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On-Surface Indigo-Based Bimolecular Coordination
Networks with Programmable Regular or Vitreous Structure

Hongxiang Xu, Ritam Chakraborty, Biao Yang, Dennis Meier, Joachim Reichert,*
Svetlana Klyatskaya, Mario Ruben, Shobhana Narasimhan,* Johannes V. Barth,*

and Anthoula C. Papageorgiou™

Fabrication of diverse and complex 2D molecular architectures using
surface-confined supramolecular coordination chemistry has been
continuously attracting considerable attention for years. Here, the on-surface
synthesis of 2D coordination networks exhibiting both crystalline and vitreous
phases employing the same constituents is reported. Robust and flexible
bimolecular 2D coordination networks, structurally analogous to 2D bilayer
silica films on Ru(0001) and graphene, are achieved by iron-directed
self-assembly of indigo and 1,3,5-tris[4-(pyridin-4-yl) phenyl]benzene
(ext-TPyB) or 1,3,5-tris(pyridyl)benzene (TPyB) linkers on Au(111). The
crystalline phase features honeycombed nanopores, displaying long-range
order with local defects that can be attributed to variations in coordination
nodes and shape flexibility of the ext-TPyB (/ TPyB) ligand. The vitreous phase
evolves upon annealing the honeycomb network to higher temperatures and
exhibits reticulated polygons similar to Zachariasen’s 2D random network
theory. The size of the polygons follows a lognormal distribution, with the
probability density function showing an almost linear behavior as
characteristic of the structure of glass. The results enrich avenues toward the
fabrication and understanding of novel nanostructured condensed matter
systems, such as 2D crystalline and vitreous structures, as well as provide the

1. Introduction

Elucidating the structure of complex con-
densed matter phases such as glasses,
glassy crystals, quasicrystals, and protein
and virus crystals is a key factor in un-
derstanding their properties and behav-
ior, and for developing novel materials.['-]
Among such materials, the atomic struc-
ture of silica glass has been a fascinat-
ing issue since William H. Zachariasen
published in 1932 his postulates (2D ran-
dom network theory) on “The Atomic Ar-
rangement in Glass”.l”] His hypothesis
was universally accepted and became the
standard textbook model. The invention
of scanning tunnelling microscopy (STM)
provided access to high local resolution
to identify single adsorbates (atoms and
molecules) and 2D structures on the sur-
face in real space.®? Recently, 2D glasses
of bilayers of vitreous and crystalline silica
have been synthesized successfully on the

unique possibility to understand structurally bulk glasses.

Ru(0001) surface and observed in situ us-
ing STM.[1%-12] The bilayer of vitreous silica
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exhibited a complex ring network with a lognormal ring size
distribution* in good agreement with Zachariasen’s 2D ran-
dom network theory.['!]

Surface-confined supramolecular coordination chemi-
stry!>18] has provided new ways to engineer a diversity and
complexity of molecular architectures by exploiting the metal-
directed assembly of molecular linkers on planar surfaces.
Notable examples of our endeavors include the self-assembly
of nonlinear, prochiral, ditopic dicarbonitrile linkers and Co
atoms in random 2D string networks with diverse coordination
nodes on Ag(111).1-%%1 By exploiting related ditopic linkers
and the increased coordination sphere offered by lanthanides,
five-vertex Archimedean surface tessellations form on Ag(111)
with Ce,!l and quasicrystalline tilings form on Au(111) with
Eu.l?2] Bicomponent supramolecular systems on surfaces offer
further flexibility in triggering and controlling the assembly.[2>-2]
Hitherto, there are only a handful of reports of coordination net-
works featuring two different molecular ligands, often termed as
“multicomponent supramolecular coordination networks”. The
first used ditopic carboxylate linkers, ditopic pyridine ligands,
and Fe.?®] The second features the combination of a ditopic
terpyridine ligand and a tetratopic pyridine ligand: with Fe on
Au(111), two network polymorphs (a rhombus and a Kagome)
self-assemble.”] And another example is Eu linked ditopic
nitriles and ditopic terpyridines on Au(111).28] More recently,
two different tritopic pyridine linkers were combined with native
Cu adatoms on Cu(111), giving rise to a range of reticular
disordered networks depending on the linker stoichiometry.!*’!
Moreover, pyridine linkers have been employed in supramolec-
ular short-range disordered crystalline networks on Ag(111).53%
From these, we notice that pyridine ligands seem to enable
multicomponent networks and structural adaptability in the
self-assembly.
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Figure 1. Ligands of the present investigation: TPyB, ext-TPyB, and dehy-
droindigo obtained from indigo. Curved arrows indicate the flexibility of
the pyridyls.

We recently reported that indigo molecules can be ditopic
chelating linkers in Fe coordination polymers on Ag(111).B3! In-
digo (Figure 1) is a traditional dye that is being repurposed due
to its molecular properties.[328] Applications include redox-3%!
and electro-*] chemistry, redox-switchable ionophores(*1-*2l and
batteries.[*?) Advantages such as biocompatibility and biodegrad-
ability offered by natural compounds have attracted their use
in coordination networks. Hitherto, there are examples of 2D
coordination networks of functionalized porphyrins,[“>-**] DNA
bases(®! and peptides.!*! Inspired by the advances in 2D coordi-
nation networks outlined above, here we combined indigo and
tritopic pyridine linkers with Fe on a planar metal surface, in or-
der to expand from the 1D coordination polymer to the porous
2D coordination network.

In particular, we investigate the self-assembly of Fe coordina-
tion networks on Au(111) using indigo and 1,3,5-tris[4-(pyridin-
4-yl)phenyl]benzene (ext-TPyB) or 1,3,5-tris(pyridyl)benzene
(TPyB) linkers (Figure 1). A STM study, supported by X-ray
photoelectron spectroscopy (XPS) measurements and density
functional theory (DFT) investigations, sheds light on the
intricate self-assembly scenario that emerges. We report on fab-
ricating thermally robust bimolecular 2D coordination networks
with tunable pore size featuring crystalline and vitreous phases,
bearing similarities with the aforementioned 2D bilayer silica
films on both Ru(0001)'° and graphene.l*’] Importantly, our
findings provide a model system for the topical materials of
metal-organic framework glasses,*¥! where the structural char-
acteristics can be conveniently interrogated and manipulated at
the single molecule level with STM.

2. Results and Discussion

2.1. Crystalline Phase of Dehydroindigo, (ext-) TPyB,Fe,

When indigo, (ext-)TPyB, and Fe are deposited sequentially on
the Au(111) surface and are subjected to annealing at 623 K,
crystalline 2D honeycomb phases can be synthesized (Figure 2,
large-scale STM in Figure S1 (Supporting Information), room
temperature (r.t.), imaging in Figure S2 (Supporting Informa-
tion)). Figure S1 (Supporting Information) shows images repre-
sentative of the overall surface, which contain a global molec-
ular ratio of indigo to (ext-)TPyB of ~1.5, displaying ordered
2D honeycomb islands more than 200 nm across, free Au ar-
eas, and very limited regions of irregularly arranged molecules.

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. STM images showing the formation of the crystalline phases (2D honeycomb nanopore networks) after annealing indigo, (ext-)TPyB, and Fe
on Au(111) to 623 K in different magnifications. a—c) Dehydroindigosext-TPyB, Feg. In the bottom right corner of (b), the building block connectivity and
the network are depicted, with blue markings at the centres of dehydroindigo and red dots at the centres of ext-TPyB. d—f) Dehydroindigo; TPyB,Feg.
The rhombi in (a) and (d) mark the unit cells. The arrow in (a) indicates the Au [110] direction. The white scale bars are 5 nm in (a,d), 2 nm in (b,e),
1nmin (c), and 0.7 nm in (f). Imaging parameters: (a) —100 mV, 100 pA; (b-c) 5 mV, 100 pA; (d—e) —800 mV, 300 pA; (f) 10 mV, 100 pA.
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Figure 3. Variations of the coordination nodes and flexibility of the crystalline network. a) Optimized structural models of Fe-coordination nodes. Top:
the more stable angled node with trans-dehydroindigo. Bottom: the less stable straight node with cis-dehydroindigo. b) Distributions of the three opening

angles of ext-TPyB in the crystalline indicated by 6, 8, and 65 respectively.

The periodicity of the hexagonal network is 3.58 nm for TPyB
and increases by ~43% to 5.13 nm when replacing TPyB with
ext-TPyB. The honeycomb pores exhibit a characteristic registry
on the Au(111) with their unit cell rotated by 15° with respect
to the Au(111) high-symmetry axis. The chevron reconstruction
of Au(111) is detectable under the network. All symmetrically
equivalent domains (including the mirror symmetry with 45° ro-
tation with respect to the Au [110] direction, Figure S3 (Support-
ing Information), were found in our STM investigation. High-
resolution STM images in Figure 2¢,f provide a direct identifi-
cation of the molecular building blocks of a single honeycomb
motif. The dumbbell shaped features are consistent with the size
and expected shape of the indigo monomers, while the (ext-) TPyB
are hallmarked by their triangular shapes.

XPS measurements provided insights into the chemical struc-
ture of the assembled molecules. The N 1s spectrum (Figure S4,
Supporting Information) exhibits a single peak at 399.3 eV after
mixing indigo and ext-TPyB on the surface at r.t. due to the over-
lapping contributions of the indigo -NH group/*’! and the pyri-
dine N atom.[*>1 With the addition of a small amount of Fe to
the surface, Fe coordination with iminic N appears, signified by
an additional signal located at 398.2 eV in Figure S4 (Supporting
Information). This additional signal reflects a small portion of the
total N atoms of the system, indicating that annealing is needed
to promote the N—H bond cleavage in indigo and have the dehy-
droindigo form which engages in surface coordination nodes.*!
Indeed, following sample annealing at 573 K, all N atoms are
iminic and coordinated to Fe adatoms (single peak at 398.1 eV,
Figure S4, Supporting Information).[*] The O 1s spectrum also
confirms the Fe coordination by the shift of the indigo carbonyl
group (C=0) to higher binding energy (Figure S5, Supporting
Information).’”) Hence, we deduce that these networks are com-
posed of dehydroindigo (indigo following N—H bond scissions,
Figure 1) and (ext-)TPyB coordinated by Fe atoms.

Given the Fe coordination indicated by the XPS data and the
geometry of the molecular building blocks, we propose single
Fe atoms in each coordination node between dehydroindigo and

Adv. Funct. Mater. 2025, e12253 e12253 (4 of 8)

(ext-)TPyB. The experimentally observed honeycomb structure
has long-range order with frequent irregularities. This local dis-
order is attributed to variations of the coordination nodes!>*
and shape flexibilityl®"! of (ext-)TPyB. Molecules forming lo-
cal stoichiometric defects, i.e., molecules trapped within the
pores or involved in homoleptic coordination motifs, repre-
sent only ~0.5% of the total molecules in the crystalline do-
mains. We modelled the nodes by a trans-dehydroindigo placed
between two Fe-TPyB units (DFT optimized geometries in
Figure 3a, top and Figure S6a, Supporting Information) and by
a cis-dehydroindigo between two Fe-TPyB units (DFT optimized
geometries in Figure 3a, bottom and Figure S6f, Supporting In-
formation), both in the gas phase and on the Au(111) surface.
The former is found to be energetically favored by 224 meV in
the gas phase and by 400 meV when placed on Au(111). A Bader
charge analysis reveals that in these nodes each Fe atom donates
1.20 e (mainly to the coordinating N atom of dehydroindigo). The
charge accumulation on Fe is largely maintained (1.19 e’) upon
adsorption on Au(111), which is in line with the oxidation shift of
the Fe 2p, , peak observed in the XPS data (Figure S4, Supporting
Information).>*>¢!

The majority of the observed nodes have the geometry of
the energetically favored “angled node” (indicated by dotted
and dashed rectangles in Figure 2c), consistent with the sim-
ulated STM images obtained from DFT data for nodes placed
on the Au(111) substrate (Figure S6, Supporting Information).
This node has two surface enantiomers, which seem to be
randomly expressed without any periodicity. A minority of the
nodes (x12%) can be identified as “straight nodes” (red rect-
angles in Figure S7, Supporting Information). A plausible ex-
planation for the appearance of the cis-dehydroindigo node
might be the interaction with the Au(111) substrate. Indeed,
DFT optimizations of the molecular structure with the trans-
dehydroindigo (Figure 3a, top) on Au(111) at different adsorption
sites found variations of 538 meV in energy. We further observe
that the triangular linker shows significant structural flexibility:
the opening angles between pyridin-4-phenyl groups range from

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. a) Synthesis scheme of 2D honeycomb coordination network on Au(111). b) Top view and side view of the charge density difference plot of the
adsorbed network motif on Au(111). The constant differential charge density contours are plotted at a value of 9 x 10™* e bohr=3. Red and blue lobes
signify e accumulation and depletion, respectively. The Au substrate atoms are denoted by yellow spheres.

98° to 145° (Figure 3b). This allows for the expression of local
disorder, whereas long range order is maintained. This flexibility
is further demonstrated by tip manipulation experiments of both
ext-TPyB in isolated coordination complexes (Figure S8, Support-
ing Information) and of dehydroindigo in the honeycomb net-
work (Figure S9, Supporting Information). Notably, within the
2D coordination network, it is possible to manipulate and vary
individual nodes with the STM tip, while maintaining the con-
nectivity of the network components.

The previously unreported coordination motif constituting the
crystalline phase (Figure 4a) and its interaction with the Au(111)
substrate were also investigated by computational modelling. No-
tably, for the energy optimized node with trans-dehydroindigo
placed on unreconstructed Au(111), a Bader charge analysis re-
veals a 1.48 e~ donation from the coordination motif to the sub-
strate, indicating substantial interactions (Figure 4b).

2.2. Vitreous Phase of Dehydroindigo, (ext-) TPyB, Fe,

The influences of the relative concentration between the two
molecular building blocks, i.e., indigo and (ext-)TPyB, and the
annealing temperature on the reaction products were investi-
gated systematically. We performed experiments where different
compositions of indigo, TPyB, and Fe were gradually annealed
on Au(111). Figure S10 (Supporting Information) shows a case
where the coverage of TPyB is more than that of indigo, with an

Adv. Funct. Mater. 2025, e12253 e12253 (5 of 8)

initial ratio of ~3 indigo: 4 TPyB. Following annealing at 423 K,
we found the coexistence of (i) a network featuring the same lo-
cal bonding schemes as in the honeycomb network but exhibiting
no long-range order and (ii) segregation of TPyB islands bonded
by three-fold Fe-coordination.*’”! After annealing at 523 K, we ob-
tained extended domains of the honeycomb network coexisting
with the TPyB islands and a surface ratio of ~1 indigo: 1 TPyB.
Further annealing at 623 K resulted in a surface ratio of 3 in-
digo: 2 TPyB and the exclusive formation of the honeycomb net-
work. The TPyB islands dissolve, presumably due to desorption
of the TPyB not retained in the adsorbed honeycomb network.
This finding is particularly noteworthy, as it indicates that the ad-
sorbed honeycomb network has a thermal stability of more than
623 K, which is further supported by the tip manipulation exper-
iments (Figure S9, Supporting Information). Similar results are
found upon the gradual addition of TPyB to the Fe coordinated
indigo chains on Au(111) (Figure S11, Supporting Information).
Overall, homoleptic coordination nodes form when there is an ex-
cess of one type of ligand, and heteroleptic coordination nodes are
preferred given the availability of both types of ligands, indicat-
ing a thermodynamically favored assembly. In the corresponding
experiments with ext-TPyB, some small portion of the disordered
network was also observed following annealing at 623 K (Figure
S12, Supporting Information).

Of particular interest are the disordered network elements
obtained after annealing at 423 K (Figure S10a, Supporting In-
formation). Surprisingly, the crystalline honeycomb structure of

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Formation of the vitreous phase (2D random network) after annealing dehydroindigos;ext-TPyB,Feg on Au(111) at 673 K. a) Overview STM
image with the network of polygons. b) Magnified STM image. In the bottom right corner, the building block connectivity and the network are depicted in
analogy to the silica glass, with blue marking the centre of dehydroindigo and red the centre of ext-TPyB. c) The ring size distribution of the amorphous
network (425 rings in total). The red dashed line represents a lognormal fit to the data. d) A lognormal plot of the probability density function of the ring
size distribution in (c).[%°] Imaging parameters: (a, b) 100 mV, 100 pA. The white scale bars are 5 nm in (a) and 2.5 nm in (b).

dehydroindigo, (ext-TPyB), Fe, also converts to an overall disor-
dered network after annealing at 673 K (Figure 5a,b; Figures
S13 and S14, Supporting Information). The high-temperature
annealing is presumably required in order to melt the formed
network, in line with the vitrification process. This vitreous phase
is thermally stable at r.t. (Figures S10a and S15, Supporting In-
formation) and its formation reflects a reduced surface density
of molecular constituents, expanding into the free Au areas (ob-
served in Figure S1, Supporting Information). A close inspection
reveals predominantly the same coordination bonding features
as in the ordered phase, accompanied by a loss of long-range or-
der. The molecular ratio of dehydroindigo to ext-TPyB is mea-
sured in overview STM images recorded at 5 K as 1.49 + 0.11,
matching the stoichiometry of the crystalline phase. The forma-
tion of a vitreous phase is the fingerprint of competing structures
with the same composition and similar formation energies.®!
The reciprocal space of the crystallographic data of silica can be
compared with the fast Fourier transformations of the STM data
(Figure S16, Supporting Information). The crystalline long-range
order of the honeycomb network is evident by sharp spots. For the
glassy phase, these spots are absent. We notice that for the silica
glass, reciprocal space data are characterized by a ring reflecting
the Si—O bonding distances.l®! In our case, the appearance of
the diffused ring represents the transition of the honeycomb lat-
tice to a glassy phase. Noticing the similarity of this phase with
Zachariasen’s scheme of a random network,’! a similar analysis
is applied.

Figure 5b (more extended in Figure S14, Supporting Informa-
tion) visualizes the different polygons, which range mostly from
a tetragon to a nonagon. A statistical analysis of the ring size,
given by the number of polygon sides, is presented in Figure 5c.
The distribution is very similar to that observed in the vitreous
phase of a bilayer SiO, film on Ru(0001)1%1261] or graphene.*”]
The pentagon rings are more abundant than the heptagon rings,
while the tetragons occur more frequently than the octagon rings.
Itis a general tendency observed throughout many different STM
images that the ring size distribution does not follow a Gaussian
distribution, butis asymmetric with respect to the most abundant
species (the hexagon ring). This distribution can be described by
a lognormal distribution function, which exhibits a linear behav-
ior in a lognormal probability plot (Figure 5d) that is regarded as
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an inherent feature of the connectivity requirements of the 2D
random network structure.l'3] Last but not least, we also observe
crystalline-vitreous interfaces (Figure S17, Supporting Informa-
tion). It can be seen that the first rings to appear close to the crys-
talline area of hexagons are pentagons and heptagons, which is in
good agreement with the reported analysis of crystalline-vitreous
interfaces in 2D silica.l®?]

3. Conclusion

In summary, we have demonstrated the fabrication of thermally
robust and flexible bimolecular 2D coordination networks of tun-
able pore size bearing crystalline and vitreous-like phases on a
noble metal surface. This is achieved by using a bimolecular co-
ordination assembly of indigo and (ext-)TPyB linkers stabilized
by a previously unreported coordination motif which comprises
single Fe atoms by a chelating dehydroindigo and a pyridine.
Within this coordination, individual nodes are addressable by the
STM tip and can be manipulated without decomposition. The
crystalline phase is a 2D honeycomb network, exhibiting short-
range disorder that can be attributed to the variability of the co-
ordination node configuration. Under different preparation con-
ditions, a vitreous phase, described by Zachariasen’s scheme of
a random network, can form. The distribution of ring sizes fol-
lows a lognormal distribution, which is regarded as an inherent
consequence of the connectivity requirements of the 2D random
network.[°!l Our results provide new avenues toward the fabrica-
tion and understanding of novel nanostructured condensed mat-
ter systems, such as 2D crystalline and vitreous structures. More-
over, the possibility to interrogate such model systems at the sin-
gle molecule level by scanning probe microscopy methods offers
unique possibilities to understand the structures and properties
of bulk glasses.

4. Experimental Section

Synthesis:  The compounds TPyB and ext-TPyB, depicted in Figure 1,
were synthesized via a palladium-catalyzed Suzuki coupling. Detailed in-
formation about the synthesis can be found in the Supporting Information.

Sample Preparation: Samples were prepared in situ in three differ-
ent ultra-high vacuum preparation chambers attached to the analysis
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chambers hosting either a Joule Thomson STM, a variable temperature
STM or an XPS system, described below. In all preparations the clean
Au(111) single crystal surface was subjected to multiple cycles of Art sput-
tering and annealing at 700 K. Indigo (TCl, exceeding 97% dye content),
TPyB and ext-TPyB were deposited on the r.t. Au(111) surface by organic
molecular beam epitaxy (OMBE) by heating the solid powders at ~493—
523 K, 483 K and 553 K, respectively.

Scanning Tunnelling Microscopy:  STM measurements were carried out
with chemically etched W tips with tunnelling bias referring to the sample
bias. Measurements were performed at ~4.6 K by a Joule-Thomson STM or
at r.t. by a variable temperature Aarhus-type STM (both by SPECS GmbH).
Data presented here were recorded at 4.6 K, unless mentioned otherwise.
WSxMI83] and Spmimage Tycoon!%4! were used for the data analysis and
representation.

X-Ray Photoelectron Spectroscopy: The measurements were performed
in a SPECS GmbH UHYV system at the Technical University of Munich —
Walter Schottky Institute laboratory. The X-ray source was monochromatic
Al Ka (hv =1486.71eV). Photoemitted electrons were collected by a SPECS
Phoibos 150 hemispherical analyser in normal emission geometry. The
energy scale was calibrated by setting the Au 4f; , peak at a binding energy
of 84.0 eV.

Density Functional Theory calculations:  All the calculations were per-
formed using spin-polarized DFT as implemented in the Quantum
Espresso software package.[®®] Interactions between the ionic cores and
the valence electrons have been described using the Projector Augmented
Wave (PAW) method.[®¢] The vdw-DF2-B86R functionallé’-68] was used to
incorporate the gradient corrected exchange potential and the non-local
van der Waals interactions in the system. The strong correlations of the
partially filled Fe-3d orbitals were treated using the LSDA+U!%! approach
with a Hubbard onsite parameter, U = 4 eV. The Kohn-Sham wavefunc-
tions and charge densities were expanded in a plane-wave basis set with a
kinetic energy cutoff of 60 Ry and charge density cutoff of 300 Ry.

The Au(111) surface was modelled using an asymmetric slab three
atomic layers thick. In the case of the node with trans-dehydroindigo (“an-
gled” node) on the Au(117) surface, a surface supercell characterized by
4 124) was used. For modelling the coordination node
with cis-dehydroindigo (“straight” node) on Au(111), a surface was consid-

8
the supercell matrix (

ered supercell characterized by a supercell matrix (; &). The upper two

layers of Au(111) and all overlayer coordinates were allowed to relax using
Broyden-Fletcher-Goldfarb-Shanno (BFGS)!7%-73] algorithm until all force
components on all atoms were less than 0.001 Ry/Bohr, while the lowest
layer of the Au(111) slab was kept fixed. Brillouin zone sampling was re-
stricted only to the gamma point for all geometry optimization calculations
employing the Au(111) surface and Marzari-Vanderbilt cold smearingl74]
of width 0.005 Ry was applied in all calculations. The STM simulations
were performed using the Tersoff-Hamann approach.[”>]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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