JAIC'S

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Controlling the Position of Functional Groups at the Liquid/Solid
Interface: Impact of Molecular Symmetry and Chirality

Inge De Cat," Cristian Gobbo," Bernard Van Averbeke,§ Roberto Lazzaroni,§ Steven De Feyter,*’+ and

Jan van Esch**

"Department of Chemistry, Division of Molecular Imaging and Photonics, Katholieke Universiteit Leuven, Celestijnenlaan 200F,

3001 Leuven, Belgium

"Department of Chemistry, Laboratory of Self-assembling Systems, Delft University of Technology, Julianalaan 136, 2628 BL Delft,

The Netherlands

§’Laboratory for Chemistry of Novel Materials, Université de Mons, Place du Parc 20, 7000 Mons, Belgium

eSupporting Information

ABSTRACT: With the aim of controlling the position of functional groups in a
substrate-supported monolayer, a new family of functionalized linear alkyl
chains was designed and synthesized, aided by molecular mechanics and
dynamics simulations of its two-dimensional self-assembly on graphite. The
self-assembly of these amino functionalized diamides at the liquid/solid inter-
face was investigated with scanning tunneling microscopy. Intermolecular
hydrogen-bonding interactions involving amides, combined with the effect of

molecular symmetry and chirality, were found to guide the self-assembly.
Control of the relative position and orientation of the amine groups was achieved, in the case of enantiopure compounds.
Interestingly, racemates led to both racemic conglomerate and solid solution formation, with a concomitant loss of positional and

orientational control of the amino groups as a result.

B INTRODUCTION

Due to the continuing need for miniaturization of functional
interfaces, the bottom-up patterning of interfaces by molecular
self-assembly is receiving growing attention as an alternative for top-
down nanopatterning techniques.' ® Self-assembled monolayers
(SAMs), and in particular the alkyl thiols—gold-based systems
have extensively been used to tune the interfacial ?roperties via,
e.g. the exposure of specific chemical functions,'”'" for applica-
tions such as (bio)molecular recognition,'* "> heterogeneous
catalysis,'®"'” and sensor technology.***' Many of these applica-
tions will benefit from the in-plane ordering of chemical function.
However, despite few examples,zz*24 chemisorbed SAMs dis-
played little control over the formation of well-defined patterns at
1—20-nm length scales with subnanometer resolution by bottom-
up assembly only.”>~>*

In contrast to chemisorbed SAMs, physisorbed molecular
monolayers have extensively been exploited to create a wide
variety of molecular patterns with lattice constants of typically
1-20 nm.**"** For instance, on highly oriented pyrolytic
graphite (HOPG), long alkanes and their derivatives self-assem-
ble into a regular lamellar lattice parallel to the surface.**”*°
High-quality pattern formation in such physisorbed monolayers
is facilitated by their dynamic nature, owing to the stabilization of the
molecular monolayers by only noncovalent interactions.**~* Re-
cently, it was shown that the pattern of such physisorbed mono-
layers could be stabilized by postpolymerization.”* >* Most
remarkably, in spite of their flexibility in pattern formation and their
broad use as model systems to study two-dimensional (2D)
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molecular self-assembly, physisorbed SAMs are still waiting to be
exploited as a platform for the defined spatial deposition of chemical
functions at liquid/solid interfaces.

It is the aim of this contribution to utilize physisorbed SAMs
for the defined deposition of functional elements at the liquid/
solid interface, and to investigate the impact of molecular
symmetry and chirality on the 2D arrangement of these func-
tional elements. Therefore, a new family of chiral amino-func-
tionalized diamides (ADA) was designed (Figure 1) aided by
molecular modeling and dynamics simulations, and the self-
assembly of these molecules was studied with scanning tunneling
microscopy (STM) at the liquid/solid interface. The long alkyl
chains are likely to self-assemble parallel to the substrate due to
their commensurability with the graphite surface.”® This will
force the amine functionality to be oriented away from the plane.
By varying the number of methylene groups (n) between the
amides, the relative orientation of the interacting units will be
parallel or opposite. In addition, the absolute configuration of the
stereogenic center and the composition of the solute, i.e. contain-
ing an enantiopure compound versus a racemate can be changed.
These factors allow us to control the pattern formation, including
the position and orientation of the amino groups. Key insights
were also obtained on the role of stereogenic centers in the self-
assembly process.
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Figure 1. Chiral amino-functionalized diamides (X-ADAm). m =n + 2
is the number of methylene groups between the two amides and X (Ror S) is
the absolute configuration. The asterisk represents a stereogenic center.

B RESULTS AND DISCUSSION

Design. To exploit the potential of physisorbed SAMs for the
spatially controlled positioning of functional groups at interfaces,
amino functionalized diamides (ADA) have been chosen as a
model molecular platform. The choice of alkyl diamides is
inspired by the positive experience with alkyl bis-urea com-
pounds, which are known to form lamellar molecular arrays on
HOPG, directed bgf the hydrogen-bonding interactions between
the urea moieties.”® An amine moiety was chosen as a generic
functionality because it can be differentiated from alkyl chains by
scanning tunneling microscopy (STM)*' and, at later stages, can
act as a versatile center of reactivity for further functionalization.

The design of simple amino functionalized diamides is com-
plicated by the fact that the addition of even a single amine
function to an alkyl chain (1) leads to the creation of a
stereogenic center and (2) leads to desymmetrization of the
alkyl diamide scaffold (unless the amine function is positioned in
a mirror plane). As a consequence, several packing modes are
possible which may lead to polymorphism and/or positional
disorder of the functional groups (Figure 2a). When considering
the relative stabilities of the possible arrangements, a configura-
tion where the functionality points down toward the substrate is
likely to be less stable for steric reasons then a configuration
where the amine group points upward. Furthermore, formation
of 1D hydrogen-bonded arrays is also likely to increase the
stability.

Under these assumptions, a first analysis showed that the role
of several structural elements needs to be considered for the
design of functionalized bisamide scaffolds (Figure 2). (i)
Stereogenic centers; the presence of stereogenic centers may
offer possibilities to control the relative orientation of the
functional groups (Figure 2a,b), but also may lead to additional
disorder and polymorphism if racemic compounds are being
used (Figure 2a). (ii) Hydrogen bonding and parity of the
methylene groups; in the case of antiparallel oriented amides,
2-fold rotation around an axis perpendicular to the surface would
preserve hydrogen-bonding interactions with neighboring mol-
ecules within one lamella, but would result in positional disorder
of functional groups without such a symmetry element within the
same molecule (Figure 2c). Also for parallel oriented hydrogen-
bonding groups, positional disordering of chemical functional
moieties while preserving the hydrogen-bonded arrays would
arise from 2-fold rotation around an axis parallel to the lamellar
axis (Figure 2d). In the case of alkyl spacers between the amides,
the relative orientation of the amides depends on the parity of the
methylene groups within the spacer.>>™ >’

From this analysis it is clear that incorporation of a simple
functionality like an amine moiety into the alkyl bis-amide
scaffold may potentially lead to several polymorphic packing
modes, with or without positional disorder of the amine func-
tionalities. Moreover, the effect of the structural elements
discussed above on the packing mode depends on the presence
of the other elements.
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Figure 2. Design principle. (a) Replacing a hydrogen atom from a linear
alkyl building block with a functional group generates two enantiomers
(racemate), assuming that no meso-compound can be formed. In
principle, these enantiomers can form, in total, eight spatial arrange-
ments in a plane. Those with the functionality down, thus facing a
surface, are considered to be less stable. Lack of a distinct difference in
stability between homochiral and heterochiral interactions will lead to
disordered patterns. (b) Enantiopure molecules reduce the possible
spatial arrangements. In the absence of intermolecular interactions
affecting the relative orientation of adjacent molecules, these supramo-
lecular tapes will still show a high degree of disorder. (¢, d) Introducing
two directional units within the same molecule, which point in anti-
parallel (c) or parallel (d) directions, is key for controlled self-assembly.
In the antiparallel case (c), only rotation of a molecule over 180° along
an axis perpendicular to the surface plane preserves the directional
intermolecular interactions, though with a loss of positional control of
the functional groups as result. In the parallel case (d), for similar
reasons, only rotation over 180° along an axis parallel to the tape axis
preserves the directional intermolecular interactions, but "functionality
up’ becomes “functionality down’, which is unfavorable. In absence of
this rotation, positional control is potentially achieved.

In Tables 1 and 2 several different possible packing modes are
depicted for simple enantiomerically pure ADA molecules with
parallel or antiparallel oriented amide groups. It should be noted
that the possible packings are likely to have different stability.
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Table 1. Possible Packing Arrangements for an Enantiopure
0dd Molecule (illustrated for R-ADAS) with Their Total
Potential Energy, Valence and Nonbond Energy per Mole
Molecule *

Table 2. Five Possible Packing Arrangements for an Enan-
tiopure Even Molecule (illustrated for S-ADA6) with Their
Total Potential Energy, Valence, and Nonbond Energy Per
Mole Molecule”
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“Compounds with an odd number of methylene groups force the
hydrogen-bonding amide groups to be oriented parallel. (1) All amines
up (Aup), in a row (R), and carbonyls in same direction (Cs). (2)
Amines randomly up and down (Arupd), not in a row (nR), and
carbonyls in same direction (Cs). (3) Amines alternating up and down
(Aupd), not in a row (nR), and carbonyls in same direction (Cs). (4) All
amines down (Ad), in a row (R), and carbonyls in same direction (Cs).
(5) Amines alternating up and down (Aupd), in a row (R), and
carbonyls in opposite direction (Co). (6) All amines up (Aup), not in
a row (nR), and carbonyls in opposite direction (Co). (7) All amines
down (Ad), not in arow (nR), and carbonyls in opposite direction (Co).
Amines up/down means that the amine groups are pointing away/
towards the substrate surface, respectively.

From the design considerations above, it is expected that only an
enantiomerically pure compound featuring an odd number of
methylenes in the spacer will form a patterned monolayer
without positional disorder of the amine functionalities.

To further substantiate this hypothesis, molecular mechanics/
molecular dynamics (MM/MD) calculations were carried out for
enantiopure systems (2 rows of 15—20 molecules) with an odd
(e.g, R-ADAS) or even (e.g., SSADA6) number of methylenes in
the linker connecting both amide groups. All possible packing
arrangements were geometry optimized onto a substrate surface
made of two frozen graphene layers, and MD simulations were
carried out at 298 K for 0.5 ns (see Supporting Information [SI]
for more details). The energies discussed were recorded over
the last 100 ps of the simulations. These energies were then

compared to find the most stable packing. Constraints only apply
to the surface. The molecules were completely unconstrained
during simulations. As a consequence, the distances that one may
measure between those molecules and between molecules and
surface reflect the nonbonded interactions.

The odd molecule R-ADAS has seven different possible
packing arrangements, listed in Table 1. For each packing the
total potential energy, the valence, and the nonbond energy
were calculated after molecular dynamics. More details can be
found in the SL

The first packing 1-AupRCs has clearly the lowest potential
energy. The main difference lies in the nonbond energy. The
molecules are able to form very efficient intermolecular hydrogen
bonds. The van der Waals energy and the electrostatic interac-
tions also show low (i.e., strongly negative) values since the
amine is pointing away from the surface and the distance between
the molecules is ideal for favorable interactions. When the
amine is directed toward the surface (4-AdRCs), the nonbond
energy increases; van der Waals repulsion between the surface
and the amine groups results in larger distances between
molecules which are detrimental to both hydrogen bonds and
electrostatic interactions. When some of the amines are up
(alternating (3-AupdnRCs) or random (2-AupdrRCs)), the
van der Waals energy decreases again, and the packing becomes
more stable. The last three packing possibilities (5, 6, and 7) in
Table 1 all have their carbonyls pointing toward each other. This
leads to a significant destabilization and a very unfavorable
organization. During the MD run, we observe translations
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between molecules, desorption of carbonyls, and flipping on the
surface in order to have the carbonyls all pointing in the same
direction again.

To find the most stable packing for molecules with an even
number of methylene segments between the amide moieties,
MD simulations were carried out on different packings of S-
ADAG. S-ADAG has three different packing possibilities, but for
each packing, the molecules can easily rotate 180° around an axis
perpendicular to the surface. The position of the amines then
changes, but the orientation with respect to the substrate and the
orientation of the carbonyls stay the same. These rotations
should not affect the total potential energy of the packing, and
this was validated for one packing. To find the most stable
packing, MD simulations were carried out on five different
organizations. The results are shown in Table 2. (For more
details, see the SI.)

The first organization (1-AupRCs) with all the amino groups
oriented away from the surface and in a row is the most
stable one. The difference between the first three organizations
(1-AupRCs, 2-AuprnRCs, and 3-AupnRCs) where the amino
groups are all pointing up is negligible since it can easily be
overcome at room temperature. This means that the position of
the amine in a row, alternating or random, does not influence the
energy as long as the amines have the same orientation with
respect to the substrate. These three organizations have the
lowest energy. When all the free amines are pointing toward the
substrate (4-AdRCs), the backbone of the molecules has to tilt
slightly, leading to less favorable nonbond interactions, mostly
van der Waals interactions. When the amines point up and down
(5-AudRCo), the carbonyls are directed toward each other. As
seen for the R-ADAS, this kind of packing costs a lot of energy; in
particular, hydrogen bonds and favorable electrostatic interac-
tions will be lost. Overall, the most stable organization is the one
with all the amines pointing away from the surface. Since there is
no real preference in the position of these amines, the most
disordered packing, 2-AuprnRCs, is probably the most favored
one, based upon entropy considerations.

Even more possible packing modes are expected when mono-
layers are formed from a racemate. In general, deposition from a
racemate®” % can lead to the formation of a racemic conglom-
erate consisting of enantiomerically pure domains, a racemic
compound containing both enantiomers in its unit cell, or a solid
solution in which the enantiomers are randomly mixed in the
monolayer.**®® In contrast to the situation for regular 3D
crystallization, the majority of the racemates investigated so far
at the liquid/solid interface form monolayers that are racemic
conglomerates.66 In 3D, inversion centers create the most dense
packing which implies racemic compound formation, while in
2D, 2-fold rotations are responsible for the densest packing since
inversion centers are not compatible with a plane, meaning that
generally in 2D enantiomerically pure domains are favored. For
racemates of ADA molecules with parallel oriented amides, each
of these possibilities is equally likely, though, if one considers
similar qualitative stability criteria as for monolayers consisting of
enantiopure compounds. However, racemates of ADA molecules
with antiparallel oriented amides are expected to self-assemble
into racemic conglomerates.

Synthesis. The design of the compounds is based on a-amino
diamides, which can be derived from commercially available
o-amino diacids via the well-established synthesis of amides
(Scheme 1). N-Boc-a-amino diacids were reacted with 2 equiv
of dodecyl amine to give the crude bis-amides 2a—g. Extensive

purification followed by removal of the boc-protecting group in
acidic conditions gave the bis-amide ammonium salts 3a—g,
which without further purification were treated with base to give
the final products 4a—g. Compound 4h was prepared starting
from a-(Fmoc)-amino diacid which was also coupled with
2 equiv of dodecyl amine, followed by removal of the Fmoc
protecting group to give directly 4h. All compounds were
characterized by 'H NMR, 13C NMR, MS, and elemental analysis
(final products only). Characterization as well as detailed syn-
thetic procedures can be found in the SI.

STM. To test the hypothesis on interfacial arrangement of
functional bisamides, the self-assembly of these compounds was
studied with STM. Solutions of the ADA-molecules were pre-
pared in 1-phenyloctane (2.10—4 mol/L) by gentle heating
(60 °C). Then a droplet of the solution at room temperature
was applied on the basal plane of highly oriented pyrolytic
graphite (HOPG) (1 x 1 cm®) at room temperature. A sketch
of the substrate with its symmetry axes is shown in the SI
Typically, 30 min after deposition of a drop of the solution on the
basal plane of graphite, the outcome of the self-assembly process
was probed by STM at the 1-phenyloctane/HOPG interface.

While MM/MD have been carried out on the odd R-ADAS
and the even S-ADA6, STM studies of monolayer formation have
been carried out for a broader spectrum of compounds, ranging
from small (ADA3) to long (ADAG6).

For the odd enantiopure molecules R-ADA3 and S-ADA3, the
molecules are stacked and form a closely packed lamellar
structure (Figure 3). Each molecule consists of two darker parts
and a brighter part. The alkyl chains have a lower tunneling
efficiency and appear quite dark in the STM image, while the
amine groups have a higher tunneling efficiency and appear fairly
bright. The STM contrast provides no direct information on the
orientation of the amine groups. On the basis of the simulations,
though, we assume that the amine groups are directed away from
the surface. This also holds for the other molecules. Both R- and
S-ADA3 have a lamella width of 4.0 £ 0.1 nm, and the distance
between two successive molecules in a lamella is 0.48 £ 0.0S nm.
The difference in packing for these two molecules lies in the
orientation of the lamella direction with respect to the normal of
the main symmetry axes of the underlying graphite substrate
(1—100), shown in Figure 3. This angle is +2 & 1° for R-ADA3
and —3 =+ 1° for S-ADA3 (SI), which means that the absolute
chirality of the molecules is expressed in the monolayer orienta-
tion with respect to graphite. The alkyl chains are lying parallel
with the main symmetry axes of graphite (11—20). The amine
groups seem to be aligned in a row. Especially the high-resolution
image of S-ADA3 shows that the bright dots are in a straight line.
To quantify the ordering of the amines, a correlation factor was
calculated. The number of hetero pairs (adjacent amines on
opposite sites) was divided by the number of homo pairs
(adjacent amines on the same side). In this case a correlation
factor of 0.09 was found, which substantiates the conclusion that
the amines are ordered in a row. Assuming that this correlation
factor reflects the equilibrium constant K = [hetero pair]/[homo
pair], the standard free energy change AG®, . for a hypothe-
tical process where a hetero pair is converted into a homo pair
measures —1.42 kcal/mol. Overall, the pattern can be described
as 1-AupRCs, in line with MM/MD predictions.

As a comparison, the self-assembly of the even enantiopure
molecules R-ADA4 and S-ADA4 was also studied. Figure 4 shows
that these molecules stack into closely packed lamella too. The
lamella width is 4.1 + 0.1 nm, the distance between two
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Scheme 1. Synthesis of ADA Molecules”
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Figure 3. STM-images of R-ADA3 (first row) and S-ADA3 (second
row). Lt = 79 pA, Vi = —1040 mV. (Inset) Underlying graphite
substrate with its main symmetry axes (11—20) in black and the normals
of the main symmetry axes (1—100) in red. The angle between the
lamella direction (blue) and a normal of the main symmetry axes (red) is
indicated. The white arrows show missing amines.

neighboring molecules is 0.48 & 0.05 nm, and the alkyl chains lie
parallel with the main symmetry axes of graphite (11—20). The
chirality of R- and S-ADA4 is again expressed in the orientation of
the lamella direction with respect to the normal of the main
symmetry axes of graphite (1—100). For R-ADA4, this angle
measures —4 + 1°; for S-ADA4 it is +3 + 1°. For few domains
the even molecules S- and R-ADA4 also show a second poly-
morph. More details can be found in the SI. In contrast to the odd
molecules R- and S-ADA3, the amines do not appear as a single
bright line, indicating they are randomly oriented. Within a row
of stacked molecules, two bright but discontinuous lines can be
seen, which are attributed to the location of the amine groups.
This suggests that the molecules can rotate 180° around an axis
perpendicular to the surface, due to the quasi-C, symmetry of the
amide moieties. In the high-resolution image of S-ADA4, the
hopping from ‘left’ amines to ‘right’” amines is clearly visualized.
In the case of enantiopure even molecules a correlation factor of
0.86 was obtained (AG®pq_ne = 0.089 kcal/mol), which confirms
the random orientation. The pattern can be described as
2-AuprnRCs, in line with the MM/MD predictions

When the spacer becomes longer, it should be easier to
visualize if the amines are in a line or randomly organized. To
evaluate if the self-assembly does not change by varying the
length of the spacer and to confirm the observed odd/even effect,

Figure 4. STM images of R-ADA4 (first row) and S-ADA4 (second
row). I = 24 pA, Vi = —860 mV. (Inset) Underlying graphite
substrate with its main symmetry axes (11—20).

Figure 5. STM-images of R-ADAS (first row) and S-ADA6 (second
row). L = 86 pA, Ve = —1040 mV. (Inset) Underlying graphite
substrate with its main symmetry axes (11—20).

the self-assembly of R-ADAS and S-ADA6 was studied and
compared with the outcome of the MM/MD simulations
(Tables 1 and 2). R-ADAS assembles into lamella with a width
of 4.3 £ 0.1 nm (Figure S), which is naturally larger than that of
the shorter analogues. The distance between two neighboring
molecules is 0.48 3= 0.02 nm, and the alkyl chains lie parallel with
the main symmetry axes of graphite (11—20). The angle between
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WS-ADAS

Figure 6. STM-images of R-/S-ADAS. L, = 137 pA, Ve = —680 mV.
(Inset) Underlying graphite substrate with its main symmetry axes
(11—20). The right scheme shows how R and S enantiomers can be
mixed within the same lamella with no significant energy loss.

the direction of the lamella and the normal of the underlying
symmetry axes of graphite (1—100) is +4 £ 1°. The free amines
are clearly in a straight line These results confirm that enantio-
pure odd ADA molecules give rise to closely packed lamella with
its free amines ordered in a row. Therefore, 1-AupRCs is the most
stable packing, and this is in agreement with the predictions. The
calculated unit cell parameters, shown in the SI, are also
consistent with the measured unit cell parameters.

In every STM-image, though, there are some bright dots
missing in the row of amines. This is probably due to the fact
that a molecule has flipped and rotated so that the carbonyls are
still directed in the same direction, but the amine is now pointing
toward the surface and is not lying in the row anymore. In the
packing possibilities (Table 1), the random packing 2-AupdrnRCs
is the closest in energy in comparison with the most stable packing,
Therefore, this organization is very probable as a defect. The other
possible defects are unlikely to occur because of their high energy
penalty. This was verified with a separate set of calculations which
determined the energy cost of different possible defects and is
shown in the SL

The even S-ADA6 molecules self-assemble into lamella with a
width of 4.3 & 0.1 nm (Figure S). The distance between two
neighboring molecules is 0.49 = 0.02 nm and the alkyl chains lie
parallel with the main symmetry axes of graphite (11—20). The
angle between the direction of the lamella and the normal of the
underlying symmetry axes of graphite (1—100) is —6 £ 1°. Also
for even S-ADA6 molecules a second polymorph is found.
Because only a few domains with this packing have been
observed, this polymorph is described in the SI. In contrast to
the odd molecules and similar to the even R- and S-ADA4
molecules, the amines appear randomly ordered. This organiza-
tion is in line with the predictions in which the amines are packed
randomly in a row, and with the experimental data on the ADA4.

The calculated unit cell parameters, shown in the SI, are also
consistent with the measured unit cell parameters.

In conclusion, using odd ADA molecules, the amine groups
can be forced to line up, having most probably their amino
groups pointing toward the supernatant solution. For even ADA
molecules, this is not possible. An odd/even effect, in combina-
tion with the use of enantiomers, can be combined to direct the
position of functional groups in a 2D supramolecular lattice.

Self-assembly of enantiopure ADA compounds is absolutely
necessary to force the amino functionality to be in line in a
supramolecular tape. This is proven by experiments where a
racemate rather than an enantiopure compound was allowed to
self-assemble at the liquid/solid interface. To simplify the
analysis of the STM data, only racemates of the longest odd
and even ADA molecules were investigated.

Unfavorable structure

Tentative structure
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Figure 7. Molecular structure and STM-images of R/S-ADAG. I =
100 pA, Vi = —760 mV. (Inset) Underlying graphite substrate with its
main symmetry axes. (Bottom left) Tentative arrangement of molecules
in enantiopure lamellae featuring disordered amines. (Bottom right)
Demonstrates that R- and S-enantiomers cannot be mixed within the
same lamella without significant energy loss.

R-/S-ADAS, representative for the odd molecules, self-assem-
bles into closely packed lamella with a width of 4.2 &= 0.1 nm. The
distance between two neighboring molecules is 0.48 & 0.01 nm,
and the alkyl chains lie parallel with the main symmetry axes of
graphite (11—20). The angle between the direction of the lamella
and the normal of the symmetry axes (1—100) of graphite is now
smaller and varies between —2° and +2° & 1°. Figure 6 shows a
high-resolution STM-image of the monolayer formed from the
racemate. In contrast with the pure odd enantiomer, the amines
are not lying in a row. They are randomly organized (correlation
factor of 1.08). Assuming that the amine groups are directed away
from the surface, modeling predicts that such a situation can only
occur if both enantiomers coadsorb in the same hydrogen
bonded row, since the carbonyls would otherwise be directed
toward each other which is very unlikely due to significant
destabilization. Since this mixing is random, a solid solution is
formed.®” MD/MM were carried out (SI) and showed that both
a racemic compound and a racemic conglomerate could be
formed also, but since there is no significant difference in stability,
the most disordered packing is normally favored on the basis of
entropy considerations, which is in agreement with the formation
of a solid solution, and the experimental data.

R-/S-ADAG, the representative of the even molecules, also self-
assembles into closely packed lamella with a width of 4.3 %+
0.1 nm (Figure 7). The distance between two neighboring
molecules is 0.48 £ 0.01 nm and the alkyl chains lie parallel
with the main symmetry axes of graphite (11—20). The angle
between the lamella direction and the normal of the symmetry
axes (1—100) of graphite varies between —2° and +2° £ 1°.

The STM images show that the amines are randomly ordered
(correlation factor of 1.03). However, note that rows of enantio-
pure molecules are themselves structurally disordered which
complicates the analysis of the STM data. However, most likely,
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the R- and S-enantiomers are not mixed in a lamella because
mixing R-ADA and S-ADAG6 with all the amines standing up
would force carbonyl groups to be oriented toward each other
(Figure 7 bottom right) and as shown by the MM/MD simula-
tions this is energetically very unfavorable. We can conclude that
at the level of the lamellae a racemic conglomerate is formed,
since each lamella is enantiomerically pure (Figure 7 bottom
left). At larger length scales, different domains (+2 and —2 with
respect to graphite) can be found. Although these angles are
quite small, they are consistent with the previous enantiopure
experiments. This suggests that lamellae of R and § molecules are
separated into different domains and a racemic conglomerate is
formed. With more certainty, we can state that at the level of the
lamellae, a racemic conglomerate is formed. Similar to the
enantiopure even enantiomers, the racemate also gives rise to a
second polymorph, a racemic compound (see SI). Molecular
dynamics confirmed that both a racemic conglomerate and a
racemic compound, but with enantiopure lamellae, are probable
(see SI).

Monolayers formed from a racemate of odd or even ADA
molecules always contain randomly organized amines which are
most likely oriented away from the surface. For odd molecules, a
solid solution is formed, while for even molecules, the formation
of a racemic conglomerate was deduced. The differences in the
patterns formed by racemates of compounds with different alkyl
chain parity can be explained by the dominant role of hydrogen-
bonding. Hydrogen bonding between amide groups determines
the possible relative orientations of interacting molecules. The
position of the amino group along the alkyl spacer is not a
determining factor. As a result, for ADA molecules with odd
parity, enantiomers can be part of the same row. From an
enthalpy point of view, there is no preference for the formation
of a solid solution, racemic compound, or racemic conglomerate.
On the basis of entropy considerations though, a solid solution is
favored. For molecules with an even spacer, the enantiomers are
forced to assemble in separate rows.

B CONCLUSIONS

This study shows that it is possible to control the spatial
deposition of functional moieties at the graphite—liquid inter-
face with subnanometer precision, by employing physisorbed
monolayers as a topological scaffold. As a model system, linear
bis-amides as a supramolecular scaffold with pendant amine
functions have been designed and synthesized by employing
hydrogen bonding as the dominant intermolecular interaction
and taking into account (i) molecular symmetry governed by
odd—even effects and (ii) chirality selection - to control their
ordering on surfaces. The predictions from these qualitative
design considerations were confirmed by quantitative MM/MD
simulations, and STM studies revealed that the linear bis-amides
with pendant amines indeed form physisorbed monolayers at the
graphite/phenyl octane interface. The monolayers have a regular,
lamellar structure but with various degree of order within the
lamella, depending on the molecular symmetry and enantiomeric
composition of the compound.

The following key guidelines proved to be successful to
control the positioning of functional groups, i.e. amino groups,
on a surface, obviously under conditions wherein self-assembly
into monolayers takes place.

(i) The most bulky group on a stereogenic center on an

alkyl chain tends to be directed away from the graphite

substrate. This intuitive guideline is very useful, especially
considering systems with multiple groups or chiral centers.
Note that some exceptions have been reported though.®®
(i) Directional intermolecular interactions (e.g., hydrogen
bonding), in combination with molecular symmetry,
facilitate the prediction of the self-assembly process. A
particular useful and reliable way to influence molecular

symmetry is based on alkyl spacer parity.

Following these guidelines, it was predicted and experimentally
shown that the only successful approach to align amine groups in
arow, based on the ADA motif, is via enantiopure molecules with
an odd number of methylene groups in the alkyl spacer connect-
ing both amide groups. Adsorption of enantiopure molecules
with an even number of methylene groups or from a racemate of
both odd and even ADAs gives rise to randomly ordered amines.

In addition to the success in positioning functional groups
with high spatial control, this study also gave insight into factors
which govern the formation of a solid solution, racemic com-
pound, or racemic conglomerate. This is relevant as most of the
systems investigated so far at the liquid/solid interface gave rise
to racemic conglomerate formation. Under the conditions (i)
that the self-assembly system is characterized by strong intrarow
directional noncovalent interactions dictating the possible or-
ientations of adjacent molecules and (ii) that the chiral center
determines which side of the molecule faces the surface, the alkyl
chain parity will determine if a racemic conglomerate or solid
solution is formed, at least at the level of the individual lamella.

The ease of formation, the stability of these monolayers, and
the accessibility of the amine groups, directed away from the
surface, opens the way to use these monolayers as templates for
synthesis at the liquid/solid interface.
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