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Abstract

Chiral phase transitions were studied in a self-assembled 2,6-dibromoanthraquinones
supramolecular system prepared on Au(111) using scanning tunneling microscopy. As the
molecules were deposited at about 150 K, they formed heterochiral chevron structures (a
racemate) consisting of two alternating prochiral molecular rows. When the as-deposited
sample was warmed to 300 K followed by cooling to 80 K, phase-separated homochiral
structures (a conglomerate), as well as the chevron structures, were observed. We propose
molecular models for the structures that are in good agreement with ab initio studies and can be
explained by hydrogen bonds and halogen bonds. We found that heterochiral chevron structures
were more stable than homochiral structures due to two additional O - - - Br halogen bonds per
molecule. We considered kinetic pathways for the phase transitions that were made possible via
a disordered liquid phase entropically stabilized at 300 K. We show how chiral resolution can be
achieved by exploiting kinetic paths allowed in supramolecular systems.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Achieving chiral resolution in molecular systems has been
a longstanding and important problem due to its potential
applications in heterogeneous catalysis, nonlinear optics,
and drug screening [l, 2]. It is a difficult problem
because nature prefers chiral intermixing over separation in
the growth of molecular crystals. Also it is difficult to
detect the chirality of individual molecules and molecular
domains. On crystal surfaces, scanning tunneling microscopy
(STM) has been used as a powerful tool to visualize
various chiral structures of molecules such as pinwheel
arrays [3-6], lamella layers [7-11], chiral clusters [12, 13],
and directional chains [14-16]. Some of the structures are
made of prochiral molecules whose chirality is obtained by
symmetry breaking in adsorption geometries on surfaces,
and a few molecular systems disclosed two-dimensional

0957-4484/11/275705+06$33.00

(2D) chiral phase transitions [17]. In the derivatives
of naphthalene [18], benzoic acid [19], and quinacridone
molecules [20], coverage-driven chiral phase transitions
have been observed from a conglomerate (phase-separated
homochiral) to a racemate (intermixed heterochiral) at low
and high molecular coverages, respectively. This is caused
by the competing balances between intermolecular bonds
and molecule—substrate interactions under given packing
constraints at different coverages. In prochiral guanine
molecules on Au(l11), a temperature-driven chiral phase
transition was observed in hydrogen bonded 2D networks [21].
A conglomerate grew in the room temperature deposition
of molecules, and transformed to a racemate by annealing
to 400 K with subsequent cooling to 150 K. This was
explained by considering the entropy contribution from the
dynamic fluctuations of two different racemic structures at
high temperature. The direction of the phase transitions
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Figure 1. (a) Chemical structures of a 2,6-dibromoanthraquinone (DBAQ) molecule. The prochiral species encountered upon adsorption are
labeled A and §. (b) Typical STM images, measured at 80 K, of the 2D supramolecular structures of 2,6-DBAQ molecules as-deposited at
about 150 K. Alternating A- and §-DBAQ molecular rows are denoted in the inset of (b). Sizes of STM images: (b) 48 x 48 nm? and tunneling

current: I = 0.1 nA. Sample voltage: Vs = —1.8 V.

in these examples was to loose chiral resolution, from a
conglomerate to a racemate. However, a practical problem
in chiral chemistry is how to achieve chiral resolution from a
racemate to a conglomerate, which has not yet been studied in
two dimensions.

In this paper, we report on the observations of
a temperature-driven prochiral phase transition occurring
from a racemate to a conglomerate in self-assembled 2,6-
dibromoanthraquinones (DBAQ) molecules on Au(111) using
STM. When the as-deposited racemate sample was warmed to
300 K followed by cooling to 80 K, some of conglomerate
structures were found, as well as racemate structures. The
molecular model and energy gain of the racemate structure
were previously studied by our group [22]. The molecular
model for the newly observed conglomerate structures is
proposed in the present paper. It was well reproduced
by ab initio studies and compared with previous racemate
results. We found that the racemate was more stable than
the conglomerate due to two additional O---Br halogen
bonds. The chiral phase transitions toward a less stable
conglomerate structure were mediated by the third phase—a
disordered liquid, entropically stabilized at high temperature.
The phase transition took place partially such that there were
both racemate and conglomerate structures afterward.

2. Experimental section

All STM experiments were performed using a home-built STM
housed in an ultra-high vacuum chamber with a base pressure
below 7 x 10~!! Torr. The Au(111) surface was prepared from
a thin film (200 nm thick) of Au on mica that was exposed
to several cycles of Ar-ion sputtering and annealing at 800 K
over the course of 1 h. The surface cleanliness of the Au(111)
was checked by observing typical herringbone structures on
the terraces in the STM images. Commercially available
2,6-DBAQ (Tokyo Chemical Industry) was outgassed in a
vacuum for several hours and then deposited on the Au(111)
at submonolayer coverage by thermal evaporation using an

alumina-coated evaporator. STM images were obtained at
constant-current mode with a Pt/Rh tip while keeping the
sample temperature at 80 K. A conglomerate (parallel arrays)
was observed by warming up a racemate (chevrons) sample to
300 K for 4 h, then, the sample was returned to a cold stage
at 80 K. The estimated average warming and cooling rate was

~5 K min—".

3. Theoretical calculations

We performed ab initio density-functional calculations using
the VASP code [23, 24]. The interaction between ions and
electrons was approximated by the projector-augmented wave
(PAW) potential [25]. The generalized gradient approximation
(GGA) with the Perdew—Burke-Ernzerhof (PBE) functional
was used to describe the exchange correlations between
electrons [26]. The energy cutoff for the plane wave basis
was set to 600 eV. To describe non-bonding interactions
between the molecules, particularly the van der Waals type,
an empirical correction scheme proposed by Grimme et al was
adopted [27]. The energy and electrostatic potential for the
isolated molecules were obtained using a 35 x 35 x 20 A’
supercell. A simulation cell containing two DBAQ molecules
was adopted to describe the periodic structure. The height of
the simulation box perpendicular to the molecule plane was
fixed at 10 A, and the lateral cell parameters were optimized
such that the residual stress was reduced to under 1 kbar.

4. Results and discussion

DBAQ molecules are achiral in the gas and liquid phases.
However, they are prochiral on 2D surfaces because it is
hard to flip over an adsorbed molecule. Figure 1(a) shows
two different prochiral molecules named A-DBAQ and §-
DBAQ. Typical STM images of DBAQ structures deposited
at about 150 K are shown in figure 1(b), and a model is
superimposed over the image in the inset of figure 1(b) [22].
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Figure 2. (a) A large area STM image obtained after warming to 300 K and subsequent cooling to 80 K, containing intermixed chevrons and
phase-separated homochiral A and § domains. (b) Reappeared chevron structures enlarged from the square in (a). Enlarged STM images of
(c) 8 and (d) A domains from (a). Sizes of STM images: (a) 51 x 51 nm”. (b)~(d) 14 x 14 nm?. Tunneling current: It = 0.1 nA. Sample

voltage: Vs = —1.8 V.

Individual molecules showed crank-like shapes, and the self-
assembled structures showed chevron structures consisting of
two alternating molecular rows. The prochiral direction of each
molecule in chevron structures is denoted as either A or § in
the inset of figure 1(b). It is clear that prochiral directions were
preserved within a row, but alternated from row to row. This
means that the chevron structures are an intermixed prochiral
racemate of the DBAQ molecules. The molecular structure and
intermolecular bonds were previously studied [22].

New structures were observed when the as-deposited
DBAQ racemate was warmed to 300 K and then cooled to
80 K. Figure 2 shows a large area and the enlarged STM
images obtained after such processes. Chevrons reappeared
in figure 2(b). New parallel array structures appeared, and
are shown in figures 2(c) and (d). The molecular island in
figure 2(c) is made of §-DBAQ only, making a homochiral
6-domain of DBAQ, whereas the island in figure 2(d) is
composed of A-DBAQ molecules, forming a homochiral A-
domain. The intermolecular arrangements of these § and A
domains are mirror-symmetric to each other. They constitute a
phase-separated conglomerate of prochiral DBAQ molecules.
These phases grew both at the step edges and terraces of
the surface. In most cases, § and A domains were observed
simultaneously, observed in an STM image of 100 nm X
100 nm, implying local population conservation.

A molecular model for parallel array structures is overlaid
on an STM image in figure 3(b), enlarged from (a). Here
only the structure of the §-domain will be discussed, because
the structure of the A-domain can be obtained by symmetry
consideration. Figure 3(c) shows five molecules extracted from
the model with the simplified version of electrostatic potential
distributions, and also shows intermolecular bonds related to
the center DBAQ molecule [22]. Along a row (the direction
of the arrow in figure 3(c)), the center molecule had eight
intermolecular bonds (four O---H and four Br- - - H bonds),
as depicted by black dotted lines. Across a row, the center
molecule had four Br- - - H intermolecular bonds, as depicted
with red dotted lines. Thus, these parallel arrays had six
intermolecular bonds per molecule: two O---H and three
Br- - - H bonds.

To wunderstand the precise arrangement of DBAQ
molecules in parallel arrays, we performed ab initio
calculations based on density-functional theory. The
calculation results, shown in figure 3(d), clearly reproduced
our models. Two unit cell vectors formed a parallelogram
with a 77.1° angle. The equilibrium lattice distances were
0.80 nm and 1.25 nm, which are consistent with experimental
observations (76.3° £ 0.5°, 0.77 £ 0.05 nm, and 1.28 =+
0.05 nm). Since the characteristic features of our models are
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Figure 3. (2) An STM image of a A-homochiral domain. (b) The molecular model is superimposed over the STM image enlarged from a
square in (a). (¢) Schematic illustrations for five 2,6-DBAQ molecules extracted from (b) with simplified electrostatic potential distributions
around H, O, and Br atoms. The dotted lines indicate possible intermolecular bonds. (d) Calculated results of the relaxed homochiral structure
of 2,6-DBAQ molecules from ab initio study based on density-functional theory. Two unit cell vectors form a parallelogram unit cell. The
energy gain per molecule is drawn in the inset of (d) as a function of lattice parameters. Only the results along two lines for fixed a = 0.80 nm
and fixed b = 1.25 nm are displayed for simplicity. Squares are the results of the calculations, and the curves represent fittings. The sizes of
the STM images are (a) 20 x 20 nm? and (b) 7 x 7 nm?. Tunneling current: It = 0.1 nA. Sample voltage: Vs = —1.8 V.

Table 1. Bond distances from calculation and sum of the
van der Waals radii as reference.

Bond distance (nm)

Intermolecular Chevrons  Parallel arrays ~ Sum of the van der

bond (racemate) (conglomerate) Waals radii (nm)
O---H 0.28 0.23 0.28
O---Br 0.35 — 0.34
Br---H 0.29,0.28 0.34,0.32 0.30

in good agreement with the calculation results, quantitative
bond distances were extracted from the calculation results
as summarized in table 1. As references, the distances
were compared with the sum of the van der Waals radii
of two bonded atoms [22, 28]. Since a typical width of
intermolecular potential is 0.1 nm, the bond distances of three
different kinds of intermolecular bonds in DBAQ structures
were quite close to the reported sum of the van der Waals
radii. This confirms that these three bonds are real entities
of our molecular structures. Two neighboring Br atoms have
a head-to-head configuration. They will repulse each other

because there are positive electrostatic potentials at the end of
both heads. However, the distance between the two Br atoms
was 0.50 nm, which is too large compared to the sum of the
van der Waals radii, to significantly affect to the stability of
molecular structures.

The energy gains of the molecular structures can be
roughly estimated by considering the bond strengths and
the number of each intermolecular bond. In previous bulk
experiments and calculations, the strengths (distances) of
O---H, Br---H, and O - - - Br bonds under similar molecular
environments (covalently bonded to C atoms) were about
50 meV (0.28 nm), 70 meV (0.30 nm), and 60 meV
(0.38 nm), respectively [29-32]. Chevrons have two O-- - H,
four Br---H, and two O---Br bonds per molecule, and
parallel arrays have two O---H and four Br---H bonds per
molecule [22]. Therefore, the expected energy gains for
chevrons and parallel arrays are 500 meV and 380 meV per
molecule, respectively. In table 2, we summarize the energy
gains obtained from the ab initio calculations for chevrons
and parallel arrays. We used two different methods for the
calculations: a generalized gradient approximation (GGA) and
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Figure 4. (a) and (b) STM images of disordered areas frozen directly from a liquid phase before forming ordered chevrons or simple arrays.
The sizes of the STM images are (a) 78 x 78 nm? and (b) 45 x 45 nm?. Tunneling current: It = 0.1 nA. Sample voltage: Vs = —2.0 V.

Table 2. Energy gains per molecule from two different calculation
methods.

Chevrons  Parallel arrays
(racemate) (conglomerate)
GGA/PBE —184 —122
GGA + van der Waals —472 —352
corrections

a GGA with van der Waals corrections (GGA + wdW). GGA
with van der Waals corrections showed energy gains closer
to the aforementioned rough estimation. Since energy gains
reflect every detail of molecular bond configurations such as
bond distances and angles, calculation results may not exactly
reproduce estimation. Chevrons have larger energy gains than
parallel arrays by 60—130 meV per molecule (612 kJ mol™!).
Therefore, chevrons (a racemate) are more stable than parallel
arrays (a conglomerate) in a self-assembled DBAQ system.
The origin of this energy difference can be found in the
two additional O ---Br halogen bonds of chevrons. These
additional bonds are also related to the different overall aspect
ratio of the chevrons and parallel arrays. As shown in figure 2,
the aspect ratio of molecular islands in chevrons along and
across molecular rows is close to one. This implies that the
sticking probabilities along and across rows in chevrons are
comparable to each other, which is explained by a model that
has equal numbers (with similar strengths) of intermolecular
bonds across and along a row. On the other hand, the aspect
ratio in parallel arrays is larger than two. This means that
the sticking probability along a row is larger than the sticking
probability across a row in parallel arrays, which is also
explained by a model that has twice as many intermolecular
bonds across a row than along a row.

We considered possible kinetic pathways of the phase
transitions from chevrons to parallel arrays. When DBAQ
molecules were deposited at 150 K, they diffused on Au(111)
to form chevrons that were energetically favored over parallel
arrays. As an as-deposited sample warmed up, molecules were
dissociated from the edges of chevron islands. It has been

reported that such edge dissociation can occur at about 300 K,
including molecular systems that have stronger intermolecular
bonds (about 1 eV per molecule) than DBAQ bonds, and that
well-ordered molecular structures coexist with a disordered
2D liquid phase of molecules [33-35]. Likewise, DBAQ
molecules may have a 2D liquid phase at 300 K that coexists
with chevron structures. The liquid phase can be stabilized
by an entropy contribution. As the sample is cooled to 80 K,
the liquid phase can either transform to chevrons or parallel
arrays. Still, we observed that about twice as many molecules
formed chevrons as formed parallel arrays. Cooling processes
allowed the system to have both structures due to kinetic
limitations. In some regions, we were able to observe the
molecular islands of parallel arrays surrounded by disordered
molecules, as shown in figure 4(a). The molecules in these
regions were frozen directly from a liquid phase before they
formed ordered chevrons or parallel arrays. The shapes of
molecules were only resolved at the face-centered cubic (fcc)
regions of Au(111) herringbone structures in the disordered
structures shown in figure 4(b). Other regions remained fuzzy,
possibly due to mobile or vibrating molecules at 80 K [33].

5. Conclusion

In conclusion, we studied the chiral phase transitions of DBAQ
on Au(111) using STM. The as-deposited molecules formed
heterochiral chevron structures, and some of them transformed
to phase-separated homochiral parallel array structures by
warming to 300 K followed by cooling. Molecular models
for the structures were proposed and were well reproduced
by ab initio studies. The models can be explained using
the calculated electrostatic potential distributions. Chevrons
were more stable than parallel arrays due to two additional
O - - - Br halogen bonds per molecule. We considered kinetic
paths for the phase transitions that were made possible via
a disordered liquid phase entropically stabilized at 300 K.
Our study showed that exploiting kinetic paths can be a way
to achieve chiral resolution in 2D molecular systems, which
should be applicable to other chiral molecular systems.
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