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We report a novel method of imaging micropatterned self-assembled monolayers (SAMs)
using adsorbed � lms of thermotropic (smectic or nematic) mesophase which can then be
studied by optical microscopy. Three alkylthiols, functionalized with CH3 , OH and COOH
groups, were used in various combinations to form patterned SAMs. Two alkylcyanobiphenyls
(7CB and 9CB) were used as the liquid crystal imaging reagents. The images are formed by
the contrast generated by the diŒerent alignments of adsorbed smectic or nematic � lms
induced by diŒerent regions of the pattern. The spatial resolution is at least to 4 mm.

1. Introduction photoelectron spectroscopy (XPS) [10], secondary ion
It is with good reason that the liquid crystal (LC) mass spectroscopy (SIMS) [11] and surface-enhanced

phase has been called Nature’s Sensitive Phase. Small Raman imaging (SERI) [12]. These methods all require
changes in external conditions frequently produce readily sophisticated instruments. In this report, we present a
observable responses. In particular, anyone who has simple, inexpensive way to image patterned SAMs using
studied the optical microscopy of a nematic phase at thermotropic liquid crystals.
� rst hand will have noticed how readily the director The basis of our approach lies in the anchoring
� eld of the mesophase picks up and highlights any properties of nematic and smectic liquid crystals. It is
irregularity of a substrate surface. An imperceptible well known that thin liquid crystal � lms can be oriented
scratch, grease mark or � ngerprint on a glass slide will by weak surface forces and that this imposed orientation
stand out plainly if a layer of nematic phase is placed of the liquid crystal director can persist up to tens of
over it and the sample is then examined between crossed mm into a bulk liquid crystal � uid [13, 14]. In recent
polarizers in a polarizing microscope. years, SAMs have been used to manipulate the alignment

Self-assembled monolayers (SAMs), comprising diŒerent of liquid crystals at both a lateral and out-of-plane
v-functionalized groups, can be used to create surfaces microscale [15–17]. The alignment depends on the com-
that are patterned with diŒerent chemical and physical bination of chemical functionality, surface energy and
properties. Patterned SAM surfaces have been widely roughness [15, 18, 19]. Studies of the surface alignment
developed for use in micro-fabrication technology and of liquid crystals can therefore provide information on
the study of interfacial phenomena, e.g. wetting, bio- the composition and wettability of surfaces. Gupta et al.
recognition, cell culture, etching, etc [1–5]. The imaging have shown that liquid crystals can distinguish between
of patterned SAMs requires a sensitivity to chemical SAMs composed of odd and even number hydrocarbons
composition, since the diŒerence in the molecular [20]. They have also used a nematic liquid crystal
structures of the monolayer components is typically small. to optically image ligand–receptor binding [21]. The
Techniques for characterization of patterned SAMs, used simplest way to study bulk liquid crystal alignment is
to date, include scanning electron microscopy (SEM) polarized optical microscopy. Optical anisotropy, arising
[6], lateral force microscopy (LFM) [7–9], X-ray from the various preferred orientations of the mesogens,

generates diŒerent optical textures that may re� ect the
underlying chemical pattern [15, 22].*Author for correspondence; e-mail: s.d.evans@leeds.ac.uk
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1268 Y. L. Cheng et al.

Standard, calamitic, thermotropic liquid crystals of resolution and sensitivity of the method is investigated.
Lateral force microscopy is used as a complementarythe cyanobiphenyl family (nCB) have been used here to

investigate their ability to highlight chemical hetero- technique.
geneity on patterned SAM surfaces. Previously we have
shown that the alignment is dictated by a delicate 2. Experiments

We have restricted this work to two liquid crystalbalance between the length of the alkyl chain of the nCB
molecules (i.e. intermolecular interactions ) and the surface molecules (7CB and 9CB) and investigated their align-

ment on chemically heterogeneous substrates. Thechemical functionality (i.e. the LC surface strength) . In
particular we found that low energy surfaces (e.g. SAMs substrates used here were microcontact-printed SAMs

of 11-mercaptoundecanoi c acid, 11-mercaptoundecano lfunctionalized with a CF3 or CH3 group) tend to produce
homeotropic alignment, whereas higher energy surfaces and dodecanethiol. These alkylthiols are su� ciently long

to form closely packed crystalline monolayers [23].(e.g. SAMs functionalized with a COOH or OH group)
tend to give rise to planar anchoring [16, 19]. Here we Smooth gold � lms were prepared by using the tem-

plate-stripping method of Stamou et al. [24]. Initially,present optical images of nematic and smectic liquid
crystal � lms in contact with these patterned SAMs. The silicon wafers (Laporte Electronics, UK) were cleaned

Figure 1. Cross polarized micro-
scope images of 9CB � lms
adsorbed on the patterned
substrate SAM(18/40). The
circular regions of the substrate
were formed with the thiol
CH3 (CH2 )11SH and the back-
ground from HOOC(CH2)10SH.
The diameter of each circle is
18 mm and the spacing between
them (centre-to-centre) is 40 mm.
(a) Nematic 9CB at 50.3 ß C;
(b) smectic 9CB at 47.0 ß C.

(a)

(b)
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1269Micropatterned imaging with adsorbed L Cs

by sequential sonication in Milli-Q water, methanol, between 2 and 18 mm) were inked with 5mM ethanol
solutions of HOOC(CH2 )10SH (Aldrich, UK) anddichloromethane, and methanol. The Si wafers were

then dried in a stream of N
2

before being placed in placed in contact with the gold � lms. After 30 s each
substrate was immersed for ~1 min in a 1mM solutionthe chamber of an Edwards Auto 306 TMP vacuum

evaporator. Au � lms (99.99%, ADVENT, UK), 200 AÊ of CH3 (CH2 )11SH (Aldrich, UK) in ethanol. The sub-
strates were subsequently rinsed in ethanol and driedthick, were deposited at a base pressure < 2 Ö 10 Õ 6 mbar.

The substrates were then removed from the chamber. A under a stream of � ltered N2 . The resultant patterned
SAMs consisted of circular regions of CH

3
-functionalizedglass slide was glued onto the Au surface using EPO-

TEK377 (Promatech Ltd., UK) and the samples were monolayer, on a background of COOH monolayer
(denoted CH3/COOH). Additional classes of patternedcured at 150 ß C for 2 h. Finally, the Au/glass substrates

were separated from the silicon wafers to leave smooth, SAMs, including OH/COOH, and a mixed (CH3/COOH)/
COOH system, were prepared in a similar fashion.clean Au surfaces.

Patterned SAMs were prepared by microcontact print- The thin layer of liquid crystal (Merck Ltd., UK) was
formed by placing several pieces of the solid mesogening [25, 26]. Poly(dimethylsiloxane) elastomer stamps

(patterned as an array of circular indents with diameters on the SAM surface. The sample was then heated into

Figure 2. Cross polarized micro-
scope images of nematic 9CB
� lms, at 50.3 ß C, adsorbed on
patterned substrates. The circu-
lar regions of the substrates
were formed with the thiol
CH3 (CH2 )11SH and the back-
ground from HOOC(CH2)10SH.
(a) SAM(4/10); (b) SAM(2/10).

(a)

(b)
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1270 Y. L. Cheng et al.

the isotropic phase at which point a clean glass cover
slip was placed onto the melted LC to ensure uniform
coverage of the sample. The cover slip was subsequently
removed, whilst the LC was still in its isotropic phase,
to leave a ‘free’ LC surface. Our analysis below assumes
that subsequent ‘dewetting’ of LC on hydrophobic
regions did not take place.

A BH2 Olympus polarizing microscope was used to
observe the optical textures. All images were obtained
with white light at a magni� cation of 400 Ö , achieved
using a combination of a 40 Ö objective lens with a
second 10 Ö magnifying lens situated between the camera
and the objective lens. A Linkam hot stage was used to
vary sample temperatures, at a rate of 5 ß C min Õ 1, with
an accuracy of Ô 0.1 ß C.

The lateral force imaging was obtained using a
Molecular ImagingTM pico SPM controlled with nano-
scope III electronics (Digital Instruments, USA). A
short, narrow-legged, triangular, silicon nitride cantilever
(nominal spring constant of 0.32 N m Õ 1, Digital
Instruments, USA) was used. The scan angle was set

Figure 3. A lateral force microscopy image of the patterned perpendicular to the major axis of the cantilever. The
SAM(2/10) used to obtain � gure 2 (b). The image was

measurements were taken in air at room temperature,taken at ambient conditions with a Z range of 0.5 V.
at a scan rate of 2 Hz.

(a)

(b) (c)

(d) (e)

Figure 4. The ideal texture of the nematic � lm. In these sketches the lines indicate the nematic director, i.e. the alignment of the
long axes of the molecules. In the circular homeotropic regions we picture the molecules lying perpendicular to the substrate.
The director � eld is divided into cells, although the pattern of � gure 1 (a) is far from perfect. When compared with � gure 2 (a)
one is led to de� ne the appearance of an idealized cell. We interpret this pattern in terms of the structure shown in (a)–(e).
Each cell is bounded by vertical disclination walls of homeotropic alignment as sketched in (a). In the intervening regions, the
nematic phase forms a closed pattern, as if spherical polar droplets (b) have been distorted by forcing them to � t into a tray
divided into shallow square boxes (c). The appearance of the sample between crossed polarizers does not distinguish between
the structures shown in (d ) (with homeotropic anchoring at the upper surface) and that shown in (e) (with planar anchoring
at the upper surface), since both patterns have the same projection in the plane of the surface.
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1271Micropatterned imaging with adsorbed L Cs

3. Results and discussion To investigate the spatial resolution of our imaging
technique, we prepared additional substrates denotedFigure 1 shows the optical textures observed for 9CB,

in its nematic (a) and smectic (b) phases, in contact with SAM(4/10) and SAM(2/10) using the same designation
introduced above. Figure 2 displays the optical texturesa patterned SAM. The substrate pattern is formed from

circular islands of a CH3-functionalized monolayer of nematic 9CB, in contact with these substrates. One
can clearly see the 4/10 pattern (a), although there arewithin a background of COOH monolayer. The diameter

of the circular regions is 18 mm and their centre-to-centre some bright patches in the image due to non-uniformity
of the LC � lm. At this magni� cation the image ofdistance is 40 mm. We therefore designate this surface as

SAM(18/40). Both images clearly display the pattern, nematic 9CB on the 2/10 patterned SAM (b) does not
show an underlying substrate pattern. To con� rm thatwith a higher contrast obtained from the image of

smectic 9CB. The colourful texture between the CH3 SAM(2/10) really is patterned, we used lateral force
microscopy (LFM) to image the SAM (� gure 3). Theislands implies that in these regions the LC is aligned

planar (or perhaps partially tilted) with respect to the darker circular regions, where friction is low, con� rm the
presence of CH

3
-functionalized monolayer. The brightersurface. As there is no speci� c directional treatment to

the substrates, we picture the planar aligned molecules background, where friction is higher, corresponds to a
COOH monolayer, as expected.as being free to take up whichever orientation parallel

to the surface gives the lowest energy for the director A tentative explanation of the ideal nematic texture,
seen more clearly in � gure 2 (a), is given in � gures 4 and� eld as a whole. The dark circles, where the polarized

light is extinguished completely, imply that the LC 5. The director � eld is divided into cells with each cell
bounded by vertical disclination walls of homeotropicalignment in these regions is homeotropic. This agrees

with an evanescent wave ellipsometry study, for temper- alignment, � gure 4 (a). In the circular homeotropic region,
the molecular long axes of the mesogens are depictedatures in the vicinity of the isotropic to nematic phase

transition, that has shown that 9CB is homeotropically lying perpendicular to the substrate. In the intervening
region, the director lies parallel to the bottom surfaceanchored on the pure CH3 substrate, but is planar

aligned when in contact with the COOH monolayer [19]. as if a spherical polar droplet, � gure 4 (b), has been

(a)

(b) (c)

Figure 5. The normal view of the director � eld of the texture. The sketch shown in (a) represents the director � eld when the ideal
nematic sample is viewed normal to the surface. There is an alternating array of disclinations. At the centre of each unit
there is a disclination of strength 1 1 and at a position half way along the sides, there are disclinations of strength Õ 1.
Figures 5 (b) and (c) explain the way in which the appearance of the extinction lines would change if the ideal sample was
rotated between crossed polarizers; cf. the � uctuations seen in � gure 2 (a).
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1272 Y. L. Cheng et al.

(a)

(c) (d)

(b)

Figure 6. The texture of the smectic � lm. In this group of � gures the construction lines indicate the alignment of the surfaces of
the smectic layers. The director is divided into circular domains and we interpret these in terms of an array of focal conic
units as depicted in (a). The projection of this structure viewed down the axes of the conics is shown in (b). Between crossed
polarizes, a sample with this structure will have the multispherulite appearance of extinction lines shown in (c). This texture
is similar to that of the familiar smectic ‘polygonal’ texture, but note that it lacks the distinct straight line disclinations
grouping the circular regions into polygons, as sketched in (d). We observed that as the focus was raised ( lowered) in
� gure 1 (b) all the circular regions swelled (shrank), rather than alternate circles shrinking and swelling as assumed in sketch (a).
Perhaps our image is dominated by focusing in the region of the upper surface.

distorted by forcing it to � t into a cell, � gure 4 (c). Top The high contrast images discussed above arose from a
choice of functionalized groups associated with oppositeviews of the nematic director � eld of the ideal texture

are given in � gure 5. anchoring conditions. However, even when the anchor-
ing remains planar on both regions of the pattern, oneFor the smectic 9CB image, � gure 1 (b), the alignment

on CH3 regions remains homeotropic, while the texture might still expect some contrast due to the diŒerent
anchoring strengths. In this way, adsorbed liquidon COOH regions changes from schlieren to ‘polygonal’.

The director � eld of planar alignment is now divided crystals could display sensitivity to surface energy [27].
To investigate this possibility we constructed two furtherinto circular domains and we interpret these in terms of

an array of focal conic units as depicted in � gures 6 and patterned SAM(18/40) substrates . One (PS1) was formed
from an OH-functionalized monolayer (circular regions)7. In each homeotropic region, a parallel stack of smectic

layers extends vertically throughout the mesophase. on a COOH background, while the other (PS2) was
composed of randomly mixed CH3 (20%)/COOH(80%)Between these stacks, the bulk of the mesophase is � lled

with focal-conic domains. Since the smectic phase was monolayer (circular regions) on a COOH background†
formed by cooling the sample from the nematic phase,
it might have been expected that the smectic pattern

†The quoted percentage of the mixed CH3/COOH SAM iswould have retained the simple one-domain-per-unit -
the concentration of the bulk thiol solution, and is thus only

cell features of nematic samples such as � gure 2 (a). a qualitative guide to the surface composition. Calibration is
However, this was not found to be the case and the possible via X-ray photoelectron spectroscopy, but was not

required for this study.probable reason is sketched in � gure 8.
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1273Micropatterned imaging with adsorbed L Cs

Figure 7. The proposed structure of the smectic layer. This
sketch shows the postulated arrangement of layers within
the � lm of smectic mesophase, such as that shown in
� gure 1 (b). The homeotropic regions are pictured as giving
rise to parallel stacks of smectic layers extending vertically
throughout the mesophase, like stacks of pancakes.
Between these stacks, the bulk of the mesophase is � lled
with focal conic domains. The lower part of this structure
corresponds to a conventional polygonal texture, but we
would expect that the free upper surface may have some
additional detail depending on the free surface anchoring
condition. For a homeotropic upper surface, we propose
therefore that half-onion hemispheres cap the focal conic
units with upward facing bases giving a cobbed rather
than a � at surface (as drawn).

(a)

(b)

(c)

(d)

Figure 8. The relationship between the nematic and smectic[28]. We found that nematic 7CB imaged these patterned
textures. The nematic director � eld across the diagonal of

SAMs better than nematic or smectic 9CB. Figures 9 (a) � gure 4 (d) is sketched in (a). The smectic structure derived
and 9 (b) display the resulting nematic 7CB optical from this (by drawing smectic layers perpendicular to the

nematic director) is shown superimposed in (b) and on itsimages. The contrast is not as good as in � gure 1 and
own in (c). Note that this pattern is not a particularlythe edges of the circular regions are optically rougher
stable arrangement since it contains a large amount ofthan the underlying molecular pattern. Nevertheless,
splay and has a large Gaussian curvature. Presumably it

the patterns are clearly visible, despite the fact that is so energetically unfavourable that it spontaneously
7CB shows planar anchoring on unpatterned substrates reverts to the focal conic structure shown in (d), which

has zero Gaussian curvature. (Note, depicted here is theof any of these OH, CH3 and mixed CH3/COOH,
way in which each smectic cell appears to revert tofunctionalized monolayers [19]. The diŒerence in
random groups of focal-conic units, see � gures 6 and 7.)advancing water contact angle between the mixed

CH3 (20%)/COOH(80%) and COOH monolayers is
30 ß , so there is a signi� cant surface free energy contrast
for substrate PS2. However, both OH- and COOH- (ii ) it is a very simple and inexpensive procedure. We
functionalized SAMs are hydrophilic (advancing water believe that this method can be used, in general, to
contact angles ~10 ß ). The fact that the LC can image map micro or larger scale heterogeneous (chemical or
our OH/COOH patterned SAM shows that there is a structural ) surfaces. This will provide valuable additional
subtle diŒerence in the anchoring free energy which a information to the more conventional contact angle
contact angle for water drops cannot detect. measurement analysis of surfaces using adsorbed drops

of isotropic test liquids. The latter technique has proved
to be of great practical signi� cance to a wide variety
of technologies associated with wetting phenomena4. Conclusion

This study demonstrates that micropatterned SAMs [27–29]. However, this approach to characterize surface
properties is problematic for chemically heterogeneous/can be optically imaged using thin layers of adsorbed

thermotropic liquid crystals. Although the spatial patterned surfaces, because it is di� cult to ensure that
the adsorbed drops statistically sample the entire patternresolution is lower than that of lateral force microscopy,

there are obvious advantages to our procedure at micron and, if not, whether pinning of the contact line at
chemical boundaries will lead to violations of Young’sscale resolution: (i ) the technique is non-destructive as

the liquid crystals can be easily rinsed oŒwith a solvent, equation [30, 31].
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Figure 9. Cross polarized, black
and white microscope images
of nematic 7CB � lms, at 35.0 ß C,
adsorbed on two examples of a
patterned SAM(18/40). (a) PS1:
the circular regions were formed
with the thiol OH(CH2 )10SH
and the background from thiol
HOOC(CH2 )10SH; (b) PS2: the
circular regions were formed
with a mixed thiol solution
of 20% CH3 (CH2 )11SH and
80% COOH(CH2 )10SH, on the
same background as PS1.

(a)

(b)
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