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ABSTRACT: Chiral nanostructures are much desired in many applications,
such as chiral sensing, chiroptics, chiral electronics, and asymmetric catalysis.
In building chiral nanostructures, the on-surface metal−organic self-assembly is
naturally suitable in obtaining atomically precise structures, but that is under
the premise that there are enantioselective assembly strategies to create large-
scale homochiral networks. Here, we report an approach to build chiral metal−
organic networks using 3,4,9,10-perylene tetracarboxylic dianhydride
(PTCDA) molecules and low-cost sodium chloride (NaCl) in a controllable
manner on Au(111). The chirality induction and transfer processes during
network evolution with increased Na ion ratios were captured by scanning
tunneling microscopy (STM), X-ray photoelectron spectroscopy (XPS), and
density functional theory (DFT) methodologies. Our findings show that Na ion incorporation into achiral PTCDA molecules
partially breaks intermolecular hydrogen bonds and coordinates with carboxyl oxygen atoms, which initiates a collective
sliding motion of PTCDA molecules along specific directions. Consequently, “molecular columns” linked by hydrogen bonds
were formed in the rearranged Na-PTCDA networks. Notably, the direction of Na ion incorporation determines the chiral
characteristic by guiding the sliding direction of the molecular columns, and chirality can be transferred from Na0.5PTCDA to
Na1PTCDA networks. Furthermore, our results indicate that the chirality transferring process is disrupted when
intermolecular hydrogen bonds are entirely replaced by Na ions at a high Na dopant concentration. Our study provides
fundamental insights into the mechanism of coordination-induced chirality in metal−organic self-assemblies and offers
potential strategies for synthesizing large homochiral metal−organic networks.
KEYWORDS: chirality, alkali incorporation, metal−organic coordination, scanning tunneling microscopy, density functional theory (DFT)

INTRODUCTION
Chiral supramolecular nanostructures are a new class of chiral
materials that have potential applications in chiroptics and
spintronics.1−4 Symmetry-breaking processes are fundamental
to the design of chiral structures.5−9 The surface, which
provides a symmetry-breaking environment, offers opportu-
nities to construct chiral supramolecular structures using
achiral molecules. The breaking of mirror-symmetry occurs
spontaneously during molecular adsorption on surfaces owing
to the surface constraint. However, sometimes the surface
symmetry breaking alone is insufficient to produce chiral
supramolecular structures. To further induce symmetry
breaking of achiral molecules, a practical approach is to
modify the molecular arrangement by modulating the
intermolecular interactions.10−21 For example, metal-coordina-
tion interactions can provide additional flexibility in breaking
the symmetry, which can serve as a tuning knob to further
control the chirality of self-assembled supramolecular
structures.22−26 Moreover, the linking of molecular building

blocks by strong metal−organic coordination bonds (also
known as reticular chemistry) allows the formation of stable
chiral networks with atomically precise structures and hence
tailored functionalities.

In order to create large-scale homochiral networks, one
should develop effective enantioselective assembly strategies.
However, such efforts are often hindered by the lack of
understanding of the chirality induction and transfer processes
during self-assembly, because of the difficulty in observing the
early and intermediate self-assembly stages.19 The achiral
3,4,9,10-perylene tetracarboxylic dianhydride (PTCDA) mol-
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ecule is a typical organic semiconductor.27,28 Doping PTCDA
with alkali metals to modulate its electric conductivity was
intensively studied in the past, mostly by using alkali metals
supplied from the gas phase.29−36 However, gas-phase alkali
deposition often results in a fast coordination process, and
therefore the early and intermediate stages of network
formation, which are essential in understanding the chirality
induction and transfer processes, cannot be captured. Recently,
alkali metal salts such as sodium chloride (NaCl) have
emerged as a solid-state sodium source.37,38 The predeposited
NaCl domains can be viewed as a sustained-release source of
Na ions: by controlling the annealing temperature and
annealing time, one can precisely regulate the NaCl
decomposition rate and hence the amount of Na ions released
for coordination. Meanwhile, the NaCl domains and molecular
domains coexist on the surface, leading to the Na-induced
coordination process starting from the edge of the molecular
domain. This is in stark contrast with the gas-phase Na
deposition method, where the coordination process occurs
randomly over the entire molecular domain. Therefore, the use
of a solid-state alkali source provides a vital degree of freedom
to precisely control the enantioselective self-assembly process
and observe the evolution of the Na-PTCDA networks in
detail (see Scheme 1).

Herein, we present a detailed account of the growth and
characterization of Na-PTCDA networks on a Au(111)
surface, accompanied by observations of the chirality induction

and transfer processes at the single-molecule level using high-
resolution scanning tunneling microscopy (STM). Initially, we
co-deposited achiral PTCDA domains and NaCl islands on the
Au(111) surface. By adjusting the NaCl/PTCDA ratio and
annealing temperature, we created a range of chiral Na-
PTCDA networks with stoichiometry ranging from
Na0.5PTCDA to Na2PTCDA. Density functional theory
(DFT) studies revealed that Na ion incorporation into the
achiral PTCDA herringbone (HB) lattice partially breaks the
intermolecular hydrogen bonds to coordinate with the carboxyl
oxygen atoms. The remaining hydrogen bonds and steric
interactions lead to the rearrangement of the PTCDA molecule
in a collective sliding mode, which plays a crucial role in the
induction and transfer of chirality in Na-PTCDA networks.
Our STM results show that this collective sliding motion is
strongly correlated with the direction of Na ion incorporation
in Na-PTCDA networks, which determines the final left- or
right-handed characterization in chirality. However, when the
Na:PTCDA ratio is increased to 2:1 in the Na2PTCDA
product, the intermolecular hydrogen bonds that facilitate the
collective molecular rearrangement are entirely replaced by
Na−O coordination bonds, disrupting the chirality transfer
process. Our findings will give valuable insights for under-
standing the induction and transfer of the chirality in metal−
organic networks.

RESULTS AND DISCUSSION
First, we deposited PTCDA (Figure 1a) molecules on the
Au(111) surface at room temperature (RT). Figure 1b shows
the PTCDA molecules self-assembled into a well-ordered HB
structure held by hydrogen bonds.39 As shown in the STM
image of Figure 1c, the flat-lying molecules can be classified
into two categories, A and B, depending on their adsorption
orientation. Molecule A is approximately parallel to the [101̅]
direction of the Au(111) lattice, while molecule B is tilted by
an angle of 77° to it, which is similar to previous reports on
PTCDA domains adsorbed on Au(111) and Ag(111).40,41

Here, the unit cell exhibits a mirror symmetry represented by
blue and red dashed boxes, demonstrating that this self-
assembled HB structure is achiral. Based on this unit cell, we
define the orientation of the PTCDA two-dimensional lattice
as shown in Figure 1c.40 The PTCDA domains do not lift the
HB reconstruction of Au(111) as shown in Figure 1b,
indicating a relatively weak interaction with the surface.

To precisely control the Na ion coordination with the
PTCDA self-assembled domains, we used NaCl as the solid-
state Na source. After depositing PTCDA molecules on the
Au(111) surface with predeposited NaCl and subsequent
annealing at 350 K for 5 min, we observed a PTCDA film
formed nearby a small NaCl island (Figure 2a). Compared to
Figure 1b, this structure is divided into two phases separated
by the white dashed line. A porous structure was formed
around the NaCl patch, while most of the film still retained the
HB structure. To verify the presence of Na-dopant, we
performed X-ray photoelectron spectroscopy (XPS) analysis
on the samples with co-deposited PTCDA and NaCl. After
successive annealing of the sample, the chemical shift of
oxygen core level peaks is consistent with the effect of electron
doping by Na dopants. Meanwhile, it is noticeable that no
significant Cl signal was detected on the annealed sample,
which might be due to Cl desorption from the Au(111) surface
in the form of Cl2 gas (see details in Supplementary Figure
S1). It is consistent with earlier studies that NaCl islands can

Scheme 1. Schematic illustration of Na ion incorporation
into the PTCDA domains in two ways: (a) out-of-plane by
gas-phase Na ions; (b, c) in-plane with different directions
by solid-state Na ions released from co-deposited NaCl.
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release Na ions during the annealing process to form
coordination networks with organic ligands, and the byproduct

molecular Cl is desorbed from the surface.38 Furthermore, we
have also performed a control experiment by using a gas-phase

Figure 1. Achiral PTCDA supramolecular network on Au(111). (a) A model of the PTCDA molecule (red balls: oxygen atoms; gray balls:
carbon atoms; white balls: hydrogen atoms). (b) The STM image of a well-ordered PTCDA film deposited on the Au(111) surface at RT. (c)
A high-resolution STM image of the HB structure of the as-deposited PTCDA film and the structural model in the lower column. The blue
and red dashed boxes mark the unit cell with mirror symmetry. White arrows indicate the direction of the HB structure. Black dashed lines
indicate the 22 3× reconstruction orientation of Au(111). Black arrows indicate the direction of the Au(111) surface. Green lines in the
lower column indicate the intermolecular hydrogen bonds. Scale bar: (b) 20 nm; (c) 2 nm. Tunneling parameter for (b): Us = −2.3 V, I = 60
pA; (c): Us = −2 V, I = 100 pA.

Figure 2. Chirality induction: Na incorporation induced structural phase transition from PTCDA to Na0.5PTCDA. (a) STM image of a
mixture of PTCDA and predeposited NaCl islands. (b, c) Zoom-in STM images show the left- and right-handed chirality in Na0.5PTCDA. (d,
e) DFT structural models and simulated STMs of (b) and (c). (f) STM image showing an intermediate state between the HB to Na0.5PTCDA
phase; white arrows indicate the direction of the HB structure, and pink arrows indicate the row of Na atoms. The direction of the Au
surface is marked by black arrows. The lower section is the charge difference at different hydrogen-bonding sites for HB and Na0.5PTCDA.
(g) STM image of the Na0.5PTCDA phase around an HB structure. The solid white box and white arrows mark the unit cell of HB and its
direction. Blue and red arrows mark the left- and right-handed Na0.5PTCDA, and the lines in corresponding colors indicate the direction of
the columns forming them. The lower section is the model for L-configuration and R-configuration of the molecular columns. (h) The
energy diagram shows the most optimized pathway of phase transition from HB to Na0.5PTCDA. Scale bar: (a) 10 nm, (b, c) 2 nm, (f) 5 nm,
(g) 4 nm. Tunneling parameters: Us = −2 V, I = 50 pA.
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Na metal source to confirm this porous structure, and the same
result is obtained (see Supplementary Figure S2). Thus, we
could assign this formed porous structure in Figure 2 as the
Na-PTCDA coordination networks.

Next, we probed the structure of the porous Na-PTCDA
networks, with an emphasis on their chirality. When the ratio
of NaCl to PTCDA coverage is increased to approximately 1:2
and annealed at 320 K for 20 min, the close-packed HB
structure totally transformed into the porous phase. Molecules
in this pattern have a “windmill” type of unit cell, with each
PTCDA molecule shared by two adjacent unit cells and the Na
atom located exactly in the rotation center of the windmill,
similar to the previously reported K0.5PTCDA structure.42 This
“windmill” can rotate either clockwise or counterclockwise,
resulting in left-handed or right-handed chiral enantiomers
(Figure 2b,c). We find that Na is invisible in most STM
images, only showing contrast when the STM tip was tuned to
a specific state and under a sample bias at the lowest
unoccupied molecular orbital (LUMO) energy level (see
Supplementary Figure S3), consistent with previous stud-
ies.43−45 According to the DFT calculations (Figure 2d,e),
each PTCDA molecule coordinates to the Na ions via two
diagonal carboxyl oxygen atoms, while the other oxygen atoms
remain hydrogen bonded to the adjacent PTCDA. The
simulated structure, denoted by the chemical formula
Na0.5PTCDA, has a periodicity of a = b = 16.05 Å, which is
consistent with the STM-measured periodicity of 15.90 Å
(Figure 2b,c). The simulated height of Na ions (3.16 Å) is
lower than that of the PTCDA molecules (3.33 Å), which
explains why the central Na ions are invisible in most STM
images.

To investigate how chirality in the Na0.5PTCDA phase is
induced from the achiral HB phase, we investigated the
intermediate states of structural transformation from PTCDA
to Na0.5PTCDA. Figure 2f is an STM image of the
intermediate state, which can be viewed as a mixture of the
PTCDA HB phase and the Na0.5PTCDA phase. The HB and
Na0.5PTCDA units are illustrated by a black rectangle and
square, respectively. It is interesting to observe that in both
phases the PTCDA molecules are highly oriented along the
[11] direction of the PTCDA HB lattice, with alternating A
and B molecules (see description in Figure 1c) forming what
we called a “molecular column” in this direction, marked by
black lines. It suggests that the intermolecular hydrogen bonds
along this direction remain intact, and the presence of Na ions,
indicated by pink arrows, appears to change the relative
position of the adjacent columns. It is noteworthy that
depending on the ratio of Na rows and molecular columns,
Na0.25PTCDA and Na0.16PTCDA structures have been imaged
as the intermediate phases (see Supplementary Figure S4)
between the PTCDA HB phase and the Na0.5PTCDA phase.

To rationalize the observation of these molecular columns,
we investigated the intermolecular hydrogen bonding of HB
and Na0.5PTCDA by DFT. As shown in the lower section of
Figure 2f, the intermolecular hydrogen bonds linking adjacent
molecules of the HB structure can be divided into two groups.
One is a pair of parallel hydrogen bonds between two
neighboring PTCDA molecules in the same category (AA or
BB) along the [10] direction of the HB lattice. Another group
is a pair of bifurcated hydrogen bonds and a single hydrogen
bond formed by the carboxylic oxygen atoms and anhydride
oxygen atoms, respectively, between the alternated adjacent A
and B molecules along the [11] and [11̅] directions of the HB

lattice.46 The differential charge density shows that the charge
redistribution is significantly more pronounced in the AB
molecules than in the AA (or BB) molecules, meaning the AB-
type of intermolecular hydrogen bonding is stronger. Next, we
investigate the molecular motion during the phase transition
by using a simplified model of four molecules and the climbing
image nudged elastic band (CI-NEB) method.47 As shown in
Figure 2h, the initial and final states of the system were the
PTCDA positions in the HB and Na0.5PTCDA structures,
respectively. The results showed that the most optimized
rearrangement pathway was the relative sliding of the AB
molecules along the [11] (or [11̅]) directions, with a potential
barrier of 0.31 eV. The stronger hydrogen bonding in the
adjacent AB molecules was assigned as the main reason for the
sliding-type of molecular rearrangement. Due to steric
hindrance, the sliding motion of AB molecules in the compact
HB domain is very likely to induce neighboring molecules to
move in a similar way, resulting in large-scale collective
rearrangement to form PTCDA molecular columns along the
[11] (or [11̅]) directions.

The collective molecular rearrangement, which is driven by
cooperative hydrogen bonding and steric interactions, is not
rare. Similar behaviors have been reported previously, which is
termed as the “sergeants and soldiers” principle.10,48 In
addition, we have observed molecular slippage between
adjacent PTCDA domains in the pure HB phase, which also
preferentially occurs along the [11] or [11̅] directions (see
Supplementary Figure S5). This behavior could be induced by
thermal fluctuations during growth, and it can also be
rationalized as the selective breaking of the AA (or BB)
hydrogen bonds and subsequent collective rearrangement of
PTCDA molecules.

Based on the above-mentioned model, we can now analyze
the chirality induction process in detail. Figure 2g shows an
HB domain surrounded by four Na0.5PTCDA domains, likely
formed by the in-plane incorporation of Na ions released from
nearby NaCl domains. The top and bottom domains are left-
handed, while the left and right domains are right-handed. The
collective rearrangement of PTCDA molecules could be
viewed as the relative sliding of adjacent molecular columns.
The molecular columns in the HB phase can be assigned in
either the [11] or [11̅] directions, indicated by blue and red
lines, respectively. The two types of columns are chiral
enantiomers with the L- or R-configuration, as they cannot be
superimposed via rotations and translations. Apparently, the
cooperative-interaction-induced sliding of [11] columns (blue
lines) transforms into the left-handed Na0.5PTCDA (blue
rectangles). In comparison, the sliding of [11̅] columns (red
lines) gives rise to the right-handed Na0.5PTCDA (see
Supplementary Figure S6 for further details). This observation
suggests that the direction of Na incorporation is likely to
determine the sliding direction of the AB molecules located at
the domain edge, which then determines the Na0.5PTCDA
chirality by inducing the collective rearrangement of PTCDA
molecules along the corresponding direction. This implies that
if the Na ions were derived from a single direction, homochiral
domains would be formed. This is indeed observed in our
experiments when only a few PTCDA adsorb around NaCl. As
the Na ions are derived from the [101̅] direction of the Au
surface to drive collective molecular rearrangement in the [11]
direction, a left-handed homochiral domain was observed in
Supplementary Figure S7.
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To observe whether chirality can be transferred during
structural transformation, we supply more NaCl and raise the
annealing temperature to promote the further evolution of the
self-assembled structure. As shown in Figure 3a, the edge of

porous Na0.5PTCDA transformed into a ladder-like phase. By
further raising the ratio between NaCl and PTCDA to 1:1 and
annealing at 380 K for 20 min, the structure is completely
transformed into this phase. Similar structures have been
observed before in Fe1PTCDA.49−51 Depending on the
direction of PTCDA, the molecules in this nanostructure are
classified as “chain” PTCDA or “rung” PTCDA (Figure 3c,e).
Based on DFT calculations, all four carboxyl oxygen atoms in
the “chain” PTCDA are engaged in the Na−O coordination. In
contrast, only two carboxyl oxygen atoms in the “rung”
participate in the production of Na ion coordination bonds,
while the remaining two carboxyl oxygen atoms form hydrogen
bonds with the hydrogen donor of the “chain” PTCDA. This
ladder-like motif, denoted by the chemical formula of
Na1PTCDA, has the basic cell size of a = 15.26 Å, b = 25.20
Å, and an angle of 73° between them (Figure 3d,f), which is
consistent with our STM-measured dimensions.

This phase also has left-handed and right-handed chiral
enantiomers, as shown in Figure 3c,e. Interestingly, in Figure
3a, the right-handed chiral Na0.5PTCDA is converted to two
right-handed chiral Na1PTCDA domains with a 90-degree
rotation in space. Here we assume the cooperative hydrogen

bonding and steric interactions still govern the molecular
rearrangement, but now with AB molecules held by only two
bifurcated hydrogen bonds. Based on this assumption, we
assign molecular columns in the Na0.5PTCDA structure along
the [11] and [11̅] directions (marked by gray lines in Figure
3b). Due to the 4-fold rotational symmetry of Na0.5PTCDA, a
90-degree rotation brings the [11] orientation columns into
coincidence with the [11̅] orientation columns, resulting in all
columns being classified as the R-configuration. The
Na1PTCDA formed by the columns in the [11] direction
sliding against each other also coincides with the Na1PTCDA
formed by the columns in the [11̅] orientation after 90 deg of
rotation. Hence, the right-handed chiral Na0.5PTCDA only
transforms into the right-handed chiral Na1PTCDA, and the
left-handed chiral Na0.5PTCDA transforms only into the left-
handed chiral Na1PTCDA, regardless of the sliding direction of
the molecular columns. This evolution implies that for
Na0.5PTCDA the chirality will be transferred to Na1PTCDA
regardless of the direction of Na incorporation.

Finally, we observed the termination of chirality transfer
from Na1PTCDA to Na2PTCDA as shown in Figure 4a. The

Na2PTCDA network with the highest doping ratio of Na ions
is available at a 2:1 ratio of NaCl and PTCDA, coverages, and
then is annealed at 480 K for 20 min. As shown in Figure 4b,d,
the STM image shows a close-packed structure in which all
molecules form rows by aligning side-by-side, similar to the
previously reported K2PTCDA/Ag(111).27,28 In the DFT
model (Figure 4c,e), all oxygen atoms are coordinated to the
Na ions, resulting in two double-coordinated carboxyl oxygen
atoms and two single-coordinated carboxyl oxygen atoms per
molecule. Each unit cell consists of one PTCDA molecule and
two Na ions, with the cell dimensions of a = 15.26 Å, b = 8.65
Å, and a separation angle of 79°, which is consistent with the
STM-measured periodicity of a = 16.05 Å, b = 8.92 Å, and a
separation angle of 80°. The molecule’s short axis rotates
relative to the row direction (lattice vector b) owing to the
different coordination numbers of the two carboxyl oxygen
atoms on either side of the molecule’s short axis. The direction
of the rotation, either clockwise or counterclockwise, defines
the handedness of an enantiomer. In the STM image (Figure
4a), it is evident that one-dimensional achiral Na2PTCDA
chains are observed instead of close-packed domains,49

implying that the PTCDA molecules no longer rearrange

Figure 3. Chirality transfer: Na incorporation induced structural
phase transformation from Na0.5PTCDA to Na1PTCDA. (a) STM
image of phase transformation of right-handed Na0.5PTCDA to
right-handed Na1PTCDA. (b) An illustration of the process shown
in (a). The relative slip of the two oriented molecular columns
results in forming Na1PTCDA with the same chirality but a 90-
degree rotation in space. (c−f) The STM images, DFT structural
models, and simulated STMs for left- and right-handed
Na1PTCDA. Scale bar: (a) 4 nm, (c) and (e) 2 nm. Tunneling
parameters: Us = −2 V, I = 50 pA.

Figure 4. Disruption of chirality transfer: formation of the
Na2PTCDA phase on the Au(111) surface. (a) STM image of
phase transformation from Na1PTCDA to Na2PTCDA mediated
by one-dimensional achiral Na2PTCDA chains. (b−e) The STM
images, DFT structural models, and simulated STMs for left- and
right-handed Na2PTCDA. Scale bar: (a) 10 nm, (b, d) 2 nm.
Tunneling parameters: Us = −2 V,I = 50 pA.
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collectively during the phase transition to the Na2PTCDA
phase. This is not surprising since all the intermolecular
hydrogen bonds, which hold the AB molecules in position, are
now completely replaced by Na−O coordination bonds.
Therefore, the chirality of the Na2PTCDA domains arises
randomly and cannot be inherited from that of the Na1PTCDA
structure.

CONCLUSIONS
The chirality induction and transfer mechanism underlying
metal−organic self-assembly, which are crucial for developing
enantioselective assembly strategies, are often difficult to
comprehend due to the difficulty in observing the fast
assembly processes. Previous studies on the self-assembled
PTCDA structure on Au(111) using gaseous metal Na sources
have resulted in the spontaneous formation of all Na-PTCDA
networks, making it difficult to observe the intermediate states
during structural evolution (Supplementary Figure S1). In our
work, we used NaCl as the solid-state Na source and
controlled the thermal annealing conditions to precisely
regulate the rate and stage of structural transformation from
the achiral PTCDA structure to the chiral Na-PTCDA
coordination networks. With the increased surface Na ion
concentrations, chiral Na0.5PTCDA, Na1PTCDA, and
Na2PTCDA structures have been obtained, similar to the
K0.5PTCDA, Fe1PTCDA, and K2PTCDA structures reported
previously.27,28,42,49−51 These ratios are also confirmed by
scanning tunneling spectroscopy in terms of continuous
electric doping, as shown in Supplementary Figure S8.

Our results showed that early-stage Na ion incorporation
only partially breaks the intermolecular hydrogen bonds in the
self-assembled HB structure of PTCDA molecules. Sub-
sequently, due to the cooperative hydrogen-bonding and steric
interactions among neighboring molecules, a sliding-type of
collective rearrangement along the [11] or [11̅] direction will
occur, resulting in the formation of highly oriented molecular
columns in the corresponding direction. This collective
rearrangement behavior can be regulated by the direction of
Na ion incorporation and gave rise to the chirality induction
and transfer processes. Our observations also revealed that the
chirality transfer was disrupted at high surface Na ion
concentrations, as intermolecular hydrogen bonds that held
the collective molecular rearrangement were completely
replaced by Na coordination bonds.

These findings demonstrate that the comprehension of
introducing and transferring chirality by using nonchiral
precursors such as Na atoms and PTCDA may lead to
strategies capable of producing large-scale homochiral Na-
PTCDA networks. For example, anisotropic metal substrates
such as Au(100) or Au(110) could be used to control the Na
ion incorporation from a single surface direction, triggering the
structural transformation of self-assembled PTCDA structures
in an enantioselective manner. Furthermore, our DFT
simulation reveals that this kind of Na-PTCDA network
exhibits chirality-dependent light−matter interactions (Supple-
mentary Figure S9). Such tunable chiral networks have the
potential to serve as chiral electronic or optoelectronic
materials with a wide range of applications, including the
filtration of spin currents and the selective emission of light
with different polarizations.

METHODS
STM Measurement. The experiments were performed in an

ultrahigh-vacuum (UHV) system equipped with a low-temperature
STM (Unisoku 1400) at a base pressure of 1 × 10−10 Torr. The
single-crystal Au(111) surface was prepared by several cycles of 1.5
keV Ar+ sputtering followed by annealing to 850 K, resulting in clean
and flat terraces separated by monatomic steps. Tungsten tips were
electrochemically etched and cleaned by an e-beam bombardment.
After the system was thoroughly degassed, the PTCDA molecules and
NaCl were sublimated respectively from a multisource miniature
Knudsen cell (K cell) onto the Au(111) surface followed by stepwise
annealing. To conduct a control experiment with a different source of
Na, a direct incorporation of Na was carried out by cracking a
commercial Na distributor source (SAES Getters) while applying a
DC current of I = 5.0 A. STM imaging and scanning tunneling
spectroscopy (STS) measurements were performed at T = 78 K. dI/
dV spectra on the Au(111) substrate were used as an STS reference
for tip calibration. STM/STS data were analyzed and rendered using
the WSxM software.52

XPS Measurement. XPS analysis was performed with mono-
chromatic Al Kα emission (1486.6 eV) using an XM-1200 X-ray
source (SCIENTA OMICRON GmbH) in a UHV chamber with a
base pressure of 5 × 10−10 mbar. The photoelectrons were analyzed
by a SCIENTA OMICRON DA30 hemispherical analyzer (SCIEN-
TA OMICRON GmbH), working with a 200 eV pass energy to
accommodate weak signals. Following STM measurements, the
samples were promptly transferred to the XPS system. All XPS
measurements were performed at room temperature, and binding
energy was calibrated using the Au 4f reference (Au 4f7/2 = 84.0 eV).
Curve fitting was accomplished using an integrated Shirley-type
background and combined Gaussian−Lorentzian line shape with the
Igor Pro program. The analyzed samples had only a minimal amount
of carbon contamination.
DFT Calculations. The DFT calculations were performed by

applying the repeated slab approach using the Vienna Ab Initio
Simulation Package (VASP) code.53 The projector augmented wave
method was used to describe the interaction between ions and
electrons, and the Perdew−Burke−Ernzerh of the generalized
gradient approximation exchange−correlation functional was em-
ployed.54 van der Waals corrections to the PBE were also included
using the Tkatchenko−Scheffler custom method.55 Plane waves were
used as a basis set with an energy cutoff of 400 eV. The Brillouin zone
was sampled by 3 × 3 × 1, 5 × 5 × 1, 3 × 3 × 1, and 3 × 5 × 1
Monkhorst−Pack k-point sampling56 for structural optimizations of
PTCDA/Au(111), Na0.5PTCDA/Au(111), Na1PTCDA/Au(111),
and Na2PTCDA/Au(111), respectively. The Au(111) surface was
sampled with a slab model consisting of three layers of Au atoms. The
geometry of PTCDA, Na atoms, and the top two layers of Au atoms
within the unit cell was allowed to structurally relax in three
dimensions until the atomic force was smaller than 0.01 eV/Å. The
atomic structures were relaxed using the conjugate gradient algorithm
scheme as implemented in VASP until the energy changes were ≤1 ×
10−4 eV. The STM images were simulated by integrating the local
density of states between the Fermi energy (EF) and the Fermi energy
plus the applied tunneling bias (VT) following the Tersoff−Hamann
approach.57 In order to analyze the involved hydrogen bonds, we also
performed the charge density difference due to the intermolecular
interaction following Harry Mönig’s recipe.46 Here, the formula is
defined as Δρ = ρtot − ρmolec, where ρtot is the total charge density and
ρmolec is the charge density of the individual molecules. To study the
transition behaviors from PTCDA to Na0.5PTCDA, the energy barrier
ΔE along the transition path has been calculated using the CI-NEB
method.47 To study the electronic circular dichroism spectra of Na-
PTCDA nanostructures, time-dependent DFT was employed,58 using
the B3LYP hybrid functional.59

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.3c02819
ACS Nano 2023, 17, 10938−10946

10943

https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c02819/suppl_file/nn3c02819_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c02819/suppl_file/nn3c02819_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c02819/suppl_file/nn3c02819_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c02819/suppl_file/nn3c02819_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c02819?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnano.3c02819.

XPS results of NaCl/Au(111) and Na0.5PTCDA/
Au(111); an STM image showing the result of a control
experiment utilizing Na getter sources to prepare Na-
PTCDA complexes; STM images at the special tip state;
diagrams showing formation processes of Na0.16PTCDA,
Na0.25PTCDA, and Na0.5PTCDA; molecular slippage
between adjacent PTCDA domains in the HB phase; a
diagram of a molecular column; an STM image showing
molecular columns rearranged into the left-handed
Na0.5PTCDA; STS spectra measured on different
structures of Na-PTCDA complexes; electronic circular
dichroism spectra of Na-PTCDA complexes (PDF)

AUTHOR INFORMATION
Corresponding Authors

Liang Cao − Anhui Key Laboratory of Condensed Matter
Physics at Extreme Conditions, High Magnetic Field
Laboratory, HFIPS, Chinese Academy of Sciences, Hefei
230031, People’s Republic of China; orcid.org/0000-
0001-7453-7060; Email: lcao@hmfl.ac.cn

Hai Xu − Changchun Institute of Optics, Fine Mechanics &
Physics (CIOMP), Chinese Academy of Sciences, Changchun
130033, People’s Republic of China; University of Chinese
Academy of Sciences, Chinese Academy of Sciences, Beijing
100049, People’s Republic of China; orcid.org/0000-
0002-4047-7087; Email: xuhai@ciomp.ac.cn

Authors
Zhewen Liang − Changchun Institute of Optics, Fine
Mechanics & Physics (CIOMP), Chinese Academy of
Sciences, Changchun 130033, People’s Republic of China;
University of Chinese Academy of Sciences, Chinese Academy
of Sciences, Beijing 100049, People’s Republic of China;

orcid.org/0009-0002-6353-3528
Shiru Wu − Key Laboratory of Flexible Electronics (KLOFE)

& Institute of Advanced Materials (IAM), Nanjing Tech
University (Nanjing Tech), Nanjing 211816, People’s
Republic of China

Jiamin Wang − Changchun Institute of Optics, Fine Mechanics
& Physics (CIOMP), Chinese Academy of Sciences,
Changchun 130033, People’s Republic of China; University
of Chinese Academy of Sciences, Chinese Academy of Sciences,
Beijing 100049, People’s Republic of China

Yifan Qin − Changchun Institute of Optics, Fine Mechanics &
Physics (CIOMP), Chinese Academy of Sciences, Changchun
130033, People’s Republic of China; University of Chinese
Academy of Sciences, Chinese Academy of Sciences, Beijing
100049, People’s Republic of China

Fang Cheng − State Key Laboratory for Organic Electronics
and Information Displays & Jiangsu Key Laboratory for
Biosensors, Institute of Advanced Materials (IAM), Jiangsu
National Synergetic Innovation Center for Advanced
Materials (SICAM), Nanjing University of Posts and
Telecommunications, Nanjing 210023, People’s Republic of
China; orcid.org/0000-0003-1645-4237

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsnano.3c02819

Author Contributions
The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.
Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENTS
This work was supported by National Natural Science
Foundation of China (11727902, 12074372, 12074385,
21902079), the Natural Science Foundation of Jiangsu
Province of China (BK20190724), and Open Project of the
State Key Laboratory of Luminescence and Applications
(SKLA-2020-08). We thank Prof. Yang Bao and Prof. Jiaxu
Yan for fruitful discussions and proofreading of the manuscript.

REFERENCES
(1) Aoki, R.; Toyoda, R.; Kögel, J. F.; Sakamoto, R.; Kumar, J.;

Kitagawa, Y.; Harano, K.; Kawai, T.; Nishihara, H. Bis(Dipyrrinato)-
Zinc(II) Complex Chiroptical Wires: Exfoliation into Single Strands
and Intensification of Circularly Polarized Luminescence. J. Am.
Chem. Soc. 2017, 139 (45), 16024−16027.

(2) Naaman, R.; Paltiel, Y.; Waldeck, D. H. Chiral Molecules and the
Electron Spin. Nat. Rev. Chem. 2019, 3 (4), 250−260.

(3) Cinchetti, M.; Neuschwander, S.; Fischer, A.; Ruffing, A.;
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