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A first order orientational transition, characterized by a 90° azimuthal rotation of the surface easy direction,
is reported for nematic liquid crystals~NLCs! anchored on self-assembled monolayers~SAMs!. The SAMs are
formed from alkanethiols@CH3~CH2!n21SH; 5<n<16] on obliquely deposited films of gold. The anchoring of
the NLC is uniform and planar; the azimuthal orientation of the nematic director is, however, perpendicular to
the direction of deposition of gold on SAMs formed from alkanethiols with odd chain lengths (n5odd! and is
parallel to the direction of deposition of gold on SAMs formed from alkanethiols with even (n5even! chain
lengths.@S1063-651X~96!50411-3#

PACS number~s!: 42.70.Df, 61.30.Gd, 64.70.Md, 82.65.2i

Solid surfaces are known to orient or anchor liquid crys-
tals ~LCs! along a preferred ‘‘surface easy’’ directionn0
@1,2#. Subsequent anchoring transitions to different direc-
tionsnj can be induced by changes in thermodynamic~e.g.,
temperature, strain, and chemical potential! or structural
~e.g., surface roughness and substrate thickness! parameters
of the LC-substrate system@1–3#. These transitions are de-
scribed, in general, by changes in one or more contributions
~e.g., elastic, flexoelectric, and ordoelectric! to the overall
free energy of the system@4–6#. In this paper, we report a
discontinuous azimuthal anchoring transition for nematic
LCs ~NLCs! anchored parallel to the surface of self-
assembled monolayers~SAMs! formed from alkanethiols on
obliquely deposited gold. The transition is characterized by a
90° rotation of the nematic director parallel to the surface of
the SAM, and results from odd-even progression in the num-
ber of methylenes in the alkyl chains that form the SAMs.
Such an azimuthal transition resulting from odd-even effects
has not, to our knowledge, been reported previously@7#.

Self-assembled monolayers provide the capability to de-
sign and control the structure of organic surfaces and have
made possible, in recent years, advances in understanding
of the surface phenomena such as wetting, adhesion, and
adsorption@8#. The structures of SAMs formed by chemi-
sorption of n-alkanethiols @CH3~CH2!n21SH# on gold
have been intensively studied using scanning tunneling
microscopy~STM!, diffraction ~using x rays, electrons, and
helium atoms!, and infrared spectroscopy@8,9#. At saturation
coverage, alkanethiols on Au~111! form a commensurate
A33A3R30° lattice on which ac(432) superlattice is su-
perimposed@9#. Because the structures of these SAMs are
now known in some detail, recent studies@10,11# of anchor-
ing of LCs on surfaces have used SAMs formed from al-
kanethiols on gold as an alternative to the common physical
methods of coating surfactants or polymers on surfaces fol-
lowed by treatments such as rubbing. For NLCs anchored on
mixed SAMs formed from long and short alkanethiols on
gold, a polar anchoring transition from planar alignment
~parallel to the surface! to homeotropic alignment~perpen-
dicular to the surface! as a function of the composition of the
mixed SAM has been reported@10#.

In this paper we report the anchoring of LCs by single-
component SAMs formed from CH3~CH2!n21SH ~5<n<16)
on thin ~'100 Å thickness!, semitransparent films of gold
prepared by oblique deposition. The gold was deposited from
a fixed direction and with a 50° angle of incidence~relative
to the normal of the surface!. The bulk anchoring behavior of
the nematic liquid crystal 4-cyano-48-pentylbiphenyl~5CB!
was studied by sandwiching the NLC between the surfaces
of two films of gold supporting SAMs formed form al-
kanethiols and by observing the optical textures with a po-
larizing microscope. The tilt angle of the nematic director
was measured by using the crystal tilt method@12#. Detailed
descriptions of the experimental procedures have been re-
ported elsewhere@11#.

Past studies have shown that contact angles of hexadecane
measured on SAMs supported on films of gold deposited
uniformly ~with no preferred direction of deposition! in-
crease with length of the alkanethiols@13#. Our measure-
ments of contact angles on SAMs formed from
CH3~CH2!n21SH on obliquely deposited gold were consis-
tent with these past studies, including the odd-even modula-
tion in the contact angles@Fig. 1~a!#. Past studies have used
the antisymmetric (r a

2) and symmetric (r1) methyl
stretches to characterize differences in the orientation of the
methyl groups@inset of Fig. 1~b!# of SAMs formed form odd
and even~e.g., n516 and 17! alkanethiols@14#. We ob-
served the ratios of intensities of the antisymmetric and sym-
metric methyl stretches in the IR absorption spectra for
SAMs formed from CH3~CH2!14SH ~'3.660.3! and
CH3~CH2!15SH ~'1.260.3! to be the same on obliquely de-
posited gold and gold deposited uniformly@Fig. 1~b!#.

Self-assembled monolayers formed fromn-alkanethiols
~5<n<16) on obliquely deposited gold caused azimuthally
uniform, planar anchoring of 5CB; the azimuthal orientation
of the nematic director changed, however, with the al-
kanethiol@15#. In particular, the alignment of the director on
SAMs formed from even alkanethiols~e.g.,n56, 8, 10, 14,
16! was orthogonal to the alignment on SAMs formed form
odd alkanethiols~e.g., n55, 7, 9, 11, 13, 15!. Figure 2~a!
shows an optical cell assembled with surfaces supporting
SAMs formed from alkanethiols that differed by a single
methylene group@i.e., CH3~CH2!10SH and CH3~CH2!11SH#
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@17#. In such an optical cell, 5CB was sandwiched between
two SAMs formed from either CH3~CH2!11SH ~region I! or
CH3~CH2!10SH ~region III! or a combination of the two~re-
gions II and IV!. When viewed through crossed polarizers,
regions I and III, in which the liquid crystal was anchored
by symmetric surfaces@top and bottom SAMs both
CH3~CH2!11SH or both CH3~CH2!10SH#, are dark due to ex-
tinction of the transmitted light@Fig. 2~b!#. The bulk orien-
tation of the LC was, therefore uniform and along a single
direction. In contrast, regions II and IV, in which 5CB was
sandwiched between unlike-SAMs@top SAM formed from
CH3~CH2!10SH and bottom formed from CH3~CH2!11SH, or
vice versa#, were uniformly bright under crossed polarizers,
suggesting that the bulk orientation of the nematic liquid
crystal twisted the polarization of light as it was transmitted
through the cell. Observation under parallel polarizers~i.e.,
with the analyzer rotated by 90°! showed that regions I and
III turned bright while regions II and IV turned dark@Fig.
2~c!#. This result indicates that the twist in regions II and IV
was nearly 90°. The 90° twist of the nematic director of 5CB
was observed on all odd-even combinations of SAMs formed

from CH3~CH2!n21SH ~5,n,16) on obliquely deposited
gold @18#.

Because the director of nematic 5CB is parallel to the axis
with high refractive index~slow axis!, orientation of the di-
rector relative to the direction of deposition of gold was in-
ferred from the orientation of the slow axis of the nematic
phase~determined by shift in retardation colors@19#!. In re-
gion I, where 5CB was sandwiched between SAMs formed
from CH3~CH2!11SH, the shift of color indicated that the op-
tical axis of 5CB~the slow axis! was parallel to the deposi-
tion direction of gold. In region III, where 5CB was sand-
wiched between SAMs formed from CH3~CH2!10SH, the
optical axis of 5CB was orthogonal to the direction of depo-
sition of gold. The anchoring of another nematic liquid crys-
tal, p-methoxybenzylidene-p-n-butyl-aniline was found to
be similar to the anchoring reported here for 5CB.

Past studies of anchoring of NLCs on obliquely deposited
inorganic oxides or metals~‘‘bare’’ ! have reported the an-
choring to depend on the angle of incidence (u i measured
from the surface normal! during deposition of the metal or
oxide @16,20#. For example, on silicon oxide~SiO! deposited
with u i'60°, the nematic director is planar and perpendicu-
lar to the deposition direction of SiO; foru i'83°, the direc-
tor is tilted away from the surface and parallel to the direc-
tion of deposition of SiO@20#. Goodmanet al.@20# report the
formation of columnar aggregates in films of SiO deposited
obliquely ~due to self-shadowing effects! and propose the
topography of the SiO films to be the primary factor that
determines the anchoring of the LCs on these surfaces. A
Berreman–de Gennes-type model@1,21# was used to de-
scribe the influence of the surface roughness in terms of an
elastic energy. Foru i'60°, the surface is believed to be

FIG. 1. ~a! Contact angles~degrees! measured after advancing
drops of hexadecane across SAMs formed fromn-alkanethiols on
obliquely ~,! and uniformly~s! deposited films of gold. The hys-
teresis in the contact angles was less than 5°.~b! Reflection-
absorption IR spectra of SAMs formed from CH3~CH2!14SH ~curve
a) and CH3~CH2!15SH ~curveb) on uniformly deposited films of
gold and CH3~CH2!14SH ~curvec) and CH3~CH2!15SH ~curved) on
obliquely deposited films of gold. The IR light was incident at a 84°
grazing angle. The inset is a schematic illustration of the methyl
orientation of SAMs formed from odd and even chain lengths.r a

2 is
the peak corresponding to the in-plane, antisymmetric stretch for
CH3. r

1 is the peak corresponding to the symmetric stretch for
CH3.

FIG. 2. ~a! Schematic illustration of an optical cell with surfaces
that support SAMs formed from odd and even alkanethiols. The
textures were observed by transmission of light through the cell
between~b! crossed polarizers and~c! parallel polarizers. The hori-
zontal dimension of the image is 550mm.
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statistically ‘‘grooved’’ and alignment parallel to the deposi-
tion direction~perpendicular to the grooves! gives rise to a
large excess of elastic energy~due to distortion of the nem-
atic director field! when compared to alignment perpendicu-
lar to the deposition direction@20,21#. For u i'83°, the
grooves are not well formed and a tilted anchoring of the LC
parallel to the direction of deposition is produced@20#. A
second, more recent, model describes anchoring of LCs on
surfaces such as thin~;0–200 Å!, obliquely deposited SiO
with roughness~or surface disorder! on scales of a few mo-
lecular lengths~;50–100 Å! @5#. The model considers these
surface irregularities to lower the nematic surface order pa-
rameter from the bulk value and thereby cause order-electric
contributions to the free energy of the LC-substrate system.
The transition from planar anchoring perpendicular to the
deposition direction to tilted anchoring parallel to the depo-
sition direction has been attributed to the order-electric po-
larization~the tilted director minimizes the electrostatic self-
energy@5#!.

The STM images~5000 Å! of ‘‘bare,’’ obliquely depos-
ited films of gold presented in our recent report~see@11#!
show a pebbly texture formed by grains with dimensions
'300 Å and a rms roughness of'5 Å @22,23#. For order-
electric polarization to play a governing role in the azimuthal
anchoring of NLCs on SAMs, the polarization would have to
differ for odd and even SAMs and the anchoring transition
would be accompanied by a change in the tilt of the director.
The tilt angle of 5CB was measured to be 0.1°60.1° on the
surface of bare obliquely deposited gold as well as on SAMs
formed from CH3~CH2!14SH and CH3~CH2!15SH. Because
we see no change in the tilt of the nematic director on odd
and even SAMs, we conclude that order-electric effects~and
changes in polar anchoring energy! do not cause the azi-
muthal anchoring transition of the NLCs on odd and even
SAMs.

A recent theoretical analysis by Barbero and Durand@6#
predicts that flexoelectric polarization~deformation-induced
polarization! in NLCs can stabilize alignment of a NLC par-
allel to the direction of deposition on obliquely deposited
substrates under certain conditions. The authors model elec-
trostatic and elastic contributions to the free energy of the
LC substrate on a statistically rough surface~with wave-
length l! formed by coating a conducting material with a
dielectric layer of thicknessh and static dielectric constante.
Whene coth~2ph/l) is greater than a critical value (ec), the
nematic director is predicted to align parallel to the grooves,
whereas fore coth~2ph/l),ec , a 90° azimuthal reorienta-
tion of the director causes the director to align perpendicular
to the grooves.

If flexoelectric polarization is the cause of the azimuthal
anchoring transition reported here, a modulation in
e coth~2ph/l) aboutec is required for odd and even SAMs.
Because differences between the chain-end order of odd and
even alkyl chains@24# are known to cause changes in mac-
roscopic properties such as transition temperatures, Kerr con-
stants, and orientational relaxation times@25#, the dielectric
properties of SAMs in contact with LCs could, plausibly,
change with the orientation of methyl groups of SAMs with
odd and even chain lengths@inset of Fig. 1~b!# @26#. The role

of the orientation of the methyl group in the azimuthal an-
choring transition is supported by preliminary results of an-
choring of 5CB on SAMs formed form CH3~CH2!n21SH on
obliquely deposited silver: the methyl orientation does not
change with odd-even progression for SAMs formed on sil-
ver @27#. No odd-even effect in the nematic director orienta-
tion is observed for NLCs anchored on SAMs formed form
CH3~CH2!n21SH on silver. The goal of ongoing studies is to
test the hypothesis of odd-even modulation in the dielectric
properties of SAMs formed from alkanethiols on obliquely
deposited gold.

In summary, we report that SAMs formed from alkanethi-
ols that differ by a single methylene—the result of which is
a difference in the orientation of the methyl group presented
at the surface of the SAMs—can cause a 90° rotation in the
macroscopic azimuthal anchoring of a LC. An azimuthal
transition of 90° caused by odd-even effects within the an-
choring surface has not, to the authors’ knowledge, been re-
ported before. The odd-even effect we report, when com-
bined with methods for forming macroscopic and
microscopic patterned SAMs, provides a simple route to in-
duce 90° twist in nematic LCs and can, we believe, form the
basis of methods for obtaining bistable anchoring. Figure 3
shows an example: the odd-even effect was used to cause
twisted and untwisted nematic fields in specific regions of a
SAM prepared by microcontact printing@17#. Application of
an external electric field normal to the cell surfaces erases the
pattern and, upon removal of field, the pattern reforms. Po-
tential applications of micropatterning and the electro-optic
behavior extend to diffractive optical phase gratings and
light valves for separation of orthogonal polarizations@28#.

This research was supported, in part, by NSF Grants Nos.
CTS-9410147 and DMR-9400354!. The authors would like
to thank William Miller for helpful discussions.

FIG. 3. Optical texture formed by LC within a cell with surfaces
that supported mesoscale, patterned SAMs formed from alkanethi-
ols on obliquely deposited gold. The top surface of the cell was
patterned with CH3~CH2!15SH and CH3~CH2!10SH by using micro-
contact printing@17#. A TEM grid was used as a master for making
the stamp and CH3~CH2!15SH was used as the ‘‘ink.’’ The stamped
film of gold was then immersed in a solution of CH3~CH2!10SH. A
second film of gold that supported a SAM formed from
CH3~CH2!10SH was used as the bottom surface. The NLC sand-
wiched between CH3~CH2!10SH and CH3~CH2!15SH twisted the po-
larization of light transmitted through the cell. The texture shown
here is for the cell under cross polarizers. The vertical dimension of
the image is 860mm.
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