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Unraveling the Band Structure and Orbital Character of a
r-Conjugated 2D Graphdiyne-Based Organometallic
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and Carlo S. Casari*

Graphdiyne-based carbon systems generate intriguing layered sp-sp?
organometallic lattices, characterized by flexible acetylenic groups connecting
planar carbon units through metal centers. At their thinnest limit, they can
result in 2D organometallic networks exhibiting unique quantum properties
and even confining the surface states of the substrate, which is of great
importance for fundamental studies. In this work, the on-surface synthesis of
a highly crystalline 2D organometallic network grown on Ag(111) is presented.
The electronic structure of this mixed honeycomb-kagome arrangement —
investigated by angle-resolved photoemission spectroscopy and scanning
tunneling spectroscopy — reveals a strong electronic conjugation within the
network, leading to the formation of two intense electronic band-manifolds. In
comparison to theoretical density functional theory calculations, it is observed
that these bands exhibit a well-defined orbital character that can be associated
with distinct regions of the sp-sp> monomers. Moreover, it is found that the
halogen by-products resulting from the network formation locally affect the
pore-confined states, causing a significant energy shift. This work contributes
to the understanding of the growth and electronic structure of graphdiyne-like
2D networks, providing insights into the development of novel carbon

1. Introduction

The 2D organometallic networks and cova-
lent organic frameworks at their thinnest
limit can be classified as quantum mate-
rials with relevant properties, such as the
emergence of flat bands,!l topologically
protected  states,!?l  superconductivity,®!
or 2D ferromagnetism.[**l Such proper-
ties emerge in the presence of extended
electronic conjugation of their building
blocks.*!l  Among 2D systems, Gra-
phyne and Graphdiynes stand out as novel
2D carbon materials beyond graphene,
given their combination of sp- and sp?-
hybridized carbon atoms.['?] This leads to
the emergence of diverse complex struc-
tures with distinct electronic properties,
ranging from metals to tunable bandgap
semiconductors and semi-metals. Their ex-
tended z-electron conjugation and topology
produce multiple Dirac cones and band-

materials beyond graphene with tailored properties.

manifolds that are key to their intriguing
properties.[1314]

P. D’Agosta, F. Tumino, A. Li Bassi, C. S. Casari
Department of Energy

Politecnico di Milano

via G. Ponzio 34/3, Milano 1-20133, Italy
E-mail: carlo.casari@polimi.it

S. Achilli, G. Onida

Department of Physics “Aldo Pontremoli”
Universita degli Studi di Milano

Via G. Celoria 16, Milano 1-20133, Italy
E-mail: simona.achilli@unimi.it

S. Achilli, G. Onida

INFN

Sezione di Milano

Milano 1-20133, Italy

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/smll.202406533

© 2024 The Author(s). Small published by Wiley-VCH GmbH. This is an
open access article under the terms of the Creative Commons Attribution
License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

DOI: 10.1002/smll.202406533

Small 2024, 2406533

2406533 (1 of 9)

F. Tumino

Department of Chemistry

Queen’s University

90 Bader Lane, Kingston, ON K7L3N6, Canada
A. Orbelli Biroli

Department of Chemistry

Universita di Pavia

Via Taramelli 12, Pavia 1-27100, Italy

G. Di Santo, L. Petaccia

Elettra Sincrotrone Trieste

Strada Statale 14 km 163.5, Trieste 1-34149, Italy
J. Lobo-Checa

Instituto de Nanociencia y Materiales de Aragén (INMA)
CSIC-Universidad de Zaragoza

Zaragoza E-50009, Spain

E-mail: jorge.lobo@csic.es

J. Lobo-Checa

Departamento de Fisica de la Materia Condensada
Universidad de Zaragoza

Zaragoza E-50009, Spain

© 2024 The Author(s). Small published by Wiley-VCH GmbH


http://www.small-journal.com
mailto:carlo.casari@polimi.it
mailto:simona.achilli@unimi.it
https://doi.org/10.1002/smll.202406533
http://creativecommons.org/licenses/by/4.0/
mailto:jorge.lobo@csic.es
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsmll.202406533&domain=pdf&date_stamp=2024-11-15

ADVANCED
SCIENCE NEWS

Juill

www.advancedsciencenews.com

Despite several outstanding theoretical predictions, > these
systems were initially regarded as elusive and impractical.l*”]
Such Dbelief was proved wrong as the synthesis of multilayer
graphdiyne was experimentally claimed.'8! This material pre-
sented remarkable properties and held promise for many ad-
vanced applications.!'22] Later on, the synthesis of 2D single-
layer graphdiyne was also realized through on-surface synthe-
sis (0SS).[2)] The OSS technique relates to “solvent-free” reac-
tions exploiting the catalytic activity of a metal surface to pro-
mote the formation of new bonds from smaller precursors./?4%]
In the case of single-layer graphdiyne-like structures, the molec-
ular precursors contain aromatic sp? carbon groups with linear
acetylenic units that are usually terminated by a halogen atom.
The de-halogenation of these precursors and the formation of an
organometallic network is promoted by the native atoms from the
metal surface.l?28] Subsequent thermal treatment can at times
induce de-metalation and homocoupling with the formation of
an all-carbon structure.[?326:27:29-32] However, other approaches to
OSS can be adopted; for instance, organometallic networks have
also been obtained by adding molecular O, to deprotonate alkynyl
moieties in the molecular precursor, with the advantage of work-
ing at lower temperature and preventing the adsorption of by-
products on the metal surface.**]

Although OSS is widely used in the synthesis of graphene-
based nanoarchitectures,®* the fabrication of extended
graphdiynes is still very challenging.??’] Nevertheless, achiev-
ing extended 2D structures with long-range order is critical to
exploring the electronic structure of these layers beyond the
generalized use of local electronic techniques. Indeed, the band
structures of 2D graphdiyne-based organometallic networks
are nowadays only accessible through calculations.[*#26:35:3]
They show the presence of electron conjugation throughout the
organometallic layer and indicate that the metal centers induce
hybridization and charge transfer to the network. Thus, it is
pressing to experimentally validate these predictions, which
are at the root of the emergence of multiple Dirac-cone band-
manifolds that are key to many quantum properties of interest.
Moreover, the doping role of the cleaved Br atoms existing
on the surface as reaction by-products must be revisited,!267]
as these could extend their influence to the confined sur-
face state (SS) electrons at the pores®®! — ie. the hexagonal
holes contoured by the network exposing the underlying
Ag surface.

In this study, we answer these intriguing fundamental ques-
tions. We present the structural and electronic characterization
of an on-surface synthesized 2D graphdiyne-like organometallic
network on Ag(111). The structure is characterized by scanning
tunneling microscopy (STM) and low-energy electron diffrac-
tion (LEED), demonstrating the ability to achieve extended,
long-range ordered structures. This allows us to experimentally
explore the occupied electronic structure by means of angle-
resolved photoemission spectroscopy (ARPES) and compare it
to the site-dependent local density of states (LDOS) obtained
from scanning tunneling spectroscopy (STS). Direct compari-
son with theoretical ab initio calculations by density functional
theory (DFT) allows us to confirm the presence of extended -
electron conjugation and to deduce the dominant orbital charac-
ter involved in each of these experimental bands. Finally, we show
that the cleaved Br atoms generated during the OSS process not
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only electronically dope the 2D network, but also produce a local
energy shift in the pore-confined surface state.

2. Results

2.1. Network Formation and Morphology

Our molecular precursor of choice is 1,3,5-tris(bromoethynyl)-
benzene (tBEB), consisting of a benzene ring functionalized with
three non-adjacent acetylenic groups ending with a bromine
atom (see inset of Figure 1a). This molecule has been used to
produce 2D structures via on-surface synthesis (OSS) on both
Au(111) and Ag(111).[222628] When deposited at room tempera-
ture (RT) on Ag(111), the debromination occurs spontaneously
and the Br atoms are replaced by native Ag atoms from the
substrate, binding to the alkynyl groups. The dominant struc-
ture formed is a 2D organometallic network coordinated by Ag
adatoms, which connect two adjacent benzene units through
their acetylenic groups and form —C=C-Ag—C=C- bonds. This
well-organized, self-assembled sp—sp? 2D network leads to hexag-
onal pores enclosing a different number of detached Br atoms,
as shown in the close-up STM image of Figure 1b. Statistically,
there is an average of 5.1 Br atoms per unit cell or, equiva-
lently, per pore (Figure S1b, Supporting Information). The miss-
ing 0.9 Br atoms from the six released during the network for-
mation aggregate on the molecule-free areas of the Ag(111)
surface in wiggly 1D arrangements (Figure S1d, Supporting
Information).

The 2D network structurally forms a mixed honeycomb-
kagome network, where the debrominated tBEB molecules
(monomers) occupy the vertices of the pore contour, while the
Ag adatoms (brighter spots in Figure 1c) are in the middle of its
sides. In this configuration, the organometallic bond is consid-
ered practically covalent in strength.®%! Indeed, we find this 2D
network to be stable at RT, according to our STM characteriza-
tion at ~300 K (Figure Sle,f, Supporting Information). Anneal-
ing to 370 K results in the improved crystallization of the 2D
network in terms of larger domain size and increased coverage
(Figure 1a; Figure Sla, Supporting Information), leading to ex-
tended long-range order as extracted from the well-defined LEED
pattern shown in Figure 1d. Increasing the post-annealing tem-
perature to ~420 K results in a decrease in overlayer coverage,
which we interpret as desorption of the monomeric units. Dif-
ferently from the OSS on Au(111),!2%] increasing further this
temperature (up to 450-470 K) does not promote the network
demetalation and the C-C homocoupling among the acetylenic
units. Instead, at such higher temperatures we observe the dis-
ruption of the network and the formation of non-planar, globular
islands (Figure S1h, Supporting Information).

We can extract the average parameters of the 2D network from
the 2D fast Fourier transform (2D-FFT) (inset of Figure 1b), re-
sulting in a mean periodicity of 1.953 + 0.15 nm and unit vec-
tor angles of 60.5° + 1.5°. These values are in agreement with
previous works.[26-28] However, the flexibility of the alkynyl
groups and the side interaction with a variable number of cleaved
bromine atoms within the pores lead to slight directional distor-
tions that affect the overall lattice periodicity and introduce some
degree of structural anisotropy. In particular, the line profiles in
the inset of Figure 1b reveal a difference of Aa = 0.12 nm. Such

© 2024 The Author(s). Small published by Wiley-VCH GmbH

85U80|7 SUOWWIOD @A a1 8|qeo! dde ayy Aq pausenob are sejolie YO ‘8sN JO Se|n. 10} Areiqi8ulUQ A8]IM UO (SUORIPUCO-PUe-SWLRY/LICD" A3 | 1M ATelq 1jBUI [UO//SANY) SUORIPUOD PUe SWie 1 8u3 88S " [17202/TT/L2] uo Akiqiauluo A|1m Bzoberez 8a peps.RAIUN AQ E£590K202 |IWS/Z00T OT/I0p/L00 A8 |IMAreiq iUl uo//:Schy WOy pepeoumoq ‘0 ‘6289ETIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

smidll

www.advancedsciencenews.com

www.small-journal.com

3 SRR
DR IPC00 O 0OIRYFPC0p ) OIS

|

linescan (nm)

Figure 1. Structural characterization of 2D organometallic network on Ag(111). a) Large-scale LT-STM image of the 2D network islands after annealing
to ~#370 K, exhibiting long-range order for hundreds of nm? (STM set-point: =1V, 50 pA). Inset: atomic model of the tBEB molecular precursor. b) High-
resolution LT-STM image of the mixed honeycomb-kagome network showing the linking Ag adatoms as the brightest spots, the monomers as triangular
features connecting three Ag adatoms, and the Br atoms as blobs within the pores (STM set-point: 50 mV, 90 pA). The unit cell of the organometallic
network (marked with a blue rhombus) contains two debrominated monomeric units and three Ag adatoms. Insets: 2D-FFT (top right); averaged line
profiles along the two directions marked by the red and blue arrows (bottom left). c) Simulated atomic structure of the organometallic network on
Ag(117) in top and side views. Carbon atoms are shown in gray, hydrogen atoms in white, Ag adatoms in yellow, and substrate Ag in light-to-dark

brown. (d) LEED pattern obtained at 28.6 eV, consisting primarily of a (41/3 X 4\/§)R30° supercell over the Ag(111) lattice with a 2.002 + 0.10 nm lattice
constant. The red circle points to the pattern splitting into triplets (see text for details). Inset: incommensurate LEED pattern simulated by LEEDpat

; : i (+4.0 4.0
using the superlattice matrix (39 752 ).

deviation is also visible in LEED patterns (Figure 1d). In a first
approximation, the overall LEED arrangement is hexagonal, ex-

hibiting a (4v/3 % 4\/5) R30° supercell over the Ag(111) surface
and yielding a lattice constant of 2.002 nm. However, the LEED
pattern shows split higher-order diffraction spots that are more
evident as we move away from the (0,0) spot due to the pres-
ence of rotationally non-equivalent domains. We obtain an ex-
cellent match of this distorted hexagonal superstructure when
using nonequivalent unit vectors of 2.010 nm and 1.895 nm —
as extracted from the line profiles of the Figure 1b inset — in the
simulated pattern (LEEDpat software,[*’] see inset of Figure 1d).
We note, however, that the periodicity of this network has also
been recently interpreted as a rectangular unit cell featuring three
equivalent network domains.[*!]

We can obtain further structural information on the hexagonal
network by DFT calculations for the 2D network in the gas phase

and on top of a (4y/3 x 4\/§)R30° supercell of the Ag(111) sub-
strate. In the gas phase, the calculated free-standing lattice con-
stant of the network is 2.090 nm. In order to match the network
with the underlying substrate (whose theoretical equilibrium lat-
tice constant is a,, = 0.295 nm), the network is slightly com-
pressed to a lattice constant of 2.042 nm, in agreement with our
STM results (within the experimental error). In virtue of this, the
on-surface synthesized 2D network experiences a ~2.2% stress
with respect to its gas phase equilibrium structure. Additionally,
the interaction between the Ag adatoms and the substrate leads
to bent monomers, as the central phenyl groups protrude from
the surface, while the linear acetylenic groups point toward it,
as shown in Figure 1c. The overall corrugation of the network
amounts to 0.05 nm, being defined as the height difference be-
tween the phenyl rings and the carbon atom in the acetylene moi-
ety adjacent to the Ag adatom. Experimentally, the apparent cor-
rugation as measured by LT-STM is 0.035 nm (with a set-point of
-3.5V /800 pA, see Figure S2b, Supporting Information).
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2.2. Electronic Characterization by ARPES

The excellent growth quality of the network allowed us to de-
termine the occupied electronic structure employing an aver-
aging technique, such as ARPES (Figures 2; Figures S3 and
S4, Supporting Information). Meaningful measurements at the
BaDEIPh beamlinel*!] of the Elettra Synchrotron were obtained
after achieving a sample preparation close to a full monolayer cov-
erage of the mixed honeycomb-kagome network on the Ag(111)
surface, which was followed by thermal annealing to ~370 K.
From a visual inspection of Figure 2, we can easily identify the
presence of two shallow-dispersive band-manifolds in the energy
range between —2.25 and -3.5 eV, and highly dispersive features
that reach the Fermi level (Ej) at high parallel momenta (darker
grey corresponding to higher photoemission intensity). A com-
parison with the pristine substrate (reported on the right side of
Figure S3, Supporting Information) evidences that these highly
dispersive features are related to the bulk Ag sp-band. Notably,
we find that the Ag(111) surface state at k = 0, clearly appearing
in the pristine substrate, is not visible anymore, confirming its
electronic depopulation upon the network formation.[2!

The 2D character of the band-manifold (Figure 2c,d) is de-
duced by their invariability after performing a photon energy
dependence check (Figure S4, Supporting Information). Based
on previous work,!”] these shallow-dispersive bands could be
interpreted as conjugated kagome multi-bands arising from
honeycomb networks. Compared to free-standing calculations
(Figure S9, Supporting Information), in which the band man-
ifold is around the Fermi level, these bands are considerably
downshifted (by more than 2 eV) by the Ag(111) substrate. Al-
though umklapps of the sp-bulk bands are absent, their quality
appears to be significantly better than what has been reported
to date,l’! to the point that it is visible even in the direct ARPES
signal (Figures S3 and S4, Supporting Information). These in-
tense kagome multi-bands are likely related to the very strong
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Figure 2. Electronic characterization of the 2D organometallic network on Ag(111). (a,b) Occupied electronic structure of the 2D network close to
saturation on Ag(111) after annealing to ~370 K. The second derivative of the ARPES spectral function was recorded along the a) I'K (k, = 0) and b) I'M
(k, = 0) directions of the network, using a photon energy of 21 eV and keeping the sample at 120 K. We observe two dominant band-manifolds with
relatively flat appearance related to the 2D network in the —2.25 to -3.5 eV region, as well as highly dispersive bands at large k, and k, values originating
from the sp bands of silver (Figure S3, Supporting Information). c,d) Blown-up panels at the network’s band-manifolds exhibiting dispersion. In panels
(a—d), the color grayscale is linear (the darker, the more intense) and the vertical dashed lines indicate high-symmetry points of the 2D network. Note that
the high-symmetry directions of the substrate are rotated by 30°. e) LT-STM image of the STS grid area (STM set-point: =100 mV, 50 pA). (f) Averaged
LT-STS curves (from 10-15 spectra) taken over several equivalent points of the 2D network, as indicated by the color-coded dots in (e). The STS curve
of the benzene rings is shown in purple, Ag adatoms in blue, acetylenic triple bonds in green, and pore centers in yellow. Note that the central region
(from =3.0 to +1.0 V) has been multiplied by a factor of four for improved visualization. The blue arrows identify peaks within the ARPES band-manifold

range, while “SS” identifies the pore-confined Shockley peak (STS set-point: =500 mV, 14 pA; Vgys = 15.5 mV and f,,. = 817.3 Hz).

organometallic bond existing between the molecules and the Ag
adatoms.[?®! Contrarily, the umklapps absence relates to the ob-
served distortions of this network compared to other strictly pe-
riodic organometallic systems.!”]

2.3. Assessment of the Electronic Structure by DFT

To corroborate the nature of these network bands, we performed
DFT calculations of the 2D network on top of the Ag(111) sub-
strate. The band structure along a high symmetry direction of

the (4v/3 % 4\/5) R30° supercell is reported in Figure 3a. Super-
imposed to the bands of the whole system, consisting of the 2D
network and the substrate (dotted lines), the p-bands of carbon
stand out, plotted with different colors depending on their or-
bital symmetry. The calculation confirms the presence of elec-
tronic bands in ~1 eV-wide energy intervals above the top of
the Ag d-bands and above the Fermi level. The overall shift of
more than 2 eV observed between the experiment and the cal-
culated free-standing band structure (Figure S9, Supporting In-
formation) is theoretically reproduced in the simulation of the
Ag(111)-supported organometallic network.

Figure 3D, showing an enlargement of the occupied states re-
gion, highlights two groups of energy bands. The first, at larger
binding energy, exhibits a p, , character and can be identified
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with the band-manifolds centered at —3.25 eV in ARPES. The
second, with smaller binding energy, displays a p, character and
corresponds to the flat band-manifolds experimentally centered
~—2.5 eV (Figure 2). This assignment is possible due to the rea-
sonably good energy correspondence between experimental and
calculated bands, and the slightly different dispersion of the two
sets of bands. As in the experiments, we find that the p, states
(top band) are flatter, while the p, , states are characterized by
more dispersive features around thel point. Note that the theo-
retical band structure is folded into the irreducible I'K path of the

(4v3x 4\/§)R30° supercell, whereas ARPES data is displayed
along two extended high-symmetry directions ('K and I'M) of
the network’s Brillouin zone.

Significantly, both the expected Dirac-cone features and the
spin polarization of the states observed in the freestanding band
structure (Figure S9, Supporting Information) — already reported
for Ag-bis-acetylide and Au-bis-acetylide networks in the gas
phasel?®! — are destroyed when the network is adsorbed on met-
als. This change in the electronic properties can be ascribed to
the interaction with the substrate that, depending on the strength
of the hybridization, can induce weak or dramatic changes in
the band structure and remarkable structural deformation.*!
Such changes are primarily caused by charge transfer effects
(see next Section) associated with the hybridization of network
states with substrate states, especially pronounced for p, rather
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Figure 3. Comparison of the theoretical and local experimental electronic properties of the 2D organometallic network on Ag(111). a,b) Band dispersion
along a high-symmetry path in the network’s Brillouin zone, showing resolved contributions for p, (blue) and p, ,, (orange, yellow) states. (b) Magnifi-
cation of (a) in the —2.2 to —3.5 eV range. c—e) Isovalue maps of the calculated LDOS of the organometallic network on Ag(111) integrated in an energy
window of 0.15 eV and centered at (c) —2.50 eV, (d) —2.75 eV, and (e) —3.25 eV (Ag substrate not shown). Isosurface level: 0.002 states eV~' A=3. f-h) Sim.-
ulated dI/dV maps at the same energies of panels (c—e) and at a constant height of 2 nm from the plane of the benzene rings. i—k) Constant-current
dl/dV maps acquired at 4.8 K and the same bias as panels (c—e), with Vs = 10.0 mV and f,, = 817.3 Hz (STS set-point: (i) —2.50 V, 350 pA; (j) -2.75 V,
400 pA; (k) —3.25 V, 450 pA). The dominant intensity is associated with the phenyl rings at —2.50 V (see the orbital arrangement in the blue triangle of

(i), with the metal centers at —2.75 V, and with the acetylenic units at —3.25 V.

than p, , states due to their different extension in the vertical
direction.

We also performed DFT calculations of the network with Br
atoms within the pores. We considered different possible con-
figurations with four, five, and six Br atoms in each pore, both
in symmetric and asymmetric positions. Since the properties
of such systems result to be quite similar, we only report them
in the Supporting Information. In particular, the halogens are
strongly bound to the Ag surface in positions close to the ben-
zene’s hydrogens between acetylenic groups, i.e. where they are
most frequently observed at the STM (Figure S2e,f, Supporting
Information). Br-related bands appear in the energy interval be-
tween -3 and -2 eV, as shown in Figure S8c (Supporting In-
formation). Despite being energetically very close to the carbon
network’s bands, they have little effect on the latter in terms
of energy shift and dispersion, which is consistent with the hy-
bridization of Br atoms mainly with the substrate’s Ag atoms.
Although bromine atoms have been reported to induce an up-
ward rigid shift of 200 meV (similar to n-doping effect) in conju-
gated poly(para-phenylene) systems,*”*3] our theoretical results
do not show evidence of such an effect in the Ag(111)-supported
2D network, consistently with a negligible value of the computed
charge transfer between Br and C atoms in the present case. In-
deed, for all analyzed configurations in the presence of Br atoms,
we find a variation of the charge transfer to the network in the
5-10% range.
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2.4. Electronic Characterization by LT-STS

To corroborate and expand the experimental results on the elec-
tronic features obtained by ARPES, we acquired differential
conductivity (dI/dV) maps and constant-height (C.H.) images
through LT-STM/STS at 4.8 K. The complete datasets, reported in
Figures S5-S7 (Supporting Information), include sample map-
ping in the —3.50 to 2.00 V range at both constant current and
constant height, as well as a collection of energy slices of a LT-
STS map obtained from a 36 x 24-pixel grid. The corresponding
LT-STM image of the 6 X 4 nm? scanned area and selected point
spectra are reported in Figure 2e,f. Each curve of the dI/dV spec-
tra is averaged over 10-15 equivalent points of the network.
Notably, we reproduce the LT-STS data together with the re-
sults obtained by ARPES below the Fermi level (Ep). Particularly,
we find weak peaks and shoulders at —3.25, -2.75, and -2.50 V,
marked as blue arrows in Figure 2f. Excluding the peak at-2.75V,
which is localized around the Ag adatoms, the other two peaks
would have been overlooked without the ARPES datasets. The
corresponding constant-current dI/dV maps, obtained from the
LDOS at these relevant energies, are shown in Figure 3i-k. Evi-
dently, different orbitals are accessed at each bias, indicating the
existence of distinct electronic states, as will be discussed in the
following. Note that the electronic features visible approximately
at —2.25 and -1.60 V are associated with tip states, since their
shape and energy remain unvaried at all sites in the STS grid,
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but are absent in ARPES. Moving to the empty electronic region
(positive bias) we find energy states as identified in a previous
work!?®l; in particular, we observe the confined surface state (SS)
at0.60V, and a state localized around the benzene rings at 1.80 V.
A more in-depth analysis follows in the Discussion section.

3. Discussion

The 2D organometallic network has a strong semiconductive
character. The calculation for the free-standing network reveals
that the unsupported network would be a half-metal with a cal-
culated energy gap for the majority spin component of ~3 eV
(Figure S9a, Supporting Information). The frontier orbitals have
mixed p, ,—p, character in the occupied region of the energy spec-
trum, and p, character in the unoccupied one. A similar energy
separation is found as a pseudo-gap in the empty region of mi-
nority spin bands, which are shifted upward by 0.5 eV with
respect to the majority manifold. We point out that the half-
metallicity and spin-polarization of the unsupported network
would be more efficiently described by hybrid functional calcu-
lations, which however are beyond the scope of this manuscript.
Indeed, when the 2D network is formed on Ag(111), the spin im-
balance is lost as a consequence of the interaction with the sub-
strate, and the network bands undergo a shift to lower binding
energies due to a net charge transfer of 0.5 e per unit cell to-
ward the network, resulting from an increase of charge on the
C and H atoms (0.8 e per unit cell) and a depletion of 0.36 e
per unit cell from the Ag adatoms. The experimental estimate
of a 3.10 eV energy gap can be deduced from ARPES data, show-
ing no electronic states down to ~-2.25 eV (Figure 2a—d), and
from the onset of the first unoccupied network state, starting at
0.85 + 0.05 eV according to STS (Figure 2f) and to the network
LDOS emergence from dI/dV grids (Figure S7, Supporting Infor-
mation). Note that we discard the states related to the confined
pore states (peaking at 0.6 eV) as they are substrate-dependent.
Indeed, the dI/dV maps of Figure S5g—o (Supporting Informa-
tion) show a reduced electronic intensity at the network from —
2.25 to 0.6 eV, confirming this large energy gap. Likewise, DFT
calculations for the Ag(111)-supported network (Figure 3a) show
an absence of relevant states on the 2D network between -2.25
and 0.3 eV, corresponding to an energy gap of 2.55 eV. Consid-
ering the expected gap underestimation for DFT calculations,[*]
this calculated value agrees with the experiment. In the follow-
ing, we focus our attention on the occupied low-energy states at
the energy position of the ARPES bands and compare them with
the experimental STS (Figure 2f) and dI/dV maps (Figure 3i-k).
We also compare these experimental results with the simulated
dI/dV maps (f-h) and the calculated LDOS isosurfaces cut at a
specific height Figure 3c—e, showing the states’ spatial symmetry.
At —2.50V bias, we detect a weak shoulder on the STS at the ben-
zene ring position (purple curve in Figure 2f). The dominant con-
tribution of the dI/dV map at this energy (Figure 3i) corresponds
to three circular features in a triangular arrangement located at
the carbon atoms covalently bound to hydrogens (between the
acetylenic groups) in the benzene rings — see the blue triangle
in Figure 3i. Note that these features are strongly modulated in
intensity by the presence of neighboring cleaved Br atoms. The
simulated LDOS at this energy (Figure 3f) displays such molecu-
lar orbital (although with differences in the intensity distribution
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due to the inaccurate comparison of constant-current conditions
with constant-height calculations). This orbital, according to the
isosurfaces in Figure 3(c), exhibits mainly a p, character.

Moving down in energy, at —-2.75 V we observe the main
peak at the Ag adatom position of the STS spectra (blue curve
in Figure 2f), which is clearly localized at the same position
in the dI/dV map (Figure 3j). The surrounding Br atoms do
not seem to interfere with this state, which is also evident in
C.H. maps (Figure S6d, Supporting Information). The simulated
LDOS (Figure 3d,g) localizes the electronic states at the acetylenic
groups and in the proximity of Ag adatoms, thus revealing that
the organometallic linking contributes at this energy to the over-
all electronic structure. This is confirmed by the projected density
of states (PDOS), evaluated at the I" point (Figure S8a, Supporting
Information), i.e. for slowly decaying states, showing the energy
coincidence of states on triple bonds and Ag adatoms. Here, the
orbital character is a mixture of p, and p, states for C, and of s
and in-plane d states for Ag. We attribute the enhanced intensity
of the adatom to the strong hybridization with the substrate and
to its expected outer s-character, which would sharply increase the
tunneling probability.

At -3.25 eV, the dI/dV map exhibits most of its periodic sig-
nal as an extended halo centered at the Ag adatoms, amplified
at the position of the triple C=C bonds (Figure 3k). Indeed, we
find a very subtle shoulder at the acetylenic group (green curve
in Figure 2f) of the STS. This feature is much more evident in the
energy slice at—3.25 eV extracted from the STS grid in Figure S7b
(Supporting Information), from which we deduce it is entirely an
electronic state of the 2D network. Note that observing by STS
such a subtle peak in the occupied region, so far away from the
zero bias and so close to the substrate’s d-bands, is an impressive
experimental challenge. We find excellent agreement with the
LDOS calculations and isosurfaces (Figure 3eh), showing that
the charge is located at the triple bonds with a mixture of p, and
p, orbital character.

This comparison between experiment and theory allows not
only to identify the orbital character of the bands, but also to spa-
tially define the dominant contribution within the 2D network. In
particular, the band-manifold closest to E;. (x—2.50 eV) resonates
at the central benzene of the monomers with an out-of-plane (p,)
orbital character, whereas the deeper band-manifold (~—3.25 eV)
predominantly activates the acetylenic groups coordinated to the
metal centers in a mixture of in-plane (p, and p,) orbitals.

Finally, the prominent feature of the confined Shockley state
peaking at 0.60 V (yellow curve in Figure 2f) deserves further
attention. The main energy shift is dependent on the pore
size, shape, and barrier potential landscape created by the 2D
network.?®4] In this system, the network is able to completely
deplete the Ag SS, as the ARPES cannot detect it below Ep.
On top of this, the Br atoms could also influence this shift, as
previously reported.[?] Indeed, we find that the number and
position of bromine atoms are key to understanding the observed
SS shift. Increasing the number of Br atoms moves the peak
energy from 0.51 to 0.69 V (Figure 4a), but we could find shifts
as far as 0.85 V. Such energy differences are visible as intensity
modulations in the dI/dV maps and energy slices of the STS grid
of Figures S5n—p and S7g—i (Supporting Information). Notably,
we observe an inverse correlation between the SS energy and the
pore area, which strictly depends on the Br atom pore occupancy
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Figure 4. a) Single-point LT-STS curves acquired at the center of pores containing a progressively higher number of Br atoms, as indicated by the
color-coded dots in the inset (STS set-point: =500 mV, 14 pA; Vgus = 15.5 mV and f,. = 817.3 Hz). Inset: reference LT-STM image (STM set-point:
—100 mV, 50 pA). b) Correlation between the exposed pore area subtracting the Br atoms (labeled as the pores in the inset of (a)) and the maximum SS
peak energy. c) Simulated PDOS at the center of the pores (surface Ag atoms) with increasing Br atom occupancy exhibiting the experimental energy
shift. The SS is absent in the dashed curve at the bottom, which refers to the PDOS on a Ag atom in the middle of the substrate slab.

(Figure 4b). In this analysis, the pore area is measured as the
region of exposed silver inside each pore after subtracting the Br
atom space. Such SS shift due to the presence of Br atoms is also
reproducible by DFT. The projected density of states (PDOS)
for Ag of Figure 4c confirms the shift in the SS position, but it
is, however, similar for both the four-Br and six-Br situations.
This is likely because the simulation does not take into account
the distortion of the network caused by the randomly placed
bromine atoms, which can significantly influence the real pore
area. Coming to the unoccupied states, we find electronic con-
tributions related to the 2D network for voltages in the 1.60
to 2.00 V range (Figure 2f). At these energies, the intensity is
mostly localized around the benzene rings (Figure S5s-u, Sup-
porting Information), similar to what was observed at —2.50 V
(Figure 3i). Nevertheless, a progressive change in the orbital
character of these states is observed as the energy increases.
The dI/dV signal changes from homogeneously triangular at
the carbon atoms linked to the hydrogens, to a smeared, almost
circular shape. In contrast, the intensity of the Ag adatoms
peaks at +1.35 eV and then gradually decreases (Figure S5q-u,
Supporting Information), as also confirmed by C.H. imaging
(Figure S6j,k, Supporting Information) and by simulated LDOS
maps (Figure S10, Supporting Information). Indeed, at 2.00 V
the dominant intensity is fully located on the benzene rings,
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with a p, orbital character as demonstrated by the isosurfaces
shown in Figure S11 (Supporting Information).

4, Conclusion

In summary, we show that we can synthesize a high-quality
2D organometallic network by evaporating tBEB molecules on
Ag(111). By means of ARPES and STM/STS, we experimentally
determine the electronic gap of this organometallic network,
amounting to 3.10 eV. The observation of two evident band-
manifolds manifests a high degree of electronic conjugation
throughout the 2D network. DFT calculations shed light on
these electronic features, confirming a non-negligible charge
transfer from the substrate to the network. Notably, we identify
the orbital character of each band-manifold and correlate it
with their main spatial distribution, either out-of-plane at the
benzenes or in-plane at the acetylenic groups. Finally, we eluci-
date the role of the residual Br atoms located within the pores
and find that we can correlate the energy shift of the confined
Shockley state with the available pore area (subtracting the
space occupied by the halogens). These results further evidence
that strong organometallic conjugation of these 2D networks is
possible even on top of metallic surfaces. Moreover, they uncover
the effect of the halogen byproduct of OSS reactions on the

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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confined states of the underlying substrate. As materials based
on sp-carbon show peculiar fundamental properties including
topological states,[“*’] our findings might be of great interest to
future studies and could be key to the implementation of these
networks in high-end applications.

5. Experimental Section

Experiment:  All experiments were performed in situ under ultra-
high vacuum (UHV) conditions, with a base pressure in the 1071
to 107'° mbar range. Single-crystal Ag(111) (MaTeck) was employed
for the on-surface synthesis (OSS) process unless otherwise specified.
Low-temperature scanning tunneling microscopy and spectroscopy (LT-
STM/STS) investigations were conducted with a Scienta Omicron mi-
croscope, cooled down to 4.8 K by liquid helium. LT-STS spectra and
maps were obtained through a lock-in amplifier with an oscillation fre-
quency of f,.. = 817.3 Hz and a modulation amplitude of Vgys = 10 —
15.5 mV (root-mean-square), as indicated in Figure captions. The lock-
in output was compared to the numerical derivative of the I(V) sig-
nal in order to express it in pA/V. Room temperature (RT) STM experi-
ments were carried out with a variable-temperature microscope (VT-STM
by Scienta Omicron), using homemade electrochemically etched tung-
sten tips and mica-supported polycrystalline Ag(111) substrates. Low-
energy electron diffraction (LEED) and angle-resolved photoelectron spec-
troscopy (ARPES) measurements were carried out at 120 K at the BaDEIPh
beamlinel“?] of the Elettra Synchrotron in Trieste using an Omicron Spec-
taLEED and a SPECS Phoibos 150 hemispherical analyzer, respectively.
In the ARPES experiments, the photon energy of the synchrotron radi-
ation was varied in the 21-31 eV range; the total energy of the pho-
toemitted electrons was set to 20 meV, while its angular resolution
was below 0.3°. STM data were analyzed using the image processing
Gwyddion 2.63 software.[*8] The LEED pattern was simulated using the
LEEDpat 4.3 software.[*]

The surfaces were prepared through several cleaning cycles of Art sput-
tering and annealing to 620-720 K until STM or LEED inspection revealed
negligible traces of contaminants. The molecular precursor, i.e. 1,3,5-
tri(bromoethynyl)benzene (tBEB), was synthesized as previously reported
in the literature.l*%>% The precursor in powder form was loaded in a quartz
crucible and inserted in an organic molecular evaporator (OME, provided
by Dr. Eberl MBE-Komponenten). As the vacuum sublimation tempera-
ture is around RT, the crucible was kept at 303 K through a PID feedback
control loop employing resistive heating and a water cooling system. After
placing the substrate at RT in front of the OME opening, at a distance of
~10 to 20 cm, the OME shutter was kept open for several minutes (1 to
5 min, depending on setup), reaching a maximum chamber pressure of
8 x 1078 mbar. The samples were subsequently annealed for 10-15 min
to #370 K.

Theory: Theoretical calculations were performed by density functional
theory (DFT) within the generalized gradient approximation (GGA) in
the PBE form;°"l van der Waals interactions between the organic over-
layer and the substrate were included via a DFT-D2 Grimme potential.[2]
The approach implemented in the SIESTA codel>3! that relies on norm-
conserving pseudopotentials and an atomic-orbitals basis set was used. A
double-zeta basis set with polarization orbitals and a mesh-cutoff of 400 Ry
was adopted for the kinetic energy value that sets the real-space grid. The
pseudopotential for Ag includes only s and p states in valence in order to
achieve a better agreement with the experiments for the energy position of
the d band. Charge transfer is evaluated using the Mulliken analysis tech-
nique.

The simulated STM images are obtained with the Tersoff~Hamann
approach.[>*] The organometallic network matches a (44/3 x 4\/5) R30°
supercell of the underlying Ag(111) surface, as can be deduced from the
STM images and the calculation of the free-standing network, which ex-
hibits an equilibrium lattice constant equal to 2.090 nm; this leads to a
2.2% compression when placed on Ag(111) (theoretical equilibrium lat-

Small 2024, 2406533

2406533 (8 of 9)

www.small-journal.com

tice constant ap, = 0.295 nm). The organometallic layer and the first sub-
strate layer were relaxed until the forces reached the tolerance value of
0.04 eV A=, The threshold for self-consistent convergency of the density
matrix is set to 107*. A 3 x 3 sampling of the Brillouin zone was used.
Along the z direction, the slab includes three layers of the Ag substrate, the
molecular overlayer, and ~85 A of vacuum. Upon relaxation, the slab thick-
ness is increased to 9 layers of Ag for a better description of the electronic
states. The calculations that include Br adatoms on the surface were per-
formed with the same setup as the previous calculations. The Br adatoms
are initially placed in high symmetry positions, in agreement with STM ob-
servations, and then left free to relax together with the 2D network and the
first metal layer.

Supporting Information

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