Homochiral Hierarchical Molecular Assemblies through Dynamic
Combination of Conformational States of a Single Chiral Building
Block at the Liquid/Solid Interface
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We herein report the construction of homochiral, hierarchical self-assembled molecular networks (SAMNs) at the

liquid/graphite interface using a single molecular building block, a chiral dehydrobenzo[12]annulene (cDBA) derivative with

three chiral alkoxy and three hydroxy groups positioned in an alternating manner on the DBA core. The cDBA molecules

form homochiral hierarchical SAMNSs consisting of triangular clusters of several sizes, the size of which can be tuned by

solvent polarity and solute concentration, reaching periodicities as large as 9.3 nm. We demonstrate the successful

transmission of chirality information from the single molecular level to the hierarchical SAMN level, in a process that is

mediated by dynamic self-sorting.

Introduction

The construction of homochiral hierarchical molecular
assemblies has attracted great interest! because these chiral
assemblies offer potential applications in chiral molecular
recognition23 and enantioselective reactions.* One of the key
strategies for the construction of such intricate molecular
assemblies is to utilize the successful transmission of chirality
information from the single level to the
supramolecular level. Many investigations have established

such a design strategy for various molecular systems in three-

molecular

dimensional space,> i.e. metal complexes,58 supramolecular
polymers,210 and gels.11.12

Control of the supramolecular chirality of self-assembled
molecular networks (SAMNs)!3 on surfaces is of keen interest
t00.1421 Homochiral SAMNSs can be constructed by using chiral
molecular building blocks.2223 Moreover, external factors, such
as chiral solvents?4-26 and electric fields?” are known to bias the
supramolecular chirality of SAMNs formed by achiral (prochiral)
molecules. Chirality induction?2.2829 and amplification3? in
SAMNs are also reported. A recent study demonstrated that
homochiral SAMNSs can be used as preorganized monomers for
the synthesis of homochiral 2D covalent organic structures
through chirality information transmission.31-34 Though there
are a few reports on chirality control of hierarchical molecular
assemblies on metal substrates in ultrahigh vacuum (UHV)
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conditions,3>3% such is not reported at the liquid/solid interface,
probably because of its environmental complexity, requiring
well-designed systems. Typically, the periodicity of homochiral
SAMNs at the liquid/solid interface is a few nm only. Scanning
tunneling microscopy (STM) is able to characterize the structure
and chirality of SAMNs at the nanoscale with submolecular
resolution.37:38

The construction of hierarchical SAMNs has been achieved
by a self-sorting process involving several molecular building
blocks.3941 This process involves hierarchical intermolecular
recognition through a combination of different types of non-
covalent interactions with multiple interaction sites and the size
and shape of the molecular building blocks.*2-44 The process
involving several molecular components is called social self-
sorting.*> The self-sorting also occurs for a single molecular
component. In this case, the hierarchical SAMNs consist of the
same molecular building block with different intermolecular
interacting groups and/or molecular conformations. Most
investigations are conducted on metal surfaces in UHV
conditions by regulating the molecular surface coverage, in
which hierarchical SAMNs are formed by the same molecular
building block yet having different intermolecular interacting
groups.*-51 At the liquid/solid interface, there are two reports
on the construction of hierarchical SAMNs formed by the
dynamic combination of the conformational states of a single
molecular component.>253 A challenge is the chirality control of
these hierarchical SAMNs. This requires the development of a
sophisticated design strategy that enables control over not only
the structure but also the chirality of the hierarchical SAMNSs.

We recently reported on the construction of a hierarchical
SAMN at the liquid/graphite interface through self-sorting using
dehydrobenzo[12]annulene (DBA) derivative DBA-OC14-OH
having hydroxy groups and alkoxy chains arranged in an
alternating manner (Fig. 1a).53 Through the interplay of van der
Waals and hydrogen bonding interactions, the DBA-OC14-OH



molecules form hierarchical triangular clusters by the
combination of the four conformational states, the latter being
defined by the number of physisorbed alkoxy chains (m =0, 1,
2, 3, Fig. 2a). The size of the triangular clusters defined by the
number of the DBA molecules at each side of the cluster (n) can
be controlled from 2 to 15 by the solvent polarity. Moreover,
the hierarchical SAMNs are chiral while both mirror-image
structures appear with equal probability (Figs. 2a, S1 and S2).

Based on our previous findings, we here envision that it
should be possible for hierarchical SAMNs to show single-
handedness by bestowing chiral information to a molecular
building block. We report the formation of homochiral chiral
triangular clusters of various sizes through the dynamic
combination of the different conformational states of newly
designed molecules, enantiopure cDBA-OC14(S)-OH and cDBA-
OC14(R)-OH at the liquid/graphite interface (Fig. 1a). Careful
design, in combination with optimized experimental conditions,
leads to the successful transfer of chiral information at the
single molecule level to mono-component homochiral complex
hierarchical structures, with periodicities that exceed 9 nm, the
size of which is tuned by solvent polarity and solute
concentration.

Results and discussion

With the ambition in mind of creating homochiral mono-
component hierarchical self-assembled molecular networks,
new molecules, i.e. cDBA-OC14(S)-OH and cDBA-OC14(R)-OH,
were designed with on the one hand alkoxy groups with a
methyl group substituted at the 2-position rendering these
chiral, and on the other hand hydroxy groups. The alkoxy and
hydroxy groups are positioned on the DBA core in an alternating
manner (Fig. 1a). So, except for the chiral center, the structures
of the chiral DBAs are identical to DBA-OC14-OH. It was
expected that upon adsorption on graphite, the chiral DBA (Csn
symmetry (m = 3)) will adopt a single chiral configuration driven
by the steric repulsion between the methyl groups at the
stereogenic centers and the graphite surface (Figs. 1b,c). In
other words, we assumed that the chiral DBA would adsorb
preferentially, if not exclusively, always with the same face on
the surface, also for other conformational states with fewer
numbers of adsorbed alkoxy chains (m = 1 and 2) (Fig. 2b). In
contrast, no transmission of chiral information was expected to
occur for the conformational state where no alkoxy chains (m =
0) are adsorbed on the surface. Note that in analogy with DBA-
0C14-OH, when the chiral DBA would form the triangular
clusters (Fig. 2c), the number of adsorbed chiral chains (m) is
different depending on the position of the molecule in the
triangular clusters (top: m = 2, side: m = 1, and inside: m = 0).
Therefore, the number of adsorbed chiral chains per triangular
cluster should decrease upon increasing cluster size (Fig. S8),
and potentially also the control of supramolecular chirality.

cDBA-OC14(S)-OH and cDBA-OC14(R)-OH were synthesized
from DBA-OTBS-OMOM in two-step synthetic transformations
(see ESI).2° For SAMN preparation at the liquid/solid interface,
we prepared a solution of the chiral DBA in 1,2,4-
trichlorobenzene (TCB), 1-hexanoic acid (HA), or their mixture.
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We chose these solvents because of the following reasons. For
achiral DBA-OC14-OH, co-adsorption of HA molecules is an
essential element in forming the hierarchical SAMNs through
hydrogen bonding interactions between the carboxy group of
the HA molecule and the hydroxy group of the DBA molecule.53
Moreover, our previous study reported that the size of the
triangular clusters was modulated by solvent polarity using
mixtures of TCB and HA in different ratios. We set different
solute concentrations ranging from 3.0 x 10°t0 1.0 x 1072 M to
check concentration-dependent structural changes. The sample
solution (40 uL) was poured into a liquid cell which was attached
to a freshly cleaved surface of highly oriented pyrolytic graphite
(HOPG). An annealing treatment was applied at the
liquid/graphite interface at 80 °C for 3 h to stimulate SAMN
formation. After the annealing treatment, the liquid cell was
allowed to cool down to room temperature, and then STM
imaging was performed at room temperature.-As-we-expected

Ry . ¢ iort R s
Nevertheless-theresultsfor-eBBA-OC14{R)-OHare-equivalent

As we expected, there were no differences in the self-
assembly behavior for the R and S isomers, except for the
supramolecular chirality of the SAMNSs.2223 The most
detailed investigation was only performed for one of the
enantiomers, i.e, cDBA-OC14(S)-OH. Nevertheless, the
results for cDBA-OC14(R)-OH are equivalent and, as
expected, mirror-symmetric. The data on cDBA-OC14(R)-
OH are presented in the Supporting Information.

We constructed the network models by geometry
optimization of the DBA molecules on bilayer graphene sheets
using molecular mechanics (MM) simulations with the
COMPASS force field under periodic boundary conditions.
Further details on the STM observation and MM simulations are
described in ESI.

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. (a) Chemical structures of DBA-OC14-OH, cDBA-OC14(S)-OH, and cDBA-
0C14(R)-OH. (b) Two isoenergetic enantiomorphic adsorption motifs of DBA-OC14-OH
on bilayer graphene sheets optimized by molecular mechanics (MM) simulations. The
bilayer graphene sheet is omitted for clarity. (c) Two adsorption configurations of cDBA-
0C14(S)-OH on bilayer graphene sheets optimized by MM simulations. "Up" and "down"
refers to the orientation of the methyl groups on the 2-position of the alkoxy groups with
respect to the substrate underneath.
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Figure 2. (a) Schematic illustration of a honeycomb structure (hypothetical) and
triangular clusters (n = 2 and 4) formed by achiral DBA-OC14-OH. The n refers to the
number of the DBA molecules at each side of the triangular cluster. Always CW and CCW
structures appear in separate domains. The triangular cores of the DBA molecules with
different conformational states are colored dark gray (m = 3), light green (m = 2),
turquoise (m = 1), and blue (m = 0). (b) Schematic illustration of the four conformational
states of cDBA-OC14(S)-OH with the different numbers (m) of adsorbed alkyl chains. The
alkyl chains orienting to a solution phase are omitted for clarity. We defined CW (upper
row) and CCW (lower row) rotations at the single molecular level based on the alkyl chain
orientations. (c) Schematic drawings of the formation of the homochiral hierarchical
molecular self-assemblies of cDBA-OC14(S)-OH.
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Self-assembly from 1,2,4-trichlorobenzene

In TCB, cDBA-OC14(S)-OH exclusively forms a honeycomb
structure with one DBA molecule at each corner at all solute
concentrations (Figs. 3a and S3), in contrast to achiral DBA-
0C14-OH which forms a honeycomb structure with a cluster
consisting of four DBA molecules at each corner (Fig. $1).53 In
STM images, a m-conjugated core often appears brighter
because of its higher tunneling efficiency. Thus, the bright
triangular features are the -conjugated cores of the cDBA. The
lines bridging the cDBA cores are adsorbed alkyl chains that run
parallel to the main symmetry axes of the graphite substrate
underneath. The alkyl chains show a [1+1] type interaction. Unit
cell parameters are a = b =5.0 £ 0.1 nm and y=60 £ 1°. The
supramolecular chirality of the honeycomb structure is
discerned by the alkyl chain orientation (clockwise (CW) or
counterclockwise (CCW) orientation) at the rim of the
hexagonal pore (Fig. S4). Moreover, this chirality is
differentiated by the angle a between the unit cell vector a and
one of the normals of the main symmetry axes of graphite (Fig.
S2).For the analysis of the chirality of the honeycomb structure,
we used more than 26 STM images (80 nm X 80 nm) at each
solute concentration (Table S1). Only the CCW honeycomb
structure covers the surface. Moreover, the angle a values (Fig.
3a) determined from more than 4 images are all negative at all
concentrations. These analyses confirm that the honeycomb
structures formed by cDBA-OC14(S)-OH are globally
homochiral, with CCW orientation. This is in agreement with the
favorable orientation of the methyl groups, determined at the
single molecular level, of cDBA-OC14(S)-OH adsorbed on
graphite (Fig. 1c). Moreover, the network model optimized by
MM simulation is shown in Fig. 3b, in which we assume that the
methyl groups attached at the stereogenic centers orient to the
solution phase. The details on the network modeling are
described in ESI (Fig. S4).

In contrast to the case of achiral DBA-OC14-OH, the
honeycomb structure for chiral cDBA-OC14(S)-OH consists of
single DBA molecules at each corner. We consider that the
formation of a tetrameric cluster is unfavorable for cDBA-
0C14(S)-OH because of the steric hindrance arising from non-
uniform orientations of the stereogenic methyl groups with
respect to the graphite surface in the tetrameric cluster as
discussed in ESI (Fig. S5).

J. Name., 2013, 00, 1-3 | 3
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Figure 3. SAMNs formed by cDBA-OC14(S)-OH at the TCB/graphite interface. (a) STM
image of a honeycomb structure (1.0 x 104 M, /ser = 200 pA, and Vyias = -0.43 V) and (b)
corresponding molecular models optimized by MM calculation on bilayer graphene
sheets. In the MM models in (b), the bilayer graphene sheets were omitted for clarity.

Color codes in (b): blue; carbon atoms of cDBA-OC14(S)-OH, orange; carbon atoms of
the methyl groups attached to the stereogenic centers, red; oxygen atoms, and white;
hydrogen atoms. An inset in (b) highlights a [1+1] alkyl chain interaction mode.

Self-assembly from 1-hexanoic acid

Contrary to the SAMN formation in TCB, concentration-
dependent polymorphism is observed at the HA/graphite
interface. At a low solute concentration of 6.0 x 106 M, a
triangular cluster structure (n = 2) formed by three cDBA-
0C14(S)-OH molecules having the same conformational state
(m = 2) with two physisorbed alkyl chains is observed (Figs.
4a,b). The cDBA molecules in the trimeric cluster are linked by
four alkyl chains and two co-adsorbed HA molecules, located in
the middle of the alkyl chain linkages. These align parallel to the
main symmetry axis of graphite underneath (Fig. S6). The
triangular cluster is sustained by hydrogen bonding interactions
between the hydroxy group of the cDBA molecule and a HA
molecule. Unit cell parametersarea =b =6.4 0.1 nm and y=
60.0 + 0.5°. In the case of achiral DBA-OC14-OH, the same
triangular cluster structure (n = 2) is formed, while both CW and
CCW domains appear with equal probability. On the other hand,
the chirality of all triangular clusters formed by cDBA-OC14(S)-
OH in 22 large area STM images (80 nm X 80 nm) is exclusively
CCW. This is also supported by a mean angle a value of —=5.0
0.2° (Fig. S7). All cDBA molecules with the configurational state
2 in the CCW structure adopt the same molecular
orientation in which all methyl groups orient to the solution
phase (Fig. 1c, left). The favorable molecular orientation on the
graphite surface renders the SAMN homochiral. When the
concentration is increased to the range of 1.0 x 10> t0 5.0 x 10~
3 M, small domains of the triangular clusters of various sizes (n
= 2 to 5) and a linear pattern emerge (Fig. S9). The triangular
clusters larger than n = 3 consist of a combination of the
molecules with three different molecular conformational sates
(m =0, 1, and 2). The linear patterns consist of cDBA-OC14(S)-
OH of the conformational state m = 2 (Figs. 4b,c). Unit cell
parameters of the linear structure area=1.4+0.1nm,b=5.4
+0.1 nm, and =76 * 1°. At the highest concentration of 1.0 x
102 M, a densely packed structure consisting of the
conformational state without physisorbed alkoxy chain (m = 0)
appears (Figs. 4e,f). Unit cell parameters are a =b = 1.36 + 0.05
nm and = 60.2 + 0.8°. The angle a value is always negative
giving a mean value of =18 + 2°. In the dense structure, all DBA

m =
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molecules assemble through hydrogen bonding interactions.
The alkyl chains of the DBA molecules orient to the solution
phase and are solvated. Notably, the dense structure
transforms to the linear pattern during STM tip scanning (Fig.
S10). This implies that the dense structure is destabilized by
STM tip scanning. It should be noted that the dense structure of
cDBA-0OC14(S)-OH is homochiral too, despite the fact that the
chiral chains are not adsorbed on the surface (Fig. S11). This
contrasts a previous report on the SAMN of an isophthalic acid
derivative containing a chiral diacetylene unit in which
supramolecular chirality disappears by the desorption of the
chiral side chain from the substrate.>* The chiral information of
the chains will not be transferred to the dense structure
because of their conformational freedom in the solution phase
(Fig. S12). Another factor plays a role in chirality induction in the
dense structure. We consider that the dense structure is formed
from precursor states that have alkyl chains in contact with the
substrate. Indeed, a linear structure observed at room
temperature even at the highest concentration without
annealing treatment is homochiral as well (Fig. S13). It is not
surprising that on-surface molecular orientations are preserved
through the hydrogen bonding interactions even after the chiral
alkyl chains are desorbed from the surface. The present
observation features a chirality memory effect, which has been
scarcely observed in SAMNSs.55:56

This journal is © The Royal Society of Chemistry 20xx



Figure 4. SAMNs formed by ¢cDBA-OC14(S)-OH at the HA/graphite interface. (a) STM
image of a triangular cluster (n =2, 6.0 x 10 M, Is¢; = 250 pA, and Vjas = -0.44 V) and (b)
corresponding molecular models optimized by MM calculation on bilayer graphene
sheets. An inset in (b) highlights alkyl chain interaction modes involving co-adsorbed HA
molecules. (c) STM image of a linear structure (1.0 x 107* M, lset = 300 pA, and Vyjas = -0.41
V) and (d) corresponding molecular models optimized by MM calculation on bilayer
graphene sheets. (e) STM image of a dense structure (1.0 x 1072 M, /ey = 250 pA, and Vyias
=-0.48 V) and (f) corresponding molecular models optimized by MM calculation on
bilayer graphene sheets. An inset in (e) shows a digitally zoomed image of a dense
structure. An inset in (f) highlights cyclic hydrogen bonding interactions of the hydroxy
groups which determine the molecular orientations. In the MM models, the bilayer
graphene sheets and the alkoxy chains of the cDBA molecules orienting to the solution
phase were omitted for clarity. Color codes in (b), (d), and (f): blue; carbon atoms of
cDBA-OC14(S)-OH, orange; carbon atoms of the methyl groups attached to the
stereogenic centers, magenta; carbon atoms of the co-adsorbed HA molecule, red;
oxygen atoms, and white; hydrogen atoms.

Self-assembly from mixtures of 1,2,4-trichlorobenzene and 1-
hexanoic acid

STM observations in pure TCB and HA solvents reveal that
cDBA-OC14(S)-OH forms various, yet homochiral SAMNs
consisting of combinations of the conformational states (m =0
to 3). Previously, we reported that the achiral DBA-OC14-OH
molecules produced the hierarchical structure consisting of the
triangular cluster of n = 12 as a major component and those of
similar sizes (n = 10 to 14) at an optimized molar fraction of TCB
and HA and concentration.>? Therefore, we hypothesized that
the size of the homochiral hierarchical triangular clusters could
also be controlled by tuning the solvent polarity using a mixture
of TCB and HA at different mixing ratios and solute
concentration. To examine this possibility, we used solutions of
cDBA-OC14(S)-OH in TCB and HA mixed in various molar
fractions (Xua; 0.020-0.50 and Xtcg; 0.98-0.50) and of different
concentrations ranging from 1.0 x 10 to 1.0 x 1072 M.

Statistical analysis of the size distributions of the triangular
clusters formed in a mixture of TCB and HA is summarized in
Table 1. We also analyzed the chirality of the triangular clusters
at each condition.

At an Xya of 0.50, cDBA-OC14(S)-OH exclusively forms the
smallest triangular cluster (n = 2) structure at all concentrations

This journal is © The Royal Society of Chemistry 20xx

similar to that in pure HA of low concentration. At an Xya of 0.80
at a concentration of 5.4 x 10~* M, the domains of two triangular
cluster structures of n = 2 and 4 coexist (Figs. 5a,b), where the
typical domain sizes are over 80 nm x 80 nm for the n = 2
domain and ca. 50 nm x 50 nm for the n = 4 domains. The unit
cell parameters of the triangular cluster structure of n =4 are a
= b =9.25 + 0.07 nm and y = 60.1 + 0.6°. Based on the
orientations of the alkyl chains at the rim of the hexagonal pore
in the larger triangular cluster (n = 4), only CCW structures are
observed. A mean a value of —4.6 + 0.7° also supports that the
triangular cluster (n = 4) structure is homochiral (Figs. 5 and
S14). In most of the n = 4 clusters, the central molecules of the
conformational state m = 0 are missing. All molecules in this
structure adopt the same orientation at the single molecular
level with the regardless of the
conformational state (Fig. 1c, left). To enlarge the size of

respect to surface
triangular clusters, we tested solutions at higher HA fraction
and DBA concentrations (Figs. S15 and S16). At an Xua of 0.90
and a concentration of 1.0 x 1072 M, the triangular clusters (n =
2 to 10) are observed, though these clusters are randomly
arranged (Fig. 6). Due to a lack of periodicity, the chirality of
these clusters is not determined using the direction of the alkyl
chains or the angle «. Instead, we analyzed the orientation of
each triangular cluster with respect to one of the main
symmetry axes of graphite. Statistical analysis based on 10 large
area STM images (80 nm x 80 nm) indicates that these triangular
clusters have the same chiral orientation with respect to the
substrate lattice (Fig. S17). Therefore, we conclude that all
SAMNSs of cDBA-OC14(S)-OH are homochiral.

We also investigated the formation and supramolecular
chirality of SAMNs formed by cDBA-OC14(R)-OH at the
liquid/graphite interfaces. As expected, the self-assembly
behavior of the R-isomer is the same as that of the S-isomer,
except for the fact that the supramolecular chirality of all
SAMNs is opposite (CW orientation). The details are described
in ESI.

J. Name., 2013, 00, 1-3 | 5
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Table 1. Size distributions of the triangular clusters formed by cDBA-OC14(S)-OH at the interface between a mixture of TCB and
HA at different molar fractions and graphite.

on-surface size distribution of triangular clusters (%)°
concentration (M) Xha
n=2 n=3 n=4 n=5 n=6 n=7 n=8 n=9 n=10
0.50 100 - - - - . B - .
1.0x10™ 0.80 100 - - - - - - - -
0.90 740+120 | 6.2+28 | 17.4+83 | 2.4+2.1 0.0 0.0 0.0 0.0 0.0
0.50 100 - - - - - - - -
5.4x10™ 0.80 19.4£4.5 0.0 80.6+4.5 0.0 0.0 0.0 0.0 0.0 0.0
0.90 13.8+3.0 | 10.2£0.9 | 51.7+12 | 205+2.8 | 2.7+15 | 1.1%0.2 0.0 0.0 0.0
0.50 100 - - - B - B - .
45x1073 0.80 3.0+28 1.0+£0.4 | 49.8+12.1 | 23.0+1.7 | 11.5+4.4 | 10.1+53 | 0.8+1.0 | 0.8%1.2 0.1%0.1
0.90 0.0 46+1.7 38453 | 273+4.1 | 116+22 | 1.5+22 | 39+1.6 | 08+05 | 0403
0.50 100 - - - - - - - -
1.0x107 0.90 0.7+0.8 1.8+1.3 32+1.6 | 304+64 | 150+23 | 142434 | 3.9+1.7 | 1.2+04 | 0707
0.99 0 03209 | 21.1+1.8 | 29.0+65 | 21.7+1.8 | 17.4+59 | 59+1.4 | 25+1.4 | 22+15

9For the statistical analysis, more than 19 large area STM images (80 nm x 80 nm) were used for each condition.
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Figure 5. (a, b) STM images of hierarchical triangular cluster (n = 2 and 4) structures at
an Xua of 0.80 at a concentration of 5.4 x 107 M (/ser = 200 pA, Vias = —0.41 V). In (b),
numbers corresponding to n are overlayed. (c) STM image of a triangular cluster (n = 4)

formed by cDBA-OC14(S)-OH at an Xya of 0.80 at a concentration of 5.4 x 10 M (lse; =
200 pA, and Vyiss = =1.20 V) and (d) corresponding molecular models optimized by MM

calculation on bilayer graphene sheets. In the MM models in (d), the bilayer graphene
sheets and the alkoxy chains orienting to the solution phase are omitted for clarity. An
inset in (d) highlights an alkyl chain interaction part. Color codes in (d): blue; carbon
atoms of cDBA-OC14(S)-0H, orange; carbon atoms of the methyl groups attached to the
stereogenic centers, magenta; carbon atoms of the co-adsorbed HA molecule, red;
oxygen atoms, and white; hydrogen atoms.

Figure 6. (a, b) STM images of hierarchical triangular cluster (n = 3 to 10) structures (Xua
=0.90 at a concentration of 1.0 x 102 M after annealing treatment, /st = 200 pA, Vyias =
—0.40 V). In (b), numbers corresponding to n are overlayed.

Contrary to the case of achiral DBA-OC14-OH,>3 the
triangular clusters formed by chiral cDBA-OC14(S)-OH are
smaller than n < 11 even at the higher Xua (0.99) and
concentration values (1.0 x 1072 M), showing clearly that the
formation of the larger triangular clusters is unfavorable for the
cDBA molecules. We ascribe it to an additional energy penalty
for the cDBA molecule to adopt conformational states m =0 and
m =1 as well, in which cDBA molecules are closely packed and
linked by hydrogen-bonding interactions. With increasing
cluster size, more cDBA with conformational statesm=0and m
= 1 are involved to form the cluster. For example, for n = 6
cluster, six cDBA molecules are surrounded by the rim
consisting of twelve cDBA of m = 1 and only three cDBA of m =
2 (Fig. S18). We consider that the methyl groups attached at the
stereogenic centers suffer from steric repulsion with those of
the neighboring molecules because of the small intermolecular
space. Under an adsorption-desorption equilibrium at the
interface, the solvation energy will also influence the SAMNs
formation.>” Thus, the solvation energies of the DBA derivatives
in HA are estimated by molecular dynamics (MD) simulations.
The solvation energy of cDBA-OC14(S)-OH in HA is larger than
that for DBA-OC14-OH by 2.2 kcal/mol (see ESI), which supports
the observation that conformational statesm=0and m =1 are
less common for cDBA-OC14(S)-OH structures compared to
DBA-OC14-OH. We consider that one or more of these
influence(s) the unfavorable formation of the structures
composed of the conformational state of m = 0 for the chiral
DBA molecule.

Conclusions

In conclusion, we designed and synthesized cDBA-OC14(S)-
OH and cDBA-0C14(S)-OH with three chiral alkoxy chains and
hydroxy groups for the construction of homochiral hierarchical
molecular self-assemblies at the liquid/graphite interfaces. By
introducing the chiral center, we succeeded in exclusively
forming self-assembled molecular networks of one handedness,
ranging from simple honeycomb lattices with two molecules per
unit cell, to complex hierarchical self-assembled networks with
tens of molecules in the repetitive motif, depending on
concentration and solvent composition. Chiral information at
the single molecule level is effectively transferred, even in those
cases where the alkoxy chains containing the chiral center are
oriented away from the substrate.

In TCB, the chiral DBA exclusively forms the homochiral
honeycomb structure. Each corner of the honeycomb structure
contains only one cDBA molecule in contrast to achiral DBA
which also forms a hexagonal pattern but with a tetrameric
cluster consisting of both enantiomers, at the corner. A



tetramer cannot be constructed by molecules of the same
handedness, showing the different between
homochiral and mixed cases.

outcome

In HA, the chiral DBA produces a homochiral triangular
cluster (n = 2) and dense structures depending on the solute
concentration. The homochirality of the dense structure is
attributed to a chiral memory effect. A homochiral triangular
cluster (n =4) and hierarchical structures consisting of triangular
clusters with several sizes are formed by changing the polarity
of the solvent (mixture of HA and TCB) and solute
concentration. However, in the case of the chiral DBA, the larger
clusters with n > 10 are not formed, which is in contrast to DBA-
0C14-0OH. The absence of large triangular clusters for the chiral
DBA is attributed to unfavorable conformational states (m =0
and 1) on the graphite surface and/or solvation issues.

The present study demonstrates the potential to induce and
control chirality in hierarchical molecular self-assemblies using
self-sorting, and is a valuable addition to the toolbox of 2D
crystal engineering for the construction of homochiral intricate
molecular self-assemblies. We believe that larger homochiral
hierarchical self-assemblies may be possible by further
optimization of the molecular structure (the position of
stereogenic centers) or the use of enantiopure solvent.
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