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Understanding the origin of homochirality in macroscopic assemblies and manipulating organizational
chirality still remain a challenge. Herein, homochirality is achieved by combination of the majority-rules
principle and concentration-dependent molecular assembly at the liquid/solid interface. A lower
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contribute to gain a new insight into chiral amplification in supramolecular assemblies. Particularly,
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Introduction

Chiral symmetry breaking of living matter during formation of
life on earth has remained a puzzle for years since L. Pasteur
first separated mirror-imaged enantiomers. Understanding how
the enantiomerically pure structures emerged has attracted
considerable attention.'” Several theories such as the parity
non-conservation of weak interaction and Salam's hypothesis
have been proposed to elucidate how initial enantiomeric
excess could have arisen from a probably racemic prebiotic
world. However, their effects are very small, just acting as
a trigger. Spontaneous chiral amplification of the small enan-
tiomeric excess is necessary to generate macroscopic homo-
chiral assemblies.®” Pioneering studies performed by Green
et al. on the amplification of chirality in polyisocyanates have
demonstrated that chiral amplification in helical polymeric
systems can occur via two approaches.® The ability of a few
chiral units (sergeants) to flip the chirality of large numbers of
achiral building blocks (soldiers) to the same handedness is
termed as sergeants-and-soldiers principle.>*® As for mixed
enantiomeric monomers, the organizational chirality of the
assembly shows a nonlinear dependence on the enantiomeric
excess (ee) of the chiral monomers, which is referred to as the
majority-rules effect.' Molecular-level insights into the
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mechanism of chiral amplification may be conducive to
understand the origin of homochirality in life on earth.

Exploring self-assembly of organic building blocks at
surfaces is one of the convenient ways to understand chiral
amplification phenomena. In analogy to supramolecular copo-
lymerization systems in solution, chiral amplification princi-
ples have been successfully applied to construct homochiral
surfaces. Symmetry breaking may occur when achiral molecules
are confined to the substrate. Globally homochiral two-
dimensional (2D) assemblies can be achieved via addition of
chiral coadsorbed species.''* When enantiomers are applied to
the surface simultaneously, the presence of a small imbalance
in the enantiomeric ratio can alter the adsorption system in
favour of a single handedness."** As is known, the outcome of
the self-assembling process relies on a series of factors,'®
including temperature,'®*® electric field,* magnetic field** and
the nature of the solvent.”* Notably, the concentration of the
assembled molecules has a striking influence on the formation
of self-assembled architectures as well.”>** Depending on the
solute concentration, the handedness of chiral seeds can either
be amplified or reversed in the monolayer composed of achiral
molecules.”® The concentration of natural amino acids and
sugars in oceans must have been low, since the current water
content of the earth's oceans is in the order of 1.4 x 10*" kg. The
low concentration in oceans could presumably be a contrib-
uting factor to the origin of homochirality in life on earth.
However, there is little information available about the effect of
molecular concentration on chiral amplification following the
majority-rules  principle. The mechanism underlying
concentration-modulated chiral amplification behavior is
unclear.

Homologous chiral networks can be fabricated by applying
5-(benzyloxy)-isophthalic acid derivatives (BIC) at the interface

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1

(a) Enantiomeric unit formed by achiral BIC-C6 (gray column) and chiral (S)-2-octanol (blue dot). (b) Enantiomeric unit constituted by

BIC-C6 and (R)-2-octanol (red dot). (c) Mirror-imaged hydrogen bonding circles preferred by (S)-2-octanol (left) and (R)-2-octanol (right),
respectively. (d) Symmetry breaking in mixed enantiomers under control of the majority-rules principle. (e) Chiral amplification modulated by the

molecular concentration.

between 2-octanol and highly oriented pyrolytic graphite
(HOPG) under the control of the majority-rules principle.> The
chirality of chiral inducer 2-octanol defines the handedness of
the hexagonal porous networks (Scheme 1a and b), where
stereochemical information in 2-octanol is transferred to the
achiral BIC building block over noncovalent hydrogen bonding
interactions (Scheme 1c). As for the mixed enantiomer system,
a slight excess of one enantiomer is sufficient to generate
a homochiral monolayer preferred by the majority enantiomers
(Scheme 1d).

Herein, in terms of the classic majority-rules principle used in
cooperative assembly of BIC-C6, we unveil that the efficiency of
chiral amplification at the interface shows a monotonic increase
on decreasing the molecular concentration in solution. As the
molecular concentration decreased, the surface organizational
chirality changes from heterochirality to homochirality (Scheme
1e). The enantiomeric excess of chiral 2-octanol co-adsorbed on
the surface is further biased. To unravel the chiral amplification
mechanism, we have developed a cooperative nucleation-
elongation model based on the Langmuir adsorption type.” A
good description of the concentration-dependent amplification
of chirality in 2D supramolecular organization is obtained. This
work provides insights into how chiral amplification is affected
by the molecular concentration at the nanoscale, which
contributes to a further understanding of the emergence of
homochirality in supramolecular assemblies.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Results

The scanning tunneling microscopy (STM) image of the well-
defined hexagonal porous networks co-assembled by BIC-C6
and chiral 2-octanol on HOPG is shown in Fig. 1a. Two enan-
tiomeric domains labeled as the counterclockwise (CCW) trimer
and clockwise (CW) trimer, respectively, emerge equally at the
liquid/solid interface, when (R)-2-octanol (R-OA) and (S)-2-
octanol (S-OA) are mixed in a 1: 1 ratio. Unit cell parameters are
measured to be a = b = 4.6 nm, and 6 = 120°. Every three BIC-C6
molecules constitute a chiral trimer serving as a structural unit
in the porous network. According to the molecular models
proposed in Fig. 1b and c, 2-octanol molecules are filled
between the alkane chains of BIC and dominate the handed-
ness in the monolayer through hydrogen bonding interactions.
When enantiopure S-OA is applied, domains observed by STM
reveal that the CCW pattern is exclusively formed on the whole
HOPG surface, as depicted in Fig. 1d. On the other hand, the
self-assembly of enantiopure R-OA triggers a preferential
formation of the 100% CW motif (Fig. 1e). The maximum area
of one homochiral domain can reach 100 x 100 nm?.

Then chiral amplification experiments under control of the
majority-rules principle are performed at various ee values. The
ee of mixtures represents the excess of one enantiomer relative
to the other and is quantified from the number (N) of each
chiral monomer, which is defined as:

Chem. Sci., 2023, 14, 2646-2651 | 2647
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Fig. 1

(a) Representative STM image of self-assemblies of BIC-C6 at the racemic 2-octanol/HOPG interface. Backbones in BIC molecules are

indicated by columns to identify chirality. Yellow arrows indicate the rotation direction of the trimers ([set = 1.2 NA andVj,;as = 900 mV). (b) and (c)
display the molecular models of CW and CCW networks, respectively. A red-gray column corresponds to a BIC molecule linked with R-OA, while
a blue-gray column reflects a BIC molecule co-deposited with S-OA. (d) Large-scale STM image showing the homochiral CW pattern formed at
the enantiopure R-OA/HOPG interface (Iset = 0.9 nA and Vj,ias = 900 mV). (e) Large-scale STM image showing a homochiral CCW motif formed at
the enantiopure S-OA/HOPG interface (lser = 0.9 nA and Vyias = 900 mV).

ee = (Ns.oa — Nr-oa)/(Ns.oa + Nroa) )

The global organizational chirality (AN) in the monolayer
investigated by STM is calculated from the quantitative differ-
ence between the two mirror-imaged domains as a function of
ee in solution, expressed as

AN = (Nccw — New)/ (Neew + New) (2)

where Nocw and Ngw are defined as the number of CCW and
CW domains on the substrate, respectively. Outcomes pre-
sented in Fig. 2 reveal that a slight excess of S-OA is sufficient to
bias the handedness of the supramolecular assembly. Although
the ee in the solution is only 0.1, the organization chirality AN in
the assembly reaches a value of 1, implying an efficient ampli-
fication of molecular chirality. A homochiral monolayer con-
taining CCW patterns exclusively is generated.
Concentration-dependent STM measurements are carried
out in a mixed enantiomer system keeping the ee of chiral 2-
octanol in the solution constant. As the molecular concentra-
tion in the solution decreases, the average domain area
becomes larger accordingly (Fig. 3a). Statistics from sets of STM
experiments indicates that the lower the concentration of BIC-
C6, the larger the fraction of CCW domains formed on the
surface at a fixed ee of 2-octanol (Fig. 3b). By modulating the
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Fig. 2 (a) Statistics for chiral amplification in the monolayer under

control of majority-rules. (b) Bar graph denoting the correlation
between the relative number of the enantiomeric domains on the
surface and the ee value in solution. The concentration of BIC-C6is 7.1
x 107* M.
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solute concentration in the solution, the organizational
chirality can be altered from heterochirality to homochirality.
That is, a lower molecular concentration facilitates a more
efficient amplification of chirality from the molecular to
supramolecular level, contributing to a homochiral assembly.
For example, when ee of S-OA in solution is fixed at 0.025, with
the reduction of molecular concentration from 2.1 x 10> M to
1.0 x 10~* M, the excess of CCW domains preferred by S-OA
increases from 0.35 to 1.00 (Fig. 4). An enantiomerically pure
surface is finally fabricated just by reducing the molecular
concentration in solution.

Discussion

Considering the molecular origin of chiral amplification, we set
out to investigate how the changes in concentration would
affect chiral amplification behavior by an cooperative equilib-
rium modeling based on Langmuir type adsorption. Note that
BIC-C6 co-assembles with 2-octanol into a chiral trimer in an
equal proportion. Within a trimer, a BIC molecule interacts with
2-octanol through hydrogen bonding interactions while adja-
cent trimers interdigitate with each other via van der Waals

a b
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Fig. 3 (a) Average domain area as a function of molecular concen-
tration of BIC-C6. (b) Global organizational chirality (AN) in BIC-C6
networks at the surface versus molecular concentration at fixed ee
value of chiral solvents. Statistic deviations for the average domain size
and organizational chirality excess in the assembly are defined by using
the average values in more than three sessions. For each sample,
typically more than 20 large-scale STM images were captured at
different locations.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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5 o
Fig. 4 A selection of analyzed STM images displaying the controllable chiral amplification modulated by the molecular concentration. The
concentration of BIC-C6 is (@) 2.1 x 10 * M; (b) 7.1 x 107* M; (c) 2.4 x 107* M; (d) 1.8 x 10™* M; (e) 1.0 x 10~* M. ee of S-OA in solution is fixed at
0.025. CW domains are colored in yellow and CCW domains are painted purple. The bar graph in the upper right corner denotes the statistical
relative proportion of the CW and CCW domain regions. Gray lines separate adjacent domains. The image size is 100 x 100 nm?. Imaging
conditions: /set = 1 nA and Vo5 = 900 mV. (f) Statistical graph representing the relative number of CW and CCW domain regions as a function of
molecular concentration in solution.

interactions between alkyl chains. To simplify the modeling
process, BIC trimer linked with three 2-octanol molecules is
considered as a group when we simulate the supramolecular
organization on the surface. Moreover, the chirality of co-
adsorbed 2-octanol determines the handedness of the
composite trimer unit. In the following discussion, R refers to
the entity composed of BIC-C6 and R-OA while S denotes the
BIC-C6/S-OA complex. Since there is no mismatched structure
observed in the BIC-C6 monolayer, we only consider the situa-
tion in which R aggregates into the CW domain and S consti-
tutes the CCW domain.

To describe the chiral amplification in the BIC-C6 monolayer
at the liquid/solid interface, a 2D cooperative equilibrium
model based on Langmuir adsorption®*~*° is proposed. We first
describe the formation of CW motifs in more detail. For the
formation of a CW domain (CW,,), n building units aggregate on
the solid surface and constitute a chiral oligomer that deter-
mines the domain chirality. A sequence of equilibriums at the
liquid/solid interface is described as

Substrate + R=CW,
CW; + R=CW,
CW,; + R=CW; 3)

CW, | + R=CW,

Although in the case of Langmuir theory, each adsorption
step is independent of the other, the model proposed here
considers the interactions between adjacent molecules. The
first step in eqn (3) depicts the nucleation step described by
using the nucleation constant K,,, which is equal to ¢-Ke. K, is
the elongation constant which describes subsequent stepwise
elongation processes and parameter ¢ is the cooperativity factor
defined as the ratio of K,/K.. The following steps denote
monomer assembling and disassembling to/from the existing
oligomers. Unlike the two-sided growth of 1D helical polymers
in solution, 2D molecular ordering is n-sided growth. The total
probability is n times the product of the probabilities of indi-
vidual events. Hence, the equilibrium concentration of CW
oligomers [CW,] containing n building units on the surface is
given by using

© 2023 The Author(s). Published by the Royal Society of Chemistry
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[CW,] = o-[substrate]- K."-[R]" (4)

where the square bracket notation is used to denote the equi-
librium concentration of a species, that is, [substrate] relates to
the molar concentration of active sites on the substrate and [R]
is the free monomer concentration of R-enantiomer in solution.
When the whole HOPG surface is covered by BIC-C6 assembly,
the reduction of the solute concentration is estimated to be 3.4
x 107° M. As the concentration of molecules adsorbed on
surface is negligible relative to that in supernatant solution, the
equilibrium concentration is supposed to be the same as the
initial concentration of the enantiomers in solution. From eqn
(4), we can find that the lower the monomer concentration in
solution, the lower the concentration of chiral oligomers at the
surface. Similarly, the equilibrium concentration of CCW olig-
omers [CCW,,] assembled by S-enantiomers in the monolayer is
found to be

[CCW,] = o-[substrate]- K."-[S]" (5)

where [S] is the free monomer concentration of S-enantiomer in
solution. The equilibrium constants for assembling the regime
are equal in CW and CCW domains.

Combined with eqn (2), (4) and (5), the organizational
chirality of adlayers could be expressed as:

AN = ([S]" — [R)/(S]" + [R]") (6)
If 6 = [S)/[R] (6 > 1) is defined, then it leads to
AN = (8" — DI@" + 1) (7)
The ee of enantiomers is given by using
ee=0— DI+ 1) (8)

Eqn (7) reveals that the organizational chirality at the surface
grows logarithmically on increasing the proportion difference
between the two enantiomers (6) in solution. That is, only
a small perturbation in ee is sufficient to induce a profound
change in supramolecular chirality on the surface, resulting in
the generation of chiral amplification.

Chem. Sci., 2023, 14, 2646-2651 | 2649
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Then it comes to the concentration-dependent -chiral
amplification in the monolayer. If the ee of enantiomers is not
changed, ¢ is invariant. Consequently, there is a positive
correlation between the number of molecules n in chiral olig-
omers and organizational chirality AN (eqn (7)). n is subject to
the molecular concentration in solution. As the molecular
concentration in solution is reduced, the number of molecules
n in chiral oligomers increases accordingly, as depicted in
Fig. 3a. As a result, based on eqn (7), the organizational chirality
AN would increase sharply when the molecular concentration
in solution decreases. A strong amplification of chirality is
generated.

On the basis of eqn (7) and (8), simulated chiral amplifica-
tion curves showing the monolayer organizational chirality as
a function of ee in solution with different n values are obtained
and shown in Fig. 5. When n = 20, 30, 40, and 80, the modelling
curves are in good agreement with the experimental data. It
reveals that the degree of chiral amplification in the majority-
rules principle depends not only on the ee values of enantio-
mers but also on the number of building units in chiral oligo-
mers, which can be modulated by the molecular concentration
in solution. Global organizational chirality AN has an obvious
growth with the decrease in the molecular concentration at
a fixed ee. As the molecular concentration decreases, the
molecular number 7 in chiral oligomers increases and the
excess of the CCW pattern relative to the CW pattern in the
monolayer at a specified ee grows accordingly. In other words,
to achieve a globally homochiral surface, the absolute value of
critical ee is reduced with the decrease in the molecular
concentration in solution. Although the variation trend of chiral
amplification on modulating the molecular concentration is
consistent between the simulation and experiment, there is still
some difference. The major contribution to the discrepancy
between simulated and experimental results may be that even
though the average domain area at a specified concentration
tends to a definite value, the domains on the surface can be
avariety of sizes. To simplify the model, the simulations assume
identical size of domains formed on surface, and the number of
molecules 7 in the chiral oligomer that determines the domain
chirality remains constant when the molecular concentration is
fixed.
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Fig. 5 Modeling results for the chiral amplification controlled by the
majority-rules principle. (a) Nonlinear amplification of chirality as
a function of ee in solution. n is the number of building units in the
chiral oligomer. (b) is a magnification of the area indicated with an
orange frame in (a). To present the correlation between the experi-
mental and simulated data, the experimental data are described by
dashed lines and superimposed on the graph.
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Conclusions

Overall, concentration modulation is explored as a powerful
tool to manipulate chiral features of supramolecular assembly.
When chiral 2-octanol was employed as the solvent, a chiral
hexagonal lattice of BIC-C6 can be fabricated at the liquid/solid
interface. STM results demonstrate that the ee of co-adsorbed
chiral 2-octanol is amplified by lowering the molecular
concentration of BIC-C6, which is reproduced by a 2D cooper-
ative equilibrium model derived from Langmuir-type adsorp-
tion. This modeling approach reveals the inherent quantitative
relationship between the enantiomeric monomers in solution
and the resulting organizational chirality on the surface in the
majority-rules principle controlled chiral amplification process.
A minute difference in the concentration of enantiomers results
in a dramatic change in the expression of chirality at the
supramolecular level.
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Molecular models, supplementary STM images for the chiral
amplification in the monolayer under control of majority-rules,
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