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ABSTRACT: Structures of self-assembled films play essential
roles in the performance of potential organic molecular
electronics; therefore, detailed knowledge of molecular
adsorption and structural evolution is fundamental for the
implementation of molecular electronics. Here, we systemati-
cally investigated the initial adsorption and structure evolution
of metal-free naphthalocyanine (H2Nc) on the Ag(111)
surface from dimers to ordered self-assembled structures in
the submonolayer range. H2Nc molecules deposited on
Ag(111) at 100 K accumulate into clusters dominated by
dimers. Subsequent sample annealing induces the emergence
of two ordered self-assembled structures, denoted by Sl and
Sll. Molecule-resolved scanning tunneling microscopy images
confirm that structure Sl is more stable with six rotation domains lying in two chiralities. Deviations of the lattice parameters
from a threefold symmetry indicate non-neglectable intermolecular interactions in self-assembled patterns. Combined with
density functional theory calculations, orientations of the two inner hydrogens of H2Nc in the self-assembled film are revealed.

■ INTRODUCTION

Organic functional molecules have been investigated exten-
sively over the past decades because of their potential
applications in electronic and optical devices, for instance,
solar cells,1,2 switches,3,4 and light-emitting diodes.5,6 The
intermolecular and molecule−substrate interactions play
dominant roles in the performance of these devices. Therefore,
detailed knowledge about molecular adsorption and structural
evolution is essential. Among organic functional molecules,
phthalocyanines (Pcs) and their derivatives have attracted
great interest caused by their fascinating physical proper-
ties7−11 arising from the delocalized π-electronic structures.
Plenty of studies about Pcs including the adsorption,12−14

electronic properties,7−9,15 and structure formations12,13,16

have been reported.
Naphthalocyanine (H2Nc), an important class of Pc

derivatives with extended π-electronic system, reveals superior
optical and electronic properties.10,11,17−22 Initial investigations
about the H2Nc molecules on surfaces are mainly focused on
graphite23,24 and insulators.25,26 Recently, H2Ncs on metallic
substrates such as Au(100),27 Au(111),28,29 and Ag(111)30,31

have been investigated. Among these studies, the self-
assembled structures of densely packed phases such as domain
orientations27,28 and underlying mechanical strains30 have been
studied. However, the initial growth stage, especially the

structure evolution process from a single molecule to the
submonolayer ordered pattern, has been barely checked. This
process is essential to understand the adsorption mechanism
and structure evolution and control corresponding physical
properties.
Here, we investigate the initial adsorption and structure

evolution of metal-free H2Nc on a Ag(111) surface. A
submonolayer coverage from dimers to ordered self-assembled
structures has been studied. H2Nc clusters formed at low
sample temperature are systematically investigated, where
dimers are revealed as the dominant form in the initial
adsorption stage. Structural transformations are induced by the
subsequent sample annealing: two kinds of ordered self-
assembled structures were observed, namely, configurations Sl
and Sll. With submolecular-resolution scanning tunneling
microscopy (STM) images, we found that configuration Sl is
dominant on this stage and has totally six rotation domains
lying in two chiralities. The lowest unoccupied molecular
orbital (LUMO) of H2Nc molecules is successfully resolved,
and the exact orientations of the inner two hydrogen atoms in
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an individual H2Nc molecule are unveiled in the self-assembled
film.

■ METHODS

Experiments. All experiments were carried out in a
homemade ultrahigh vacuum (UHV) variable temperature
scanning tunneling microscope32 with the base pressure better
than 2.0 × 10−10 Torr. A single-crystal Ag(111) (roughness <
0.03 μm, orientation accuracy < 0.1°, MaTeck Company) was
prepared in vacuum by repeated cycles of Ne+ sputtering and
subsequent annealing at 770 K until a clean surface was
confirmed by STM imaging.33 Naphthalocyanine (H2Nc;
Aldrich 95%+) in powder form was purified by the sublimation
process with a homemade Knudsen Cell (K-cell) evaporator in
high vacuum for 3 days, followed by degassing at 640 K for 2 h
under UHV conditions. H2Nc was evaporated at 610 K with
the Ag(111) substrate kept at 100 K. The evaporation rate is
about 0.013 ML/min. A monolayer (ML) is defined as the
amount of deposited H2Nc that entirely covers the substrate
surface.30 Electrochemically etched tungsten tips were used as
STM tips, and they were further cleaned by several cycles of
Ne+ sputtering and annealing in UHV and checked by STM
imaging. All the STM images were taken in constant-current
mode at 100 K, with the bias applied to the sample.
Calculations. Density functional theory (DFT) calcula-

tions were performed using the VASP code34,35 with the
projector-augmented wave method.36 The Perdew−Burke−
Ernzerhof37 version of the generalized gradient approxima-
tion38 was used. The plane-wave cutoff was 400 eV. The unit
cell is a 30 Å × 30 Å × 15 Å box containing an isolated H2Nc
molecule in the center. All atoms were relaxed until the forces
between atoms were smaller than 0.01 eV/Å in the structural
relaxation. The Brillouin zone was sampled with only the Γ-
point.

■ RESULTS AND DISCUSSION
The H2Nc molecule comprises a planar geometry with a van
der Waals diameter of around 2 nm, as schematized in Figure
1h. Because of the weak interaction between the H2Nc
molecule and the Ag(111) surface, submonolayer H2Nc
molecules cannot be observed by a scanning tunneling
microscope, while the sample temperature is kept at room
temperature.30 Thus, to investigate the initial growth stage, we
deposit H2Nc molecules onto the Ag(111) substrate at a low
sample temperature of 100 K. The typical morphologies after
deposition are shown in Figure 1a. At a coverage of 0.24 ML,
most H2Nc molecules are scattered over the terraces. The step
edge is fully occupied, as marked by the green dashed line,
which was confirmed by extensive STM images taken in
different areas. This agrees with the well-known terrace−step−
kink model39 for the thin film growth, and the step edge is
superior adsorption site to terrace.
Very interestingly, we find that most of the molecules on

terrace accumulate to form clusters with different sizes. Dimers
are dominant in the initial stage, while few monomers and
trimers also exist, as highlighted by green arrows and yellow
dashed circles in Figure 1a. Further analysis on the dimers
revealed that all dimers come from two configurations, namely,
configuration DI with two parallel lobes approaching each
other and configuration DII with two neighboring perpendic-
ular lobes. The high-resolution STM images of these two
configurations are presented in Figure 1b,c, respectively.
Notably, the two adjacent lobes are much brighter than
other lobes in both configurations. This brightness difference
may result from two possible reasons. First, the neighbor lobes
rise a little to accommodate larger molecule−molecule
interactions. Second, some adatoms exist in between to attain
a more stable adsorption configuration. Further analysis about
the intermolecular distance in these two dimers indicates that
there is no space for the adatoms in configuration DI, whereas
they may exist in configuration DII. Figure 1d exhibits the high-

Figure 1. Initial growth stage of H2Nc molecules on Ag(111). (a) STM morphology of 0.24 ML H2Nc molecules on the Ag(111) surface, with the
substrate kept at 100 K during H2Nc deposition (scale bar: 7 nm). (b) Zoom-in image of dimer configuration DI with two parallel lobes
approaching each other. (c) Zoom-in image of dimer configuration DII with two perpendicular lobes approaching each other. (d) Zoom-in image of
trimer configuration (scale bars in b, c, d: 2 nm). (e−g) Atomic model of the dimer DI, dimer DII, and trimer configurations on the Ag(111)
surface. (h) Top-view and side-view model of the H2Nc molecule. (i) Statistic distribution of molecules in monomer, dimer, and trimer
configurations.
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resolution STM image of one typical trimer. Similarly, the
three adjacent lobes are much brighter than other lobes.
By comparing the atomic-resolved STM images of the

Ag(111) substrate and the orientations of H2Nc molecules,
schematic models of the above-mentioned three configurations
are derived, as shown in Figure 1e−g. The highly packed
symmetric orientations of the Ag(111) surface are denoted by
the black arrows, whereas the orientations of H2Nc lobes are
highlighted by red arrows. Statistic distribution of H2Nc
molecules in different-sized clusters is presented in Figure 1i,
from where we find that ∼85.9% of the molecules accumulate
into dimers and ∼70.9% of the dimers adopt configuration DI.
The ratios of the molecules in the monomers and trimers are
only ∼4.7 and ∼9.4%, respectively.
The minor monomers on the surface after deposition are

quite interesting. One could imagine that most H2Nc
molecules deposited on the surface possess large enough
kinetic energy to overcome the diffusion barrier on the terrace
and move freely at 100 K. This situation changed once two
molecules meet and form a dimer. The dominant H2Nc dimers
on the initial stage indicate a net attractive interaction between
H2Nc molecules. It is noteworthy that all monomers adsorb to
some small white clusters (Figure 1a), as highlighted by green
arrows. These clusters would provide additional adsorption
energy to anchor the H2Nc molecules.
By careful analysis on the most stable dimer configuration

DI, we find that the two molecules assemble in a way with the
lobe of one molecule close to the center of the other
molecules. In this status, the hydrogen bonds form between
the nitrogen atom in the lobe shoulders and the hydrogen
atom in the lobe terminals, as highlighted by the red dashed
line in Figure 1e, which should play an important role in the
net attractive interaction.
In order to investigate the thermal stability of the initial

adsorption configurations of H2Nc molecules on the Ag(111)
surface, we anneal the sample up to 200 K for 1 h and then
cool down to 100 K for STM measurements. Interestingly,
after annealing at 200 K, the morphology of the H2Nc
molecular film on Ag(111) changed dramatically, and some
ordered self-assembled structures appear. Figure 2a presents
one typical ordered self-assembled structure, namely, Sl, where
the crosslike H2Nc molecules pack together with the two
molecular crystal lattice directions intersected by 75°, as
highlighted by the two black lines. This self-assembly differs
from the densely packed structures in previous reports, where
the packed angle is around 90°.30 Within this self-assembled
domain, some dislocation line defects could be observed as
marked by the red dashed line. Areas covered with disordered
H2Nc molecules also exist, with the boundary between ordered
and disordered areas highlighted by the yellow dashed line.
Figure 2c shows the high-resolved STM image of the

ordered structure within the blue rectangle in Figure 2a.
Detailed analysis reveals that this kind of ordered self-
assembled structure is constructed by H2Nc molecules with
two different configurations arrayed in alternate rows as
highlighted in red and yellow. By comparing the orientations of
H2Nc molecules and the atomic-resolution STM images of the
Ag(111) substrate, we found that the H2Nc molecules in these
two configurations rotate 45° and 30° in anticlockwise
direction with respect to the substrate atomic orientation,
and here we name these two configurations as r45 and r30,
respectively.

Another typical ordered self-assembled structure Sll is shown
in Figure 2b, where all molecules employ the same
configuration and pack together in a loose manner forming a
rectangle lattice. In contrast to the large domain size of
structure Sl, this new structure Sll only locally exists in some
minor domains on the surface, which implies that it is less
stable than structure Sl.
Figure 2d shows the high-resolved STM image of structure

Sll within the green square in Figure 2b, where H2Nc molecules
pack together with the adjacent lobes pointing to each other.
Furthermore, the unit cell of this structure as highlighted by
the green line is a rhombus with the interior angle being 80°,
which indicates that the H2Nc molecules pack a little denser in
lateral direction (yellow dashed line) than in vertical direction
(red dashed line). The orientation of the H2Nc molecule in
this structure is 55° anticlockwise from the highly packed
orientation of the substrate..
Because structure Sl dominates on the annealed sample

surface, systematic investigations of this ordered self-assembled
structure are carried out. Detailed studies on the surface reveal
that there are totally six different domains for structure Sl, as
the high-resolved STM images presented in Figure 3. The
H2Nc molecules are typically resolved as crosses with four
bright lobes and a dark center, as highlighted by dashed crosses
in different colors. All molecules pack together forming
alternative arrays with different molecular orientations. The
orientations of molecular arrays in one domain are the same,
whereas they are different from domain to domain; therefore,
we could distinguish six domains by the molecular array
orientations. Here, we name the domain with a horizontal
molecular array as R0 and name domains with molecular arrays
rotated by 30°, 60°, 90°, 120°, and 150° from the horizontal
orientation in anticlockwise direction as R30, R60, R90, R120,
and R150, respectively. The blue and green rhomboids

Figure 2. Morphology of the submonolayer H2Nc molecules on
Ag(111) after sample annealing. (a,b) Ordered self-assembled
configurations SI and SII after sample annealing at 200 K (scale bar:
7 and 3 nm, respectively). (c,d) Zoom-in STM images of the self-
assembled configurations SI and SII (scale bar: 2 nm).
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highlight the unit cell in each self-assembled domain. After
detailed analysis of the six domains, we find that they lie in two
supramolecular chiralities, with domains R0, R60, and R120
sharing one chirality and the other three domains sharing
another chirality, as highlighted by blue and green rhomboids.
To distinguish each molecule in the domains, we define the
configuration of a single molecule by the orientation of its one
lobe with respect to the Ag(111) highly packed direction, as
marked by r0, r15, r30, r45, r60, and r75 in each panel.
Apparently, in each unit cell, there are two molecules

employing different configurations, which suggest that these
configurations are energetically similar. The alternative
arrangement of these two configurations in one domain, rather
than two domains with homogeneous configuration, indicates
an attractive force between these two neighboring molecules.
Detailed analysis of the distance between the adjacent H2Nc
molecules shows that one molecular lobe is particularly close
to the center of the neighboring molecule, as highlighted by
the white dashed double arrows in Figure 3. In accordance
with the dominant dimer configuration DI, we tentatively

proposed that the hydrogen bonds, which formed between the
hydrogen atoms on the lobe terminal and the nitrogen atom in
the center of the neighboring molecule, produce the attractive
force and enable this ordered structure.
With extensive molecular-resolved STM images, we

accurately measured the lattice parameters of the unit cells in
each domain as shown in Table 1. Because the Ag(111)
substrate is threefold symmetric, the self-assembled H2Nc
molecular domains within the same chirality are supposed to
be threefold symmetric. Interestingly, after careful analysis
about the lattice constant and intersection angle of different
unit cells, we find quite large deviations among the three
domains possessing the same chirality, as shown in the first
three rows in Table 1. These deviations from the ideal
threefold symmetry were reported in the ML H2Nc self-
assembled film on Ag(111),30 which indicates that for H2Nc
on the Ag(111) system, the interaction between molecules
plays a non-negligible effect in the self-assembly process. With
detailed lattice parameters of each unit cell, the density and
coverage of the H2Nc molecules in different self-assembled

Figure 3. High-resolution STM images show the self-assembled configuration SI of H2Nc molecules on the Ag(111) surface. Six different domains
are presented as R0, R30, R60, R90, R120, and R150 in (a−f), respectively. The red and yellow colors highlight the self-assembled orientation, the
blue and green rhomboids identify the corresponding unit cells, and the crosses represent the orientations of each single molecule. The scanning
parameters are −2.5 V, 0.1 nA in (a), −1.0 V, 0.1 nA in (b), −2.0 V, 0.1 nA in (c), −2.75 V, 0.1 nA in (d), −1.7 V, 0.1 nA in (e), and −2.2 V, 0.1
nA in (f), respectively (scale bar: 1 nm).

Table 1. Geometric Parameter of the Six Self-Assembled H2Nc Molecular Domains Observed in the Experimenta

aThe matrix notation (orange background) indicates the closest commensurate structure to the corresponding unit cell.
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domains are calculated as shown in Table 1. The density
ranges from 0.29 to 0.31 molecules per square nanometers,
which lead to a coverage of 0.84 ML to 0.9 ML. Here, one ML
corresponds to the densely packed self-assembled film in the
previous report.30 The matrix and the unit cell for the six self-
assembled domains are illustrated in Table 1 with light orange
background.
Recently, the two hydrogen atoms in the inner cavity of

H2Nc molecules have attracted more attention because of their
potential application in molecular switches.26 While most of
the former work research on a single molecule or clusters with
few molecules, properties about these two hydrogen atoms in
ordered self-assembled films are essential for integrating
molecular switches to a large scale, yet related studies are
rare. Here, with submolecular-resolution STM images, we
carried out detailed investigations on the orientations of the
two inner hydrogen atoms in the ordered self-assembled films.
Figure 4a shows the high-resolution STM image taken at a bias

of −0.3 V on the self-assembled domain R90, and some fine
features in the crosslike morphology appear. Apparently, the
four lobes within one molecule are no longer identical, with
two opposite sharp lobes and two opposite blunt ends, as
highlighted by the red and blue dashed lines.
With detailed investigations on these new features, we find

that the new STM morphology of H2Nc molecules matches
quite well with the LUMO, as illustrated in the schematic
model (Figure 4b), where some of the H2Nc molecules are
superposed by their LUMO. The LUMO state is normally
above the Fermi level, which should be captured in positive
bias. The phenomenon that we captured this typical LUMO
state at −0.3 V suggests considerable electron doping from the
underneath Ag(111) substrate to the H2Nc molecules. With
these fine features of the H2Nc molecular LUMO, we could
distinguish that the inner two hydrogen atoms locate on the
two sharp lobes, as highlighted by the red dots in Figure 4b.
Detecting and understanding of the orientation of the two
inner hydrogen atoms of the H2Nc molecules in the ordered
self-assembled film are essential for potential applications of
molecular logic devices.26,40 By selectively switching the inner
two hydrogen orientations in individual molecule, one could

write in different information, that is, “bit”, in the film, which
deserves deeper studies in future.

■ CONCLUSIONS

Initial adsorption and structure evolution of metal-free H2Nc
on a Ag(111) surface from dimers to ordered self-assembled
structures in the submonolayer range were systematically
investigated by STM observations at variable sample temper-
atures. At 100 K, the initial deposited H2Nc molecular form
clusters on the Ag(111) surface and dimers are observed as the
dominant form at the initial stage. Subsequent annealing
induced molecular adsorption structure transformation, and
two kinds of ordered self-assembled structures were captured,
namely, configurations Sl and Sll, both of which are significantly
different from the reported densely packed structures. When
comparing these two ordered self-assembled structures, we
found that configuration Sl is more stable and dominant.
Extensive molecular-resolved STM images disclose that
structure Sl has six rotation domains, which lie in two
chiralities. Detailed lattice parameters of the six domains are
obtained, and deviations of the lattice parameters from a
threefold symmetry suggested non-neglectable intermolecular
interactions in self-assembled patterns. With high-resolved
STM image, we successfully captured the LUMO of H2Nc
molecules at −0.3 V. Combined with DFT calculations, we
reveal the exact orientations of two inner hydrogen atoms of an
individual H2Nc molecule in the self-assembled film, which
sets the stage for potential applications of molecular logic
devices in future.

■ AUTHOR INFORMATION

Corresponding Authors
*E-mail: ylwang@iphy.ac.cn (Y.W.).
*E-mail: huanq@iphy.ac.cn (Q.H.).

ORCID
Rongting Wu: 0000-0003-2254-2591
Linghao Yan: 0000-0002-4860-8096
De-Liang Bao: 0000-0002-5070-4765
Shixuan Du: 0000-0001-9323-1307
Yeliang Wang: 0000-0002-8896-0748
Hong-Jun Gao: 0000-0002-6766-0623
Present Address
⊥Department of Applied Physics, Yale University, New Haven,
CT 06520, U.S.A.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work was financially supported by the NSFC (nos.
61725107, 51572290, and 61390501), the National Key
Research & Development Projects of China (nos.
2016YFA0202300 and 2018FYA0305800), Strategic Priority
Research Program of the Chinese Academy of Sciences (no.
XDB30000000), the CAS Key Technology Research and
Development Team Project (GJJSTD20170006), and National
Key Scientific Instrument and Equipment Development
Pro jec t o f Ch ina (nos . 2013YQ12034501 and
2013YQ12034503).

Figure 4. Orientations of two inner hydrogen atoms of an individual
H2Nc molecule in the assembled film. (a) High-resolution STM
image reveals the molecular orbital of the H2Nc molecule in the
domain R90, and the red and blue dashed lines highlight the
orientations of the two inner hydrogen atoms in the center cavity of
an individual H2Nc molecule. The scanning parameter is −0.3 V, 0.1
nA (scale bar: 1 nm). (b) Atomic model and corresponding LUMO
of the H2Nc molecule, which shows a good agreement with the STM
image.
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