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Unconventional Band Structure via Combined Molecular
Orbital and Lattice Symmetries in a Surface-Confined
Metallated Graphdiyne Sheet

Ignacio Piquero-Zulaica,* Wenqi Hu, Ari Paavo Seitsonen, Felix Haag, Johannes Küchle,
Francesco Allegretti, Yuanhao Lyu, Lan Chen, Kehui Wu, Zakaria M. Abd El-Fattah,
Ethem Aktürk, Svetlana Klyatskaya, Mario Ruben, Matthias Muntwiler,
Johannes V. Barth,* and Yi-Qi Zhang*

Graphyne (GY) and graphdiyne (GDY)-based monolayers represent the next
generation 2D carbon-rich materials with tunable structures and properties sur-
passing those of graphene. However, the detection of band formation in atom-
ically thin GY/GDY analogues has been challenging, as both long-range order
and atomic precision have to be fulfilled in the system. The present work reports
direct evidence of band formation in on-surface synthesized metallated Ag-GDY
sheets with mesoscopic (≈1 μm) regularity. Employing scanning tunneling and
angle-resolved photoemission spectroscopies, energy-dependent transitions of
real-space electronic states above the Fermi level and formation of the valence
band are respectively observed. Furthermore, density functional theory (DFT)
calculations corroborate the observations and reveal that doubly degenerate
frontier molecular orbitals on a honeycomb lattice give rise to flat, Dirac and
Kagome bands close to the Fermi level. DFT modeling also indicates an intrinsic
band gap for the pristine sheet material, which is retained for a bilayer with h-
BN, whereas adsorption-induced in-gap electronic states evolve at the synthe-
sis platform with Ag-GDY decorating the (111) facet of silver. These results illus-
trate the tremendous potential for engineering novel band structures via molec-
ular orbital and lattice symmetries in atomically precise 2D carbon materials.
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1. Introduction

The synthesis and characterization of 𝜋-
conjugated 2D polymers with atomic thick-
ness and covalently bonded periodic struc-
tures have recently been pushed to the
forefront of research in chemistry and
physics,[1–4] concomitant with the rapidly
advancing exploration of 2D materials.[5–7]

Through a suitable choice of molecular
building blocks and linking motifs, crys-
talline 2D organic polymers or hybrid
metal-organic sheets can be rationally de-
signed with tailored electronic properties,
including 𝜋-orbital overlapping, dispersive
bands as well as adjustable band gap,[8,9]

which are essential for applications in or-
ganic electronics.[10,11] In particular, the-
oretical modeling shows that a proper
combination of frontier molecular orbital
(MO) and lattice symmetries opens up new
avenues toward realizing unconventional
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band structures in these materials, such as flat, Dirac and
Kagome bands,[12–15] which can be further tailored to give rise
to novel topological or many-body states.[13,14,16]

Among various types of 𝜋-conjugated 2D polymers, a special
class of carbon-based networks distinct from graphene, known
as graphyne (GY).[17] and graphdiyne (GDY).[18] is of particu-
lar interest.[3,19] The incorporation of acetylenic precursors con-
taining carbon-carbon triple bonds (─C≡C─) enables creating
a great variety of GY/GDY-related structures with sp- and sp2-
hybridized carbon atoms,[20] offering remarkable tunability in
their physical and chemical properties.[19,21] However, synthesiz-
ing crystalline GY/GDY sheets as well as their analogues turned
out to be particularly challenging,[19] which hampers in-depth
electronic structure characterizations. The past fifteen years wit-
nessed the rapid growth in the field of on-surface synthesis in
ultra-high vacuum (UHV),[22,23] providing new access to syn-
thesize 2D polymers via the bottom-up approach,[24] and many
exemplary carbon-based architectures have been achieved.[25–29]

Recently, utilizing a terminal alkyne derivative 1,3,5-tris(4-
ethynylphenyl)benzene (Ext-TEB)[30] and a highly chemoselective
gas-mediated on-surface reaction protocol, we fabricated a highly
regular mesoscale (≈1 μm) organometallic monolayer,[31] for-
mally representing an Ag-metallated graphdiyne (Ag-GDY) ana-
logue. Therefore, it provides an ideal platform to scrutinize the
electronic properties of atomically well-defined metallated GDY
sheets.

In this work, employing scanning tunneling microscopy
and spectroscopy (STM/STS), angle-resolved photoelectron spec-
troscopy (ARPES) and density functional theory (DFT), we
show that the intrinsic electronic structure of Ag-GDY cor-
responds to a hole-doped semiconductor with an unconven-
tional band structure. Notably, both the conduction band min-
imum (CBM) and the valence band maximum (VBM) com-
prise nontrivial flat bands, arising from the combined molec-
ular orbital and lattice symmetries. STS and ARPES measure-
ments respectively detect the onsets of CBM and VBM with
an energy separation (ΔE), ΔECBM-VBM ≈2.5 eV. The VBM po-
sitioning below the Fermi level reveals the presence of mild
adlayer-substrate electronic hybridization, potentially entailing
in-gap electronic features. DFT calculations corroborate the ex-
perimental results and further reveal that employing an in-
sulating buffer layer may restore the Ag-GDY intrinsic band
structure with a flat band residing near the Fermi level, which
is important for tuning correlated electronic behavior in such
systems.

2. Results and Discussion

2.1. Emerging Novel Band Structure in Freestanding Ag-GDY

The Ag-GDY network (see chemical scheme in right panel of
Figure 1b) presents unique structural characteristics, featur-
ing a honeycomb lattice occupied by Ext-TEB molecules and
a Kagome lattice spanned by alkynyl-Ag atoms (cf. highlighted
grids in Figure 1b, left panel). The Ag-GDY network is expected
to harbor dispersive bands as Ext-TEB is aromatic[32] and the
Ag-intercalated butadiyne bridge (─C≡C─Ag─C≡C─) has co-
valent character.[33] As a first step, the electronic band struc-
ture of the freestanding layer with a rhombic unit cell contain-

ing two Ext-TEB molecules and three silver atoms was calcu-
lated (cf. Figure 1c and Figure S1, Supporting Information).
The CBs of the network start at ≈2.4 eV above the Fermi level
(Figure 1c). The first group (CB1) features two Dirac bands
sandwiched between two nearly flat bands, whereas the sec-
ond group (CB2) contains only two Dirac bands. The VBs reach
0.03 eV above the Fermi level, comprising two consecutive sets
of Kagome bands (cf. VB1 and VB2 in Figure 1c). It is unusual
that both the lowest CB and the highest VB are flat bands, and
these features are reminiscent of the typical band structure pre-
dicted from a honeycomb lattice with doubly degenerate on-site
orbitals.[12–14]

To further examine the network band structure character-
istics, MOs of Ext-TEB were calculated (cf. Figure 1a and
Figure S2, Supporting Information). The lowest unoccupied
and the highest occupied molecular orbitals (LUMO/HOMO)
both display double degeneracy, related to the threefold sym-
metry of the molecule (Figure 1a). DFT calculations also
show that LUMO+1 and HOMO-1 for Ext-TEB are single
levels with different ΔE to LUMO and HOMO (Figure 1a),
respectively.

The band structure of the Ag-GDY network can be reproduced
using a tight-binding model outlined by Ni et al,[13] employing
a three-orbital (𝜎, 𝜋x, 𝜋y) basis on a honeycomb lattice, which
results in six bands. When the ΔE between the degenerate (𝜋x,
𝜋y)-MOs and the single 𝜎-MO is large (ΔE = 0.4 eV; red box in
Figure 1a), the former yields four bands corresponding to CB1
(Figure 1c), while the latter produces two Dirac bands (CB2). Al-
ternatively, a small ΔE (ΔE = 0.23 eV; blue box in Figure 1a)
causes hybridization between 𝜎 and (𝜋x, 𝜋y)-MOs, yielding two
sets of Kagome bands,[13] corresponding to the Ag-GDY VB edge
(VB1 and VB2 in Figure 1c). To further verify the band com-
position, we examine isosurfaces of orbital density integrated
within the selected band groups (Figure 1d), along with the band
structure projected onto molecular orbitals (Figure S3, Support-
ing Information). It is clear that CB1 exclusively originates from
the degenerated LUMOs, while CB2 is contributed from the sin-
gle LUMO+1. Notably, VB1 is contributed by both HOMO and
HOMO-1, and so is VB2. Therefore, the emergence of flat, Dirac
as well as Kagome bands close to the Fermi level can be ratio-
nalized based on the frontier MO and lattice symmetries of the
Ag-GDY network. Another intriguing feature of the band struc-
ture is that the Fermi level intersects slightly below the flat top
VB, which is attributed to the open shell character of the alkynyl-
Ag bridge.[33–35] Accordingly, isolated Ag-GDY sheets show hole-
doped semiconductor characteristics with leading flat bands en-
closing a gap of Eg ≈2.4 eV.

2.2. Energy-Dependent Evolution of Electronic States

High-quality samples are essential for electronic properties char-
acterization. The overview STM image in Figure 2a depicts
the regular Ag-GDY network prepared on the Ag(111) single
crystal surface, covering an area of ≈500 × 500 nm2 with-
out apparent defects (cf. also Figure S4, Supporting Informa-
tion). The long-range order of the atomically thin film is further
confirmed by the corresponding exemplary low-energy electron
diffraction (LEED) pattern in Figure 2b, which corresponds to a
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Figure 1. Doubly degenerate precursor LUMO and HOMO account for flat, Dirac and Kagome bands in the Ag-GDY sheet. a) DFT calculated frontier
MOs of an isolated Ext-TEB molecule. b) Model and chemical scheme of a freestanding Ag-GDY sheet with rhombic unit cell. Honeycomb and Kagome
lattices occupied by molecules and Ag atoms are highlighted, respectively. c) DFT-calculated band structure around the Fermi level and above the band
gap of the freestanding network. Red and blue colors are used to distinguish CBs and VBs. d) Integrated network orbital density of the first and second
groups of VBs and CBs, respectively.

superposition of reciprocal lattices of domains with three dif-
ferent orientations rotated by 120° relative to each other on
Ag(111)[31] (cf. Figure 2c and Figures S5 and S6, Supporting In-
formation). For practical purposes, we also prepared Ag-GDY
networks on inexpensive Ag(111)/mica substrates. Notably, the
atomically straight steps along high-symmetry directions facil-
itate continuous network growth across adjacent terraces (see
Figure 2d and Figure S7, Supporting Information). This single-
layer continuity resembles the main feature of covalently bonded
2D materials (e.g., h-BN or graphene sheets).[36,37] On both sub-
strates the network unit cell is rectangular, with parameters a1

= 63.6 Å, a2 = 35.0 Å (cf. Figure 2f and Figure S9, Supporting
Information).

To elucidate band formation in Ag-GDY, site-dependent dif-
ferential conductance (dI/dV) spectra as well as bias-dependent
dI/dV maps were obtained, focusing on a six-membered ring
as the basic constituent of the regular network (cf. Figure 3c).
Hereby care must be taken to differentiate the appearance of
the well-known quantum confinement effects imposed by the
nanoporous lattice[38] on the quasi-2D electron gas provided by
the Ag(111) surface state (SS) from the electronic properties of
the Ag-GDY sheet.

Adv. Mater. 2024, 36, 2405178 © 2024 Wiley-VCH GmbH2405178 (3 of 10)

 15214095, 2024, 31, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202405178 by Y
i-Q

i Z
hang - Institute O

f Physics C
hinese A

cadem
y O

f Sciences , W
iley O

nline L
ibrary on [30/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 2. Overview STM images of Ag-GDY network grown on Ag(111) facets. a) STM image of a continuous 500 × 500 nm2 atomically thin Ag-GDY
network grown on an Ag(111) single crystal. It = 100 pA, Ub = −1.0 V. b) LEED pattern of Ag-GDY/Ag(111) for Tsub = 90 K and Eelectron = 30 eV. c)
Modeling of the LEED pattern. d) 3D rendering of an STM image showing the continuity of the network crossing straight steps on Ag(111)/mica. It =
50 pA, Ub = 0.1 V. e) STM contour of line marked in (d). f) Structure model of Ag-GDY network with rectangular unit cell on Ag(111) facet.

Figure 3a depicts point spectra recorded on Ag surface (black
and grey curves), Ext-TEB molecules (red) and alkynyl-Ag atoms
(blue) in a bias range from −0.2 to 1.2 V. The data taken at the
pore center (black curve) displays three main peaks at 81, 328 and
677 mV, corresponding to the first, second and fourth (n = 1, 2,
4) resonances of confined substrate Shockley-SS electrons in the
nanocavity[38] (unrelated to the 2D polymer). The solid red curve
in Figure 3a is averaged over six molecular sites in the hexago-
nal unit (red mark in Figure 3c). Genuine band formation is first
evidenced by the fact that the dI/dV spectra taken at six molecu-
lar sites are nearly identical (cf. dimmed red curves in Figure 3a),
whereas this conformity was absent in isolated hexamers or disor-
dered network patches (cf. Figure S10, Supporting Information).
The second indication is given by the emergence of a peak with
onset at 464 mV, followed by three further peaks when sweeping
up to 1000 mV (respectively indicated by a red arrow and black
bars in Figure 3a). These energy positions correspond neither to
confined SS electrons nor to single Ext-TEB units, as both exhibit
featureless local density of states (LDOS) in this bias range.[32]

The spectrum taken on the alkynyl-Ag atoms shows merely a
steadily increasing intensity (blue curve in Figure 3a). Figure 3b
displays dI/dV spectra taken at the same positions with a larger
bias range. Again, their shapes do not vary at equivalent sites. The

averaged spectrum on Ext-TEB units peaks at ≈2200 mV (cf. red
star in Figure 3b), whereas for the Ag-bridge sites a single broad
peak dominates at ≈2050 mV, markedly downshifted when com-
pared to the characteristic signature at 2.9 V of an individual Ag
adatom on Ag(111).[39]

Real-space electronic states associated with SS confinement
and intrinsic Ag-GDY band formation appear clearly in bias-
dependent dI/dV maps (Figure 3d) with energy positions indi-
cated in Figure 3a,b. At low biases, the imaged LDOS within the
nanopore reflects typical intensity patterns of confined SS elec-
trons (n = 1 and 2; Figure 3d-1,2). For a bias VB of 464 mV
(Figure 3d-3), localized LDOS intensity clearly appears on the
triangular-shaped Ext-TEB backbone, whence it is associated with
the CBM (cf. Figure 3a). With further increasing bias the LDOS
extends to the Ag-bridge sites, until a uniform honeycomb grid
evolves at 677 mV, indicating delocalized electronic character
(Figure 3d-4,5 and Figure S11, Supporting Information). From
756 to 955 mV, the LDOS concentrates on the alkynyl-Ag atoms
(Figure 3d-6,7). Most intriguing is the bias range from 1053 to
1355 mV, where the electron density at the molecular edge be-
comes prominent and merges via the alkynyl-Ag sites to form
a Kagome grid at 1355 mV (Figure 3d-8 to 10 and Figure S12,
Supporting Information). Examining the even higher bias range
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Figure 3. STS characterization of the elementary constituents in a Ag-GDY/Ag(111) sheet. a-b) Site-specific dI/dV spectra taken in the bias range from
−0.2 to 1.2 V and extended bias range from −0.3 to 2.5 V, respectively. The single peak at ≈1 V and the double-peak feature at ≈2 V are highlighted by
stars, respectively. Set point: It = 50 pA, Ub = −0.2 V and −0.3 V, Um = 20 mV. c) Corresponding STS survey area in the network, superimposed with
a DFT model with rectangular unit cell. It = 50 pA, Ub = 0.96 V. d) Bias-dependent dI/dV mapping of the regular six-membered ring shown in (c). Set
point: It = 50 pA, Um = 20 mV.

from 1.5 to 2.2 V, the electronic Kagome grid gradually becomes
filled until a nodal plane develops at the Ag-bridge (Figure 3d-11
to 14).

The bias-dependent transitions of periodic electronic states
on the molecular lattice, which evolve from localized to itiner-
ant characteristics and further to the electronic Kagome grid,
clearly indicate band structure formation in the Ag-GDY sheet. To
investigate the VBs (Figure 1c), STS were also measured in the
bias range below the Fermi level. However, no significant fea-

tures were observed (see Figure S13, Supporting Information),
similarly to observations in other reported covalent structures ad-
sorbed on metal substrates.[33,40]

2.3. ARPES Observation of Valence-Band Formation

To probe the electronic properties of Ag-GDY in the occu-
pied states regime, complementary ARPES measurements were
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Figure 4. Evolution of ARPES band structure upon Ag-GDY sheet formation. a–c), Band structure (EB versus ky) of pristine Ag(111), Ext-TEB organic

multilayer and Ag-GDY network measured along the [11̄0] substrate direction (i.e., along ΓK) with a photon energy of 62 eV. d) EDCs extracted at ky

= 1.35 Å−1 evidence discrete occupied frontier orbitals for pure Ext-TEB molecules and their transformation to a valence band (VB′
1 with a ≈0.8 eV

bandwidth; marked with an asterisk) upon Ag-GDY network formation. The additional onset close to the Ag d-bands corresponds to the VB′
2 (indicated

by an asterisk). e) Same band structure as in (c) measured with 100 eV photon energy: While Ag-sp bands shift with photon energy, the Ag-GDY bands
remain unchanged in accordance with their 2D nature. ARPES experimental datasets in (a) and (b) were obtained at RT, (c) and (e) at T ≈ 60 K (cf. Figure
S21, Supporting Information).

carried out for networks grown on Ag(111), exhibiting a sharp
LEED pattern (cf. Figure 2b and Figure S14, Supporting Infor-
mation). As a reference, the band structure E(ky) of a clean sub-

strate measured along the ΓK direction of the Ag(111) surface
Brillouin zone (BZ) with a photon energy of 62 eV is depicted
in Figure 4a. The well-known Ag SS surrounded by the pro-
jected bulk bands as well as the highly-dispersive sp-bands pre-
vail. Since the onset energy of silver d-bands is 3.5 eV below
the Fermi level (cf. Figure S15, Supporting Information), there
is a wide energy window available for exploring the Ag-GDY
bands. Next, the occupied frontier orbitals of the intact Ext-TEB
molecules were examined using an organic multilayer sample,
whereby the nondispersive HOMO and HOMO-1 levels at Eb ≈

2.8 and 3.2 eV can be clearly discerned with maximal intensity
at ≈1.5 Å−1, indicating the absence of delocalized states for the
supramolecular assembly (Figure 4b and Figure S16, Supporting
Information).[41,42]

In Figure 4c, the band structure for the Ag-GDY fully cover-
ing the surface is shown. The previously distinct MOs of individ-
ual Ext-TEB (Figure 4b) transform into less prominent intensity
features smeared out along the ΓK direction of the Ag(111) sur-
face BZ in an energy window between Eb ≈ 2 and 3 eV (cf. also
Figures S17 and S18c, Supporting Information). The VB forma-
tion can be clearly seen in Figure 4d by comparing the energy dis-
tribution curves (EDCs) of unreacted Ext-TEB molecules and Ag-
GDY extracted in the vicinity of ky = 1.35 Å−1 in Figure 4b,c. The
HOMO (H) and HOMO-1 (H-1) peaks (grey curve in Figure 4d)
are well separated above the onset of the d-bands (purple area at
Eb > 3.8 eV), in agreement with the DFT calculation (Figure 1a).
In contrast, for the adsorbed Ag-GDY sheet, a wider double-peak
feature (marked by an asterisk in Figure 4d) with an onset shifted
closer to the Fermi level at Eb ≈ 2.0 eV appears, followed by
a much broader increase merged into the silver d-bands (Eb ≈

3.8 eV). The first set of VBs (denoted by VB′
1) has a relatively
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wide bandwidth of ≈0.8 eV with clear intensity variations, indi-
cating a fine structure due to multiple band contributions (cf. also
Figure S18c, Supporting Information). The higher intensity ap-
pearing at increased binding energies is attributed to the next
set of bands denoted by VB′

2 (cf. the asterisk in Figure 4d). Ob-
viously, the VBM of the adsorbed system shifts below the Fermi
level compared to the freestanding layer (Figure 1c), for reasons
to be clarified below. Moreover, ARPES data acquired at a photon
energy of 100 eV are presented in Figure 4e. The projection of
the bulk bands around the Γ̄ point is strongly attenuated, lead-
ing to a better recognition of the VBs. It is evident that VB′

1 and
VB′

2 do not change their position with photon energy, whereas
the intensity and the E(k) distribution of the highly dispersive sp-
bands from Ag(111) are altered (cf. also Figure S20, Supporting
Information),[43] which supports the conclusion that these VBs
originate from the Ag-GDY sheet.[44]

2.4. DFT Modeling of Adsorbed Ag-GDY Network

Experimentally detected CBM and VBM originating from the
adsorbed Ag-GDY single sheet allows us to define for the ad-
layer an energy interval ΔECBM-VBM ≈2.5 eV that is reminiscent
of a band gap. However, similar with related systems, the con-
tact and interaction with the metal substrate can entail the de-
velopment of interfacial electronic states accounting for appre-
ciable density of states.[37,45–47] To develop a better understand-
ing of the experimental results, we carried out systematic DFT
calculations of Ag-GDY sheet on a thick Ag(111) slab (cf. Experi-
mental Section). Figure 5a displays the projected density of states
(PDOS) for each component in the system. In the unoccupied
regime, the energy positions of CBM, the single peak at 1 eV,
and the double-peak feature at 2 eV in the carbon PDOS agree
well with the STS data (highlighted by an arrow and two stars in
Figures 3a,b and 5a). In the occupied regime, the VBM sets in at
−1.2 eV, followed by two main peaks at −1.7 and −2.7 eV, which
can be well correlated with the VB′

1 and VB′
2 in the ARPES data

(highlighted by two asterisks in Figures 4d and 5a). The carbon
PDOS intensity greatly attenuates in an energy interval ≈1.7 eV
between CBM and VBM (grey area in Figure 5a). When com-
paring PDOS features and differences between Ag-GDY/Ag(111)
and freestanding Ag-GDY (Figure S29, Supporting Information),
the grey area in Figure 5a can be loosely associated with the
gap region of the freestanding layer. However, PDOS builds up
within the gap due to a mild hybridization between the alkynyl-
Ag-alkynyl organometallic linkage and the silver substrate (cf.
also Figures S23 and 24, Supporting Information). Similar effects
have been reported for the boron-doped graphene nanoribbons
adsorbed on Au(111),[45] or h-BN layers synthesized and carefully
examined on metal substrates.[37,46,47] Importantly, the pertain-
ing newly formed states exhibit significantly lower intensity as
compared to that outside the gap regime and proved thus un-
resolvable in the photoemission signature (Figure S19, Support-
ing Information). The variation between experimental and DFT-
determined ΔECBM-VBM values can be attributed to the typical un-
derestimation of gap sizes in the DFT calculations.[48,49]

Moreover, Figure 5b displays a series of simulated dI/dV maps,
revealing a good match between experimental and simulated im-
ages in the appropriate energy ranges. First, the confined Ag

SS resonances (n = 1,2) in the nanopore are nicely reproduced
due to the employed thick Ag slab (Figure 5b-1,2; cf. also Figure
S22, Supporting Information). Second, the bias-dependent evolu-
tion of LDOS patterns of the network is captured: starting from
localized density on the Ext-TEB core (Figure 5b-3) to display-
ing a uniform honeycomb electronic pathway (Figure 5b-4), fol-
lowed by the merging of Ag-bridge (Figure 5b-5) and molecu-
lar edge state (Figure 5b-6) into a real-space electronic Kagome
grid (Figure 5b-7). Overall, the DFT calculations for the Ag-
GDY/Ag(111) system can be nicely reconciled with the experi-
mental observations.

Compared to the freestanding network, the VBs of the ad-
sorbed Ag-GDY on the silver surface notably shift below the
Fermi level, indicating that the open shell of the unit cell is filled.
An estimate obtained with the Bader charge analysis reveals a to-
tal charge transfer of ≈3 electrons from the substrate as well as
the bridging silver adatom to compensate six alkynyl radicals in
the unit cell. Moreover, the absence of well-defined Kagome-type
E(k) relations in the ARPES data can be ascribed to a mild elec-
tronic hybridization between the adlayer and the silver surface
(cf. Figures S23–S25 and S29, Supporting Information) as well as
to a small BZ of the network (Figure S17, Supporting Informa-
tion). Nevertheless, at CBM (VB = 464 mV) the LDOS intensity
localized on the molecules, as observed in both the experimen-
tal and simulated dI/dV maps (Figures 3d-3 and 5b-3), is con-
sistent with the nontrivial-flat-band character, namely, quenched
electron kinetic energy due to destructive interference of Bloch
waves.[14]

Finally, to assess whether the intrinsic Ag-GDY electronic
bands would persist on an insulator, a sheet supported on a h-BN
monolayer[50] was modeled (Figure 6a). Importantly, the leading
VBs remain identical as those of the freestanding layer, while CB1
and CB2 slightly shift down toward the Fermi level (Figure 6c),
resulting in a contourless band gap region without interference
of in-gap states (cf. Figures S26–S29, Supporting Information).
Remarkably, a finite gap (≈37 meV) opens at the Γ point, which
gives rise to an isolated flat band at the bottom of CB1 (cf. red
solid lines in Figure 6c). Also, gap-openings at Dirac points are
observed for both CB1 (≈30 meV) and CB2 (≈37 meV). Note that
the phenyl rings of individual Ext-TEB molecules in the unit cell
locate on top of either nitrogen or boron atoms (Figure 6a). There-
fore, the geometrical symmetry breaking induced by the bilayer
formation presents as an effective mechanism for opening band
gaps.[14,16]

3. Conclusion

The achievement of high-quality crystalline Ag-GDY sheets per-
mitted an in-depth electronic structure characterization at both
the atomic and mesoscopic scales. Band formation with a semi-
conducting gap prevails for this 𝜋-conjugated GDY analogue as
pristine sheet material and in conjunction with h-BN providing
a bilayer. Moreover, we reveal that Ag-GDY hosts unconventional
flat, Dirac and Kagome bands at both conduction and valence
band edges, which originate from combined MO and lattice sym-
metries. On the Ag(111) synthesis platform, mild hybridization
between the Ag-GDY sheet and metal surface interferes, entail-
ing in-gap states, which effect can be attenuated via electronic de-
coupling using an insulating spacer layer. Based on our results,
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Figure 5. DFT modelization of Ag-GDY/Ag(111) electronic features. a) Projected DOS of the Ag-GDY network adsorbed on four-layer Ag(111) slab.
Contributions from carbon, alkynyl-Ag atoms and substrate are distinguished by different colors. The main peaks in the carbon PDOS are highlighted
by asterisks and stars in accordance with those in Figures 3b and 4d. The plotted PDOS intensity for each constituent is arbitrary. b) Simulated dI/dV
maps with characteristic LDOS patterns corresponding to the experimental bias values, indicated on the top of each panel.

replacing the molecular units and different metallation schemes
can be envisioned. Therefore, the proper combination of MO
characteristics and lattice symmetry can give access to bespoke
novel electronic structures, unfolding exciting opportunities for
tailored 2D material developments amenable to device-integrated
applications.

4. Experimental Section
Sample Preparation: The Ag-GDY networks were prepared under UHV

conditions. Ag(111) single crystals and Ag(111)/mica substrates were
used for sample growth. Ext-TEB precursors were evaporated from Al2O3
or quartz crucibles onto clean Ag(111) surfaces held at ≈200– 300 K,
followed by an alkyne deprotonation procedure via introducing O2 gas
(≈ 1000 L) into the preparation chamber by backfilling via a leak valve. The

sample was mildly annealed (Tann ≈ 400 K) to facilitate the organometallic
network formation.

STM/STS Characterization: A commercial Joule-Thomson STM (JT-
STM, SPECS) and a homemade LT-STM were used for data acquisition.
Data was recorded at an equilibrium temperature of ≈5 K. Point STS spec-
troscopy were measured via a lock-in amplifier with a bias modulation of
20 mV at 676 Hz. dI/dV maps were recorded at fixed bias voltage in a grid
with 128 × 128 pixels, and the feedback was switched off during dI/dV
signal acquisition at each pixel. All the dI/dV maps were normalized via
applying (dI/dV)/(I/V), which leads to a better signal to noise ratio with-
out altering the LDOS features.

ARPES Measurements: The ARPES experiments presented in this work
were carried out at the Photo-Emission and Atomic Resolution Labora-
tory (PEARL) of the Swiss Light Source (SLS). The PEARL beamline deliv-
ers tunable soft X-ray photons in the energy range from 60 to 2000 eV
with a resolving power up to E/ΔE = 7000. The present work used
photon energies of 62 and 100 eV to maximize the surface sensitivity.

Adv. Mater. 2024, 36, 2405178 © 2024 Wiley-VCH GmbH2405178 (8 of 10)
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Figure 6. DFT calculated band structure of Ag-GDY sheet on h-BN. a-b), Top and side views of the large Ag-GDY/h-BN unit cell with averaged adsorption
height indicated. c) Band structure of Ag-GDY/h-BN (red and blue solid lines) compared with freestanding Ag-GDY (black circles) with same geometry
adopted from the combined system shown in (a). h-BN bands, which are back-folded due to the employed (14× 14) supercell (cf. Method), are highlighted
in orange. The k-path corresponds to that in the hexagonal BZ of the Ag-GDY network.

Samples were mounted on a high-precision manipulator with three trans-
lation and three rotation axes. Photoelectrons were detected by a Scienta
EW4000 wide acceptance angle analyzer with a 2D multi-channel plate de-
tector where one axis corresponds to the kinetic energy of the electron and
the other axis to the emission angle. The entrance lens stack of the ana-
lyzer was at a fixed angle of 60° with respect to the incoming synchrotron
light. The incoming photon beam, the polarization vector of photons, and
the axis of the analyzer lens were oriented horizontally, while the entrance
slit of the electron analyzer was oriented vertically. Samples were mea-
sured either at RT or at 60 K. A LEED setup mounted on the experimental
chamber was also used to assess the surface order as well as the sample
orientation.

DFT Calculations: Total energy calculations were performed using
DFT within the Kohn–Sham formalism[51] using the Quantum ESPRESSO
code.[52] This work used the rB86-vdW-DF2 approximation in the term of
the exchange-correlation functional,[53] and only the Γ̄ point in the inte-
gration over the first BZ due to the very large super-cell. Projector aug-
mented wave[54] data sets were applied to remove the core electron from
the explicit calculation. STM simulations were performed with the Tersoff–
Hamann model,[55] approximating an s-wave tip.

This work performed the calculations of the supported network in a
hexagonal super-cell, unlike in Ref. [31] where a rectangular, elongated cell
was used. In order to reduce the stress in the overlayer the lateral lattice
constant of the substrate was slightly adjusted to 4.188 Å so that the av-
erage distance between the bridging Ag ad-atoms was the same as in the
large system. During the relaxation and analysis of the electronic structure
four layers of the substrate and a passivating layer of hydrogen were used
at the bottom of the slab, and each layer of the substrate and the passivat-
ing layer consisted of 147 atoms, yielding a lateral network lattice constant
of 35.904 Å. In the calculations of the band structure, this work could af-
ford to include only two top- most layers of substrate layers. The cut-off
energies for wave functions and the electron density were 35 and 500 Ry,
respectively.

In the calculation of the Ag-GDY network on the h-BN, a (14 × 14) super
cell of latter was included with the same Ag-GDY network parameters as
those for the silver substrate, whereby all the atoms were allowed to relax
in any direction.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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