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ABSTRACT: Nowadays molecular nanoporous networks
have numerous uses in surface nanopatterning applications
and in studies of host−guest interactions. Trimesic acid
(TMA), a benzene derivative with three carboxylic groups, is a
marvelous building block for forming 2D H-bonded porous
networks. Here, we report a low-temperature study of the
nanoporous “chicken-wire” superstructure formed by TMA
molecules adsorbed on a Au(111) surface. Distinct preferential
orientations of the porous networks on Au(111) lead to the formation of peculiar TMA polymorphs that are stabilized only at
the boundary between rotational molecular domains. Scanning tunneling microscopy (STM) and spectroscopy are used to
investigate the electronic properties of both the molecular building blocks and the pores. Sub-molecular-resolution imaging and
spatially resolved electronic spectroscopy reveal a remarkable change in the appearance of the molecules in the STM images at
energies in the range of the lowest unoccupied molecular orbital, accompanied by highly extended molecular wave functions into
the pores. The electronic structure of the pores reflects a weak confinement of surface electrons by the TMA network. Our
experimental observations are corroborated by density-functional-theory-based calculations of the nanoporous structure adsorbed
on Au(111).

■ INTRODUCTION

Molecular architectures on surfaces have attracted much
attention lately because of their multifunctional character. In
particular, porous molecular networks have recently become
increasingly appealing because of their potential in surface
patterning1−6 and electronic-state engineering7,8 at both solid−
vacuum and solid−liquid interfaces. Their functionality can be
tailored even further by tuning the reactivity of the underlying
surfaces as well as by changes in their immediate environment.
Trimesic acid (TMA) molecules, which are benzene derivatives
with three carboxylic groups, are often used as metal−organic
framework linkers for high-surface-area applications.9,10 They
are excellent building blocks for forming 2D H-bonded porous
networks on low-reactivity surfaces.4,11,12 Previous studies
successfully tested the TMA networks for their ability to host
small molecules in the pores,2,4,5,11 relying on scanning
tunneling microscopy (STM) imaging at solid−liquid or
solid−vacuum interfaces. However, little is known about the
electronic properties of the TMA molecules, and even less is
known about the nanometer-sized voids that expose the
underlying surface. For example, two different appearances of
TMA in the STM experiments have been reported so far, but a
physical explanation is still lacking.4,11−13 STM is both a
topographic and an electronic tool; therefore, detailed knowl-
edge of the electronic properties of materials under
investigation is of crucial importance for a correct interpretation
of the STM images. A profound understanding of the structural
and electronic characteristics of the pores/molecules is of the

utmost importance in designing future single or multi-
component host/guest systems.
Here, we unravel the electronic properties of TMA molecules

and their interaction with the underlying Au(111) surface. We
probe the low-molecular-coverage regime where the molecules
form cyclic dimers by double H-bonds between their carboxylic
groups, yielding the so-called “chicken-wire” structure.11,12 The
observed structure is a result of the balanced interplay between
molecule−molecule and molecule−substrate interactions. The
periodic modulation of the energy landscape results in distinct
preferential orientations of the network structure relative to the
substrate. Peculiar TMA polymorphs such as pentamers and
heptamers are stabilized at the boundary between rotational
molecular domains. Using STM and scanning tunneling
spectroscopy (STS) at low temperature, we detect the lowest
unoccupied molecular orbital (LUMO) and identify a
remarkable change in the appearance of the TMA molecules
that can be related to LUMO-mediated electron tunneling. The
electronic structure of the pores is dominated at LUMO
energies by the spatially extended molecular orbitals and
displays a weak confinement of surface electrons by the TMA
network. Density functional theory (DFT)-based calculations
that include van der Waals forces are employed to model the
nanoporous TMA structure formed on the surface and to
calculate its properties and the interfacial charge transfer. The
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simulated STM images are in excellent agreement with the
experiment and capture the change in the experimentally
detected appearance of the molecule.

■ EXPERIMENTAL SECTION
The growth of the TMA adlayers was performed under ultrahigh
vacuum (UHV) conditions. TMA powder was purchased from Sigma-
Aldrich and was sublimated at 445 K using a Knudsen cell.
Submonolayer amounts of TMA molecules were dosed onto a clean
Au(111)/mica substrate held at room temperature and subsequently
annealed at 380 K for 15 min. The molecular structures were
characterized using a low-temperature STM system (Omicron)
operated at 4.5 K. Scanning tunneling spectroscopy (STS) was
performed by lock-in detection using amplitudes of 4 to 40 mV at 746
Hz. Distance−voltage dz/dV(V) spectroscopy was employed for large
bias voltages and measured with a closed feedback loop.14 For STM
tips, we used polycrystalline W wires. The tips were electrochemically
etched and cleaned in situ by thermal treatment. All bias voltages
mentioned are with respect to the sample, and the STM tip is virtually
grounded. The STM images were analyzed using the WSxM
software15 and the STWS program.16

■ COMPUTATIONAL DETAILS
To explain and complement the experimental observations, we
performed DFT-based calculations implemented in the Quantum
ESPRESSO code (version 4.3.2).17 We modeled the TMA nanoporous
network using a hexagonal unit cell comprising an R2

2(8) dimer. To
mimic the Au(111) surface, we used a four-layer slab with the in-plane
unit cell consisting of 36 gold atoms placed in a 6 × 6 configuration
(17.3 Å × 17.3 Å). To be in agreement with the experimental results,
the TMA structure was constructed such that the TMA dimer is
oriented parallel to the [2 ̅11] direction of the substrate. The
periodicity of the calculated structure is imposed by the slab unit
cell to be 1.73 nm, which implies OH···O bonds of 2.8 Å. Single
noninteracting TMA molecules were modeled using a 5 × 5 gold slab.
For geometrical optimizations, we employed the vdW-DF18 functional
with a revPBE exchange that accounts for nonlocal van der Waals
forces.19 The Perdew−Burke−Ernzerhof (PBE)20 functional is also
used for comparison and when mentioned to calculate the system
properties while fixing the coordinates to the vdW-DF-optimized
coordinates. Geometrical relaxations were carried out until the forces
on atoms were less than 0.02 eV/Å while the gold atoms were fixed.
The calculations were performed using an energy cutoff of 490 eV for
the wave functions and ultrasoft pseudopotentials. A k-point grid of 2
× 2 × 1 was used for geometrical optimizations and STM simulations.
The STM images were computed using the Tersoff-Hamann
formalism21 for wave functions calculated with the PBE functional.
The DFT-based calculation results were visualized using XCrySDen
software.22

■ RESULTS AND DISCUSSION
Self-Assembly of Trimesic Acid Molecules on Au(111):

The Role of the Substrate. Figure 1a illustrates an STM
image of a nanometer-sized island formed by TMA molecules
when adsorbed on Au(111) surface at low coverage. The
Au(111) herringbone reconstruction is observed in the
background and is not affected by the adsorbate layer. The
molecules form a hexagonal honeycomb network with two
molecules per unit cell (Figure 1b). The lattice bears a small
distortion of 2 to 4%, and the unit cell vectors average to 1.62 ±
0.05 nm. This porous arrangement of TMA/Au(111), called
the “chicken wire”, represents the lowest-density structure
among many polymorphs that TMA molecules can form on a
Au(111) surface as a function of surface coverage, as previously
reported by Ye et al.12 Chicken-wire structure formation is
dictated by dimeric R2

2(8) H bonds formed between the
carboxylic (COOH) groups of the TMA molecules (Figure 1c),

similar to the TMA arrangement in the bulk.9 Potential
application of the TMA nanoporous structures as 2D templates
will benefit from a detailed understanding of their electronic
properties. In the following text, we discuss the interaction
between the TMA chicken-wire structure and the underlying
Au(111) surface and report on its electronic properties.
First we will discuss the role of the substrate in molecular

self-assembly. Determining the registry of the molecules with
the substrate is not a straightforward task because atomic
resolution and molecular resolution usually exclude each other.
Nevertheless, the Au(111) substrate is known to reconstruct
into the (22 × √3)R30 reconstruction and form alternating fcc
and hcp regions separated by discommensuration lines or
stacking faults (Figure 1a).23 These stacking faults are oriented
along the [2 ̅11] directions of the substrate24 and hence allow us
to infer the orientation of the molecular islands with respect to
the surface [2̅11] directions. Two preferential orientations of
the islands are detected with respect to the [2 ̅11] surface
directions (Figure 2a). Of a total of 60 islands analyzed, 57%
are oriented 4 ± 1° and 28% are oriented 30 ± 1° from the
[2 ̅11] directions. Whenever molecules nucleate at kink steps or
at surface dislocations, islands with other orientations are also
created, but in smaller numbers (15%). Step barriers do not
seem to affect the molecular organization, and molecules are
found on both ascending and descending terraces (Figure 1a).
Figure 2a displays an STM image of a TMA island formed by

two domains having the orientations discussed above. A close-
up view of the area highlighted by the black rectangle is
presented in Figure 2b. Here, one notices a “light” domain wall
(DW1) present between the two domains25 that consists of
TMA pores formed by pentamers and heptamers. These pores
are peculiar because the 3-fold symmetry of the TMA
molecules does not allow the natural formation of cyclic
pentamer and heptamer H-bonded structures. A different type
of domain wall is formed between domains of the same
orientation. Figure 2c illustrates a “heavy” domain wall (DW2)
created at the junction between two 4°-oriented super-
structures. In this case, the two lattices are shifted only by
half the intermolecular dimer distance (0.5 nm). A schematic
drawing of the two types of domain walls is presented in Figure
2d. Both domain walls are thin, which is expected when the
molecule−substrate potential is comparable to the molecule−
molecule interaction.25 The observed preferential orientations
of the TMA domains and the formation of domain walls are
indicative of a balanced interplay between molecule−substrate

Figure 1. (a) STM image of a TMA island nucleated at a step. Dotted
lines mark the discommensuration lines that separate the fcc and hcp
areas. (b) Close-up-view STM image with the primitive unit cell
drawn. Tunneling parameters: 1 V and 0.1 nA. (c) Chemical structure
of the TMA R2

2(8) dimer.
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and molecule−molecule interactions in the TMA self-assembly
on Au(111).
The role of the substrate is better defined in terms of the

commensuration between the solid-phase dimer lengths and
the surface. In the solid phase, the OH···O bond length is 2.7 Å,
which results in a porous structure of 1.67 nm periodicity.9 On
Au(111), the structure periodicity is 1.62 ± 0.05 nm, with the
molecules in a dimer being spaced about 1 nm apart and an
OH···O bond length of about 2.6 Å, similar to that in the solid
phase. Here, the distortion of the unit cell is induced by the
variations in the nearest-neighbor Au−Au distances that exist in
the reconstructed surface layer (2.80 Å to 2.87 Å26). On
Ag(111) and Cu(100) surfaces, similar hexagonal arrangements
are found with slightly larger periodicities (1.78 nm for TMA/

Ag(111),27 2.04 and 2.28 nm for TMA/Cu(100)28) and
therefore longer OH···O bond lengths. An increase in the H-
bond lengths on these surfaces is expected to yield weaker H
bonds. Therefore, the reconstructed Au(111) surface provides a
good match for adsorbed TMA molecules to form 2D
hexagonal porous phases resembling the one found in the gas
and solid phases. This may explain why Au(111) is the only
substrate so far on which long-range assemblies of different
packing densities of TMA, including the so-called “superflower”
structure, were observed.12

Spectroscopy of the TMA Nanoporous Network. To
determine the electronic properties of the TMA porous
network on Au(111), we rely on scanning tunneling spectros-
copy (STS). In STS, the differential conductance dI/dV is

Figure 2. (a) STM image (85 nm × 70 nm) of a TMA island consisting of two rotational domains. Tunneling parameters: 1.2 V and 0.19 nA. (b)
STM image (19 nm × 14 nm) of the area highlighted in image a, presenting a close-up view of the “light” domain wall (DW1). The inset indicates
the fast Fourier transformation that is used to measure the relative angle between the two domains, 26 ± 1°. (c) STM image (16 nm × 12 nm) of
two TMA domains forming a “heavy” domain wall (DW2). Tunneling parameters: −0.8 V and 0.28 nA. (d) Schematic drawing of the two types of
domain walls.

Figure 3. (a) dI/dV(V) spectra of bare Au(111) (in the hcp region), the TMA molecule, and the gold surface inside the pore. The inset illustrates
the dI/dV difference between the hcp site of the bare Au(111) and other spectra of interest. The set point is −1.2 V and 0.18 nA. (b) dz/dV(V)
spectra on the substrate and on the molecule. The set point is 1 V and 0.17 nA.
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proportional to the local density of states (LDOS) of the
sample, probing filled (empty) states for negative (positive)
applied bias voltage. Figure 3a illustrates the dI/dV(V) spectra
measured on the Au(111) surface, on the TMA molecules, and
inside the pores. The sharp rise at −0.5 V in the Au(111) dI/
dV(V) spectrum represents the onset of the surface state (SS)
reminiscent of the 2D electron gas that resides on the Au(111)
surface.23 A similar feature can be observed in the TMA
spectrum, which is shifted upward only a few tens of millivolts.
The almost unperturbed SS detected on the molecule indicates
that the molecules are physisorbed on the substrate and interact
only weakly with it.
To highlight the differences in the spectra with respect to the

bare Au(111) surface, we plot in the inset of Figure 3a the dI/
dV difference between the curve of the gold hcp region and the
other curves. For completeness, we also include the dI/dV
difference between the hcp and fcc regions. It is expected that
on bare Au(111) the hcp regions have an increased LDOS near
the SS onset compared to the fcc regions as a result of the

different degree of electron localization imposed by the
reconstruction in the two regions.23 Although on the molecule
the SS LDOS is lower than on the surface, in the pores we
observe an energy redistribution of the LDOS: more electronic
states are localized at energies around the Fermi level than at
energies above 0.2 V. This may be attributed to a partial
electronic confinement due to a modified surface potential
induced by the presence of the TMA superlattice.23 Stronger
confinement of the SS electrons inside the pores may be
realized on more reactive surfaces such as Ag and Cu.7,8

The increase in the LDOS above 1.5 V measured at the pore
is present on the TMA molecule as well and can be linked to
unoccupied states of the molecule that are highly delocalized.
To probe higher-energy states, we performed distance−voltage
spectroscopy, which allows control over the tunneling current
passing through the molecule and avoids irreversible changes to
the molecules.14 Figure 3b displays dz/dV(V) spectra measured
on the Au(111) surface and at two locations on the TMA
molecule (center and side). The peak at 2.6 V detected only at

Figure 4. Orbital-mediated tunneling of TMA molecules. (a, b) STM images acquired at 1.0 and 2.7 V, respectively. The shape of the molecule is
highlighted by the dotted and solid triangles. (c) dI/dV map recorded at 2.7 V. The solid triangles are pasted from panel b. (d) Chemical drawing of
the TMA cyclic dimer structure with the two triangular appearances superimposed.

Figure 5. (a) Top-view illustration of the unit cell used in the calculations containing a TMA R2
2(8) dimer. (b) Side-view illustration of the fully

relaxed TMA dimer on the Au(111) slab. (c) Projected density of states (PDOS) of the TMA molecule in the gas phase and adsorbed on Au(111) as
shown in image a; PDOS of the aromatic core (C6H3) and the three COOH groups is indicated. (d, f) Simulated STM images for HOMO (−2.5 V)
and LUMO (1.5 V). (e) Simulated STM image at 0.7 V inside the HOMO−LUMO gap. All STM images are simulated at a tip height of 3.5 Å.
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the TMA locations is interpreted as the lowest unoccupied
molecular orbital (LUMO) of the adsorbed TMA molecule.
Note that the peak is more pronounced on the side of the
molecule than at its center.
A direct visualization of the spatial extent of electronic charge

densities of the molecule is possible when performing voltage-
dependent imaging. Figures 4a,b displays two topographies
acquired at 1.0 and 2.7 V, respectively. In both topographies,
the molecules have a triangular shape that is highlighted by the
dotted and solid triangles. In the first image, the molecule’s
triangular shape reflects the location of the COOH groups
(based on the cyclic dimer organization), and in the second
image, it is rotated by 60°. Now the triangle’s corners are in line
with the hydrogens of the benzene ring (Figure 4b). A
structural drawing of the molecular arrangement together with
the two triangular shapes is presented in Figure 4d. We argue
that the observed change in the apparent shape is related to the
electronic structure of the molecule, in particular, to the
electronic state appearing in Figure 3b. The spatial distribution
of the LDOS corresponding to this state can be visualized on an
LDOS map (i.e., a spatial mapping of the dI/dV signal). Figure
4c illustrates the LDOS map measured at 2.7 V and
simultaneously recorded with the topography from Figure 4b.
On the LDOS map, each TMA molecule is imaged as three
bright lobes aligned with the hydrogens of the aromatic ring but
further extended into the empty space of the pores. Here, the
pores appear smaller, and their electronic structure is
dominated by the extended molecular wave functions. This
appearance of the molecule is observed only at voltages
corresponding to the LUMO state and is suggestive of LUMO-
mediated electron tunneling from tip to substrate. LUMO-
mediated tunneling may also explain the appearances of TMA
molecules on the graphite surface.11,13 An unambiguous
interpretation of the molecular appearances in the STM images
requires comparison with theoretical calculations.29

DFT-Based Modeling of the TMA Nanoporous
Structures on Au(111). Figure 5a illustrates a top view of
the unit cell used to model the porous structure adsorbed on
Au(111). The molecules were placed on the surface with their
centers close to a hollow site, according to the single-molecule
calculation results. Given the large number of atoms in the
molecule, we assume that there are many competing adsorption
sites with small energy differences. A side view of the
adsorption geometry of a fully relaxed TMA dimer on the
surface is displayed in Figure 5b. The molecules are adsorbed
with their aromatic centers at a distance of 3.75 Å from the
slab.30 The molecules are oriented parallel to the Au(111)
surface with a small degree of distortion introduced by the tilt
of the COOH groups toward the gold surface.31 The COOH
groups are adsorbed closer to the surface by 0.1−0.3 Å,
indicating a stronger interaction with the surface than the
center of the molecule.
Charge distribution analysis using the Bader charge analysis

scheme was carried out for both the free and the adsorbed
TMA molecules. On the free molecule, a significant charge
redistribution occurs between the atoms of the COOH groups.
The oxygens gain ∼2 e each, and the carbons and the
hydrogens become positively charged. The charge transfer
upon adsorption results in minor changes to this picture. After
adsorption, each molecule gains a net charge of 0.06e from the
Au(111) surface.32 This is consistent with the minor shift
detected experimentally in the SS onset at the molecule
location (Figure 3a). This implies that the depopulation of the

surface state under the molecule is very small and reflects the
weak molecule−substrate interaction.
The molecule−substrate bonding character may be regarded

as partially electrostatic, mediated by the partially charged
COOH groups, whereas the π electrons of the aromatic ring are
interacting with the substrate through weaker van der Waals
forces.19,31,33 We calculated the adsorption energy of a TMA
molecule on Au(111) in two cases (i.e., for an isolated molecule
and as part of the H-bonded network using the vdW-DF
functional). The adsorption energy of the isolated TMA is Ed =
3.6 eV, and for the H-bonded molecule it drops to Ed = 3.3
eV.34 The decreased affinity of 0.3 eV in the latter case can be
attributed to weaker interaction between the COOH groups
and the surface because the COOH groups are now engaged in
planar H bonds. Similar results have been reported for benzoic
acid by Rochefort et al.31 The stabilization energy of the R2

2(8)
dimer in the adsorbed nanoporous structure is 9.98 kcal/mol
(per COOH group), in very good agreement with other studies
(10.01 kcal/mol for the gas-phase R2

2(8) dimer3).
To confirm the origin of the change in the appearance of the

molecule in the experimental STM images, we simulated the
STM images of the adsorbed molecules for bias voltages
corresponding to the highest occupied and lowest unoccupied
molecular orbitals (HOMOs and LUMOs) and for one value of
the bias voltage in the gap. The calculated LDOS of an
adsorbed TMA as part of the nanoporous network is displayed
in Figure 5c together with the LDOS of gas-phase TMA. For
better comparison with the experiment, the LDOS is displayed
separately for the aromatic center and the COOH groups. The
frontier orbitals of the adsorbed molecule are situated at −2.5 V
(HOMO) and 1.5 V (LUMO). The formation of the H-
bonded network mostly affects the HOMO of the unbounded
molecule, which is now delocalized across the entire molecule
rather than localized at the COOH groups as in the case of gas-
phase TMA. Although the HOMO appears to be almost equally
distributed over the COOH groups and the C6H3 center, the
LUMO has more weight on the C6H3 center than on the
COOH groups. Figure 5d−f displays the calculated STM
images corresponding to HOMO and LUMO as well as a bias
voltage inside the HOMO−LUMO gap (0.7 eV). Note that the
calculated STM images should be only qualitatively compared
to the experimental ones because the PBE functional is known
to give not as good agreement with experiment in terms of
energy gaps and level alignments.35,36 It can be clearly seen in
Figure 5d−f that the appearance of the molecules in the STM
images depends considerably on the bias voltage, in
correspondence with the experimental results. For applied
voltages corresponding to the HOMO−LUMO gap (Figure
5e), the triangular shape of the molecule is defined by the
carboxylic group locations and is similar to the experimental
image in Figure 4a. The latter is in agreement with the most
reported appearance of TMA molecules in STM images in the
literature.4,12,27,28 For applied voltages corresponding to the
LUMO, the areas that display the highest charge density are
located between the COOH groups (i.e., at the H locations on
the aromatic ring). For visual guidance, the molecular structure
of the molecules in the network is added to the simulated STM
images. There is excellent agreement between the simulated
STM images (Figure 5e,f) and the experimental STM images
(Figure 4a,b). We can conclude that the change in the
appearance of the molecule originates from the different
orbitals that mediate the electron tunneling through the
molecule. Our findings illustrate that knowledge of the
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electronic properties of adsorbed molecules and their
interactions is crucial for the interpretation of molecular
appearances in STM images.

■ CONCLUSIONS
Nanoporous networks of TMA molecules are formed by self-
assembly upon deposition on a Au(111) surface and are studied
using STM and STS at low temperature. Analyses of the TMA
superstructures support the idea that intermolecular H bonds
are decisive in the formation of such porous patterns but also
highlight the role of the substrate potential landscape that
defines the intermolecular bond lengths and pattern periodicity.
The preferential orientations of the TMA networks on the
Au(111) surface give rise to peculiar domain boundaries that
force molecules into unexpected bonding patterns. The
electronic properties of both the molecules and the pores are
investigated using STS and voltage-dependent STM imaging.
The TMA molecular network imposes a weak confinement on
the surface electrons into the pores whereas it dominates the
electronic structure of the pores at LUMO energies through
highly extended molecular wave functions. The appearance of
the molecules in the STM images is strongly dependent on the
applied bias voltage. In particular, a remarkable change in their
appearance is detected for LUMO-mediated electron tunneling.
Our observations are verified and complemented by DFT-
based calculations of the nanoporous structure adsorbed on the
Au(111) surface. The calculations demonstrate that the
adsorbed porous structure is energetically favored compared
to isolated molecules. The simulated STM images of the
network are in excellent agreement with the experimental
results.
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