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Synthesis and characterization of low-dimensional
N-heterocyclic carbene lattices

Boyu Qie'?t, Ziyi Wang>*21, Jingwei Jiang®*t, Zisheng Zhang®, Peter H. Jacobse3#, Jiaming Lu®,
Xinheng Li%, Fujia Liu', Anastassia N. Alexandrova®®”’, Steven G. Louie**,
Michael F. Crommie®>*2*, Felix R. Fischer**28*

The covalent interaction of N-heterocyclic carbenes (NHCs) with transition metal atoms gives rise to
distinctive frontier molecular orbitals (FMOs). These emergent electronic states have spurred the
widespread adoption of NHC ligands in chemical catalysis and functional materials. Although formation
of carbene-metal complexes in self-assembled monolayers on surfaces has been explored, design and
electronic structure characterization of extended low-dimensional NHC-metal lattices remains elusive.
Here we demonstrate a modular approach to engineering one-dimensional (1D) metal-organic chains and
two-dimensional (2D) Kagome lattices using the FMOs of NHC—Au—-NHC junctions to create low-
dimensional molecular networks exhibiting intrinsic metallicity. Scanning tunneling spectroscopy and
first-principles density functional theory reveal the contribution of C-Au-C =-bonding states to
dispersive bands that imbue 1D- and 2D-NHC lattices with exceptionally small work functions.

he singlet ground state of N-heterocyclic
carbenes (NHCs) is characterized by the
interaction of two N atoms adjacent to
the carbene C atom. The stabilizing reso-
nance between the nitrogen lone pairs
and the vacant p, orbital of a carbene C atom
competes with the electrostatic effect of the
polarized C-N ¢ bonds (Z). This curious elec-
tronic structure has allowed NHCs to be used
as organic ligands in diverse fields ranging
from homogeneous and heterogeneous catal-
ysis to supramolecular and polymer materials
chemistry (2, 3). The interaction of NHCs with
transition metals creates covalent metal-carbene
bonding arrangements that retain singlet car-

bene character and give rise to frontier orbitals
of unusual symmetry (4, 5).

Here we demonstrate a general approach
for designing and fabricating extended, low-
dimensional NHC-metal frameworks, including
a one-dimensional (1D) chain and a two-
dimensional (2D) Kagome lattice, based on the
carbon-gold-carbon (C-Au-C) n-bonding states
of NHC-Au-NHC junctions (Fig. 1, F and G).
The in situ, on-surface synthesis of periodic struc-
tures was confirmed by real-space bond-resolved
scanning tunneling microscopy (BRSTM) im-
aging. Scanning tunneling spectroscopy (STS)
and first-principles theoretical modeling were
used to determine the contribution of frontier
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Fig. 1. Frontier orbital energies for NHC—Au lattices. (A) Molecular model of a
discrete NHC-Au-NHC complex 1. (B) Unrestricted DFT calculation showing the frontier
molecular orbitals of 1 in isolation at charge neutrality. (C and D) Top-down and side-view
projection of the DFT-LDA calculated wave function isosurface for the NHC-Au-NHC
SOMO (a-HOMO) shows the three-center one-electron & bond shared between

Qie et al., Science 384, 895-901 (2024) 24 May 2024

orbitals to the electronic structure of these n:
created low-dimensional materials.

We found that the singly occupied molecu-
lar orbital of NHC-Au-NHC junctions contrib-
uted to the intrinsic metallic bands of extended
NHC-metal lattices and imbued these structures
with exceptionally low work functions. A sub-
stantial charge transfer between the metal-
organic framework (MOF) and the supporting
gold substrate resulted in the observation of
large-gapped semiconducting band structures.
These results offer new possibilities for the
design and synthesis of NHC-based MOFs with
tailored electronic properties through the engi-
neering of their frontier orbitals, with potential
application in nanoelectronics and spin physics.

Design of 1D and 2D NHC-Au lattices

To understand the electronic properties of
low-dimensional materials constructed from
NHC-metal-NHC junctions, we considered

'Department of Chemistry, University of California, Berkeley,
Berkeley, CA 94720, USA. 2Kavli Energy NanoScience
Institute at the University of California, Berkeley, and the
Lawrence Berkeley National Laboratory, Berkeley, CA 94720,
USA. Department of Physics, University of California,
Berkeley, Berkeley, CA 94720, USA. *Materials Sciences
Division, Lawrence Berkeley National Laboratory, Berkeley, CA
94720, USA. °Department of Chemistry and Biochemistry,
University of California, Los Angeles, Los Angeles, CA 90095,
USA. ®Department of Materials Science and Engineering,
University of California, Los Angeles, Los Angeles, CA 90095,
USA. “California NanoSystems Institute, University of
California, Los Angeles, Los Angeles, CA 90095, USA. ®Bakar
Institute of Digital Materials for the Planet, Division of
Computing, Data Science, and Society, University of California,
Berkeley, Berkeley, CA 94720, USA.

*Corresponding author. Email: ffischer@berkeley.edu (F.R.F.);
crommie@berkeley.edu (M.F.C.); sglouie@berkeley.edu (S.G.L.)
tThese authors contributed equally to this work.

organic linker

C) NHC-Au-NHC

the Au atom and the two NHC ligands (red and blue colors represent phase).
(E) Schematic representation of the pre-orthogonal natural atomic orbital (PNAQ)
contributions of the Au 6p, and C 2p, orbitals to the C-Au-C = bonding the SOMO.
(F) Schematic representation of hopping (t) between NHC-Au-NHC junctions inside a 1D
NHC-metal chain (ID-NHCAUC) and (G) a 2D NHC-metal Kagome lattice (2D-NHCAUKL).
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the frontier molecular orbitals (FMOs) in the
NHC-Au-NHC dimer bis(1,3-dimethyl-2,3-
dihydro-1H-imidazol-2-yl) gold (1; Fig. 1A).
Gold was selected as the metal center because
of its electron configuration of [Xe]4f*5d'%6s",
which gives rise to a singly occupied state
upon binding two NHC carbenes to Au®. The
central Au atom forms a linear complex with
two coplanar NHC carbenes that serves as a
linker element to span 1D or 2D lattices in
the plane of NHC-Au-NHC junctions (Fig. 1,
Fand G).

Unrestricted density functional theory (DFT)
calculations revealed the FMOs of dimer 1 (Fig.
1B). The highest occupied molecular orbital of
the a electron (o-HOMO) is a singly occupied
molecular orbital (SOMO) separated by a siz-
able gap (~4 eV) from the nearest occupied
states, the p-HOMO and o-HOMO-1. The
wave function of the o-HOMO (Fig. 1, C and
D) is dominated by a linear three-center nt
bond shared between the Au atom and the
p- orbitals of the two adjacent NHC C atoms.
Natural bonding orbital analysis provided
the natural atomic orbital (NAO) composi-
tion of the C-Au-C n bonding in the SOMO
(6-8): The Au 6p, NAO contributes 19%, and
the two C 2p, NAOs each contribute 20% (Fig.
1E shows the pre-orthogonal NAO wave func-
tions). The low-lying f-HOMO and a-HOMO-1
states have Au 5d,, NAO character as well as
some contribution from the NHC & system and
place a node on the Au atom (fig. S1). The even-
lower B-HOMO-1 and o-HOMO-2 states are
almost exclusively centered on the Au atom
and exhibit 42% 6s, 30% 5d,:_,, and 15%
5d,. NAO from Au (fig. S1). The NAO con-
tributions as well as the energetic and spatial
isolation of the frontier SOMO orbital (o-HOMO)
are conducive to the engineering of electronic
structures for low-dimensional lattices con-
structed from NHC-Au-NHC junctions.

‘We herein focus on a pair of simple 1D and
2D extended NHC-Au lattices. The isolated
frontier SOMO of 1 allowed us to approximate
the eigenstate localized on the C-Au-C = bond
as an isolated low-energy mode centered on the
NHC-Au-NHC junction. Application of a sim-
ple electron hopping model to a periodic lattice
of such junctions enabled the construction of
an elementary low-energy effective nearest-
neighbor tight-binding model that described
the resultant electronic bands

H= _tlD(QD)Z(i])CICj + Sziczci

where #ipep, is the hopping parameter between
adjacent localized low-energy modes for a 1D
(2D) structure, € is the on-site energy, and cf
and c¢; are creation and annihilation opera-
tors for electrons at site %, respectively. The
application of this model to a 1D lattice is il-
lustrated in Fig. 1F and shows electron hopping
between the C-Au-C SOMO states on the NHC-
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Fig. 2. Bottom-up synthesis of 1D-NHCAuC and 2D-NHCAuKL. (A) Schematic representation of the
surface-mediated in situ synthesis of 1D-NHCAuC. (B) STM topographic image of 1D-NHCAuC on Au(111) [sample
voltage bias (Vs) = =1800 mV, current setpoint (/;) = 50 pA]. (C) Close-up STM topographic image of the
1D-NHCAUC on Au(111) (Vs = =1200 mV, I = 50 pA). (D) Constant-height BRSTM image of 1D-NHCAuC
showing the formation of carbene bonds between phenyl-NHC ligands and Au atoms [Vs = 5 mV, modulation
voltage (V4) = 30 mV, modulation frequency (f) = 533 Hz, CO-functionalized tip]. (E) Schematic representation of
the surface-mediated in situ synthesis strategy for 2D-NHCAUKL. (F) STM topographic image of 2D-NHCAuKL

on Au(111) (Vs = =1200 mV, Iy = 50 pA). (G) Close-up STM topographic image of the 2D-NHCAuKLs on Au(111) (Vs =
-200 mV, Iy =100 pA). (H) Fourier transform of the image shown in (G). The expected reciprocal unit vectors
of 2D-NHCAUKLs are connected by blue dashed lines (scale bar: 0.5 nm™). (I) Constant-height BRSTM image

of 2D-NHCAUKL showing the formation of carbene bonds between triphenylene-NHC ligands and Au atoms (Vs =
=10 mV, V5. =30 mV, f = 533 Hz, CO-functionalized tip). All STM experiments were performed at T = 4 K.

Au-NHC junctions within a 1D NHC-gold chain
(1ID-NHCAuC). Here the organic linkers are de-
picted as gray circles, and NHC-Au-NHC junc-
tions are shown as orange rounded rectangles.
Whereas a symmetric hopping parameter
tip across all zero-mode states gives rise to a
half-filled metallic band, a Peierls distortion
could open a bandgap in the electronic struc-

ture of 1ID-NHCAuC (9). Similar concepts can
be extended to 2D structures, as shown by the
electron hopping model of a 2D NHC-gold
Kagome lattice (2D-NHCAuKL) in Fig. 1G. In
this 2D network, the NHC-Au-NHC junctions
serve as the hopping sites (orange) of a Kagome
lattice, whereas the threefold organic linkers
(gray) form the backbone of a honeycomb
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Fig. 3. Electronic structure of 1D-NHCAuC. (A) dI/dV point spectra of 1D-
NHCAuC on Au(111) recorded at the positions marked in the inset (V,. = 4 mV,
f = 533 Hz, CO-functionalized tip). (B) Constant-height dI/dV map of 1D-NHCAuC
recorded at a sample voltage bias of Vs = +2.0 V (V,. = 30 mV, f = 533 Hz,
CO-functionalized tip). (C) DFT-LDA calculated LDOS map above freestanding
1D-NHCAUC at the conduction band edge energy. (D) Constant-height dI/dV map

lattice. A tight-binding analysis of this 2D model
revealed the typical Kagome band structure
featuring two Dirac bands crossing the Fermi
level (Er) with an unoccupied flat band at higher
energy (10, II).

In situ synthesis of NHC-metal lattices

Using this theoretical approach as a guide, we
designed molecular building blocks that would
enable the in situ on-surface synthesis of 1D-
NHCAuC and 2D-NHCAuKL. We synthesized a
linear divalent NHC ligand based on a benzene
ring (for ID-NHCAuC) and a triangular tri-
valent NHC ligand derived from a triphenylene
core (for 2D-NHCAuKL). Figure 2 outlines the
synthetic bottom-up approach that gives rise
to these low-dimensional carbene architectures
on a Au(111) substrate. Inspired by earlier re-
ports detailing the self-assembly and bonding
modes of monofunctional NHCs on Au(111) sur-
faces (12-23), we selected two organic salts,
1,3,5,7-tetramethyl-3,7-dihydrobenzo[1,2-d:4.5-
d']diimidazole-1,5-diium bis(tetrafluoroborate)
(2) and 1,3,6,8,11,13-hexamethyl-6,11-dihydro-1H-
triphenyleno[2,3-d:6,7-d":10,11-d"Jtriimidazole-
3,8,13-triium tri(tetrafluoroborate) (3), as precursors
for the on-surface synthesis of low-dimensional
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lattices. Organic synthetic procedures that yield
analytically pure samples for ultrahigh vacuum
(UHV) deposition can be found in the supple-
mentary materials (fig. S2).

To assemble 1ID-NHCAuC, we sublimed di-
imidiazolium tetrafluoroborate 2 (the linear
chain precursor) in UHV from a Knudsen cell
evaporator onto a pristine Au(111) substrate
held at 298 K. A subsequent annealing step at
470 K induced the in situ thermal fragmenta-
tion of the tetrafluoroborate salt 2 into the
neutral bis-NHC-carbene linker (24-26). A
pair of NHC ligands coordinated to a single
shared Au adatom to form the characteristic
NHC-Au-NHC junction. Figure 2, B and C,
shows representative STM topographic im-
ages (T = 4 K) of self-assembled 1D-NHCAu
chains. The lengths of these chains exhibited
considerable spread, ranging from <10 nm in
low-density submonolayer samples to >40 nm
in samples prepared from monolayers of pre-
cursor 2 deposited on Au(111) (fig. S3, A to D).
While the growth and relative alignment of
1D-NHCAu chains does not follow the Au(111)
herringbone surface reconstruction (fig. S3A),
the uniform lateral spacing of oligomers in
low-density submonolayer samples hints at a

of 1D-NHCAuC recorded at a bias of Vs = 2.0 V (V4. = 30 mV, f = 533 Hz,
CO-functionalized tip). (E) DFT-LDA calculated LDOS map above freestanding
1D-NHCAUC at the valence band edge energy. (F) DFT-LDA calculated DOS of
freestanding 1D-NHCAUC (spectrum broadened by 10 meV Gaussian and shifted
up with regard to E¢ by 2.94 eV to match the gold p-doping effect). All STM
experiments were performed at T = 4 K.

strong Coulombic repulsion between charged
1D-NHCAu oligomers (fig. S3, E to G) (27, 28).

An x-ray photoelectron spectroscopy (XPS)
survey performed on a dense monolayer of 1D-
NHCAuC on Au(111) showed spectral signatures
for carbon, nitrogen, and gold (fig. S4A). The
absence of signals at the boron and fluorine
edge, the elements associated with the tetra-
fluoroborate counter-anion in 2, suggests a
clean decomposition of the NHC precursor
followed by traceless desorption of the frag-
mentation products during surface growth
(fig. S4C). High-resolution XPS (HR-XPS) in the
spectral windows associated with the binding
energy of C 1s (fig. S4D) and Au 4f (fig. S4E)
states showed characteristic shoulders at 286.6
and 85.1 eV, respectively. These features have
previously been interpreted as signatures of
NHC-Au bonds adsorbed parallel to the Au(111)
surface (21, 29). STM topographic imaging
of samples subjected to XPS revealed that
even prolonged exposure of 1ID-NHCAuC to
air and moisture for 48 hours did not lead to
a noticeable degradation of the NHC-Au-NHC
chains (fig. S4B).

A closer inspection of STM images (Fig. 2C)
revealed a strictly linear configuration of
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1D-NHCAu chains. As coverage increased,
these structures assembled into locally aligned
domains (~100 nm?). Bright protrusions with-
in the chains coincided with the positions of
the NHC-Au-NHC junctions, separated by an
average interjunction distance of ~1 nm. We
were unable to fully resolve the atomic struc-
ture of the corrugated 1D-NHCAuC backbone
with BRSTM imaging, but the position and
spacing of Au atoms, the protruding methyl
substituents on either side of the NHC ligand,
and the central benzene ring (introduced as
an organic spacer) were prominently featured
in the BRSTM images of Fig. 2D and fig. S5.
The bright regions in Fig. 2D and the con-
stant current STM height profile variations of
Az ~ 70 pm recorded across NHC-Au-NHC
junctions (fig. S6, A and B) suggested a bond-
ing between NHC ligands and Au adatoms
rather than an alternative bonding mode in-
volving atoms in the Au(111) surface.

To further corroborate the structural integ-
rity of NHC-Au chains, an STM tip manipula-
tion experiment was conducted to transfer
the in situ formed 1D-NHCAuC onto an island
of monolayer potassium bromide (KBr) co-
deposited on Au(111). The resulting STM topo-
graphic image (fig. S7) of the 1D-NHCAuC
on a KBr island indicated that the Au atoms
remained firmly bound to the NHC ligands
and moved as a single unit even when lifted
off the Au surface. The subtle differences in
the STM topography of NHC-Au-NHC junc-
tions on Au(111) and KBr can be attributed to
changes in the adsorption geometry and in-
teraction with the underlying substrate. The
broad applicability of this growth strategy for
1D NHC-metal chains was further highlighted
by the extension of this approach to Ag(111)
surfaces. The formation of 1ID-NHCAg chains
up to 30 nm in length was observed after sub-
monolayer deposition and the on-surface syn-
thesis protocol for 2 on Ag(111), as detailed in
the supplementary materials (fig. S8).

Building on the in situ synthesis of 1D chains,
the triimidiazolium tetrafluoroborate 3, a pre-
cursor featuring the Dg, symmetry of a tri-
phenylene core, was applied to the synthesis of
the corresponding 2D-NHCAuKL. The excep-
tionally low vapor pressure of the organic tetra-
fluoroborate salt precluded its sublimation
and required us to rely on a direct contact trans-
fer (DCT) protocol to deposit 8 onto a clean
Au(111) substrate (30-32). Subsequent anneal-
ing of the molecule-decorated surface at 7 =
400 K initiated the self-assembly of the 2D-
NHCAuUKL (Fig. 2E). Again, Au atoms were
extracted from the Au(111) substrate to form
NHC-Au-NHC junctions and coordinated to
the trivalent organic NHC linkers to form 2D
Kagome lattices.

Topographic STM images in Fig. 2F and fig.
S9A provide large-area scans of a low-density
submonolayer sample featuring isolated patches
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of 2D-NHCAuKL after the DCT and annealing
steps. A close-up STM topographic image (Fig.
2G and fig. S9B) reveals bright protrusions at
the center of each edge within the rings of the
Kagome lattice. These bright spots correspond
to the positions of the NHC-Au-NHC junctions,
whereas slightly dimmer contrast is observed at
the threefold vertices associated with the tri-
phenylene linkers. The Fourier transform (FT)
of the topographic STM image of Fig. 2G (Fig.
2H) exhibits distinct points corresponding to
the 2D-NHCAuKL lattice structure. Dashed lines
connect the reciprocal lattice vectors expected
for 2D-NHCAuKL.

Although six-membered rings are prevalent
in the 2D-NHCAuKIL, the flexibility of the C-
Au-C bond angle in the NHC-Au-NHC junc-
tion accommodated the formation of rings of
varying sizes. This structural plasticity led to
the formation of defects containing five- and
seven-membered rings, as well as rare exam-
ples of four- and eight-membered rings. BRSTM
images of 2D-NHCAuKL (Fig. 21 and fig. S9, C
and D) confirm the position of gold adatoms,
the methyl groups of the NHC ligands, and tri-
phenylene linkers within the lattice structure.
The characteristic bright spots are consistent
with the positions of the NHC-Au-NHC junc-
tions, as well as the extracted height profile
variations (Az ~ 60 pm; fig. S6, C and D). These
imaging results suggest that 2D-NHCAuKL
has a bonding mode similar to 1ID-NHCAuC in-
volving the formation of a linear complex of two
NHC ligands coordinated to a single Au-adatom.

To further compare the experimental STM
observations of in situ synthesized 1D-NHCAuC
and 2D-NHCAuKL structures with the expected
NHC-Au-NHC bonding mode, we performed
DFT simulations of the 1D and 2D surface struc-
tures including the Au(111) substrate (fig. S10).
Top-down (fig. S10, A and C) and side-on (fig.
S10, B and D) projections of simulated 1D-
NHCAuC and 2D-NHCAuKL lattices on Au(111)
showed a pronounced corrugation in which the
bonding Au adatoms in NHC-Au-NHC junc-
tions were lifted ~3.4 A above the plane of the
Au(111) surface. The theory is in qualitative
agreement with the height profiles extracted
from STM topographic imaging that show Au
atoms in 1ID-NHCAuC protruding slightly higher
from the NHC-Au-NHC junction than the cor-
responding atoms in 2D-NHCAuKL (fig. S6).

Scanning tunneling spectroscopy
of NHC-Au lattices

We used STS to explore how the frontier states
associated with NHC-Au-NHC bonding modes
contributed to the electronic structure of 1D-
NHCAuC and 2D-NHCAuKL. Figure 3A shows
typical dI/dV point spectra recorded on a 1D-
NHCAuC at the positions marked in the inset
[dI/dV spectroscopy reflects the local density of
states (LDOS) beneath the STM tip]. The onset
of a peak at V = +2.0 V (state 1) and a smaller

feature at I, = —2.0 V (state 2) can be seen in
differential conductance spectra recorded
above both the Au atom and the NHC linker.
The energy range spanning -2.0 V< V; < +2.0V
remained featureless, suggesting that 1D-
NHCAuC on Au(111) is a wide-gap semiconduc-
tor. A series of dI/dV maps recorded at biases
of —2.5 V < Vg < +2.3 V are provided in the
supplementary materials (fig. S11) and show
a characteristic background signal associated
with the corrugation along the main axis of
1D-NHCAu chains (see figs. S6, S10, and S12).
The characteristic pattern of bright circular
features resulting from a local modulation of
the STM tip-sample distance in dI/dV maps
coincides with the position of the Au atoms
and could even be seen at IV = 0.0 V, well within
the semiconducting gap. dI/dV mapping at
Vs = +2.0 V revealed the spatial distribution
of the LDOS corresponding to state 1 (Fig. 3B).
Most prominent is a spherical feature at the
position of the Au atoms, flanked on either side
by two smaller lobes associated with the benzene
ring in the NHC linker. dI/dV maps recorded at
Vs = -2.0 V revealed the LDOS corresponding to
state 2 (Fig. 3D). This negative bias state showed
a nodal feature at the position of the Au atom
reminiscent of the NAO contributions from Au
5d,. to the p-HOMO and a-HOMO-1 orbitals in
NHC-Au-NHC dimer 1 (fig. S1).

The STS characterization of 2D-NHCAuKL
is shown in Fig. 4. dI/dV point spectra were
recorded at the positions marked by crosses in
the inset image (Fig. 4A). The onset of a peak
at V5 = +1.8 V (state 3) and a smaller signature
at Vy = -2.0 V (state 4) bracket a featureless en-
ergy range consistent with a wide-gap semi-
conductor. dI/dV maps recorded across a wide
bias range show a familiar pattern of brighter
contrast at the position of the Au atoms re-
sulting from a local corrugation of the 2D-
NHCAuKL (see figs. S6, S10, and S13). Against
this background, dI/dV maps recorded at V; =
+1.8 V (state 3) and V; = —-2.0 V (state 4) show
two distinctive nodal patterns associated with
the triphenylene core of the NHC linker (Fig. 4,
B and C). dI/dV maps at energies corresponding
to state 4 further reveal the faint signature of a
node at the position of the Au atoms suggestive
of NAO contributions from Au 5d,,, orbitals.

Ab initio calculations of NHC-Au lattices

To interpret our experimental STS spectra,
we analyzed the local electronic structure of
NHC-Au lattices using ab initio DFT. Figure
5A shows the calculated DFT band structure
for freestanding charge-neutral 1ID-NHCAuC
using the local density approximation (LDA)
for the exchange-correlation potential. A sin-
gle band crosses Er, which suggests that an
isolated molecular chain should be metallic. A
small energy gap of 0.15 eV lies above the half-
filled metallic band whereas a much larger gap
of 2.5 eV separated the bottom of the metallic
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Fig. 4. Electronic structure of 2D-NHCAuKL. (A) dI/dV point spectra of
2D-NHCAUKL on Au(111) recorded at the positions marked in the inset

(Vae = 4 mV, f = 533 Hz, CO-functionalized tip). (B) Constant-height dI/dV map
of 2D-NHCAUKL recorded at a sample voltage bias of Vg = +1.8 V (V4. = 30 mV,
f = 533 Hz, CO-functionalized tip; light-yellow circles represent the tunneling
current signal exceeding 100 nA in STM measurement). (C) Constant-height
dl/dV map of 2D-NHCAuKL recorded at a bias of Vs = -2.0 V (V. = 30 mV,

band from a dispersive low-lying occupied state.
Using a tight-binding approximation with a
single hopping parameter (¢;p) between C-
Au-C n-bonding states, we could fit the metallic
band with #p = 229 meV and an on-site energy
€ = 0.136 eV (Fig. 5B, red dashed line). Figure
5, C and D, shows the DFT-LDA wave function
isosurface, top-down and side-on view, respec-
tively, and highlights a large contribution from
the C-Au-C bonding molecular orbital to the
metallic band.

DFT calculations further reveal an unusually
small work function ®;pnpicauc = 1.9 €V for
the freestanding 1ID-NHCAuC that can be attrib-
uted to the high energy of the SOMO orbital
associated with the NHC-Au-NHC junction.
The work function of 1D-NHCAuC is much
smaller than that of the underlying gold me-
tal (®y, = 5.3 eV) (33). Charge transfer from
the NHC-Au lattice to the Au substrate is thus
expected to completely deplete the charge car-
riers in the metallic band, pushing its lower
band edge above Ey and resulting in the siz-
able bandgap experimentally observed for 1D-
NHCAuUC on Au(111). This charging effect is
consistent with the uniform separation of 1D-
NHCAuC oligomers by Coulombic repulsion ob-
served in topographic STM images recorded on
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submonolayer 1D-NHCAuC samples on Au(111)
(fig. S3, Eto G).

Figure 3F shows the calculated DFT-LDA
DOS adjusted for an expected 2.94 eV shift of
the 1ID-NHCAuC band structure on gold from
charge transfer. A broad conduction band (CB)
peak at E - Er = +1.3 €V corresponds reason-
ably well with the experimental dI/dV point
spectra for ID-NHCAuC (Fig. 3A). A projection
of the calculated LDOS at the bottom of the CB
(Fig. 3C) faithfully reproduced the orbital pat-
terns observed in experimental dI/dV maps
recorded at V; = +2.0 V (state 1, Fig. 3B) and
provided strong evidence that this state primar-
ily consisted of the C-Au-C n-bonding state
(Fig. 5, C and D). In contrast, the theoretical
LDOS projected at the edge of the valence
band (VB) at E - Er = —1.3 eV showed a nodal
plane at the position of the Au atom, thus re-
flecting contributions from the Au 5d,, NAO
(Fig. 3E). Experimental dI/dV maps recorded
at Vg = -2.0 V (state 2) show similar nodal
structure, albeit with markedly higher inten-
sity on the Au atoms protruding Az ~ 70 pm
above the plane of the NHC linkers (Fig. 3D).

We applied a similar theoretical analysis to
explore the contributions of NHC-Au-NHC
junction states to the electronic structure of

— DFT-LDA
2D-NHCAuKL

— VB

10 20 30 40 50 60
DOS (eV-'cell')

f = 533 Hz, CO-functionalized tip). (D) DFT-LDA calculated LDOS map
above freestanding 2D-NHCAuKL at the conduction band edge energy.

(E) DFT-LDA calculated LDOS map above freestanding 2D-NHCAUKL at the
valence band edge energy. (F) DFT-LDA calculated DOS of freestanding
2D-NHCAUKL (spectrum broadened by 10 meV Gaussian and shifted up with
regard to Er by 2.62 eV to match the gold p-doping effect). All STM
experiments were performed at T = 4 K.

the 2D Kagome lattice. Figure 5E shows the
band structure of freestanding charge-neutral
2D-NHCAUKL calculated with DFT-LDA. A
pair of dispersive half-filled metallic bands
crosses the Er, flanked at higher energy by an
unoccupied Kagome flat-band and separated
from the next lower-energy occupied bands by
a sizable energy separation (AE = 2.25 eV).
Figure 5F shows that the three characteristic
Kagome bands at Ey can be fit by using a sim-
ple tight-binding model with a single hopping
parameter £, = 47 meV and an on-site energy
€ = 0.015 eV to describe the 2D bands formed
out of C-Au-C n-bonding orbitals. The DFT-
LDA wave function isosurface for the states
contributing to the Kagome bands crossing Ex
is shown in Fig. 5, G and H. The DFT-LDA
calculations also predict a small work function
of Dyp NHCAUKL = 2.3 €V for 2D-NHCAuKIL.
Similar to the 1D case, electron transfer be-
tween the isolated metallic Kagome bands and
the gold substrate is expected to empty the 2D-
NHCAuKL metallic band and shift it up in
energy relative to the gold Ey, giving rise to the
experimentally observed large semiconducting
bandgap. To account for this p-doping effect,
the calculated 2D-NHCAuKL DOS was shifted
by 2.62 eV relative to Er in Fig. 4F. The peak at
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Fig. 5. Band structures of NHC—-Au lattices. (A) DFT-LDA band structure of freestanding 1D-NHCAuC.
(B) Tight-binding fit (red) to the DFT-LDA metallic band of 1D-NHCAuC (blue). (C and D) DFT-LDA calculated
wave function isosurface of the states near £ - Er = O (isosurface level: 9 x 107 in freestanding 1D-NHCAUC.
The C-Au-C r-bonding states on the NHC-Au-NHC junctions are visualized in (C) top-down and (D) side-view
projections. (E) DFT-LDA band structure of freestanding 2D-NHCAUKL. (F) Tight-binding fit (red) to the
DFT-LDA Kagome bands of 2D-NHCAUKL (blue). (G and H) DFT-LDA calculated wave function isosurface of
the states near E - Er = O (isosurface level: 4 x 107 in freestanding 1D-NHCAuC. The C-Au-C r-bonding
states on the NHC-Au-NHC junctions are visualized in (G) top-down and (H) side-view projections.

E - Ep = +1.1 eV represents the bottom of the
CB and corresponds to state 3 in the experi-
mental dI/dV point spectra for 2D-NHCAuKL
(Fig. 4A). Projections of the theoretical LDOS
at E - Er = +1.1 eV (Fig. 4D) correspond rea-
sonably well to the orbital patterns in the ex-
perimental dI/dV maps recorded at Vg = +1.8 V
(Fig. 4B), showing that state 3 is primarily
composed of contributions from the localized
C-Au-C n-bonding orbital to the dispersive
Kagome bands. The theoretical LDOS of states
at the edge of the VB at E - Er = —1.1 eV shows
the signature of nodal planes arising from Au
5d,, NAOs (Fig. 4E). This characteristic nodal
pattern corresponds reasonably well to the ex-
perimental dI/dV maps recorded at V; = -2.0 V
(state 4, Fig. 4C).

To investigate the electronic behavior of
NHC-Au lattices on Au(111) surfaces, we ana-
lyzed the electronic structure of the DFT sim-
ulated 1ID-NHCAuC and 2D-NHCAuKL including
the Au(111) substrate (figs. S10, S12A, and S13A).
Figures S12B and S13B illustrate the DFT-LDA
projected wave function isosurface for the CBs
of ID-NHCAuC and 2D-NHCAuUKI, respectively,
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indicating a strong hybridization between the
C-Au-C r-bonding states and the gold substrate.
In contrast, the interaction between the VBs and
Au(111) substrate appears to be weaker (figs.
S12C and S13C). The projected density of state
(PDOS) analysis reveals that the band edge of
1D-NHCAuC and 2D-NHCAuKL is elevated above
Ej after the electron transfer from the metallic
bands of the freestanding NHC-Au lattices to
the Au(111) substrate (figs. S12D and S13D).

Discussion

We have presented a robust methodology
for designing and fabricating extended, low-
dimensional NHC lattices with intrinsic me-
tallic properties by strategically designing
molecular precursors for bottom-up in situ
synthesis. By deterministically engineering
the frontier orbitals of the NHC-Au junctions,
we have successfully constructed 1D chains
(1ID-NHCAuC) and 2D Kagome lattices (2D-
NHCAuKL). These structures feature electronic
signatures stemming from a distinctive NHC-
metal bonding mode. The unusually high energy
associated with the SOMO formed by C-Au-C

n-bonding molecular states leads to a reduced
work function in these low-dimensional crystals
that is comparable to bulk alkali metals (®;; =
+2.93 eV; Oy, = +2.36 €V; Ok = +2.29 eV; Oy, =
+2.26 eV; O = +1.95 eV) (34). Our highly mod-
ular bottom-up approach not only gives access
to exceptionally low work function metals but
also creates future opportunities for exploring
electronic and magnetic phenomena emerg-
ing from low-dimensional NHC-transition me-
tal networks.
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