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Kagome-like Lattice of π−π  stacked 
3-Hydroxyphenalenone on Cu(111)  

S. Beniwala, S. Chenb, e, D. A. Kunkela, J. Hooperc, S. Simpsond, E. Zurekd, X.-C. 
Zengb, e, and A. Enders*a,e	  

We have identified a structurally complex double-layer of 3-
hydroxyphenalenone on Cu(111), which exhibits Kagome 
lattice symmetry. A key feature is the perpendicular 
attachment of π−π  stacked molecular dimers on top of 
molecules that are flat-lying on the substrate, representing a 
rare example of a three-dimensional arrangement of 
molecules on a two-dimensional surface. 

Crystalline structures of geometry corresponding to trihexagonal 
tiling are often referred to as Kagome lattices. Natural examples of 
Kagome lattices are rare, but have recently been found in surface 
supported organics.1 Their particular geometry of interlacing 
triangles, exhibiting an ordered arrangement of hexagonal and 
triangular pores of different size, makes Kagome lattice structures 
exceptional templates for host-guest chemistry. Advances in surface 
science and the availability of high-resolution microscopy have 
accelerated the discovery of Kagome-lattice-type organic layers. 
Reported structures are typically based on van der Waals forces, 
hydrogen bonds or metal organic bonds.1,2,3  Herein we report the 
first π-π stacked organic Kagome lattice, which consists of 3-
hydroxyphenalenone (3-HPLN) molecules. A unique feature of the 
networks formed on flat Cu(111) is its three-dimensional 
architecture, which emerges from the perpendicular attachment of 
π−π stacked 3-HPLN dimers on planar, hydrogen-bonded molecular 
trimers. 

3-HPLN is a topological, or proton transfer ferroelectric in its 
bulk crystalline form,11 in which  intermolecular hydrogen bonds 
couple to the molecular π electron systems and hence the molecular 
dipole moment, giving rise to a switchable polarization.4 Our group 
has recently discovered self-assembled chiral structures consisting of 
3-HPLN trimers on Ag(111) surfaces,5 as well as complex 2D 
networks of the related molecular ferroelectrics croconic acid and 
rhodizonic acid.6,8 Several of these networks exhibit similar 
hydrogen bonds in their ferroelectric bulk phase, so there is reason to 
believe that ferroelectric order is possible in 2D structures as well.6 
A few of the observed networks are porous, such as croconic acid on 
both Ag(111) and Au(111), and some structural phases of 3-HPLN 
on Ag,5,6 which can be attributed to interactions with the substrate as 
well as effective shape and entropy arguments.5 

Driven by this hypothesis, we investigated the self-assembly of 
3-HPLN on Cu(111) substrates. Deposition of 3-HPLN at room 
temperature results in elongated islands, two or three molecules wide 
and several nanometers long, as seen in scanning tunneling 
microscopy (STM) images such as those presented in the Electronic 
Supplementary Information (ESI). The molecule-to-molecule 
distance of 9.0 Å is consistent with molecules that are flat-lying on 
the surface, forming hydrogen bonds with one another. Post-
annealing the sample to approximately 120°C results in the growth 
of the 2D islands due to Ostwald ripening. The arrangement of the 
molecules in those islands corresponds to hydrogen-bonded 1D 
chains as in the bulk,4 which form 2D islands likely through van der 
Waals attraction, as can be seen in figure 1a.  

Only if the coverage of 3-HPLN is sufficiently high, exceeding 
two nominal layers, then similar post-annealing of the room-
temperature-deposited molecules to 200°C drastically changes the 
morphology of the film, as seen in figure 1b. We observe double 
layers of 3-HPLN consisting of two competing structures, a linear 
one and a honeycomb structure. Important structural details can be 
obtained from high-resolution STM images such as those in figure 
1c-f. It appears that the molecules of the bottom layer, which are in 
direct contact with the substrate, are flat-lying on the surface, while 
the molecules in the top layer appear to be standing upright on the 
bottom layer, as is evident from their considerably smaller apparent 
size. While we were unable to fully resolve the molecular 
arrangement in the bottom layers, it is clear that it is different for the 
linear- and the honeycomb-like layers, and also distinctively 
different from the annealed single layers in figure 1a. This leads us 
to conclude that the double layers have to be interpreted as a three-
dimensional structure in which both layers form as one structure at 
the same time during the annealing, rather than merely being two 
layers added together.  

Here we focus on the structure of the honeycomb-like layer, 
figure 1c-f. The symmetry of the lattice is reminiscent of a Kagome 
lattice, as is outlined by the interlacing triangles shown in figure 1d. 
It is noted that Kagome lattices create two types of voids and in the 
present structure one type of those voids is extremely small. The 
hexagons and triangles are formed by the molecules in the top layer 
only. High-resolution STM images, including those taken on 
incomplete layers in (e,f) reveal important structural detail. The 
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considerably smaller apparent size of the molecules in the second 
layer, as compared to those visible in the first layer, and their 
obvious arrangement into dimers, suggests that the molecules form 
π−π bonded dimers, which are then stacked into the honeycomb 
structure. Importantly, the top layer molecules are attached 
perpendicular to the flat-lying molecules underneath. Linear 
segments of two dimers (detail ii in Fig. 1e) are connected on both 
ends to chiral, pinwheel-like junctions consisting of three dimers 
(detail i). The chirality of the pinwheel junctions is the same for all 
junctions within a network, giving the symmetrized 2D network a 
six-fold rotation axis of symmetry (p6 wallpaper group) and overall 
space group chirality. Repeated film preparation has yielded both 
chiralities.  

 
Fig. 1 Scanning tunneling microscopy images of 3-HPLN on Cu(111). (a) 
Sub-ML coverage after annealing to 120oC. IT=500pA, Vb= -1V. Inset: 3-
HPLN of form C13H8O2; (b) approx. 2 ML of 3-HPLN, after annealing to 
200oC, IT=500pA, Vb= 1V; (c) linear chain in the second layer; IT=600pA, 
Vb= -0.3V; (d-f) images of honeycomb structures. Details highlighted in (e) 
are a trimer of dimers forming a junction (i) and a dimer of dimers forming a 
linear segment of the network (ii). The contrast in (f) has been adjusted to 
enhance the visibility of the first ML. Tunnel parameters in (d-f) are 
IT=700pA, Vb= 1V; IT=500pA, Vb=-0.6V; IT=600pA, Vb=-0.3V, respectively.   

We have performed geometry optimization based upon density 
functional theory (DFT) calculations to explore the network 
architecture in greater detail, specifically the exact alignment of the 

molecules within the lattice. The computational models are 
described in the ESI. The computational study of a unit cell of the 
entire double layer was computationally too expensive, and further 
hampered by the uncertainty in the structures of both the bottom and 
the top layer. We therefore limited our analyses to small free and 
supported model clusters, such as dimers, tetramers and hexamers, to 
investigate structural features of the top layer. The most stable 
clusters from the DFT calculations are summarized in figure 2, while 
other clusters considered and their relative energies are given in the 
ESI. First, we established that the molecules in the most stable π−π 
stacked free dimer are aligned such that the carbonyl group of one 
molecule is in juxtaposition with the hydroxyl group of the other one. 
This alignment of the two 3-HPLN molecules results in tilted 
hydroxyl hydrogens towards the carbonyl oxygens, adding hydrogen 
bond character to the dominating intermolecular π−π stacking. The 
preferential stacking of two such dimers into a free 1D chain is such 
that the O- and OH-containing ends of neighboring dimers point in 
opposite direction (figure 2c). Interestingly, the lowest energy 
pinwheel junctions consist of three dimers that are different from the 
lowest energy free dimer in that the two molecules within a dimer 
are identically aligned (figure 2b). It appears that such an alignment 
enables a shared hydrogen bond between the two hydroxyl H’s in 
one dimer and one carbonyl O of a neighboring dimer. Our 
calculations further show that the alternating dimer arrangement is 
no longer preferred upon attachment of two 3-HPLN dimers to a 
flat-lying layer of 3-HPLN on a Cu slab in a fashion seen in the 
STM image in figure 1c. Aligning all dimers with their functional 
groups towards the bottom layer (figure 2d) lowers the energy by 0.4 
eV per molecule, as compared to the alternating dimer arrangement 
(figure S6 in ESI). 

While the bottom layer of the bilayers is mostly hidden by the 
top layer, STM images of incompletely assembled top layer 
structures such as those in figure 1f provide clues about the make-up 
of the bottom layer. Bottom layer molecules are visible inside the 
hexagonal pores of the Kagome lattice, and they apparently arrange 
in a circular fashion within the exposed area, leaving a pore in the 
center. The analysis of several images taken near defects in the top 
layer reveals a remarkable similarity of the bottom layer with the 
chiral porous monolayers observed for 3-HPLN on another substrate, 
Ag(111).6 The fundamental building blocks of those networks on 
Ag(111) are planar trimers of 3-HPLN, which are arranged into a 
network with (2√13 × 2√13)R13.9o epitaxial orientation to the 
substrate. The resulting pore-to-pore distance is 2.08 nm, which is 
considerably smaller than the 4.4 ± 0.2 nm measured for the present 
structures. Based on the structure information from this STM study 
and comparison to the networks of 3-HPLN on Ag(111) we 
developed the structure model of the bottom layer shown in figure 
2a,e. It is also based on the most stable trimer of 3-HPLN, but their 
relative orientation is different compared to their arrangement on 
Ag(111), creating a larger unit cell. This model matches remarkably 
well with our experimental observations, resembling basic features 
and dimensions. However, it should be noted that this structure has 
never been observed with STM in monolayers of 3-HPLN on 
Cu(111), for any annealing temperature up to 240°C. It is thus 
concluded that this porous layer of 3-HPLN might only be stable in a 
bilayer arrangement on Cu(111), whereas single layers always seem 
to prefer linear chain formation.  

We did not consider metallation of the organics using substrate 
atoms or deprotronation of the 3-HPLN in our simulations. 
Metallation has been reported for several organic species on Cu(111), 
since Cu atoms become readily available on the surface at 
sufficiently high temperature.7 For instance, we reported the 
formation of a metal-organic coordination network of the structurally 
related rhodizonic acid on Cu(111) after moderate annealing to 
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approx. 90oC,8 i.e. at lower annealing temperature than what we used 
in this study. An immediate indicator for metallation is the 
degradation of the substrate, i.e. jagged step edges and holes within 
the terraces,8 which we never observed for the 3-HPLN/Cu(111) 
system. Deprotonation of organics is also frequently observed on 
Cu(111). Deprotonation typically increases the reactivity of the 
organics, and reports from the literature often show deprotonation 
occurring simultaneously with metallation,8,9 in some instances 
catalyzed by the lattice gas of Cu atoms.10 The absence of any 
structural degradation in the Cu surface is a hint against metallation 
and deprotonation, and we note that metallation and deprotonation, if 
present, would mainly affect the bottom layer. 

 
Fig. 2 (a) Model of the Kagome lattice formed by the second layer of 3-
HPLN on Cu(111). The model was constructed from calculated lowest-
energy clusters of molecules, such as (b) free hexamers, (c) free 
tetramers, (d) side view of two supported dimers on flat-lying 
molecules and Cu(111) slab. (e) Structure model of a hexagonal cell of 
the first layer of flat-lying molecules, as used in (a) with the lowest 
energy trimer in (f). 

Conclusions 
The outstanding feature of the self-assembled 3-HPLN Kagome 
lattices on Cu(111) is the double-layer structure where the 
molecules in the top layer form π−π stacked dimeric building 
blocks, which are attached perpendicular to the bottom layer. 
The bottom layer most likely consists of planar trimers of 3-
HPLN, which we reported earlier. Importantly, this structure 
only exists in a bilayer, whereas single layers of 3-HPLN 
exhibit entirely different molecular arrangement. This 
dependence of the structure of both layers on each other means 
that the film structure is in fact three-dimensional. This 
remarkable feature distinguishes the present system from other 
layer-by-layer grown systems with perpendicular molecule 
attachment, such as terephtalic acid on Cu(100).12 The 
combination of π−π stacking and perpendicular attachment is in 
striking analogy to the crystal structure of 3-HPLN in the 
bulk.11 The discovered structure does not only represent a rare 
example of a three-dimensional arrangement of molecules on a 
two-dimensional surface, it involves molecules that exhibit 

ferroelectricity from hydrogen bond ordering in bulk crystals. 
Thus, this study contributes to the emerging field of 2D organic 
ferroelectrics. 
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