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We report asimple and general procedure that uses nematic liquid crystals (NLCs) to probe the structure
of organic surfaces prepared by molecular self-assembly. The procedure involves placement of a
submillimeter-sized droplet of NLC on the surface of a self-assembled monolayer (SAM) of organic molecules
and observation of the droplet under illumination with polarized light. Because NLCs are optically
anisotropic, polarized light permits characterization of the distortion of the NLC within the droplet, which
we demonstrate here to reflect the structure of surfaces on spatial scales that range from the molecular
to the mesoscopic. We demonstrate the use of droplets of NLCs (i) to probe the molecular-level structure
(Angstrom-scale) of surfaces by distinguishing between SAMs formed from odd or even chain-length
alkanethiols or SAMs coadsorbed from mixtures of long and short alkanethiols; (ii) to probe the nanometer-
scale texture of polycrystalline films of gold used to support SAMs, including gold substrates prepared by
oblique deposition from a vapor of gold; (iii) to image the micrometer-scale structure of SAMs patterned
by using microcontact printing; and (iv) to follow, in situ, reactions on surfaces, using as an example the
displacement of a SAM formed from CH3(CH2)sSH by CH3(CH2)15SH dissolved into the NLC. Because
either reflection or transmission polarization microscopy can be used to image the NLC drops, this method
permits characterization of monolayers of organic molecules on both transparent and opaque substrates.
To clarify the relationship between the optical appearance of the NLC droplets, the distortions of NLCs
within the droplets, and the orientations of NLCs near SAMSs, we report numerical simulations of droplets
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of NLCs supported on surfaces and calculations of the optical textures of these droplets.

I. Introduction

Studies of the interactions between liquid crystals (LCs)
and the surfaces of solids have now spanned nearly a
century.r® Although much of the recent interest in LCs
has been driven by their widespread use in optical displays,
studies at the beginning of this century focused on the use
of LCs to determine the symmetry of surfaces of cleaved
inorganic crystals.34% In this article, we extend these early
ideas by using droplets of nematic liquid crystals (NLCs)
to characterize the structure of organic surfaces prepared
through molecular self-assembly.1°

Numerous previous studies have demonstrated that
liquids can form the basis of analytical methods for the
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characterization of surfaces.'*~*” For example, measure-
ments of contact angles of polar and nonpolar isotropic
liquids have been widely used to explore the contributions
of polar and dispersion forces to the excess free energy of
surfaces.!*~17 Patterns formed by condensation of droplets
of liquids on surfaces—so-called “breath figures”—have
also been used to image the lateral structure of surfaces
on micrometer and larger scales.’®° Although the mi-
croscopic balance of forces governing the condensation
and wetting of liquid on surfaces is not understood
completely, these methods are widely used for the
characterization of organic surfaces, including surfaces
formed by molecular self-assembly (e.g., self-assembled
monolayers, SAMs). Contact angles of liquids supported
on SAMs, for example, have been demonstrated to reflect
both the structure of the outer few Angstroms'12 of each
SAM as well as long-range (> 10 A) dispersion forces that
act between polarizable metallic substrates (e.g., gold)
supporting SAMs and the overlying liquid.? In this article,
we demonstrate that drops of NLCs placed on surfaces
can also form the basis of simple and general methods to
characterize the structure of SAMs and metallic substrates
used to support SAMs. We demonstrate that droplets of
NLCs can be used to distinguish between surfaces that
differ intheir molecular and meso-scale structure. Droplets
of NLCs are also shown to provide the basis of straight-
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forward procedures that permit the imaging of surfaces
on micrometer scales.

Previous studies of droplets of NLCs have focused on
polymer-dispersed liquid crystals (PDLCs).?1"26 These
composite materials consist of micrometer-sized droplets
of a NLC dispersed in an isotropic polymeric matrix. The
optical characteristics (scattering of light) of these com-
posite materials depend strongly on the orientations of
the NLCs within the droplets, which, in turn, are
determined by a balance of effects. These effects include
the elastic energy stored in distorted states (bend, twist,
and splay) of the NLC, short-ranged interactions between
the NLC and the surrounding polymer matrix (the so-
called anchoring energy), and any externally applied
(electric or magnetic) fields.?* Here we report on the
relationship between distortions formed within droplets
of NLCs supported on surfaces (in the absence of applied
fields) and properties of the underlying surfaces.

By using nematic and smectic LCs confined between
two planar surfaces (i.e., a LC cell), our previous work has
demonstrated that LCs can be used (i) to distinguish
between surfaces that appear to be the same when
characterized by measurements of both advancing and
receding contact angles?’ and (ii) to optically image events
at surfaces such as specific binding between biological
molecules (e.g., antibody—antigen recognition).?® In con-
trast to these previous studies based on LC cells, here we
move to investigations based on the use of droplets of
NLCs for two broad reasons. First, whereas procedures
based on confinement of NLCs between two planar
surfaces require the assembly of LC cells for each
measurement, placement of a drop of LC on a surface is
both fast and simple to perform. Procedures based on
droplets of LCs can also be used to characterize the surfaces
of substrates that are optically opaque. Second, because
the distortions formed by LCs within droplets do reflect
a balance of elastic and surface effects (see above), we
believe this geometry may ultimately lead to methods that
will permit ranking of the relative strength of anchoring
of LCs at surfaces by using the optical appearance of
droplets. In contrast, LCs confined to uniformly oriented
LC cells assume the same “easy direction” for both strong
and weak anchoring at surfaces. Contact angles are widely
used for the characterization of surfaces because the value
of the contact angle provides a useful relative index with
which to rank surfaces (the absolute values are often not
interpreted).

The investigation we report herein has two parts. First,
we demonstrate that distortions do form within droplets
of NLC placed on surfaces in ways that are characteristic
of the structure of these surfaces on length scales that
range from the molecular scale (Angstroms) to the
mesoscopic (micrometers). Second, we use numerical
simulations to understand how surfaces induce distortions
within droplets of NLCs.

We chose SAMs formed from n-alkanethiols [CH3(CHy),-
SH] supported on films of gold as model surfaces. Extensive
characterization of these SAMs by a variety of analytical
techniques has shown that the sulfur headgroups of the
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alkanethiols chemisorb onto the gold surface to form a
densely packed (v/3 x +/3)R30° lattice that is com-
mensurate with the underlying Au(111).?° The alkyl chains
of long-chain alkanethiols organize into nearly all-trans
configurations that tilt by ~30° from the normal of the
surface; variations in the twist angles of neighboring
chainsgivesrise toac(4 x 2) superlattice.®>3! The structure
of these surfaces can be manipulated on length scales
that range from the molecular scale (Angstroms) to the
mesoscopic (micrometers) by using one of several ap-
proaches. First, by using alkanethiols with odd and even
chain lengths, surfaces that present methyl groups with
two distinct orientations can be prepared.®? Second, by
using mixtures of long and short alkanethiols, surfaces
presenting loosely packed long chains that protrude from
a densely packed sublayer of chains can be prepared.33
Third, oblique deposition of films of gold can be used to
introduce a subtle level of anisotropy on length scales
comparable with the size of the gold grains (~20 nm).3435
Fourth, patterning of SAMs by using microcontact printing
permits the preparation of surfaces that possess lateral
structure on micrometer length scales.3®

To simulate the distortions formed by NLCs within
droplets, we use a cubic lattice model and minimize the
energy at each site by evaluating nearest-neighbor
interactions. Although simulations of distortions of NLC
within droplets have been reported®~2325 for droplets
dispersed in an isotropic polymeric matrix, the case of a
droplet of NLC placed on a solid surface differs from that
of microdroplets dispersed in an isotropic matrix (such as
in PDLCs) for two reasons. First, a droplet of NLC on a
solid substrate has two interfaces: theair—NLC interface
and the solid—NLC interface. The excess surface free
energy of the droplet, therefore, is determined by the
anchoring of the NLC at both interfaces; in polymer-
dispersed LC droplets, in contrast, only one interface exists
(the polymer—NLC interface). Second, previous studies
of droplets have focused on spherically symmetric droplets;
this symmetry is broken when droplets rest on the planar
surfaces of solids. To our knowledge, only one study®” has
investigated this geometry: a NLC dropletwas simulated
on the surface of liquid water. The results of our simula-
tions provide the orientational structure within a droplet
of NLC resting with a prescribed contact angle on the
surface of a solid. We then transform the simulated
distortion of the NLC into polarized light images and use
the (simulated) polarized light images to interpret our
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experimental observations. The results of the simulation
suggest approaches that may permit parameters such as
the anchoring energy of a NLC on a surface to be obtained
from analyses of the optical images of drops of NLC placed
on surfaces.

Il. Methods

Experimental. Self-assembled monolayers were formed from
n-alkanethiols [CH3(CH2)n-1SH, 4 < n < 17] on the surface of
thin (~100 A thickness), semitransparent films of polycrystalline
gold that were prepared by electron beam evaporation. All gold
films (unless otherwise specified) were prepared by using oblique
deposition of the gold. A detailed description of the procedure
used to deposit the gold has been reported previously.343% The
SAMs were prepared by immersing films of gold in solutions of
alkanethiols using either ethanol or isooctane as the solvent.
Patterned SAMs were prepared by using the technique of
microcontact printing with an elastomeric stamp formed from
poly(dimethylsiloxane) (PDMS).36

The optical textures formed by droplets of NLC of 4-cyano-
4'-pentylbiphenyl (5CB) supported on SAMs were measured by
using the following procedure. First, we heated 5CB within a
hypodermic syringe to a temperature that was greater than its
nematic-to-isotropic transition temperature (~34 °C). Second, a
drop of the 5CB was dispensed from the syringe onto the surface
of a SAM (warmed to ~36 °C by placement on a heated stage).
The SAM supporting the droplet of 5CB was then transferred to
athermostated chamber mounted on a polarized light microscope
and cooled to a temperature less than the nematic-to-isotropic
transition temperature (typically ~30—32 °C). The optical
appearance of the supported NLC drop was imaged by using
Sony CCD camera and recorded on a computer using Media-
grabber software (Rasterops Corp., CA).

Computational. The distortion of a NLC within a droplet
supported on a SAM was simulated by extending the numerical
approach reported by Windle and co-workers38:3° to the geometry
of a supported droplet. The shape of the droplet (Figure 1A) was
described by a locus of points satisfying the equation®

X +y +Kz=1 (1)

where K is a constant and the surface of the solid is defined by
the plane at z = 0. By changing the value of K, the contact angle
of the supported droplet can be specified. We did not use a
hemispherical droplet because it corresponds to a rather unre-
alistic contact angle of 90°. In past work, we measured the contact
angle of 5CB on a SAM formed from CH3(CH2)15SH to be about
57°. We used a value of K of ~1.5 in our simulations, which
corresponds to a contact angle of ~54°.

The orientation of the NLC within the supported droplet is
described by dividing the droplet into 51 x 51 x 18 cubic cells
placed on a lattice with overall dimensions of 2 x 2 x 0.68. Each
cell in the lattice defines a local volume element of the NLC
(inset in Figure 1A) and a director (n) can be assigned to each
cell. The excess free energy of NLC within a cell is defined by its
interaction with the six nearest neighbors along the x, y, and z
directions. Previous studies have made use of several different
forms of the interaction between nearest neighbor cells.38:39.41.42
The simulation described in this article is based on an algorithm
proposed by Bedford and Windle.3® The algorithm, which
approximates the excess free energy in terms of the angular
difference between the director of a central cell and the director
of the nearest neighbor cells, has successfully modeled the
microstructure of NLCs. In particular, for a three-dimensional
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Figure 1. A, Schematicillustration of the lattice used to model
a droplet of NLC supported on a surface. The inset shows a
magnified view of a cubic cell of the lattice. The preferred
orientation of the NLC in the cubic cell is given by the director
and is specified by the angle of tilt () and the azimuthal
orientation (¢). B, Total energy (E) of a droplet of NLC as a
function of the number of trial moves when the parameter o
is decreased discretely (V) or continuously (O) using a linear
function. The inset shows a magnified view of the first 800 000
trial moves.
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lattice, the excess free energy of a single cell Ej with a director
defined by a unit vector nj is given by

6
— 2
E;= ) In; x n (2

The summation in eq 2 is performed over the six nearest
neighbors in a cubic lattice where nj is the unit vector describing
the orientation of the director in each neighboring cell. Both nj
and n; are defined by their local Euler angles (6, ¢), where 6 is
the angle n makes with the z-axis (angle of tilt) and ¢ is the angle
n makes with the x-axis (azimuthal orientation). The total energy
of N cells is given by

N 6
E= o.5Z I x ny? (3)
=TS

where the numerical coefficient (0.5) corrects for double counting
of cells.

Equations 2 and 3 are based on the assumption that elastic
constants describing twist, splay, and bend distortions are equal
in magnitude. Although this model is a simple one, the forms of
eqs 2 and 3 do satisfy several constraints that describe properties
typical of LC systems. Because the director is an apolar vector,
the excess energy should remain unchanged upon substitution
of n by —n; the expression for energy in eq 2 satisfies this criterion.
Further, the excess energy described by this simple equation
does drive the system toward an undistorted state. In the absence
of surface effects, the global minimum of the energy E corresponds
to a state in which the director is undistorted throughout the
volume of the system. A more complete discussion of eq 2, and
a comparison of eq 2 with other forms of the elastic energy, can
be found elsewhere.*2 Although eq 2 is successful for low molar
mass LCs, Hobdell and Windle3® have shown that it does not
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capture saddle-splay distortion, and therefore, the approximation
does not completely describe microstructures in polymeric LCs.
For our purposes, eq 2 serves as a useful starting point to predict
and interpretdistortions formed within droplets of 5CB supported
on surfaces.

We describe the influence of a supporting surface on the
orientation of LC within adroplet by prescribing values for 6 and
¢ within the cells of the lattice that lie at the surface of the
substrate. For example, the value of 6 within each cell at the
supporting surface is given avalue in the interval [0°, 90°], where
0° corresponds to homeotropic alignment (alignment of the
director normal to the surface) and 90° corresponds to planar
alignment (alignment of the director parallel to the surface).
The effect of the surface on the azimuthal orientation ¢ of the
LC is also included by specifying ¢ for each lattice cell at the
surface. All the results presented in this article assume the
orientation of the director at the free surface of the droplet to be
normal to the curved interface. This corresponds to homeotropic
anchoring of 5CB at its free surface.** When 6 and ¢ at the surface
of the droplet are fixed for all distortions of the LC within the
droplet, the surface is said to exhibit “strong anchoring” with an
infinite anchoring energy. In the numerical results presented
here, we discuss only two cases: (i) strong anchoring at both the
free surface of the droplet and the surface of the supporting
substrate, and (ii) strong anchoring at the free surface with no
constraint on the orientation of the director at the supporting
substrate, i.e., a solid surface with zero anchoring energy. In
future work, we plan to modify the simulations to describe the
effects of “weak anchoring” at the solid surface.

To minimize the total energy of the droplet, we use a procedure
similar to one proposed by Hobdell and Windle.3® Cells of the
lattice are selected at random within the droplet and a random
trial orientation is generated within a cone-shaped region around
the existing orientation of the director within the cell. A
Metropolis algorithm is used to accept or reject the trial
orientation.** If the energy of the trial orientation is lower than
the original orientation, it is accepted. For trial orientations with
energy higher than the original, the new trial orientation is
accepted with a probability given by

P =exp “F¢ (4)

where ais an arbitrary numerical parameter and AE is the change
in energy caused by the trial move. The parameter o is used in
two ways. First, o is set to a high value at the start of the
simulation to randomize the orientation of the LC within the
droplet. Second, a.is slowly reduced to a small number to minimize
the energy of the droplet yet prevent the system from getting
trapped in local minima. As the system tends toward its minimum
in energy, a high fraction of the trial orientations is rejected if
the angular variation of the trial move is large. The angle for the
cone-shaped trial region is reduced, therefore, using a procedure
given by Allen and Tildesley** to keep the fraction of trial moves
that are accepted a constant (i.e., maintain a constant acceptance
ratio). Typically, each simulation involves 10—20 x 106 trial
moves and is completed within an hour on a desktop computer
(Dell, Pentium 233 MHz).

We calculated the polarized light images of the droplets by
simulating the passage of monochromatic light through the
droplet. The calculations were performed for incident light that
was linearly polarized. The angular rotation and phase shifts of
the polarized light were calculated by using a method described
by Nicholson for a cubic lattice.*> The phase shift of the light
caused by optical retardation in each cell was calculated by
assuming that the wavelength (1) of the incident light is 633 nm
and the ordinary (n,) and extraordinary (n.) refractive indices
to be 1.5 and 1.7. These values correspond to the birefringence
of 5CB at room temperature. For a ray of light propagating along
the z-axis, the effective extraordinary index (nes) in each cell is
calculated based on the local polar orientation (6)
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n,n
0 e (5)
/N2 sin? 6 + nZ cos? 0

Neee(0) =

We evaluated the phase retardation of light transmitted
through a cell with thickness d as

5= 2n(neﬁl— n,d ©)

Zero phase retardation (ness = N, and 6 = 0) occurs when the
director in a cell lies perpendicular to the surface (i.e., § = 0°).
The maximum phase retardation (nes = ne) occurs when the
director lies parallel to the surface (i.e., 6 = 90°).

The procedures we used to calculate the polarized light images
are described in the Appendix. The simulated optical textures
reported in this article were evaluated by assuming d = 1 um.
The assumed value for the thickness of each cell (d) influences
the order of retardation in the simulated texture but not the
energy calculation. The effect of the value of d on the simulated
optical textures is discussed under Results and Discussion.

I11. Results and Discussion

Simulations of Director Profiles and Optical
Textures. We first present the results of our numerical
simulations of director profiles within droplets of NLCs
because these results provide a framework within which
to interpret the optical textures of droplets of LCs
measured in our experiments. We have simulated five
cases. Four of these cases correspond to “strong anchoring”
and differ by the orientation imposed on the NLC at the
surface of the substrate: (i) the NLC isanchored normally
to the surface of the supporting solid (6 = 0°, homeotropic
anchoring); (ii) the NLC is anchored parallel to the surface
of the supporting solid (§ = 90°) and along a unique
azimuthal direction (uniform, planar anchoring); (iii) the
NLC is anchored parallel to the surface of the supporting
solid (6 = 90°) with a degenerate azimuthal orientation
(nonuniform, planar anchoring); and (iv) the NLC is
anchored with a tilt from the normal of the supporting
solid (arbitrarily set to 6 = 36°) with a unique azimuthal
direction in the plane of the surface (for example, along
positive y-axis or ¢ = 90°; uniform, tilted anchoring). The
fifth case treats adroplet of NLC supported on a substrate
that exerts no direct influence over the orientation of the
NLC.

Figure 1B shows the profile of the total energy E during
a simulation of a droplet of NLC that is anchored
homeotropically at the surface of the solid. The first
200 000 steps correspond to a process of randomization of
the director within the droplet. At the end of the initial
increase in energy (“a” in Figure 1B), the orientation of
the NLC within the drop is randomized (Figure 2A, E,
and F). After the director is allowed to relax for ap-
proximately 5 x 10° iterations (“b” in Figure 1B), a
substantial decrease in energy is observed and the director
varies smoothly in space. The simulated optical image of
the drop (Figure 2B) shows evidence of a cross at the center
of the drop. After several million additional iterations (“c”
in Figure 1B), the final state shown in Figure 2C is reached.
Because the azimuthal orientation (¢) of the director in
the final state is radially symmetric (Figures 2G and 2H),
for cells lying along the x—z plane and the y—z plane, the
projection of the director onto the x—y plane is either
parallel (¢ = 0°) or perpendicular (¢ = 90°) to the direction
of polarization of the incident light (x-axis). The polariza-
tion of light transmitted through these regions of the
droplet is, therefore, unchanged and thus the light is
extinguished by the analyzer (causing dark brushes to
appear along the x- and y-axes). In contrast, the director
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Figure 2. Simulated polarized light images of a NLC droplet resting on a surface with homeotropic boundary conditions. The
droplet is centered at the origin and the images are simulated at different stages of the relaxation of the director within the droplet.
Image A corresponds to stage a indicated in Figure 1B. The white dashed lines indicate projections of the x—z and y—z plane onto
the x—y plane. Images B and C correspond to b and c, respectively, indicated in Figure 1B. Image D shows the optical texture
calculated using d = 2 um in the evaluation of the phase shift. The vector fields along the x—z and y—z planes are shown in images
E and F and illustrate the orientational distribution of the director corresponding to A. The director field in G and H corresponds
to the image shown in C. In the plots of the director field, only a fraction of the lattice cells are shown for clarity.

within all cells that lie between the x—z and y—z planes
possess an azimuthal orientation described by a value of
¢ that lies between 0° and 90°: the change in polarization
of light passing through these regions leads to the
transmission of light through the analyzer. In contrast to
the simulated images shown in Figures 2A—C, where
phase shifts of the polarized light were calculated by
assuming d = 1 um, higher order retardation is observed
when d = 2 um (Figure 2D). In particular, a circular ring
corresponding to the first-order black color is seen in Figure
2D.

Figure 3 shows where the surface has either no influence
on the orientation of the director (Figures 3A—C) or causes
planar anchoring of the LC without a preferred azimuthal
orientation (Figure 3D). When no constraint is imposed
on the orientation of the LC by the surface of the solid,
the director tilts away from the normal to minimize
distortion of the LC within the droplet (Figures 3A and
3B). The simulated polarized light image resembles the
image shown in Figure 2C for homeotropic anchoring (a
Maltese cross with four dark brushes). However, the dark
circular rings at the center and edge of the droplet in
Figure 3C indicate that even though d = 1 um, the net
phase retardation experienced by the light in Figure 3C
is much greater than that in Figure 2C. The greater
retardation in Figure 3C than Figure 2C is caused by the
large tilt of the director near the surface of the substrate
in Figure 3C and its absence in the case of homeotropic
anchoring. Figure 3D shows the simulated polarized light
image where the NLC lies parallel to the surface of the
supporting substrate (6 = 90°) but has no preferred
azimuthal orientation. The nonuniform anchoring of the
LC on the surface of the substrate results in a wide
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Figure 3. A—C, Simulated polarized light images of a NLC
droplet resting on a surface that imposes no constraints on the
orientation of the director. The director field is shown along the
x—z plane (A) and they—z plane (B), and the simulated polarized
light image is shown in C. D, The simulated polarized light
image of a droplet resting on a surface with strong anchoring
conditions such that the director is constrained to lie parallel
to the surface but not along a unique azimuthal direction
(nonuniform planar anchoring).

distribution of orientations within the droplet and a
complex and disordered optical texture.

Figures 4A—C show the results of a simulation for the
case where the NLC lies parallel to the surface of the
supporting substrate (¢ =90°) and along a unique direction
(y-axis, ¢ = 90°). We can deduce the type of deformation
within the droplet of NLC by looking at Figures 4A—C
and by considering the orientation at the bottom and top
surfaces of the drop (Figure 4D). First, all cells located
within the y—z plane contain adirector with an azimuthal
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Figure 4. Simulated polarized light images of a droplet of NLC resting on a surface with planar boundary conditions (6 = 90°,
¢ = 90°). The director field is shown along the x—z plane (A) and the y—z plane (B), and the simulated polarized light image is
shown in C. A schematic view of the drop projected onto the x—y plane is shown in D. The black lines correspond to the orientation
of the director on the surface of the substrate (along the y-axis; ¢ = 90°), whereas white lines correspond the x—y projection of the

director at the free surface of the drop.

orientation that is parallel to the y-axis at the solid—LC
interface (the black line) as well as at the air—drop
interface (the white line). No azimuthal twist of the NLC
is required to satisfy the two boundary conditions in this
region of the droplet, and therefore, the polarization of
light transmitted through this region is unchanged. This
process gives rise to the dark brush (parallel to y-axis)
that appears in the optical texture in Figure 4C. In
contrast, the directors within cells located along a diagonal
plane indicated by the line OP possess an azimuthal
orientation at the surface of the supporting substrate (the
black vector) that is along the y-axis and an azimuthal
orientation at the free surface that is described by an angle
¢ =45° (to have homeotropic anchoring at the free surface).
Consequently, the azimuthal orientation of the director
must twist clockwise by ¢ as it moves from the surface of
the substrate to the free surface. In regions of the cell
where the director is twisted, the polarization of the light
transmitted through the droplet is rotated and thus some
fraction of the light is transmitted through crossed
analyzer in these regions. (The drop appears bright.) The
angle of twist caused by these opposing boundary condi-
tions reaches a maximum in the regions of the droplet
contained within the x—z plane. Because the direction of
twist changes discontinuously on either side of the x—z
plane (clockwise above the x-axis shown in Figure 4D to
counterclockwise below the x-axis shown in Figure 4D),
a line defect appears parallel to the x-axis. This orien-
tational discontinuity is clearly visible in the simulated
director field shown in Figure 4A (the first and second
row of vectors from the bottom) and appears asadark line
in the simulated image shown in Figure 4C. In experi-
mental measurements, however, line defects scatter light
and this process cannot be described by the Jones-matrix
formalism (see Appendix). As shown below, the scattering
of light causes a similar disclination line to be readily
apparent within the experimentally observed optical
textures.

Figures 5 shows where the NLC is anchored at the
surface of the supporting substrate with a tilt of 36° from
the normal. The direction of the tilt is along the positive

y-axis (Figure 5A). Several features of the director profile
and simulated optical texture seen in Figure 5 are similar
to Figure 4. For example, because the director within cells
contained in the y—z plane are also oriented within the
y—z plane, the simulated optical texture in Figure 5C
appears dark along the y-axis. In contrast to the case shown
in Figure 4, however, the line discontinuity (corresponding
to a reversal in the handedness of the twist) is no longer
located along the x-axis but intersects the y-axis at a
negative value (far left side of Figure 5A). Furthermore,
in the simulated optical image (Figure 5C), extending from
the broad dark brush along the y-axis are two small dark
lobes which bulge out on the sides. An optical image such
as Figure 5C would, therefore, lead us to infer that (i) the
NLC is neither parallel or normal to the surface but tilted
from the surface, (ii) the tilt is along an axis coincident
with the central dark brush (here the y-axis), and (iii) the
tilt is toward the direction opposite to the direction in
which the dark lobes are displaced along the tilt axis.

Experimental Results. In previous studies based on
LC cells (LC sandwiched between two planar substrates),
we reported the orientation of nematic phases of 5CB on
SAMs formed from n-alkanethiols [CH3(CH3),-1SH] to be
parallel to the surfaces of the SAMs.3446-48 \WWhen SAMs
formed from CH3(CHy,),-1SH were supported on films of
gold deposited obliquely, the azimuthal orientation of the
nematic phase of 5CB was parallel to the direction of
deposition of the gold for even values of n and orthogonal
to the direction of deposition for odd values of n.344% We
began our experimental investigation of the optical
textures of droplets, therefore, by examining droplets of
NLCs supported on the surfaces of SAMs formed from
alkanethiols with either odd or even chain lengths and by
comparing experimental textures to the simulated ones

(46) Gupta, V. K.; Abbott, N. L. Science 1997, 276, 1533.

(47) Miller, W. J.; Abbott, N. L.; Paul, J. D.; Prentiss, M. G. Appl.
Phys. Lett. 1996, 69, 1852.

(48) Drawhorn, R. D.; Abbott, N. L. J. Phys. Chem. 1995, 99, 16511.

(49) Gupta, V. K.; Abbott, N. L. Phys. Rev. E: Stat. Phys. Plasmas,
Fluids, Relat. Interdiscip. Top. 1996, 54, R4540.
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Figure 5. Simulated polarized light images of a droplet of NLC resting on a surface with uniformly tilted boundary conditions
(6 = 36°, » = 90°). The director field is shown along the y—z plane (A) and the x—z plane (B), and the simulated polarized light

image is shown in C.

Figure 6. Transmission-polarized light image of a droplet of
NLC resting on a SAM formed from CH3(CH2)14SH (A). The
vertical arrow indicates the direction of deposition of the gold
film. Polarized light images of a droplet of NLC observed under
transmission (B) and reflection (C) when supported by a SAM
formed from CH3(CH,)15SH. D, Transmission polarized light
image of a NLC droplet resting on a SAM formed from
CHj3(CH2)15sSH on a gold film that was deposited uniformly.
The horizontal dimensions of the images are 550 um.

shown in Figure 4. Figure 6A shows a polarized light
micrograph (transmission mode) of adroplet of 5CB placed
on the surface of a SAM formed from CH3(CH,)14SH. The
thin, dark, threadlike structure observed in the optical
micrograph is a disclination line. In this projection, the
disclination line appears to pass through the core of a
point defect at which two broad, dark brushes meet. This
micrograph shares several features that are similar to
the simulated optical textures where the NLC is anchored
parallel to the surface of the substrate with a uniform
azimuthal orientation (Figure 4): two broad, dark brushes
were observed along one diameter of the drop and a line
discontinuity was observed along the perpendicular
diameter (Figure 4C). We conclude, therefore, that the
micrograph shown in Figure 6A, corresponds to uniform,
planar anchoring of the NLC on the surface of the SAM

formed from CH3(CH,)1,SH. Because the computational
results show the dark brushes to lie along a direction
coincident with the preferred direction of azimuthal
anchoring of the NLC on the surface of the substrate, we
interpret the optical texture shown in Figure 6A to indicate
that the preferred direction of alignmentis perpendicular
to the direction of deposition of gold. This result is
consistent with the results of our previous studies using
LC cells.3446:49

We note that Yamaguchi and Sato have reported the
optical texture of adroplet of NLC supported on the surface
an obliquely deposited film of silicon oxide (SiOy).>° They,
too, observe a line discontinuity in the optical texture.
However, for reasons that are not understood by us, the
images reported by Yamaguchi and Sato do not show the
broad, dark brushes seen in Figures 4 and 6. One major
difference between our experiments and those of Yamagu-
chi and Sato is that they used large drops (2—3 mm)
whereas we have typically used droplets with sizes <500
um. It is possible that the size of the droplets used by
Yamaguchi and Sato were sufficiently large that the
surfaces of the droplets did not control the orientation of
the NLC near the center of the drop.

To test further whether the optical appearance of small
droplets of NLC can be used to measure the azimuthal
anchoring of NLCs on the surfaces of substrates, we
deposited a droplet of 5CB onto a SAM formed from
CH3(CH3)15SH (supported on obliquely deposited gold) and
recorded its optical image (Figure 6B). The optical
appearance of this droplet shared several features that
were common to the droplet supported on the SAM formed
from CH3(CHy3)14SH (Figure 6A): a disclination line and
pair of dark brushes were observed along perpendicular
diameters. However, because the dark brushes in Figure
6B lie along the direction of deposition of gold, we conclude
that the azimuthal anchoring of the LC on the SAM formed
from CH3(CH2)14SH is orthogonal to that for the SAM
formed from CH3(CH,)1,SH. The NLC drop therefore, can
be used to distinguish between surfaces formed from either
CH3(CH2)14SH or CH3(CH2)15SH

We also observed the droplet of NLC shown in Figure
6B (in transmission) by using reflection polarization
microscopy (Figure 6C). The reflection micrograph also
shows the disclination line and pair of dark brushes. Thus,
droplets of NLCs can be used to study surfaces of optically

(50) Yamaguchi, R.; Sato, S. Jpn. J. Appl. Phys., Part 2 1996, 35,
L117.
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opaque substrates. This is not possible when the NLC is
sandwiched between two planar, opaque surfaces.

Our previous studies have demonstrated the structure
of films of gold on the 1- to 10-nm scale to be influenced
by the manner of deposition of the gold.3*35 To test whether
a NLC drop can be used to distinguish between films of
gold deposited with and without a preferred direction and
angle of deposition, we observed the optical textures of
droplets of NLCs supported on these two types of gold
substrates. Figure 6D shows a polarized light micrograph
of a droplet of 5CB placed on a SAM formed from
CH3(CHy)15SH on a film of gold deposited without a
preferred angle or direction of deposition. No disclination
lines or dark brushes were observed in this micrograph,
in contrast to the micrograph shown in Figure 6B
(obliquely deposited substrate). We conclude that the NLC
is anchored on the surface of the substrate without a
preferred azimuthal orientation. A comparison of micro-
graphs in Figures 6B and 6D demonstrates that droplets
of NLCs can indeed be used to distinguish between
variations in the structure of the gold surface caused by
the manner of deposition of the gold.

By using LC cells, we have reported the orientations of
nematic phases of 5CB on mixed SAMs formed by
coadsorption of long and short alkanethiols to be either
planar, tilted, or homeotropic, depending on the composi-
tion of the mixed SAM.343547:48 Qur second set of experi-
ments were designed, therefore, to investigate the optical
textures of droplets of NLC supported on mixed SAMs to
determine whether changes in the tilt of the NLC can be
interpreted from the optical textures of droplets of NLCs.
Figures 7A—B show optical micrographs (crossed polar-
izers, measured in transmission) of droplets of 5CB placed
on mixed SAMs formed from CH3(CH,)¢SH and CH;-
(CH,)15SH. When supported on a mixed SAM prepared
from a solution containing 0.4-mol fraction of CH3(CHy,)e-
SH (Figure 7A), a dark brush with small “lobes” was
observed in the optical micrograph of a droplet of NLC.
In contrast, when a drop of 5CB was placed on the mixed
SAM prepared from solution with 0.6-mol fraction of
CH3(CH,)sSH (Figure 7B), a dark cross was observed at
the center of the drop.

The experimentally observed optical image shown in
Figure 7A resembles Figure 5C, and thus we conclude
that the NLC is likely anchored with a tilt at the surface.
Because NLCs typically possess unequal elastic constants,
and because the mixed SAM may cause “weak anchoring”
of the NLC, we do not expect our computations to match
exactly the experimental image in Figure 7A. However,
the conclusion of tilted anchoring of the NLC is consistent
with results we obtained by using mixed SAMs of the
same composition to form a LC cell.

Figure 7B resembles qualitatively the simulated struc-
ture shown in Figure 2C and indicates that the surface
causes homeotropic anchoring. Thisis also consistent with
results obtained by using a LC cell. We point out that the
dark ring seen in the experimental image (Figure 7B) is
not black but blue in color. The blue ring appears because
white light was used to image the drops. The blue ring
would not appear if monochromatic light had been used.
No such ring is observed in simulated images because
they were calculated assuming monochromatic light. In
future work, we aim to extract more information from the
experimental images by performing a full-color simulation
of these textures and applying rules of color mixing.

Previous studies have shown that SAMs formed from
short-chain alkanethiols can be displaced by long-chain
alkanethiols by exposing the SAM to an environment
(solution or vapor) containing the long-chain alkanethi-
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Figure 7. A, Transmission-polarized light image of a droplet
of NLC resting on a mixed SAM formed from a solution
containing a 0.4-mol fraction of CH3(CH,)¢SH and 0.6-mol
fraction of CH3(CH;)1sSH. B, Transmission-polarized light
image of adroplet of NLC resting on a mixed SAM formed from
a solution containing a 0.6-mol fraction CH3(CH.)sSH and 0.4-
mol fraction CH3(CHy)1sSH. The arrows indicate the orientation
of the crossed polarizers.

ols.33 Herein we follow the displacement of SAMs formed
from CH3(CH2)GSH by CH3(CH2)15SH by doplng CHs-
(CH,)15SH into the NLC. Figure 8A shows an optical
micrograph of a droplet of 5CB placed on a SAM formed
from CH3(CH;)sSH. Because the SAM is supported on
obliquely deposited gold, a disclination line forms across
the diameter of the drop when the drop cools from the
isotropic phase to the nematic phase. The dark brushes
indicate the preferred azimuthal orientation of the direc-
tor. A droplet of 5CB doped with CH3(CH;)15SH (<0.05%
weight fraction) placed on the same SAM was then imaged
as a function of time. The sequence of textures in Figures
8B—J is the result of displacement of the SAM formed
from CH3(CH,)sSH by CH3(CH;)1sSH and consequent
changes in anchoring of the NLC on the surface of the
SAM. By comparing the optical micrographs in Figure 8
with the simulated optical textures in Figures 2—5, we
can provide a partial account of the time-dependent
changes in the structure of the droplets in Figure 8 and
thus the anchoring of the NLC on the surface of the gold.
The curved dark brushes in Figures 8B and 8C indicate
that one of the first changes to occur to the structure of
the dropletis the loss of the disclination line and formation
of twist in the director field. The presence of the twist is
consistent with the fact that the twist elastic constant for
LCs is smaller than the splay or bend constants. It is
therefore likely that the twist distortion is created because
it causes minimal energetic cost. The absence of the
disclination line suggests that displacement of a small
fraction of the SAM formed from CH3(CH,)sSH by
CH3(CH,)15SH likely causes a loss of the uniform azi-
muthal alignment of the LC that gives rises to the
disclination line in Figure 8A. We propose, therefore, the
first consequence of the displacement reaction to be a
rotation of the azimuthal orientation of the LC at the
surface of the SAM. The appearance of a ring at the
perimeter of the droplet in Figure 8C, and its inward
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Figure 8. A, Transmission-polarized light image of a droplet
of NLC [not doped with CH3(CH3)15SH] resting on a SAM formed
from CH3(CH2)sSH. B—J, Transmission-polarized light images
captured as a function of time for a droplet of NLC doped with
CH3(CHy>)15SH and supported on a SAM formed from CH3(CH)6-
SH. Elapse times: B to F were recorded within the first 2 min
of the reaction; G, ~2 min; H, ~22 min; I, ~36 min; J, ~103
min. The horizontal dimension of each image is 1100 um.

growth in Figures 8D and E, indicates that a region exists
outside of the ring in which the director reorients much
faster than inside the ring, thereby causing an orienta-
tional discontinuity. Because regions outside the ring
correspond to thin regions of the drop, it is plausible that
the reorientation grows inward because the LC at the
outer edge is closest to the free surface, i.e., the effect of
the free surface is greatest. This interpretation is sup-
ported by the subsequent appearance of the droplet
wherein adark cross appears in the optical texture (Figure
8F—H). The transientimage shown in Figure 8G resembles
the simulated images shown in Figures 2D and 3C and
indicates that displacement of CH3(CH,)eS in the SAM
by CH3(CH,);5SH in the LC drop has caused one of two
effects: (i) the mixed SAM formed by the displacement
reaction causes the NLC to align homeotropically at the
surface of the substrate (cf. Figure 2D) or, (ii) the mixed
SAM formed by the displacement reaction exerts no
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Direction of Deposition

Figure 9. Transmission-polarized light image of a droplet of
NLC resting on a film of gold patterned with a rectangular
array of SAMs formed from CH3(CHy)15SH and CH3(CH>)14SH.
See text for description.

influence over the orientation of the LC (cf. Figure 3C).
Because most surfaces possess a finite anchoring energy
and exert some influence on the orientation of a NLC, the
second situation is less probable. Figures 8H and 81 show
that further displacement of the SAM by CH3(CH,)15sSH
causes the dark cross to disappear. Comparison of the
image in Figure 81 with the image in Figure 7A suggests
that the NLC is uniformly tilted at the surface of the
substrate: the tilt in Figures 81—J appears to be in an
azimuthal direction orthogonal to the direction in which
the NLC was aligned on the SAM formed from CH3(CH,)e-
SH (cf. Figure 8A). The azimuthal alignment of the NLC
after exchange is the same as the azimuthal orientation
of the NLC supported on a SAM formed from CH3(CH,);5-
SH (cf. Figure 6B). That is, the azimuthal orientation of
the NLC on the SAM appears dominated by the fraction
of the SAM formed from CH3(CH,);5SH.

The rate of change of the optical texture of the droplet
of NLC doped with CH3(CH,),5SH slowed substantially
after a few minutes; after 2 days had elapsed, the optical
texture of the droplet remained as shown in Figure 8J. In
comparison, the texture of the undoped LC drop shown
in Figure 8A remained unchanged throughout this study.
Comparison of the optical texture in Figure 8J with Figure
6B indicated that complete displacement of CH3(CHy)e-
SH does not take place. Previous studies have used
electrochemical methods to study exchange between
ferrocene-terminated alkanethiols within SAMs supported
on gold. These studies report an initial period of rapid
exchange followed by long periods of little or no exchange
between alkanethiols.?®5! These studies also report that
complete exchange of one species for another does not
occur even at long times. Although our interpretation of
the optical textures in Figure 8 is incomplete, further
development of our computational model (to include finite
anchoring energies) is ongoing. The results shown here,
however, demonstrate that NLCs can form the basis of
approaches that permit reactions on surfaces to be
monitored in situ.

We have also demonstrated that droplets of NLCs can
be used to image surfaces patterned with micrometer-
scale features. Figure 9 shows an optical micrograph of
a droplet of 5CB supported on a film of gold patterned
with SAMs formed from CH3(CH,):5sSH and CH3(CH,)14-
SH by using microcontact printing. The optical image in
Figure 9 shows features that reflect the superposition of

(51) Collard, D. M.; Fox, M. A. Langmuir 1991, 7, 1192.
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various effects. First, the two broad brushes along the
y-axis and adisclination line orthogonal to the two brushes
(along the x-axis) resemble the optical image of a droplet
of NLC supported on a SAM formed from CH3(CH,);5sSH
(Figure 6B). Second, because the patterned SAMs orient
5CB in azimuthal directions that are orthogonal, the
optical texture of the NLC drop forms an image of the
patterned surface. The first feature of the optical texture
likely reflects the fact that the SAM formed from
CH3(CH,)15SH covers a larger fraction of the surface than
the SAM formed from CH3(CH;)14SH and thus dominates
the overall texture of the droplet. The second feature (the
disclination line), however, differs from that shown in
Figure 6B. The disclination line is thinner in Figure 9
than in Figure 6B, and it weaves across the surface in a
manner that is influenced by the micrometer-scale struc-
ture of the patterned surface. In many regions of the
patterned surface, it appears that the disclination line
follows the boundary between regions of SAMs formed
from CH3(CH2)15SH and CH3(CH2)14SH

Finally, we note that the rectangular pixels correspond
to regions that are derivatized by CH3(CH;)1,SH. The
pixels that lie within the dark brushes are bright,
indicating that these regions correspond to a locally twisted
NLC. In contrast, the pixels near the x-axis appear dark
indicating that these regions correspond to a uniform
alignment of the NLC. Thus, it appears that the local
orientation of the LC follows the orientation that is dictated
by the type of surface it encounters. By using drops with
small dimensions, it will be possible to characterize
surfaces patterned on the micrometer scale.

IV. Conclusions

We conclude that optical textures formed by submil-
limeter-sized droplets of NLCs placed on surfaces of solids
can form the basis of convenient and simple procedures
to image the structure of the surfaces. Because the
distortion of the NLC within the droplet is determined by
a balance of effects, including (i) the elastic deformation
of the NLC, (ii) the anchoring of the NLC at the surface
of the supporting solid, and (iii) the orientation of the
NLC at the free surface of the NLC, observation of the
distortion can be used to infer the orientation of the NLC
at the surface of the solid. By using SAMs formed from
alkanethiols on gold, we illustrate the use of droplets of
NLCs for the characterization of the structure of these
surfaces on spatial scales that range from the molecular
to the mesoscopic. Because the NLC drops can be observed
by using either transmission- or reflection-polarized light
microscopy, this method can be used to study the surfaces
of both transparent and opaque substrates. We also
demonstrated the usefulness of simple computational
models for providing qualitative interpretations of the
structure of droplets of NLCs supported on surfaces.

The complexity of the procedures used in our investiga-
tions with liquid crystals are comparable to procedures
used to characterize surfaces by contact angle measure-
ments. In contrast to measurements of contact angles,
however, the methods we report here are very effective in
probing for the presence of in-plane anisotropy on surfaces.
We believe this capability is a useful one because me-
chanical processes such as shear, flow, rubbing, and
oblique deposition of materials from a vapor, all lead to
various degrees of in-plane anisotropy. Although several
of the optical texures formed by the LC droplets appear
qualitatively similar, we believe refinement of the models
reported in this article may lead to methods that permit
guantitative interpretations of distortions observed within
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droplets of NLCs supported on surfaces. It is plausible
that image analysis software could be written to compare
guantitatively simulated and observed textures so as to
back out the preferred orientation and anchoring energy
of the liquid crystal at the surfaces of the system. Finally,
we point out that the methods we report are promising
ones for the imaging of micrometer-scale patterns on
surfaces. This capability is not possible when using contact
angles.
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Appendix

This appendix presents a brief description of the
evaluation of the polarized light image of a droplet of a
NLC supported on a surface. The reader is directed to the
following references for a more complete description.26455253

The optical texture is evaluated by assuming each
vertical column of lattice cells (Figure 10) lies between
crossed polarizers. The intensity of light that emerges
from the column of cells is calculated. Light is incident on
the bottom of the lattice and is polarized along the x-axis
by the polarizer. The electric field of the incident light can
be represented by

E,| [E.exp(iot)
E, |0

where E, and E, are the components of the electric field
along the x- and y-axes, and o is the frequency of light.

Because the droplets of NLCs used by us (~100—500
um) are much larger than the wavelength of light, we use
ray diagrams to describe the propagation of light. Within
each cell, light propagates in two, mutually orthogonal
directions that are parallel to the optical axis (extra-
ordinary ray) and perpendicular to the optical axis
(ordinary ray). The optical axis coincides with the local
nematic director and is, for a general case, tilted from the
surface (6 = 0°). The propagation direction of the ex-
traordinary ray, therefore, deviates from a rectilinear path.
However, previous studies have shown that this deviation
can be neglected when the ratio (n. — ny)/n, < 0.2, which
holds true for 5CB.5? Optical effects such as deviations of
the light ray caused by refraction and mixing of light rays
caused by reflection will occur at the curved free surface
of the droplet. These effects depend on the ratios (N, —
No)/No, (No — Nair)/N,.285252 We have neglected these effects
in our calculations of the optical textures. They should be
included in a quantitative analysis of optical textures,
however.

With these approximations, the amplitudes of the
electric fields along the two principal directions of cell 1
are then given by

E. = E, cos ¢,expli(wt — 6,)]

Ey1 = E, sin ¢, exp(iwt)
where ¢, is the azimuthal orientation in the first cell and
d; isthe phase retardation in the first cell. The retardation

of the phase depends on the tilt angle of the optical axis
(0) and is given by eq 5.

(52) Sherman, R. D. Phys. Rev. A: At. Mol. Opt. Phys. 1989, 40, 1591.
(53) Zumer, S. Phys. Rev. A: At. Mol. Opt. Phys. 1988, 37, 4006.
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Figure 10. Schematic illustration of the column of n lattice
cells placed between crossed polarizers (shaded) that is used
to calculate the polarized light image of a droplet. See text for
description.

The polarized light undergoes further rotation and phase
shiftincell 2. The amplitudes of the electric field after the
light emerges from cell 2 are given by
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E,o = {Ey cos(¢, — ¢1) — Ey; sin(¢, — ¢,)}exp(—id,)

Ey, = {Ey sin(¢, — ¢;) + Ey; cos(p, — ¢y)

This calculation is repeated for all the cells in the
column. The amplitudes of the electric field emerging from
cell nare E,, and Ey,. After passing through the analyzer,
the intensity of light is given by E?, where

E = E,, sin ¢, — E,, cos ¢,

The polarized light image is constructed from the
computed value of the intensity.
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