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Abstract

Short-time surface contact of highly diluted 1-monostearoylglycerol (1-MSG) aqueous solutions with highly oriented pyrolitic graphite results
in the deposition of an epitaxial monolayer that can be detected by atomic force microscopy operating in tapping mode at the graphite—air
interface. The monolayer obtained with the racemic mixture is then compared to that obtained with one of the pure enantiomers. The analogous
behavior found for aqueous solutions of rac-1-MSG and 3-sn-MSG implies a two-dimensional self-assembly process with chiral discrimination.
The results suggest that the monolayer originates from species located at the surface of the deposition drop. They also indicate that the simple
experimental procedure reported, or more elaborate Langmuir—Schaefer methods, could be the method of choice to prepare other monolayers of

similar surfactants.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Surfactant-based interfacial nanostructures have attracted
widespread attention [1—5] because of their vast potential in
many technological processes and functions such as molecular
electronics, or as feasible surface self-assembled templates [6]
that can selectively adsorb or induce the growth of other
species. Indirectly, they also provide valuable information about
the aggregated species present in solution. Therefore, great
efforts are being made to obtain structured monolayers with
regular architectures, especially since scanning probe micros-
copy (SPM) has recently become available for their
characterization.

In the current work, we describe an efficient and simple
procedure to prepare the yet unreported epitaxial 1-monostear-
oyl-rac-glycerol (rac-1-MSG) monolayer on highly oriented
pyrolytic graphite (HOPG). The monolayer is obtained without
the presence of any micellar-like structure on its top, and it is
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studied and characterized by atomic force microscopy (AFM)
operating in tapping mode at the graphite—air interface.

We serendipitously came across the neat and fast formation
of rac-1-MSG monolayers on HOPG by the identification of
the monoglyceride as a contaminant in deposition solutions.
Mere contact of water with brand-new disposable polyethylene
laboratory material (e.g. screw-capped centrifuge tubes) was
enough to produce a suitable solution that yielded the
monolayer upon contact with the HOPG surface. Notice that
rac-1-MSG is extensively used in the molding of organic
polymers as a mold-release agent. In this respect, this report can
also be considered a precautionary note for the sample
preparation previous to SPM observations.

2. Materials and methods
2.1. Materials
1-monostearoyl-rac-glycerol (rac-1-MSG, Sigma, approxi-

mately 99%), 3-monostearoyl-sn-glycerol (3-sn-MSG, Bio-
Chemika, >99%) and chloroform (J. T. Baker, p. a. grade)
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were used as received from the manufacturers without further
purification. Ultrapure water (resistivity ~18.2 M{) cm) was
supplied by a Purelab USF system. The basal plane of highly
oriented pyrolytic graphite (HOPG, Advanced Ceramics,
Cleveland, OH) was hand cleaved by using adhesive tape
immediately before sample deposition.

2.2. Aqueous surfactant sample preparation

The following standard procedure was optimized to prepare
suitable solutions yielding monolayers: 9.0 mg (25 mmol) of the
monoglyceride (rac-1-MSG or 3-sn-MSG) were dissolved in
0.5 mL of chloroform in a Pyrex glass tube. Then, with the aid
of a syringe, 15-30 uL of this organic solution (50 mM) was
allowed to trickle down the sides of a 15 mL glass screw-cap
test tube, near the liquid surface below, over 5 mL of freshly
purified Milli-Q water. The mixture (150 pM, 3-sn-MSG or
300 uM, rac-1-MSG) was shaken and then the resulting
suspension was left undisturbed for 30 min before proceeding to
sample deposition (see Results and discussion section).

2.3. AFM imaging

AFM images were obtained at the Scientific-Technical
Services UB using two Multimode microscopes (Digital
Instruments, Santa Barbara, CA) controlled by a Nanoscope
IV electronics (Digital Instruments, Santa Barbara, CA)
operating in tapping mode in air at room temperature and
typical relative humidity of 40%. The working setpoint
amplitude and scan rate were between 2-3 nm (typical
measured sensitivity of around 270 mV/nm for the cantilevers
used) and 1.5-2 Hz respectively. The AFM probes were Silicon
cantilevers with integrated conical-shaped Silicon tips (Nano-
sensors, Norderfried Richskoog, Germany), an average reso-
nance frequency of 300 kHz, and spring constant of 35 N/m.
Nominal tip radius and cone angle were 10 nm and 35°
respectively. The reported topographical images correspond to
the observation of several regions of many different samples
deposited under the same experimental conditions and recorded
at several points across their surfaces so as to obtain reliable
measurements.

2.4. On the nature of the striped pattern in the AFM images

The monolayers obtained showed a striped pattern whose
structural interpretation required several precautions before
proceeding with their quantitative analysis. Regular sampling,
as performed in the sweep procedure of AFM, can result in
apparent periodicities at frequencies well below the resolution
of the technique. According to Shannon’s sampling theorem,
aliasing occurs when a signal is sampled at a less than twice the
highest frequency present in the signal (Nyquist criterion). We
rule out aliasing or any effect of the instrument regular sampling
raster (squared lattice) as the origin of the periodic modulation
obtained in the reported AFM images, because: (a) the
adsorbate morphology was invariant to changes in the scan
size even at high image magnifications of 50x50 nm?; (b)

neither did the pattern disappear when we varied instrumental
parameters so as to eliminate unwanted oscillations in the data
due to possible aliasing of the linear scanning rate with the
digital sampling rate or the feedback loop; and (c) the recorded
periodicity of the stripes and the angles between them in
different microdomains did not change when the tip scannings
were rotated with respect to the underlying substrate. Notice
that the former experimental observations, together with the
reproducibility of the results using different electronics and
probe platforms, confirm that the striped pattern observed has a
completely different origin than the one exploited in under-
sampled AFM techniques based on conventional analysis of
fringe patterns obtained by moiré interferometry [7,8]. Once
established that the striped patterns were not an experimental
artifact, the structural parameters (stripe widths and angles
between the stripes of different domains) were determined by
averaging a large number of individual observations
corresponding to pairs of top-to-bottom and bottom-to-top
scans. The drift effects on the angle measurements were
minimized using low image magnification (500 x 500 nm” scan
size) in which the direction of the stripes could be still observed.
This allowed us to measure angles with an accuracy of +2°. The
stripe width was better determined under low drift conditions
and high image magnifications (down to 200 x 200 nm? of scan
size). In this respect, the resolution of the technique determines
that the stripes cannot be observed when the raster direction
nearly coincides with that of the stripes. This is because the
corrugation (peak to valley) in the direction perpendicular to the
striped pattern is very low (0.1 nm).

3. Results and discussion
3.1. Sample deposition and AFM observation

In a typical experiment, 50 uL of the aqueous rac-1-MSG
solution (see Materials and methods section) was deposited on a
HOPG plate with a micropipette and blotted off with a filter
paper tip. Any remaining solution was blown off with a nitrogen
(99.99%) stream and imaged immediately afterwards. The
solution was in contact with the graphite for less than 2 s. By
following this simple procedure, motif images of 2-D arrays
with a twofold symmetry axis were obtained (Fig. 1a). The
images showed a striped pattern analogous to those previously
described on HOPG for many organic compounds bearing
linear polymethylene chains [9—11]. The AFM images in Fig. 1
correspond to the rac-1-MSG monolayer, whose identification
and structural parameters are discussed in the next section. In
addition to the monolayer, irregular nano-particles, or often
platelet-like structures showing a flat surface with a uniform
height of 4.0+0.2 nm (not resistant to the AFM contact mode,
and without any motif pattern by AFM in tapping mode) were
detected on the top of the monolayer. The 20-30 min delay
between the preparation of the surfactant solution and its
deposition (see Materials and methods section) proved to be a
critical variable for monolayer detection: freshly prepared
solutions generally did not form the adlayer, whereas older
solutions resulted in the co-deposition of many interfering nano-
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Fig. 1. Tapping mode AFM height images corresponding to monolayers of rac-
1-MSG deposited onto HOPG from a 300 uM aqueous solution (a, b) and of 3-
sn-MSG from a 150 pM solution (c). Panels (a) and (c) correspond to overviews
of the monolayers in which the 60° relation between domains can be seen. (b)
Measurements of the structural parameters. The inset shows the 2D Fourier
transform of the pattern in the image. The pictures on the right correspond to the
analysis of the sectional profile marked on the same image by a blank line
(corrugation of the monolayer, upper panel) and the corresponding frequency
histogram (lower spectrum).

and micro-particles. The reported deposition procedure, based
on the preparation of suitable rac-1-MSG solutions, leads to the
fast formation of monolayers, which in accordance with the
Ostwald rule of stages [12] suggests the existence of metastable
molecular assemblies for its success.

To test whether the species giving rise to the monolayer were
sited at the air—water interface of the depositing drop we
envisaged a different experimental procedure to attain surface
contact: the drop of the surfactant solution was placed on a
hydrophobic strip of a Parafilm M® sheet fixed on an vertically
mobile micro-control platform. The sample was then placed
beneath a carefully leveled horizontal support with a square
HOPG plate to its lower side. The graphite was brought into
contact with the upper part of the drop slowly raising the
platform. Immediately after contact the sample was lowered
slightly so as to obtain a cylinder-like water neck. The whole
procedure took about 15 s. After a contact time of 30 s, the
sample was blotted off with a filter paper tip and dried as
described above. Following this inverse deposition procedure,
large uniform striped domains were formed without unwanted
massive particles interfering on their top, although some small
fragments were still occasionally found on the sample.
Probably, the hydrophobic film sheet on the bottom competes
advantageously with the upper HOPG surface to adsorb the

small solid particles which would otherwise pollute the mono-
layer. Taken together, all this suggests that the monolayer is
built up from prearranged structures at the air—water interface of
the drop. Notice also that such inverse deposition procedure
corresponds, in fact, to a simplified approach of the Langmuir—
Schaefer technique. In this respect, Langmuir monolayers of
monostearoylglycerol have been previously reported [13—15].

In no case did we detect the presence of hemicylindrical
hemimicelles or hemimicelles, which can be attributed to the
high Krafft temperature of saturated long-chain monoacylgly-
cerols [16]. Although there are numerous examples of periodic
striped structures for ionic and non-ionic surfactants, they
correspond to hemicylindrical hemimicelles. These previous
reports assume that they grow on a primary monolayer which in
most cases cannot be directly detected [1—5]. On the other hand,
uncovered molecular epitaxial monolayers of compounds
bearing long linear alkyl chains, without the interference of
hemimicelle formation, have been obtained from near-to-
saturated organic solvent solutions after long deposition times
[9-11]. A distinctive aspect of our results is the fast formation
of an uncovered monolayer by mere surface contact with highly
diluted water solutions.

3.2. Structure of the monolayer

The AFM images of the adlayer show domains in the
micrometer range with a striped pattern running along well-
defined directions. The structured pattern corresponds to
parallel stripes with a regular distance of 5.6+£0.1 nm, whose
corrugation is about 0.1 nm for the peak to valley value
(Fig. 1b). The domain height from the graphite surface to the top
of a peak is 0.45+0.05 nm (measured by sectional analysis in
areas in which the domain boundary is clearly seen), implying
that the monolayer is formed by flat-lying molecules. Notice
that the thinness of the film precludes the existence of any
micellar or hemicellar structure formed by molecules perpen-
dicular to the substrate plane.

The fact that the stripes follow fixed angular dependencies
with degenerate domains interchangeable by 60° rotations, in
accordance with the six-fold symmetry of the graphite
underneath, unequivocally indicates epitaxial growth. More-
over, the salient AFM resolution obtained in the case of the
monolayer must be the signature of a marked atomic-force map,
as expected for an epitaxial superstructure formed between
graphene and the monoglyceride monolayer. Recall at this point
that the regular 4.0 nm thick platelet-like structures described
above did not show any structural details on their surface.

The large size of the domains, and the fact that their size
increases after 48 h (Ostwald ripening), indicates high stability
of the assembly. However, the monolayer is not resistant to
AFM working in contact mode since the tip sweeps away the
deposited adlayer even at forces as low as a few hundreds pN
(with softer SiN cantilevers).

Up to now we have been unable to record scanning tunneling
microscopy (STM) images of the monostearoylglycerol mono-
layer of reasonable quality at the solid—air interface. The high
bias voltage necessary for tunneling or charge injection in such
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highly dielectrical materials can lead to unwanted electrochem-
ical processes in the presence of oxygen and water. Notice that
previous reports on STM images of monolayers of neutral
molecules have been obtained under ultra high vacuum
conditions or in organic solvents. Nevertheless, the parameters
obtained from the AFM motif allow us to propose a packing
model that takes into account the epitaxial relation between the
2-D organic crystal and the HOPG surface. There are numerous
examples demonstrating that the common parallel stripes
appearing in physisorbed monolayers of organic compounds
bearing long alkyl chains are due to a head-to-head and tail-to-
tail arrangement of the adlayer molecules forming rows and
columns [1-5,9-11]. Owing to commensurate interactions
between the all-trans alkyl chains and the graphite surface, there
is a good geometrical matching of the H atoms of the methylene
groups with the hexagonal rings of graphene [17]. The
physisorbed molecules are bound with their long axis C—C
backbone parallel to the surface, following the principal
symmetry axes of graphene, in such a way that the AFM
periodicity corresponds approximately to twice the extended
molecular length [1-5,9—11]. In the case at hand, because of the
large size of the glycerol headgroups and the existence of
hydrogen bonds between them (both inside rows and between
columns) the axis of the stripe is not expected to be
perpendicular to that of the polymethylene chain (lateral
molecular offset within the lamella), in concordance with the
5.6 nm periodicity of the AFM images. The existence of a
network of hydrogen bonds is predictable from the structure of
monostearoylglycerol crystals in the bulk [18—-20]. In addition,
the commesuration between the long chain H-C units and the
hexagonal rings of the substrate should be extended to the H-C
backbone units of the glycerol residue. Consequently, the
asymmetric —CHOH group must determine an epitaxial
ordering that distinguishes the diastereotopic faces of the
carbonyl group and the diastereotopic hydrogen atoms of the —
CH,—O-acyl and —CH,—OH groups. Thus, significant differ-
ences in free energy between homochiral or heterochiral head-
to-head orderings should be expected. Then, in considering the
structure of the monolayer, the question arises as to whether the
growth of the 2-D domains on HOPG from the racemic mixture
gives rise to racemic domains or whether they spontaneously
resolve into mirror domains identical to those coming from the
enantiomerically pure material, i. e., conglomerate formation. In
attempt to discern between these possibilities we performed
similar experiments with 3-monostearoyl-sn-glycerol, obtaining
monolayers (Fig. 1¢) whose structural parameters do not differ
from those determined for the racemic mixture. However, the
size of the domains tends to be larger in the case of 3-sn-MSG.
Another significant difference is that solutions of 3-sn-MSG at
lower concentrations give comparable monolayers to those
obtained with rac-1-MSG at higher concentrations (e.g.
150 uM compared to 300 pM). In any case, the structural
similarity between both adlayers points to spontanecous
resolution in the case of rac-1-MSG. Notice that the number
of reports on chiral discriminations from racemic mixtures and
on the formation of chiral monolayers from achiral organic
compounds shows a continuous increase, suggesting that these

processes are not uncommon. In addition, fatty acid 1-mono-
glycerides show a well-known tendency to crystallize in cong-
lomerates [18—20]. More work is in progress to further
investigate the 2-D conglomerate formation of the rac-1-MSG
mixture on HOPG.

4. Conclusions

We have described a simple procedure to form a monolayer
of 1-MSG on HOPG from highly diluted aqueous solutions. The
results indicate that the monolayer originates from species
ordered at the air—water interface of the deposition drop.
Consequently, the detection of 2-D conglomerates on graphite
implies that chiral discrimination already occurs at the air—water
interface. This is consistent with earlier reports on the chiral
discrimination of racemic fatty acid monoglycerides in
Langmuir monolayers [15,21]. In addition, the simple experi-
mental procedure reported, or more elaborate Langmuir—
Schaefer methods, could be the method of choice to prepare
monolayers of similar surfactants.
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