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Abstract: The orientations of liquid crystals (LCs) anchored
on monolayers formed from mixtures of chiral versus achiral
molecules were compared. Changes in the enantiomeric excess
of mixed monolayers of chiral dipeptides gave rise to
continuous changes in the orientations of nematic LCs,
allowing arbitrary tuning of the azimuthal orientations of
LCs over a range of � 1008. In contrast, the same LCs
exhibited discontinuous changes in orientation on surfaces
presenting mixtures of achiral molecules. These striking differ-
ences in the anchoring of LCs on surfaces presenting chiral
versus achiral molecules provide insights into the molecular
origins of ordering transitions of LCs, and provide new
principles based on chiral monolayers for the rational design
of surfaces that permit continuous tuning of the orientations of
LCs.

Facile and precise manipulation of the orientational order-
ing of liquid crystals (LCs) can lead to new technologies,
including improved LC displays (e.g. with faster switching
speeds, lower power consumption),[1] chemical and biological
sensors,[2] and multifunctional materials.[3] In particular,
recent studies have highlighted how the orientations assumed
by LCs can serve as sensitive probes of the interfacial
organization of protein assemblies,[4] the activity of
enzymes,[5] and the structure of viruses.[6] These applications
are all enabled by the long-range ordering of molecules in
LCs (ordering over distances of around 105 molecular
lengths), which allows molecular-level information to be
amplified into bulk LC ordering transitions that can be
optically reported using polarized light.[7] Although macro-
scopic thermodynamic descriptions of surface-induced
anchoring transitions of LCs have been reported, the under-
lying nanoscale interfacial phenomena (i.e. intermolecular
interactions, organization of molecular adsorbates) are yet to

be fully understood.[7] This is particularly true for the ordering
of LCs at interfaces decorated with biomolecules due to their
diverse chemical functionality and stereochemistry.

The macroscopic anchoring of LCs on surfaces is often
characterized by defining the so-called “easy axis” (h0) and
“anchoring energy” of the LC on a given surface.[7] The easy
axis is the orientation of the LC in the absence of external
forces (i.e. the equilibrium orientation) and the anchoring
energy characterizes the orientation-dependent interaction
energy of the LC with the surface. Past studies have reported
changes in the orientation of the easy axis of LCs on surfaces
as a function of key parameters such as temperature, density
and chemical functionality of molecular adsorbates, and
topography of surfaces.[8] Arbitrary control of the easy axis
of LCs, however, is still difficult to achieve in a predictable
manner. For example, a homogeneously mixed surface of two
chemical species is predicted to lead to a discontinuous
change in the orientation of the easy axis of a LC.[9] Here, we
move beyond these past studies to examine the anchoring of
LCs on surfaces comprised of a single chemical species
present in two stereochemically distinct forms. Specifically,
we investigate the influence of mixtures of enantiomers of
a dipeptide, when chemisorbed to the surface of gold films, on
the orientation of the easy axis of achiral nematic LCs. A key
finding we report is that mixtures of chiral enantiomers give
rise to continuous anchoring transitions of nematic LCs,
allowing arbitrary tuning of the azimuthal orientations of LCs
over a range of � 1008. In contrast, we observe the same LCs
to undergo discontinuous anchoring transitions on gold films
presenting mixtures of achiral molecules. These striking
differences observed in the anchoring of LCs on surfaces
presenting chiral and achiral adsorbates provide insights into
the molecular origins of continuous and discontinuous order-
ing transitions of LCs, and provide new principles based on
chiral monolayers for the rational design of surfaces that
permit continuous tuning of the orientations of LCs.

Our studies used monolayers formed from mixtures of
enantiomers of the dipeptide comprised of cysteine (C) and
tyrosine (Y) (i.e., mixtures of l-C-l-Y and d-C-d-Y; Fig-
ure 1A). Previously, we and others have reported on the
orientations of LCs at surfaces with enantiomerically pure
species or patterns.[10] Of particular relevance to this paper,
we reported that hydrogen bonds formed between the
nematic phase of 4-cyano-4’-pentylbiphenyl (5CB) and the
OH group of tyrosine play a key role in determining the
anchoring of the 5CB on surfaces presenting enantiomerically
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pure monolayers of the dipeptide C-Y.[10a] In the current
study, we spotted mixtures of l-C-l-Y and d-C-d-Y from
aqueous solution onto the surfaces of films of gold deposited
at an oblique angle of incidence (Figure 2A). The gold films
were prepared by physical vapor deposition using an angle of
deposition of 358 (angle measured from surface normal). To
determine the orientation of the easy axis of the LC on
surfaces decorated with mixtures of enantiomers, we paired
gold films decorated with the spots of dipeptide with a second
gold film that was functionalized with a monolayer of
pentadecanethiol (C15SH; Figure 2A).[10a,11] The two surfaces
were spaced apart by 50 mm using a thin polymeric film (see
Materials and Methods in the Supporting Information for
details), and the cavity between the two surfaces was filled
with nematic LC (nematic 5CB or TL205; Figure 1A).
Because the orientation of the nematic LC on the C15SH-
decorated surface is known (planar anchoring in an azimuthal
orientation that is perpendicular to the direction of deposition
of the gold),[12] measurement of the angle of rotation of plane
polarized light transmitted through the LC film was used to
determine the azimuthal orientations of the LC at the
dipeptide-decorated surfaces (i.e., the system defines a twisted
nematic LC cell with a pitch that is much larger than the
wavelength of light). Below we define the azimuthal orienta-
tion of the easy axes of the LCs on dipeptide-decorated
surfaces as the angle measured relative to the orientation of
the LC on a region of the gold film decorated with C16SH
(which is parallel to the direction of deposition of the gold
films; see Figure 2A). We define an easy axis that is rotated
counterclockwise relative to the direction of gold deposition
to be positive (when viewed from above), and a clockwise
rotation to be negative (Figure 2A, right).

Prior to the experiments reported here, we confirmed
formation of mixed monolayers of the dipeptides on the gold
films by using ellipsometry and X-ray photoelectron spec-
troscopy (XPS) (see Supporting Information for representa-

tive data, and prior studies for more detailed characterization
of dipeptide monolayers using polarization-modulation infra-
red-reflection-absorption spectroscopy and X-ray photoelec-
tron spectroscopy).[10a] Figure 2B shows a spatial map of the
azimuthal orientation of nematic 5CB that we measured on
dipeptide-decorated gold films using the experimental pro-
cedures described above. The mole fractions of the d-
dipeptide in the binary mixture of l- and d-dipeptide in
solution were XD = 0.00, 0.10, 0.25, 0.50, 0.75, 0.90 and 1.00.
The dipeptide monolayers corresponding to XD = 0.00 were
incubated in the left-most column of the peptide array, and
the solutions spotted towards the right side of the array
contained increasing mole fractions of d-dipeptide (Fig-
ure 2B, with orientations color coded according to the scale
on the right side of the image). The spots in the right-most
column of Figure 2B were prepared with pure component l-
and d-dipeptides to confirm that the location of the spots of
dipeptides on the gold film did not influence the measured
orientations of the LCs. Inspection of Figure 2 B reveals that
the azimuthal orientation of nematic 5CB assumed on each of

Figure 1. Chemical structures of A) dipeptides (* denotes the position
of a chiral center) and B) mesogens used in the experiments reported
here.

Figure 2. A) Schematic illustration of the top and bottom surfaces of
a twisted LC cell with dipeptides on the top surface. The arrow
represents direction of increasing mole fraction of d-C-d-Y in mixed
monolayers of l-C-l-Y and d-C-d-Y spotted onto the surfaces. B) Two-
dimensional map of twist angles (see text) of nematic 5CB on surfaces
supporting mixed monolayers of l-C-l-Y and d-C-d-Y (circles). Each
column corresponds to one mole fraction of d-C-d-Y (XD) as shown in
(C). Mole fractions are: 0.00, 0.10, 0.25, 0.50, 0.75, 0.90 and 1.00.
Scale bar is 2 mm. C) Easy axis (h0) of 5CB (filled circles) and TL205
(open circles) as a function of the mole fraction of d-C-d-Y (XD). Error
bars represent standard deviations.
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the dipeptide monolayers was well-defined and spatially
uniform, and that the enantiomeric excess of the dipeptide
within the monolayer had a pronounced effect on the
orientation of the LC.

We quantified the azimuthal orientation of nematic 5CB
on each mixed dipeptide monolayer, and plotted the orienta-
tion as a function of the mole fraction of d-dipeptide in the
binary dipeptide solution from which the monolayer was
formed (Figure 2C). Inspection of Figure 2 C reveals that the
easy axis of nematic 5CB on monolayers formed from l-
dipeptides (XD = 0.00) is rotated 53� 1.38 counterclockwise
from the azimuthal direction of gold deposition, whereas the
easy axis of 5CB on the d-dipeptides (XD = 1.00) is rotated
52� 1.68 clockwise relative to the direction of gold deposition
(Figure 2A, right). Between the two bounds that correspond
to enantiomerically pure surfaces, Figure 2C shows that the
azimuthal orientation of the LC changes continuously as
a function of the mole fraction of d-dipeptide. We note also
that the orientation of the easy axis of 5CB on surfaces
decorated with the racemic mixture of d- and l- dipeptides
was measured to be mid-way between the orientations
measured on the enantiomerically pure monolayers (i.e.,
parallel to the direction of deposition of the gold film).

We make two additional observations regarding the
results shown in Figure 2C. First, we performed experiments
to confirm that the orientations of the LC shown in Figure 2C
do indeed correspond to the easy axis of the LC. Specifically,
we measured the orientation of nematic 5CB in a LC cell
comprised of two dipeptide-decorated surfaces. We con-
firmed that we measured the same azimuthal orientation of
the LCs, independent of the magnitude of the twist of the LC
(i.e., torque applied to the LC). Second, we confirmed that
our observation of a continuous orientational transition as
a function of enantiomeric excess of dipeptide was not limited
to 5CB. As shown in Figure 2C (open circles), we also
measured the orientations of nematic TL205 (a mixture of
mesogens comprised of cyclohexanyl-substituted fluorinated
biphenyls and fluorinated terphenyls, as shown in Figure 1B)
on the surfaces containing the mixed dipeptides. The ori-
entation of the easy axis of TL205 on surfaces decorated with
l-C-l-Y differs from the orientation of 5CB on the same
surfaces likely, at least in part, because the strength of the
hydrogen bond formed between TL205 and the OH group of
tyrosine is weaker than that of 5CB. However, more
significantly, and similar to 5CB, we measured a continuous
change of the easy axis of TL205 as a function of the
enantiomeric excess of the dipeptide used to form the mixed
monolayer. The similarity of the phenomena (i.e., continuous
orientational transition) for two chemically distinct LCs
suggests that a common physical mechanism underlies the
continuous ordering transition on the dipeptide-decorated
surfaces (see below). We end our description of the results in
Figure 2 by emphasizing that the measurements of the easy
axes of LCs on the mixed dipeptide monolayers were highly
reproducible (note the size of the error bars in Figure 2C).
The data shown in Figure 2C for 5CB were compiled from
three separate batches of gold films, with over 60 regions
measured for each composition of the mixed dipeptides
(Table S1 in the Supporting Information).

Upon binding to a surface, enantiomers of a chiral
molecule within a racemic mixture may either separate to
form domains that contain only one enantiomer,[13] associate
to form a racemic compound,[14] or mix to form a random
solution.[15] We used a combination of AFM and XPS to
provide insight into the organization of the chiral dipeptides
on the Au(111) surfaces used in our experiments. Before
formation of the dipeptide monolayers, the only features
resolvable by AFM were consistent with the symmetry and
periodicity of gold atoms of Au(111) (Figure 3A and B;
0.2 nm, which compares favorably with the expected value of
0.23 nm[16]). After formation of either pure l-C-l-Y (Fig-
ure 3C and 3D) or d-C-d-Y monolayers (Figure 3E and 3F),

Figure 3. AFM images with corresponding Fourier pattern inserts of
A,B) a Au (111) substrate before formation of a dipeptide monolayer.
The distance between adjacent gold atoms is 0.2 nm; the insert in (B)
shows a Fourier pattern consistent with six-fold symmetry of Au (111).
C,D) Regions of striped monolayer formed from l-C-l-Y with periodicity
of either 4.6�0.1 nm or 3.7�0.1 nm. E,F) Regions of striped mono-
layers formed from d-C-d-Y with periodicity of 4.6�0.1 nm or
3.7�0.1 nm. G,H) Racemic monolayer of l-C-l-Y and d-C-d-Y with
periodicity of 4.6�0.1 nm or 3.7�0.1 nm (color version of this Figure
is available in the Supporting Information, Figure S6).
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we observed striped features with periodicities of either 3.7�
0.1 nm or 4.6� 0.1 nm extending over regions of the Au(111)
surface with size ca. 70 nm. A series of control and repeat
experiments confirmed the stripes to be formed by assemblies
of dipeptides (see Supporting Information). The observation
of two periodicities is consistent with prior studies of amino
acids on metal surfaces that have reported polymor-
phism.[13a, 17] Significantly, we also measured a racemic mono-
layer of l-C-l-Y and d-C-d-Y to exhibit stripes of the same
periodicity as the enantiomerically pure monolayers. This
observation is inconsistent with either 1) formation of a 2D
random solution (which would not correspond to a periodic
assembly)[15] or 2) a racemic compound (which would not
have the same periodicity as the pure enantiomers), but is
consistent with the hypothesis that the chiral dipeptides
separate to form domains that contain only one enantio-
mer.[15] Additional support for this hypothesis was obtained
from XPS measurements. Past studies[14] of racemic com-
pounds on metal surfaces have reported saturation coverages
that differ from pure enantiomers. In contrast, our XPS
studies showed similar surface coverages when using pure
enantiomers or a racemic mixture (see the Supporting
Information for further details).

In contrast to chiral adsorbates, STM studies of mixed
monolayers of achiral molecules have revealed segregation of
the components of the monolayers to occur only under
conditions where the chemical compositions of the adsorbates
are substantially different (e.g., hydrogenated versus per-
fluorinated alkanethiols).[18] Indeed, for mixed monolayers of
alkanethiols comprised of similar chain lengths, adsorption
isotherms are consistent with molecular-level mixing of the
two monolayer.[19] In light of these differences in the mixing of
binary chiral and achiral adsorbates in monolayers, and to
explore further the role of the chirality of the adsorbates in
the continuous ordering transition shown in Figure 2, next we
prepared monolayers comprised of two achiral species that
were sufficiently similar in structure that they would form
homogenously mixed monolayers (i.e., we sought to minimize
the likelihood of segregation of the two species on the
surface).[20] We also selected the components to give rise to
distinct orientations of LCs as pure component monolayers.
Specifically, we investigated the orientations of LCs on mixed
monolayers formed from hexadecanethiol (C16SH) and pen-
tadecanethiol (C15SH) (see past publications[21] for a discus-
sion of the anchoring of LCs on alkanethiols containing odd
and even numbers of carbons). In these experiments, the gold
films were deposited at 498 in order to achieve anchoring
energies that were sufficiently large to allow measurements of
the easy axis of the LC (at an angle of deposition of 358, we
observed the orientation of the LC to depart from the easy
axis). In clear contrast to the continuous ordering transition
observed in Figure 2 for the chiral monolayers, as shown in
Figure 4A and B, the easy axis of 5CB was measured to
undergo a discontinuous change in orientation as a function of
the composition of the mixed achiral monolayer. Here we also
note that when the orientation of the LC was + 908 or �908,
the twist distortion in the LC was 908, and that both angles
were seen with equal probability (Figure 4B) because they
correspond to energetically degenerate states of the LC. The

key conclusion extracted from the results shown Figure 4 is
that, in contrast to Figure 2, the LC did not assume
orientations other than those seen on the pure-component
monolayers. Previously, we have observed monolayers
formed from other mixtures of achiral molecules (e.g.,
HOOC(CH2)10SH and H3C(CH2)11SH) to also cause discon-
tinuous changes in the orientations of LCs.[22]

The results described above, when combined, reveal that
the qualitative anchoring behavior of LCs on mixed compo-
nent monolayers is dependent on whether the adsorbates are
chiral or not. Our results are consistent with a physical
mechanism in which enantiomerically pure nanodomains of
dipeptide form on the surface, each locally orienting the LCs
through hydrogen bonding (as seen on the enantiomerically
pure monolayers shown in Figure 2). In our experiments, the
average orientation of the LC, as measured on optical scales,
is consistent with the juxtaposition of many enantiomerically
pure nanodomains. Our conclusion regarding the origin of the
continuous transition in the anchoring of the LCs on the
mixed chiral surfaces is also supported by previous studies
that observed that LCs supported on microscopically pat-
terned substrates adopt uniform orientations (away from the
surface) that lie between the easy axes of the LCs on each of
the patterned areas comprising the substrates.[8c,23]

Overall, we report that mixtures of chiral dipeptides, when
coadsorbed as monolayers on surfaces, cause the orientation
of nematic LCs to change as a continuous function of the

Figure 4. A) Two-dimensional map of twist angles of nematic 5CB on
surfaces supporting mixed monolayers of the achiral molecules C16SH
and C15SH (squares and diamonds). Mole fractions of C16SH (XC16SH)
are indicated. The blue domains in the top line of images correspond
to the regions of the surface presenting the mixed monolayers. C16SH
was stamped onto the surfaces prior to forming the mixed monolayers
and served as a reference region (see text). Scale bar represents
2 mm. B) Easy axis (h0) of 5CB as a function of the mole fraction of
C16SH (XC16SH). Error bars represent standard deviations.
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enantiomeric excess of dipeptide within the monolayer (over
an azimuthal angle of 1008). In contrast, on surfaces decorated
with mixtures of achiral alkanethiols that homogeneously
mix, we measured the orientations of 5CB to change
discontinuously, thus supporting our hypothesis that the
nanoscopic segregation of mixed monolayers of enantiomers
underlies the continuous ordering transition reported here.
These striking differences in the anchoring of LCs on surfaces
presenting chiral and achiral adsorbates provide fundamental
insights into the molecular origins of continuous and dis-
continuous ordering transitions of LCs, and define new
principles based on chiral monolayers for rational design of
surfaces that permit precise and arbitrary tuning of the
orientations of LCs. The results also guide the design of LC-
based systems with orientations that reflect the diverse
chemical functionality and stereochemistry of biomolecules.
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