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ABSTRACT

Chiral switching is a fascinating topic and plays an important role in construction of homochirality. Nevertheless, due to the
complexity and flexibility of noncovalent interactions, switching the chirality of entire supramolecular assemblies has hitherto
remained a challenge. Here we report the electric field-controlled chirality switching of pentacene pinwheel arrays and
two-dimensional (2D) network domains. Pentacene molecules on Cd(0001) surface form the porous network structure with
building blocks of hexamer pinwheels. Driven by the electric field from a scanning tunneling microscopy (STM) tip, the
supramolecular chirality of pentacene pinwheels and the organizational chirality of entire network domains can be simultaneously
switched from one enantiomorph to another. Furthermore, such chiral switching is reversible and repeatable under successive
voltage pulses. First-principles calculations demonstrate that electric field significantly modulates the interfacial charge transfer
and induces the Coulomb expansion of pentacene layers, and the subsequent reaggregation leads to the chiral flipping of the
supramolecular pinwheels and 2D domains. Our results provide a new strategy for dynamic control of the 2D chiral structures
and help to steer the supramolecular assembly toward homochirality.

1 Introduction

Chirality is ubiquitous in nature and plays an important role in
chemistry, biology, and materials sciences due to the fundamental
importance and potential applications [1-7]. Considerable efforts
in recent years have been devoted to chiral control by introducing
excess enantiomers in chiral amplification [8-11] or external
additives in chiral induction [12-17]. As a crucial step of chiral
control, chirality switching provides an efficient channel towards
formation of extended homochiral domains [18-20]. However,
due to the complexity and flexibility of noncovalent interactions,
direct flipping the chirality of entire supramolecular assemblies
still remains a challenge. Previous studies showed that chiral
switching occurs only at the single-molecule level, where the
handedness of individual molecules can be reversed by thermal
excitation [21] or tunneling electrons [22-25]. Chiral flipping of
the supramolecular assemblies in a controlled manner has
remained largely unexplored to date.

It remains unclear so far whether the supramolecular
assemblies can switch their chirality from one enantiomorph to
another. If yes, what kind of external stimulation should be
provided to drive such chirality switching? Scanning tunneling
microscopy (STM) has proven to be a powerful tool not only to
obtain the spatial information at atomic scale, but also to
manipulate individual atoms, molecules, or nanostructures on
surfaces. Aside from driving the chiral switching of individual
molecules, STM tip was also used to initiate chemical reactions

and modulate the interfacial adsorption by injecting electrons into
the molecular layer [26-29], and provoke structural transitions
and trans-cis isomerization by the electric field in tunneling
junction [30-37]. Thus one may expect a dramatic effect of the
electric field from STM tip on the chiral assemblies and chiral
switching.

Not only chiral molecules, but also achiral molecules can form
the chiral assemblies when deposited on solid surfaces. Pentacene
(Cy,H,y) is a typical achiral molecule that consists of five aromatic
rings arranged in a linear fashion. It was usually used as a model
system to study the molecule-solid interactions in organic
semiconductors. On the semimetallic Bi(111) surface, pentacene
molecules can form individual large chiral pinwheel clusters with
clockwise or anticlockwise handedness [38]. When adsorbed on
Ag(111), pentacene molecules were found to form a loosely bound
and disordered contact layer at the interface [39,40]. The divalent
hexagonal close-packed metal Cd is usually used as electrode
material due to the high redox potential. When deposited on
Si(111) substrate, Cd atoms form the crystalline (0001) thin films
with the perfectly electronical transparency due to the anisotropic
electron motions and quantum-well states [41]. Thus it would be
fundamentally important to study the symmetry breaking and
molecular assemblies at the pentacene/Cd(0001) interface.

In this work, we reported the simultaneous switching of the
supramolecular chirality of pentacene pinwheels and the
organizational chirality of entire two-dimensional (2D) domains
activated by the electric-field induced Coulomb expansion.
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Pentacene molecules on Cd(0001) form the porous network
structure with building blocks of hexamer pinwheels. We found
that the electric field from STM tip switches the local chirality of
pentacene pinwheels and the organizational chirality of 2D
network domains, and such chiral switching was reversible and
repeatable under successive voltage pulses. First-principles
calculations demonstrated that external electric field significantly
modulated the interfacial charge transfer and induced the
Coulomb expansion of molecular layer, and the subsequent
reaggregation leads to the chiral switching of the pentacene
pinwheels and 2D domains.

2 Results and discussion

Here we began our experiment by depositing a small amount of
pentacene molecules (0.3 monolayer (ML)) on Cd(0001) at room
temperature (RT). It was found that the pentacene molecules are
highly mobile and cannot be imaged in STM scanning even at
78 K (Fig.1(a)). The fuzzy noises reflect the nature of 2D
molecular gas, resulting from the thermal activated-diffusion. The
adsorption of pentacene molecules could induce the absorbate-
substrate charge transfer and the interfacial dipole moments (Fig.
S1 in the Electronic Supplementary Material (ESM)). Thus, the
electrostatic repulsion between pentacene molecules decreased the
diffusion barrier of a single pentacene molecule and facilitated the
emergence of disordered 2D gas state. The charged molecules
occupied the entire substrate terrace homogeneously, similar to
the disordered CuPc layers on Ag substrates [42,43]. Previous
studies demonstrated that external electric field can modulate the
interfacial adsorption and thus manipulate the interfacial phase
transition [31, 35-37]. Therefore, we applied a transient positive
voltage pulse to the gaseous adsorbates, which results in
condensation and visualization of pentacene molecules.
Figure 1(b) shows that the aggregated molecules form a small
patch of porous network structure induced by electric field. The
emergence of porous structure reflects a delicate interaction
between absorbed molecules and underlying substrate.

When pentacene coverage increases to 0.6 ML, large-scale
porous network forms spontaneously (Fig.1(c)). The network
phase consists of building blocks of pentacene hexamer pinwheels
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(three dimers) (Fig. 1(d)), and each pentacene molecule presents
two bright spots at the terminals. Nine spots from the six
pentacene molecules constitute an anticlockwise (L) pinwheel and
achieve a supramolecular chirality. The pentacene hexamers are
aligned at the direction deviating 15° from the [1100] direction of
Cd(0001), forming the right (p)-enantiomorphous domain
(organizational chirality). The lattice constant of pentacene
pinwheels is @ = 30.5 + 0.2 A, corresponding to a high-order-
commensurate (HOC) phase (v/97 x 1/97) with packing density
of 0.74 nm™. The lattice chirality of p-domain can be described as
a transformation matrix (11, 3, -3, 8). The porous network phase
also includes the clockwise (R) pinwheels, which appeared in the
left (\)-enantiomorphous domains. The transformation matrix of
A-enantiomorphous domain is (8, -3, 3, 11). The p- and A-
domains, as well as the L- and R-pinwheels, have a mirror
symmetry with respect to the [1100] direction of Cd(0001)
substrate. Overall, the two types of chiral pinwheel domains
appear on the entire substrate with equal probabilities based on
our statistical analysis (Fig.S2 in the ESM). This network phase
can thus be defined as the hexamer pinwheel phase. The
pentacene hexamer pinwheels look similar to the reported mixed
pinwheels of perylene-3,4,9,10-tetracarboxylic diimide (PTCDI)
and 1,3,5-triazine-2,4,6-triamine (melamine) on Au(111) and the
chiral pinwheel heterojunctions made of a Cg, and six pentacene
molecules on Cu(111) [44, 45].

We performed first-principles calculations within the
framework of density functional theory (DFT) (see Methods for
details) to account for formation mechanisms. The optimized
structure of L-pinwheel within p-domain is shown in Fig. 1(e),
and the simulated STM images are shown in Fig. 1(f), which
agrees well with the experimental observation. When pentacene
coverage is increased to ~ 0.8 ML, two compact structures with
herringbone and brick-wall packings have been observed as
shown in Fig.S3 in the ESM, where the packing density of
pentacene molecules is 0.79 and 0.81 nm?, respectively. Compared
with the herringbone and brick-wall packings, the pinwheel phase
has the largest formation energy of —1.827 eV/molecule despite of
the smallest adsorption density (Table S1 in the ESM), confirming
the intrinsic stability of pinwheel phase under zero electric field.

Figure1 Condensation of pentacene molecules from the gas-like phase to porous network phase. (a) Gas-like phase of pentacene molecules (0.3 ML) on Cd(0001)
(0.5 V, 28 pA). (b) A small patch of porous network appears after applying a positive voltage pulse (1.5 V, 21 pA). (c) Large-scale porous network phase with
anticlockwise (L-) hexamer pinwheels and p-lattices (1.3 V, 21 pA). (d) High-resolution image of the porous network phase (2.3 V, 32 pA). (¢) The optimized porous
network structure with L-pinwheel and p-lattice. (f) The simulated STM image of the network phase with L-pinwheel and p-lattices, which is well consistent with

experimental image in (d).
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Interestingly, by applying a negative voltage pulse, both the
supramolecular chirality of pentacene pinwheels and the lattice
chirality of 2D pentacene domains can be simultaneously switched
from one enantiomorph to another. Figure 2(a) shows a pinwheel
phase with p-enantiomorphous lattices and L-pinwheels. After a
negative voltage pulse (-2.0 V for 50 ms) applied at the cross
position, all pinwheels (involving ~ 300 pentacene molecules)
switched their chirality from L- to R-enantiomorph. Meanwhile,
the lattice chirality is simultaneously switched from p- to
A-enantiomorph (Fig. 2(b)). The orientations of pentacene dimers
remained unchanged before and after the chiral switching, while
the relative alignment in a dimer has now the opposite handed
arrangement. The p-domains (L-p) and the A-domains (R-\) were
exclusively built up by L-pinwheels and R-pinwheels motifs,
respectively. Such combinations between supramolecular chirality
and lattice chirality were in contrast with that in chiral pinwheel
heterojunctions of Cg, and pentacene molecules on Cu(111) [45],
where the two enantiomorphous pinwheels with opposite
handedness co-existed in the same chiral domain. Previously,
chiral flipping of 2D domain induced by electric field was
observed in the self-assembled networks of CuPc on Cd(0001),
where only the organizational chirality was switched from one
enantiomorph to another [46].
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Figure2 Chirality switching of the pinwheel phase by a negative voltage pulse.
(a) A pinwheel domain with p-lattice and L-pinwheel before voltage pulse (20
nm x 20 nm, 1.8 V, 22 pA). (b) The obtained \-lattice and R-pinwheel after
voltage pulse of —2 V applied at the cross position in (a). The small island
marked by yellow arrow demonstrates the same region is measured. (c) Chiral
switching probability versus pulse voltages at a constant tunneling current of 25
pA for 30 ms. Each data point was obtained by repeating the same
measurements for 100 times. (d) Chiral switching probability versus tip heights.
Each data point was measured by fixing the tip to a specific height and applying
avoltage pulse of =2.0 V for 30 ms.

Pulse voltage (V)

We analyzed statistically the dependence of chiral switching on
the pulse conditions. Figure 2(c) shows the variation of chiral
switching probability as a function of pulse voltage. It was
interesting that the chirality switching occurred only at negative
voltages, while no chirality switching was observed under positive
voltage pulses. The flipping probability was ~ 50% when the bias
voltage changed from 0 to -4 V, indicating the two
enantiomorphous domains had the same chance to appear. In
addition, the decreasing of tip height obviously increases the chiral
switching probability (Fig. 2(d)), while switching probability only
shows a weak dependence on tunneling current (Fig. $4 in the
ESM). All these results indicated that the observed chirality
switching was triggered by the electric field from the STM tip.
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To understand the chirality switching processes, we calculated
the adsorption of a single pentacene molecule on Cd(0001) under
various external electric fields. It is known that the interfacial
adsorption could induce the charge transfer and interfacial dipole
moment between the flat-lying absorbates and substrates via Pauli
repulsion [47-53]. The Bader charge analysis showed that there
was ~ 0.5 electron transfer from Cd(0001) substrate to the
absorbed pentacene molecule under zero electric field. The charge
transfer can be significantly modulated with the external electric
field (Fig. 3(c)). A negative electric field of —0.6 V-A" increases the
charge transfer to 1.1 electron, while a positive electric field of
0.5 V-A"' leads to the reduction of charge transfer to zero.

Therefore, a negative pulse will drag more electrons from the
substrate to pentacene layers and enhance the intermolecular
repulsion, thus leading to the lattice expansion of the pentacene
layers (Fig. 3(a)). More importantly, the large electron transfer will
lead to the Rayleigh instability and the succeeding Coulomb
explosion of pentacene layers [53-54]. The injection of electrons
to pinwheel pentacene monolayer leads to the expansion and
explosion (Fig.3(d) and Fig. S5(a) in the ESM). This scenario
explains well the disintegration of a small domain of pinwheel
phase (Fig. S6 in the ESM) and the phase transition from brick-
wall to pinwheel phase (Fig.S7 in the ESM) under the negative
pulses, as both lead to expansion of pentacene layers. On the
contrary, a positive voltage pulse will push the excess electrons
back to the substrate reducing the intermolecular repulsion, thus
leading to the contraction of pentacene layers as shown in
Fig.3(b). This is consistent with the positive-pulse induced
condensation and nucleation of gaseous pentacene molecules
displayed in Fig. 1(b), where the stronger attractive van der Waals
interactions lead to the gathering and self-assembly of gaseous
pentacene molecules into ordered structures. We noted that the
Coulomb expansion mechanism proposed here can also explain
the switching behaviors at liquid/solid interfaces, where open
porous and compact structures were formed at negative and
positive bias voltages, respectively [35, 36].
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Figure3 Theoretical calculations of the electric-field-induced chirality
switching. (a) and (b) The schematic illustrations for the electric-field induced
Coulomb expansion and contraction, respectively. (c) The charge transfer
versus the external electric field. The negative value corresponds to the electric
fields pointing from the pentacene to substrate. (d) The optimized lattice of the
suspended pinwheel phase with various electron injection. The pinwheel phase
explodes with electron injection of 1 e/molecule.

Charge (e/molecule)

Besides the negative voltage pulses, we applied the constant
negative scanning voltages to the pentacene pinwheel phases. The
pentacene pinwheel phase is always visible at positive bias from 1.0
to 0.2 V, but becomes progressively invisible from —-0.6 to —1.8 V
due to the instability (Fig. S8 in the ESM). In contrast, the closely-
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packed brick-wall phase has not been affected by the variation of
voltage, reflecting its relative dynamical stability upon electron
injection (Fig. S5 in the ESM). The surrounding brick-wall phase
thus constrained the gaseous pentacene molecules. When the bias
was switched back to 1.0 V, the pinwheel patterns reappeared.
Therefore, the chirality switching of pinwheel phases can thus be
interpreted by the Coulomb expansion induced disordering and
the subsequent reaggregation of pentacene molecules. The
effective range of negative voltage pulses was estimated to be
~ 30 nm. When the size of pinwheel domains was larger than this
limit, partial switching may occur. Figure 4(a) shows a big domain
with a longitudinal size of 50 nm. After a voltage pulse of -2 V is
applied at the flash mark, chirality flipping occurs only at the
lower part of the domain, while the upper part of the domain
remains unchanged, and a small disordered patch appears
between the flipped and un-flipped regions (Fig. 4(b)).

: E -
Figure4 Partial switching of a large domain after a negative voltage pulse. (a)
A large domain with L-pinwheel before voltage pulse (25 nm x 50 nm, 1.0 V, 25
pA). (b) Chirality flipping occurs at the lower part of the domain after a voltage
pulse of =2 V applied at the flash mark in (a), 25 nm x 50 nm, 1.0 V, 25 pA.
The upper part of the domain remains unchanged, and a small disordered patch
appears between the flipped and un-flipped regions.

We also found that the chirality switching of pinwheel phases is
reversible and repeatable. Two consecutive voltage pulses can lead
to two times of chirality switching, i.., chirality recovery. Shown
in Fig. 5(a) is a pinwheel domain with A-lattice and R-pinwheels.
After the first voltage pulse, the chirality switches from R- to
L-pinwheels and from A- to p-lattices (Fig. 5(b)). After the second
voltage pulse, the chirality is recovered to the original R-pinwheels
and A-lattices (Fig. 5(c)). The repeatability of chiral switching is
shown in Fig. (6), where three events of chiral switching occur

i )
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after applying six voltage pulses. According to our best knowledge,
such reversibility and repeatability of chiral switching of
supramolecular chirality and lattice chirality have never been
reported.

3 Conclusions

In conclusion, the simultaneous switching of supramolecular
chirality of pentacene pinwheels and organizational chirality of 2D
network domains has been realized by means of electric field
induced Coulomb expansion. Distinct from the reported chiral
switching events, such chirality switching involves a large number
of pentacene molecules within a whole domain. Furthermore, the
chiral switching is reversible and repeatable under successive
voltage pulses. The electric field controlled chiral switching has
several merits. First, it provides a novel and efficient way to realize
the large-scale chirality manipulation of self-assembled molecular
structures. Second, it offers new insights to manipulate the
charged molecules on solid surface by external stimulations. Last,
the manipulations of 2D chirality are beneficial to the studies of
molecular electronic devices and heterogeneous nucleation and

growth.

4 Methods

4.1 STM measurements

The experiments were performed in a low-temperature STM
system with base pressure below 1.5 x 10™ Torr. Cd(0001) thin
film was prepared by depositing 10 monolayers of Cd on the
Si(111)-7 x 7 surface at RT [41]. The Cd(0001) surface exhibited
the hexagonal lattices with the lattice constant of 3.0 + 0.2 A.
Pentacene molecules were deposited from a homemade tantalum
boat onto the Cd(0001) substrate held at RT. All STM images
were recorded in constant current mode at liquid nitrogen
temperature (78 K) using electrochemically etched polycrystalline
tungsten tips. Throughout this study, we defined one monolayer
of pentacene with the coverage where the close-packed brick-wall
phase covers the entire Cd(0001) surface.

4.2 Methods of first-principles calculations

DFT calculations were performed with the Vienna Ab Initio
Simulation Package (VASP) [55]. The projector-augmented wave
(PAW) pseudopotentials [56] in conjunction with the
Perdew-Burke-Ernzerholf (PBE) [57] exchange-correlation
functional was used in all calculations. Van der Waals corrections
were considered with the Grimme D3 method [58]. The plane-
wave basis set with an energy cutoff of 500 eV was used. The
geometry optimizations were performed with the forces on each
atom less than 0.02 eV-A™. The vacuum region of ~ 15 A was
sufficient to eliminate the artificial periodic interactions.

. TE SO
Figure5 Reversible chiral switching of the pinwheel phases after two successive voltage pulses. (a) A pinwheel domain with A-enantiomorphous lattice and
R-pinwheel before the first voltage pulse. (b) The chirality switches from A- to p-enantiomorphous lattices, and from R- to L-pinwheels after the first voltage pulse. (c)
Chirality recovery of the pinwheel domain after the second voltage pulse. The hexamer pinwheels return to the initial A-lattice and R-pinwheels. All the image sizes are
30nm x 30nm, U=14V,I=18 pA.
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Figure 6 Multiple chiral switching of the pentacene pinwheel phase. (a) A
pinwheel domain with A-enantiomorphous lattice and R-pinwheel before
voltage pulses. (b) Six times of voltage pulses lead to three times chiral switching
events. The chiral switching and chiral invariance are marked by “Y” and “N”,
respectively. The image sizes of (a) and (b) are 20 nm x 20 nm, U=16V, [ =
20 pA.

= et . i

We used the cells of 29.55 A x 29.55 A, 25.98 A x 9.00 A, and
15.87 A x 7.94 A to simulate the pinwheel, herringbone, and brick-
wall phases on Cd(0001) substrates, respectively, and the cells used
are shown in Fig.1(e) and Figs. S3(a) and S3(d) in the ESM,
respectively. The Brillouin zone was sampled by 1 x 1 X 1,
1 x 3 x1,and 2 x 3 x 1 Monkhorst-Pack k-mesh for the
pinwheel, herringbone, and brick-wall phases, respectively. The
single pentacene molecule adsorptions were simulated within a
supercell of 24.00 x 24.00 A, and the Brillouin zone was sampled
by 1 x 1 x 1 Monkhorst-Pack k-mesh. Due to the large sizes of
various pentacene phases, we chose three layers of Cd atoms and
fixed the two bottom layers to simulate the substrates for all
adsorption calculations. The external electric field was applied, and
the direction of electric field was perpendicular to the slab. The
charge transfers were based on the Bader charge calculations.

The total formation energy and the adsorption energy were
defined as Eformation = (Etotal - Esubstrate - nEmolecule)/ n and Eadsorption =
(Bl — Equbstrate — Emmolecutes)/n> Where E, ) is the total energy of the
pentacene molecules on substrate, Eg.. is the energy of the
substrate, E, . is the energy of an isolated pentacene molecule,
E, olecules 18 the energy of the pentacene phase, and # is the number
of pentacene molecules.
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