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ABSTRACT 
The honeycomb lattice is a fundamental two-dimensional (2D) network that gives rise to 

surprisingly rich electronic properties. While its expansion to 2D supramolecular assembly 

is conceptually appealing, its realization is not straightforward because of weak 

intermolecular coupling and strong influence of a supporting substrate. Here we show that 

the application of a triptycene derivative with phenazine moieties, Trip-Phz, solves this 

problem due to its strong intermolecular π-π pancake bonding and non-planar geometry. 

Our scanning tunneling microscopy (STM) measurements demonstrate that Trip-Phz 

molecules self-assemble on a Ag(111) surface to form chiral and commensurate honeycomb 

lattices. Electronically, the network can be viewed as a hybrid of honeycomb and kagome 

lattices. The Dirac and flat bands predicted by a simple tight-binding model are reproduced 

by total density functional theory (DFT) calculations, highlighting the protection of the 

molecular bands from the Ag(111) substrate. The present work offers a rational route for 

creating chiral 2D supramolecules that can accommodate pristine Dirac and flat bands 

simultaneously. 

 

 
 
KEYWORDS 
Honeycomb lattice, Kagome lattice, self assembly, scanning tunneling microscopy, Dirac bands, 

flat bands, chirality 
 

 

 

  



3 
 

INTRODUCTION 
The honeycomb lattice, one of the three strongly isotropic lattices (honeycomb, diamond, and K4 

lattices 1-4) is central to the modern two-dimensional (2D) materials because of its structural 

robustness and unique electronic properties 5-8. In a tight-binding model where electrons can hop 

between nearest-neighbor nodes of the honeycomb lattice, linearly intersecting bands (Dirac 

bands) are formed near the Fermi level at the Kഥ and K′ഥ  points of the Brillouin zone. Low-energy 

electronic excitations around these points behave as massless Dirac fermions with exotic 

properties and the bands become topologically non-trivial by an external perturbation or spin-

orbit coupling 5, 9-14. If the middle points of the neighboring nodes are chosen as hopping sites, the 

honeycomb lattice is transformed into the kagome lattice by the graph theory 15, 16. The kagome 

lattice has not only Dirac bands but also flat bands, where the kinetic energies of electrons are 

quenched and electron correlation effects are strongly enhanced 17-19.  

These Dirac and flat bands are under intensive investigations because of rich topological 

and/or many-body phenomena 20-24, but most of them are based on naturally grown inorganic 

materials and thus lack controllability of model parameters. One of the promising methods for 

extending the research realm is the usage of molecular assembly such as supramolecules 25-36 and 

metal-organic/covalent-organic frameworks 37-42, where 2D electronic lattices are defined by 

intermolecular networks 35, 39-41 or localized Schockley surface states coupled through molecular 

potential barriers 33, 34, 36. This approach is based on rational design of molecules and thus can be 

very flexible and powerful. However, intermolecular coupling is often very weak and the general 

strategy for the formation of a molecular-based honeycomb lattice has not been established yet. 

Here we adopt a non-planar -conjugated molecule Trip-Phz (Fig. 1a) 43, a phenazine analog 

of triptycene, as a building block for fabricating 2D supramolecular assemblies with pristine 

molecular electronic bands (Fig.1b). Trip-Phz and related triptycene molecules are characterized 

by three polyhedral -conjugated planes that create a rigid paddle-wheel shape with C3-symmetry, 

and are known to form honeycomb supramolecular structures owing to their molecular symmetry 
43-49. Electronically, the assembled system can be viewed as a hybrid of the honeycomb and 

kagome lattices 36, 50-54. Dirac and flat bands are predicted by a simple tight-binding model 46, 51, 

55, but the validity of such an approach is not clear yet. This is particularly true when 2D molecular 

lattices are formed on a supporting substrate, which could strongly modify the intrinsic molecular 

states due to a finite interfacial interaction. 

In this study, we successfully grow a purely 2D supramolecule of Trip-Phz on a Ag(111) 

substrate and elucidate its intriguing band structure. Our scanning tunneling microscopy (STM) 

observations reveal that Trip-Phz molecules form highly ordered honeycomb lattice that are both 

chiral and commensurate with the Ag(111) surface. Dirac and flat bands predicted by a tight-

binding model are reproduced by total density functional theory (DFT) calculations including the 

Ag(111) substrate. This means that intrinsic molecular bands are protected from the substrate, 

which can be attributed to the unique geometry of the -conjugated molecule. The present work 
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offers a general route for realizing pristine Dirac and flat bands through supramolecular assembly 

technique. 

 

 

RESULTS AND DISCUSSION 
All experiments were carried out in UHV chambers with the base pressure less than 2.010-10 

Torr (see Methods). Figure 2a shows an STM image of a Ag(111) surface partially covered with 

Trip-Phz molecules. In the right side of the image, a densely packed molecular lattice extends to 

an area of ~100 × 200 nm2. The magnified STM image (Inset) shows that it indeed consists of 

honeycomb lattices as anticipated. A close inspection of the overall area reveals that the lattice 

includes only a small density of defects and no domain walls, signaling the formation of a 2D 

single crystal. The bright spots observed in the image are due to Trip-Phz molecules adsorbed on 

the lattice. Figure 2b shows another single-domain honeycomb lattice with a hole exposing a Ag 

surface. The height profile taken along the red line indicates a layer height of 0.3-0.4 nm, which 

is consistent with the standing configuration of phenazine moieties (the term “standing 

configuration” refers to the geometry where the π-conjugated planes of the molecule are placed in 

the surface normal direction). However, other molecular structures were routinely observed and 

the honeycomb lattice was found to cover only ~5% of the whole surface, suggesting that it is not 

energetically most stable. Most of coexisting phases are meandering ribbon-like structures when 

the coverage is small, as seen in the left side of Fig. 2a. When the coverage is increased, the 

molecule tends to form periodic 2D patterns that are distinct from the honeycomb lattice 

(Supporting Information, Fig. S1a-c). They seem to be stabilized by a configuration where two of 

the three π-conjugated planes of the molecule face toward the substrate surface, but its details are 

not clear at this stage. These structures were not transformed into a honeycomb lattice even by a 

post annealing. We note that similar non-honeycomb lattices were formed when a related 

triptycene derivative was directly deposited on a graphite or Au(111) surface 47, 49. In this case, 

surface passivation with alkane molecules or iodine led to the formation of the honeycomb lattice, 

Figure 1. Molecular structure and formation of a honeycomb lattice. (a) Molecular 

structure of Trip-Phz. (b) Schematic illustration of a honeycomb lattice on a substrate.  
 



5 
 

respectively. 

One way to overcome this problem without surface passivation is to dope alkali metals. 

Figure 2c displays an STM image of Trip-Phz molecules on a Ag(111) substrate that was co-

Figure 2. Honeycomb lattices of Trip-Phz supramolecule. (a) STM image of Trip-Phz 

molecules adsorbed on a Ag(111) surface (Sample bias voltage : Vs = -2 V, Tunneling 

current : It = 8.9 pA). Inset: high-resolution STM image corresponding to the red square 

region(Size: 8 nm ×8 nm, Vs = -2 V, It = 100 pA). (b) STM image of Trip-Phz molecules 

and the height profile taken along the red line. (c) STM image of Trip-Phz molecules 

adsorbed on a Ag(111) surface that was co-deposited with ~0.01 ML Cs and annealed at 

~100 C (Vs = -2 V, It = 10 pA). Domains A and B have different lattice orientations as 

indicated by the dashed lines. (d) High resolution STM images of domains A and B 

(constant height mode, size: 10 nm × 10 nm, Vs = -2 V. The feedback was stabilized at It = 

10 pA). The arrows on the images indicate the unit vectors of honeycomb lattices, while 

those between the images the crystal orientations of the Ag(111) surface. (e) Structure 

model of Trip-Phz adsorbed on a Ag(111) surface. Left: Ag(111)-(77) R21.8, Right: 

Ag(111)- (77) R38.2. The arrows correspond to those in d. 
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deposited with ~0.01 ML Cs and annealed at ~370 K. By this treatment, the surface was 

preferentially covered by honeycomb lattices (Supporting Information, Fig. S1d, e). We did not 

find any deviation in structural parameters between non-doped and Cs-doped cases within the 

experimental accuracy. The doped Cs atoms should be located within the honeycomb pores, but 

are not visible because of the inaccessibility of the STM tip into deep holes (see the STM images 

of Fig. 2d below). Concerning the mechanism of lattice formation, Cs atoms could donate electrons 

to Trip-Phz and strengthen the – bonding between the neighboring moieties. This should lead 

to a shorter distance between them, but we did not observe a clear change experimentally 

(Supporting Information, Fig. S2). Rather, the Cs atoms may simply work as nucleation centers 

for crystal growth. We note that, even without Cs doping, electrons should be transferred from 

the Ag substrate to Trip-Phz and strengthens the bonding to some degree.  

The honeycomb lattice of Trip-Phz molecules is chiral as a result of two possible stacking 

sequences of the – pancake bondings between moieties. Namely, while individual Trip-Phz 

molecules are achiral, they can acquire chirality by the formation of a supramolecule. Figure 2d 

shows high-resolution STM images with different chiralities, which were taken at domains A and 

B in Fig. 2c, respectively (see also Supporting Information, Fig. S3). They also have different 

lattice orientation as revealed by the unit vectors (also see the dashed lines in Fig. 2c). Interestingly, 

we find that all observed honeycomb lattices of the same chirality have the identical lattice 

orientation. This fact strongly indicates that the molecular adsorption geometry is well-defined 

and commensurate with the substrate surface. To determine the adsorption geometry, we 

quantified the lattice parameters precisely through careful calibrations and drift compensations. 

The lattice constant is found to be 1.990.04 nm, while the principal axes of the two chiral 

domains make an angle of 16.9 1.3. The only superstructures of Trip-Phz compatible with these 

parameters are Ag(111)-(77) R21.8/R38.2, which give a lattice constant 7𝑎଴ ൌ 2.023  nm 

(𝑎଴ ൌ 0.289 nm: the lattice constant of the Ag(111) surface) and the angle between principal 

axes 16.4 (= 38.2  21.8). Mathematically, they are given by the matrices 

ቀ 8 3
െ3 5

ቁ , ቀ 8 5
െ5 3

ቁ,  

which represent the conversion between the unit vectors of the the Ag(111) and those of Trip-Phz 

lattices. Figure 2e shows schematic models of Ag(111)-(77) R21.8/R38.2 superstructures. For 

both structures, the moieties are aligned along the ሾ112തሿ and equivalent directions of Ag(111), 

which should stabilize these adsorption geometries. We note that, while the presence of a chiral 

honeycomb lattice was theoretically suggested 48, we directly show it here through STM 

observations. 

In the following, we consider the electronic band structures of the Trip-Phz honeycomb 

lattice, first in the absence of the substrate. Trip-Phz consists of three phenazine moieties where 

the -electrons form the lowest unoccupied molecular orbital (LUMO) and the highest occupied 

molecular orbital (HOMO). In an isolated Trip-Phz molecule, the LUMOs of the three moieties 
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forms two LUMOs and one LUMO+1 by intramolecular coupling (transfer integral) 𝑡଴. Similarly, 

the HOMOs of the three moieties form one HOMO and two HOMO-1 orbitals (Supporting 

Information, Fig. S5). In the honeycomb lattice with two independent sites in the unit cell, these 

LUMOs and HOMOs form six electronic bands separately through intermolecular coupling 𝑡ଵ. 

In a tight-binding model, the band structure is solely determined by the parameters 𝑡଴  and 

𝑡ଵ  (Fig. 3a). Electronically, the present lattice can be viewed as a hybrid of honeycomb and 

kagome lattices. While this lattice model has been called star lattice or diatomic kagome lattice 36, 50-

53, we refer to it as honeycomb-kagome lattice 54 to stress its hybrid character. In the two limiting 

cases of 𝑡଴/𝑡ଵ  → ∞ and 𝑡଴/𝑡ଵ  → 0, it corresponds to the pure honeycomb and kagome lattices, 

respectively (Fig. 3b). 

Figure 3c shows the band diagrams calculated for three different values of 𝑡଴/𝑡ଵ. For all 

cases, there exist two sets of Dirac bands linearly intersecting at Kഥ  point and two flat bands 

toughing the Dirac bands at ഥ point. The flat bands here have the same origin as that of the 

kagome lattice; they arise due to a destructive interference from the neighboring sites and a 

resulting electron localization into the unit cell 17, 55. Nevertheless, the band diagrams exhibit 

unique topologies different from that of a pure kagome lattice. For 𝑡଴/𝑡ଵ  ൐ 2/3 (left panel), the 

upper Dirac bands are isolated while the lower Dirac bands touch the two flat bands. With 

Figure 3. Tight-binding model of a honeycomb-kagome lattice. (a) Schematic illustration 

of intramolecular coupling 𝒕𝟎  and intermolecular coupling 𝒕𝟏 (top) and honeycomb-

kagome lattice (bottom). (b) Schematic illustration of the transition between the 

honeycomb lattice and the kagome lattice. 𝒕𝟎/𝒕𝟏  → ∞  and 𝒕𝟎/𝒕𝟏  → 𝟎  correspond to 

the pure honeycomb and kagome lattices, respectively. (c) Band structures of honeycomb-

kagome lattices along the high-symmetry 𝐌ഥ െ 𝚪ത െ 𝐊ഥ െ𝐌ഥ   line: 𝒕𝟎/𝒕𝟏 ൐ 𝟐/𝟑  (left 

panel), 𝒕𝟎/𝒕𝟏 ൌ 𝟐/𝟑 (middle panel), 𝒕𝟎/𝒕𝟏 ൏ 𝟐/𝟑 (right panel). 
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decreasing 𝑡଴/𝑡ଵ, the energy gap between the upper and lower Dirac bands decreases to zero and 

becomes “inverted” for 𝑡଴/𝑡ଵ  ൏ 2/3 (right panel). This results in two sets of kagome-like bands 
51.  

In the presence of the Ag substrate, these characteristic bands could strongly be modified or 

even disappear because of the interfacial interaction 56. This motivates us to perform DFT 

calculations for the total system. The detailed adsorption geometry was determined by minimizing 

Figure 4. Theoretical calculations of band structures of the Trip-Phz honeycomb lattice 

on Ag(111). (a) Unoccupied states of Ag(111)-(77) R21.8. (b) Occupied states of 

Ag(111)-(77) R21.8. (c) Unoccupied states of hypothetical Ag(111)-(4343). (d) 

Occupied states of hypothetical Ag(111)-(4343). Left panels: Total DFT 

calculations. Right panels: DFT calculations without the Ag substrate (colored solid 

lines) and tight binding calculations with intramolecular coupling 𝒕𝟎  and 

intermolecular coupling 𝒕𝟏, which are deduced from the optimized structure (white 

dotted lines). The color scale represents the contribution of molecular -orbitals to the 

density of states. The band structures indicated by the red dashed squares are LUMO 

and HOMO bands. 
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the total energy while maintaining the experimentally determined Ag(111)-(77) R21.8 

superstructure (see Methods). The left panels of Fig. 4a, b show the calculated band structures 

along the high-symmetry Mഥ െ Γത െ Kഥ െ Mഥ  line for the unoccupied states (0.2 eV < E < 1.2 eV) 

and occupied states (-2.4 eV < E < -1.4 eV). The molecule-derived bands can be identified by 

their bright colors that represents the contribution of -orbitals to the density of states. They hardly 

intermix with Ag-derived bands represented by dark colors, suggesting a weak coupling between 

them. To investigate the influence of the substrate, we also calculated the band structures of free-

standing molecules while keeping the optimized molecular structure. The right panels of Fig. 4a,b 

show the results for unoccupied states (1.5 eV < E < 2.5 eV) and occupied states (-1.1 eV < E < -

0.1 eV). They are essentially the same as those of total calculations except for a constant energy 

shift, demonstrating the minor effects of the substrate. 

The bands indicated by the dashed red squares in Fig. 4a, b are derived from LUMOs and 

HOMOs of Trip-Phz. To confirm the validity of the honeycomb-kagome lattice model of Fig. 3a, 

we show the results of the tight binding calculations as the white dotted lines in the right panels 

of Fig. 4a, b. Here the transfer integrals 𝑡଴ ൌ -0.141 eV and 𝑡ଵ ൌ -0.076 eV (LUMO bands) 

and 𝑡଴ ൌ െ0.040  eV and 𝑡ଵ ൌ െ0.087  eV (HOMO bands) were obtained from the energy 

splitting of a pair of phenazine moieties (see Methods). The semi-quantitative agreement with the 

DFT results demonstrates that the present molecular system is an ideal realization of the 

honeycomb-kagome lattice model. We note that the band topology expected for the LUMOs 

(𝑡଴/𝑡ଵ  ൌ   1.86 ൐ 2/3) and that for the HOMOs (𝑡଴/𝑡ଵ  ൌ   0.46 ൏ 2/3ሻ are in agreement with 

those in Fig. 3d. 

Here we examine the interaction between the molecules and the Ag substrate. As is widely 

known, -conjugated molecules such as pentacene and phthalocyanine are adsorbed on a metal 

surface in a planar configuration, and their -orbitals couples with the electrons in the substrate 

because of face-to-face configurations 26, 27, 29, 31, 33. By contrast, Trip-Phz should be only weakly 

coupled with the substrate because their -conjugated planes are set perpendicular to the surface. 

This effect is further strengthened by the presence of the C-H bondings; since they stick out in the 

normal direction, they lift up the -orbitals in the moieties and weakens their coupling with the 

Ag surface. Thus, the molecular states can be protected by the unique adsorption geometry. 

Nevertheless, judging from the commensurability of lattices, the Ag(111) substrate must 

significantly influence the adsorption structure. These ideas are reinforced by calculating the 

spatial distribution of differential charge induced by the molecular adsorption (Supporting 

Information, Fig. S6); differential charge is nearly absent on the -orbitals of the moieties, while 

it is concentrated on the -orbitals of C, H, N atoms at the interface. The importance of the 

interfacial interaction is also suggested by the fact that the Trip-Phz honeycomb lattice is not 

stabilized in the DFT calculations in the absence of the Ag(111) substrate.  

The above theoretical results can be compared to our scanning tunneling spectroscopy (STS) 

measurements. Figure 5 shows a dI/dV spectrum taken on Trip-Phz molecules on Ag(111) (red 



10 
 

solid line). The spectrum is the average over an about 2.5 nm  2.5 nm area, which is larger than the 

unit cell of the honeycomb lattice. Within this region, we did not observe a noticeable site dependence 

of spectra (see Supporting Information, Fig. S4). Clear peaks around -1.3 V and -1.6 V correspond 

to the HOMO bands in Fig. 4b, while the weak peak structures around +0.5 V and +0.8 V 

(designated by the solid arrows) originate from the LUMO bands in Fig. 4a. The peak around 

+0.2 eV (designated by the dotted arrow) is attributed to the onset of the Ag(111) surface states, 

which is likely to be shifted due to the presence of molecules (for the spectrum on a clean Ag(111) 

surface, see the blue solid line) 57. The strong disparity of the signal intensities of the HOMO and 

LUMO bands may be attributed to the existence of wavefunction nodes and phase inversions 

along the phenazine moieties (Supporting Information, Fig. S5). Supposing that the wavefunction 

of the STM tip apex consists of an s-orbital, the amplitude of electron tunneling between the tip 

apex to the LUMO bands could be suppressed because of destructive interferences among 

neighboring tip-molecule paths. By contrast, the number of nodes in the wavefunctions is smaller 

for the HOMO bands (i.e., the nodes are more separated), making this mechanism less effective. 

We also note that the Ag d-bands are present in the occupied side, which give a high density of 

states. This will elevate the base line for HOMO band peaks and make them apparently higher. It 

can also increase the electron transfer from the molecules to the STM tip, thus leading to a real 

enhancement of the spectral peaks.  

Figure 5. dI/dV spectrum taken on Trip-Phz molecules on Ag(111) (red solid curve). It 

Vs curves were obtained at a constant height after the feedback was stabilized at Vs = -

2 V, It = 10 pA. The data were numerically differentiated and were averaged over about 

a 2.5 nm  2.5 nm area to obtain the spectrum. As a control measurement, dI/dV 

spectrum was also taken on a clean Ag(111) surface (blue solid line). It was directly 

obtained using the lock-in technique (modulation amplitude : 10 mV, frequency : 743 

Hz) at a constant height. The feedback was stabilized at Vs = -2 V, It = 100 pA.  
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We did not observe fine spectroscopic features corresponding to the flat and Dirac bands 

obtained by the DFT calculations. This is reasonable considering the relatively narrow band 

widths of ~0.2 eV in our system, which is much smaller than that of ~10 eV of graphene. The 

molecular levels of a large organic molecule are commonly detected as broad features in STS. This 

is true even if the molecule is decoupled from the metallic substrate by a thin insulating layer and the 

intrinsic molecular levels remain sufficiently sharp 58, 59. This apparent level broadening in STS 

measurement is likely to be caused by the presence of many energy relaxation paths for an 

electronically excited large organic molecule. Nevertheless, the unique band structures predicted here 

can strongly influence the electron transport properties at low temperatures, where the physics is 

governed by the low-energy electrons. 

Finally, we note that the widths of the Dirac bands are sensitive to the periodicity of the 

molecular superlattice. To see this effect, we calculated using the same methods the band 

structures of a hypothetical Ag(111)-(4343) superstructure, for which the unit length is 

reduced by 6.3% from that of Ag(111)-(77) R21.8. In Fig. 4c, d, the results are shown in the 

same manner as in Fig. 4a, b (left panels: total DFT calculations, right panels: DFT calculations 

without the substrate and tight binding calculations). For the LUMO bands, the widths of the 

Dirac bands are significantly enhanced compared to those of the Ag(111)-(77) R21.8. This 

conspicuous change is attributed to a variation in intermolecular coupling 𝑡ଵ; we obtained 𝑡ଵ ൌ 

-0.185 eV for the LUMO bands of Ag(111)-(4343), which is 2.4 times the 𝑡ଵ  value for 

Ag(111)-(77) R21.8. As mentioned above, the orbitals of the phenazine moiety has several 

nodes along the plane. Therefore, a small shift in the geometry can significantly change the 

behavior of interference between neighboring orbitals. This suggests the tunability of the Dirac 

bands using an external perturbation. For example, a simple replacement of Ag(111) by another 

surface with a different lattice constant may strongly modify the Dirac band widths. 

 

CONCLUSIONS 
In summary, we have successfully observed using STM that Trip-Phz molecules form chiral and 

commensurate honeycomb lattices on a Ag(111) surface. The tight-binding and DFT calculations 

reveal that the present molecular system is an ideal realization of the honeycomb-kagome lattice 

model. Notably, intrinsic electronic bands are protected from the supporting metal surface due to 

the non-planar adsorption geometry of Trip-Phz molecules. It is also worth noting that the 

molecular assembly acquires chirality as a result of stacking sequences of the – pancake 

bondings, which is another consequence of using non-planar  conjugated molecule. This 

“emergent” chirality may play important roles in spin-related phenomena and optical sensitivity 
60. The present work offers a general strategy for fabricating chiral supramolecules that can 

accommodate pristine Dirac and flat bands simultaneously.   
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METHODS 
Preparation and purification of Trip-Phz 

The triptycene derivative Trip-Phz was prepared according to the procedure described in the 

literature 43 and purified by sublimation at 450 K under a reduced pressure of 10-2 mbar. 

 

Sample preparation and STM measurements 

Sample preparations and STM measurements were performed under UHV environment (< 

2.010-10 mbar). A Ag(111) single crystal (MaTecK, 99.999%) was used as a substrate. The 

substrate surface was cleaned to achieve atomically flat surfaces by subjecting it to multiple cycles 

of Ar+ sputtering and annealing (~700 K) processes. After cleaning the Ag(111) surface, Trip-Phz 

was deposited using a homebuilt molecular evaporator (thermal radiation heating). Cs was 

deposited using an alkali metal dispenser (SAES, CS/NF/3.9/12 FT10+10). Prior to each process, 

the deposition rate was monitored using a quartz crystal microbalance. 

STM measurements were carried out with Ar+-sputtered Pt-Ir tip at 4.6 K. All STM images 

were taken in constant current mode except for Fig. 2d. To precisely determine the honeycomb 

lattice parameters, the coefficients of the piezo scanner tube were calibrated by referring to atomic 

images of Ag(111). The lateral drift during the acquisition of an STM image were compensated 

by assuming a constant drift speed. The STS data were acquired at 32 locations and averaged. 

Before the measurement, dI/dV spectra were taken on a clean Ag(111) surface. The observation 

of the surface states, which exhibit themselves as a step-like feature at V ~ -70 mV 57, ensures the 

cleanliness of the STM tip. 

DFT calculations 

DFT calculations were conducted using the Vienna Ab initio Simulation Package (VASP) 61, 62 

with the projected augmented wave (PAW) potentials 63 and the generalized gradient 

approximation (GGA). The exchange-correlation functional employed was Perdew-Burke-

Ernzerhof (PBE) 64, incorporating nonlocal van der Waals interaction (rev-vdW-DF2) 65. The 

plane-wave basis set energy cutoff was set at 400 eV. The modeling of Trip-Phz on Ag(111) 

involved using a supercell consisting of two Trip-Phz molecules on a three-layer Ag(111)-(7×7) 

slab, with a vacuum thickness of approximately 16 Å along the surface normal. To determine the 

equilibrium crystal structures, a conjugate-gradient relaxation of ionic positions was performed 

until the Hellmann-Feynman force on each atom was less than 0.02 eV/Å, with the exception of 

the bottom Ag layer. The atoms in the bottom layer were held at their ideal bulk positions during 

the structure optimization. For the self-consistent total energy calculations, the Brillouin zone was 

sampled using Monkhorst−Pack grids 66 with 9 × 9 × 1 k-points.  

To determine the intramolecular coupling 𝑡଴ and the intermolecular coupling 𝑡ଵ, we used 

the Gaussian 16 program package 67. We set isolated pairs of phenazine moieties corresponding 

to the intra/inter-molecular coupling, the atomic coordinates of which were taken from the results 
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of the VASP DFT calculations. The calculated level splittings of the pairs were identified with 

𝑡଴ and 𝑡ଵ.  
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