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Abstract: Natural products are attractive components to tailor environmentally friendly advanced new materials. We
present surface-confined metallosupramolecular engineering of coordination polymers using natural dyes as molecular
building blocks: indigo and the related Tyrian purple. Both building blocks yield identical, well-defined coordination
polymers composed of (1 dehydroindigo :1 Fe) repeat units on two different silver single crystal surfaces. These polymers
are characterized atomically by submolecular resolution scanning tunnelling microscopy, bond-resolving atomic force
microscopy and X-ray photoelectron spectroscopy. On Ag(100) and on Ag(111), the trans configuration of
dehydroindigo results in N,O-chelation in the polymer chains. On the more inert Ag(111) surface, the molecules
additionally undergo thermally induced isomerization from the trans to the cis configuration and afford N,N- plus O,O-
chelation. Density functional theory calculations confirm that the coordination polymers of the cis-isomers on Ag(111)
and of the trans-isomers on Ag(100) are energetically favoured. Our results demonstrate post-synthetic linker
isomerization in interfacial metal-organic nanosystems.

Introduction

Indigo (molecular reactant in top row of Scheme 1) is a
common, ancient pigment with a distinctive blue colour.
More recently, its molecular properties have attracted wide
interest.[1] Among them, the various metal complexes of
indigo[2] and its derivatives[3] have been explored and found
application in redox-[4] and electro-[5] chemistry as redox-
switchable ionophores[6] and organic-based battery
materials.[5] Notably, indigo can chelate metal ions with its N
and O atoms. Thus, individual metal complexes sandwiched
between two indigo derivatives have been created and
studied on surfaces.[7] Extension of this coordination offers
the possibility of forming natural compound coordination
polymers (CPs), such as the Ni� CPs of the related natural
dye, Tyrian purple (6,6’-dibromoindigo, molecular reactant
in bottom scheme 1).[8] CPs exhibit desirable properties for
gas adsorption and packing,[9] catalysis[10] and

photoluminescence.[11] More recently, surface-confined met-
allosupramolecular engineering has emerged as a route
towards unique CPs[13] with unconventional electronic[14] and
magnetic properties,[15] making them suitable for multiple
applications including magnetic information storage and
spintronics.[12]

The isomerization of indigo is an interesting challenge,
both as basic research topic and for its practical applications.
It provides a handle to switch the molecular functionalities
which is expected to have a strong impact on the electronic
and optical properties. The neutral indigo has an intriguingly
high photostability[16] and its trans-cis photoisomerization
has been the subject of scrutiny for mechanistic insights.[17]

The factors inhibiting photoisomerization in indigo include
intramolecular NH···O=C hydrogen bonds in the trans
isomer, efficient excited-state proton transfer, and efficient
nonradiative internal conversion.[17a,18] Interestingly, in the
absence of the intramolecular H-bonds, N,N’-disubstituted
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indigos[19] (such as N,N’-diacyl,[20] N,N’-dimethyl,[17b,21] and
N,N’-di(tert-butyloxycarbonyl)[22] indigos) undergo photo-
isomerization, expanding their application in
photoswitches.[23] In addition, isomerization of indigo can be
induced by heating,[24] protonation[25] and catalysts such as
transition metal ions.[2a,d] In particular, cis-indigo is posited
as a promising material for optoelectronic devices, based on
calculated electronic properties by density functional theory
(DFT).[26]

Here we explore surface confined nanostructuring,
providing access to otherwise unattainable compounds. This
approach is conveniently coupled with direct visualization
and molecular identification using scanning probe micro-
scopy techniques such as scanning tunnelling microscopy
(STM) and noncontact atomic force microscopy (nc-AFM)
with CO-functionalized tips.[27] In particular one-dimensional
(1D) CPs[14a,15a,28] have been fabricated and isolated through
careful development of interfacial metallosupramolecular
engineering protocols,[29] relying on metal-ligand interactions
operative between metal adatoms and suitable linker
groups. Specifically, we observe metal-directed assembly of
distinct 1D CPs incorporating dehydroindigo molecules and
iron adatoms on the Ag(111) and Ag(100) surfaces.
Combining analysis of STM, AFM and X-ray photoelectron

spectroscopy (XPS) measurements with DFT calculations,
we identified the trans and cis configurations as well as the
ligand chemical modification, affording N,O- and N,N- plus
O,O-chelation within the CPs. The substrate packing proves
important in this process: no isomerization was found in the
CPs for indigo (or 6,6’-dibromoindigo) with Fe adsorbed on
the Ag(100) surface. DFT calculations further shed light on
the molecular adsorption, coordination motifs and isomer-
ization process. This investigation points to a fascinating
playground for the realization of interfacial metal-organic
nanosystems, in which tuning of the linker isomerization
affords different types of coordination polymers.

Results and Discussion

Deposition of a submonolayer of indigo molecules and Fe
atoms on a Ag(111) surface held at room temperature (r.t.,
300 K) and subsequent annealing at 573 K leads to the
formation of isolated CPs, as shown in Figure 1a. Within
these CPs, one can distinguish two kinds of molecular
arrangements considering the angle between the molecular
axis and the CP direction. While an acute angle of
approximately 73° is measured in CP� A segments (rendered

Scheme 1. On-surface formation of CPs presented in this work. Trans and cis molecular monomers of dehydroindigo afford N,O� and N,N� plus
O,O-chelation within the CPs.

Figure 1. STM analysis of CPs formed by indigo or Tyrian purple molecules and Fe atoms on Ag(111). a) Representative overview STM image
(0.1 V, 100 pA, 4.6 K) of the CPs on Ag(111) after annealing a submonolayer coverage of indigo with Fe atoms at 573 K. Two types of polymers are
observed, differing in the monomer shape and the orientation of the monomer backbone with respect to the chain direction: CP� A and CP� B,
coloured cyan and magenta, respectively. b-c) High-resolution STM images of CP� A (1.5 V, 70 pA, r.t.) and CP� B (1.0 V, 100 pA, r.t.) evolving on
Ag(111) upon annealing a submonolayer of Tyrian purple with Fe atoms. A high symmetry direction of the Ag(111) surface as well as the angles
between the molecular backbone and the chain direction are indicated. d) Distribution of monomers in CP� A and CP� B as a function of annealing
temperature of Tyrian purple and Fe on Ag(111).
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in a magenta colour scale), a right angle is obvious in CP� B
segments (rendered in a cyan colour scale). The monomer
of CP� A is imaged in the STM data as an S-shaped
protrusion, attributed to the organic ligand (marked by a S-
line on Figure 1a) and a bright round protrusion, attributed
to the metal centre (marked by a dot on Figure 1a). Notably,
the S-shaped protrusion is consistent with the STM imaging
of indigo on Cu(111).[30] CP� B is comprised of a clearly
distinguishable monomer: a U-shaped and a round protru-
sion, indicated on Figure 1a by a U-line and a dot,
respectively. Interestingly, further annealing of the sample
at 623 K, leads to CPs comprised predominantly of extended
CP� B, which aggregate into self-assembled islands (see
Figure S1).

Similar results are obtained by employing the same
fabrication protocol after replacement of indigo with Tyrian
purple: both CP� A and CP� B segments can be found as
shown in the high-resolution images of Figure 1(b–c). These
are identified by the distinctive monomer features, allowing
us to conclude that the same CPs are formed by both natural
compounds of indigo and Tyrian purple on Ag(111). The
overview STM images shown in Figure S2 reveal that CP� B
is predominantly expressed following annealing at 573 K.
Figure 1d presents the relationship between annealing
temperature and the portions of the monomers within
CP� A and CP� B (raw data in Figure S3). Similar to the case
of indigo, CP� B is clearly preferred with increasing anneal-
ing temperature.

To obtain a chemical identification of the monomers
within CP� A and CP� B, a series of XPS measurements was
carried out. In particular, relevant core levels were probed
to investigate the chemical alterations to the monomer
deposited at r.t. on Ag(111) before and after the addition of
the second component (Fe) and heat treatment. The
complete set of data can be found in Figure S4, whereas
Figure 2 shows the most informative spectra corresponding
to the O 1s and N 1s regions after initial deposition of
Tyrian purple on the Ag(111) surface at r.t. (bottom), and
following the addition of Fe atoms and annealing at 473 K
(top). Without Fe deposition, the O 1s spectrum shows a
prominent peak with a binding energy (BE) centred at
530.2 eV, which is assigned to the keto group in the indigo
backbone hybridizing strongly with the substrate metal

states.[31] A small shoulder can be noticed at 531.2 eV, which
might originate from keto groups without strong substrate
hybridization[31] presumably due to local supramolecular
interactions. Correspondingly, the N 1s spectrum shows two
peaks with a BE of 399.9 eV and 398.0 eV, in good accord
with aminic and iminic N atoms on metal surfaces,
respectively.[32] We thus infer that a small portion of N� H
scission occurs already at r.t. on the Ag(111) surface.
Concomitantly, we observe the scission of C� Br (cf. Br 3p
spectra in Figure S4d).[33] This is in line with reports of
brominated organic molecule monomers that undergo C� Br
bond scission on Ag(111).[34] The activated C atom may
engage in C� C homocoupling,[34a] C� Ag[34b] bonds with the
native adatoms of the surface or be passivated by H
atoms.[34c] On neither Ag(111) nor Ag(100), there is
evidence of reactive C atoms resulting from the C� Br bond
cleavage in the STM images (as e.g. dimers, oligomers or
metal-organic intermediates, Figure S5). Thus, it is proposed
that this C site is passivated with H[34c] originating from the
on-surface N� H scission and/or from residual H2 in the
ultra-high vacuum environment.[35] Surface Br atoms are
evident both in the XPS spectra (Figure S4d) and in the
STM data as bright protrusions[36] between the CPs (see
Figure 1b,c), where they mediate the CP self-assembly into
islands by hydrogen bonding.[37] After triggering CP for-
mation by addition of Fe atoms and annealing to 473 K, the
O 1s and N 1s spectra show sole peaks centred at 530.8 eV
and 398.1 eV, respectively. The O 1s shift to higher binding
energy is consistent with observations of on-surface coordi-
nation between carboxylate moieties and Fe atoms.[38] Also
the N 1s BE is consistent with Fe coordination.[39] Upon
annealing to 673 K, these regions remain unaffected, indicat-
ing that the O and N atoms have the same chemical state in
CP� A and CB� B (Figure S4a,b). We thus conclude that all
N and O atoms are coordinated by Fe atoms in both CP� A
and CP� B polymers.

With the chemical identification of the monomers, we
turn our attention to the high resolution STM and nc-AFM
imaging, in order to identify the monomers isomeric forms
in CP� A and CP� B. Upon close inspection, we attribute
CP� A to molecular monomers of trans-dehydroindigo
stabilized by two kinds of coordination bonds (C=O···Fe and
N···Fe), affording N,O chelation. A structural model was
optimized by DFT (Figure 3b). The model clearly demon-
strates the double trans-N,O coordination of Fe by two
dehydroindigo molecules. The distance d between two
adjacent Fe atoms is 6.33 Å, in good agreement with the
measured value of 6.3�0.2 Å. The assigned structure is
further supported by the simulated STM appearance (Fig-
ure 3c), which closely reproduces the experimental STM
image, manifesting that the two small dots near the centre of
every single trans-dehydroindigo can be associated to the
two carbonyl groups. To indisputably confirm the coordina-
tion structure, bond-resolved nc-AFM technique with CO
tip functionalization[27f] was also utilized to inspect CP� A
(Figure 3a, right and Figure S7). The confirmation of the
trans-dehyroindigo configuration is achieved via the clear
visualization of the indole 6-membered ring orientation and
the adatom in the coordination node, in good agreement

Figure 2. O 1s and N 1s spectra of pure Tyrian purple on the Ag(111)
surface (bottom) and with the addition of Fe adatoms and annealing to
473 K, corresponding to the formation of CPs (top).
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with the AFM-simulation of the model. In addition, the
images show that the bright features associated with the
carbonyl groups are on opposite sides of the molecule (see
also the AFM simulation[40] in Figure S8).

Likewise, we studied the CP� B that features monomers
perpendicular to the chain direction, separated by the same
distance d. To account for the symmetry of the molecular
monomer, we ascribe CP� B (Figure 3c and Figure S7) to a
CP composed of cis-dehydroindigo and obtained the DFT-
optimized structural model shown in Figure 3d, left. Con-
ceivably, an indole of the trans-dehydroindigo flips around
the centre C� C bond, affording N,N� O,O coordination. The
excellent match of the simulated STM (Figure 3d, centre)
and bond-resolved AFM (Figure 3d, right) with the corre-
sponding experimental data unambiguously verifies the
proposed molecular model.

Indigo features a central C=C double bond (see inset
outlined in pink, Figure 4a). The isomerization observed
would require a rotation around this bond, which would be
indicative of the nature of a single C� C bond. By means of
DFT we investigated the central C� C bond lengths of trans-
indigo and trans-dehydroindigo (see inset outlined in orange
in Figure 4a) as a measure of the single vs. double bond
character. Indeed, for isolated species the bond length
increases significantly from the indigo molecule (1.368 Å) to
dehydroindigo (1.438 Å). An increase in the bond length
distance is also found for the corresponding surface
adsorbed species indicating that a rotation around this bond
is likely feasible due to the N� H bond scission caused by the
Fe coordination. A simulation of the isomerization process

for the model system of (Fe-dehydroindigo-Fe)(a) is shown in
Supporting Information Movie S1.

Next, the propensity of the indigo type dyes towards
isomerization is addressed. To unravel the related thermo-
dynamics, extensive DFT calculations were carried out
comparing the energy difference between cis and trans
configuration of the molecule in different environments
(Figure 4b). As expected, in the gas phase and on the
surface, trans-indigo is favoured over cis-indigo for both
molecules. This energy difference between the isomers
decreases significantly for dehydroindigo due to the con-
version of the central C=C double bond into a single bond.
Moreover, for both, indigo and dehydroindigo, the surface
environment decreases the energy difference between cis
and trans. However, in all these cases the trans isomer is
favoured. It is only within the coordination polymers that
the cis-dehydroindigo is clearly favoured over trans-dehy-
droindigo, which indicates that for this chemistry both the
Fe coordination and the surface environment are key
elements.

Finally, to gain insights into the influence of the epitaxy
on the isomerization, the substrate was changed to Ag(100).
Unexpectedly, only CP� A arrangements were detected in
the STM investigation, even if the sample of Tyrian purple
and Fe is annealed up to 673 K (Figure S9a-e). The
corresponding DFT model in Figure S9f shows that all Fe
atoms are located on hollow sites and the CP periodicity
matches very well the Ag(100) atomic lattice. In comparison,
for CP� A on Ag(111), every third Fe atom is on a hollow
site. A CP with trans-monomers is energetically favoured
over cis-monomers on Ag(100) by 96 meV/monomer. De-
tailed analysis shows that the key factor favouring the
isomerization in the CP on Ag(111) is the strain imposed by
the substrate; another key factor is the stronger binding
between the CP with cis-dehydroindigo to the substrate than
the CP with trans-dehydroindigo on Ag(111) (see Fig-
ure S10). This is not true on Ag(100). The stronger overall

Figure 3. CP� A and CP� B structural identification. a) High resolution
STM image (left, � 0.1 V, 100 pA, 4.6 K) and AFM image (right) of a
representative CP� A chain formed by indigo and Fe on Ag(111). b)
DFT optimized model of a CP chain with three trans-dehydroindigo
monomers next to the corresponding simulated STM image[41] (centre)
and AFM image[40] (right). c) High resolution STM image (left, 0.1 V,
100 pA, 4.6 K) and AFM image (right) of a representative CP� B chain
formed by indigo and Fe on Ag(111). d) DFT optimized model with
three cis-dehydroindigo monomers next to the corresponding simulated
STM image[41] (centre) and AFM image[40] (right). All images are on the
same scale. C, O, N, H, Fe and Ag atoms are depicted by black, smaller
red, blue, white, larger rust and silver spheres, respectively.

Figure 4. DFT analysis of geometry and energy of the isomerization. a)
Comparison of the central C� C bond lengths of trans indigo and
dehydroindigo in different environments, as indicated. b) Energetics of
the indigo and dehydroindigo isomerization. Gas phase and Ag(111)
adsorbed states are indicated by the subscripts (g) and (a),
respectively.
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adsorption energy of dehydroindigo on Ag(100) is presum-
ably also hindering the rotation required for the isomer-
ization into the cis form. As a result, the isomerization is
absent on this surface.

Based on DFT modelling and analysis, it is expected that
the obtained CPs on Ag(111) are conductive, whereby the
density of states in the vicinity of the Fermi level is quite
similar for both isomers. Intriguingly, the DFT calculations
indicate that on both Ag(111) and Ag(100) the CPs are spin-
crossover systems, with spin-crossover energy barriers of
~100 meV. Notably, the ligand field that determines the
splitting between Fe d states is different in the CPs with cis-
dehydroindigo and CPs with trans-dehydroindigo, which
aspects and their implications will be explored further in a
future publication.

Conclusion

We have demonstrated that two natural dyes (indigo and
Tyrian purple) are suitable to generate high-quality, ex-
tended CPs obtained in a metal-directed assembly scenario
on planar silver surfaces (see pathways described in
Scheme 1). CPs incorporating trans-dehydroindigo mole-
cules and Fe adatoms are realized on Ag(111) and Ag(100).
The dehydrogenation caused by the Fe-coordination, trans-
forms the central double bond of the molecule into a single
bond, enabling a rotation of the indole moieties on both
surfaces. On Ag(111), the difference in the binding of cis
and trans dehydroindigo isomers to the surface mediates an
isomerization of the molecular linker within the CP. For this
isomerization, both the Fe coordination and the presence of
the Ag substrate are crucial: their combination results in an
energy gain when the molecular monomer transforms from
trans to cis. These results reveal the realization of interfacial
metal-organic nanosystems, where different types of CPs are
accessible by linker isomerization, offering a new pathway
to alter the physicochemical properties of the respective
CPs. Last but not least, with the presented strategy of
employing such natural dyes, biocompatibility and biode-
gradability may be imparted in such advanced composites.

Supporting Information

The authors have cited additional references within the
Supporting Information.[42]
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