
Porous Honeycomb Self-Assembled
Monolayers: Tripodal Adsorption and Hidden
Chirality of Carboxylate Anchored Triptycenes
on Ag
Saunak Das, Giulia Nascimbeni, Rodrigo Ortiz de la Morena, Fumitaka Ishiwari, Yoshiaki Shoji,
Takanori Fukushima,* Manfred Buck,* Egbert Zojer,* and Michael Zharnikov*

Cite This: https://doi.org/10.1021/acsnano.1c03626 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Molecules with tripodal anchoring to substrates represent a versatile
platform for the fabrication of robust self-assembled monolayers (SAMs),
complementing the conventional monopodal approach. In this context, we
studied the adsorption of 1,8,13-tricarboxytriptycene (Trip-CA) on Ag(111),
mimicked by a bilayer of silver atoms underpotentially deposited on Au. While
tripodal SAMs frequently suffer from poor structural quality and inhomogeneous
bonding configurations, the triptycene scaffold featuring three carboxylic acid
anchoring groups yields highly crystalline SAM structures. A pronounced
polymorphism is observed, with the formation of distinctly different structures
depending on preparation conditions. Besides hexagonal molecular arrangements, the occurrence of a honeycomb structure is
particularly intriguing as such an open structure is unusual for SAMs consisting of upright-standing molecules. Advanced
spectroscopic tools reveal an equivalent bonding of all carboxylic acid anchoring groups. Notably, density functional theory
calculations predict a chiral arrangement of the molecules in the honeycomb network, which, surprisingly, is not apparent in
experimental scanning tunneling microscopy (STM) images. This seeming discrepancy between theory and experiment can be
resolved by considering the details of the actual electronic structure of the adsorbate layer. The presented results represent an
exemplary showcase for the intricacy of interpreting STM images of complex molecular films. They are also further evidence
for the potential of triptycenes as basic building blocks for generating well-defined layers with unusual structural motifs.
KEYWORDS: self-assembled monolayers, triptycene, polymorphism, chirality, scanning tunneling microscopy,
density functional theory calculations

INTRODUCTION

Self-assembled monolayers (SAMs) are an important part of
modern nanotechnology, with versatile applications ranging
from corrosion protection and design of biointerfaces to
lithography, nanofabrication, molecular electronics, organic
electronics, and photovoltaics.1−9 SAMs usually consist of
rodlike molecules featuring an anchoring group, mediating the
bonding to a specific substrate, a (functional) tail group,
constituting the SAM−ambient interface, and a backbone,
connecting both groups and building the SAM matrix.1−3

Usually, each SAM-forming molecule comprises only a single
docking group, but molecules with potentially dipodal,10−12

tripodal,10,13−32 and tetrapodal32−34 building configurations
(bearing a suitable number of anchoring groups) have been
designed as well. Such systems, in particular, target at a better
electronic coupling to the substrate, a better control of
molecular orientation, a reliable assembly of bulky moieties to

highly organized layers, and a control of the density of
functional tail groups and specific receptors. Among the
aforementioned bonding configurations, the tripodal one is
probably the most promising option, since a symmetric
adsorption geometry offers a stable upright orientation of the
functional tail groups. Accordingly, a variety of tripods, capable
of building SAMs on various substrates, have been
designed.10,13−32 In most cases, these tripods feature a
tetrahedral core, defined by a central sp3-hybridized
carbon13,18,22,23,29 or silicon atom,14,16,17,20,21,24,26,31 or a
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multiatom scaffold such as adamantane.15,19,20,25,27 This, in
principle, allows the functionalization of the respective
molecules with three anchoring groups and one functional
tail group directed upright away from the substrate.
Unfortunately, an actually tripodal adsorption configuration
has rarely been achieved and, usually, only a fraction of the
anchoring groups binds strongly to the substrate. The others
either bind only weakly, remain unbound, or cross-link to
neighbor molecules. As a result, ill-defined layers with low
packing densities and limited lateral and orientational order are
often formed. Such layers are then hardly capable of fulfilling
the task they were initially designed for.
This prompted advanced molecular-design strategies to

realize highly uniform and structurally well-defined SAMs with
tripodal binding configuration, and one possible strategy builds
on the triptycene (Trip) moiety, which is well-known for its
ability to efficiently self-assemble.35,36 Thus, in an initial series
of experiments, two triptycene based molecules were designed.
Three thiol anchoring groups were attached to the 1,8,13-
positions of the triptycene scaffold either directly (Trip-SH) or
via a methylene linker (Trip-CH2-SH).

37 The thiol groups
were chosen in view of their affinity to coinage metals, such as
Au, Ag, and Cu,2 and to semiconductor substrates, such as
GaAs.38−40 On Au(111) (as the most popular support for
SAMs)2 both molecules were found to form dense, nested
hexagonal monolayers with large area structural uniformity.
Most importantly, these layers feature a tripodal bonding
configuration, yielding SAMs of high crystallinity in the Trip-
CH2-SH case and resulting in a less perfect but still acceptable
film quality in the case of Trip-SH.37 Similar considerations
apply to Trip-CH2-SH on Ag(111) substrates.41

Encouraged by the above successes in fabricating triptycene
based tripodal monolayers, in the present study we take
another important step to establish the general applicability of
the triptycene approach by varying the docking groups. As a
test molecule, we synthesized 1,8,13-tricarboxytriptycene
(Trip-CA) featuring carboxylic acid (CA) anchoring groups
attached to the 1,8,13-positions of the triptycene scaffold
(Figure 1). CA is a reliable and suitable anchor for a variety of

application-relevant substrates, including coinage metals such
as Ag and Cu42−45 and metal oxides such as indium tin oxide
and zinc oxide.46,47 Among these substrates we chose Ag(111)
as a well-defined and application-relevant support, mimicking it
with a bilayer of silver atoms underpotentially deposited on Au.
Analogous substrates have been used by some of us for a
variety of CA based SAM studies, exhibiting a reproducible
quality and chemical character.42,48,49

For the characterization and study of the Trip-CA SAMs, we
used a combination of complementary microscopic and
spectroscopic techniques, viz. scanning tunneling microscopy
(STM), X-ray photoelectron spectroscopy (XPS), and near-

edge X-ray absorption fine structure (NEXAFS) spectroscopy,
as well as density functional theory simulations providing
insight into the molecular organization and electronic structure
of these systems. It turned out that Trip-CA not only forms
well-defined SAMs on Ag(111) but also displays a pronounced
polymorphism. Of particular interest is a porous, honeycomb
phase formed by the upright-standing triptycenes. That phase
is also an instructive showcase illustrating that the obvious
interpretation of STM images might be misleading.

RESULTS AND DISCUSSION
STM Experiments. For the supramolecular assembly of

sterically demanding molecules, polymorphism is often
observed and the obtained structures are sensitively dependent
on the preparation parameters.50,51 This also occurs in the case
of Trip-CA SAMs for which in total four structures were
observed. Note that the preparation temperature was kept at
363 K for all samples while the concentration of Trip-CA in
the solution and the immersion time were varied (see
Experimental Section for technical details).
The dominant structure formed at short immersion times for

both 0.01 mM and 0.1 mM solutions was an extended porous,
honeycomb-like network, labeled P-phase. A representative
image of this structure for the sample prepared by 30 min
immersion into a 0.01 mM solution is shown in Figure 2a.
Under these conditions the P-phase is accompanied by local
areas of a disordered arrangement of molecules (A). The unit
cell of the P-phase is a diamond aligned with the ⟨11̅0⟩
directions of the Ag(111) surface and a side length of 11.4 ±
0.5 Å. This alignment with the substrate lattice suggests a
commensurate structure, and indeed, the derived length of the
unit cell vectors is in full agreement with the 11.56 Å of a (4 ×
4) structure. Further details of the porous structure are
revealed by images as shown in Figure 2b which exhibit
submolecular features. The most salient features are the
distinct triangular shape of the protrusions and the links
between them. This becomes even more clear in the unit cell
averaged image displayed in Figure 2c. It seems obvious to
identify the triangular shape with the contour of the upright-
standing triptycene molecule, i.e., associate the bright center of
the triangle with the bridging carbon atom and align the
corners of the triangle with the aromatic rings, as illustrated by
model 1 overlaid with the STM image on the right half of
Figure 2c. However, one has to keep in mind that a purely
geometrical interpretation of STM images can be misleading
due to the crucial influence of the electronic structure.52−55

Geometrically, a structure such as the one shown by model 2
on the left half is also conceivable, and in fact, it might be even
preferred over the structure of model 1 as this arrangement
suggests increased π−π and van der Waals interactions
between molecules. We will return to this issue when
presenting the calculations in the Computational Studies
section and merely note at this point that achiral molecules
which, like triptycenes, exhibit a 3-fold symmetry can assemble
into chiral structures such as model 2.56−59

In addition to the porous structure and local amorphous
areas, another ordered phase (labeled H1 in Figure 2d) is
observed for the samples prepared at a concentration of 0.01
mM. It is characterized by a hexagonal packing with molecules
separated by 10 Å. Its unit cell, which can be described by a
(2√3 × 2√3) structure, is aligned with the ⟨112̅⟩ direction of
the substrate. The respective area per molecule is 86.6 Å2,
which is almost 50% larger than the 57.87 Å2 for the P-phase.

Figure 1. Molecular structure of Trip-CA.
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Looking at the unit cell averaged image of Figure 2e, the
molecular shape is not as distinct as in Figure 2c, but some
triangular geometry is discernible. Tentatively aligning the
molecules along the shape of the protrusions yields the
structural model displayed in Figure 2e. Since the density of
the H1-phase is much lower than that of the P-phase, the
interaction between the molecules must be rather weak and,
therefore, it can be expected that this phase is not stable.
Indeed, this is observed in our experiments, as the H1-phase is
not seen when the SAM is prepared at a concentration of 0.1
M or when the 0.01 mM solution is used, but immersion times
are extended to a few hours.
Even though the honeycomb structure (P-phase) can be

prepared in good yield, it is also metastable to some extent. For
the 0.01 mM solution, small patches of yet another phase
appear, when the Ag substrate is immersed for a few hours. For
even longer times, formation of the emerging phase progresses
until the P-phase is disrupted as illustrated in Figure 3a, where
the SAM obtained after an adsorption time of 16 h is shown.
Only small patches of the porous network structure remain,
and the monolayer is dominated by another hexagonally
packed phase, labeled H2. At the higher concentration of 0.1 M
and the same immersion time of 16 h, the SAM only consists
of the H2 phase as illustrated in Figure 3b. The structure of this
phase can be accurately determined from a SAM where the H2
and P structures coexist, with the latter serving as reference. It
turns out that the H2 structure is not aligned with the low
index directions of the substrates but is off the ⟨11̅0⟩ direction
by ±19°. Consequently, mirror domains are observed as
indicated by the yellow diamonds in Figure 3b. With an
experimentally determined intermolecular distance of 7.6 Å the
structure is also commensurate and described by a
(√7×√7)R19.1° unit cell. This gives an area per molecule
of 50.63 Å2 (1.97 × 1014 molecules/cm2), which is 14% denser
than the honeycomb structure. This requires the molecules to
adopt the nested packing shown in Figure 3c and reported
earlier for other triptycene based systems.37,41,60 However, the

packing of the molecules in the Trip-CA SAMs on Ag is
significantly denser than in the analogous thiol SAMs on
Au(111) and Ag(111) (∼65 Å2 per molecule)37,41 and also
denser than that reported for thin multilayer films of tripodal
paraffinic triptycenes (56.8 Å2 per molecule).60

Another aspect worth mentioning is that, in contrast to the
studies of the thiolate-bonded triptycene SAMs,37,41 for the P
phase of the Trip-CA SAM the maximum (apparent) height is
located in the center of the triangular shape, i.e., at the bridging
carbon atom, an aspect that will also be addressed below, when
discussing the STM simulations. It is worth noting that the
distinct triangular shape of the individual molecules is seen
only for the porous phase. For the other phases the triangular
shape is either rather faint (e.g., Figure 2d,e) or not perceptible
at all.
Briefly summarizing the STM studies, four phases were

observed, viz. (i) a disordered structure, (ii) a low density
hexagonally packed structure, unstable at higher concentrations
and/or long adsorption times (H1-phase); (iii) a porous
honeycomb-like structure (P-phase), and (iv) another
hexagonal structure (H2-phase), which is significantly denser
than the H1-phase and forms for long immersion times.
Among these phases, only H2 and P can be prepared reliably

as majority structures under suitable experimental conditions.
Even though the H2 phase is characterized by a particularly
high packing density, it exhibits a “conventional” hexagonal
molecular arrangement, similar to those reported already for
Trip-SH and Trip-CH2-SH SAMs on Au(111) and Trip-CH2-
SH SAM on Ag(111).37,41 In contrast, the honeycomb-like P-
phase represents a structure distinctly different from all others
that have so far been observed for triptycene based SAMs.
Such open structures, frequently described as porous net-
works,61 are rather typical of molecules with flat adsorption
geometry, such as trimesic acid,62,63 1,3,5-benzenetribenzoic
acid,51 or hexaazatriphenylene-hexanitrile64 on noble metal
substrates. In the present case, we have a fundamentally
different situation, namely a rather open structure formed by

Figure 2. STM images of Trip-CA SAMs on UPD-Ag/Au/mica showing different phases. All samples were prepared at T = 363 K but at
different concentrations of the solution and for different immersion times. (a) Large-scale image showing a porous, honeycomb-like
structure (P) and disordered regions (A); preparation at 0.01 mM/30 min. (b) High resolution image of the honeycomb structure;
preparation at 0.1 mM/30 min. (c) Unit cell averaged image of the area framed by the yellow square in part b together with two molecular
models (1 and 2) detailed in the main text. (d) High resolution image showing adjacent domains of a hexagonally packed phase (H1) and the
P-phase; preparation at 0.01 mM/30 min. The unit cells of the two phases are indicated by the yellow diamonds. (e) Unit cell averaged
image of the H1-phase with the molecular model overlaid (from a different area of the sample shown in part d).
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upright-standing and tightly anchored molecules, which makes
this phase unusual and particularly interesting. Moreover, for
the P-phase the STM images exhibit submolecular features,
which enable a detailed investigation of how in such structures
STM images correlate with the actual arrangement of the
molecules. Consequently, in our further studies we will
exclusively focus on the characterization and analysis of the
P-phase.
Spectroscopic Characterization. For the spectroscopic

studies, samples of the P-phase of Trip-CA SAM on UPD-Ag/
Au/mica were prepared from a 0.01 mM solution into which
the substrate was immersed for 4 h. The P-phase character of
these samples was verified by STM prior to delivery to the
synchrotron.
The C 1s and O 1s XP spectra of the Trip-CA SAM on

UPD-Ag/Au/mica are shown in Figure 4. The C 1s spectra in
Figure 4a correspond to two different photon energies and,
consequently, to two different kinetic energies of photo-
electrons, with a larger signal attenuation and, respectively,
higher surface sensitivity for the 350 eV spectrum.65 These
spectra are tentatively decomposed into three individual peaks

marked by numbers, even though we cannot exclude that the
joint feature 1 and 2 contains even more components hidden
within the common envelope. Peaks 1 and 2 can be assigned to
the triptycene unit and peak 3 to the carbon atoms in the
docking CA groups. The BE of this peak, ∼287.2 eV matches
the literature value for the carboxylate (COO−) group bound
to silver48,49 but is distinctly different from that for the
unbound COOH group (∼288.5 eV).48,49 Significantly, this
peak is comparably narrow, corresponding to a well-defined
chemical state of the involved carbon atoms. Consequently, we
can conclude that all three docking groups of the Trip-CA
molecules in the respective SAMs are bound to the substrate in
the same bidentate fashion.
The assignment of the dominant peaks 1 and 2, associated

with the triptycene scaffold and located at 283.85 and 284.8
eV, respectively, is not entirely straightforward but is assisted
by the analysis of their spectral weights as a function of photon
energy (PE), with the smaller PE (350 eV) typically amplifying
contributions from atoms located at and close to the SAM−
ambient interface. While the relative spectral weight of peak 1
varies only slightly upon PE variation (59.3% at 350 eV and
64.8% at 580 eV), that of the peak 2 changes significantly,
decreasing from 34.3% to 18.8% when increasing the PE from
350 to 580 eV (the signal of the carboxylate groups changes, as
expected, in the opposite fashion, from 6.4% to 16.4%).
Consequently, the carbon atoms corresponding to peak 2
should be located at the top of the adsorbed molecules. The
intensity of this peak suggests that it should be related to
several carbon atoms per molecule. Unfortunately, the exact
identification of these atoms has not been possible even with
the help of our simulations, as these, unfortunately, do not

Figure 3. High resolution STM images of Trip-CA SAMs on UPD-
Ag/Au/mica prepared at T = 363 K. (a) Sample prepared from
0.01 mM solution and immersed for 16 h showing islands of the
honeycomb structure (P) and a hexagonally close-packed phase
(H2). (b) Sample prepared from 0.1 mM solution and immersed
for 16 h displaying only the H2 structure. Yellow diamonds
indicate unit cells (multiple size shown for clarity) related by
mirror symmetry. (c) Enlarged image of the section marked by the
yellow square in part c and structural model of the H2 phase, with
the respective (√7×√7)R19.1° unit cell represented by the red
diamonds. The Ag surface is only shown to illustrate the
orientation of the molecular lattice. The exact positions of the
adsorption sites are not known.

Figure 4. Background-corrected C 1s (a) and O 1s (b) XP spectra
of the Trip-CA SAM on UPD-Ag/Au/mica (P-phase). The C 1s
spectra correspond to photon energies of 350 and 580 eV; they are
decomposed into individual peaks, drawn in different colors and
marked by numbers. The O 1s spectrum was acquired at a photon
energy of 580 eV and fitted by a single peak.
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provide full, quantitative agreement with the experiments in
the case of triptycene monolayers, as discussed already in ref
37.
As to peak 1, its energy (283.85 eV) is somewhat lower than

the analogous value for the SAMs of thiolate-anchored
triptycenes on Au(111) (284.1 eV)37 and that for SAMs of
monodentate-anchored oligophenylenecarboxylic acids on
Ag(111) (284.0−284.1 eV).48 This suggests that the C 1s
XP spectra of the Trip-CA SAMs are affected to some extent
by electrostatic effects,66 associated, most likely, with the
dipoles of the polar anchoring groups bonded to the substrate.
The O 1s XP spectrum in Figure 4b exhibits just one, well-

defined peak at ∼530.3 eV, assigned to the oxygen atoms in the
anchoring groups. Its energetic position agrees exactly with
that for the anchoring carboxylate groups in a variety of CA
SAMs on Ag (530.3−530.4 eV), and it is distinctly different
from the energies associated with the carbonyl (∼531.4 eV)
and hydroxyl (∼533 eV) signals of unbound −COOH
moieties.48,49 Thus, in agreement with the C 1s data, all
oxygen atoms in the anchoring groups of the Trip-CA
molecules are in the same chemical state, corresponding to a
bidentate bonding of the carboxylate groups to the substrate.
Complementary information is provided by the NEXAFS

data, which, for the sake of brevity, are presented in the
Supporting Information. The spectra of the Trip-CA exhibit
characteristic absorption resonances of the Trip-CA molecules
with no evidence for any contamination. A quantitative analysis
of the spectra yields an average tilt angle of ∼9° between the
axis of the Trip-CA and the surface normal. This value is quite
close to the analogous parameter for the Trip-CH2-SH SAM
on Au(111) (∼7.5°) also exhibiting a tripodal bonding to the
substrate, mediated by the thiolate anchoring groups
connected to the triptycene framework via methylene linkers.37

The deviation from the fully upright orientation of the Trip-
CA molecules in the SAM could be, on the one hand,
explained by a possible corrugation of the specific anchoring
sites of individual carboxylate groups. This is, however, not
observed in the simulations (see below). An alternative
explanation would be the presence of small regions of the
disordered amorphous phase (see STM Experiments section)
as well as the occurrence of defects, such as domain boundaries
or step edges, distorting the arrangement of the Trip-CA
molecules within the P-phase.
Computational Studies. A key task of the computations

was to establish which structure the molecules in the
honeycomb P-phase actually adopt (see structure models “1”
and “2” in Figure 2c). The final outcome of an extensive series
of simulations of two Trip-CA molecules adsorbed in a 4 × 4
unit cell on two layers of Ag on a Au(111) substrate is shown

in Figure 5. On the surface, the molecules assemble into a
honeycomb pattern comprised of hexagons with a side-length
of 6.8 Å and a diameter of 13.6 Å (see blue hexagons in Figure
5). The size of the pores is rather small, with a diameter of the
pore-hexagon of 7.6 Å (green hexagon in Figure 5, defined by
the innermost carbon atoms of the triptycenes), which is ∼4.5
times the van der Waals radius of a carbon atom.
This structure clearly matches model “2” from Figure 2 with

a chiral arrangement of the molecules. This is surprising,
considering that the STM images of the P-phase in Figure 2 do
not contain any indication for a significant rotation of the
molecules (where it should be mentioned that clockwise and
counterclockwise rotations would be isoenergetic). Rather, in
the experiments the triangular contours of the molecules point
toward the center of the hexagonal pores.
Therefore, to test whether the molecular arrangement shown

in Figure 5 is just a local minimum geometry, we considered
several alternative starting geometries comprising rotated Trip-
CA molecules as well as rotated docking groups.67 They,
however, all ended up in the same structure with a chiral
arrangement of the molecules and with the two carboxylic
oxygen atoms in each linker located close to on-top and bridge
positions of the substrate. This raises the question whether a
nonchiral arrangement of the molecules could be caused by the
presence of metal (Ag) adatoms on the surface. To test that,
we considered five different periodic surface reconstruction
motifs comprising between one and six adatoms per unit cell.
The chosen starting geometries as well as the optimized
structures are shown in the Supporting Information.
Significantly, in none of the investigated cases did the presence
of the adatoms prevent the formation of a chiral structure.
Considering that in all our simulations of the porous phase

of Trip-CA on Ag/Au a chiral structure comes out as the most
stable one, the question arises what could be the reason for not
being able to resolve chirality in the STM experiments. To
investigate that, it is necessary to go beyond the mere geometry
of the system and also to consider its electronic structure.
Bearing in mind that the experimental STM images have been
obtained for a positive tip bias, we concentrated on occupied
states at the interface and here in particular on the first peak
that can be associated with a molecular feature, i.e., the peak
associated with the bands derived from the molecular HOMO
(there are two such bands, as there are two molecules per unit
cell). In the projected density of states (PDOS) in Figure 6a,
the associated feature has a maximum at −1.03 eV. In passing
we note that the calculated peak position for a variety of
reasons (including the neglect of screening and the many-
electron self-interaction error) does not necessarily coincide
quantitatively with the position of the feature relevant for

Figure 5. Top (a) and side (b) views of the optimized Trip-CA/Ag(111)/Au(111) geometry in the hexagonal phase. Au atoms are depicted
in dark yellow, Ag atoms in light gray, O atoms in red, C atoms in dark gray, and H atoms in white. The black lines enclose the unit cell.
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(resonant) tunneling in the STM experiments. Nevertheless,
even if only the tail of the HOMO-derived bands was
contained in the experimental bias voltage window, it would
very likely still dominate the shape of the observed STM
features. Thus, the HOMO-derived bands with the peak in the
PDOS at −1.03 eV will serve as a reference for the following
considerations.
The calculated local density of states (LDOS) for an energy

window of 0.1 eV around that peak is shown in Figure 6b for a
plane 1.8 Å above the center of the topmost atom in the
assembled triptycene molecules. This figure reveals several
aspects. First, the regions of maximum LDOS do not coincide
with the blades of the triptycenes; rather, they are located on
either side of these blades (i.e., phenylene rings), which is not
surprising considering that the highest-occupied electronic
states in the triptycenes possess π-character. This is also
consistent with the three-leaved clover type shape of isolated,
thiolate-bonded triptycenes in the STM images by Chaun-
chaiyakul et al.41 Second, the brightness of the π-lobes on the
two sides of each ring is not the same. A similar asymmetry of
STM-related features has been observed, for example, for
anthraceneselenolate SAMs, and this has been attributed to the
molecular tilt.68 However, this explanation can be ruled out
here, considering the only marginal calculated tilt of the
molecules relative to the surface normal (see the Supporting
Information). In fact, in the present case, the asymmetry arises

from the relative arrangement of neighboring Trip-CA
molecules, where one side of each molecular blade faces an
essentially parallel blade of a neighboring molecule, while the
other side of the blade faces the edge of a blade of another
adjacent molecule.
For the two bands derived from the triptycene HOMOs, this

results in the Γ-point Kohn−Sham states shown in Figure 7,

which are located at 0.97 eV below the Fermi level for the
“molecular valence band”, VB, and at 1.04 eV for the VB-1.
The regions, in which the orbitals from neighboring molecules
form bonding or antibonding linear combinations, differ for
the two states. Nevertheless, a side-view of the electronic states
in the top panels of Figures 7a and 7b reveals that the lobes of
the wave functions that protrude somewhat further into the
vacuum (highlighted by arrows and circles) are the same in
both bands. Notably, these lobes are always on the same sides

Figure 6. (a) Total density of states (DOS; black line) and DOS
projected on the molecule (PDOS; blue line) for the porous
structure of Trip-CA on Ag/Au. The purple arrow indicates the
peak of the PDOS originating from the band derived from the
molecular HOMO of Trip-CA, the red arrow indicates the energy
of the PDOS minimum right below that peak, and the green
double-sided arrow highlights the energy range considered in the
STM simulations. (b) Cut through the local density of states
(LDOS) integrated in a 0.1 eV energy window centered at the first
peak of the molecular PDOS in panel (a) at −1.03 eV. The LDOS
is plotted for a plane located 1.8 Å above the position of the center
of the highest atom in the assembled triptycene molecules.

Figure 7. Isodensity plot of the 2829th (panel b) and 2830th
(panel a) Γ-point eigenstate of the Trip-CA SAM on Ag/Au
calculated for the 4 × 4 surface unit cell. These states correspond
to the two highest occupied bands primarily associated with the
adsorbate layer and derived from the molecular HOMOs. The
states are located 0.97 eV (VB) and 1.04 eV (VB-1) below the
Fermi level of the interface. The red and blue arrows as well as the
white circles denote the orbital lobes protruding furthest into the
vacuum above the interface. The black lines indicate the unit cells,
and the yellow lines denote the backbones of the triptycene
molecules. To better visualize the spreading of the orbitals into the
vacuum above the interface, a very small isovalue (0.0007 Å3/2) has
been chosen for plotting the electronic states.
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of the blades of the triptycenes, fully consistent with the LDOS
plotted in Figure 6b.
Interestingly, already the LDOS in Figure 6b indicates that,

when considering the actual electronic structure of the
adsorbate layer, the chiral arrangement of the molecules is
no longer clearly resolved. This means that the absence of a
chiral structure in the experiments is not the consequence of
such a structure not being formed. Rather, it is due to the
specific shape of the electronic states in the monolayer and the
way in which they determine the STM image.
A notable difference between the experimental STM image

of the porous phase in Figure 2c and the calculated LDOS
around the HOMO-derived peak in Figure 6b is that the bright
feature in the center of the molecule that is observed in the
experiments is not visible in the simulations. This discrepancy
is, however, resolved as soon as one no longer calculates the
LDOS only around the HOMO-derived peak but rather
integrates over all occupied states between the Fermi level and
the entire HOMO-derived peak (i.e., to −1.21 eV − see red
arrow in Figure 6a). The resulting graphs, which (within the
Tersoff−Hamann approach) correspond to constant height
STM images for an infinitely sharp tip, are shown in the
Supporting Information for different tip heights.
As a final step, to allow for a direct comparison between

simulations and experiments, we calculated constant current
STM images “blurred” by assuming a tip with a finite extent
(radius of 1 Å) and integrating between the Fermi level and
−1.21 eV. The corresponding calculated images are shown in
Figures 8a and 8b (partly with an overlaid structure of the
molecules). For ease of comparison, panel c contains a zoom
into the experimental image from Figure 2c. From the data
shown in Figure 8 one sees that (i) there is an excellent
agreement between the simulated and measured STM images,
(ii) the molecules adopt a chiral structure within the
elementary cells, which is just “hidden” in the experiment, as
there one does not resolve the geometrical but the electronic
structure of the adsorbate layer, and (iii) the bright spots seen
in the STM do not correspond to the blades of the molecules
but can rather be associated with peculiar features of the π-
electron system of a Trip-CA monolayer adopting the porous
phase on a Ag/Au substrate.

CONCLUSIONS
Self-assembly of Trip-CA on Ag(111) was studied by a
combination of STM, X-ray spectroscopies and computational
methods. According to the STM data, several different
monolayer structures can be formed, depending on preparation
conditions such as solution concentration and immersion time.
Along with frequently detected hexagonal molecular arrange-
ments, a porous honeycomb-like structure is observed. Such a
structure is not unusual for molecules adopting a flat
adsorption geometry,64,69−71 but it is rather unexpected for
SAMs comprised of upright-standing molecules. The resulting
corrugated interfacial patterns could be attractive for confining
nanoscopic objects on a surface in a well-ordered pattern
despite the rather small diameter of the pores.
According to the spectroscopic data, all molecules in this

structure are adsorbed in a well-defined tripodal geometry,
with all three carboxylate docking groups bonded to the
substrate as bidentate. This adsorption geometry is charac-
terized by an essentially upright orientation of the benzene
rings forming the “blades” of the Trip-CA molecules. Extensive
theoretical simulations reveal the internal organization of the

porous structure with the intriguing outcome that the
molecules arrange in a chiral fashion, an aspect that is not
resolved in the STM images despite their submolecular
resolution. This apparent conundrum can be resolved by
showing that the most pronounced features seen in the STM
images do not represent the geometric arrangement of the
molecules but are rather a consequence of the peculiar shapes
of the orbitals resulting from the hybridization of the highest
occupied π-states of neighboring molecules. In fact, the
simulations show that, considering the finite extent of the

Figure 8. (a) Calculated constant-current STM image for the Trip-
CA monolayer on the Ag/Au(111) substrate calculated for a
positive bias of 1.21 V and assuming a spherical tip with a radius of
1 Å. The structure of the monolayer as obtained in the geometry
optimization process of the interface is superimposed on part of
the calculated image. (b) Zoom into panel a. (c) Zoom into the
experimental image shown in Figure 2c.
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experimental tip, achiral STM images are to be expected,
despite the chiral arrangement of the molecules.
Regarding SAM design, our results underpin the potential of

the triptycene scaffold as a platform for tripodal molecular
assembly. Considering that carboxylic acids represent suitable
docking groups for a variety of application-relevant substrates
beyond coinage metals, such as indium tin oxide and zinc
oxide,46,47,72 there is significant potential of molecules derived
from the Trip-CA motive. In contrast to Trip-CH2-SH, where
the docking group is separated from the triptycene by an
“insulating” CH2 spacer,

37,41 here the π-electron system of the
CA group is in the immediate vicinity of the triptycene.
Moreover, the π-planes of the CA entities and the triptycene
blades nearly coincide (see the structure in Figure 5a). This
can be expected to promote a good electronic coupling
between the substrate and the triptycenes (including potential
functional substituents), an aspect that can be highly
advantageous for a variety of applications.

EXPERIMENTAL SECTION
Synthesis. The synthesis procedure is illustrated in Scheme 1.

1,8,13-Tris(trifluoromethanesulfonyloxy)triptycene (Trip-OTf) was
prepared according to previously reported procedures.37 Nuclear
magnetic resonance (NMR) spectroscopy measurements were carried
out on a Bruker model AVANCE III HD-500 spectrometer (1H:
500.0 MHz, 13C: 125.7 MHz). Chemical shifts (δ) are expressed
relative to the resonances of the residual nondeuterated solvent for 1H
(CD3CN:

1H(δ) = 1.94 ppm, DMSO-d6:
1H(δ) = 2.05 ppm) and the

resonances of the residual solvent for 13C (CD3CN:
13C(δ) = 118.26,

1.32 ppm, DMSO: 13C(δ) = 39.52 ppm). Absolute values of the
coupling constants are given in Hertz (Hz), regardless of their sign.
Multiplicities are abbreviated as singlet (s), doublet (d), triplet (t),
quartet (q), multiplet (m), and broad (br). Infrared (IR) spectra were
recorded at 25 °C on a JASCO model FT/IR-660Plus Fourier
transform IR spectrometer. Mass spectrometry measurements were
carried out on a Bruker model micro TOF II mass spectrometer,
equipped with an atmospheric pressure chemical ionization (APCI)
probe.
1,8,13-Tricyanotriptycene (Trip-CN). Under argon, Trip-OTf (1.56

g, 2.23 mmol) was added to a dry DMF solution (22 mL) of a mixture
of 1,1′-bis(diphenylphosphino)ferrocene (dppf, 1.22 g, 2.22 mmol),
tris(dibenzylideneacetone)dipalladium (Pd2(dba)3, 0.60 g, 1.35
mmol), and Zn(CN)2 (2.31 g, 19.7 mmol) at 25 °C, and the
resulting mixture was stirred at 100 °C for 12 h. After being allowed
to cool to room temperature, the reaction mixture was poured into an
aqueous solution of NH3 (28%, 50 mL), and the precipitate formed
was collected by filtration, washed successively with aqueous
ammonia, water, and CH2Cl2, and then dried under reduced pressure.
The residue was subjected to Soxhlet extraction with acetone, and the
extract was evaporated to dryness under reduced pressure. The
resultant residue was washed with cold acetone and then evaporated
to dryness under reduced pressure to afford Trip-CN as a colorless
powder (630 mg) in 86% yield: FT-IR (KBr): ν (cm−1) 3425, 3025,
2673, 2561, 2229, 1693, 1427, 1300, 1207, 1170, 804, 766, 713. 1H
NMR (500 MHz, CD3CN): δ (ppm) 7.91 (d, J = 7.6 Hz, 3H), 7.56
(d, J = 7.8 Hz, 3H), 7.37 (dd, J = 7.8, 7.6 Hz, 3H), 6.74 (s, 1H), 6.23
(s, 1H). 13C NMR (125 MHz, CD3CN): δ (ppm) 148.5, 144.2, 134.2,

128.9, 124.8, 119.0, 52.5, 37.3. APCI-TOF mass: calcd. for C23H11N3
[M]+: m/z = 329.0947; found: 329.0948.

1,8,13-Tris(aminocarbonyl)triptycene (Trip-CONH2). A DMSO
solution (76 mL) of a mixture of Trip-CN (625 mg, 1.90 mmol)
and KOH (5.36 g, 95.1 mmol) was stirred at 70 °C for 24 h and
cooled to 0 °C. An aqueous solution of HCl (1 M, 95 mL) was slowly
added to the resulting mixture, and the precipitate formed was
collected by filtration, washed with water, and dried under reduced
pressure to give Trip-CONH2 as a pale-yellow powder (485 mg) in
67% yield: FT-IR (KBr): ν (cm−1) 3193, 1650, 1612, 1427, 1401,
768, 634. 1H NMR (500 MHz, DMSO-d6): δ (ppm) 8.18 (s, 3H),
7.56 (d, J = 7.5 Hz, 3H), 7.55 (s, 3H), 7.41 (s, 1H), 7.20 (d, J = 7.4
Hz, 3H), 7.07 (dd, J = 7.5, 7.4 Hz, 3H), 5.80 (s, 1H). 13C NMR (125
MHz, DMSO-d6): δ (ppm) 169.5, 146.5, 141.8, 133.2, 125.3, 125.0,
124.7, 52.8, 43.3. APCI-TOF mass: calcd. for C23H17N3O3 [M]+: m/z
= 383.1264; found: 383.1262.

1,8,13-Tricarboxytriptycene (Trip-CA). NaNO2 (2.4 g, 34.5 mmol)
was added to a CH2Cl2 solution (13 mL) of a mixture of Trip-
CONH2 (204 mg, 0.532 mmol) and trifluoroacetic acid (13 mL, 34.5
mmol) at 0 °C, and the mixture was stirred at 25 °C for 12 h. The
precipitate formed was collected by filtration, washed with water, and
dried under reduced pressure. The residue was recrystallized from
acetone to give Trip-CA as a colorless solid (185 mg) in 90% yield:
FT-IR (KBr): ν (cm−1) 3073, 2670, 2553, 1693, 1596, 1431, 1305,
1169, 775, 661. 1H NMR (500 MHz, DMSO-d6): δ (ppm) 8.35 (s,
1H), 7.63 (d, J = 7.3 Hz, 3H), 7.40 (d, J = 7.7 Hz, 3H), 7.11 (dd, J =
7.7, 7.3 Hz, 3H), 5.78 (s, 1H). 13C NMR (125 MHz, DMSO-d6): δ
(ppm) 167.9, 147.0, 144.3, 129.4, 126.7, 125.9, 125.1, 52.6, 43.5.
APCI-TOF mass: calcd. for C23H14O6 [M]+: m/z = 386.0785; found:
386.0782.

Substrates. Silver substrates were mimicked by a bilayer of silver
atoms on Au. The Au supports were purchased from Georg Albert
PVD, Silz, Germany, as a 300 nm epitaxial Au(111) layer on mica
slides. Cut to size, these supports were annealed using a natural gas
flame followed by underpotential (UPD) deposition of Ag. In the
course of the deposition process, Au/mica was immersed in 10 mM
AgNO3 in 100 mM HNO3 (aq) and a potential of 10 mV (vs Ag/Ag+)
was applied for 2 min. As the result, a full coverage, pseudomorphic (1
× 1) Ag bilayer was formed, adopting the well-defined, (111)-
terminated surface of the Au support.73

Preparation of SAMs. For SAM fabrication, the UPD Ag/Au/
mica substrates were immersed in an aqueous solution of Trip-CA.
Concentrations of 0.1 and 0.01 M were employed, and immersion
times varied from 30 min to 16 h. The preparation temperature was
90 °C in all cases. The parameters of the immersion procedure were
selected on the basis of our experience regarding the preparation of
CA-anchored SAMs and optimized to some extent in a series of
preliminary experiments.

SAM Characterization. The SAMs were characterized by
scanning tunneling microscopy (STM), X-ray photoelectron spec-
troscopy (XPS), and near edge X-ray absorption fine structure
(NEXAFS) spectroscopy. All measurements were performed at room
temperature. The spectroscopic experiments were conducted in
ultrahigh vacuum, at a base pressure of ca. 1 × 10−9 mbar.

SAMs were imaged in ambient environment with a Molecular
Imaging PicoSTM, controlled by Picoscan software V5.3.3. Tips were
manually cut from a 0.25 mm diameter Pt/Ir wire (80:20, hard-
tempered, Advent Research Material Ltd.). Images were recorded in
constant current mode with tunneling currents in the range of 1−100
pA. The tip bias was in the range of 0.200−0.800 V and positive as

Scheme 1. Synthesis of Trip-CA
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imaging was more stable using this polarity. Images were evaluated
using WSxM software.74

XPS and NEXAFS experiments were performed at the bending
magnet HE-SGM beamline of the synchrotron storage ring BESSY II
in Berlin, Germany, using a custom-designed experimental station.75

The XP spectra were measured with a Scienta R3000 electron energy
analyzer, in normal emission geometry. The primary photon energy
(PE) was set to either 350 or 580 eV to access specific core levels and
to vary the surface sensitivity. The energy resolution at these PEs was
∼0.3 eV and ∼0.5 eV, respectively. The binding energy (BE) scale of
the spectra was referenced to the Au 4f7/2 emission of the Au substrate
at 84.0 eV.76 When necessary for their analysis, the spectra were fitted
by symmetric Voigt functions and a linear background.
The NEXAFS spectra were collected at the carbon and oxygen K-

edges in the partial electron yield (PEY) mode with retarding voltages
of −150 V and −350 V, respectively. As the primary X-ray source,
linearly polarized synchrotron light with a polarization factor of ∼89%
was used. The incidence angle of the X-rays was varied between the
normal (90°) and grazing (20°) incidence geometry to monitor the
linear dichroism reflecting the molecular orientation in the SAMs.77

The energy resolution was ∼0.3 eV at the C K-edge and ∼0.5 eV at
the O K-edge. The PE scale was referenced to the pronounced π*
resonance of HOPG at 285.38 eV.78 The relative shift of the O K-
edge range was estimated using reference XPS measurements. The
raw spectra were corrected for the PE dependence of the incident
photon flux and reduced to the standard form with zero intensity in
the pre-edge region and the unity jump in the far postedge region.
Computational Methods. Calculations were performed employ-

ing the FHI-aims code79−82 in conjunction with the PBE functional83

and the surface version84 of the Tkatchenko−Scheffler van der Waals
correction85 (explicitly ignoring van der Waals interactions between
metal atoms). Periodic boundary conditions and the so-called
repeated slab approach were used to describe extended surfaces.
For the final calculations of the best suited adsorbate structure of the
porous phase (see below), a 5 × 5 × 1 k-point mesh in combination
with a 4 × 4 surface unit cell containing two molecules was employed
(see the Computational Studies section). We used FHI-aims specific
“tight” basis functions in combination with the default numerical
settings with the exception of Ag. For this species a more extended
cutoff potential was used to better represent the electronic structure of
the metal surface. Further details on the used basis functions can be
found in the Supporting Information. To determine the occupation of
the Kohn−Sham eigenstates, we used a Gaussian broadening function
with a width of σ = 0.1 eV. The metal substrate was modeled by three
layers of Au (which were kept fixed during the geometry
optimizations to mimic the bulk structure) and two layers of Ag (in
analogy to the experimental situation). The positions of the Ag atoms
and all atoms in the adsorbate layer were fully relaxed. We also
performed an extensive screening of possible alternative structures
using (i) different starting geometries and (ii) considering a variety of
adatom structures. For these calculations, less stringent settings were
used, including “light” basis sets and only three metal layers (one layer
of Au and two layers of Ag). For the calculations on the final structure
(the screening calculations) the total energy criterion for the self-
consistency cycle was set to 10−6 (10−5) eV and the geometries were
optimized until the maximum residual force component per atom was
below 0.01 (0.05) eV/Å. The dimensions of the unit cells in the x and
y directions are given in units of the theoretically calculated bulk
nearest neighbor distance of 2.94 Å corresponding to a lattice
constant for the fcc cell of 4.158 Å. The motivation for employing the
theoretical nearest neighbor distance rather than the experimental
value of 2.89 Å is that in this way spurious surface relaxations in the
geometry optimization process can be avoided. The total height of the
unit cell in the direction perpendicular to the surface was set to 40 Å,
generating a vacuum region of at least 20 Å to quantum-mechanically
decouple the periodic replicas of the slab in that direction. To
decouple them also electrostatically, a self-consistently calculated
dipole correction was used.86

STM images were simulated within the Tersoff−Hamann
approximation87 following the procedure described in detail in ref

88. The FHI-aims generated STM cube files were postprocessed using
a routine written by Dr. Oliver T. Hofmann, from the Institute of
Solid State Physics of the Graz University of Technology. This routine
approximates constant-current images by an isosurface of the local
DOS integrated between the Fermi level and the tip bias. To account
for the finite extent of the tip, the local DOS is averaged over points
arranged on the surface of a spherical tip with a tip radius of 1.0 Å.88

The considered bias voltage is discussed in the Computational Studies
section. The aforementioned procedure allows generation of constant
current as well as constant height images.

Isodensity plots of eigenstates were produced using OVITO;89

otherwise, the graphical user interface of the Atomic Simulation
Environment (ASE)90 was used to generate molecular structure. The
generated STM images were plotted using XCrysDen91 and
matplotlib.92
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