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Density functional calculations have been performed to analyze the electronic and mechanical properties of a number of2D
boroxine-linked covalent organic frameworks (COFs), which are experimentally fabricated by the di-borate aromatic molecules.
Further, the band structures are surprising and show the flat-band characteristics which are mainly attributed to the delocalized
π−conjugated electrons around the phenyl rings and can be better understood within the aromatical theory. Next, the effects of
branch sizes and hydrostatic strains on their band structures are systematically considered within generalized gradient approxi-
mations. It is found that their band gaps will start to saturate when the branch size reaches 9. For boroxine-linked COFs with
only one benzene ring in the branch, the band gap is robust under the compressive strain while it decreases with the tensile strain
increasing. When the branch size is equal or greater than 2, their band gaps will monotonously increase with the strain increasing
in the range of [-1.0, 2.0]̊A. All boroxine-linked COFs are semiconductors with the controllable band gaps, depending on the
branch length and the applied strain. In comparison with other 2D materials, such as graphene, hexagonal boron nitride,and even
γ-graphyne, all boroxine-linked COFs are much softer and even more stable. That is, they can maintain the planar featuresunder
a larger compressive strain, which means that they are good candidates in the flexible electronics.

1 Introduction

Recently, 2D ultrathin materials have been experimental-
ly synthesized and characterized, such as the archetypi-
cal graphene,1 hexagonal boron nitride,2 transition metal
dichalcogenides,3 silicene,4 germanene,5 phosphorene,6 and
even hafnium honeycomb layers.7 They usually have atom-
ically thin and robust structures and unique electronic prop-
erties, so they have generated immense interests for many e-
merging fields.8,9 Generally, all of them belong to inorganic
nanomaterials. By comparison, covalent organic framework-
s (COFs), composed entirely of light chemical elements and
originally shown in 2005, are with tunable structural motif-
s but low intrinsic conductivity.10–12 Structurally similar to
graphene, they are constructed in place of carbon atoms with
small organic molecules.13,14 Furthermore, because of their
π-stacked columns which can drive the electronic interactions
between the nearest neighbor sheets and furtherly provide a
path for charge carriers migration,15 they are the promising
molecular semiconductors in the photovoltaic device.16,17

However, the mechanical exfoliation of bulk COFs to a
monolayer is practically very difficult due to the limited sizes
of COFs. Therefore, 2D COFs are experimentally fabricat-
ed via the bottom-up preparative technique. For instance,
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well-ordered 2D boronic acid based COFs can be fabricat-
ed by the dehydration of di-borate aromatic molecules.18,19

This is because that the chemical equilibrium could be kep-
t by adding a small amount of water into the closed reac-
tion system. Further, boronic acid based COFs are of spe-
cial interest due to their ability to form lamellar eutecticstruc-
tures.20,21 As is well known, the electronic properties of 2D
COFs could be predictably tuned by controlling a few of de-
grees of freedom,22 such as the branch chains, radical cations,
morphologies, and dopants. For example, when the dopants
such as I2 and tetracyanoquinodimethane diffusive into the
tetrathiafulvalene-based COFs, the redox reactions happen
which facilitate the cross-layer delocalization of tetrathiaful-
valene radical cations to generate higher conductivity as high
as 0.28 S m−1.23

In this study, nine different kinds of boroxine-linked COF-
s with various lengths of phenyl rings, namely benzene-n
(n=1∼9), are taken into consideration. And then, we have
systematically calculated their band structures. In the vicinity
of the Fermi level, the bands are very flat and show narrow-
band characteristics. From the analysis of the frontier molec-
ular orbital distribution and aromaticity theory, this is mainly
because of the delocalizedπ-conjugated electrons around the
phenyl rings. Strains are often applied to tune the electron-
ic properties of graphene-like sheets.24,25 Moreover, Meunier
et al. studied the effect of the hydrostatic strain on the elec-
tronic properties of benzene-1, but the investigations on oth-
er boroxine-linked COFs are lacked.22 Therefore,ab-initio s-
train energy calculations within the harmonic elastic deforma-
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Fig. 1 (Color online). Atomic configurations of 2D boroxine-linked
COFs (a). The parallelogram shows the unit cell. The ovals mean
that various benzene rings can be connected between two boroxine
rings (b). The lengths (n) of benzene rings increase from n=1to 5.
For all the atomic structures discussed in this paper, boronis shown
in green, oxygen in orange, carbon in yellow, and hydrogen inblue.

tion range are applied to benzene-n with n=1∼5 and the strain-
induced electronic structure changes and the Young’s modu-
lus are given. The results show that all these boroxine-linked
COFs are semiconductors with the controllable band gaps, de-
pending on the rational chemical design and the applied s-
train. Furthermore, their band gaps increase monotonously
and steadily with the strain in the range of [-1.0, 2.0]Å, while
for benzene-1, an asymmetry tunable band gap occurs. The
tensile strain makes the band gap decrease from 3.55 to 3.00
eV while the band gap is robust under the compressive strain.

The paper is organized as follows. In Sec. II, the compu-
tational details are briefly introduced. In Sec. III, we present
our self-consistently calculated flat bands, Young’s modulus,
and the changes of the band gaps. The paper ends with Sec.
IV where a short conclusion is given.

2 CALCULATIONAL Details

The electronic properties of the systems shown in Fig. 1 are
characterizedvia ab-initio calculations in the framework of
density functional theory,26 as implemented in the SIESTA
package.27 The generalized gradient approximation is applied
for the exchange-correlation potential by using the Perdew-
Burke-Ernzerhof functional.28 A linear combination of a s-
tandard double zeta basis plus the polarization for describing
all valence electrons and norm-conserving pseudopotentials29

for the atomic core are employed. Integration inside of the first
Brillouin zone is sampled on 10× 10 × 1 Monkhorst-Pack
meshgrids.30 The real-space grid cutoff energy is 300 Ry and
a Fermi-Dirac distribution function with an electronic temper-
ature of 20 meV is used to populate the energy levels. The
appropriate vacuum region (20̊A) is chosen in the direction
normal to the surface which is much larger than the interlayer
spacing of graphite (3.35̊A), 31 so each sheet can be laterally

isolated from its periodic images.

3 RESULTS AND DISCUSSIONS

The atomic structures of 2D boroxine-linked COFs are shown
in Fig. 1 (a). They are ideally honeycomb-like structures with
six boroxine rings locating at the vertices of the hexagonal
cell and show the P63/mmc symmetry.10 Six sides are com-
posed of a series of benzene rings (Fig. 1(b)) which bring
out the best in 2D boroxine-linked COFs: the pore size and
electronic properties can be tuned by changing the benzene
ring “bridges”. Here, a series of 2D boroxine-linked COFs are
taken into consideration and named after benzene-n accord-
ing to the number (n) of benzene rings connected between t-
wo boroxine rings. Firstly, the equilibrium lattice constants
(an) are obtained by a least-squares fitvia the total energies
(E[an]) after every geometry is fully optimized as a function
of the lattice constants. The equilibrium lattice constants, as
shown in Table I, are 15.11, 22.66, 30.26, 37.84, and 45.42
Å for n=1, 2, 3, 4, and 5, respectively. For benzene-1, the
lattice constant is consistent with the previously calculated re-
sult (15.173Å) 22 but slightly less than the experimental value
(15.420Å). 10 In general, our results are consistent with the
experimentally measured pore sizes.32 Table I also shows the
concrete geometry parameters in detail. In all 2D boroxine-
linked COFs, the boroxine ring is slightly different from the
benzene ring. On one hand, the O-B bonds (1.38Å) are less
than C-C bonds (1.41̊A) in the benzene ring as those insid-
e of graphene. On the other hand, the boroxine ring is not a
perfect hexagon and the angle (6 BOB) is about 121◦ which
is consistent with the previous results.33 This is because that
the electronegativity of oxygen elements is stronger and there
are a lone pair of electrons mostly localized around oxygen
atoms. Consequently, in comparison with benzene rings, the
boroxine rings have very little aromatic characters.34,35 For
benzene-1 and benzene-2 boroxine-linked COFs, the boroxine
and benzene rings are in a plane (see Supporting Information
Figs. S1 and S4). Furthermore, when all the benzene rings
are in a plane, benzene-n (n≥ 3) boroxine-linked COFs are
metastable (see Supporting Information Fig. S6). In addition,
the torsion of the phenylene groups is very complex, especial-
ly for boroxine-linked COFs with an even number of benzene
rings connected between the boroxine rings. This is because
the dihedral angle between the phenylene groups is∼39◦ (see
Supporting Information Table SI). Therefore, only the planar
geometries are taken into consideration in this study.

Once the equilibrium structures are determined, it is ready
to investigate the ground-state properties of 2D boroxine-
linked COFs. For benzene-1, the band structure and density of
states are calculated and shown in Fig. 2. In the (a) panel, the
band structure is plotted along a high symmetry k-direction,
Γ-K-M-Γ, in the first Brillouin zone. Although it has a simi-
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Fig. 2 (Color online). The calculated band structure (a) and density
of states (b) of 2D boroxine-linked COF with only one benzenering
connected between two boroxine rings under zero strain. The
enlarged views of HOMO (c) and LUMO (d) are also shown. The
Fermi level is set at the middle of the valence and conductionbands.

lar topological structure to graphene, the electronic properties
are completely different.36 The latter presents a Dirac cone,
while the former shows some flatbands over the whole Bril-
louin zone. Inspection of the density of states (Fig. 2(b)) re-
veals that 2D boroxine-linked COF with a benzene ring attains
a band gap of∼ 3.50 eV, which is consistent with the previ-
ously calculated value (3.55 eV).22 In the vicinity of the Fermi
level, the valence and conduction bands can not well disperse
over the whole Brillouin zone, so the enlarged views of fron-
tier orbital energies are redrawn to clearly distinguish the dis-
persion relation and shown in Figs. 2(c,d). It is found that
the top of valence bands and the bottom of conduction bands
are at the same position ofΓ. The band widths for the highest
occupied molecular orbitals (HOMO) and lowest unoccupied
molecular orbitals (LUMO) are just only∼ 7.4 meV and∼
6.7 meV, respectively. Moreover, the torsion of the phenyl ring
around C-B bonds does not change the bandwidths of frontier
orbitals except for the band gap (see Supporting Information
Fig. S3). Generally, 2D benzene-1 boroxine-linked COF ex-
hibits the direct band-gap semiconductor.

As the above-mentioned material design, a set of related
structures are constructed by adding extra phenyl rings into
the hexagonal sides. As shown in Fig. 3(a), all 2D boroxine-
linked COFs exhibit the semiconducting characteristics and
the band gaps will decrease with increasing the branch size
(n). For example, the band gap reduces to 2.05 eV when the
phenyl rings reach 9. According to our calculated results, the
band gap of benzene-9 is mostly saturated. Using the vacuum-
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Fig. 3 (Color online). The energies (eV) of band gaps (a), electronic
affinity (b) and ionization potential (b) of 2D boroxine-linked COFs
as a function of the benzene lengths (n). The solid line (filled dots)
and the dotted line (circles) refer to the electronic affinity and
ionization potential, respectively.

potential as the unique reference point, the reduction of their
band gaps mainly owes to the increase of the ionization po-
tential (or the valance-band maximum), although the electron-
ic affinity (or the conduction-band minimum) also increases.
From the panel (b) of Fig. 3, when n increases from 1 to 9,
the ionization potential increases from -6.02 to -4.40 eV and
the electronic affinity only increases from -2.52 to -2.35 eV.
That is, the increase of ionization potential (1.62 eV) is ten
times than that of electronic affinity (0.17 eV). In the follow-
ing, the reason will be discussed by analyzing the local den-
sity of states. With increasing the benzene length, there is
another difference in the frontier orbitals, as shown in Fig.
4. The first and second HOMO do not hybridize together but
split apart from each other because a benzene ring is connect-
ed between the boroxine ring and another benzene ring which
further breaks the hexagonal symmetry, as shown in Fig. 11.
By contrast, the band widths of HOMO increase while they
decrease for LUMO. Finally, the LUMO becomes a fully flat
band over the whole Brillouin zone.

In order to elucidate the intrinsic characteristics of electron-
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Fig. 4 (Color online). The enlarged views of HOMO (a) and
LUMO (b) of benzene-2 boroxine-linked COF under zero strain.
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Fig. 5 (Color online). The local density of states are shown. For
benzene-1, they are integrated between two given energies [-6.027,
-6.010] eV (a) and [-2.520, -2.511] eV (b), respectively. For
benzene-2, they are integrated between two given energies [-5.321,
-5.250] eV (c) and [-2.460, -2.440] eV (d), respectively. The energy
ranges which are chosen to calculate the local density of states are
slightly larger than the shaded areas shown in Figs. 2(c, d) and 4(a,
b).

ic properties, we further give the spatial distribution of the lo-
cal density of states near the Fermi level. Figs. 5(a,b) show
the local density of states for the frontier orbitals of benzene-
1. They are integrated between two given energies [-6.027,
-6.010] eV for HOMO and [-2.520, -2.511] eV for LUMO,
respectively. Like graphene, the frontier orbitals mainlyat-
tribute to the delocalizedπ−conjugated electrons. However,
the boroxine ring possesses little aromaticity and can not ef-
fectively serve as an electron-transferring bridge. Therefore,
the conduction and valence bands near the Fermi level show
the flat-band characteristics. According to the aromaticaltheo-
ry, LUMO’s electron density is not identical to that of HOMO:
the former partly localizes at the nodes while the latter is pri-
marily distributed along the phenyl chains. Thus, the changes
in chain lengths significantly affect the features of the ioniza-
tion potential and only slightly alter the electronic affinity. For
benzene-2, the local density of states are shown in Figs. 5(c,
d) and the ranges of two given energies are [-5.321, -5.250] eV
and [-2.460, -2.440] eV, respectively. The panel (c) is a rep-
resentative 2-node system according to the aromatical theory.
Two highest occupied bands of benzene-2 should localize in
the same energy range as those of benzene-1 (Fig. 2(c)), but
two C-C bonds along the benzene ring direction get shorten
(Fig. 11) which makes two highest occupied bands split off.
At last, the cyclic nature of benzene restricts against having
an odd number of nodes. Thus, the valence bands are mainly
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Fig. 6 (Color online). The band gaps of 2D boroxine-linked COFs
(n=1, 2, 3, 4, and 5.) as a function of hydrostatic strains (ε).

the unfilled orbitals with 4 nodes, which is agreement with the
local density of states shown in Figs. 5(b, d).

Inspired by the previous results of the strained 2D material-
s,37,38 in the following section, we will discuss the variation-
s of the electronic properties under hydrostatic strains inthe
range of [-1.0, 2.0]̊A. The hydrostatic strains are imposed by
scaling the lattice constants (an). ε = (a−a0), where a0 and a
are the equilibrium and stretched lattice constants, respective-
ly. Under every strain, the COFs are fully relaxed (not only
in-plane but also out-of-plane degrees of freedom) until the
residual maximum forces are less than 0.01 eV/Å. And then,
the electron properties for every equilibrium geometry arecal-
culated and shown in Fig. 6. For all 2D boroxine-linked COF-
s, they are still semiconductors and their band gaps can be con-
tinuously modulated by the hydrostatic strains in the rangeof
[-1.0, 2.0]Å. More interestingly, for benzene-1, the band gap
continuously decreases, while it will monotonously increase
for benzene-n (n≥ 2) boroxine-linked COFs.

Specifically, there is an asymmetry adjustment of the band
gap for benzene-1 under the hydrostatic strain. In other words,
the band gap is robust under the compressive strain (the neg-

Table 2 The band gap, electronic affinity, and ionization potentialin
units of eV for 2D boroxine-linked COFs with a series of benzene
rings of different length (n) under the compressive strain (εc = -1.0
Å) and the tensile strain (ε t = 2.0Å).

n band gap electronic affinity ionization potential
-1.0 2.0 -1.0 2.0 -1.0 2.0

1 3.49 3.07 -2.33 -2.55 -5.82 -5.62
2 2.69 2.98 -2.34 -2.56 -5.03 -5.54
3 2.39 2.71 -2.32 -2.51 -4.71 -5.22
4 2.23 2.54 -2.31 -2.48 -4.54 -5.01
5 2.14 2.41 -2.31 -2.45 -4.45 -4.86
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Fig. 7 (Color online). The energies of electronic affinity (EA, eV)
and ionization potential (IP, eV) of a series of 2D boroxine-linked
COFs as a function of hydrostatic strains (ε).

ative value), while the tensile strain (the positive value)will
make the band gap reduce to∼ 3.07 eV under the tensile strain
(εt = 2.0Å), as shown in Table II. When the length of phenyl
chains is equal or greater than 2, regardless of the compres-
sive or tensile strains in the range of [-1.0, 2.0]Å, the band
gaps will continuously and monotonously increase. For ex-
ample, the band gap increases from 2.69 eV (εc = -1.0 Å) to
2.98 eV (εt = 2.0Å) for benzene-2. No matter of the length of
benzene rings, the increase of their band gaps is nearly linear
as a function ofε and the accommodative amplitude of their
band gaps is about 0.3 eV. Further, it is a worthy question to
explore: how the valence and conduction bands shift with the
strains. Fig. 7 shows the energies of the electronic affinityand
ionization potential with respect to the hydrostatic strains. For
2D boroxine-linked COFs except for benzene-1, the electron-
ic affinity and ionization potential will decrease at the same
time whether the hydrostatic strain is compressive or tensile.
For benzene-4, the ionization potential and electronic affinity
monotonically decrease from -4.54 eV (εc = -1.0 Å) to -5.01
eV (εt = 2.0Å) and from -2.31 eV (εc = -1.0 Å) to -2.48 eV
(εt = 2.0Å), respectively. In short, the increase of their band
gaps can be mainly attributed to the drop of valence bands.

In comparison with all other COFs investigated in this
manuscript, the electronic affinity and ionization potential of
benzene-1 vary differently with the hydrostatic strain. There-
fore, the band structures of benzene-1 under some given s-
trains are shown in Fig. 8. From the upper panels, it is found
that the LUMO’s characteristics are the same. Still, for the
electronic affinity, it firstly decreases and then increaseswith
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Fig. 8 (Color online). The band structures of 2D boroxine-linked
COF with only one benzene ring connected between two boroxine
rings under some given strains. Panels (a, g) are under -1.0Å, (b, h)
under -0.5Å, (c, i) under 0.5Å, (d, j) under 1.0Å, (e, k) under 1.5
Å, and (f, l) under 2.0̊A.

the strain in the range of [-1.0, 2.0]Å. This is because that their
electron densities partly localize at the B-C bonds (B0) which
mainly contribute to the strains, as shown in Fig. 11. The oth-
er part of the LUMO’s electron densities distributes aroundthe
C-C bonds (B2) in the benzene rings. Moreover, these bond-
s linearly increase which further makes the electronic affinity
decrease. On the other hand, the ionization potential increas-
es with the tensile strain, which directly induces the band gap
to drop. From the down panels of Fig. 8, the valence band-
s have different features under different types of strains.So,
the local density of states of HOMO for strained benzene-1
are calculated and shown in Fig. 9. In comparison with the
local density of states, the HOMO’s electron densities show
zero nodes under the compressive strain while they show 2 n-
odes under the tensile strain. Therefore, HOMO is dependent
on the C-C bonds under the compressive strain, while it is de-
pendent on the A1 angle under the tensile strain. Furthermore,
HOMO will shift to the Fermi level with the enhancement of
π-electrons induced by the bond length decreasing as well as
the A1 angle increasing.

In order to discuss their mechanical properties, the Young’s

(a) (b)

ε = -0.5 Å ε = 0.5 Å

Fig. 9 (Color online). The local density of states for the strained
benzene-1 are shown. (a) Forεc = -0.5Å, it is integrated between
the given energies [-6.086 -5.886] eV. (b) Forε t = 0.5Å, it is
integrated between the given energies [-6.166, -6.066] eV.

1–8 | 5

Page 5 of 19 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 0

 3

 6

 9

−1 −0.5  0  0.5  1  1.5  2

E
ne

rg
y 

(e
V

)

Strain (Å)

benzene−1
benzene−2
benzene−3
benzene−4
benzene−5

Fig. 10 (Color online). Schematic illustration of the strain energies
as a function of strains (ε). The data are self-consistently calculated
points and the lines are fitted with the least-square method.

modulus39 are calculatedvia the equationY 2D = ∂ 2Es/∂ε2.
Since their total energies account for their lattice constants
(an), the strain energies (Es) can be expressed as a func-
tion of only the macroscopic deformation gradient (ε), i.e.,
Es = E(ε) = E(a)−E(a0), namely, the total energies at a giv-
en hydrostatic strain (ε) minus those at zero strain. The strain
energies as a function of hydrostatic strains are shown in Fig.
10. The variation of the total energies with the hydrostatic
strains show a nearly parabolic behavior and do not exhibit
discontinuous changes in the range of [-1.0, 2.0]Å. That is to
say, 2D boroxine-linked COFs sustain original atomic config-
urations and mechanical stabilities. Obviously, 2D boroxine-
linked COFs could keep stable in a more large strain range
than graphene andγ-graphyne,40–43especially under the com-
pressive strains which induce the wrinkling instabilities(see
Supporting Information Fig. S10).

Like graphene, the thickness of a monolayer boroxine-
linked COF could be assumed as 0.34 nm. The Young’s modu-
lus are obtained by using the least-squares method and shown
in Table. III, which are 40.70, 30.76, 24.03, 19.71, and 16.82
N m−1 for benzene-1, -2, -3, -4, and -5 boroxine-linked COF-
s, respectively. It is found that 2D boroxine-linked COFs be-

Table 3 The fitted parameters (Eε = a× ε2+b× ε +c) are
calculated by using the least-squares method.

a (eV/Å2) b (eV/Å) c (eV)
benzene-1 2.54± 0.05 -0.17± 0.07 0.20± 0.05
benzene-2 1.92± 0.02 -0.18± 0.03 0.09± 0.02
benzene-3 1.50± 0.01 -0.05± 0.02 0.05± 0.01
benzene-4 1.23± 0.01 -0.02± 0.01 0.04± 0.01
benzene-5 1.05± 0.01 +0.02± 0.01 0.02± 0.01
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Fig. 11 (Color online). Schematic illustration of the bond lengths
and bond angles as a function of strains (ε). All the bonds and
angles are marked in Fig. 1. Panels (a, c, e) and (b, d, f) referto the
benzene-1 and benzene-2, respectively.

come softer and softer with increasing the length of phenyl
rings due to the weaker C-C bonds (B4, Fig. 11(b)) between
phenyl rings. In comparison with graphene, the Young’s mod-
ulus of 2D boroxine-linked COFs are one order smaller than
that of graphene (340 N m−1). This can be attributed to the
porous properties and the weaker C-B bonds (B0, Fig. 11(a,
b)) connected between the boroxine and benzene rings.44,45

Compared boroxine-linked COFs withγ-graphyne, although
both of them are the porous structure, 2D boroxine-linked
COFs are much softer and the Young’s modulus are just one
fifth of that of γ-graphyne sheet (∼ 162 N m−1)46 due to a
combination of boroxine ring strain and the lability of the B-
O bonds.47

4 Conclusions

The electronic properties and Young’s modulus of a new kind
of two-dimensional materials, boroxine-linked covalent or-
ganic frameworks, are studied under the uniform compres-
sive/tensile strains within density functional theory. Owing to
the π-conjugated electrons around the phenyl rings, the sys-
tems show flat bands in the vicinity of Fermi level. Their band
gaps can be tuned by increasing the phenyl chain and are ba-
sically saturated when the length of benzene ring is 9. We
demonstrate that, for benzene-1 boroxine-linked COFs, the
band gap exhibits an asymmetry in tensile versus compressive
strains which implicates that strain engineering of its devices
is only viable with the application of tensile strain but difficult
with the compressive strain. When n≥ 2, all of them are semi-
conductors with the controllable band gaps, depending on the
phenyl chain and the applied strain. Furthermore, their band
gaps increase steadily and monotonously with increasing the
strain in the range of [-1.0, 2.0]̊A. Therefore, the electronic
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properties can be readily engineered by applying moderate s-
trains. In addition, the torsion of phenyl rings plays an impor-
tant role in the electronic properties of benzene-n boroxine-
linked COFs when n> 3 (see Supporting Information Figs.
S3, S5, S7 and S9), but it is very complex - especially when
n is even. At last, boroxine-linked COFs are much softer than
graphene as well asγ-graphyne and more stable in a larger
strain range.
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Table 1 The lattice constants (an,Å), bond lengths (̊A), angles (◦), and dihedral angles (◦) of the
free-standing 2D boroxine-linked COFs as a function of the phenyl lengths (n).

n an O-B B-C C-C
1

C-C
2

6 BOB 6 OBO 6 C-CC-C
3

6 C-CB-O
4

1 15.11 1.38 1.55 1.41 1.41 121.06 118.92 — 1.73
2 22.66 1.38 1.55 1.39 1.42 120.90 119.15 0.17 0.35
3 30.26 1.38 1.55 1.38 1.42 121.01 119.01 0.10 0.28
4 37.84 1.38 1.55 1.39 1.41 121.05 119.00 0.00 0.05
5 45.42 1.38 1.54 1.39 1.41 120.95 118.95 0.04 0.24
1 Two carbon-carbon bond lengths in the benzene rings along the direction of benzene

rings.
2 The other four carbon-carbon bond lengths in the benzene rings except two carbon-

carbon bonds along the direction of benzene rings.
3 The dihedral angle between two benzene rings.
4 The dihedral angle between the benzene ring and boroxine ring.
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