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ABSTRACT: Crown-ether (CR) ring molecules are known as
host molecules for capturing guest species inside the ring. So far CR
molecular films have only been grown by drop-casting a CR
solution on an inert substrate in air which offers little control over
the molecular structure. Here we report the successful growth of a
well-ordered CR molecular array on an atomically flat and clean
noble metal Cu(111) substrate at 300 K in ultra-high vacuum
(UHV), using 4,4′,5,5′-tetrabromodibenzo[18] crown-6 ether (Br-
CR). The adsorption, self-assembly, and electronic structures of Br-
CR were studied by means of UHV low-temperature scanning
tunneling microscopy and spectroscopy, low electron energy
diffraction, and angle-resolved ultraviolet photoemission spectros-
copy. We found that (1) the Br-CR ring, which is bent both in the crystal and gas phase, flattens upon adsorption on Cu(111).
Density functional theory reveals that the two benzene groups of the molecule lie flat on the surface such as to maximize the
substrate-molecule interaction. (2) The moderate molecule−substrate interaction allows thermal diffusion of the Br-CR
molecules, resulting in the formation of self-assembled monolayer islands with 7 × 4 superstructure. (3) While the deposition of
0.05 ML Br-CR forms multidomain islands with disordered defects, a drastic improvement occurred at 0.25 ML, where only
atomically flat single-domain islands were grown. This Br-CR flat ring cavity array could become a template for designing novel
two-dimensional arrays of desired guest atoms, ions, or functionalized molecules.

1. INTRODUCTION

The growth of organic films by molecular evaporation and
deposition on atomically clean substrates in ultrahigh vacuum
(UHV) has been studied intensively in the last decades.1−16

UHV growth has several advantages with respect to chemical
growth methods such as drop-casting a molecular solution on
the substrate in air.17−20 First, contamination of the film with
solvent residue, a common problem with solution-based
processes, is excluded in UHV. Second, the formation of
well-ordered molecular arrays can be controlled more easily in
molecular beam epitaxy under UHV conditions, because of the
cleanliness of the substrate and control of deposition rate and
substrate temperature. As a consequence, molecular films
grown in UHV contain much fewer defects due to impurities,
improving the molecular crystallinity, electronic properties and
thus the device quality.21

Since atomically flat and clean (impurity <1%) substrate
surfaces are obtained in UHV, new novel molecular
nanostructures can be designed using the atomic precise

control of the substrate surface crystalline structures. So far,
UHV growth of two-dimensional molecular arrays has mainly
focused on flat plane π-conjugated organic molecules, such as
phthalocyanine (Pc), porphyrin (TPP), pentacene, perylene-
tracarboxylic dianhydride (PTCDA), and tetracyanoquinodi-
methane (TCNQ).1−16 These rigid molecules are not
deformed or deconstructed during the sublimation and heating
to 400−600 K, which allows for controllable sublimation from
molecular powders in an aluminum or quartz crucible in UHV.
On atomically flat noble metal substrates, such flat, π-
conjugated molecules can self-assemble into well-ordered
arrays.
Crown-ether (CR) cyclic ring molecules are known22−33 for

their ability to capture guest metal atoms, ions, or molecules
inside the ring. Therefore, CR molecular films are very
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promising template materials for creating atomically controlled
networks of captured guest species, in view of low-dimensional
device applications.33−42

However, CR ring molecules are more delicate for UHV
growth than the aforementioned flat π-conjugated molecules,
because the CR ring is soft and flexible, i.e., it can easily be
deformed and possibly deconstructed during the sublimation
and heating process involved in UHV growth. We note that in

all previous reports on UHV measurements of CR molecular
films, the films were grown by drop-casting the CR solution on
an inert Au or highly oriented pyrolytic graphite (HOPG)
surface.26,31

Here we demonstrate the successful UHV growth of a flat
ring array using a 4,4′,5,5′- tetrabromodibenzo[18] crown-6
ether (Br-CR) on an atomically flat and clean Cu(111)
substrate at 300 K. To the best of our knowledge, this is the

Figure 1. STM/LEED results obtained on bare Cu(111) surface and 0.05 ML Br-CR on Cu(111). (A) STM image obtained on a clean Cu(111)
atomic terraces (100 × 70 nm2, Vs = −1.0 V, It = 300 pA). Line profile along the arrow shows the step height of ∼210 pm in good agreement with
fcc-Cu(111) layer distance of 208 pm. (B) Atomically resolved STM image and (C) LEED spots (beam energy: 182.1 eV) obtained on the Cu
terrace. Cu atoms follow the fcc(111) hexagonal symmetry. (D−F) STM images obtained on the Cu(111) surface covered by a 0.05 ML Br-CR:
(D) 60 × 60 nm2, Vs = +1.0 V, It = 20 pA, (E) 30 × 30 nm2, Vs = −0.7 V, It = 100 pA, (F) 20 × 20 nm2, Vs = −0.7 V, It = 100 pA. The inset in (D)
denotes LEED spots obtained on the surface. Beam energy of 28.9 eV was used. White circles denote new 6-fold symmetry spots appeared after
0.05 ML Br-CR deposition. In (F), three domains were observed in one island. The stripe pattern in each domain follows the ⟨211⟩ direction. (G)
Line profiles along the blue and red arrows in (F).
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first demonstration of CR film growth under UHV conditions.
Precise molecule crystalline structures were obtained using
atomically resolved UHV scanning tunneling microscopy
(STM) and high-sensitive low-energy electron diffraction
(LEED). Further, the electronic state of the array was analyzed
using scanning tunneling microscopy (STS) and angle-resolved
ultraviolet photoemission spectroscopy (UPS). Experimentally
obtained crystalline and electronic structures of the ring array
were successfully reproduced by density functional theory
(DFT) calculations, and the energetically most stable
molecular structure was identified.
In this work, we show that (1) the Br-CR ring, which is bent

both in the crystal and gas phase, adopts a flat conformation
upon adsorption on Cu(111). DFT reveals that the two
benzene groups of the molecule are parallel to the surface such
as to maximize the substrate-molecule interaction. (2) The
moderate molecule−substrate interaction allows thermal
diffusion of the Br-CR molecules, resulting in the formation
of self-assembled monolayer islands with a 7 × 4 periodicity on
Cu(111). (3) While the deposition of 0.05 ML Br-CR forms
multidomain islands with disordered defects, a drastic
improvement occurs at 0.25 ML, where atomically flat single-
domain islands are obtained.

2. METHODS
2.1. Low-Temperature UHV STM Setup. STM/STS

measurements were performed by using a home-built
apparatus (see Supporting Information, SI Figure S1), which
consists of STM (No.1 in Figure S1B), preparation (No.2),
and deposition chambers (No.3). All chambers have a base
pressure below 2.0 × 10−8 Pa. Tips and samples were
transferred between chambers using transfer rods without
breaking the UHV. Each chamber was separated by gate valves.
A UHV cryostat (CryoVAC) located on the STM chamber
was used to cool down the whole STM setup. We filled liquid
nitrogen for both inner and outer tanks in the cryostat. STM/
STS measurements were performed at 78 K in UHV. STM
probe tips and samples were introduced by opening only the
deposition chamber (No.3).
2.2. W Tip Probe. Tungsten tips were used as a probe. A

tungsten wire (diameter 0.3 mm, purity 99.95%) was
chemically etched with aqueous KOH solution (∼2 N) in
air, and subsequently rinsed by hot water and acetone. The
apex was monitored by scanning electron microscopy (10−2 Pa,
Tiny-SEM, Technex Co., Ltd.). Only sharp cone-shape tips
were introduced into the preparation chamber (No.2, see SI
Figure S1B). Proper flashing treatments were performed in the
preparation chamber to remove the oxide film coating on the
W tip apex.43 A clean and sharp W tip was set into the STM
head in the STM chamber (No.1).
2.3. Cu(111) Substrate. We used two Cu(111) single

crystals, one for UPS/LEED and another one for STM. Both
Cu(111) single crystals (diameter 6 mm, MatecK, 99.999%)
were carefully sputtered and annealed to obtain clean and
atomically flat surfaces (see Figure 1A−C and Supporting
Information, SI Figure S2).44 Cleaning parameters were Ar+

sputtering (+1.0 keV, 420 nA, Ulvac PHI floating type ion
gun) and annealing (∼820 K) for the STM setup, and Ar+

sputtering (+1.0 keV, 600 nA) and annealing (∼770 K) for the
UPS setup. During the sputtering, the pressure around the
sample was maintained below 3.0 × 10−8 Pa by differential
pumping. Br-CR molecules were deposited on the clean and
atomically flat Cu(111) surface in the introduction chamber.

The crystal orientation of the Cu(111) substrate was obtained
by measuring the STM atomic image (see Figure 1B) and
LEED spots (see Figure 1C). Scanning tunneling spectroscopy
(STS) showed the surface state peak at −0.35 eV and angle-
resolved UPS also showed the s-band surface state peak around
−0.4 eV and d-band peak at −2.3 eV (see SI Figures S2 and
S4).

2.4. STM and STS Measurements. A home-built STM
combined with the Nanonis SPM controller BP4 was used to
obtain topographic images of sample surfaces in a constant
current mode. Since the tunneling current (I) detected by the
tip is exponentially proportional to the tip−sample separation
(z) via exp[−8m(Φ ± eVs/2) z /ℏ], where m: electron mass,
ℏ: Planck constant, Φ: apparent barrier height between tip and
sample, and Vs: set point sample bias voltage, we can measure
the surface corrugations in the order of 1 pm.
STS can measure sample surface local density of states

(LDOS). Tunneling current (I) as a function of sample bias
voltages (typically, from −2 V to +2 V) was measured under
feedback off condition (one single curve was measured within
50−200 ms) by fixing the tip−sample separation (z = zc),
which was determined by the set point voltage (V = Vs) and
the current (I = Is). The obtained I(V) curves were numerically
differentiated, and differential conductance (dI/dV) curves
were obtained: dI/dV = ρ·exp[−8m(Φ ± eVs/2) z /ℏ], where
ρ denotes sample surface LDOS. The obtained STM/STS data
were analyzed using WSxM 5.0 Develop 9.0 software45 and
Gwyddion 2.53.

2.5. UHV, ARUPS, and LEED Measurements. UPS and
LEED measurements were conducted in the home-built UHV
apparatus (see SI Figures S1, S4, and S7). The angle-resolved
UPS (ARUPS) and angle-integrated UPS were performed at
295 K using an ultralow-background, high-sensitivity UPS
apparatus with a hemispherical electron energy analyzer (MBS-
A-1) and two monochromators (MBS-M-1) for two wave-
length regions as setup in the SI Figure S1A. The first one is for
HeIα (hν = 21.218 eV) and HeIIα (hν = 40.814 eV) radiation
sources by a high-density plasma lamp (MBS-L1) with Al filter.
The second one covers the low-photon energy range, and XeIα
(hν = 8.437 eV) is used as a radiation source by a capillary
discharge lamp (Omicron HIS13) with a LiF single-crystal
filter.46

The Cu(111) was cleaned at the preparation chamber (<5.0
× 10−8 Pa), and Br-CR molecules were deposited in the
deposition chamber (<6.0 × 10−7 Pa). LEED with a
multichannel plate (MCP) equipped in the preparation
chamber was used to detect weak electron signal from the
monolayer molecular film (see Figure 2). To avoid damages to
the deposited molecular film, we used 10−40 eV beam energy.
High-resolution spot-profile analysis LEED (SPA-LEED) was
performed for the annealed film (see SI Figure S7). UPS was
measured in the chamber No.1 (<1.0 × 10−8 Pa) in SI Figure
S1A. ARUPS spectra were measured with an acceptance angle
of ±18° (see SI Figure S4). Angle-integrated UPS spectra were
recorded by a transmission (spatial) mode. The total
instrumental energy resolution of the measurements was set
to 30 meV. A bias of −5 V was applied to the sample in order
to detect the secondary cutoff. The binding energy scale is
referred to the Fermi level (EF) measured on a metal substrate.

2.6. Br-CR Sublimation Control in UHV. We used two
different UHV setups: one for ARUPS and LEED, and another
one for low-temperature STM (see SI Figure S1). Therefore, it
was necessary to control precisely the amount of deposited
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molecules on the Cu(111) substrate at 300 K in both setups.
We used the same quartz SiO2 crucible and the same home-
built molecular evaporator (thermal radiation heating) to
obtain the same crucible temperature and the same pressure (1
× 10−6 Pa, see SI Figure S1C,D). For the quartz crystal
microbalance (QCM), the same parameters (z-ratio = 1,
density = 1) were taken to operate QCM and set QCM at the
same distance from the crucible (110 mm). The quarts
crucible was radiatively heated by flowing current through a
tungsten wire filament (diameter 0.3 mm). The crucible
temperature was monitored by using the almel-chromel
thermocouple contacting to the bottom of the crucible. The
Cu(111) substrate was put ∼110 mm above the crucible.
Before the deposition, we always checked the Br-CR
evaporation rate by setting a QCM at the same distance
position. SI Figure S1E shows one example of the obtained
QCM data. We carefully increased the crucible temperature in
time, and exactly above the crucible temperature of 84.0 °C
(∼357 K), QCM detected the molecule deposition. From the
slope in Figure S1E, the evaporation speed of 0.03 nm/min
and 0.08 nm/min were reproducibly obtained at the crucible
temperature of 87.6 °C (∼361 K) and 95.9 °C (∼369 K),
respectively. We used the former evaporation rate. Since the
QCM parameters of z-ratio and molecule density, the
estimated deposition amounts as well as the adsorption
probability on the substrate were unknown, the molecule
thickness estimated by QCM was only used as an index.
Precise deposited molecular monolayer (ML) was checked by
STM.

2.7. Synthesis of 4,4′,5,5′-Tetrabromodibenzo[18]-
crown-6 Ether (Br-CR). Br-CR was prepared according to
modification of the literature method.47 In a 500 mL three-
necked flask with a reflux condenser connected to a gas
absorption trap, a mixture of bromine (3.92 g, 24.5 mmol) and
acetic acid (25 mL) was added to a chloroform solution (300
mL) of dibenzo[18]crown-6 (2.00 g, 5.55 mmol) at room
temperature. The mixture was refluxed for 12 h. After cooling,
the orange powder was filtered and washed with diethyl ether
(50 mL × 5 times) to give a white powder. This was purified
by recrystallization from methanol solution to afford Br-CR as
white crystals (1.4 g, 50%). Anal. Calcd for C20H20Br4O6: C,
35.54; H, 2.98; Br, 47.28%. Found: C, 35.47; H, 2.96; Br,
47.10%. 1H NMR (400 MHz, CDCl3, r. t.): δ 3.96 (t, 8H,
CH2, J(HH) = 4.4 Hz), 4.11 (t, 8H, CH2, J(HH) = 4.4 Hz),
7.05 (s, 4H, aromatic). FABMS: m/z = 676 [M]+. CCDC
1901496 contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge via www.
ccdc.cam.ac.uk/data_request/cif, or by emailing data_
request@ccdc.cam.ac.uk, or by contacting The Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: + 44 1223 336033.

2.8. DFT Calculations. Density functional theory (DFT)
calculations with the PBE exchange-correlation potential were
performed using the VASP code (see SI Figures S5 and S6).48

The plane-wave energy cutoff was 400 eV and the k-point
spacing was about 0.2 Å −1 (e.g., 3 × 5 × 1 k-mesh for a 17.8 ×
8.8 × 25.0 Å unit cell). Dispersion corrections were included
using the Grimme DFT-D2 scheme.49 The C6 coefficient of
Cu was reduced by 50% (to 5.4 J nm6 mol−1) to correct for the
systematic overestimation of molecule−metal adsorption
energy in DFT-D2.50 With the chosen C6 value, the Cu bulk
lattice constant (3.605 Å) and adsorption energy of benzene/
Cu(111) (0.62 eV) are in excellent agreement with experiment
(3.603 Å and 0.71 eV, respectively).51 The Cu(111) substrate
was modeled with a slab of four atomic layers separated by 17
Å of vacuum.52 The atomic structure was optimized until all
forces were below 0.01 eV/Å. The experimentally observed
i
k
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4 2
0 7 surface cell was used for the Br-CR/

Cu(111) system, where a⃗ and b⃗ denote the unit vectors on the
Cu(111) substrate. STM pictures were simulated using the
Tersoff-Hamann approximation with the experimental bias.
For the density of states (DOS) plot, the partial Cu-d DOS
was down-shifted by 0.5 eV to correct for the underestimation
of the Cu-3d band binding energy in DFT.53

3. RESULTS AND DISCUSSION

In this study, we examined the adsorption and self-assembly of
Br-CR ring molecules on an atomically flat Cu(111) substrate.
To obtain a well-order molecular array, two conditions should
be met. (1) The molecules have a defined adsorption
geometry. (2) The surface diffusion barriers are low enough
to enable rearrangement and self-assembly of the molecules. As
a ring molecule, 4,4′,5,5′-tetrabromodibenzo[18] crown-6
ether (Br-CR) was used (see Methods 2.6 and 2.7). The Br-
CR ring is known to be bent both in the crystal and gas phase
(see SI Figure S1F). The Br-CR molecules were reproducibly
sublimated with a stable deposition rate of 0.03 nm/min at a
crucible temperature of 87.6 °C in UHV (see SI Figure S1E).
A choice of the substrate is crucial factor for the UHV on-

surface growth since the energy balance between the

Figure 2. LEED results obtained on 0.25 ML Br-CR on Cu(111). (A,
B) LEED spots obtained by illuminating beam energy of (A) 37.9 eV
and (B) 48.9 eV. White circles denote new 6-fold symmetry spots
appeared after 0.25 ML Br-CR deposition. In the circle, three spots
are observed. (C) A unit cell obtained from the LEED spots in (A, B):

⃗a= 0.88 nm, b⃗ = 1.79 nm, θ = 90°. (D) Simulated LEED spots using
the unit cell in (C). Blue, green, and red dots correspond to each
domain in Figure 1F. These spots well reproduced three spots in the
circles in (A, B).
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molecule−substrate interactions and the intermolecular
interactions controls the molecular array nanostructure. Here,

we used a Cu(111) surface. Indeed, the well-known inert
Au(111) or HOPG(0001) surface could be suitable as a

Figure 3. STM results obtained on 0.25 ML Br-CR on Cu(111). (A) STM topographic image (300 × 300 nm2, Vs = −0.7 V, It = 10 pA). 25% of
the Cu(111) surface was covered by the molecular islands. Here each island includes only one domain. (B, C) Enlarged images of the boxed areas
in (A). From the stripe patterns domain I in (B) and domain II in (C) are identified. (D) STM image of the domain III island (30 × 30 nm2, Vs =
−0.7 V, It = 50 pA). The inset in (D) denotes the Fourier transformed image obtained from the STM image in (D). Clearly, two symmetric spots
originated by the one-dimensional stripe pattern are observed. (E) Enlarged STM image obtained on the island in (D) (6 × 6 nm2, Vs = −0.7 V, It
= 100 pA). The stripe patterns are marked by the black arrows. A unit cell obtained from the STM image in (E): ⃗a = 0.90 nm, ⃗b = 1.74 nm, θ =
88.9° is shown. The line profile along the green arrow is shown at the right-hand side panel. (F) STM image (300 × 70 nm2). Chains are observed.
A line profile along the blue arrow is shown in the lower panel.
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substrate since these inert surfaces are energetically stable at
room temperature in air, liquid, and UHV. One disadvantage is
a weak molecule−substrate interaction, i.e., the adsorbed
molecule property is similar to gas phase.54 However, the Br-
CR molecule we use here has the bent ring structure in the
crystal and gas phase. Our idea is to use the stronger
molecule−substrate interaction, which could flatten the ring
when the Br-CR is adsorbed on the substrate surface. The
noble metal Cu(111) surface, which has 3d and 4s bands in the
vicinity of the Fermi energy, could provide stronger
interactions than the molecule-Au(111) interaction. Also, the
Cu(111) surface has no surface reconstruction, and the
cleaning and annealing processes to obtain atomically flan
clean (impurity <1%) are established.44

The good quality of the Cu(111) substrate can be seen on
the STM image in Figure 1. The terrace width is >50 nm and
the step height is ∼210 pm (Figure 1A), in agreement with the
bulk (111) layer distance of 208 pm. On the enlarged image
(Figure 1B) with atomic resolution, the ⟨211⟩ crystal axes are
identified, and the impurity concentration was found below
1%. The surface was also checked by LEED and 6-fold
fcc(111) spots were clearly observed (see Figure 1C).
3.1. Br-CR Films on Cu(111) at 0.05 ML Coverage.

First, we deposited only 0.05 ML of Br-CR at 300 K to
understand how the molecules adsorb on Cu(111) and
whether they form islands via thermal diffusion. The electronic
interactions (charge transfer, dipole, or van der Waals)
between adsorbed molecules and the substrate govern the
adsorption energy and diffusion barrier height. The subtle
balance between these energy terms determines diffusion rates
and directions and thereby the shapes of self-assembled
molecular islands.
Figure 1D shows an STM image obtained on the Cu(111)

surface after depositing 0.05 ML Br-CR (60 × 60 nm2). Several
atomic terraces from bottom to top, and molecular islands are
observed. Typical island sizes are 10 × 10−30 × 30 nm2 with a
constant height of ∼240 pm. The growth of the monolayer
height islands implies that the adsorbed Br-CR molecules can
diffuse on the Cu substrate at 300 K, which suggests low
diffusion barriers and weak molecule substrate bonding. Also,
one might note that one edge of the islands always, even at
different sizes, follows the Cu(111) monatomic step, which
indicates that the island growth occurs from the descending or
ascending step. When single Br-CR molecules are adsorbed on
the terrace, they immediately diffuse. Since the islands were
always located at the step edge, the step could have a larger
potential barrier enough to generate the nucleation. This is the
well-known Ehrlich-Schwoebel barrier for descending a step
edge.55 The LEED image obtained on the same surface (see
the inset in Figure 1D) shows that sharp 6-fold LEED spots in
Figure 1C which originated by the fcc-Cu(111) symmetry
disappeared after deposition of 0.05 ML of Br-CR, while new
bright spots marked by the circles can be observed.
We focus on one island to see the details of the molecular

structure inside the island (see Figure 1E). We found some
stripe patterns and several bumps in the island, i.e., at 0.05 ML,
the island surface is not continuously flat and ordered.
Upon closer inspection, we found three domains (see Figure

1F). Domain I, II, and III have stripe patterns parallel to [12̅1],
[1̅1̅2], and [2̅11] directions. Line profiles along the blue and
red arrows in Figure 1F are shown in Figure 1G. The Br-CR
islands have a constant height of ∼240 pm. The stripe pattern

has an interval of ∼1.7 nm with ∼50 pm corrugation. Seven to
eight stripe lines are included in one single domain.
Although molecules inside each domain follow in periodic

order, molecules around the domain boundaries are disturbed,
forming disordered areas. This imperfection in the island could
be the origin of the broadening of the LEED spots depicted in
Figure 1D. The bumps (∼100 pm higher than the island
surface) marked by the circle in Figure 1F were located at the
disordered domain boundary. The bump could be buckled Br-
CR molecule or a cluster due to the stress between domains.
Summarizing the results of low (0.05 ML) deposition at 300

K, we found that Br-CR on Cu(111) forms monolayer islands
via thermal diffusion. The monolayer shows three domains
oriented along the <211> equivalent directions. The island
surface is not uniform, but features some disorder and
roughness, and the domain size is small (2−5 nm). These
findings show the difficulty of growing a well-ordered ring
array using soft crown ether molecules. However, a drastic
change occurred when the amounts of deposited molecules
was increased to 0.25 ML as shown in the following.

3.2. Br-CR Films on Cu(111) at 0.25 ML Coverage.
Upon increasing the coverage of 0.25 ML, a drastic
improvement of the Br-CR molecule alignment in the island
was observed. Much sharper LEED spots are seen in Figure 2A
(EB = 37.9 eV) and B (EB = 48.9 eV), in which 6-fold
symmetry spots marked by circles are identical to the blunter
spots in Figure 1D, but here inside one circle, additional two
satellite spots are visible adjacent to the strong spot. A unit cell
of the Br-CR molecules alignment was obtained by using the
LEED spots in Figure 2A and B: | ⃗a ′| = 0.88 nm, | ⃗b ′| = 1.79
nm, θ = 90.0° (see Figure 2C), i.e., we found the Br-CR
ordered array has a uniform periodic pattern of
i
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on the Cu(111) substrate. By rotating this rectangular unit cell
by 60° and 120° around the (00) spot, we recovered the
experimentally obtained LEED spots as shown in Figure 2D,
where filled circles mean observable spots in Figure 2A and B.
Namely, the LEED spots tell us the existence of three domains
on 0.25 ML Br-CR surface.
Figure 3A shows an STM topographic image (300 × 300

nm2) obtained on the Cu(111) surface deposited by 0.25 ML
Br-CR. Now the islands are much larger (>50 nm) compared
to Figure 1D. One remarkable point of these islands is that, at
0.25 ML, only one type of the stripe pattern is observed inside
one island (see Figure 3B−D), i.e., the islands are single
domains. Also, no bump exists in the island, i.e., the island has
a flat uniform well-ordered structure.
Figure 3B−D shows STM topographic images of three

different islands consisting of domain I, II, and III, where stripe
patterns parallel to [12̅1], [1̅1̅2], and [2̅11] directions,
respectively. The Fourier transformed image obtained from
the STM image in Figure 3D clearly shows two symmetric
spots originated from the one-dimensional stripe pattern (see
the inset in Figure 3D, marked by circles).
The regularity in the Br-CR molecule at 0.25 ML was

confirmed by visualizing molecular structures inside the island.
Figure 3E shows a high-resolution STM image. Stripe patterns
on the island follow the [2̅11] direction, but now ordered
bright spots are also observed. From the periodicity in the
STM image, we obtained the unit cell of | ⃗a ′| = 0.90 nm, | ⃗b ′|
= 1.74 nm, θ = 88.9° (see Figure 3E). These values are in
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agreement with those obtained by LEED in Figure 2 (| ⃗a ′| =
0.88 nm, | ⃗b ′| = 1.79 nm, θ = 90.0°), where the same structure
was obtained for the annealed monolayer film confirmed by
SPA-LEED (Figure S7). In Figure 3E, one unit cell includes
four bright protrusions, indicating that a single Br-CR molecule
has four buckled positions. The flatness of the Br-CR array was
checked by the line profile along the green arrow in Figure 3E,
which shows that the stripe dips have a depth of ∼50 pm and
the protrusions have a height of ∼40 pm. Namely, one Br-CR
molecule has a corrugation within 40 pm. The line profile
across the 80 nm-size island in Figure 3F clearly shows the
flatness of the Br-CR array.
We note that apart from the monolayer islands, one-

dimensional features are frequently observed on the terraces
(see Figure 3F and SI Figure S3C). These features have
constant height (∼100 pm) and a width of ∼2 nm, comparable
with the size of a Br-CR molecule and might be made of single
molecular chains.
From the experimentally obtained STM and LEED results in

Figures 2 and 3, we found that the growth of 0.25 ML Br-CR
on Cu(111) at 300 K in UHV provides atomically flat well-
o rde red r ing mo lecu l a r a r r ay w i th a un i t o f
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0 7 , where a⃗ and b⃗ denote the unit vectors

on the Cu(111) surface.
In order to better understand the electronic coupling

between the adsorbed molecules and the substrate as well as
between the molecules in the monolayer, we have performed in
situ photoemission measurements. In particular, we checked
whether the periodic arrangement of the molecules leads to
band dispersion of the molecular levels and their position with
respect to substrate bands.
Figure 4A shows angle resolved UPS maps of the bare

Cu(111) surface measured with He Iα light (21.2 eV). The
binding energy at 0 eV corresponds to the Fermi energy.
Cu 3d-bands around −2.5 eV and the parabolic band

originated from the 4s surface state are clearly observed. We
also checked with He IIα light (40.8 eV) since the molecular
states may appear clearly using more than He Iα laser. We
measured UPS with not only the angles between ±15° but also
from 5° to 35° to see sp band (see Figure S4B).
The UPS map changes significantly upon deposition of 0.25

ML Br-CR (Figure 4B). We measured ARUPS using both He
Iα and He IIα light (see Figures 4B and SI S4C for He Iα and
SI S4D for He IIα). In particular, the surface state has
disappeared and a slight increase of the intensity around −1.5

Figure 4. UPS and STS measurements for Br-CR on Cu(111). (A, B) Angle-resolved UPS results obtained on Cu(111) surface (A) before and (B)
after the 0.25 ML Br-CR deposition. He Iα 21.2 eV light was used and the angle is measured from the surface normal. (C) Angle-integrated UPS
results obtained at Br-CR coverages of 0.00, 0.01, 0.05, and 0.25 ML on Cu(111) with Xe 8.43 eV light. WF denotes work function. A new HOMO
peak is appeared at −1.48 eV. (D) STS dI/dV curve obtained on the surface of 0.25 ML Br-CR on Cu(111). A HOMO peak is observed at −1.54
eV. The inset shows a dI/dV curve obtained on a bare Cu(111). The surface state peak at −0.4 eV is observed.
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eV is observed. While there is some intensity modulation, band
dispersion is not seen, indicating that intermolecular hybrid-
ization is small. The slight change of the Cu d-band shape
could be due to surface scattering and different cross sections
between the pristine Cu and the Br-CR coated Cu.
Angle-integrated UPS spectra for a Br-CR coverage of 0.00

ML, 0.01 ML, 0.05 ML, and 0.25 ML, obtained with hν = 8.4
eV Xe Iα light, are shown in Figure 4C. Upon increasing the
molecular coverage from 0.01 to 0.25 ML, the work function
substantially decreases by 0.39 eV. The Cu(111) surface state
below −0.4 eV weakens and completely vanishes at 0.25 ML
coverage. At the same time the wide bump centered at −1.7 eV
evolves into a sharper feature with maximum at −1.48 eV.

Although the latter changes are small, we tentatively assign the
peak at −1.48 eV to a molecular level of Br-CR. The HOMO
peak is more clearly observed in scanning tunneling spectros-
copy (STS). Figure 4D shows a dI/dV curve, which is
proportional to the sample LDOS, obtained on the Br-CR
island in Figure 3. All islands show identical dI/dV curves. A
LDOS peak at −1.54 eV is clearly observed, while the Cu(111)
surface state peak is absent (compare with the bare Cu(111)
data in the inset of Figure 4D). In summary, the combined use
of STS and UPS shows that upon Br-CR deposition, the work
function decreases, and the Cu surface state vanishes, reflecting
the formation of a continuous molecular film. At 0.25 ML

Figure 5. DFT calculations of Br-CR on Cu(111). (A) Three Br-CR two-dimensional structures on Cu(111) were tested. The structure in (A) was
found to be the most energetically stable configuration: top (left) and side (right) views. For Br-CR, black, red, brown, and pink spheres denote C,
O, Br, and H atoms, respectively. Hexagonal lines denote the Cu substrate lattices. (B, C) Simulated and experimentally obtained STM images at Vs
= −0.7 eV (It = 100 pA). Two buckled carbon atoms and Br atoms are observed as bright spots. (D) Calculated DOS of Br-CR on Cu(111). The
Br-CR HOMO peak is observed at −1.45 eV.
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coverage, a new LDOS peak appears at −1.5 eV which we
assign to a Br-CR molecular level.
3.3. DFT Calculations of Adsorbed Br-CR/Cu(111). The

experimental results in Figures 1−3 show that 0.25 ML Br-CR

on Cu(111) forms monolayer islands in a well-defined ( )4 2
0 7

superstructure. On the basis of these structural parameters, we
have performed DFT calculations to identify the energetically
stable conformation and arrangement of Br-CR on Cu(111).
Crown ethers often have several competing conformations

due to the high flexibility of the crown ring.26 In the gas phase,
the free molecule is bent (see SI Figure S1F) with a calculated
angle between the two benzene groups of θ = 112°. A rather
small energy of 0.7 eV is needed to make the molecule flat (θ =
180°, see SI Figure S5). In the bulk crystal phase of Br-CR, the
molecules have a step-like shape (SI Figure S1F). For an
isolated molecule, this “stepped” conformation is 0.23 eV
higher in energy than the stable “bent” conformation.
The structural optimization of the Br-CR monolayer on

Cu(111) was performed in two steps. First, calculations were
done for free-standing molecule layer in the same two-

dimensional unit cell as the adsorbed layer ( )4 2
0 7 by starting

from either the bent or the stepped conformation with several
different molecular orientations. After optimization, the three
most stable structures were put on the Cu(111) and optimized
again. They are shown in Figure 5A. The adsorption energy of
the most stable structure is −2.57 eV (see the left panel in
Figure 5A). Other structures are 0.42 and 0.69 eV higher in
energy (see Figure 5A). In the most stable structure, both
benzene groups lie almost flat on the surface which maximizes
the attractive van der Waals interaction between molecules and
substrate. The crown ring is asymmetric and very different
from both the bent and stepped conformation of the free
molecule (see SI Figure S1F). This distortion enables the
molecules to arrange themselves in a dense rectangular lattice.
The two other less stable structures, have a kink, similar to the
bulk stepped conformation of the Br-CR crystal (see SI Figure
S5). As a result, one of the benzene groups is tilted away from
the Cu surface and so the molecule−substrate interaction
becomes weaker. Also, the Br atoms of neighboring molecules
are farther apart than in the most energetically stable structure,
thus reducing the attractive intermolecular interaction.
We have also calculated monolayers with comparable

molecular density but different surface cells (5 × 5, 5 × 6, 6
× 6). The energies of these structures were found to be at least
0.22 eV higher than the stable structure shown in Figure 5A,

confirming that the experimentally observed ( )4 2
0 7 arrange-

ment affords the most stable monolayer of Br-CR on Cu(111).
In the stable structure (Figure 5A), the molecule is lying very
flat on the substrate and the four Br atoms are at 3.1 ± 0.1 Å
above the Cu surface plane. The molecule−substrate
interaction is maximized in this geometry and overcomes the
energy cost (∼0.7 eV) required to “flatten” the free molecule
structure (see SI Figure S5). The self-assembled monolayer
structure is dictated by the delicate balance between
intermolecular van der Waals and molecule−substrate
interactions and the conformational flexibility of the crown
ring.
Figure 5B shows the DFT STM simulation image obtained

for the energetically stable flat ring structure in Figure 5A and
the experimental bias. By comparing the DFT and STM

images (see Figure 5B and C), the four bright protrusions
observed in the STM image were identified. From Figure 5A,
the Br-CR ring is flat to the Cu(111), but only two carbon
atoms located at the side of the ring (see also the side view in
Figure 5A) are slightly buckled from the molecule plane.
Exactly at these two positions, the STM image shows two
protrusions. The other two bright protrusions were found at
the Br atom positions.
We further compared the DFT results with the exper-

imentally obtained LDOS peak. Figure 5D shows the
calculated DOS which is in good agreement with UPS and
STS results in Figure 4. The DFT-DOS shows a peak at −1.45
eV which is mainly of Carbon-pz orbital character and whose
energy position is very close to the HOMO peak at −1.48 eV
in UPS and −1.54 eV in STS. These good agreements between
the theoretical and experimental results, not only for the
molecular arrangements but also the LDOS peak positions,
prove the high reliability of our study.
Owing to the electronic coupling between Br-CR and

Cu(111), the bent structure in free-standing gas phase (see SI
Figure S1F) was forced to make a flat ring, successfully
producing a flat ring cavity array.
As seen from the theoretical analysis, Br-CR lies flat on

Cu(111) such as the interaction between the two benzene
groups and Cu is maximized. From this result, we expect that
most crown ether molecules with two benzene will tend to lie
flat on Cu(111), but because of the subtle balance between
bending energy and adsorption energy, a bent conformation
similar to the free molecule may be favored for certain
molecules.
We now comment on the possibility of Br dehalogenation in

our experiments. It is known that Br dehalogenation can occur
at 300−400 K, but ruthenium or palladium catalytic reactions
are required.56−59 The noble metal Cu(111) surface used here
is much less reactive than Ru or Pd. Further, in our study, all
experiments were performed in UHV, and no catalytic reaction
can happen during the sublimation process. As the C−Br
bonding is rather strong and stable even at 500 K and the
boiling temperature of the 1,2-dibrobenzene is 497 K, Br-CR
should not be deconstructed in our experiments. We kept the
crucible temperature below 400 K. Moreover, the result of
SPALEED shown in Figure S7 demonstrates that the effects of
the annealing on the diffraction pattern are not observed
indicating any changes in the chemical structure of the
molecule are hardly expected at 500 K.

3.4. Work Function Variation. We found a decrease of
the work function with an increase of Br-CR deposition on
Cu(111): 4.86 eV for 0 ML, 4.86 eV for 0.01 ML, 4.69 eV for
0.05 ML, and 4.47 eV for 0.25 ML (see Figure 4C). Such a
decrease of the work function has been often reported for π-
conjugated molecules adsorbed on coinage substrate surfaces.
This is ascribed to a subtle interplay among intramolecular
dipole moments, push-back effect (Pauli repulsion of metal
surface electrons) and charge-transfer between the adsorbates
and underlying substrates atoms. The strong push-back effect
reduces a work function of coinage substrate surfaces in a
range of 0.5 to 1.0 eV, while the effect is compensated by the
charge-transfer interaction.60 For the Br-CR/Cu system case,
the Cu work function is continuously decreased by the
depositions and the shift amount of −0.39 eV at 0.25 ML is
significant and is in line with many π-conjugated molecules/
metal systems reported before. This suggests that the main
origin of the work function change is the push-back effect and
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its compensator, i.e., charge-transfer is less effective. Indeed,
the DFT calculation (see SI Figure S6B) predicts a dipole layer
from the substrate to the molecular layer in the flat molecular
conformation, where the intramolecular dipole moment is
negligible. The DFT calculation shows that the charge transfer
occurs between Br-CR and Cu(111), providing a dipole
pointing normal to the surface.

4. CONCLUSIONS
We succeeded in growing a ring array using a 4,4′,5,5′-
tetrabromodibenzo[18] crown-6 ether (Br-CR) molecule on
an atomically flat Cu(111) substrate at 300 K, which were
obtained by combined experimental studies of STM, LEED,
and UPS with DFT theoretical calculation supports.
We found (1) the Br-CR ring, which is bent in bulk crystal

and gas phases, becomes flat upon adsorption on Cu(111)
owing to molecule−substrate electronic interactions. (2) A
moderate energy balance between intermolecular and mole-
cule−substrate interactions allows Br-CR molecule thermal
diffusion on Cu(111) at room temperature, forming a well-
ordered self-assembly ring array with a periodic unit of
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the Cu(111) substrate. (3) While the deposition of 0.05 ML
Br-CR forms multidomain islands with disordered defects, a
drastic improvement occurred at 0.25 ML, where only
atomically flat single-domain islands were grown. This Br-CR
flat ring cavity array is a promising new template for capturing
guest species for making artificial array network toward the
UHV on-surface based electronic devices.
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