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mt-orbital bonding plays an important role not only traditionally in molecular science and solid-state chemistry but also in
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modern quantum physics and materials, such as the relativistic Dirac states formed by bonding and antibonding rt-bands in

graphene. Here, we disclose an interesting manifestation of rr-orbitals in forming the Yin-Yang Kagome bands, which host

potentially a range of exotic quantum phenomena. Based on first-principles calculations and tight-binding orbital analyses,

we show that the frontier m>- and rz-orbitals in anilato-based metal-organic frameworks form concurrently a conduction

and valence set of Kagome bands,

respectively, but with opposite sign of lattice hopping to constitute a pair of

enantiomorphic Yin and Yang Kagome bands, as recently proposed in a diatomic Kagome lattice. The twisted configuration

of neighboring benzene-derived organic ligands bridged by an octahedrally O-coordinated metal ion is found to play a critical

role in creating the opposite sign of lattice hopping for the rt2- versus riz-orbitals. Our finding affords a new material platform

to study rr-orbital originated quantum chemistry and physics.

Introduction

Chemical bond analysis, such as the Lewis theory of bonding~
and molecular orbital (MO) theory,*® is of major importance in
the traditional molecular chemistry as well as modern quantum
physics and materials.”® One distinguished example is rr-orbital
bonding,®!® such as the frontier m-orbitals in cycloaddition
reactions,''* and the m-conjugation in covalent organic
frameworks!>'® and metal-organic frameworks (MOFs).1%20 A
star quantum material, graphene that displays fascinating
relativistic Dirac states, is notably formed by bonding and
antibonding m-bands.?%?22 The rm-orbitals are originally
discovered in benzene,*?*27 manifesting the resonant six p,
orbitals, as illustrated in Fig. 1(a) and 1(b), which differ
distinctively from typical covalent or ionic bonds. They exist
ubiquitously in numerous benzene derivatives, such as the
anilato-based ligands, the chloranilic acid (CLA, CgH»Cl,0,),2831
which is of our interest here. As shown in Fig. 1(c), because of
the addition of halogen and oxygen atoms, CLA has a lower
symmetry to lift the energy degeneracy between the ;- and r3-
orbitals, and also the number of valence electrons locates the
“Fermi level” in between these two orbitals so that they
become the lowest unoccupied MO (LUMO) and highest
occupied MO (HOMO), respectively.333 Detailed discussions of
the composition and properties of r1,- and rt3-orbitals in CLA and
also in metal ion-bonded CLAs are shown in Fig. S1 in Electronic
Supplementary Information (ESI).

On the other hand, it is well-known that both lattice and
orbital symmetries play important roles in giving rise to exotic
band structures that host novel quantum states.3* For example,
consider single s-orbital hopping, ie. of simplest orbital
symmetry, Dirac bands and topological flat bands (FBs) are
formed, respectively in a hexagonal®*=37 and Kagome lattice,3’~
44 due to solely lattice symmetry; while both such bands can also
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Fig. 1 (a) Schematic illustration of 6 r-orbitals in benzene. The red dashed line
indicates the nodal plane. Calculated orbital distribution of 6 m-orbitals by
Gaussian: (b) in benzene, and (c) in chloranilic acid (C¢H,Cl,0,4). Green and red
indicate the positive and negative sign of lobes, respectively.

be formed in a hexagonal lattice with (px, py)-orbital hopping,
due to additional orbital symmetry.*>™° Very recently, an
interesting diatomic single-orbital Kagome lattice model has
been proposed to exhibit the so-called Yin-Yang Kagome bands,
which consists of two sets of enantiomorphic Kagome bands,>°
particularly two FBs of opposite Chern numbers separated by an
energy gap. It has been further theoretically shown that
photoexcitation between the two FBs is chiral selective, leading
to excited quantum Hall effect and giant circular dichroism
(CD).*° For example, two flatronic devices of topological
photodetectors in a photovoltaic cell and circularly polarized
lasers in a heterojunction diode have been proposed based on
the flat-CD mechanism.>!

However, there are some intriguing lattice hopping
conditions required to realize the Yin-Yang Kagome bands in a
diatomic Kagome lattice. For example, the longer-distance cross
hopping between two sub-Kagome lattices needs to be larger
than the shorter-distance interatomic hopping.>° Such unusual
hopping conditions make the suitable diatomic-Kagome-lattice
materials rather limited. Here, we disclose a new scheme to

realize Yin-Yang Kagome bands in a “monomolecular”, instead
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of diatomic, Kagome lattice with two orbitals per lattice site, by
exploiting orbital symmetry in addition to lattice symmetry.
Especially, the resulting Yin-Yang Kagome bands represent
another intriguing manifestation of m-orbitals. Based on first-
principles calculations and tight-binding orbital analyses, we
show that the frontier m,- and mt3-orbitals in the anilato-based
MOFs M3(Cs04X2)3 with M = Al, Ga, In and X=H, F, Cl, Br, I, OH,
CN form, strikingly, a pair of enantiomorphic Yin-Yang Kagome
bands. The TB model analysis further reveals that the m,- and
niz-orbitals sit on the same Kagome lattice site and hop
concurrently but with opposite sign of lattice hopping, leading
to the formation of Yin and Yang Kagome bands, respectively. In
particular, the twisted configuration of the neighboring
benzene-derived organic ligands, formed by a metal ion
bonding octahedrally with six oxygen atoms, is found to be vital
to create the opposite sign of lattice hopping for mt>- versus m3-
orbitals. Furthermore, the gap between the two FBs can be
tuned by substituting ligands of different
electronegativity.

organic

Results and Discussion

The anilato-based coordination frameworks have a great
variety, ranging from isolated oligomers to extended one
dimensional (1D), 2D, and 3D MOFs,*?>~>” showing the peculiar
magnetic, electronic, and topological properties.>®%2 Especially,
the 2D anilato-based MOFs with the chemical formula of
M,(CeO4X3)3, as shown in Fig. 2(a), have been extensively
studied in experiments with M = metal ions (Mg,%3 Al,% Ti,51 v,81
Cr,5 Mn,5365 Fe,58-6063,66-69 Cq 56,63 Nj 63 Cy,56 Zn,56:60,63,68 y 70
Cd,>®%365 and Ln’1774), and X is the substituent. Here, we choose
Al>(Cs04Cl,)3 as a prototype for our case study of rr-orbital Yin-
Yang Kagome bands. The lattice constant of Al(Cs04Cl,)s is
13.16 A, which is comparable to 13.135 A obtained in
experiment.®* As the Al ion is octahedrally bonded with six
oxygen atoms, three neighboring organic ligands are twisted
from each other with a dihedral angle (DA) of ~90°, with each
carbon-ring lying in the x-y, y-z and x-z basal planes. Ab initio
molecular dynamics simulation (Fig. S2 in ESI) has been carried
out to confirm the structural stability of monolayer
Aly(Cg04Cl3)3. The derived interlayer binding energy of
Aly(Cs04Cl3)s3 indicates a high feasibility of exfoliating layered
anilato-based MOFs into 2D layers, similar to other 2D materials
(Fig. S3 in ESI).

Figure 2(b) shows two sets of enantiomorphic Yin-Yang
Kagome bands obtained from density functional theory (DFT)
calculations, with the Fermi level located in between them and
far away from other bands (see Fig. S4 in ESI). The partial charge
distribution of conduction and valence Kagome bands are
shown in Fig. 2(c) and 2(d), which are predominantly
contributed from C-O and C-Cl orbitals, respectively, with no
contribution from Al (see Fig. S5 in ESI for details). After
considering spin-orbital coupling (SOC), there are small gaps of
1.50 and 0.70 meV for conduction Kagome bands, and 0.41 and
0.16 meV for valence Kagome bands opened at I and K points,
respectively (Fig. S6 in ESI). The nontrivial topology of the
enantiomorphic Kagome bands in Al;(Cé04Cly)3 has be

2| J. Name., 2012, 00, 1-3
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Fig. 2 (a) Top and side views of the crystal structure of anilato-based MOFs
M;(Cs04X;)s. The lower panel represents the dihedral angle between two
neighboring organic ligands (taking the carbon-ring as the basal plane), which is
~90°. (b) DFT band structure of Al,(Cs04Cl,)s. (c) and (d) are the top and auxiliary
views of partial charge distribution of conduction and valence Kagome bands,
respectively. The dashed rhombus indicates the unit cell.

confirmed by calculating the edge states and Z, number with
the maximally localized Wannier functions (Fig. S7 to S8 in
ESI).75-77

To better understand the electronic and topological
properties of Al;(Cs04Cl,)3, TB model analyses are performed.
The partial charge distribution of conduction and valence
Kagome bands are found to retain the features of m,- and ms-
orbitals in CLA, respectively. Note that there is a phase change
of m-orbitals in neighboring ligands around each Al ion (Fig. S1
in ESI), which is also adopted in TB model. The illustrations of
the TB model with ;- and ms-orbitals in a Kagome lattice are
shown in Fig. 3(a) and 3(b), respectively. The TB Hamiltonian is
defined as,

t t to b i

H = Yieie; i+ iy taci € + L 261 6 + so L in (g j ¥
{;—’;El)cfazcj + hc,
where ¢; is the on-site energy; c;r and c; are the creation and
annihilation operators of an electron on site i, respectively. t;
and t, represent the hopping between the nearest-neighbor
(NN) (i, j) and the second nearest-neighbor (2NN) ((i, j)) sites,
respectively; Aso is the strength of spin-orbital coupling (SOC),
o, is the z-component of Pauli matrices, and c_z’)k,- is the vector
from site i to site k. The negative sign in front of hopping t
indicates the hopping between two m-orbitals with opposite
signs of lobes facing each other. As a result, the lattice hopping
of m,- and rms-orbitals are effectively with opposite sign. The
band structure obtained from the TB model, with a gap
between the two FBs E; = |Ae - 2(1&;r2 + tf3)|, is shown in Fig.
3(c). For simplicity, we set tfz = tf3, which in principle can be

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 lllustrations of TB model consisting of (a) .- and (b) m3-orbitals in a Kagome lattice. The dashed rhombus indicates the unit cell. t; and t, represent the NN

and 2NN hopping. The negative sign indicates the hopping between two 5 orbitals with opposite signs of lobes facing each other. Green and red color indicate

the positive and negative sign of lobes, respectively. (c) The ideal enantiomorphic Kagome bands obtained from TB model with t;, t; = 0, £,= 4|t:|, and &, = -
4|t;]. The band gap between the two FBs E, = | As - 2(¢;2 + t;°)|, band width W, =6|t;?|, and Wy, =6|t;*|. Here, t2 = t7° =t;, Ae = &4,- &,,.

different but without changing the key features of the overall
band structure. More details of TB model are provided in ESI.
The Al ion is preferred to octahedrally coordinated with six
oxygen atoms of three deprotonated organic ligands in a highly
symmetrical configuration, resulting in an orthogonal orbital
orientation between neighboring ligands. This orthogonality
turns out to be critical in forming the FBs. We have analysed the
DA dependence of FB, by artificially tuning the DA from 93°, to
75°, and to 67° to gradually decrease the orthogonality. Both
DFT and TB calculations show that with the decreasing DA, the
two FBs are no longer flat and meantime the band width of both
conduction and valence Kagome bands increases, as shown in
Fig. S9 and Table. S1 in ESI. It is known that the 2NN interaction
affects the flatness of FB in Kagome lattice.*>7® Since the
orthogonal neighboring m-orbitals has the smallest hopping,
rotating away from the orthogonal configuration will increase
the 2NN hopping t,, and hence deteriorate the flatness of FBs.
Considering SOC in the TB model, the topological invariant
Z>, number has been calculated by checking the parity of
occupied bands at time-reversal invariant momenta (Table S2
and Fig. S10 in ESI).”° For each spin channel, the two FBs have

2.4
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Fig. 4 Energy gap for different substituents X in Al,(Cs04X;); calculated in the

framework of PBE (black), HSEO6 (red), and HOMO-LUMO gap in molecule of
Ce04X;H, (blue).

This journal is © The Royal Society of Chemistry 20xx

opposite spin Chern numbers to realize the Yin-Yang Kagome
bands, as shown in the original lattice model.>°

Next, we demonstrate the band gap between two FBs can
change with the substituent of X since the band gap plays a
crucial role in the optoelectronic applications.8%83 The semilocal
approximations to the exchange-correlation potentials of
Perdew, Burke, and Ernzerhof (PBE)8435 is used first in the DFT
calculations. However, it is known to underestimate the band
gap.%5-8 Therefore, the screened hybrid functional of Heyd,
Scuseria, and Ernzerhof (HSE)®® (Fig. S11 in ESI) is also used to
correct the band gap of PBE, as shown in Fig. 4. Except for the
different gap sizes, the overall trend of band gap, changing with
the substituents of different electronegativity, keeps the same.
Aly(Ce04X3)3 with the substituent of X = H in ligands has the
largest gap (2.77 eV), which is followed by CN (2.42 eV), and OH
(2.32 eV). The halogen substituents lead to a relatively small gap
size, from F of 2.26 eV to | of 1.99 eV. The origin of the gap
difference in the MOFs is found directly correlated with the
HOMO-LUMO gap between the ;- and mts- orbitals (Fig. S12 in
ESl) in the corresponding organic ligand,.'”°°2 which form
respectively the valence and conduction bands as shown above.
In addition, the band gap of Al>(Cs04Cl,); decreases slightly with
the increasing strain without affecting the Yin-Yang Kagome
bands (Fig. S13 in ESI).

Lastly, we explored other members in the family of anilato-
based MOFs M5(Cs04X3)3 with X = H, CN, OH, F, Cl, Br, |, and M
= Al, Ga, In, which are found to also host the enantiomorphic
Yin-Yang Kagome bands formed by r-orbitals (Fig. S14 and S15).
Band gap between two FBs does not have a strong dependence
on metal ions (Fig. S16). MOFs with Ga and In have the same
trend of Eg s with respect to different organic ligand
substituents as that in Aly(Cs04 X3)3.

Conclusions

In summary, a dual of frontier r-orbitals in anilato-based MOFs
have been found to form the intriguing enantiomorphic Yin-
Yang Kagome bands, which is based on an orbital-symmetry
mechanism different from the original diatomic Kagome model
based on lattice symmetry. Especially, the resulting gap size
between two flat bands are determined by the HOMO-LOMO

J. Name., 2013, 00, 1-3 | 3
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gap of original molecular orbitals and hence be readily tuned by
choice of molecules, while the same gap in the diatomic
Kagome lattice depends on the interatomic interaction which is
much harder to tune. The twisted orthogonal configuration of
neighboring ligands bridged by an octahedrally O-coordinated
metal ion is critical, on one hand, to create the opposite sign of
lattice hopping for the two frontier r-orbitals, and on the other
hand, to ensure the flatness of flat bands. Our finding not only
enriches the fundamental chemistry and physics of rt-orbitals in
association with Yin-Yang Kagome bands, but also significantly
expands the pool of materials hosting enantiomorphic Kagome
bands. Broadly, it provides a new platform to study m-orbital
originated quantum chemistry and physics.
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