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ABSTRACT: The coordination abilities of different functional groups play
fundamental roles in metal−organic frameworks. The coordination of indole-4-
carboxylic acid with Fe on surfaces was investigated by scanning tunneling
microscopy and density functional theory. The carboxyl group reacted with Fe
atoms to form tetramers in a deprotonation process on Au(111) at room
temperature. The deprotonation of pyrrolyl groups occurred at around 350 K,
forming coordinated tetramer chains and rotiform structures. The arrangement
of tetrameric clusters and coordination chains on Au(100) was influenced by
surface reconstitution. A two-dimensional coordination network was obtained
on Ag(111) without the influence of surface reconstitution.

■ INTRODUCTION

Self-assembly of metal−organic frameworks (MOFs)1,2 has
fascinated scientists in the past decades owing to their
applications in catalysis,3 proton conductors,4 magnetism,5

gas storage, and separation.6 The porous coordination
architecture of MOFs provides abundant adsorption sites to
capture H2,

7 methane, acetylene,8 and CO2.
9 Two-dimensional

(2D) MOFs on surfaces can be investigated by scanning
tunneling microscopy (STM) at single-molecule level and are
promising model systems for studying the structures and
properties of MOFs.10

Various functional groups have been used to prepare surface
coordination structures.11−24 There have been reports on the
coordination of carboxyl11−13 and amidogen14 in anionic
chemical states, pyridyl,11,15−18 bromo,19 phenylethynyl, and
cyanobiphenyl20 groups in neutral chemical states. In most
studies, the coordinated molecules only have one type of
coordination group. To get more complicated structures,
molecules with more than one functional group need to be
investigated.
In this work, we reported a stepwise coordination of Fe and

indole-4-carboxylic acid (I4CA), a bicyclic planar molecule
comprising pyrrolyl and carboxyl coordination functional
groups, as shown in Figure 1. We used an ultrahigh-vacuum
(UHV) STM to image the topographics of Fe−I4CA
coordination structures on Au(111), Au(100), and Ag(111)
at 5 K. Different coordination structures of Fe−I4CA were
observed, which were caused by the different coordinating
abilities of the COO− and C4H4N

− anions. We obtained

[(Fe2)(carboxylate)4] tetrameric clusters and one-dimensional
(1D) chains with [(Fe2)(carboxylate)3(pyrrolyl)] centers on
Au(111) at room temperature and 350 K, respectively.
Through the templating effect of Au(100), Fe atoms and
I4CA molecules yielded [(Fe2)(carboxylate)4] tetrameric
clusters oriented parallel to the reconstructed rows and 1D
chains with [(Fe2)(carboxylate)3(pyrrolyl)] centers deviated
from the direction of the reconstructed rows. The coordination
structures packed into two-dimensional (2D) networks on flat
Ag(111) of no reconstitution. Calculations were performed
using the Vienna ab initio simulation package (VASP) based
on density functional theory (DFT) and pseudopotential
approximation.

■ EXPERIMENTAL SECTION
Single-crystal Au(111), Au(100), and Ag(111) substrates were
prepared through repetitive cycles of Ar ion sputtering and
subsequent annealing at 673 K. The samples were charac-
terized using an ultrahigh-vacuum (10−10 Torr) scanning
tunneling microscope (UNISOKU, USM-1500) at a cryogenic
temperature of 5 K. Fe atoms and indole-4-carboxylic acid
molecules were thermally deposited from different Ta boats
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onto the metal surface held at room temperature. We annealed
samples at different temperatures for 20 min to get the desired
structures. All STM images (except Figure 2b) were obtained
with a Pt/Ir tip under constant current mode and processed
with the free software WSxM.25

■ THEORETICAL CALCULATION
Density functional theory (DFT) calculations were performed
with a Vienna ab initio simulation package (VASP) in a
projector-augmented wave (PAW) framework, using a 500 eV
energy cutoff for the Kohn−Sham wave functions and
generalized gradient approximation (GGA) exchange−corre-
lation energy functional. Van der Waals dispersion forces were
included in the study with a γ-centered grid-sampled Brillouin
zone and a vacuum of 12 Å in all directions to separate the
interaction among molecules. The geometry was fully
optimized when the maximum forces fell below 0.03 eV/Å.

■ RESULTS AND DISCUSSION

Self-assembly of I4CA molecules on Au(111) at room
temperature resulted in the formation of rectangular and
hexagonal porous structures (Figure 2a,b). The basic unit of
both structures was a molecular dimer, constituted by H-
bonding between two −COOH groups as highlighted by the
white box in Figure 2a,b, which was similar to a previous study
of indole-2-carboxylic acid.26 The rectangular and hexagonal
pores were composed of molecular dimers arranged in 4- or 3-
fold orientations, leading to rectangular or triangular
symmetric supramolecular structures, respectively. The tenta-
tive models of the two phases are shown in Figure 2c,d using
DFT optimized dimers. As mentioned above, the I4CA dimer
acted as the building unit of secondary rectangular and
triangular supramolecular structures. After annealing the
sample at 350 K, molecules were desorbed from Au(111).
The carboxylic acid reacted with Fe atoms in a dehydrogen-

ation process to form the Fe-carboxylate metal−organic
coordination structure.12,13,27,28 Fe−I4CA coordination struc-
tures were obtained by depositing Fe atoms onto the I4CA
assembly and a subsequent annealing treatment at room
temperature. Figure 3a shows the representative STM image
containing the tetrameric Fe−I4CA coordination structure,
and Figure 3c shows the enlarged STM topograph. After
comparing the image with the previous experimental
results,12,13,27,28 the carboxylate-bridged di-iron model was
used to interpret the coordinated structure. The DFT
optimized configuration of a tetrameric cluster is presented
in Figure 3e. In the tetrameric cluster, two molecules were
located at the bridging positions (antiparallel directions along
the Fe−Fe axis) with the other two at the axial positions
(parallel directions along the Fe−Fe axis), and the calculated
Fe−Fe and the Fe−O distances were 5.1 ± 0.1 and 2.0 ± 0.1
Å, respectively. The Shockley surface state might play a role in
the formation of the isolated molecular clusters shown in
Figure 3.29 Scattering of surface electrons by adsorbed
molecules would lead to Friedel-type oscillations of the local
density of surface states around the adsorbates, which prevents
the molecular aggregation to form close-packed patterns.
After thermal annealing at 350 K, we found out that the di-

iron(II) coordinated to both the carboxyl and the pyrrolyl
groups. Figure 3b shows a representative STM image of the
Fe−I4CA coordination chain. Similar to the other work,30 the
molecules prefer to adsorb on face-centered cubic (fcc) regions
of the reconstructed surface, where the molecule−surface
interaction might be stronger than that on the hexagonal close-
packed (hcp) regions. Both the periodicity of the reconstruc-
tion and the relative width of fcc versus hcp domains are not
changed by molecular adsorption, which indicates a rather

Figure 1. Two-step reaction pathway of I4CA: (1) on-surface dehydrogenation reaction of carboxylic acid with iron catalysis and (2)
dehydrogenation reaction of the pyrrolyl group with iron catalysis at 350 K.

Figure 2. STM images and structural models of the indole-4-
carboxylic acid (I4CA) molecules self-assembled at room temper-
ature. Rectangular (a) and hexagonal pores (b) were formed on the
Au(111) surface, as depicted in the STM images. Molecular dimers
(highlighted by the white boxes in (a) and (b)) are further assembled
into secondary hydrogen-bonding structures (the configurations of
molecules in (a) and (b) were shown in (c) and (d)). Imaging
parameters: (a) V = 100 mV, I = 50 pA, 5.0 × 5.0 nm2; (b) constant
height mode, V = 1 mV, I = 50 pA, 6.4 × 6.4 nm2.
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weak molecule−surface interaction. A close-up STM image
(Figure 3d) shows the basic unit of the coordination chains.
The inner molecules of the chain shared by two neighboring
tetramers were labeled “2” and the outer molecules were
labeled “1”. Both the carboxyl and the pyrrolyl groups of “2”
coordinated to different di-Fe(II) centers to concatenate the
adjacent two tetramers. Only the carboxyl groups of “1”
coordinated to individual Fe atoms. Therefore, the molecules
coordinated to a Fe dimer by bridging Fe−O bonds, axial Fe−
O, or Fe−N bonds, leading to the coordination centers of
[(Fe2)(carboxylate)x(pyrrolyl)4−x], where x (=2, 3, 4)
corresponded to the inner/outer tetramers of the coordination
chains and isolated tetramers, respectively. A [(Fe2)-
(carboxylate)3(pyrrolyl)1] motif containing carboxyl groups
at the bridging positions and pyrrolyl groups at the axial
positions, as highlighted by the white circle in Figure 3d, was
optimized by DFT calculations and is depicted in Figure 3f.
The optimized Fe−O and Fe−N distances were 2.0 and 1.9 Å,
respectively.

When annealing the sample at 400 K, the predominant
structures were coordination tetramer chains and a few new
wheel-like supramolecular motifs were also observed on the
surface, as shown in Figure 4a. The ratio of the number of
14CA molecules in the chains versus that in the rotiform
structures amounted to 84:16. The width and length of the
tetramer chain (Figure 4b) were confined by the Au
herringbones, as was the orientation, which was strictly
determined by the local orientation of the Au(111)
herringbone reconstruction. The molecular model is displayed
in Figure 4e. Five or six Fe-coordinated tetramers with shared
molecules were encircled into loops forming rotiform
structures (Figure 4c,d). The corresponding molecular models
of the rotiform structures of five or six hubs are shown in
Figure 4f,g. I4CA molecules acted as “joint” molecules
concatenating two adjacent tetramers in these three different
supramolecules. The absorption chirality of the joint molecules
marked in red and blue in Figure 4e−g determined the
extending direction of the coordination structures. If the
absorption chiralities of the joint molecules of two adjacent
tetramers differed, linear structures were formed. In the case of
homo-chiral joint molecules, rotiform structures were con-
structed instead. The angle between the long axes of two
adjacent tetramers caused by steric hindrance was another
influencing factor, with the most stable angle being 65°. The
angles of 72 and 60° appeared owing to specific steric
arrangements to resist the distortion of bonds.
The arrangement of the coordinated tetramer chains (Figure

4b) was confined by the Au herringbones. To further explore
the template effect on the coordination of Fe−I4CA, we
changed the substrate to Au(100), whose row-reconstruction
pattern was different from that of Au(111).31−33 The self-
assembly of I4CA molecules on Au(100) at room temperature
resulted in the formation of rectangular pores (Figure 5a). As
the number of molecules on top of the reconstructed rows was
larger than that between the reconstructed rows, the molecules
in the STM images of the rectangular pores on Au(100)
appeared brighter and darker. After depositing iron atoms on
the sample, we observed that the molecules coordinated with
the iron atoms, forming tetrameric clusters on top of and in
between the reconstructed rows in Figure 5b,c. The template
of Au(100) changed the distribution of tetrameric clusters.
The Fe−I4CA coordination chains (Figure 5d) were formed
upon increasing the annealing temperature to 350 K. The
coordination chains with [(Fe2)(carboxylate)3(pyrrolyl)1]
centers were the same as those on Au(111) in Figure 3b,
except that the orientation of the coordination chains deviated
from the direction of the reconstructed rows.
To elucidate the discrimination of the assemblies on

Au(111) and Au(100), we studied the coordination of Fe−
I4CA on Ag(111), a flat substrate without surface
reconstruction. I4CA molecules on Ag(111) self-assembled
into hexagonal pores at room temperature as shown in Figure
6a. The two carboxylic groups at the center of the molecular
dimer in white boxes appeared darker than those in yellow
boxes in the close-up STM image (Figure 6b). The carboxylic
groups were dehydrogenated and hence appeared dark on the
surface, which had been reported even in a previous study.34

According to DFT calculations, the intermolecular forces of
the dark dimers may be ionic hydrogen bonding35 between the
−COOH groups and −COO− groups. Three molecules
interacted with each other by three ionic hydrogen bonds:
O···H−O, N···H−O, and C···H−O, forming the basic unit of

Figure 3. STM topographs of the Fe−I4CA coordination structures
on Au(111): (a, c) tetrameric clusters formed at room temperature
and (b, d) tetramer chains obtained at 350 K. I4CA coordinated to a
Fe dimer through Fe−O and Fe−N bonds, leading to the
coordination centers of [(Fe2)(carboxylate)4] and [(Fe2)-
(carboxylate)3(pyrrolyl)1] (white circle in d) stoichiometry, respec-
tively, and their corresponding configurations (e, f) were optimized
using DFT calculation. Imaging parameters: (a) V = 1 V, I = 50 pA,
10.6 × 10.6 nm2; (b) V = 1 V, I = 50 pA, 12.5 × 12.5 nm2; (c) V = 10
mV, I = 50 pA, 4.0 × 4.0 nm2; and (d) V = 1 V, I = 50 pA, 4.8 × 4.8
nm2.
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such a structure. Figure 6c presents a molecular model of this
assembly. Due to the high stability of the ionic hydrogen
bonding structure, Fe atoms aggregated to form Fe clusters
upon deposition onto the sample at room temperature. Hardly
did we observe any I4CA molecules coordinating to Fe atoms.
After annealing the sample at 350 K, Fe atoms and I4CA
molecules formed a disordered coordination network, which

could help to improve our understanding of the nature of the
condensed disordered system.36 The irregular network in the
STM image (Figure 6d) consisted of pores of different sizes
interconnected by two kinds of nodes. The high-resolution
STM image (Figure 6e) revealed I4CA and Fe positioning
within the coordination network. The predominant bifurcation
motifs were the 4-fold [(Fe2)(carboxylate)x(pyrrolyl)4−x] (x =
2, 3) and the 3-fold [(Fe)(carboxylate)1(pyrrolyl)2] nodes.
The 4-fold [(Fe2)(carboxylate)x(pyrrolyl)4−x] (x = 2,3) node is
similar to that in Figure 3f, and the 3-fold [(Fe)-
(carboxylate)1(pyrrolyl)2] node model is shown in Figure 6f.
A 2D ordered coordination network with [(Fe2)-
(carboxylate)2(pyrrolyl)2] centers was obtained by annealing
the sample at a temperature of about 420 K (Figure 6g).
Through coordination of the carboxyl and pyrrolyl groups with
Fe, every molecule in the [(Fe2)(carboxylate)4] tetramers was
shared by four adjacent tetramers. The position of Fe atoms
and I4CA molecules in the network is clearly demonstrated in
Figure 6h, and the corresponding model is shown in Figure 6i.
2D coordination networks were observed on Ag(111) rather
than on Au surfaces due to the reconstruction of the Au
surface, which limited the growth of the coordination network.

■ CONCLUSIONS

Our investigation has demonstrated a stepwise coordination
process of iron atoms and I4CA molecules on the Au(111)
surface. Taking advantage of the differences in the potential
barrier of the deprotonation process for the pyrrolyl and
carboxyl groups, we successfully controlled the coordination
path (iron atoms coordinated to the carboxyl and the pyrrolyl
groups in sequence) by stepwise thermal annealing. The self-
assembly of I4CA molecules on the Au(111) surface resulted
in rectangular and hexagonal porous structures at room
temperature. The carboxyl group reacted with Fe atoms to
form tetramers at room temperature in a deprotonation
process. Also, the deprotonation of pyrrolyl group occurred
after annealing at higher temperatures to form coordinated
tetramer chains and rotiform structures. The reconstruction on
Au(100) altered the arrangement of tetrameric clusters and 1D

Figure 4. (a) STM topographs of the Fe−I4CA coordination structures obtained after being annealed at 400 K on Au(111). STM images (b−d)
and corresponding molecular models (e−g) for tetramer chains and wheel-like structures having five and six hubs are displayed in order. The red
and blue molecules in (e)−(g) represent the two adsorption chiralities that had an influence on the coordination structures. Imaging parameters:
(a) V = 1 V, I = 50 pA, 26.6 × 26.6 nm2; (b) V = 1 V, I = 20 pA, 5.8 × 5.8 nm2; (c) V = 10 mV, I = 100 pA, 6.3 × 6.3 nm2; and (d) V = 10 mV, I =
100 pA, 6.9 × 6.9 nm2.

Figure 5. (a) STM image showing the self-assembly of I4CA on
Au(100). The molecular dimers in white boxes formed rectangular
pores. (b, c) STM images of Fe−I4CA coordination structures at
room temperature. (b) Tetrameric clusters sitting on the
reconstructed rows. (c) Tetrameric clusters located between the
reconstructed rows. (d) STM images of Fe−I4CA coordination
chains at 350 K. Imaging parameters: (a) V = 100 mV, I = 100 pA,
14.0 × 14.0 nm2; (b) V = 10 mV, I = 50 pA, 8.4 × 8.4 nm2; (c) V = 10
mV, I = 50 pA, 11.2 × 11.2 nm2; and (d) V = 1 V, I = 20 pA, 14.0 ×
14.0 nm2.
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coordination chains. 2D coordination networks could be
obtained on Ag(111) without the influence of surface
reconstructions.
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