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Abstract: Surface-confined metal–organic frameworks (2D MOFs) provide a 
versatile platform for studying low-dimensional coordination chemistry and tunable 
molecular architectures at atomic and molecular levels. Here, we investigate the 
self-assembly of 4,4-bipyridine and Fe on Au(111) and reveal a coverage-
dependent phase behavior governed by metal–ligand coordination and surface 
availability. In the absence of Fe, 4,4-bipyridine forms a weakly substrate-coupled 
molecular network stabilized by intermolecular interactions. Fe coordination 
induces a sequence of distinct two-dimensional architectures, ranging from dense 
three-fold-coordinated tripod networks to open Kagome lattices composed of 
hexagonally arranged metal centers bridged by molecular linkers. Using scanning 
probe microscopy, low-energy electron diffraction, and density-functional theory 
calculations, we identify three thermodynamically stable phases with different 
coordination numbers, symmetries, and molecular densities. Transformations 
between these phases are reversible and controlled by the Fe-to-ligand ratio. These 
findings demonstrate how subtle control over coordination chemistry and surface 
coverage enables programmable structural transitions in two-dimensional metal–
organic frameworks. 
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1. Introduction 

Surface-confined or two-dimensional metal-organic frameworks (2D MOFs) have emerged as a distinct and 
rapidly expanding class of functional materials, combining the structural tunability of MOFs with the unique 
physicochemical properties associated with reduced dimensionality [1–3]. Composed of organic linkers 
coordinated to metal centers within an extended planar network, 2D MOFs exhibit high surface accessibility, 
anisotropic charge transport, and enhanced exposure of active sites, with a great potential for applications in 
sensing, catalysis, magnetism, gas storage and gas separation, energy harvesting, light emission, etc. [4–9]. The 
2D MOFs are also a good platform for exploring fundamental physicochemical phenomena due to their versatility, 
adaptability, and geometry variety. 

The structural diversity of 2D MOFs is governed by multiple factors, including the coordination geometry of 
the metal centers, the size, symmetry, and flexibility of the organic linkers [10], and the synthetic conditions under 
which the assembly occurs. Subtle variation in these parameters can lead to pronounced changes in framework 
morphology. In this context, the on-surface synthesis plays a key role in controlling the 2D MOF structure at the 
atomic and molecular levels. This strategy allows us to synthesize unique architectures inaccessible via other 
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preparation methods. Such control also enables phase transformation, breathing behavior, and reversible 
reorganization in response to external stimuli such as solvent, temperature, pressure, or guest molecules [11–13]. 

Despite extensive efforts to induce and control structural transformations in MOFs, most reported stimuli-
response behaviors rely on external triggers or post-synthetic modifications [14,15]. In contrast, comparatively 
little attention has been paid to the role of reactant stoichiometry itself as a direct intrinsic control parameter for 
framework structure. Urgel et al., reported the formation of different structures, depending on the ratio of the 
molecule (para-quaterphenyl-dicarbonitrile) to the coordination center (Europium, Eu) on Au(111) [16]. The ratio 
between organic linkers and metal centers determines not only the local coordination environment, but also the 
long-range ordering of the resulting network. This effect is particularly pronounced in low-dimensional systems 
where small changes in bonding motifs can propagate across an entire layer. Lu et al. reported the break of 
crystalline order in a 2D MOF system by mixing two sizes of organic linkers [17]. Therefore, understanding how 
coordination interactions drive the self-assembly of low-dimensional materials is central to the rational design of 
surface-confined metal–organic frameworks. 

In this work, by using scanning tunneling microscopy (STM), non-contact atomic force microscopy (nc-
AFM), low-energy electron diffraction (LEED), and density functional theory (DFT) calculations (of free-standing 
adsorbate layers), we demonstrate that the interplay between molecular coverage, metal availability, and surface 
free-area governs a reversible phase transformation between distinct two-dimensional architectures formed by 4,4-
bipyridine and Fe on Au(111). In the absence of metal coordination, 4,4-bipyridine assembles into a weakly 
substrate-coupled molecular network. At the same time, the introduction of Fe induces a hierarchy of coordination 
motifs ranging from dense three-fold-coordinated units to open Kagome lattices. 

We identify three thermodynamically stable phases—non-coordinated molecular assemblies, compact tripod 
networks, and porous Kagome frameworks—that are selectively stabilized by the Fe-to-ligand ratio and molecular 
density. Transformations between these phases are fully reversible and proceed without chemical decomposition 
of the 4,4-bipyridine molecules, highlighting the dynamic nature of coordination bonding at surfaces. These 
findings establish coverage-controlled coordination as a powerful strategy for engineering adaptable 2D MOFs 
architectures with tunable density, symmetry, and high reversibility. 

2. Results and Discussion 

2.1. 4,4-Bipyridine Monolayer on Au(111) 

We first studied the formation of a 4,4-bipyridine (4,4-bipy) monolayer deposited onto a freshly cleaned 
Au(111) surface at room temperature (RT). The saturated monolayer was achieved by evaporating 4,4-bipy with a 
home-built effusion cell. The evaporator was cooled with water but not heated, as the high vapor pressure of 4,4-bipy 
and the vacuum of the chamber were sufficient for the evaporation process (for details see Experimental Section). 
The sample rested at RT overnight to desorb the multilayer species and was cooled down to ~105 K for measurement. 

In Figure 1a–c, the STM images of the saturated 4,4-bipy monolayer are depicted at different length scales, 
that is, scanning areas of (a) 50 × 50 nm2; (b) 10 × 10 nm2; and (c) 5 × 5 nm2. We observe a mostly defect-free 
regular T-shaped arrangement of rectangular protrusions. Depending on the tip condition, the protrusions can also 
appear more oval, rather than rectangular. We assign each protrusion to one 4,4-bipy molecule; each molecule is 
surrounded by four neighboring molecules with perpendicular azimuthal orientations, forming the T-shape 
structure. Each N-termination of the aromatic ring faces the two H-atoms of a neighboring 4,4-bipy molecule (see 
overlay of scaled structural models in Figure 1c). These N-H interactions likely lead to the stabilization of the 
observed structure, as was previously proposed for similar systems [18–20]. This arrangement results in a quadratic 
unit cell (red square) with lattice vectors of a = b = 1.13 ± 0.08 nm length. The fast Fourier transformation (FFT) 
of the structure in Figure 1a is shown in Figure 1d, along with the unit cell in reciprocal space. We also investigated 
the saturated 4,4-bipy monolayer by non-contact atomic force microscopy (nc-AFM). The nc-AFM data show the 
same structure, but with lower image resolution. Thus, the corresponding images are only shown in Figure S1 in 
the Supplementary Materials (SM), along the STM data shown in Figure 1. 

To obtain additional information, we studied the saturated 4,4-bipy monolayer also by low-energy electron 
diffraction (LEED). The corresponding diffraction pattern for a beam energy of 17 eV is shown in Figure 1e. The 
quite complex pattern is assigned to the coexistence of 6 symmetry-equivalent quadratic domains on the hexagonal 
Au(111) surface, rotated by ±4° (modulo 15°) relative to the three main substrate directions; the corresponding 
spots are schematically shown in Figure 1f in different colors for the different domains. Notably, domains with 
different orientations were found in STM as well. Exemplary STM images are shown in the SM (Figure S4). The 
reciprocal unit cell of one domain is exemplarily shown in red in Figure 1d to 1f. Notably, the (1,0) and symmetry-
equivalent spots are missing, which is attributed to the two perpendicular mirror-glide planes of the adsorbate 
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structure (ignoring the substrate) [21,22]. By considering the six domains and the two glide planes we are able to 
reproduce the observed LEED pattern. In the SM, the LEED pattern at other beam energies (Figure S5) and a more 
detailed description of the analysis are provided (Figure S6), along with the LEED pattern of the clean Au(111) 
surface at higher electron beam energy (Figure S7). 

 

Figure 1. Saturated 4,4-bipy monolayer on Au(111), deposited at RT and cooled down to ~105 K for the 
measurements. (a–c) STM images with sizes of 50 nm × 50 nm, 10 nm × 10 nm, and 5 nm × 5 nm, respectively, 
displaying a well-ordered quadratic lattice with two perpendicularly oriented molecules in a T-shape arrangement 
per unit cell. The Au(111) substrate directions are indicated by blue arrows in the top right corners. In (c), the real 
space unit cell is shown as red square, and the scaled DFT-derived structure of a free-standing layer (see text) is 
superimposed. (d) FFT of the STM image. (e) LEED pattern measured with a beam energy of 17 eV. (f) Schematic 
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LEED pattern, with the diffraction spots of six symmetry equivalent domains (rotated relative to the substrate high 
symmetry directions by ±4°). In (d–f), the reciprocal unit cell of one domain is indicated as red square. The 
terminating N atoms of the pyridine ring are facing perpendicular to the H atoms at the 2 positions of both pyridine 
rings of a neighboring molecule, allowing the N-H interactions to stabilize the structure. For measurement 
parameters, please refer to the SM (Table S3). 

A similar T-shape arrangement of 4,4-bipy, also with a quadratic unit cell, was already reported on Ag(111) 
by Dubois et al. by STM [23]. The structure was attributed to weak molecule-substrate interactions. Weak 
adsorbate-substrate interactions are also in line with the intact herringbone reconstruction of the Au(111) substrate 
in the presence of the 4,4-bipy monolayer, as evident from Figure 1a. 

To understand the lateral interactions within the adsorbate layer, we performed DFT calculations for a free-
standing 4,4-bipy layer, that is, neglecting the interaction with the substrate (for details see Supplementary 
Materials, SM). The square unit cell containing two molecules was obtained to have a size of 1.11 nm (see Figure 
S9c), in excellent agreement with experiment. This calculated structure is superimposed on the STM image in 
Figure 1c. Its formation energy is 0.92 eV per unit cell, that is, 0.46 eV per molecule (see Table S1 in the SM). 

In order to study the thermal stability of the T-shape arrangement, we stepwise annealed the 4,4-bipy 
monolayer to 365, 412, and 450 K for 10 min, and after each annealing step, we performed STM measurements at 
105 K. The corresponding STM images in Figure 2 show that the 4,4-bipy coverage decreases after each annealing 
step. After annealing to 450 K, no 4,4-bipy molecules were visible anymore. We therefore conclude that 4,4-bipy 
desorbs intact, as no signs of decomposition are observed. While volatile decomposition products cannot be fully 
excluded, we do not expect decomposition due to the weak interaction with the Au(111) substrate. The few small 
bright protrusions at the kinks of the Au(111) reconstruction are very likely due to small residual amounts of Fe 
on the surface, stemming from previous experiments, similar to those described below. 

 

Figure 2. STM images (100 nm × 100 nm) of a saturated 4,4-bipy monolayer on Au(111). (a) deposited at RT; (b) 
after annealing to 365 K; (c) 412 K; and (d) 450 K for 10 min each. The sample was cooled down to ~105 K for 
measurement. The Au(111) substrate directions are indicated by blue arrows in the top right corners. For 
measurement parameters, please refer to the SM (Table S3). 
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2.2. Fe Deposition on Sub-Monolayer of 4,4-Bipyridine 

In the next step, we deposited the same amount of Fe (~0.037 ML or ~0.51 atoms/nm2) onto 4,4-bipy sub-
monolayers with increasing coverages. Deposition was done with the Au(111) at RT, and STM images were 
measured at 105 K. At very low 4,4-bipy coverages (Figure 3a–c), we observe bright features at the kinks of the 
herringbone reconstruction (indicated as green circles in Figure 3b). We assign these features to the accumulation 
of Fe nanoparticles, which are known to form on Au(111) at low coverage and decorate the kinks [24]. The bright 
features in Figure 3a–c are connected by bright lines, which we assign to Fe-coordinated 4,4-bipy–Fe–4,4-bipy 
chains. Some of the chains consist of pore-like structures, as can be best seen in Figure 3c (bottom). While the 
chains appear to be stable, stripy features and partial broadening of the chains (see white arrows in Figure 3c) 
indicate mobile species, which could be partly induced by the STM tip. The formation of metal-coordinated chains 
at very low 4,4-bipy coverages has also been reported for 4,4-bipy on Cu(111), and has been assigned to metal 
coordination of the molecules by substrate Cu adatoms [23]. 

 

Figure 3. STM images after evaporating the same Fe dose of ~0.037 ML (equals ~0.51 Fe/nm2) onto increasing 4,4-
bipy sub-monolayer coverages on Au(111) (from left to right). The layers were prepared at RT and cooled down to 
~105 K for measurement. STM images sizes decrease from top to bottom, from 100 nm × 100 nm, to 50 nm × 50 nm, 
and to 20 nm × 20 nm. The Au(111) substrate directions are indicated by blue arrows in the top right corners. (a–c) 
Very low coverage: the bright spots (green circles) are attributed to Fe nanoparticles at the kinks of the Au(111) 
herringbone reconstruction. Chains of oval protrusions (4,4-bipy–Fe–4,4-bipy chains) connect the nanoparticles, 
forming a line structure. (d–f) Low coverages: pore-like, mostly disordered structures; step edges are partly 
decorated (blue dashed line). (g–i) Intermediate coverage: pores of different shapes and sizes are observed. For all 
coverages, mobile structures and species are observed as indicated by stripy features or structure broadening (white 
arrows). For measurement parameters, please refer to the SM (Table S3). 
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For higher initial 4,4-bipy coverage, the bright features at the kinks of the herringbone structure as well as 
the connecting bright lines disappear and pore-like, but mostly disordered structures are observed in Figure 3d–f, 
which we attribute again to the Fe-coordination of 4,4-bipy. We attribute the disappearance of the bright features 
to the increased number of Fe-coordinated molecules at the increased 4,4-bipy coverage, which has used up all the 
Fe-islands at the kinks. The step edges (Figure 3f, blue dotted line) of the Au(111) substrate are decorated on both 
the lower and upper parts of the edge. The structures on the terrace do not show any regular order. Notably, 
resolving these structures in more detail has turned out to be difficult, due to the mobility of these structures, as 
deduced from the stripy features marked by white arrows in Figure 3f. 

Upon further increasing the initial 4,4-bipy coverage, while keeping the amount of post-deposited Fe the 
same, we observe that a significant part of the surface is covered with small pore structures (Figure 3g–i). This 
becomes particularly evident in the small scale (zoom-in) image in Figure 3i, which shows that the surface is 
covered with small islands of Fe-coordinated 4,4-bipy pores of different sizes (white arrows); the stripy features 
again indicate the presence of mobile species. 

The structures from Figure 3g–i, that is, the ones obtained with the largest 4,4-bipy coverage, were annealed 
to RT over 4 days to achieve a stable situation on the surface. In the corresponding STM images in Figure 4, we 
identified three different coordination motifs (indicated in different colors in the right column), which vary in the 
number of 4,4-bipy molecules coordinated to the Fe center. Notably, a coexistence of metal centers with different 
numbers of coordination partners have been reported also for other organic linkers, e.g., porphyrins [25]. 

 

Figure 4. (a) STM image (20 nm × 20 nm) of an initial intermediate 4,4-bipy coverage after depositing Fe (~0.037 
ML, equals ~0.51 Fe/nm2) on Au(111) at RT (same preparation as for Figure 3g–i) and leaving the sample at RT 
for 4 days. Images were taken at ~105 K. The Au(111) substrate directions are indicated by blue arrows in the top 
right corner. Three different pore types are indicated: hexagonal (pink frame), diamond (green) and elongated 
(blue). Zoom-ins of these structures are shown on an enlarged scale in (b) hexagonal, (c) diamond, and (d) 
elongated. (e) Schematic illustrations of the three Fe coordination motifs observed: three-fold (red), four-fold 
(green), and linear (blue). These coordination motifs are indicated in the zoom-ins (b–d) showing how these motifs 
form the different pore types. For measurement parameters, please refer to the SM (Table S3). 

These motifs alone or combined lead to three different structures formed by 4,4-bipy–Fe coordination. The 
three-fold coordination motif results in the formation of hexagonal or larger pores; a corresponding region with 
hexagonal pores is indicated by pink frames in Figure 4; notably, some of these pores appear to be filled, most 
likely with trapped 4,4-bipy molecules (or an unknown contamination). The four-fold coordination motif results 
in the formation of diamond-shaped pores, indicated in green in Figure 4. Finally, a two-fold coordination motif 
yields chains. When chains are capped with a three-fold coordinated motifs, one observes elongated pores; a 
corresponding region is indicated by a blue frame. These elongated pores have between 3 and 5 additional linear 
Fe–4,4-bipy units. The elongated pores are typically filled with three stripes of slightly dimmer appearance than 
the pore frame. Even for long pores, which are open on one side, this filling is observed. The distance between 
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these lines in the STM images is ~0.45 nm. We tentatively assign these lines to partially mobile excess 4,4-bipy 
molecules trapped in the the elongated pores. 

In order to support this assumption, we performed DFT calculations for a free-standing elongated pore with 
three additional linear Fe–4,4-bipy units (see Figures S10 and S11 in the SM). The pore proved to be very stable 
with a formation energy of 2.89 eV per molecule. Adding of three or twelve 4,4-bipy molecules to the elongated 
pore leads indeed to a stabilization of these molecules by 0.53 and 0.43 eV per molecule, respectively, supporting 
our assignment (for details see SM). 

2.3. Fe Deposition on a Saturated Monolayer of 4,4-Bipyridine 

In the next experiment, we deposited ~0.037 ML of Fe (~0.51 atoms/nm2) onto a full monolayer of 4,4-bipy 
on Au(111) at RT. The amount of deposited Fe was determined from the tripod structure described below (and the 
absence of additional islands of excess Fe). In subsequent STM at 105 K, we observe a new structure, which 
homogeneously covers the entire surface; see Figure 5a (and Figure S2 in the SM for corresponding nc-AFM 
images). It consists of triangular protrusions, which we denote as tripods, arranged in a regular pattern. We propose 
that each tripod is a three-fold-coordinated Fe center (reddish dot) connected to three 4,4-bipy molecules via one 
of the terminal N-atoms of the pyridine rings. The three-fold bonding motif of the Fe center is the same as observed 
above for the pore structure in Figure 4b. Closer inspection of Figure 5b reveals the coexistence of long-range 
ordered domains, in which the tripods have different orientation (white arrows); a corresponding domain boundary 
is exemplarily indicated as semitransparent green line. The orientation of the tripods is shown by yellow tripod 
bars for both domains. The 4,4-bipy arms of each tripod do not point exactly at the Fe center of the neigboring 
tripod, but are rotated by 12–15°. The resulting unit cell, shown in red in Figure 5c is hexagonal (or close to 
hexagonal), with lattice vectors of an equal length of 1.50 ± 0.15 nm and an enclosed angle of g = 60° ± 8°. The 
corresponding FFT image with the unit cell in reciprocal space is shown in Figure 5d. We also studied this structure 
by LEED. The corresponding diffraction pattern with a beam energy of 16 eV in Figure 5e shows a hexagonal 
pattern, which is in line with the FFT image; in Figure 5f the corresponding schematic pattern is shown. The 
reciprocal unit cell is shown in red in Figure 5d–f. 

To understand the energetics of the tripods and their lateral interactions, we performed DFT calculations of 
a free-standing flat tripod structure with a hexagonal lattice (Figure S9b in the SM), that is, neglecting the 
interaction with the substrate, which is a crude estimation (for details see Supplementary Materials, SM). 
Nevertheless, the resulting lattice constant of 1.51 nm, with an angle of 60°, agrees very well with the value of 
1.50 ± 0.15 nm determined from STM. The formation energy of the flat tripod (three 4,4-bipyridine and one Fe 
atom) in the gas phase is 3.76 eV per unit cell, and the formation energy of the unit cell is 0.63 eV, yielding an 
total formation energy of 1.46 eV per molecule, indicating a significant increase in thermodynamical stability as 
compared to the T-shape structure, due to the coordination to the Fe center (see Table S1 in the SM). 

The calculated structure is superimposed on the STM image in Figure 5c. Comparsion of experiment and 
calculation reveals that in the STM images the 4,4-bipy molecules do not point exactly to the Fe atom of the 
neighboring tripod, but are rotated by 12–15°, as compared to a rotation angle of 0° in the calculation. We thus 
performed calculations for different rotation angles. It turns out that the calculated structures with rotated tripods 
are energetically not favored. We attribute this difference to the planarized structure of the tripod and the 
mentioned neglection of the substrate in the calculation. However, including the substrate would be 
computationally extremely demanding and is out of the scope of the present study. 

In the next set of experiments, we subsequently added Fe at lower doses than in the previous experiment onto 
a full 4,4-bipy monolayer in order to study the transformation from the T-shape 4,4-bipy structure to the tripods 
(Figure 6). For each Fe deposition step, the sample was heated to RT. Depositing 10% of the amount required for 
the full tripod layer in Figure 5 leaves the T-shape structure mostly still intact; see Figure 6a. The incorporation of 
Fe into the structure is indicated by defects (white arrows in Figure 6b), where the structure starts breaking apart. 
Small indications of tripod formation can be seen in the defect sites (yellow tripod bars in Figure 6b,c). 
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Figure 5. Surface structure after Fe deposition (~0.037 ML, equals ~0.51 Fe/nm2) onto a saturated 4,4-bipy 
monolayer on Au(111) at RT, and cooling down to ~105 K. (a–c) STM images with sizes of 50 nm × 50 nm,  
10 nm × 10 nm, and 5 nm × 5 nm, respectively, displaying a well-ordered hexagonal lattice of triangular protrusions, 
which are assigned to tripods formed by three molecules coordinated by a central Fe atom (reddish dot). The 
Au(111) substrate directions are indicated by blue arrows in the top right corners. In (b) two domains with different 
orientation of the tripods are present (indicated by yellow tripods bars and white arrows); the corresponding domain 
boundary is marked in green. In (c), the real space unit cell is shown as red square, and the scaled DFT-derived 
structure of a free-standing layer with 0° rotation of the tripods (see text) is superimposed. (d) FFT of the STM 
image. (e) LEED pattern measured with a beam energy of 16 eV. (f) Schematic LEED pattern. In (d–f), the 
reciprocal unit cell is indicated as red square. For measurement parameters, please refer to the SM (Table S3). 
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Figure 6. STM images of a 4,4-bipy monolayer after adding different doses of Fe at RT. An Fe dose of 100% (m–o) 
equals ~0.037 ML or ~0.51 Fe/nm2 (300 sec Fe evaporation, Iflux = 1.0 nA). The image sizes decrease (left to right) 
from 50 nm × 50 nm to 20 nm × 20 nm, and 10 nm × 10 nm. (a–c) 10% (30 sec Fe): Fe-induced defect sites are 
marked with white arrows, first tripods with yellow tripod bars. (d–i) 30% (90 sec Fe): the upper panel shows a 
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region with disordered tripods at the edges of the T-shape structure, and tripods partially arranging in a pore-like 
orientation (note that these pores are different from the hexagonal pores in Figure 4); the lower panel shows a region 
of tripods in a wagon wheel structure, with mirror twin boundaries marked in blue (h). (j–l) 50% (150 sec Fe): 
Coexistence of ordered tripod and T- shape structures, and disordered tripods (k, top left). The tripod unit cell is 
marked in white. (m–l) 100% Fe dose (see above). The tripod unit cell is marked in white. Images (a–l) were 
recorded on one sample by successively adding Fe, while (m–o) were recorded on different samples. The Au(111) 
substrate directions are indicated by blue arrows in the top right corners. A larger data set with additional Fe doses 
equal of 70% and 90% is shown in the SM (Figure S8). All images were recorded at ~105 K. For measurement 
parameters, please refer to the SM (Table S3). 

Upon increasing the Fe dose to 30%, we find the coexistence of the T-shape structure and tripods: Disordered 
tripods are observed at the edges of the T-shape islands, and some of the tripods are arranged in a pore-like manner 
(Figure 6d). Some areas on the surface already show the formation of larger tripod arrangements (Figure 6e,f), and 
occasionally islands with tripods arranged in a wagon wheel structure were found (Figure 6g–i). This wagon wheel 
structure displays mirror twin boundaries (shaded in blue in Figure 6h) that are formed during the growth process. 
A similar pattern has been reported for e.g., the self-assembly of 2,3-diaminophenazine on MoSe2 [26]. 

Increasing the Fe dose further (50%) progresses the process of tripod formation, and the STM images show 
the coexistence of ordered tripods and T-shape structures; see Figure 6j–l). The tripod structure unit cells are 
marked with white parallelograms. No more wagon wheel pattern was found. As we can only probe a small fraction 
of the surface, a determination of a tripod/T-shape ratio was not possible, and we also cannot exclude areas with 
wagon wheel patterns on the surface. The dose was further increased to 70% and 90% and again coexisting tripod 
and T-shape structures were observed; these data are shown in Figure S8 in the SM. Figure 6m–o shows again the 
full tripod layer after a Fe dose of 100% for comparison. 

Finally, we annealed a full tripod-covered surface to 400 K for 10 min (note that similar effects are already 
observed for annealing starting at 340 K). Figure 7 shows that this heating step leads to a significant decrease of 
the surface coverage (similar to Figure 2), which we attribute to desorption of 4,4-bipy after desintegration of a 
certain fraction of the tripods, since ordered tripod regions have disappeared from the surface. Instead of tripod 
islands, we observe the coexistence of islands consisting of hexagonal pores (indicated by red dots in Figure 7a) 
and T-shape islands (indicated with white dots). Both structures can connect through single 4,4-bipy arms of a 
tripod (Figure 7b, yellow tripod) interacting with terminating 4,4-bipy molecules on the edges of the T-shape island 
(indicated as green bars). In addition, tripods arranged in chains are observed (indicated by white arrows). These 
chains are composed of intact tripods, where each 4,4-bipy molecule is coordinated to one Fe-atom, but also of 
4,4-bipy molecules coordinated to two Fe atoms. The required additional Fe atoms stem from the desintegration 
of tripods, yielding three 4,4-bipy molecules per Fe atom, which then form the observed T-shape islands or desorb. 
The chains are thus considered as a transition structure toward the hexagonal pore structure, where each 4,4-bipy 
molecule is coordinated to two Fe atoms (see below). On a closer look at the chains, we observe that the protrusion 
in the position of the 4,4-bipy arm facing perpendicular to the chain directions, that is, the single-coordinated 4,4-
bipy molecules, appears broader than the protrusions in the direction of the chain (Figure 7c), that is, the doubly-
coordinated 4,4-bipy molecules. This observation indicates some mobility of this 4,4-bipy arm (blue arrows). Also, 
shifts in the image during the scan (yellow arrows) indicate the mobility of single 4,4-bipy molecules. 

Some surface areas even show extended periodic pore structures, as shown in Figure 8 (and Figure S3 in the 
SM) for a separately prepared sample. Notably, we have chosen a region on the surface where only the pore 
structure is seen, while on other regions the coexisting T-shape structure can be found, similar to Figure 7. This 
structure represents a 2D MOF with a regular hexagonal Kagome pattern [27], which is marked with a turquoise 
star in Figure 8a. The electronic and magnetic behavior of Kagome lattices on different substrates have been 
extensively studied [28–33]. However, as these properties are not the focus of our present work, we refrain from 
addressing them here. In Figure 8c, we have superimposed a scaled model of the Kagome pores, where hexagonally 
arranged Fe centers (reddish dots) are connected by single 4,4-bipy molecules through coordination to the N-atom 
of the pyridine rings on both sides (Figure 8c). This results in a hexagonal unit cell with unit cell vectors of equal 
length of 2.00 ± 0.15 nm. The corresponding FFT, along with the unit cell in reciprocal space, is displayed in 
Figure 8d. 
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Figure 7. STM images obtained after annealing an extended tripod layer (equal to 100% in Figure 6) to 400 K for 
10 min, which yielded an overall decrease of surface coverage; images were recorded at ~105 K. (a) 50 nm × 50 nm, 
(b) 20 nm × 20 nm, (c) 10 nm × 10 nm). The surface is covered by T-shape islands (white dots) and hexagonal 
pores (red dots). (b) shows a zoom-in at the edge of a T-shape island. Tripod chains are marked with white arrows. 
At the edges of the T-shape islands, uncoordinated 4,4-bipy molecules of the T-shape structure interact with the 
coordinated three-fold Fe coordinated structures (e.g., tripods, chains). This interaction is marked exemplary by 
green bars for the uncoordinated molecules and yellow tripod bars for the three-fold coordinated units. (c) shows a 
zoom-in on the chain structure. Mobile species (possibly tip-induced) are marked with yellow arrows. A scaled 
model for the chain structure is placed on the chain. Black dots mark the position of the Fe coordination center. 
Protrusion facing perpendicular to the chain direction appears broader (scaled molecule does also not fit in that 
position). This is due to the mobility of the 4,4-bipy arm. The mobility id marked by turquoise arrows. Surface 
crystal directions are marked with dark blue arrow next to the image label. For measurement parameters, please 
refer to the SM (Table S3). 
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Figure 8. STM images of the pore structure (Kagome lattice), obtained after annealing an extended tripod layer 
(equal to 100% in Figure 6) to 400 K for 10 min (same as in Figure 7), which yielded an overall decrease of surface 
coverage; images were recorded at ~105 K, in a region of local high surface coverage displaying only the pore 
structure. (a–c) STM measurements with image sizes of 20 nm × 20 nm, 10 nm × 10 nm, and 5 nm × 5 nm, 
respectively. The Au(111) substrate directions are indicated by blue arrows in the top left corners. In (a), the 
Kagome lattice that is marked by a turquoise star. In (c), the real space unit cell is shown as red square, and the 
scaled structure calculated by DFT for a free-standing layer (see text) is superimposed with reddish dots indicating 
the position of the Fe coordination center. (d) FFT of the STM image. (e) LEED pattern measured with a beam 
energy of 12 eV. (f) Schematic LEED pattern. In (d–f), the reciprocal unit cell is indicated as red square. For 
measurement parameters, please refer to the SM (Table S3). 
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In some cases, we could even obtain a well-defined hexagonal LEED pattern of the Kagome structure. An 
example is shown in Figure 8e (beam energy: 12 eV), along with the corresponding schematic pattern in Figure 8f, 
and in line with the FFT image. The reciprocal unit cell is shown in red in Figure 8d–f. 

We also performed DFT calculations of a free-standing pore structure (again neglecting the interaction with 
the substrate), in order to obtain some understanding on the energetics of the pore formation (see Figure S9a in the 
SM). The hexagonal structure is planar and has a lattice constant of 1.94 nm, which agrees very well with the value 
of 2.00 ± 0.15 nm determined from STM. The calculated structure is superimposed on the STM image in Figure 8c. 
The formation energy of the hexagonal pattern is 7.84 eV per unit cell (three 4,4-bipyridine and two Fe atoms) and 
2.61 eV per molecule; thus, the structure is thermodynamically very stable (see Table S1 in the SM). 

Inspection of the STM image in Figure 8 reveals that some of the pores are filled, Figure 8b. In some cases, 
the filling appears as six small protrusions or as a small ring inside the pore frame structure. We cannot 
unequivocally identify the species in the pore. However, since the pore is too small for six 4,4-bipy molecules, we 
speculate that the protrusions are due to one or several mobile molecules statistically adsorbed or rotating in the 
pore. Similar observations have been made for other systems [34,35]. 

3. Summary and Conclusions 

We observe coverage-dependent phase transformations of 4,4-bipy and Fe on Au(111), from pure phases to 
a surface MOF (2D MOF). Figure 9 shows an overview of the observed long-range-ordered periodic structures: 
(a) The T-shape structure TS, formed by the 4,4-bipy molecules without an Fe coordination; (b) the tripod structure 
T, formed by Fe centers (reddish dots) three-fold coordinated to 4,4-bipy via the N-atom of one pyridine group; 
(c) the Kagome pore K, which is a 2D MOF formed by hexagonally arranged Fe centers three-fold coordinated to 
4,4-bipy molecules through the N-atoms of both pyridine rings. The unit cells are marked in red. The unit cell 
parameters, the number of 4,4-bipy molecules (M) and Fe atoms per unit cell (in red), and the densities of 4,4-bipy 
(ρM) and Fe atoms (ρFe) are given on the bottom for each structure. 

Considering all structures, we find that the transformation between the structures depends solely on the 
availability of 4,4-bipy molecules (M), Fe atoms (Fe) and free surface area (Figure 10). Upon annealing, a full 
layer of tripods transforms into T-shape islands and Kagome pores (T → K + TS), with partial desorption of 4,4-
bipy molecules. Considering the number of 4,4-bipy and Fe per unit cell for each structure, we can formulate the 
following reaction equation: 

2 × (3M 1Fe) ↔ (3M 2Fe) + 3M   

This equation shows that the formation of one Kagome pore (3M 2Fe) requires two tripods (3M 1Fe), leaving 
an excess of three 4,4-bipy molecules (M). These excess molecules then form the T-shape structure (see Figure 7) 
or desorb. The M and Fe amounts of the different structures (unit cells) show clearly why a direct transformation 
from a full layer of tripods to only Kagome pores is not possible, and why a T-shape phase has to be formed 
together with the Kagome phase. The T-shape islands are not Fe-coordinated (and can/will desorb, depending on 
temperature). Adding more Fe to this system transforms the remaining T-shape islands into Kagome pores (TS → K) 
without an additional annealing step. Additionally, the overall coverage decreases. This indicates that the annealing 
step is only required to partially desorb the 4,4-bipy in order to create space for the Kagome pores, but not for the 
formation of the pore itself. Adding more 4,4-bipy to the Kagome pores transforms the pores back to the tripod 
structure (K → T), as a denser packing is required to incorporate the additional molecules. In the case of the 
Kagome pores coexisting with the T-shape structure, we also find a transformation to the tripods with additional 
4,4-bipy dosing (K + TS → T), but we cannot exclude remaining T-shape islands, as the formation of tripods from 
T-shape arrangements also depends on the availability of Fe on the surface. All three structures are formed with 
different Fe/4,4-bipy ratios (T-shape: 0/2, Tripods: 1/3, Kagome: 2/3), presenting different molecular densities on 
the substrate surface, but are all stable at RT. Reversible change between the structures is achieved only by 
providing or removing Fe or 4,4-bipy. The high arrangement reversibility is possible due to the weak molecule-
substrate interactions. 

A detailed theoretical exploration of the mechanism of the reversible transformation between the tripod 
structure and the Kagome structure is out of the scope of the present study, since it would need the explicit inclusion 
of the Au(111) surface and molecular dynamics simulations. However, analyzing the geometries and energetics of 
both structures, which both contain three molecules per unit cell, does provide some insight. One the one hand, 
the formation energy per 4,4-bipy molecule of the Kagome structure is larger than that of the tripod structure by a 
factor of 1.79 (2.613 vs. 1.460 eV—see Table S1). On the other hand, the 4,4-bipy density in the tripod structure 
is by a factor of 1.78 larger for the tripod structure (1.54 vs. 0.87 molecules/nm2—see Figure 9). Thus, these two 



Gezmis et al.   Adv. Charact. 2026, 1(1), 40–58  

  53  

effects nearly cancel out, which makes the easy reversible transformation of the two structures by changing the 
4,4-bipy coverage understandable. 

 

Figure 9. Overview of the STM images (5 nm× 5 nm): (a) T-shape structure; (b) tripod structure; (c) Kagome 
pores; the unit cells are indicated in red. (Bottom) Structural parameters of the observed periodic structures. a: 
length of the unit cell vectors; γ: angle of the unit cell; M and Fe: number of the 4,4-bipy molecules and Fe atoms, 
respectively, per unit cell (in red), ρ(M) and ρ(Fe): density of the 4,4-bipy molecules and Fe atoms, respectively. 
For measurement parameters, please refer to the SM (Table S3). 

 

Figure 10. Schematic illustration with exemplary STM images (20 nm × 20 nm) of the observed phase transformation. 
After annealing a surface covered with an ordered tripod structure to 340–400 K for 10 min, we observe the 
transformation to a Kagome pore and T-shape structures (T → K+TS). Note that this process is accompanied by an 
overall loss in surface coverage, which creates space for the pore formation. Adding more Fe to this system at RT 
transforms the remaining T-shape structure into Kagome pores (TS → K). No additional heating is required, as the 
previous annealing step created the required surface area for the Kagome pores. Both the mixed (Kagome + T-
shape) and the pure Kagome structures transform back to the ordered Tripod layer when more 4,4-bipy is added to 
the system (K+TS → T and K → T, respectively). For each structure, the ratio of 4,4-bipy molecules (M) to Fe 
atoms is given in red. For measurement parameters, please refer to the SM (Table S3). 
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4. Experimental 

All STM and AFM experiments were performed in the constant current mode in a two chamber Scienta 
Omicron VT-AFM-Q+-Xa instrument. The base pressure of the UHV system was <1.0 × 10−10 mbar. The STM 
images were recorded using a W-tip at bias voltages −0.8 to −1.4 V (applied to the tip). The nc-AFM images were 
obtained in non-contact mode with silicon cantilevers, and the applied frequency shifts Δf in the employed 
experimental conditions ranged from −500 to −600 Hz vs. the cantilever’s resonance frequency, which is typically 
around 270 to 300 kHz. A bias voltage of −0.60 V to −1.4 V was applied to the AFM tip for better resolution. The 
Au(111) crystal was obtained from MaTeck and cleaned via cycles of Ar+ ion sputtering and annealing to ~900 K. 
The 4,4-bipyridine was purchased from Sigma-Aldrich Co. (Grade: 98%). 4,4-bipy was deposited using a home-
built, water-cooled effusion cell. The effusion cell can be separated from the main chamber with a gate valve and 
it can be separately pumped via a turbopump (with a second gate valve). Thus, it can be refilled without breaking 
the vacuum in the main chamber. Due to its high vapor pressure, 4,4-bipy evaporates under UHV conditions at 
RT. When the effusion cell was not used, both valves are closed and an equilibrium vapor pressure builds up in 
the effusion cell chamber. For dosing, the valve to the turbo pump was opened for a short time (10 s) to pump out 
4,4-bipy and possible contamination from the effusion cell chamber. Thereafter, the valve to the main chamber 
was opened, and the evaporating 4,4-bipy was dosed onto the sample via resulting the chamber background 
pressure of 4.0 × 10−5 for 5 min. While the evaporator was typically at RT, at low evaporator filling mild heating 
was necessary to increase the vapor pressure. While this procedure allowed us to prepare well-defined and clean 
(as judged from STM) 4,4-bipy layers, controlling the exact dose was a challenge. After dosing, the samples were 
left at RT overnight after 4,4-bipy evaporation to desorb second layer species. 

Fe was evaporated using a 3-fold metal evaporator from Specs using a flux current of 1.0 nA. During 4,4-
bipy and Fe evaporation the sample was always at RT (~ 300 K). The samples were cooled down to ~105 K for 
the STM and nc-AFM measurements. The STM images were processed using the Gwyddion software [36]. Each 
image was background subtracted and moderately 2D filtered. The unit cells were determined using the Gwyddion 
“measure lattice” feature and by measuring distances in the WSxM [37] software. A drift correction according to 
Rahe et al. [38] was applied to selected images using the Corel Draw software. The LEED images were recorded 
using a 4-grid SPECTALEED from Scienta Omicron with a LaB6 Filament. The LEED pattern simulations were 
obtained using the ProLEED software [39]. 

Supplementary Materials 

The additional data and information can be downloaded at: https://media.sciltp.com/articles/others/2605251129021180/ 
AC-26030207-SM.pdf. Figure S1. Saturated 4,4-bipy monolayer on Au(111), deposited at RT and cooled down to ~105 K for the 
measurements. Comparison of STM (a,b) and nc-AFM (c,d) images with sizes of 50 nm × 50 nm (top) and 20 nm × 20 nm (bottom), 
displaying a well-ordered quadratic lattice with two perpendicularly oriented molecules in a T-shape arrangement per unit cell; for 
details see manuscript. The STM data are from the same sample as those in Figure 1 in the manuscript. Measurement parameters are 
provided in Table S3. Figure S2. Tripod structure on Au(111), obtained after Fe deposition (~0.037 ML, equals ~0.51 Fe/nm2) 
onto a saturated 4,4-bipy monolayer on Au(111) at RT, and cooling down to ~105 K. Comparison of STM (a,b) and nc-AFM 
(c,d) images with sizes of 50 nm × 50 nm (top) and 20 nm × 10 nm (bottom), displaying a well-ordered hexagonal lattice of 
triangular protrusions, which are assigned to tripods formed by three molecules coordinated by a central Fe atom; for details see 
manuscript. The STM data are from the sample as those in Figure 5 in the manuscript. Measurement parameters are provided in 
Table S3. Figure S3. Hexagonal pore structure (Kagome lattice) on Au(111), obtained after annealing an extended tripod layer to 
400 K for 10 min and cooling down to ~105 K, in a region of local high surface coverage displaying only the pore structure. 
Comparison of STM (a,b) and nc-AFM (c,d) images with sizes of 50 nm × 50 nm (top) and 20 nm × 20 nm (bottom); for details see 
manuscript. The STM data are from the same sample as those in Figure 8 in the manuscript. Measurement parameters are provided in 
Table S3. Figure S4. Exemplary STM images (left: 50 nm × 50 nm, right: 20 nm × 20 nm) showing coexisting domains with 
different orientations of the T-shape structure formed by 4,4-bipy on Au(111). The Au(111) substrate directions are indicated 
by blue arrows in the top right corners. Measurement parameters are provided in Table S3. Figure S5. LEED patterns recorded 
of a saturated 4,4-bipy film on Au(111) arranged in a T-shape pattern at different beam energies (given in top right corner of 
each image). Figure S6. LEED pattern of a T-shape 4,4-bipy monolayer on Au(111) recorded at a beam energy of 17 eV (left). 
Simulated LEED pattern in shown on the right. TOP: Quadratic pattern of one domain is marked by a red grid in both the 
LEED and the simulated pattern. Reflexes are numbered in the grid for the simulated pattern (XY). Due to the mirror glide 
plane symmetry of the T-shape structure the 10 and 01 diffraction spots are not visible. Therefore, all spots on the green circle 
are not seen in the diffraction pattern. A total of 6 domains gives then the resulting diffraction pattern shown again for 
comparison (bottom) A single exemplary unit cell is marked with a red square in both the LEED (left) and simulated pattern 
(right). Figure S7. LEED pattern of the clean Au(111) recorded at a beam energy of 50 eV. The herringbone reconstruction leads to a 

https://media.sciltp.com/articles/others/2605251129021180/AC-26030207-SM.pdf
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splitting of the spots. Notably, at this beam energy the adsorbate superstructure spots are too weak to be seen. Figure S8. STM images 
of a 4,4-bipy monolayer after adding different doses of Fe at RT. An Fe dose of 100% (m–o; 300 sec Fe evaporation, Iflux = 1.0 nA) 
equals ~0.037 ML or ~0.51 Fe/nm2. The image sizes decrease (left to right) from 50 nm × 50 nm to 20 nm × 20 nm, and  
10 nm × 10 nm. (a–c) 10% (30 s Fe): Fe-induced defect sites are marked with white arrows, first tripods with yellow tripod 
bars. (d–i) 30% (90 sec Fe): the upper panel shows a region with disordered tripods at the edges of the T-shape structure, and 
tripods partially arranging in a pore-like orientation (note that these pores are different from the hexagonal pores in Figure 4); 
the lower panel shows a region of tripods in a wagon wheel structure, with mirror twin boundaries marked in blue (h). (j–l) 
50% (150 s Fe): Coexistence of ordered tripod and T-shape structures, and disordered tripods (k, top left). The tripod unit cell 
is marked in white. (u–w) 70% (210 s Fe): overall very similar to 50%. (x-z) 90% (270 s Fe): already very similar to 100%. (m–l) 
100% Fe dose (see above). The tripod unit cell is marked in white. Images (a–l) were recorded on one sample by successively 
adding Fe, while (m–o) were recorded on different samples. The Au(111) substrate directions are indicated by blue arrows in 
the top right corners. All images were recorded at ~105 K. For measurement parameters, please refer to Table S3. Figure S9. 
Optimized geometries of the (a) hexagonal pattern; (b) the tripod pattern with a rotation angle of 0°; and (c) the square pattern. 
Figure S10. Optimized geometry of the long-pore pattern. Shown are the geometries of (a) the empty pore and (b) the pore 
filled with three 4,4-bipyridine molecules. Views from the lower edge of the unit cell along the y axis are shown in (c) 
(perspective parallel to the x-y plane) and (d) (perspective 20° towards the x-y plane). Views from the left edge of the unit cell 
along the x axis are shown in (e) (perspective parallel to the x-y plane) and (f) (perspective 20° towards the x-y plane).  
Figure S11. Optimized geometry of the long-pore pattern. Shown are the geometries of (a) the empty pore and (b) the pore 
filled with twelve 4,4-bipyridine molecules (b). Views from the lower edge of the unit cell along the y axis are shown in (c) 
(perspective parallel to the x-y plane) and (d) (perspective 20° towards the x-y plane). Views from the left edge of the unit cell 
along the x axis are shown in (e) (perspective parallel to the x-y plane) and (f) (perspective 20° towards the x-y plane).  
Table S1. Absolute and relative DFT energies of the optimized structures. The per molecule energies always refer to the relative 
formation energies of the structures per 4,4-bipyridine units, irrespective of the number of Fe atoms in the structures. Table S2. 
Absolute and relative energies of the tripod structure for different rotations of the tripods with respect to the unit cell. The unit 
cell shapes were open for optimization as well, but led to geometries very close to hexagonal in all cases. The systems are 
named according to the initial rotation angles of the tripods. Table S3. Preparation and measurement details of shown STM 
images. Tevap: temperature of the sample during the 4,4-bipy evaporation, Tmax: highest temperature the sample has experienced 
during the time of the scan (indicated the last annealing process), Tmeas: temperature at which the image was recorded. For 
STM, the tunneling current (IT), and for AFM, the frequency shift (Df) is given. For images not labeled as (a), (b), (c), etc. the 
following identification markers are used: t = top, m= middle, b = bottom, r = right, l = left. Post-measurement corrections such 
as drift correction or cutting of the originally measured STM image are labeled in the “Note-column”. References [40–45] are 
cited in supplementary materials. 
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