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Abstract 

The interplay between the molecular shape and the intermolecular interaction plays a decisive 

role in self-assembled structures. Recently, inherent randomness of low ordered assemblies, 

resulting from lack of short- and long-range periodicities, has attracted significant attention due 

to the unique structural, electronic, and mechanical properties. Here, we present procrystalline 

self-assemblies of pentaphenyl cyclopentadienyl derivatives on Ag(111) and Au(111) with 

scanning tunneling microscopy, operating at 4.3 K under ultra-high vacuum conditions. Two 
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examples, using five-fold symmetric molecules substituted with methyl or fluorine groups, 

show that weak interactions, such as π-π stacking, CH-π interactions, and CH···F hydrogen 

bonding, play a pivotal role in formation of the procrystalline assembly. Our results may give 

insights into the intricate relationship between the molecular shape and the intermolecular 

interaction in the formation of non-crystalline assemblies. 

 

Keywords: Scanning tunneling microscopy, cyclopentadienyl derivatives, procrystalline, self-

assembly, five-fold symmetric molecules 
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Introduction 

Self-assembly stands as an important phenomenon in chemistry and materials science,1 

where molecules as building blocks spontaneously arrange themselves into ordered structures 

by non-covalent interactions, such as dipole-dipole interaction,2 hydrogen bonding,3-5 van der 

Waals forces,6 and π-π stacking.7,8 Scanning Tunneling Microscopy (STM) is a powerful 

technique to visualize self-assembled structures with exceptional resolution, down to the atomic 

scale. By scanning the tip on surface while controlling the tip-sample distance with a given 

tunneling current between a sharp metal tip and a sample, individual atoms and molecules on 

surface are routinely resolved in STM topographies. This capability also facilitates direct 

observation and characterization of self-assembled monolayers, metal organic frameworks, and 

covalent organic frameworks.9-14 A number of studies on self-assemblies with STM have 

resulted in important discoveries, which elucidate the fundamental principles governing 

molecular organization at the nanoscale. Researchers, leveraging this approach to explore the 

dynamics of self-assembly processes, have investigated the influence of external factors,15-17 

and engineered complex nanostructures with tailored properties and functionalities in different 

environments.18-20 

Contemporary research in molecular self-assembly is predominantly focused on the design 

and fabrication of crystalline materials, driven by the short- and long-range periodicities as well 

as crystal symmetry. The characteristics govern a diverse array of correlated properties, 

including electronic states, magnetic order, piezoelectricity, and ferroelasticity.21-23 Recent 

attention has also been drawn towards disordered states, which possess the potential to exhibit 

advanced functionalities arising from inherent randomness.24,25 Quasi-crystals represent a 

captivating class of non-crystalline structures characterized by a long-range order but lacking a 

periodicity of traditional crystals, resulting in distinctive structural properties.26,27 Assisted by 

STM, numerous quasi-crystals have been synthesized, shedding light on the growth 
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mechanisms.28,29 Similarly, procrystalline structures also constitute a prevalent type of non-

crystalline assembly, where building blocks are arranged periodically but with random 

orientation, indicating the absence of translational periodicity.30 At the heart of these non-

crystalline structures is the design of the building blocks, a critical aspect enabling precise 

manipulation of symmetry, domain size, and electronic properties during the self-assembly 

process. For example, pentagon building blocks, with the inherent five-fold symmetry, present 

an ideal candidate for inducing incompatibility with translational symmetry.31-33 Therefore, a 

deep understanding of the intricate relationship between building blocks and procrystalline 

structures is crucial for advancing our knowledge of materials science and exploiting novel 

structures for technological applications. 

Here, we employ pentaphenyl cyclopentadienyl (Cp) derivatives (Scheme 1) to 

investigate formation of non-crystalline molecular assemblies with five-fold symmetric 

building blocks. Methyl and fluoro groups were introduced at the m-position to study how the 

functional groups affect the molecular assemblies on Au(111) and Ag(111) surfaces at low 

temperature with STM. Both molecules form procrystalline structures, in which each unit is 

periodically positioned but randomly oriented, underscoring the significance of pentagon 

building blocks in the non-crystalline assembly process. The weak intermolecular interaction 

may afford greater freedom, allowing for structural disorder. 

 

Result and discussion 

Synthesis of the Cp derivatives 

Two meta-substituted Cp were synthesized in two steps from commercially available 

tetraphenylcyclopentadienone. First, the addition of the m-lithiotoluene or the m-

lithioflurobenzene on the tetraphenylcyclopentadienone gave the corresponding 

cyclopentadienol which was converted to its brominated analog by reaction with hydrobromic 
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acid in acetic acid. The methyl and fluoro-functionalized Cp were obtained with an overall yield 

of 35 % and 32 %, respectively (see Supplementary Information for more details and 

characterization). The brominated Cp were obtained as a mixture of three regioisomers due to 

a unimolecular nucleophilic substitution (SN1) mechanism,34,35 however, the three regioisomers 

can be converted into the same radical species during sublimation by cleaving the C-Br bonds 

(Scheme 1) like it has been shown on a molecule with a common bromocyclopentadiene sub-

unit. 36 

 

Scheme 1. Chemical structures of Cp derivatives functionalized with R = Me (5-Me) and F (5-

F). The brominated precursor is a mixture of three regioisomers. During sublimation, the 

debromination takes place and subsequently the radical is stabilized by connecting to the metal 

substrate. 

 

STM observation of 5-Me 

5-Me was deposited on a clean Au(111) surface kept at room temperature (Figure 1a). 

We found that single molecules adsorbed at the hcp elbow sites as indicated by white arrows 

and extended molecular islands formed along the fcc sites. Figure 1b shows a close-up view of 

a single molecule, in which five dots are seen. The apparent highest dot likely corresponds to 

the methyl-functionalized phenyl group. We extracted the characteristic shape composed of one 

large and two small dots as described in Figure 1c for analysis of the self-assembly. Figure 1d 

shows the calculated structure of a single 5-Me on Au(111), where the methyl-functionalized 

phenyl group is in a tilted configuration. The adjacent two non-functionalized phenyl groups 

lie flat on the surface, while the remaining two phenyl groups are also tilted. At the fcc site, 
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several triangular shaped structures were observed. The characterization of the simulated STM 

image (Figure S1a) based on the optimized structure shows good agreement with the 

experimental results. To investigate the self-assembly, a close-up view of the STM topography 

was taken (Figure 1e). We found that the structure was composed of three molecules with the 

methyl functionalized phenyl groups positioned at the corners of the triangular cluster. Similar 

to a single molecule adsorbed at the elbow site, two dots were observed among the ternary 

molecules, attributed to the tilting phenyl groups. For clarity in analyzing the self-assembled 

structure, the molecules are labeled as I-III. By superimposing the optimized structural model 

of 5-Me onto the STM image of this trimer (Figure S2a), it was identified that Molecule I and 

Molecule III are condensed via π-π stacking, while CH-π interactions exist between Molecule 

I and Molecule II, as well as between Molecule II and Molecule III. These two types of 

interactions induce the asymmetric self-assembled structure. Conversely, the symmetrical 

trimer is formed by three sets of π-π stacking between the units (Figure S2b), resulting in a 

chiral structure (Figure 1f). Another trimer with a different chirality was also observed (Figure 

S3). In addition to the three-molecule clusters, tetramer clusters were found, with methyl-

substituted phenyl groups positioned at each corner of the rhombus. The positions of the tilting 

phenyl groups in the tetramer are consistent with those in the asymmetric trimer. The 

superimposed structural model (Figure S2c) indicates that an additional 5-Me, marked by an 

arrow in Figure 1g, contacts the edge of the trimer via CH-π interactions. Figures 1h-j provide 

the schematic illustration of these three structures, which are fundamental components of the 

extended self-assembled molecular island. Upon analyzing the close-packed self-assembled 

island (Figure 1k), it was determined that the molecular island comprises trimer and tetramer 

clusters, denoted by red and green triangles and blue rhombuses, respectively. Despite the 

condensation of molecules, no regular structure was observed, as shown in the FFT image (inset 

of Figure 1k). Several molecules displayed a star-shaped conformation, indicated by black 
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circles. The corrugation amplitude of these star-shaped molecules was smaller than that of the 

basic three molecular clusters, suggesting that all five phenyl groups of the star-shaped 

molecule lie on the surface with the same tilt angle. No periodic adsorption of the planar 

molecules was observed. The low order of the molecular film is attributed to the presence of 

different adsorption geometries of molecules, resulting from the relatively weak van der Waals 

interactions between the methyl functionalized phenyl groups. Therefore, this structure can be 

regarded as long-range disordered and short-range ordered self-assembly. Notably, the 

formation of the molecular film extended the area of the fcc site, where the herringbone 

reconstruction was absent (Figure S4). We deduce that the chemical bonds of the Cp to the 

substrate gold atoms were responsible for the modulation of the herringbone structure.37 At the 

same time, since the intermolecular interaction is relatively weak, the corrugated herringbone 

reconstruction also prevents the extension of the self-assembled structure. 

 
Figure 1. Self-assembled structures of 5-Me on the Au(111) surface. (a) Large-scale STM 

topography of the self-assembled structure of 5-Me. (b) Close-up view of the monomer and (c) 

the corresponding schematic illustration of the characteristic shape. (d) Optimized structure of 

5-Me on Au(111) with the DFT. The carbon, hydrogen, and gold atoms are represented by gray, 
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white, and yellow spheres, respectively. (e-g) Close-up views of the asymmetric trimer, 

symmetric trimer, and tetramer, respectively. (h-j) Corresponding schematic illustrations of the 

asymmetric trimer, symmetric trimer, and tetramer, respectively. (k) Close-packed molecular 

island. Green and red triangle represent asymmetric and symmetric trimers, and circles 

represent monomers, and blue rhombuses represent tetramers. Inset shows the 2D-FFT image 

of the close-packed structure. Scanning parameter: V = 0.2 V and I = 10 pA. 

 

In order to obtain an extended self-assembly, we deposited 5-Me molecules on a clean 

Ag(111) surface (Figure 2a). We found a large molecular island on the surface (Figure S5). The 

corresponding FFT image shows distinct spots, which arose from the square lattice observed in 

the STM topography. The formation of the square lattice may be induced by the close packing 

of rhombus clusters, facilitated by the relatively weak interaction between each unit. To 

visualize the pore sites, we conducted image thresholding of Figure 2a with the threshold of Z 

= 52 pm and subsequently reversed the contrast. The square periodicity became more evident 

in the corresponding image thresholding (Figure 2b). In contrast, the spots in the 2D-FFT image 

relate to only the position of the molecules and so that the orientational correlation of the 

molecule cannot be analyzed. Upon a closer inspection of the STM image (Figure 2c), it became 

evident that the orientation of the units is random as indicated by the superimposed schematic 

illustration of each molecule. This result indicates the presence of a procrystalline structure 

rather than a crystalline one, in which the units are positioned periodically but undergo 

orientational randomly.30 
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Figure 2. Self-assembled structure of 5-Me on Ag(111). (a) Large scale STM image of the 

self-assembled structure of 5-Me. Inset: Corresponding 2D-FFT image. (b) Extracted cavities 

with thresholding from (a). (c) Close-up STM image of the self-assembled structure 

superimposed with schematic illustration of monomer. Scanning parameter: V = 0.2 V and I = 

10 pA. 

 

 

STM observation of 5-F 

Next, we investigated the influence of the strength of intermolecular interaction on the 

non-crystalline structure. We examined the self-assembly behavior of 5-F, which could 

facilitate greater intermolecular interactions through the additional CH‧‧‧F hydrogen bonding.38-

40 Upon depositing 0.7 monolayer of 5-F on Au(111) kept at room temperature, we obtained a 

mixed film consisting of two distinct phases (Figure 3a). In both phases, no significant 

corrugation, relating to the herringbone structure, was seen. It is obvious that Phase I was 

composed of star-shaped molecules, while Phase II comprised a mixture of star-shaped and V-

shaped molecules. A closer look at the star-shaped molecule shows one bright lobe and four 

dark lobes, corresponding to the F-functionalized and non-functionalized phenyl groups, 

respectively (Figure 3b). For a detailed analysis of the film structure, we extracted characteristic 

shapes of the dominated molecule as showing the star-shaped illustration in Figures 3c. In the 

V-shaped molecule, only two dark dots appeared alongside one bright dot (F-functionalized 
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phenyl group). This conformation is similar to that of 5-Me on the Au(111) surface, where the 

adjacent two phenyl groups to the F-functionalized phenyl group lie flat on the surface, while 

the last two are slightly tilted due to steric hindrance. The geometry optimization of 5-F, 

performed using DFT and shown in Figure 3d, indicates a flatter geometry compared to 5-Me. 

The corresponding simulated STM image (Figure S1b) indicates that the brightest part is related 

to the F-functionalized phenyl group. This result is consistent with the predominantly flat 

structure observed in the STM images in Figures 3e and 3f. Closer inspection of Phase I (Figure 

3e) reveals long-range orderliness, supported by the periodicity shown in the corresponding 

2D-FFT image (inset in Figure 3e). However, similar to the situation observed with 5-Me on 

Ag(111), the superposed schematic illustration of molecules in the close-up view STM image 

shows random orientation, indicating no translational periodicity.30 Thus, Phase I can also be 

regarded as the procrystalline structure. Regarding Phase II, the close-up view STM image 

shows randomness of the positions and the orientation of the star-shaped and V-shaped 

molecules in the film (Figure 3f). The corresponding 2D-FFT image shows weak six spots in 

the FFT image, which relates to the three-fold position of the molecule. Thus, Phase II also 

corresponds to the procrystalline structure. Unlike the self-assembly of 5-Me on Au(111), 5-F 

prefers to self-assemble into island structures, with rare clusters observed (Figure S6). This 

behavior is attributed to the stronger intermolecular interactions, specifically CH‧‧‧F hydrogen 

bonding (Figure S7). We also annealed the film to investigate the potential phase transformation 

of such spatial molecule.41 After annealing the film at 100 °C, two new phases were observed, 

as shown in Figure S8a. Close-up STM images (Figures S8b and S8c) of these phases reveal 

that both are composed of V-shaped molecules, with no star-shaped molecules present. This 

indicates that the star-shaped molecules transformed into V-shaped molecules upon annealing. 

Additionally, the inset FFT demonstrates that phase III exhibits an ordered structure, whereas 

phase IV is disordered. 
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Figure 3. Self-assembled structure of 5-F on the Au(111) surface displaying two distinct 

phases. (a) Large scale STM image of the self-assembled structure of 5-F. (b) Close-up view 

of star-shaped monomers of 5-F and (c) the corresponding schematic illustration. (d) The 

optimized structure of 5-F on Au(111). The carbon, hydrogen, fluoride and gold atoms are 

represented by gray, white, purple, and yellow spheres, respectively. (e,f) Close-up views of 

both phases overlaid with schematic illustrations of monomers, revealing the periodic 

positioning but permuted orientation of phase I and the randomness of phase II. Insets show 

corresponding 2D-FFT images. Scanning parameter: V = 0.2 V and I = 10 pA. 

 

To investigate the influence of substrate, we also deposited 5-F molecules onto Ag(111). 

In contrast to the case of 5-F adsorbed on Au(111), only one type of self-assembled structure 

was formed, exhibiting different chirality (Figures 4a and 4b). The chirality was readily 

identified by observing the cavity shapes outlined by red and blue contours in Figures 4a and 

4b, respectively. The corresponding 2D-FFT image displays bright spots indicative of a six-

fold symmetry, suggesting a hexagonal lattice structure for the film—a characteristic of 
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crystalline structures. Upon closer examination of this film (Figure 4c), the motif was identified 

as a trimer (red triangles in Figure 4c) which composed of three V-shaped monomers. However, 

in this case, the V-shaped molecule was composed of two-bright dots and one dark dot instead 

of one bright dot and two dark dots. This may be attributed to the enhanced interaction between 

the F atom and the Ag(111) surface, which results in the orientation of the F-functionalized 

group directed towards the surface. Consequently, the F-functionalized phenyl group appears 

darker. The superposed schematic illustration of the molecules in Figure 4c reveals translational 

periodicity in the film structure, thus suggesting a crystalline arrangement in this case. This 

may result from the stronger intermolecular interactions of CH‧‧‧F hydrogen bonding between 

the units on Ag(111). 

 
Figure 4. Self-assembled structure of 5-F on the Ag(111) surface. (a,b) Large scale STM 

images of the self-assembled structure of 5-F with different chirality, with cavities filled with 

red and blue contours to indicate their chirality. Insets show the corresponding 2D-FFT image. 

(c) Close-up view STM image of the self-assembled structure superimposed by the schematic 

illustration of monomer, revealing triangular units. Scanning parameter: V = 0.2 V and I = 10 

pA. 

 

Conclusion 

In summary, we synthesized two procrystalline structures through rational design of 

precursor molecules on Au(111) and Ag(111) surfaces. Comparing the distinct behaviors of 5-
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Me and 5-F on different surfaces, we observed significant influences of both the functional 

group and substrate on the self-assembly process. Notably, weak interactions such as π-π and 

CH-π interactions between the building blocks are likely to play a key role in the formation of 

procrystalline structures, while the stronger interactions such as CH‧‧‧F hydrogen bonding are 

more likely to form crystalline structures. These findings offer insights into the intricate 

relationship between building blocks and non-crystalline assemblies, potentially paving the way 

for the development of disordered states with advanced functionalities. 

 

 

Methods 

STM experiments: In this work, a homemade low-temperature scanning tunneling microscope 

(STM) was employed under ultrahigh vacuum conditions (P < 5×10-10 mbar) and a low 

temperature of 4.3 K. The Au(111) substrate was cleaned through multiple cycles of sputtering 

with Ar+ ions and annealing at 700 K for 15 minutes. Temperature monitoring was conducted 

using a combination of a pyrometer and a thermocouple. The precursors of 5-Me and 5-F were 

synthesized in solution (the details are shown in SI) and subsequently deposited onto the 

surfaces maintained at room temperature using a standard Knudsen cell (Kentax GmbH). The 

acquired data were processed using WSxM software. 

 

DFT calculation. 

To confirm the experimentally proposed structure of 5-Me and 5-F, theoretical calculations 

with density functional theory (DFT) have been performed. 5-Me and 5-F adsorbed on Au(111) 

surface were modeled with the periodically repeated slabs. The Au surface was constructed 

from the face-centered cubic Au bulk structure, where an experimental lattice constant of 4.078 

Å was used.42 From this bulk structure, the 8×8×3 supercell was made to form the Au(111) 
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surface, which contains 256 Au atoms. The bottom two Au layers were fixed during the 

calculations, while other parts were fully relaxed. Prior to the geometry optimization, the 

molecular dynamics (MD) calculations were performed to sufficiently explore the 

configuration space. The MD simulation was done for 1 ps, with 0.5 fs taken as the timestep. 

The NVT ensemble with T = 100 ± 10 K was used, where the Nose-Hoover thermostat was used 

to control the temperature. After the MD calculation, the geometry optimization was carried 

out. For the electronic structure calculation, the Gaussian plane wave (GPW) method was used. 

As the exchange-correlation functional, the Perdew-Burke-Ernzerhof (PBE) plus Grimme's D3 

method was used.43,44 The plane wave energy cutoff was set to 280 Rydberg, and the reciprocal 

space integration was done with a single k-point placed at gamma. To alleviate the artificial 

interaction between slabs, a vacuum layer of 10 Å thickness was placed between slabs. The 

thresholds for the electronic structure calculation and geometry optimization were set to 

1.0×10−5 and 1.0×10−4 in energy (Hartree) and force (Hartree/Bohr), respectively. The core 

electrons were represented by the Gödecker-Teter-Hutter (GTH) pseudopotentials, and the 

valence electrons were represented by the MOLOPT basis set at double-zeta plus polarization 

level (DZVP-MOLOPT-SR-GTH).45 Spin polarization was considered throughout, and the 

double spin state was used for both 5-Me and 5-F. All the calculations were done with CP2K 

(version 2024.1) software.46 The visualization was done with the VESTA software.47 The 

simulation of STM images were performed by Multiwfn software.48  
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Supplementary Informations 

 

I. Experimental section  

I.1. General synthetic methods 
All commercially available chemicals were of reagent grade and were used without 

further purification. Acetic acid, chloroform, sodium chloride, sodium hydroxide, sodium 

sulfate, sodium hydrogenocarbonate, were purchased from FUJIFILM Wako Pure Chemical 

Corporation. Ammonium chloride, dichloromethane, ethylacetate, were purchased from 

Nacalaitesque. 3-Bromofluorobenzene, 3-bromotoluene, hydrogen bromide (30% in acetic 

acid), n-buthyllithium (ca. 15% in hexane) and tetraphenylcyclopentadienone (2) were 

purchased from TCI. Column chromatography was carried out on Wakosil® 60. Thin layer 

chromatography (TLC) was performed on TLC silica gel 60 F254 plates (Merck) with 

visualization by using ultraviolet irradiation (λ = 254, 365 nm). 1H and 13C NMR spectra were 

recorded on JEOL FT-NMR JNM-ECX400P and JEOL FT-NMR JNM-ECX500 spectrometers. 

Residual solvent signals were used as internal reference for 1H and 13C NMR. Chemical shifts 

(δ) are reported in ppm. Coupling constants (J) are given in Hz and the following abbreviations 

have been used to describe the signals: singlet (s); broad singlet (br. s); doublet (d); triplet (t); 

quadruplet (q); quintuplet (quint); multiplet (m). High-resolution mass spectra (HRMS) were 

performed with a Waters GCT Premier spectrometer for desorption chemical ionization 

(DCI/CH4), with a Waters Xevo G2 QTOF spectrometer for electrospray ionization (ESI), and 

with a Waters MALDI micro MX spectrometer for matrix-assisted laser desorption ionization 

(MALDI) (matrix: trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malono-nitrile 

DTCB). 

I.2. Synthesis of the compounds 
 

 

 

a. 2,3,4,5-Tetraphenyl-1-(m-tolyl) cyclopenta-2,4-dien-1-ol (3-Me): 

1-Me : R = Me
1-F : R = F

+

O
R

Br
nBuLi
THF

OH

2 3-Me : R = Me
3-F : R = F

61%
48%

HBr
AcOH

Br Br

4-Me : R = Me
4-F : R = F

58%
67%

+ +

R R
Br

R

R

as a mixture of 3 regioisomers
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In a flame dried two-necked round bottom flask equipped with a stir bar, 3-bromotoluene 1-

Me (383 μl, 3 mmol, 1.5 eq.) was added under N2 at RT. Anhydrous THF (7.5 ml) was added 

and cooled down to -78°C and then, a 1.6 M solution of n-buthyllithium in n-hexane (1.3 ml, 2 

mmol, 1 eq.) was added dropwise. The suspension was stirred for 30 minutes at -78 ℃ and a 

degassed solution of 2,3,4,5-tetraphenylcyclopenta-2,4-dienone 2 (769 mg, 2 mmol, 1 eq.) in 

anhydrous THF (23 ml) was added dropwise. The reaction was stirred 2h at -78°C before being 

neutralized by a saturated NH4Cl aqueous solution (ca. 30 ml). After extraction with Et2O, the 

combined organic phase was washed three times with water and once with brine. The organic 

solution was dried over Na2SO4, filtered and evaporated. The crude product was purified by 

silica gel column chromatography using n-hexane/CH2Cl2 (5/2 to 2/1) as eluant to afford 3-Me 

(590 mg, 61%). 1H NMR (CDCl3, 400 MHz, 293 K) δ (ppm): 7.33-7.19 (m, 2H), 6.85-7.10 (m, 7H), 

6.96-7.06 (m, 14H), 2.43 (s, 1H), 2.27 (s, 3H, CH3); 13C NMR (CDCl3, 100 MHz, 293 K) δ (ppm): 

148.0, 142.5, 140.1, 135.2, 134.0, 131.2, 130.0, 129.6, 128.6, 128.4, 127.8, 127.1, 127.0, 122.2, 

21.9(CH3); HR-MS (positive, ESI): Calcd for [C36H28O]+: 476.2140 Found: 476.2138 

 

b. [5-Bromo-1,2,3,4-tetraphenyl-5-(m-tolyl)]-cyclopenta-1,3-diene (4-Me) 

3-Me (80 mg, 0.17 mmol, 1 eq.) and AcOH (3.1 ml) was added to the two-necked round bottom 

flask equipped with a stir bar and a reflux condenser. After heating to 60°C, 30 % HBr in AcOH 

(860 μl, 64%) was added dropwise. After cooling down to RT, water was added and the 

solution was neutralized with aqueous Na2CO3. The precipitate was filtered out and washed 

with water. The crude product was purified by silica gel column chromatography using n-

hexane/CH2Cl2(5/1) as eluant to afford 4-Me as a yellow solid composed of a mixture of three 

regioisomers in a 1:1.5:1.5 ratio (53 mg, 58%). 1H NMR (CDCl3, 400 MHz, 293 K) δ (ppm): 7.46-

7.49 (m, 7H), 7.22-7.25 (m, 10H), 6.88-7.16 (m, 82H), 6.71-6.77 (m, 7H), 2.26 (s, 3H, CH3), 2.10 

(s, 5.0H, CH3), 2.06 (s, 4.5H, CH3); 13C NMR (CDCl3, 100 MHz, 293 K) δ (ppm): 148.5, 148.4, 

148.3, 148.2, 148.0, 142.0, 142.0, 141.8, 141.7, 138.0, 137.3, 137.0, 136.8, 136.0, 135.7, 135.6, 

134.9, 134.8, 134.6, 134.3, 134.0, 131.2, 130.9, 130.6, 130.5, 130.5, 130.2, 128.0, 127.9, 127.9, 

127.8, 127.8, 127.8, 127.7, 127.6, 127.6, 127.5, 127.5, 127.3, 127.3, 127.2, 127.2, 124.3, 21.6, 

21.5, 21.4; HR-MS (MALDI-TOF, positive, DCTB): Calcd. for [C36H27Br]+: 538.1296, Found: 

538.1307. 

 

c. 1-(m-Fluorophenyl)-2,3,4,5-tetraphenylcyclopenta-2,4-dien-1-ol (3-F): 
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In a flame dried two-necked round bottom flask equipped with a stir bar, 1-bromo-3-

fluorobenzene 1-F (220 μl, 2 mmol, 1.5 eq.) was added under N2 at RT. Anhydrous THF (5 ml) 

was added and cooled down to -78°C and then, a 1.6 M solution of n-buthyllithium in n-hexane 

(1.7 ml, 2.7 mmol, 2 eq.) was added dropwise. The suspension was stirred for 30 minutes at 

this temperature and a degassed solution of 2,3,4,5-tetraphenylcyclopenta-2,4-dienone 2 

(525 mg, 1.33 mmol, 1eq.) in anhydrous THF (23 ml) was added dropwise. The reaction was 

stirred 2h at -78°C before being neutralized by pouring a saturated NH4Cl aqueous solution 

(ca. 20 ml). After extraction with Et2O, the combined organic phase was washed three times 

with water and once with brine. The organic solution was dried over Na2SO4, filtered and 

evaporated. The crude product was purified by silica gel column chromatography using n-

hexane/CH2Cl2 (5/2 to 2/1) as the eluant to afford 3-F (316 mg, 48%). 1H NMR (MeOD-d4, 500 

MHz, 293 K) δ (ppm): 7.36 (d, J= 8 Hz, 1H), 7.22-7.28 (m, 2H), 7.09-7.15 (m, 6H), 6.93-7.04 (m, 

14H), 6.85 (dt, J= 2.5 and 8.4 Hz, 1H); 13C NMR (CDCl3, 100 MHz, 293 K) δ (ppm): 164.3, 161.9, 

147.5, 143.4, 143.3, 142.8, 134.8, 133.5, 130.0, 129.9, 129.9, 129.4, 127.9, 127.8, 127.2, 127.8, 

127.2, 127.2, 120.7, 120.6, 114.0, 113.8, 112.5, 112.2, 89.7; 19F NMR (CDCl3, 400 MHz, 293 K) 

δ (ppm): −122.69 (s, 1F); HR-MS (positive, ESI): Calcd for [C35H26FO]+: 481.1962 Found: 

481.1967. 

 

d. [5-Bromo-1,2,3,4-tetraphenyl-5-(m-fluorophenyl)]-cyclopenta-1,3-diene (4-F)  

3-F (127 mg, 0.26 mmol, 1 eq.) and AcOH (4.5 ml) was added to the two-necked round bottom 

flask equipped with a stir bar and a reflux condenser. After heating to 60°C, 30% HBr in AcOH 

(1.3 ml, 26 eq.) was added dropwise and stirred for 45 min. After cooling down to RT, water 

was added and the solution was neutralized with an aqueous solution of Na2CO3. The 

precipitate was filtered and washed with water. The crude product was purified by silica gel 

column chromatography using n-hexane/CH2Cl2(6/1) as eluant to afford 4-F (97 mg, 67%) as a 

yellow solid composed of a mixture of regioisomers in a 1:2.5:3 ratio. 1H NMR (CDCl3, 500 MHz, 

293 K) δ (ppm): 7.45-7.48 (m,10H), 7.23-7.25 (m, 7H), 7.02-7.19 (m, 59H), 6.92-7.00 (m, 39H), 

6.83 (ddt, J=0.8, 2.7, 8.6 Hz, 2H), 6.78 (ddt, J=0.8, 2.7, 8.6 HZ, 2H), 6.70-6.75 (m, 7H), 6.66 (qd, 

J=1.5, 2.4, 9.9 Hz, 2H). 
13C NMR (CDCl3, 100 MHz, 293 K) δ (ppm): 163.9, 163.4, 163.1, 161.5, 160.9, 160.7, 149.3, 

148.7, 148.2, 147.9, 146.7, 142.7, 142.2, 141.6, 141.4, 140.5, 138.9, 138.8, 136.9, 138.8, 136.9, 

136.8, 136.3, 136.2, 135.4, 134.4, 134.4, 134.3, 133.9, 133.8, 133.7, 130.4, 130.3, 130.0, 129.2, 

128.8, 128.4, 128.5, 128.4, 128.0, 127.9, 127.7, 127.5, 127.4, 127.4, 127.3, 127.3, 127.2, 127.2, 
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126.3, 126.3, 125.9, 125.8, 123.0, 117.2, 117.0, 116.8, 115.1, 114.9, 114.7, 114.3, 114.1, 114.1, 

113.9; 19F NMR (CDCl3, 376 MHz, 293 K) δ (ppm): −112.45 (m, 1F), −113.40 (m, 2.4F), −113.65 

(m, 3.1F); HR-MS (MALDI-TOF, positive, DCTB): Calcd. for [C35H24BrF]+: 542.1045, Found: 

542.1063.  



25 
 

II. Additional STM images  

 

 
Figure S1. STM images of (a) 5-Me and (b) 5-F on the Au(111) surface, along with the 
corresponding simulated STM images based on their optimized structures. 

 

 

 

Figure S2. Close-up views of the asymmetric trimer, symmetric trimer, and tetramer with the 
calculated structural model of 5-Me superimposed. The π-π interactions and CH-π interactions 
are depicted by red and blue dashed lines, respectively. Structural model: H: white, C: gray. 
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Figure S3. Another chirality of the trimer of 5-Me on Au(111). Scanning parameter: V = 0.2 V 

and I = 10 pA.  

 

 

 

Figure S4. Close-packed island structure of 5-Me on the Au(111) surface showing the 

herringbone around the island. Scanning parameter: V = 0.2 V and I = 10 pA.  
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Figure S5. Large-scale STM image of 5-Me on the Ag(111) surface. Scanning parameter: V = 

0.2 V and I = 10 pA.  

 

 

 

Figure S6. Large-scale STM image of 5-F on the Au(111) surface. Scanning parameter: V = 

0.2 V and I = 10 pA.  
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Figure S7. Close-up view of the phase I with the calculated structural model of star-shaped 5-
F superimposed. The CH‧‧‧F interactions are depicted by black dashed lines. Structural model: 
H: white, C: gray, F: blue. 

 

 

 
Figure S8. Phase transformation of 5-F self-assembled structures by annealing at 100 °C on 
Au(111). (a) Large-scale STM image of the new phases. (b, c) Close-up views of phase III and 
phase IV, respectively. Insets show corresponding 2D-FFT images. Scanning parameter: V = 
0.2 V and I = 10 pA. 

 

 

 


