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ABSTRACT: Facing the scientific question of the origin of chirality in life,
water is considered to play a crucial role in driving many biologically
relevant processes in vivo. Water has been demonstrated in vitro to be
related to chiral generation, amplification, and inversion, while the
underlying mechanism is still not fully understood. Real-space evidence
at the single-molecule level is thus urgently required to understand the role
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of water molecules in biomolecular chirality related issues. Herein, we Chiral s + -1
choose one of the RNA bases, the biomolecule uracil (U), which self- separation _ 3
assembles into racemic hydrogen-bonded structures. Upon water exposure, ’ Nl .
surprisingly, racemic structures could be transformed to homochiral water- — "L Ly

L
involved structures, resulting in an unexpected chiral separation on the L L‘
surface. The origin of chiral separation is due to preferential binding - L‘
between water and the specific site of U molecules, which leads to the

formation of the energetically most favorable homochiral (U-H,0—U), cluster as seed for subsequent chiral amplification.
Such a water-driven self-assembly process may also be extended to other biologically relevant systems such as amino acids and
sugars, which would provide general insights into the role that water molecules may play in the origin of homochirality in vivo.
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INTRODUCTION
Why does life require chirality? It is one of the most

molecules formed on Au(110) can be recognized.28 In another
case, a heterochiral heptahelicene dimer can be separated on

compelling puzzles and scientific questions today. Chirality is
a universal phenomenon from single molecules to living
organisms. Since the first example on the chiral separation of
enantiomorphous crystals of sodium ammonium tartrate,’
chirality has been recognized widely with great scientific
interest in many fields such as biochemistry,” " molecular
biology,s’6 pharmacology,7_10 and material sciences."*™'* It is
well known that biomolecules in life such as sugars and amino
acids are chiral and exist in only one enantiomer.">~"” Water is
one of the most important molecules in vivo,'® which is
demonstrated to play a crucial role in driving biological self-
assembly processes, ~ while it is still unclear if the water
molecule is related to the origin of chirality in life. Previously,
water has been demonstrated to play a significant role in vitro
in chiral generation,20 chiral ampliﬁcation,21 chiral inversion,**
etc. The underlying mechanism of water-induced chiral
processes is still not fully understood. Thus, real-space
evidence at the single-molecule level is urgently required to
understand the corresponding physiochemical mechanism. An
on-surface chemistry strategy allows to directly “see” molecular
chirality-related issues by scanning tunneling microscopy
(STM).”>"*" For example, homochiral pairs of cysteine
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Cu(111) by STM manipulation.” It is therefore of utmost
interest and challenge to investigate the role of water molecules
in molecular chiral origination, chiral amplification, and chiral
separation in real space, with the aim of exploring the
underlying mechanism, and more importantly, it may provide
insights into the origin of chirality in life.

In this study, we choose one of the RNA bases, the
biomolecule uracil (U), which self-assembles into a racemic
disordered structure including various hydrogen-bonding
configurations on the Au(111) surface (cf. Scheme 1),
providing a model system to explore the role of water in
perturbing hydrogen bonds and further influencing the racemic
self-assembled U structure. Herein, using single-bond-resolved
noncontact atomic force microscopy (nc-AFM) and STM
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Scheme 1. Schematic illustration of the water-induced chiral separation from both racemic disordered and ordered U self-
assembled structures to homochiral ordered U+H,O structure. The racemic disordered U self-assembled structure can be
transformed to the racemic ordered one by annealing at 330 K, whereas this phase transition can be achieved by desorption of
water molecules from a U+H,O structure at room temperature. The hydrogen bonds are depicted by blue dashed lines. R and
L notations denote the chiralities of individual molecules. Structural model: H: white, C: gray, N: blue, O: red

Anneal @ 330 K

Racemic disordered Homochiral ordered Racemic ordered
U self-assembled structure U+H,O0 structure U self-assembled structure

Figure 1. Amorphous-to-crystalline phase transformation of U self-assembled structures by annealing at 330 K on Au(111). (a) STM image
of a close-packed disordered U self-assembled structure. (b, c) High-resolution STM image and the corresponding single-bond-resolved nc-
AFM image of the disordered U structure, respectively. (d) Enlarged nc-AFM image of (c) with the calculated model superimposed showing
the disorderliness of this racemic structure. (e¢) STM image of a close-packed ordered U self-assembled structure after annealing the
disordered one at 330 K. (f, g) High-resolution STM image and the corresponding nc-AFM image of the ordered U structure with the
depicted unit cells, respectively. (h) Enlarged nc-AFM image of (g) with the calculated model superimposed showing the orderliness of this
racemic structure. The hydrogen bonds are depicted by blue dashed lines. R and L notations denote the chiralities of individual molecules.
Structural model: H: white, C: gray, N: blue, O: red.

imaging, which allows direct identification of the chirality of demonstrate that after depositing water molecules, surprisingly,
prochiral U molecules adsorbed on the surface, we the racemic disordered U self-assembled structure is trans-
B https://doi.org/10.1021/acsnano.1c07842
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Homochiral U+H,O structure
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Figure 2. Experimental process of water-induced chiral separation from a racemic disordered U structure to a homochiral ordered U+H,0
structure. (a) STM image of the racemic disordered U self-assembled structure. (b) Larger-scale STM image showing the coexistence of
homochiral U+H,O structures with R and L chiralities. (c, d) STM images of a 2D homochiral U+H,O structure with R and L chirality,
respectively, which could be distinguished from the cavities as indicated by R and L. (e, f) High-resolution STM image and the
corresponding nc-AFM image of the U+H,O structure with R chirality, respectively. (g) Enlarged nc-AFM image of a five-membered ring
with the calculated model superimposed. (h, i) High-resolution STM image and the corresponding nc-AFM image of the U+H,O structure
with L chirality, respectively. (j) Enlarged nc-AFM image of a five-membered ring with the calculated model superimposed. The hydrogen
bonds are depicted by blue dashed lines. Structural model: H: white, C: gray, N: blue, O: red.

formed to a homochiral water-induced ordered U+H,O
structure, which results in an unexpected chiral separation
process on the surface. The racemic disordered U structure can
be transformed to a racemic ordered one by annealing the
substrate at 330 K, leading to an amorphous-to-crystalline
phase transition. Moreover, interestingly, such a water-induced
chiral separation can also be achieved by phase transition from

the racemic ordered U structure to the homochiral U+H,O
structure. Desorption of water molecules from the homochiral
U+H,0 structure leads to formation of the racemic ordered U
structure (cf. Scheme 1). The origin of chiral separation is
investigated in detail by extensive DFT calculations, and the
key is that formation of the elementary homochiral (U-H,0—
U), cluster is energetically more favorable than any other
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Homochiral U+H,0 with R chirality

Homochiral U+H,O with L chirality

Figure 3. Reversible experimental process from the racemic ordered U structure to the homochiral U+H,O structure and back to the racemic
ordered U structure. (a—c) STM images showing the phase transformation from the racemic ordered U self-assembled structure to the
homochiral U+H,O structure achieving water-induced chiral separation. (d, e) STM images showing the reversed process from the U+H,0
structure to the ordered U structure by desorption of water molecules at RT. (f, g) High-resolution STM image and the corresponding nc-
AFM image of the ordered U structure with the depicted unit cells, respectively.

proposed heterochiral (U—H,0—U), clusters. Subsequently,
via three chiral amplifications, the homochiral (U-H,0-U),
clusters grow into homochiral (U-H,0—U), chains further to
homochiral U+H,O five-membered ring chains, and finally to a
homochiral 2D U+H,O structure. These findings provide real-
space evidence of specific hydrogen-bonding interactions
between water and U molecules, which is the main driving
force for chiral separation from racemic molecular self-
assembled structures to water-involved homochiral ones,
which also provides insights into the role that water molecules
may play in the origin of homochirality in vivo.

RESULTS AND DISCUSSION

As shown in Figure 1a, a close-packed self-assembled structure
is formed after depositing the U molecules on the Au(111)
surface. The high-resolution STM image and the correspond-
ing nc-AFM image of this structure are shown in Figure 1b and
¢, respectively. For direct identification of the chirality of U
molecules in the nc-AFM images, the chemical structure of the
U molecule, which is defined as R chirality, and the
corresponding simulated AFM image are shown in Figure
Sla and Figure Slb, respectively. Figure Slc shows the
simulated AFM image with a structural model superimposed,
showing that the C=C bond, which presents a pronounced
contrast in the simulated AFM image, is used to identify the
chirality of U molecules. In order to analyze such a structure in
detail, we then propose the structural model relaxed by the
DFT method, which is overlaid on the enlarged nc-AFM image
(Figure 1d). Interestingly, from the model, we identify that
such a close-packed structure is actually a racemic disordered
hydrogen-bonded structure. Furthermore, after annealing the
disordered structure at 330 K, we observe the formation of a

seemingly ordered close-packed structure as shown in Figure
le. We then also superimpose the DFT-relaxed model on the
enlarged nc-AFM image (Figure 1h) and distinguish that such
a close-packed structure is indeed an ordered one with both R
and L chiralities. The unit cell of the structure indicated by a
blue contour is depicted in the high-resolution STM image
(Figure 1f) and the corresponding nc-AFM image (Figure 1g),
respectively.

In the next step, we introduce water molecules at a pressure
of ~8 X 107° mbar into an ultra-high-vacuum (UHV) system.
After deposition of water molecules on the racemic disordered
U self-assembled structure (shown in Figure 2a) at RT,
surprisingly, we observe a structural transformation from the
close-packed one to a more opened one (shown in Figure 2b)
with R and L chiralities coexisting. A closer inspection (Figure
2c and d) allows us to identify that such a U+H,O structure is
composed of characteristic alternating five-membered ring
motifs depicted by blue and green pentagon contours,
respectively. The dot protrusion within each five-membered
ring is assigned to a water molecule, as depicted by a white
circle. To further reveal the atomic-scale details of the U+H,0
structure (Figure 2e), we obtain the nc-AFM image with
single-bond resolution (Figure 2f). Figure 2g shows the
enlarged nc-AFM image of a five-membered-ring motif
(highlighted in Figure 2e and f) superimposed with the
calculated structural model, which allows to identify the motif
is composed of homochiral U molecules (with R chirality in
this structure) and a water molecule forming intermolecular
hydrogen bonds. The corresponding U+H,O structure with
another chirality is demonstrated in Figure 2h—j. Based on the
above analysis, it is demonstrated that water-induced chiral
separation is achieved by structural transformation from the
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Homochiral U+H,O structure

Constant-height mode Constant-height mode

Figure 4. Real-space experimental evidence to identify the interaction between water molecules and U molecules. (a—c) High-resolution
STM image and the corresponding constant-height nc-AFM images at different tip distances (z = —200 pm and —210 pm) of the U+H,0
structure. The alternating five-membered-ring motifs and the calculated model are depicted by blue pentagon contours and superimposed on
the corresponding images, respectively. (d, e) nc-AFM images in constant-current mode (V = —10 mV, I = 50 pA) and the corresponding
Laplace-filtered images present more hints to identify the hydrogen-bonding configurations between water and U molecules. (f) The
calculated model of U+H,O structure is superimposed on the Laplace-filtered nc-AFM image where the water-involved hydrogen bonds are
depicted by green dashed lines. The O atom between two imines of U molecule is assigned to the O1 site, and the other O atom is assigned
to the O2 site, as shown in the inset.

¢ The origin of chiral separation
Optimized model
po;n(:z:ewnzg ¢ Optimized models of proposed
structures
structure
Homochiral Heterochiral Heterochiral Heterochiral
(U-H,0-U), (U-H,0-U), cluster | (U-H,0-U), cluster | (U-H,0-U), cluster | (U-H,0-U), cluster
clusters R )
o 5’1’“'%‘“ R oy wea Yo BY ooy ~G$ o
° 0. o 09 o OO ’ d DO m'c'd’ﬁ
Total energy (eV) 0eV 0.155 eV 0.908 eV 2.335eV

Figure 5. DFT-optimized models and the corresponding total energies of different structural motifs. (a) The electrostatic potential map
qualitatively shows the negatively charged oxygen atoms and positively charged hydrogen atoms of the U molecule (red and blue colors
represent negative and positive potential regions, respectively). Bader charge analysis with numbers indicated (substrate is omitted for
clarity). (b) The most relevant homochiral (U-H,0—U), cluster as the elementary structural motif (highlighted by a blue parallelogram) of
the homochiral U+H,0 structure. (c) DFT calculations on a series of (U-—H,0—U), clusters are performed on Au(111) (the substrate is
omitted for clarity). The total energies of these optimized structures are shown below.
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racemic disordered U structure to the homochiral ordered U
+H,0 structure.

To demonstrate the generality of such a water-induced chiral
separation process, deposition of water molecules on the
racemic ordered U self-assembled structure (shown in Figure
3a) has been performed. Interestingly, upon water exposure,
phase transformation from the racemic ordered U structure to
the homochiral U+H,0 structures (shown in Figure 3b and c)
also occurs, thus indicating water-induced chiral separation is
achieved as well. Moreover, we perform further experiments by
desorption of water molecules from the homochiral U+H,O
structure. Intriguingly, we put U+H,O structures at RT for 90
min, and it is found that the U+H,O structure is transformed
back to the close-packed one as shown in Figure 3d and e.
From the high-resolution STM image and the corresponding
nc-AFM image shown in Figure 3f and g, we further identify
that the close-packed structure is actually the racemic ordered
U structure and the unit cell is depicted by blue contours as
shown in Figure 3f and g, respectively. Therefore, we achieve a
reversible conversion between the racemic ordered U structure
and the homochiral U+H,O structures.

In order to determine the atomic-scale details of hydrogen-
bonding configurations between water and U molecules. We
resort to single-bond-resolved nc-AFM imaging again. As
shown in Figure 4a—c, from the STM image and the
corresponding nc-AFM images in constant-height mode at
different tip distances, it is distinguished that the water
molecule (depicted by a white circle) is imaged as a dot
protrusion from STM imaging and shows a more pronounced
hydrogen-bonding configuration with U molecules from nc-
AFM imaging. Especially, to get more conformational
information,30 constant-current-mode nc-AFM imaging is
applied, as shown in Figure 4d, where the water-involved
hydrogen-bonding configurations can be clearly recognized, as
indicated by red bent lines, which is more unambiguously
distinguished in the corresponding Laplace-filtered image
(Figure 4e). Together with the constant-height mode image
(Figure 4b) where the U molecular configurations can be
clearly identified, we then propose and calculate the model of
alternating five-membered-ring motifs that are superimposed
on the Laplace-filtered image (Figure 4f), in which the water-
involved hydrogen bonds are specifically depicted, and more
importantly, it is found that water molecules preferentially bind
to O1 sites of U molecules (cf. the inset).

Such a preferential binding between a water molecule and
O1 sites of U molecules within the five-membered-ring motif is
theoretically explained as shown in Figure Sa, in which Bader
charge analysis quantitatively shows that the O1 site is more
negatively charged than the O2 site. Then the key question is if
such a preferential binding between water and U molecules is
related to the origin of chiral separation. To explore the driving
force of water-induced chiral separation, we further analyze the
homochiral U+H,O structure and extract the most relevant
homochiral (U-H,0—U), cluster as the elementary structural
motif, as highlighted by a blue parallelogram in Figure Sb. We
then perform extensive DFT calculations on a series of
structures on Au(111). As shown in Figure Sc, four different
(U—-H,0-U), clusters are calculated, in which the homochiral
(U=H,0-U), cluster is the one observed experimentally, and
the other three heterochiral (U—H,0—U), clusters are built
up based on the preferential binding sites between water and U
molecules. After relaxation, it is found that the homochiral
(U-H,0-U), cluster is the most stable one, indicating the

formation of the homochiral (U-H,0-U), cluster via
preferential binding between water and U molecules is
consequently the origin of chiral separation.

From the above analysis, the whole scenario of water-
induced chiral separation and subsequent formation of a
homochiral 2D U+H,O structure are presented as follows: (i)
Upon water exposure, all of hydrogen bonds between U
molecules within both the racemic disordered and the racemic
ordered U structures are broken (cf. Table S1 for extensive
calculations on different hydrogen-bonded dimer configura-
tions extracted from self-assembled U structures), and then
water molecules preferentially bind the O1 sites of U molecules
to form the elementary homochiral (U-H,0—U), cluster
(Figure S2a). (ii) Based on the available binding sites of the
homochiral (U-H,0-U), cluster, R—R interconnection
between (U—H,0—U), clusters via dimer 4 (cf. Table S1) is
energetically more favorable than the possible R—L inter-
connections via dimer 7 or dimer 9 (c¢f. Table S1), which
results in the formation of a homochiral (U-H,0—U), chain
(Figure S2b) achieving the first step of chiral amplification.
(iii) In the next step, individual U molecules with the same
chirality are hydrogen-bonded to the (U—H,0—U), chain (via
dimer 8) on both sides to close the ring, which leads to
formation of a homochiral U+H,0O five-membered-ring chain
(Figure S2c), achieving the second chiral amplification. (iv) In
the last step, homochiral U+H,O five-membered-ring chains
are hydrogen-bonded together via the same chirality (via the
most stable dimer 1) into the homochiral 2D U+H,0 structure
(Figure S2d), achieving the third chiral amplification.

CONCLUSION

In conclusion, from a combination of high-resolution STM and
nc-AFM imaging, we investigate the interactions between
water and a biologically relevant molecule U, ie., a water-
driven self-assembly process, and demonstrate in real space
that an unexpected water-induced chiral separation occurs on
the surface. The origin of chiral separation is due to the
preferential binding between water and the specific site of U
molecules. Such a water-driven self-assembly process may also
be extended to other biologically relevant systems such as
amino acids and sugars, which would provide general insights
into the role that water molecules may play in the origin of
homochirality in vivo.

METHODS

STM/nc-AFM Measurements. All experiments were carried out
in three commercial UHV systems (Createc LT-STM, SPECS
variable-temperature “Aarhus-type” STM*"** and Scienta Omicron
LT-STM/AFM) at a base pressure better than ~3 X 107'° mbar. The
Au(111) surface was prepared by several cycles of argon ion
sputtering followed by annealing at 800 K for 10 min. We purchased
the uracil molecules (purity higher than 98%) and pure deionized
water from Sigma-Aldrich. The deionized water was purified by
several freeze—thaw cycles.> We deposited uracil and water
molecules by thermal sublimation and through a leak valve,
respectively. Scanning conditions of the SPECS variable-temperature
STM: I, = 0.5-0.9 nA, V, = —1700 mV. For the experiments
performed in the Scienta Omicron system, the voltage was applied on
the tip while the sample was grounded. The STM images were taken
in the constant-current mode, and the nc-AFM measurement was
carried out with a CO-functionalized tip (quality factor Q = 8 X 10%
oscillation amplitude A = 100 pm, resonance frequency f, = 39.65
kHz) both in constant-height and constant-current mode at liquid
helium temperature.
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Theoretical Calculations. The Vienna ab initio simulation
package (VASP)**** was used to perform the DFT calculations by
using the Perdew—Burke—Ernzerhof generalized gradient approx-
imation (GGA) exchange—correlation functional.* For describing the
interaction between electrons and ions, the projector-augmented wave
method was used.””*® The dispersion-corrected DFT-D3 method™”
was used to consider the van der Waals interactions. The atomic
structures were relaxed until the atomic forces were less than 0.03 eV/
A. The electrostatic potential map was calculated with B3LYP/6-
31G** (Gaussian 09) combined with Multiwfn 3.7.*>*" The model
provided by Hapala ef al. was used to simulate the AFM images with a
flexible CO tip (ky, = 0.5 N m™!).*

tip
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