molecular anchoring angle and strength
[34], and the saddle-splay surface elastic constant K, , [32, 34] to be determined. These
studies were followed up by theoretical treatments of defect—defect interactions in
cylindrical containers by Vilfan et al. [35]. The initial experiments on Nuclepore
membranes demonstrating the feasibility of cylindrical containment of liquid crystals
were introduced by Kuzma and Labes [36] who investigated the role of increased
curvature on the nematic-isotropic transition temperatures.

2H NMR of liquid crystals confined to porous polycarbonate [37] and porous
alumina [38] membranes Anopore above the clearing temperature first disclosed
evidence for a weakly orientationally ordered nematic-like layer well above the
transition temperature. The translational diffusion properties in this layer were found
to be dramatically different from the bulk material. The temperature dependence of the
surface order parameter in these systems was shown to strongly depend on the
preparation of the confining substrate. Heat capacity measurements [23, 39] of liquid
crystals confined to Anopore membranes revealed a radically different behaviour at the
nematic—isotropic transition depending on the orientation of the liquid crystal
molecules in the cavities and the order of the transition. Other studies on interfacial
interactions include small angle X-ray and dielectric spectroscopy [22] on porous glass
filled with liquid crystals. “H NMR studies on the interaction of liquid crystal
molecules with a fragile polymer network (sometimes referred to as gel) provide
information on the orientation and order of such systems [27].

The generic orienting mechanisms that govern the interactions occurring at a liquid
crystal-solid interface can be classified into two categories: short range substrate—fluid
anisotropic interactions generally chemical in nature and long range fluid—fluid
interactions that are responsible for the liquid crystalline properties. Several theories
based on Landau—de-Gennes formalism [40-44], Maier—Saupe [45] and molecular



11: 15 26 January 2011

Downl oaded At:

1576 G. P. Crawford et al.

approaches [46] have been developed to describe orientational ordering near a solid
surface. The value of the orientational order parameter at the surface is a direct measure
of the anisotropic substrate—fluid potential. Many interesting types of surface
phenomena are predicted to occur depending on the strength of the surface coupling
constant, such as wetting and prewetting transitions [40, 41, 45], surface melting [47],
and the possibility of a symmetry breaking transition [48].

Our *H NMR studies on the liquid crystal-solid interaction using confining
techniques to obtain a large surface to volume ratio have progressed rapidly over the
past 2 years. We are now in a position to present studies on confined liquid crystals
where the interaction at the interface is systematically controlled. In this contribution,
we present a study of the liquid crystal-solid interaction which is controlled by varying
the surface coupling agent used to obtain a preferential alignment. The cylindrical
channels of Anopore membranes (see figure 1) are chemically modified with an
aliphatic acid (C,H,, , ; COOH), where the effects of the aliphatic chain length on the
anchoring direction and orientational order parameter at the surface are studied. The
acid head group strongly adheres to the alumina surface with the aliphatic chain
pointing along the surface normal. A wide range of chain lengths were used, S<n<15,
which enable the effect of the aliphatic chain on the ordering mechanisms at the surface
to be studied. The carbon number n is found to strongly affect the nematic director field
configuration, and the degree of orientational order at the surface above the nematic-
isotropic transition temperature.

2. Materials
The cylindrical channels of Anopore membranes (see figure 1) filled with the liquid
crystal compound 5CB-ad, provide an ideal system to probe molecular interactions
occurring near solid surfaces using 2H NMR [26]. The membrane is composed of a
high purity alumina matrix with 0-2 uym diameter cylindrical channels that penetrate

Membrane Membrane
Surface Cross-Section
e

1 pm 1 um

Figure 1. Scanning electron microscope photograph of the surface of an Anopore membrane.
The rated pore diameter of the cylindrical channels is 0-2 um.
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Figure 2. [Illustration of homeotropic alignment occurring at the cavity wall of the alumina
Anopore membrane. The aliphatic acid is used to couple the alumina surface to the liquid
crystal.

through its 60 um thickness [49]. The membranes are treated with a 2 per cent by
weight solution of an aliphatic acid (C,H,,, ; COOH) in methanol and quickly placed
in a vacuum oven for approximately 1 hour. The acid head group chemically bonds to
the surface and the aliphatic chains form a compact assemblage perpendicular to the
cavity wall. The liquid crystal is introduced into the membranes and heated to the
isotropic phase for several hours to ensure a complete fill. The polar head group of the
aliphatic acid interacts with the solid surface and the aliphatic chain couples the liquid
crystal to the surface (see figure 2). Several samples were prepared by varying the
carbon number, n, of the aliphatic acid coupling agent using the same liquid crystal
compound 5CB-ud,.

3. Experimental
2H NMR is a powerful tool to probe the orientational order parameter in confined
geometries. It has also been used to accurately identify the nematic director fields that
occur in spherical [21] and cylindrical geometries [33], and the anchoring direction of
the elongated liquid crystal molecules at the cavity surface [32, 34]. Its success can be
traced to its ability to extract the orientation and order parameter of the liquid crystal
directly from the quadrupole frequency given by
1
v= -I_-%(—:—) 6v3@ cos? 9(r)~2>, (1
where 0(r) is the angle between the local nematic director and the magnetic field, S(r) is
the local order parameter, and dvg/Sy is the ratio between the quadrupole splitting
frequency and the order parameter of the bulk nematic. The influence of motional
averaging is presented in §4 for the nematic and isotropic phases.
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The orienting effect of the magnetic fieid, B, of the NMR spectrometer on the
nematic liquid crystal depends on the anisotropy in diamagnetic susceptibility, Ay, and
the elastic constant, K, of the nematic material. The influence of the magnetic field can
be estimated by calculating the magnetic coherence length &, given by

K1
ém=<“A"—X) = @

The magnetic field strength of our NMR spectrometer is 47 T which corresponds to a
magnetic coherence length of £ =17 um. This is substantially larger than the cavity
sizes employed in this study and exceeds the thickness of the surface induced nematic
order above the clearing temperature by several orders of magnitude. Therefore the
magnetic field will not introduce any measurable distortion in our studies.

4. Results and discussion
The specific nematic director field configuration in a cylindrical environment
depends on the interplay between elastic forces of the nematic material, the effects of
external fields, the morphology and size of cavity and the strength of the interactions
occurring at the cavity wall. The specific functional form of the director field can be
predicted from elastic theory [32, 34, 50]

F:%j {K,1(V-0)? + K,,(n- V xn)* + K3;3(n x V x n)?
v
~ Ky mxVxn+nV-m)}dV
1{ A |
-3 J X(B'n)ZdV+-J W, sin? (6" — 6;,) dA, 3)
2)vuo 2])s

where K, |, K,, aud K55 are the traditional splay, twist and bend bulk elastic constants,
respectively, and K, , is the saddle splay surface elastic constant. The final term is the
anisotropic part in the surface free energy; W, is the molecular anchoring strength and
0 and 6 are the preferred and actual anchoring angles, respectively. The nematic
director patterns for cylindrical environments have been worked out in detail [33, 34]
so they will not be discussed here. The “H NMR patterns will be compared to simulated
spectral patterns calculated using predictions of equation (3).

If we consider a truly isotropic liquid crystal sample, there is no quadrupole
interaction resulting in a single absorption line. However, since Anopore systems
exhibit a large surface to volume ratio, the presence of the surface introduces some
orientational order into the system. 2H NMR is sensitive to this small degree of surface
induced orientational order and can measure the order parameter at the surface
[37,38]. The approximate profile to describe surface induced order is given by the
expression [19]

S(r)=Soexp[—(R—r)/c], “)

where S, is the order parameter at the cavity wall, R is the radius of the capiliary and
E=(C [(T—T*)/T*]" 112, &, is the zero temperature correlation length determined to
be 0-65 nm for SCB [51], and T* is the supercooling limit temperature which is 1-1 K
below the bulk nematic—isotropic transition temperature [51]. Equation (4) is derived
for Sy« 1 by neglecting higher order terms and neglecting the effect of confinement

(&< R) [52].
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4.1. Nematic phase

The effect of translational self-diffusion on NMR signals in the nematic phase can
be estimated by comparing the range that the molecule diffuses on the NMR time scale,
x~,/(D/6), to the distance where the director changes appreciably. Using typical
values of the diffusion constant, D=10"!!m?s~?, and the quadrupole splitting of the
macroscopically aligned bulk, dvg=40kHz, the range the molecule diffuses is
x =002 pm, which is an order of magnitude smaller than the cavity sizes employed in
this study. Therefore we expect that the effects from diffusion are negligible which
results in a 2H NMR spectral pattern that reflects a static distribution of directors in the
cylinder.

The 2H NMR spectral patterns of SCB-ad, confined in the 0-2 um treated cavities of
Anopore membranes are presented in figure 3. The spectra are recorded at room
temperature (11°C below the clearing temperature) for a variety of carbon numbers, n,
associated with the aliphatic acid surface coupling agent. For a more precise structure
determination two orientations of the cylindrical axis in the magnetic field are
recorded: 6 =0° corresponds to the cylindrical axis being parallel to the magnetic field
and 0;=90° corresponds to the cylindrical axis being perpendicular to the magnetic
field. The 2H NMR spectral patterns reveal an abrupt configuration change when n=6.
For n>=7, the spectra are interpreted as the planar polar configuration (see figure 4)
where the symmetry axes of the configuration remain randomly oriented in the
magnetic field. When 0,=0° two absorption lines are observed separated by a
quadrupole splitting frequency of 4dvy which is characteristic of any planar configur-
ation. Unfortunately, no anchoring strength information can be obtained since the
05 =0° orientation is insensitive to the anchoring angle and the random alignment of
the symmetry axes of the planar polar configuration with respect to B in the 05 =90°
orientation does not allow for a direct measurement of the anchoring strength. A planar
radial configuration (see figure 4) would also be consistent with the spectra in 65 =90°
(n=7) in figure 3, but free energy considerations reveal that the planar polar
configuration is energetically favourable when K, and K5 are comparable [34]. In
fact, the planar radial configuration is not expected until K33 K, [53].

For n<6, the spectral patterns are radically different revealing that a configur-
ational change has occurred as a function of chain length of the surfactant molecule
used as the surface coupling agent. The new configuration is a uniform axial structure
(no elastic deformation) with planar anchoring conditions (see figure 4). A discrete
change in the configuration and the anchoring direction at the cavity wall has occurred
at a critical length of the aliphatic chain of the surface coupling agent. According to our
interpretation, the chain length of the coupling agent decreases which results in the
anchoring strength associated with the polar (out of plane) component to effectively
weaken until it no longer can support homeotropic alignment. This is consistent with
earlier treatments on sterical hindrance [54-56]. At this point the anchoring abruptly
changes to a planar anchoring which supports the axial director configuration.

4.2. Isotropic phase
When these systems are taken into the isotropic phase, a partial nematic order still
exists in regions near the surface that can be described by equation (4). The presence of
orientational order is responsible for the definite quadrupole splitting frequency
observed in the isotropic phase (see figure 3). The effects of diffusion are dramatically
different in the isotropic phase as compared to the nematic phase. The characteristic
length of diffusion, x ~ ./(D/év), is approximately 0-3 um which is larger than our pore
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Nematic Isotropic
9B=0° GB=90° 9B=0°
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Figure 3. Deuterium NMR spectral patterns of SCB-ad, confined to the treated cavities of
Anopore membranes. The alumina cavities of the membrane are coupled to the liquid
crystal with the aliphatic acid C,H,,, ;,—~COOH where the length of the aliphatic chain, n,
is varied. The spectra accumulated in the nematic phase were recorded at 24°C for two
orientations of the cylindrical axis in the magnetic field. The spectra accumulated in the
isotropic phase were recorded at 37°C with the cylindrical axis parallel to the magnetic
field.
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PP PR

Figure4. Three possible nematic director configurations that occur in cyclindrical cavities: The
planar polar (PP)and planar radial (PR) require homeotropic anchoring at the cavity wall
and the uniform parallel axial (PA) structure has homogeneous anchoring conditions.

diameter and much larger than the thickness of the ordered surface layer which is
usually about 2 nm. Therefore a diffusing molecule samples the order throughout the
cross section of the cavity (fast motional averaging). The small cavity size and the long
time scale of the NMR measurement in the isotropic phase (milliseconds) allows us to
simplify our analysis.

The 2H NMR spectra, recorded at 2-5°C above the nematic-isotropic transition,
are presented in figure 3 for various lengths of the aliphatic chain of the surface coupling
agent. The averaged quadrupole splitting frequency {dv) is linearly related to S, { 38].
A very interesting evolution of the spectra takes place as n is decreased. The larger
splitting in the n=15 case indicates rather strong coupling at the surface. As the
aliphatic chain length is decreased, the coupling with the surface decreases until n="7
where there is no measurable quadrupole splitting. The quadrupole splitting becomes
resolvable at n=6 again and is found to increase at n=35. This very interesting
behaviour suggests that besides the modification of the anchoring direction, the
orientational order parameter at the surface can also be controlied by varying the
length of the aliphatic chain of the surface coupling agent.
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<dv>/ Hz
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Temperature / ©C
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Figure 5. The average quadrupole splitting {5v) as a function of temperature approaching the
nematic—isotropic transition temperature from above for perpendicular (a) and parallel (b)
anchoring conditions. The solid line denotes the theoretical fit where the fitted interfacial
parameters are presented in the table. For n=15 and 9, S, is found to be temperature
dependent according to Syoc(T — T*)™ 12 with (T — T* =04 K) given in the table. For n
=6 and 5, S, is found to be constant over the entire temperature range with values of S,
presented in the table. (@) V, C,sH;,-COOH; O, C,H,,—COOH. (b) V, C;H,;-COOH;
O, C¢H,3-COOH.
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Summary of interfacial parameters measured from NMR spectra. The cylindrical pores
of Anopore membranes were chemically modified with the surface coupling agent
C,H,, . ,—~COOH and filled with SCB-od,. A 2 by weight solution of C,H,, . ,~COOH in
methanol was used.

Chain length

n Anchoringt So(T-T=04K) I, nm
15 Homeotropic 0-13£0-02 15+ 05

9 Homeotropic 0-05+ 001 0-8+0-5

7 Homeotropic — —

6 Planar 0-01+0005% 2:5+1-0

5 Planar 0-01+0005% 20+10

+ Anchoring direction confirmed in nematic phase.
1 The value of S, is the same over the entire temperature range studied.

The temperature dependence of the average quadrupole splitting frequency for the
various surface preparations is presented in figure 5. One important point about the
sensitivity of the NMR technique is its ability to detect surface induced order deep into
the isotropic phase. It was previously shown that the traditional theoretical approaches
could not describe the amount of order measured far away from the nematic—isotropic
transition [ 37, 38] where order occurs in a layer thickness comparable to the molecular
length. The data could be more accurately analysed by including a molecular layer at
the surface of thickness, I, where the value of the orientational order S persists, while
on distances larger than ], its penetration into the cavity follows the form of equation
(3). Further evidence of a different behaviour in the first molecular layer is the molecular
exchange rate between the surface layer and the bulk which is substantially different
than the estimated exchange rate if bulk diffusion constant values were used. We follow
this same analysis [37,38] in our preliminary determination of S, and I,.

The analysis of our NMR data presented in figure 5 is summarized in the table. The
data presented in the table clearly demonstrate the delicate dependence of the liquid
crystal molecules with the coupling agent at the solid surface. The order parameter of
the liquid crystal molecules at the surface is extremely sensitive to the length of the
aliphatic chain of the surface coupling constant. Furthermore, the temperature
dependence of S, is also affected by the length of the aliphatic chain of the coupling
agent. For n=15 and 9, S,(T) shows a strong increase on approaching the nematic—
isotropic transition temperature from above which approximately follows the
functional form derived by Sheng [41],

So=G//(4aL(T — T*)]

where G is the surface coupling constant in units Jm~2, a is the Landau—de-Gennes
expansion coeflicient, and L is the elastic constant {51]. For n=6 and 5, S, is non-
critical and remains constant over the entire temperature range studied. Our
observations show that systems that exhibit parallel anchoring conditions give way to
weaker surface order parameters and non-critical temperature dependences of the
surface order parameter corresponding to partial nematic wetting. More studies are
underway to complete the picture on pretransitional ordering and nematic wetting

[57].
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5. Conclusions

We have presented conclusive evidence that the ordering and anchoring mechan-
isms in confined geometries can be systematically controlled by varying the length of
the aliphatic chain of the surface coupling agent. Deuterium NMR is used as a sensitive
method to detect nematic ordering in the porous systems. A configurational transition
is reported to occur from the planar polar structure to the uniform axial structure
indicating a discrete transition from homeotropic to planar anchoring as the aliphatic
chain length on the surfactant molecule is changed from n=7 to n=6. This indicates
that the preferred anchoring direction has discontinuously changed from normal to
planar at the surface. Radical differences in the quadrupole splitting frequency are also
observed above the nematic—isotropic transition revealing the sensitivity of the surface
coupling agent on the nematic ordering mechanisms in the vicinity of the cavity wall.
Further studies are planned to complete the picture of surface induced orientational
ordering, symmetry breaking transitions, nematic wetting transitions, etc., in these
systems [57].
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Chemistry Grant DMR91-20130 and NSF Science and Technology Center ALCOM
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