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ABSTRACT: We have examined the orientational ordering of
nematic liquid crystals (LCs) supported on organized mono-
layers of dipeptides with the goal of understanding how peptide-
based interfaces encode intermolecular interactions that are
amplified into supramolecular ordering. By characterizing the
orientations of nematic LCs (4-cyano-4'-pentylbiphenyl and
TL20S (a mixture of mesogens containing cyclohexane-fluori-
nated biphenyls and fluorinated terphenyls)) on monolayers of
L-cysteine-L-tyrosine, L-cysteine-L-phenylalanine, or L-cysteine-
L-phosphotyrosine formed on crystallographically textured films

Liquid Crystal Ordering

Phosphorylation
H-bonding
Chirality

of gold, we conclude that patterns of hydrogen bonds generated by the organized monolayers of dipeptides are transduced via
macroscopic orientational ordering of the LCs. This conclusion is supported by the observation that the ordering exhibited by the
achiral LCs is specific to the enantiomers used to form the dipeptide-based monolayers. The dominant role of the —OH group of
tyrosine in dictating the patterns of hydrogen bonds that orient the LCs was also evidenced by the effects of phosphorylation of the
tyrosine on the ordering of the LCs. Overall, these results reveal that crystallographic texturing of gold films can direct the forma-
tion of monolayers of dipeptides with long-range order, thus unmasking the influence of hydrogen bonding, chirality, and
phosphorylation on the macroscopic orientational ordering of LCs supported on these surfaces. These results suggest new
approaches based on supramolecular assembly for reporting the chemical functionality and stereochemistry of synthetic and

biological peptide-based molecules displayed at surfaces.

B INTRODUCTION

Supramolecular assemblies formed via the collective effects of
weak physical interactions (e.g, van der Waals interactions and
hydrogen bonds) underlie a range of soft materials that are
exquisitely sensitive to chemical stimuli and external fields.' *
When supramolecular assemblies exhibit long-range orienta-
tional ordering, such as seen within liquid crystalline phases,
molecular details such as chirality can be amplified into meso-
scopic phenomena.® "' At interfaces, in particular, the ordering
of liquid crystals (LCs) is widely known to be remarkable for (i)
the scale of interfacial energetics that controls the phenomenon
(typically 10 3— 1076]/m ) and (ii) the distance over which the
ordering of LCs can Ipropagate from interfaces (~100 ym or ~10°
molecular lengths).">"* Inspired by the sensitivity of the ordering
of LCs to the chemical functionality and organization of mol-
ecules at interfaces, a recent series of studies have examined the
ordering of LCs on surfaces decorated with oligopeptides,"*™'®
proteins,”f21 DNA,***® viruses,** and other biological species.
Although observations of surface-induced orientations of LCs
at biomolecular interfaces suggest the basis of new ways to
couple supramolecular ordering to biomolecules and their
transformations (e.g., for reporting such transformations), the
complexity of the biomolecules studied in the past has hindered
identification of the underlying patterns of intermolecular
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forces responsible for the observed supramolecular ordering
of the LCs."*2*

In contrast to past investigations of interfaces comprised of
complex biomolecules and their assemblies, studies of simple and
structurally well-defined interfaces have succeeded in identifying
a range of intermolecular interactions that influence surface-
induced orientations of LCs.'>'**~ 3 Of particular relevance to
the study reported herein, a series of studies that have employed
the self-assembly of organothiol compounds on the surface of
gold films have revealed the roles of van der Waals interactions,”’
metal ion—ligand coordination interactions,”” electrical double
layers,”®* hydrogen bonding,>**° and other intermolecular
interactions on the ordering of LCs.””** In this paper, we build
from these past studies to examine the ordering of LCs on
surfaces decorated with dipeptides. We hypothesized that the
simpler structure of the dipeptides, as compared to full proteins
and their assemblies, and the ability to make systematic mod-
ification to the structure and chirality of the dipeptides would
permit us to obtain insight into the intermolecular interactions
that underlie the ordering of LCs on peptide-decorated surfaces.
As discussed later in this paper, the knowledge gained from these
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Figure 1. Chemical structures of (A) dipeptides (an asterisk denotes
the position of a chiral center) and (B) mesogens used in the studies
reported in this paper.

fundamental studies provides guidance to the design of interfaces
at which the chemical functionality and stereochemistry of
peptide-based synthetic and biological molecules (e.g., proteins)
can be reported via the ordering of LCs.

The advances reported in this paper are threefold.

First, we provide insight into the orientational ordering and
underlying intermolecular interactions between nematic 4-cyano-
4’ -pentylbiphenyl (SCB) and surfaces decorated with L-cysteine-
L-tyrosine (1-C-L-Y) (Figure 1A). These studies were performed
on gold films that were deposited at an oblique angle of incidence.
Such gold films have been shown previously to possess in-plane
crystallographic texturing that introduces long-range order into
monolayers formed on their surfaces.>"** A series of experiments
reported in this paper that involve comparisons of the orientations
of SCB on several different dipeptide-decorated surfaces support
the hypothesis that patterns of hydrogen bonds formed between
the nitrile group of SCB and the —OH group of L-tyrosine play a
key role in directing the orientation of the LC on monolayers
formed from 1-C-L-Y. Further support for the hypothesis is
obtained from experiments in which a strong hydrogen bond
acceptor (triethylamine) is doped into SCB and from experiments
performed with TL20S (a nematic LC phase formed from a
mixture of mesogens comprised of cyclohexane-fluorinated biphe-
nyls and fluorinated terphenyls).

The second advance reported in this paper revolves around the
influence of the chirality of the dipeptides on the orientational
ordering of the LCs. Studies in which we manipulate the chirality
of the amino acids used to synthesize the dipeptides (e.g., L-C-L-
Y vs L-C-D-Y vs D-C-D-Y) reveal striking effects on the macroscopic
ordering of the LCs. These results indicate that the chirality of the
dipeptides influences the patterns of hydrogen bonds presented by
the dipeptide-decorated surfaces, an interaction that ultimately
directs the ordering of LCs on these surfaces.

The third advance reported in this paper builds from the above
two insights by demonstrating that phosphorylation of the tyrosine

causes measurable changes in the orientational ordering of LCs on
these surfaces. This result shows that chemical modifications
leading to alterations in the patterns of hydrogen bonds presented
by the dipeptide-decorated surfaces are transduced by the supra-
molecular assembly of the LC. We note that phosphorylation of
tyrosine is an important post-translational modification to proteins
in intracellular environments, and the development of new
methods to report changes in the phosphorylation of proteins
and peptides (or post-translational modifications, more generally)
could advance the understanding of intracellular signaling
pathways.>* >

In the sections reported below, we first report comparisons of
the ordering of LCs on various dipeptide-decorated surfaces
(including surfaces presenting phosphorylated dipeptides). Sub-
sequently, we describe experiments that provide insights into the
intermolecular interactions underlying these observations as well

as the effects of the chirality of the dipeptides.

B MATERIALS AND METHODS

Materials. Unless noted otherwise, all materials were used as received.
Silicon wafers were purchased from Silicon Sense (Nashua, NH). Glass slides
(Lin. x 3 in.) were cut from sheets of Corning Eagle 2000 glass from Delta
Technologies (Stillwater, MN). Gold (99.999% purity) was obtained from
International Advanced Materials (Spring Valley, NY). Titanium (99.99%
purity) was obtained from PureTech (Brewster, NY). Decanethiol (C,oSH),
pentadecanethiol (C;sSH), hexadecanethiol (C,sSH), triethylamine, and
triethanolamine were obtained from Sigma-Aldrich (Milwaukee, WI). Liquid
crystals of SCB and TL205 were obtained from EMD (Hawthorne, NY).
TL20S is a mixture of mesogens containing cyclohexane-fluorinated
biphenyls and fluorinated terphenyls with aliphatic chains containing
2—5 carbons.”® Anhydrous ethanol containing $% isopropyl alcohol and
5% methanol as denaturants was obtained from Sigma-Aldrich and
purged with argon gas for 1 h prior to use. Poly(dimethylsiloxane)
(PDMS) stamps were prepared using a Sylgard 184 silicone elastomer
kit obtained from Dow Corning (Midland, MI). Dipeptides were
purchased from New England Peptide (Gardner, MA) and SBS Gene-
tech (Beijing, China) with acetylated N-termini and amidated C-termini.
Matrix-assisted laser desorption ionization time-of-flight (MALDI-
TOF) analysis was reported by both New England Peptide and SBS
Genetech to be within 0.1% of the calculated molecular weight. The
purity of the peptides was found to be >95%, as determined by analytical
high-performance liquid chromatography (HPLC).

Preparation of Gold Substrates. Briefly, piranha-cleaned glass
slides were positioned within the chamber of an electron-beam evap-
orator (VES-3000-C manufactured by Tek-Vac Industries, Brentwood,
NY) such that the angle (6, with respect to the surface normal) at which
both titanium (Ti) and gold (Au) were deposited onto the glass slides
was specified with an accuracy of :1°.>>*® Semitransparent gold films
(used for optical measurements of LC orientations) were prepared by
sequentially depositing 8 nm of Ti and 20 nm of Au. The films were
deposited at an angle of incidence of 35° &£ 1°. Reflective gold films
prepared using 10 nm Ti and 200 nm Au were used for ellipsometry,
X-ray photoelectron spectroscopy (XPS), and polarization modulation
infrared reflection—absorption spectroscopy (PM-IRRAS). The latter
films were deposited at normal incidence. All gold films were used within
1 h of removal from the evaporator chamber.

Preparation of Dipeptide-Modified Surfaces. Prior to for-
mation of monolayers of dipeptide on the gold films, monolayers formed
from hexadecanethiol (C,4SH) were patterned onto the edge regions of
the gold films by using microcontact printing (see the Supporting
Information for details). As described below, the monolayers formed
from C;sSH (i) served to confine aqueous droplets of the dipeptides
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placed onto the gold films and (i) served as reference regions on the
surfaces for quantifying the orientations of the LCs.'>'®'9263% The
dipeptides were prepared in aqueous 0.1 M triethanolamine buffer
(pH 7.2, 500 uM dipeptide), and droplets of the dipeptide solutions were
placed by hand pipetting onto the gold films (due to hand pipetting, the
droplets were not exactly circular). The dipeptide-modified surfaces were
then incubated on the gold films for 23 h. After incubation, the surfaces
were rinsed sequentially in deionized water, aqueous HCI (pH 4.2), and
then deionized water (pH S—6). We used the aqueous HCl solution to
rinse the gold films because we have observed that acidic solutions
(unpublished data) aid in the removal of peptides bound to surfaces
through physical interactions. As our observations regarding the ordering
of the LC are confined to areas of the surface within the approximately
circular regions defined by the droplets, the ordering of the LC between the
circular regions does not impact the interpretation of our experiments.

Ellipsometry. The optical thicknesses of the films formed by
dipeptides immobilized on 200 nm thick films of gold (see above) were
determined by using a Rudolph AutoEL II ellipsometer (wavelength
632 nm, angle of incidence 70°, Rudolph Technologies, Flanders, NJ).
The average thickness was determined by measuring three locations on
three samples. Error bars represent the standard deviation over the nine
measurements. The ellipsometric constants of each batch of gold films
were determined by performing an ellipsometric measurement on a
piece of a gold film on which a monolayer of C,,SH was formed. By
using literature values for the thickness of the C;sSH monolayer
(2.3 nm),* the ellipsometric constants of the gold films were calculated.
For the calculation of the optical thickness of a dipeptide film, the
refractive index was assumed to be n = 1.46."7*°

X-ray Photoelectron Spectroscopy. XPS was used to deter-
mine the atomic composition of the dipeptide-decorated surfaces. The
instrument used for the measurements was a Perkin-Elmer PHI 5400
XPS system equipped with an Omni-Focus Lens and a magnesium X-ray
source (1486.6 eV). The XPS spectra were obtained over a surface area
of approximately 1 mm X 3 mm. Survey scans with a pass energy of
89.45 eV were first performed to identify the elements present on the
surface, followed by acquisition of element-specific spectra with a pass
energy of 44.75 eV. The major peaks of interest were Au (4f), O (1s),
C (1s), N (1s), and P (2p). Data analysis was performed using the RBD
Instruments AugerScan (Bend, OR) analysis software. The percentage
composition of each element present on the surface was determined,
after establishment of the baselines, by integrating the area under each
peak and correcting for the element-specific PHI sensitivity factors.*!

Polarization Modulation Infrared Reflection—Absorption
Spectroscopy. Infrared spectra of the dipeptide monolayers formed on
gold films (thickness of 200 nm) were obtained using a Nicolet Magna-IR
860 FT-IR spectrometer with a photoelastic modulator (PEM-90, Hinds
Instruments, Hillsboro, OR), a synchronous sampling demodulator (SSD-
100, GWC Technologies, Madison, WI), and a liquid N;-cooled mercury
cadmium telluride (MCT) detector. All spectra were taken at an incident
angle of 83° with the modulator centered at 1500 cm ™. For each sample,
1000 scans were taken at a resolution of 4 cm ™", Quantitative analysis was
performed using Mathematica to normalize the baselines, and the results
were plotted in Igor Pro.

Fabrication of Optical Cells. Optical cells used for quantification
of the orientation of the LCs on dipeptide-modified gold films were
fabricated by pairing each dipeptide-modified surface with a reference
surface.">'®"? The reference surface was a gold film (deposited at an
angle of 64° relative to the surface normal) that was functionalized with a
1 mM ethanolic solution of pentadecanethiol (C;5SH) for 18 h. As
described previously, the reference surface was selected to strongly
anchor nematic SCB in an azimuthal direction that was perpendicular to
the direction of incidence of the gold during deposition of the gold film
(see the Results for an additional description).'>'®'? The dipeptide-
decorated surfaces and reference surfaces were spaced apart using
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Figure 2. (A) Ellipsometric thickness of monolayers formed from
C10SH, L-C-L-Y, or L-C-L-[p]Y. (B) XPS data for dipeptide monolayers
adsorbed to Au surfaces. Error bars represent the standard deviations
over three independent samples. (C) Calculated and measured O:N and
P:N ratios based on XPS data shown in (B).

poly(ethylene terephthalate) (PET) spacers with a thickness of SO #m.
The LCs were heated to the isotropic phase and drawn into the cavity
between the two surfaces via capillary action. The samples were cooled to
room temperature (25 °C) prior to imaging, as detailed below.
Measurements of the Orientations of LCs. In the majority of
the measurements reported in this paper, the azimuthal orientation of
the LC at the dipeptide-decorated surface of the optical cells (see above)
differed from that at the reference surface (both surfaces caused planar
anchoring of the LCs). These boundary conditions induced a twist
distortion in the LC, and we define the twist angle of the LC as the
change in azimuthal orientation of the director of the LC upon moving
from the reference surface to the dipeptide-decorated surface. As detailed
previously,"® we measured the twist angle (1) at each pixel of a polarized
light micrograph (transmission mode) of the film of LC by rotation of
the analyzer and polarizer to minimize the transmission of light through
each pixel. A detailed description of the procedure can be found in the
Supporting Information. A color map of the twist angles of the LC
measured across each sample was constructed by assigning a specific
color to each value of the twist angle.'® In this paper, we report the
azimuthal orientation of the LCs on the dipeptide-decorated regions of
the surface as the difference between the twist angle of the LCs on the
dipeptide- and C,4SH-decorated regions of the surface (the orientation
of LCs on gold films with a monolayer of C;sSH corresponds to the
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Figure 3. (A) Schematic illustration of physical vapor deposition of a gold film at an oblique angle of incidence. Gold atoms are incident on the substrate
at an angle 0 relative to the surface normal. The arrow indicated denotes the direction of deposition of the gold. (B) Schematic illustration of a gold film
patterned with dipeptides and C;4SH. (C) Schematic illustration of an optical cell, where the directions of gold deposition on the top and bottom
surfaces of the cell are orthogonal. The top surface supports a monolayer of C,4SH and the bottom surface a monolayer of C;sSH. (D) Angle diagram
indicating the directions of gold deposition and easy axes of SCB (7)) at the top and bottom surfaces of the optical cell. The bottom surface supports a
monolayer of C,sSH, and the top surface supports a monolayer of dipeptide. ¥ indicates the twist angle of the LC. (E) Three-dimensional illustration of

the diagram in (D).

).!9181927 [ the Supporting Information,

direction of gold deposition
we describe additional experiments that established that the orientations
of the LCs measured in our experiments correspond to the so-called

“easy axes” (i.e., lowest interfacial free energy orientation) of the LCs.

B RESULTS

Preparation and Characterization of Dipeptide-Deco-
rated Surfaces. Many past studies have investigated the adsorp-
tion of amino acids and oligopeptides onto inorganic surfaces.* "'
Of particular relevance to this paper, several of these studies have
reported that cysteine-containing oligopeptides bind strongly
to the surfaces of gold films,** resulting in the formation of
monolayers.***° The first measurements that we report in this
paper were performed to confirm that dipeptides containing
cysteine and either tyrosine or phosphotyrosine (Figure 1A)
formed monolayers with similar surface coverage on the gold
films used in our study (see the Materials and Methods for details
regarding the deposition of the gold films; a detailed discussion of
the structure of the gold films is presented in the Discussion).
Specifically, we sought to determine if differences in coverage of
the dipeptides on the gold films might underlie some of the
results reported below regarding the orientations of LCs on
dipeptide-decorated surfaces. Here we note also that the dipep-
tides used in our experiments were protected via N-terminal
acetylation and C-terminal amidation. We used end group
protection to eliminate potential changes in the extent of
ionization of the terminal carboxylic acid and amine groups of
unprotected dipeptides.>”

Figure 2A reports the ellipsometric thicknesses of dipeptide
films formed by incubation of aqueous solutions of either L-C-L-Y
or L-C-L-[p]Y on the gold surfaces. As a reference, we also measured
the ellipsometric thickness of a monolayer formed from decan-
ethiol (C;,SH) on the same gold films. The optical thicknesses of
the films formed from L-C-L-Y and L-C-L-[p]Y were determined
to be 12 £ 1.0 and 14 & 0.9 A, respectively, and similar to the
ellipsometric thickness of the monolayer formed from C,;,SH

(14 £ 0.5 A). The similar values of the ellipsometric thicknesses
measured for L-C-L-Y and L-C-L-[p]Y are thus consistent with the
formation of monolayers of L-C-L-Y and 1-C-L-[p]Y of compar-
able coverage on the surface of the gold films.

Figure 2B shows the XPS spectra of the gold films prior to and
after incubation with each dipeptide, revealing an attenuation of
the Au signal that indicates the adsorption of the dipeptides
(at similar levels of surface coverage) onto the gold surface. We
also compared the increase in each of the N 1s, O 1s, and P 2p
signals in the XPS spectra to the calculated elemental composi-
tion of the dipeptides (Figure 2C). Inspection of Figure 2C
reveals that the measured O:N ratio is slightly higher than the
values calculated for both L-C-L-Y and 1-C-L-[p]Y. We suspect
the origin of this difference to be trace amounts of water adsorbed
to the dipeptide-decorated surfaces. Previous studies have re-
ported water bound (in vacuum) to alkanethiol monolayers
terminated with functional groups (e.g., carboxylic acids) that
can hydrogen bond to water.>>>* The calculated P:N ratio shown
in Figure 2C is in good agreement with the experimental value.

We also characterized the gold films incubated with L-C-L-Y
and L-C-L-[p]Y by using PM-IRRAS (see Figure S1 of the
Supporting Information). In brief, we observed the presence of
vibrational bands in the absorption spectra that correspond to
the amide I and amide IT absorption energies,*”**** in addition
to vibrations of the aromatic ring of tyrosine.** ®° The in-
tensities of the amide I and amide II absorption bands for L-C-L-
Y and -C-1-[p]Y were not significantly different (when com-
pared to sample-to-sample variation). We also quantified the
ratio of the intensities of the amide I and amide II absorption
bands, and we found no substantial difference between L-C-L-Y
and L-C-1-[p]Y. As noted above, a peak corresponding to the
vibrations of the aromatic ring of tyrosine was observed at
1518 cm™',>"~%* and the displacement of this peak was measured
for 1-C-1-[p]Y to 1512 cm™ ', consistent with the previously
reported effects of phosphorylation.*® For 1-C-L-F, the peak due
to the aromatic ring was shifted to 1498 cm™ ' and was smaller
than that of 1-C-1-Y.>"®
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Figure 4. (A) Two-dimensional map of twist angles (see the text) of
nematic SCB on the peptide array shown in Figure 3B. The scale bar is 2
mm. (B) Angle diagram and quantitative analysis of the easy axes of
SCB on L-C-L-Y- and L-C-L-[p]Y-decorated surfaces. The angle diagram
indicates the direction of gold deposition on the top surface of the
optical cell and the easy axes of SCB on surfaces decorated with L-C-L-Y
and L-C-L-[p]Y or a gold surface without dipeptide. Error bars represent
the standard deviations of 220 droplets for L-C-L-Y and 59 droplets for
L-C-1-[p]Y.

Overall, the above-described measurements, when combined,
lead us to conclude that both L-C-1-Y and 1-C-1-[p]Y formed
monolayers on the surfaces of the gold films used in our experi-
ments and that the extent of surface coverage of the two dipeptides
is similar. Specifically, these results suggest that differences in
the orientations of LCs on 1-C-L-Y- and 1-C-L-[p]Y-decorated
surfaces, as described below, are not due to differences in the
extent of coverage of the dipeptides on the gold films.

Measurement of the Orientations of Nematic 5CB on
Dipeptide-Decorated Surfaces. Next we measured the orienta-
tions assumed by nematic SCB (Figure 1B) in contact with the
gold films decorated with monolayers of either L-C-L-Y or L-C-
L-[p]Y. The fabrication of the optical cells used to perform these
measurements is detailed in the Materials and Methods. In brief,
the top surface of the optical cell was a gold film (deposited
at an oblique angle of incidence, Figure 3A) onto which both
L-C-L-Y and 1-C-1-[p]Y were patterned by spotting of aqueous
solutions of the dipeptides (Figure 3B). A monolayer formed
from hexadecanethiol (C,sSH) was patterned around the rim of
each dipeptide-decorated gold film (also see Figure 3B). The
bottom surface that confined the film of LC was a gold film that
supported a monolayer formed from C;sSH. Past studies>”®'
have shown that nematic SCB, when placed into contact with an
obliquely deposited gold film that supports a monolayer formed
from C,sSH, assumes an orientation (in the plane of the surface)
that is parallel to the direction of incidence of the gold during
deposition of the gold film (top surface shown in Figure 3C); in
contrast, the orientation of the easy axis of SCB on a monolayer
of C;sSH is perpendicular to the direction of gold deposition
(bottom surface shown in Figure 3C). The molecular origins of
this “odd—even” effect are detailed in the Discussion. Finally,
we note that past studies have also established that the anchor-
ing energy of nematic SCB on a monolayer of C;sSH is high
(>10 uJ/m*)."®"® Thus, in the experiments reported below, the

Table 1. Azimuthal Orientation of the Easy Axes (7,) of SCB
on Dipeptide-Decorated Surfaces, Determined Relative to the
Easy Axis of the LC Measured from a Monolayer Formed from
C16SH (i.e., the Direction of Gold Deposition)”

LC Dipeptide 1o, deg
SCB L-C-L-Y S3+£13
L-C-1-[p]Y 82410
L-C-L-F 80£0.9
L-C-p-Y —224+0.8
p-C-p-Y —52+£1.6
SCB + 2.5 mM triethylamine 1-C-L-Y 41+1.1
L-C-L-F 78 £ 1.0

“Positive angles indicate a counterclockwise rotation relative to the
direction of gold deposition, and negative angles indicate a clockwise
rotation.

orientation of the LC on the C;sSH monolayer of the bottom
surface is invariant (an assumption that is supported by our results).

When fabricating each optical cell, we paired the gold films
described above such that the vectors describing the directions of
deposition of gold on each film were orthogonal, as shown in
Figure 3C. In this configuration, the nematic SCB orients in the
same azimuthal direction at the confining surfaces supporting
monolayers formed from C;sSH (bottom surface) and C;4SH
(top surface), resulting in a uniform orientation of the LC across
the entire film (as shown by results presented below and depicted
in Figure 3C)."® In contrast, we measured the LC in contact with
the dipeptide-decorated regions of the top surface to exhibit a
substantial twist distortion (Figure 3D,E). Figure 4A shows a
spatial map of the twist angles of nematic SCB measured over the
surface of an obliquely deposited gold film decorated with either
L-C-1-Y or L.-C-L-[p]Y (the patterning of the surface is shown in
Figure 3B). The twist angle of the LC was determined for each
pixel of the image of the LC film. Each pixel is 14 um X 14 um
and is assigned a color according to the color bar shown to the left
of Figure 4A. We note that a positive twist angle corresponds to a
gold film on which the azimuthal orientation of the LC director
was rotated counterclockwise relative to the direction of gold
deposition. A key result extracted from Figure 4A is that the
regions of the surface incubated against each dipeptide give rise
to homogeneous twist angles. A second key result extracted from
Figure 4A is that an image of the twist angles of the LC on these
surfaces provides a spatial map of the patterned dipeptides.

By using the map of twist angles reported in Figure 4A, we
calculated (see the Materials and Methods) the average azi-
muthal orientation of the easy axis of SCB on the surfaces
presenting 1-C-L-Y to be 53° + 1.3° and 1-C-1-[p]Y to be
82° + 1.0° (Figure 4B; as noted in the Materials and Methods,
the angle is measured relative to the direction of deposition of the
gold film, which also coincides with the orientation assumed by
the LC on a gold film with a monolayer of C;4SH; see Table 1 for
a tabulated summary of orientations of the LC on the various
dipeptide-decorated surfaces reported in this paper). We em-
phasize that the orientations of the LCs on the dipeptide-
decorated surfaces were highly reproducible. In particular, the
orientations reported above were determined from two separate
batches of gold films and the analysis of 220 L-C-L-Y-decorated
surfaces and 59 L-C-L-[p]Y-decorated surfaces. The results above
lead to three key conclusions. First, the results above indicate that
the azimuthal orientation of the LC on the surface presenting
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L-C-1-Y is rotated by 37° £ 1.3° (37° = 90° — 53°) relative to
that measured on obliquely deposited gold films without a
dipeptide monolayer (see Figure 4B). This result reveals that
intermolecular interactions between the dipeptide and SCB have
a measurable influence on the orientation of the LC.®> Second,
we note that the orientation assumed by SCB on the 1-C-L-Y-
decorated surface is not parallel or perpendicular to the direction
of deposition of gold. This result is in contrast with those of all
past studies of w-terminated alkanethiols on gold films in which
the easy axes of smectic and nematic LCs have been measured to
be either parallel or perpendicular to the direction of deposition
of the gold film.'®'%%7313862%3 Thjs point, which is related to the
chirality of the adsorbates, is addressed in detail in the Discus-
sion. Third, we note that there is a substantial difference between
the orientations assumed by nematic SCB on the gold films
decorated with either L-C-L-Y or L-C-L-[p]Y. That is, phosphor-
ylation of the tyrosine of the dipeptide leads to a large (29° =+
1.6% 29° = 82° — 53°) and easily quantified change in the
orientation of the LC on the dipeptide-decorated surfaces.

We note that we performed several additional experiments to
confirm that the orientations of the LC reported above do
correspond to the easy axes of the LC on the dipeptide-decorated
surfaces. Specifically, for LC films with thicknesses of S0 ym, we
determined that the torque generated by the twist distortion of
the LC was sufficiently small that the orientation of the LC
measured at the dipeptide-decorated surfaces was not perturbed
by the torque (i.e., the measured orientation is the equilibrium
orientation of the LC in the absence of a torque).%* In the interest
of brevity, we have placed detailed descriptions of these con-
firmatory experiments in the Supporting Information (Figures S2
and S3). We note, in addition, that we considered the possibility
that the twist angles of the LC reported above might be
influenced by desorption of the chiral dipeptides from the
surfaces into the LC (thus acting as a chiral dopant in the LC
that induces a twist distortion).*~ *® We excluded this possibility
by performing measurements with LC films that varied in
thickness. The results of these experiments are also presented
in the Supporting Information (Figure S4).

Intermolecular Interactions between Nematic 5CB and
Dipeptide-Decorated Surfaces. The orientations assumed
by nematic SCB on the surfaces decorated with L-C-L-Y and
L-C-L-[p]Y, as described above, reveal that SCB possesses distinct
intermolecular interactions with the L-tyrosine and L-phospho-
tyrosine of the L-C-L-Y- and 1-C-L-[p]Y-decorated surfaces. Here
we report a series of experiments performed to provide insight
into these intermolecular interactions.

We first chose to test the hypothesis that patterns of hydrogen
bonds encoded by the immobilized tyrosine play a role in
dictating the ordering of SCB on these surfaces. We note that
previous studies reported by Luk et al. concluded that hydrogen
bonding between LCs and COOH-terminated monolayers can
influence the orientations of LCs.”® We also note that nitrile
groups bonded to aromatic rings (as present in SCB) are
particularly electron-rich and capable of serving as hydrogen
bond acceptors for the OH group of Tyr,*”7° as evidenced by IR
spectroscopy.”'’* Informed by these previous studies, we
hypothesized that patterns of hydrogen bonds between the
OH group of the tyrosine and the nitrile group of SCB may
influence the ordering of SCB on L-C-L-Y-decorated surfaces. To
test this hypothesis, we performed an experiment using a
dipeptide in which we replaced the tyrosine residue by a phenyla-
lanine residue (F). This dipeptide (1-C-L-F) is identical to L-C-L.-Y

with the exception that it does not contain an —OH group that can
participate in hydrogen bonding with SCB (Figure 1A). For surfaces
decorated with L-C-L-F, van der Waals and 77— stacking interac-
tions can occur between the aromatic groups of SCB and Phe.*’

We measured the orientation of the easy axis of SCB on
obliquely deposited gold films decorated with L-C-L-F to be
80° £ 1.0° (see Table 1 and Figure SS (Supporting Information)
for a map of the twist angles). This orientation of SCB differs by
27° = 1.6° from that measured on L-C-L-Y (see also Table 1) and
thus supports the proposition that the orientation of nematic
SCB on the surfaces decorated with L-C-L-Y is influenced by
hydrogen bonding between the OH group of Tyr and 5CB: in
the absence of hydrogen bonding, the orientation of the LC on
surfaces decorated with L-C-L-F departs from that measured
with L-C-L-Y.

To provide an additional test of the role of hydrogen bonding,
we measured the easy axis of SCB on surfaces decorated with
L-C-1-Y and 1-C-L-F when the 5CB was doped with 2.5 mM
triethylamine, a base with a higher heat of hydrogen bond
formation (8.9 & 0.09 kcal/mol) as compared to a nitrile group
(4.2 £ 0.2 kcal/mol).”® We hypothesized that the presence of a
stronger hydrogen bond acceptor would disrupt the easy axis of
SCB on surfaces that form hydrogen bonds with SCB, but would
not change the easy axis of SCB on surfaces that do not hydrogen
bond with SCB. Indeed, we found the easy axis of SCB doped
with 2.5 mM triethylamine to be 41° 4= 1.1° on L-C-L-Y and
78° £ 1.0° on L-C-L-F (see Table 1). Thus, while the easy axis of
SCB with and without triethylamine differed by 12° & 1.7° on
the L-C-L-Y-decorated surfaces, the presence of triethylamine
caused no measurable difference in the orientation of SCB on
L-C-L-F-decorated surfaces. Overall, the observations presented
above, when combined, provide support for our proposition that
patterns of hydrogen bonds formed between L-C-L-Y and SCB
play a key role in determining the ordering of SCB on the L-C-L-Y-
decorated surfaces. We note that while we have established that
hydrogen bonding between the LCs and tyrosine influences the
orientation of LCs on surfaces decorated with Tyr-containing
dipeptides, we do not exclude the possibility that other inter-
molecular interactions (i.e., 77— stacking between the aromatic
groups of SCB and Tyr, hydrogen bonding between C=0 and
NH groups of the dipeptide backbone, and van der Waals inter-
actions) are present in these systems.76778 In summary, our
experimental results, when combined with prior FTIR studies
of hydrogen bonding between benzonitrile and phenol,”"”>7*
support our conclusion that hydrogen bonding between the —
OH group of Tyr and SCB plays a central role in ordering the
SCB./L7374

Because the spatial patterns of tyrosine that encode the above-
proposed hydrogen bonds between the LC and dipeptide-
decorated surfaces would be expected to depend on the chirality
of the amino acid residues used to synthesize the dipeptides, we
next investigated the effects of changes in the chirality of the
dipeptides on the orientations of the LC. The dipeptides used in
the current study contain two chiral centers (Figure 1A): L-C-L-Y
and p-C-p-Y shown in Figure 1 are enantiomers, while .-C-L-Y
and L-C-p-Y are diastereomers. Prior to performing measure-
ments of the orientations of the LCs on the surfaces with the
various stereoisomers, we also confirmed the formation of
monolayers of the dipeptides via the use of PM-IRRAS (Figure SI,
Supporting Information). The orientations of SCB on surfaces
decorated with these dipeptides are summarized in Table 1
and Figure 5. Whereas the interactions of SCB with surfaces
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Figure 5. (A) Map of twist angles of nematic SCB on gold films decorated with monolayers of L-C-L-Y or L-C-p-Y. (B) Map of twist angles of nematic
SCB on gold films decorated with monolayers of L-C-L-Y or p-C-p-Y. The scale bar is 2 mm. (C) Angle diagram and quantitative analysis of the easy axes
of SCB on L-C-L-Y-, L-C-D-Y~, and p-C-D-Y-decorated surfaces. The angle diagram indicates the direction of gold deposition on the top surface of the
optical cell and the easy axes of SCB on surfaces decorated with dipeptides or a gold surface without dipeptide.

decorated with L-C-L-Y caused the azimuthal orientation of
the LC to be rotated counterclockwise by 53° & 1.3° relative to
the direction of gold deposition, we measured the easy axes of
SCB on surfaces decorated with p-C-p-Y to be rotated clock-
wise by 52° £ 1.6° relative to the direction of gold deposition.
Thus, within the precision of the measurement, the magnitude
of the rotation of the easy axis of SCB was indistinguishable.
The direction of rotation (handedness), however, was opposite.
We also measured the orientations of SCB on another stereo-
isomer of L-C-1-Y, namely, L-cysteine-D-tyrosine (1-C-D-Y)
(Figure 1A). On these surfaces, we measured the azimuthal
orientation of the easy axis of nematic SCB to be —22° £ 0.8°,
avalue that is intermediate between those of the two enantiomers
L-C-L-Y and p-C-D-Y. We have also investigated the influence of
enantiomeric excess in monolayers containing mixtures of L and
D stereoisomers. While the details of these studies are beyond the
scope of this paper and will be addressed in a subsequent
publication, we mention here that a mixture containing 50% L-
C-L-Y and 50% D-C-D-Y results in an orientation of the LC that is
0° (i.e., the twisting effect of the chiral dipeptides on the LC is
exactly canceled out). Overall, our results support our hypothesis
that the chirality of the dipeptides influences the patterning of
chemical functional groups at the dipeptide-decorated surfaces and

that these differences in patterns lead to intermolecular interactions

554

(specifically, hydrogen bonds) that are reported in the macro-
scopic orientations exhibited by the LC.

B DISCUSSION

The results described above (and see below for additional
discussion and evidence) support the hypothesis that the macro-
scopic orientational ordering of SCB on surfaces decorated with
the dipeptides is encoded by surface patterns of hydrogen bonds
formed between the surfaces and LC. We note that these
observations arise from experiments performed using dipeptide
monolayers formed on gold films deposited at an oblique angle of
incidence. As discussed below, we interpret our results to indicate
that the crystallographic texturing of the gold films, which is
induced by the oblique deposition,*®* directs the introduction
oflong-range order into the monolayers of dipeptides used in our
experiments. Previous studies of monolayers formed from or-
ganosulfur-containing molecules on gold have also reported
lateral interactions (including hydrogen bonding and van der
Waals interactions) between the molecules to aid in the forma-
tion and organization of the monolayer.””* In our experiments,
it is likely that hydrogen bonding between adjacent dipeptides
within the monolayer influences the ordering of the
monolayer.”*””® The long-range order within the dipeptide
monolayer leads to the patterning of the surface with hydrogen
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bonds such that phosphorylation of the tyrosine and the stere-
ochemistry of the amino acids have clear effects on the orienta-
tional ordering of the LC.

A number of past studies have investigated surface-induced
ordering of LCs on inorganic materials deposited at oblique angles of
incidence on planar substrates.””**3»>%1 783 Thege studies have
established that oblique deposition of gold leads to the introduc-
tion of nanotopographical features into the surfaces (e.g, asso-
ciated with the shapes of the gold grains) as well as in-plane and
out—of—zplane crystallographic texturing of the polycrystalline
films.>*** For example, by using atomic force microscopy
(AFM), Skaife et al. revealed that obliquely deposited gold films
possess a subtle level of anisotropy in their nanoscale surface
topography, a surface roughness that is greater when measured in
a direction parallel to the direction of gold deposition as
compared to the perpendicular (in-plane) orientation.”” In
addition to the anisotropic topography, however, obliquely
deposited gold films have also been shown to exhibit crystal-
lographic texturing.>* For example, the Au(111) faces of poly-
crystalline gold films have been measured to tilt (by up to 5°)
toward the direction of deposition of the gold, and optical
second-harmonic generation (SHG) measurements indicate in-
plane (azimuthal) crystallographic texturing of the gold grains.*"**

Past studies of the orientations of LCs provide evidence that
both the nanoscopic topography and crystallographic texturing
influence the orientations of LCs supported on obliquely depos-
ited gold films.>"**®> For example, in the absence of formation of
an organic monolayer on an obliquely deposited gold film, it is
observed that the azimuthal orientation assumed by SCB is
perpendicular (and in the plane of the surface) to the direction
of deposition of the gold film (see Figure 3).%* This orientation of
the LC is consistent with that predicted on the basis of the
nanotopographical roughness of the gold film, specifically mini-
mization of the elastic energy associated with distortion of the LC
over the roughness of the surface.”” In short, the LC assumes an
azimuthal orientation that is parallel to the direction on the
surface that corresponds to minimum roughness. In addition,
however, past studies provide evidence that the in-plane crystal-
lographic texturing of the gold films can influence the structure of
self-assembled monolayers (SAMs) formed from alkanethiols on
the gold films, which in turn impacts the orientational ordering of
LCs via intermolecular interactions between the LC and the
ordered monolayer.””?! In particular, infrared-visible sum-fre-
quency spectroscopic (SFS) measurements show that mono-
layers of alkanethiols possess macroscopic, in-plane order when
formed on obliquely deposited gold films.*" This long-range
order is evidenced by macroscopic azimuthal ordering of the
methyl groups of monolayers of alkanethiols formed on the gold
films. Related to this conclusion, it has been observed that
monolayers formed from alkanethiols that possess an even
number of carbon atoms template an orientation of nematic
SCB that is parallel to the direction of deposition of the gold film.
Such an orientation of the LC cannot be understood on the basis
of the influence of the nanoscopic topography of the surface on
the LC mentioned above, but is consistent with the presence of
long-range order in the organic monolayers formed on obliquely
deposited films of gold and intermolecular interactions (e.g,
van der Waals) between the monolayer and LC that influence the
ordering of the LC.>”%> The results presented in this paper, as
discussed below, are also consistent with the presence of long-
range order within monolayers formed by dipeptides on obliquely

deposited gold films.

AXkey finding reported in this paper is that LCs exhibit uniform
azimuthal orientations on dipeptide-decorated gold films that do
not lie perpendicular to the direction of deposition of the gold
(i.e., the orientation of the LC consistent with the effects of
the nanotopography). Similar to the above-mentioned reports
of the orientations of LCs on monolayers formed from
alkanethiols,®”*%316281 783 thig result suggests that the mono-
layers of dipeptides formed on the obliquely deposited films
possess a macroscopic ordering induced by the crystallographic
texturing of the gold films. However, a key additional observation
reported in this paper is that the orientation of nematic SCB on
obliquely deposited gold films decorated with L-C-L-Y is rotated
counterclockwise by an angle of 53° £ 1.3° from the direction of
gold deposition. As noted above, in past studies of w-function-
alized alkanethiols that possessed long-range order on obliquely
deposited gold films,””" the effects of crystallographic texturing
on the ordering of the monolayers were observed to lead to an
azimuthal orientation that was always parallel to the direction of
deposition of the gold. Our observation that the L-C-L-Y-deco-
rated surfaces cause nematic LCs to depart from this azimuthal
orientation highlights a fundamental difference in the nature of
the ordering of LCs on the two sets of surfaces (alkanethiols
versus dipeptides). A key difference between these two classes of
monolayers is that the w-functionalized alkanethiols used in past
studies were achiral, whereas the dipeptides used in this study
possess two chiral centers. In the absence of chirality, the
monolayers formed on the gold films possess a mirror plane that
contains the vector describing the direction of deposition of the
gold films. This symmetry is consistent with the results of the
above-mentioned SFG measurements®" as well as the orienta-
tions assumed by the LC on monolayers of achiral molecules.>”**
In contrast, on surfaces presenting monolayers of chiral mol-
ecules that possess long-range order, the chirality of the mol-
ecules breaks the in-plane mirror symmetry, and thus, LCs are
observed to exhibit orientations that depart from those observed
with achiral molecules. The role of the chirality of the peptides is
clearly demonstrated in our experiments by the observation that
the orientation of nematic SCB on obliquely deposited gold films
decorated with p-C-p-Y is rotated clockwise whereas the orienta-
tion of the LC is rotated counterclockwise by L-C-L-Y.

We note that several previous studies have reported on the
influence of chirality on the ordering of LCs at surfaces.’ ' For
example, a rich literature addresses chirality in bent-core LC
systems,lo’11 and more recently, the alignment of achiral nematic
LCs on chiral surfaces has also been reported.®”® One such study
is based on the mechanical generation of mesoscale surface
chirality,”® where the tip of an atomic force microscope was
used to scribe a chiral pattern into a polymer-coated surface. The
chiral alignment of nematic LCs on these surfaces was reported.
Alternatively, the uniform shearing (and resulting macroscopic
alignment) of double-stranded DNA films on surfaces has also
been observed to cause ordering of LCs in a manner that reflects
the chirality of the DNA.® Although these recent studies demon-
strate that chiral molecules deposited on surfaces can induce
preferred orientations of achiral nematic LCs, we note several
significant differences between the work presented in this paper
and these past studies. In particular, the dipeptide monolayers
described in this paper are formed by self-assembly rather than
the use of external shear (mechanical) forces. In our system, the
azimuthal degeneracy of the surface is broken by the crystal-
lographic texturing of the gold film. Our observations indicate
that the anisotropic structure of the gold film provides a field that
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directs the assembly of the dipeptides on the surface into mono-
layers that possess macroscopic organization. In addition, our
study is based on dipeptides, and we demonstrate that chemical
modifications to the dipeptide structure (e.g, phosphorylation)
have pronounced effects on their interactions with LCs.

We conclude this discussion by noting again that a key
observation reported in this paper is that the orientations of
the LC are strongly influenced by patterns of hydrogen bonds
formed between the LC and dipeptides at the surfaces. Evidence
in support of this proposition is provided by experiments in
which we replaced the tyrosine residue by a phenylalanine
residue (1-C-L-Y to L-C-L-F). In addition, the observation that
the orientation of SCB on p-C-p-Y differed from that on .-C-L-Y
provides further support for the conclusion that the LC is
transducing the patterns of chemical functional groups presented
at the dipeptide-decorated surfaces. We note also that we
performed additional tests of the role of hydrogen bonding on
the orientations of LCs by using the liquid crystal TL205
(Figure 1B). In contrast to SCB, the mesogens comprising
TL20S do not possess nitrile groups but instead possesses
fluorinated aromatic rings to induce polarity in the mesogens.**
Although the dipoles associated with the fluorines (dipole moment
@ = 1.5D)* are generally weaker than those of nitriles (4 =
3.6D),*® previous studies have demonstrated that fluorinated
aromatic groups (as present in TL20S) can serve as hydrogen
bond acceptors.*® We measured the easy axis of TL205 on L-C-L-
F-decorated surfaces and found it to be 84° 4= 0.6°, similar to the
easy axis of SCB on 1-C-L-F (Table 1; Figure SSB, Supporting
Information). In contrast, the easy axis of TL20S on L-C-L-Y was
26° £ 1.6°, an orientation that differs by 58° &= 1.7° from the easy
axis of TL20S on L-C-L-F. The observation that TL205 assumes
distinct azimuthal orientations on the gold films decorated with
L-C-L-Y and 1-C-L-F is consistent with our hypothesis that the
fluorine groups of TL20S form hydrogen bonds with the —OH
groups of tyrosine. These experiments thus provide a second
example of the influence of hydrogen bonding involving the
—OH group of Tyr on the orientational ordering of LCs.

We also conclude that a consequence of the dominant role of
hydrogen bonding on ordering of nematic SCB on the dipeptide-
decorated surfaces is that chemical modifications to the dipep-
tides that change the capacity of the dipeptides to participate in
hydrogen bonds lead to macroscopic ordering transitions in the
LC. This is evidenced by our observation that phosphorylation of
the tyrosine led to a distinct change in the orientation of the LC
(see Table 1). Here we note that the pK, of phosphotyrosine
(corresponding to a chan§e in charge from —2 to —1) is 5.8 in
bulk aqueous solution,*”** although past studies have demon-
strated that the ionization behaviors of acids at surfaces are
substantially different as compared to those in bulk solutions.”
For example, for carboxylic acids, the extent of ionization of
the acids is incomplete S pH units above the bulk solution
pK, (4.5).>° Thus, at the pH of the aqueous solution used as the
final rinse of the dipeptide-decorated surfaces (pH S—6), it is
likely that the phosphate of phosphotyrosine has one P—OH
group.”” Although this state of the phosphate group may permit
hydrogen bonding with the SCB, our results indicate that
hydrogen bonding between SCB and the phosphate, if it does
take place, has an influence that is distinct from that of hydrogen
bonding with the tyrosine. A possible explanation for this result is
that, in contrast to tyrosine, the phosphate group possesses
rotational freedom, thus preventing the formation of hydrogen
bonds that have a well-defined orientation with respect to the

surface. Although additional studies are required to fully understand
the interactions of phosphotyrosine and SCB, the ability to directly
detect the phosphorylation status and chirality of peptides on
surfaces, through the macroscopic orientations exhibited by LCs,
suggests the basis of new approaches based on supramolecular
assembly for reporting the chemical functionality and stereochem-
istry of biomolecules displayed on surfaces.

B CONCLUSIONS

We have described a series of studies that characterize and
provide insight into the intermolecular interactions that influ-
ence the ordering of thermotropic LCs on dipeptide-decorated
surfaces. In particular, our results suggest that hydrogen bonding
between SCB and TL20S and tyrosine plays a central role in
determining the orientations assumed by LCs on tyrosine-
decorated surfaces. Phosphorylation of the tyrosine, as well as
changes in the chirality of amino acids used to form the dipeptides,
have pronounced effects on the orientational ordering of LCs
because these modifications alter the patterns of hydrogen bonds
presented by the dipeptide. We infer from our observations of the
ordering of LCs on the dipeptide-decorated surfaces that long-
range order is present within the dipeptide monolayers used in
our studies and that this long-range ordering of the dipeptides
is directed by the crystallographic texture of the underlying
obliquely deposited gold films. Overall, the results presented in
this paper advance our understanding of the intermolecular
interactions that underlie the ordering of LCs on peptide-
decorated surfaces. Our results also suggest that investigations
of the orientations of LCs on monolayers formed from biomo-
lecules can offer the basis of novel methodologies that can
provide fundamental insights into the chemical functionality
and stereochemistry of the synthetic and biological peptide-
based systems.
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