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Synthesis and characterization of a single-layer
conjugated metal–organic structure featuring a
non-trivial topological gap†
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We employ an on-surface assembly protocol to synthesize a single

layer of a two-dimensional conjugated network (Ni3(HITP)2) on a

Au(111) surface. The electronic coupling between the π orbital of

the diimine ligand and the d orbital of the metal ion renders

efficient π-conjugation. Density-functional theory calculations

provide evidence of a non-trivial topological gap in the surface-

adsorbed single layer. This work demonstrates that single-layer 2D

metal–organic frameworks adsorbed on surfaces are a new class

of 2D materials that host quantum phases.

Metal–organic frameworks (MOFs) are a class of porous
materials composed of metal centers linked by organic ligands
through coordination bonds.1,2 Two-dimensional (2D) MOFs
have attracted intensive attention recently in light of the
rapidly emerging field of 2D materials.3,4 In particular, some
2D-MOFs with a π-conjugated backbone have been demon-
strated theoretically to exhibit non-trivial topological band
structures that are associated with quantum phases.5–7 In
2013, Liu et al. proposed that 2D-MOFs incorporating a hexag-
onal lattice of heavy atoms of Pb or Bi are quantum spin Hall
(QSH) insulators.5 A QSH insulator is a nonmagnetic insulator
which harbors gapless edge states. These edge states lead to
two spin-polarized currents propagating in opposite direc-
tions.7 Later, it was proposed that replacing Pb by Mn or In in
the same structure leads to the quantum anomalous Hall
(QAH) effect.8 Thereafter, various π-conjugated 2D-MOFs that

comprise a Kagome lattice of metal atoms were predicted to
host the quantum phases.9–18

In the last few years, there have been many efforts to syn-
thesize π-conjugated 2D-MOFs.19–31 However, the predicted
quantum phase has not been observed. One of the major pro-
blems is that all these synthesized 2D-MOFs are in a thin film
form but not in a single-layer form. For example, a single layer
of Ni3(HITP)2 (HITP: 2,3,6,7,10,11-hexaiminotriphenylene) was
predicted to host the QSH effect.12 The synthesized films
contain staked multiple Ni3(HITP)2 layers, which display a con-
ductivity of 40 S cm−1,22,31 but not QSH effects. This failure is
not surprising because the quantum effects are very likely
quenched by the inter-layer interactions in the multi-layer
samples. In this regard, the synthesis of a single layer of these
predicted 2D-MOFs is highly desirable.

In this work, we synthesize single-layer Ni3(HITP)2 on a
Au(111) substrate using on-surface coordination self-assem-
bly.32 We resolved its structure at sub-molecular resolution
using scanning tunneling microscopy (STM). The density-func-
tional theory (DFT) calculations show that upon adsorption on
Au(111), the single-layer Ni3(HITP)2 interacts weakly with the
substrate and retains its planar structure. Interestingly, the
non-trivial topological gap of the free-standing layer is pre-
served in the surface-adsorbed layer. These results demon-
strate that on-surface self-assembly is a viable route to realize
2D-MOFs exhibiting exotic quantum phases.

2,3,6,7,10,11-Hexaaminotriphenylene (HATP, inset in
Fig. 1a) was sublimed using an organic-beam evaporator and
deposited on a clean single crystal Au(111) surface which was
held at room temperature. The sample was characterized using
scanning tunneling microscopy at room temperature. Only
fuzzy features were observed, indicating that the HATP mole-
cules were highly mobile on the surface at room temperature.
After depositing Ni onto the sample and annealing the sample
to 100 °C, a hexagonal network structure was observed.
Further annealing the sample to 250 °C resulted in larger
network domains, as shown in Fig. 1a. There exists two
different lattice orientations with angles of ±6.5° mirrored with
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respect to the [01−1] direction of the Au(111) substrate.
Further enlarging the domain size was not successful, presum-
ably because the diimine–Ni bonds are strong, thus favouring
the growth of multiple smaller domains than a big single
domain.

Because the network structure emerged after adding Ni, we
conclude that this structure is a Ni-coordinated metal–organic
framework formed by 2,3,6,7,10,11-hexaiminotriphenylene
(HITP) after deprotonation of the amino groups of the HATP.
Fig. 1b shows a high-resolution STM image. The hexagonal-
shaped objects are assigned as HITP molecules according to
their size and shape, and the oval-shaped objects are assigned
as Ni atoms. Each HITP molecule links head-to-head, being
bridged by a Ni atom, with three neighboring HITP molecules.
The diamond shaped unit cell in Fig. 1b has a lattice constant
of 2.17 ± 0.02 nm. We propose a model, which is overlaid in
Fig. 1b, for this structure. In this model, four N atoms coordi-
nate to a Ni atom in a 4-fold configuration. The 2D framework
of Ni3(HITP)2 comprises a Kagome lattice of Ni atoms. This
structure is almost identical to the Ni3(HITP)2 2D-MOF (the
unit cell size is 21.75 Å) in the multi-layer thin films syn-
thesized by Sheberla et al.22

Zhao et al. studied the electronic properties (i.e., Z2 invar-
iant, topological edge states, doping effect, and spin Hall con-
ductance) of a free-standing Ni3(HITP)2 monolayer theoreti-
cally.12 They found that this structure exhibits QSH effects and
interesting Z2 metallic states in different electron-doped
regions. Here we used the DFT method to study the electronic
properties of the single-layer Ni3(HITP)2 adsorbed on a Au(111)
substrate. Fig. 2a shows the optimized atomic structure of the
Ni3(HITP)2 network adsorbed on a Auð111Þ‐ ffiffiffiffiffi

57
p � ffiffiffiffiffi

57
p

sub-
strate composed of three layers of Au. The angle between the
unit cell of the Ni3(HITP)2 network and the Au(111)-1 × 1
[01−1] direction is 6.587°, agreeing excellently with the experi-
mentally observed domain orientations. The lattice constant is
21.89 Å, which is the same as the lattice constant of the free-
standing single layer. The N–Ni distance is 1.840 Å. The side
view (bottom panel of Fig. 2a) shows that the monolayer is a
planar network. The Ni atoms are 3.460 Å above the Au sub-

strate, implying that the monolayer interacts weakly with the
Au substrate, as confirmed by a relatively small adsorption
energy of 1.028 eV per unit cell. The right panel of Fig. 2c
shows a simulated STM image which reproduces well the
experimental data (left panel).

We further analyzed the charge transfer between the single-
layer Ni3(HITP)2 and the Au(111) substrate. Fig. 2b shows the
top and side views of charge redistribution at an isosurface
level of 2.87 × 10−4 e a−3. Here, we calculated the charge den-
sities of three different systems, namely Ni3(HITP)2 on Au(111)
(ρNi-HITP/Au(r)), Au(111) substrate (ρAu(r)), and free-standing
Ni3(HITP)2 (ρNi-HITP(r)). We plot the charge redistribution fol-
lowing the equation, ρ(r) = ρNi-HITP/Au(r) − ρAu(r) − ρNi-HITP(r).
The top view in Fig. 2b (the green and blue colors represent
charge accumulation and depletion, respectively) shows that
the Ni3(HITP)2 layer transfers charge to the Au(111) substrate.
The side view clearly visualizes charge depletion around the
organic layer and charge accumulation near the Au surface.
Overall, the Ni3(HITP)2 network is p doped when it is placed
on the Au substrate. The charge transfer per unit cell is 0.82e
(detailed analysis in the ESI†).

The electronic band structures of the Ni3(HITP)2 layer
adsorbed on Au(111) are shown in Fig. 3. Black solid circles
represent the contribution (>60%) of the Ni3(HITP)2 layer and
they are mainly contributed from the pz-orbital of the
Ni3(HITP)2 layer. The grey lines denote the band structure of

Fig. 1 Single-layer Ni3(HITP)2 network self-assembled on Au(111). (a) An
overview STM image (inset: a molecular model of the HATP molecule, C:
brown, N: blue, H: pink). Scale bar: 20 nm. (b) A high-resolution STM
image overlaid with a molecular model (Ni: large blue balls). Scale bar:
2 nm.

Fig. 2 (a) DFT optimized structure of the Ni3(HITP)2 single layer
adsorbed on a Auð111Þ‐ ffiffiffiffiffiffi

57
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substrate. (b) Top and side views of
charge transfer at an isosurface level of 2.87 × 10−4 e a−3 (a stands for
Bohr radius). Green (blue) color represents charge accumulation
(depletion), respectively. (c) Experimental (left) and simulated (right) STM
images. Scale bar: 2 nm.
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the Au(111) substrate and most of the contribution comes
from the s- and d-orbitals. The red dotted lines represent the
band structure of a free-standing Ni3(HITP)2 structure. The
highly dispersive band structures confirm the strong conju-
gation of the Ni3(HITP)2 structure. By comparison of the black
and red dotted bands, one can see that the intrinsic band
structure features of the free-standing Ni3(HITP)2 are largely
retained in the surface-adsorbed single layer. The effective
mass of the surface-adsorbed and the free-standing Ni3(HITP)2
layers for the electrons (holes) is 0.011 (0.018) and 0.008
(0.007) at the K point, respectively.

Furthermore, we find that a band gap is opened after
including spin–orbit coupling (SOC) interactions. Fig. 3b and
d show the zoom-in band structures around the K point, in
which the bands of the free-standing Ni3(HITP)2 monolayer are
also plotted (red dotted lines) and up shifted by 51 meV for
comparison. With inclusion of SOC effects in the DFT calcu-
lations, a non-trivial gap of 8 meV is opened at the K point in
the free-standing Ni3(HITP)2 monolayer. This value is almost
the same as that of the free-standing system reported by Zhao
et al.12 This gap is maintained at the K points in the single-
layer Ni3(HITP)2 adsorbed on the Au substrate, see the black
dotted lines in Fig. 3d. Thus we argue that adsorption on Au
(111) does not screen out the non-trivial topological effects of
the Ni3(HITP)2 layer.

The DFT-calculated density of states projected to the
Ni3(HITP)2 layer is plotted in Fig. 4a. When the PDOS is broad-

ened by 1 meV (black curve), the topological gap around 0.47
eV renders a window featuring zero DOS as marked by the
arrow. When the PDOS is broadened at 60 meV (red curve), the
zero-DOS gap is not observable. The dispersive bands contrib-
ute a shoulder and a broad peak between 0.4 and 0.8 V.
Experimentally, we used scanning tunneling spectroscopy to
probe the electronic states of the Ni3(HITP)2 layer. The energy
resolution of our tunneling spectroscopy measurements is
30 meV. The blue curve shown in Fig. 4b is the average of more
than 100 differential tunneling (dI/dV) spectra acquired over a
Ni3(HITP)2 network domain. It features a broad peak centered at
0.6 V, which is only present at the Ni3(HITP)2 network domains
but not at the Au(111) surface (open dots). We assign this peak
to the PDOS of the Ni3(HITP)2 layer around 0.6 eV in Fig. 4a.
Due to the limited energy resolution, the non-trivial topological
gap is not observed experimentally. It is worth noting that
the domain size is about 40 nm across, corresponding to about
400 unit cells, in which the quantum size effect is negligible.33

Conclusions

In conclusion, we demonstrate that single-layer two-dimen-
sional Ni3(HITP)2 can be synthesized on a Au(111) substrate.
The Au substrate does not distort the geometric or electronic
structure of the Ni3(HITP)2 structure. The strong conjugation
of the Ni3(HITP)2 structure is manifested by highly dispersive
bands as confirmed by DFT calculation and tunneling spec-
troscopy measurements. Particularly, a gap is opened when
the SOC effect is switched on, implying that the quantum spin
Hall phase of the free-standing layer is preserved in the
surface-adsorbed single layer. To conduct quantum transport
measurements and to explore the functionality of this system,

Fig. 3 DFT-calculated band structures of the Ni3(HITP)2 layer adsorbed
on a Auð111Þ‐ ffiffiffiffiffiffi
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substrate without (a) and (b) with SOC. The
black solid circles indicate the contribution (more than 60%) of the
Ni3(HITP)2 network. The red dotted lines are the bands of a free-stand-
ing Ni3(HITP)2 network. (c) and (d) Zoom-in band structures of (a) and
(b) near the K point. The bands of the free-standing Ni3(HITP)2 structure
are up-shifted by 51 meV for comparison.

Fig. 4 (a) DFT-calculated projected density of states (PDOS) of the
Ni3(HITP)2 monolayer (black: 1 meV smearing; red: 60 meV smearing).
(b) Differential tunneling spectrum acquired at the Ni3(HITP)2 network
(blue) and Au(111) surface (open dots).
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future work of growing or transferring the single layer to an
insulating substrate is highly desirable.
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