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Density functional calculations have been performed tdyaeathe electronic and mechanical properties of a numb&Dof
boroxine-linked covalent organic frameworks (COFs), wtace experimentally fabricated by the di-borate aromattegules.
Further, the band structures are surprising and show thedlad characteristics which are mainly attributed to theaidized
—conjugated electrons around the phenyl rings and can berheitlerstood within the aromatical theory. Next, the ¢ffeé
branch sizes and hydrostatic strains on their band strest@ne systematically considered within generalized gradipproxi-
mations. It is found that their band gaps will start to sati@hen the branch size reaches 9. For boroxine-linked COths w
only one benzene ring in the branch, the band gap is robustrtine compressive strain while it decreases with the &ssiain
increasing. When the branch size is equal or greater thdwe iand gaps will monotonously increase with the strainéasing

in the range of [-1.0, 2.0R. All boroxine-linked COFs are semiconductors with the trollable band gaps, depending on the
branch length and the applied strain. In comparison witkic2D materials, such as graphene, hexagonal boron nignidigven
y-graphyne, all boroxine-linked COFs are much softer and evere stable. That is, they can maintain the planar featurdsr

a larger compressive strain, which means that they are gmudidates in the flexible electronics.

1 Introduction well-ordered 2D boronic acid based COFs can be fabricat-
ed by the dehydration of di-borate aromatic molecdfe®s
Recently, 2D ultrathin materials have been experimentalThis is because that the chemical equilibrium could be kep-
ly synthesized and characterized, such as the archetypi-by adding a small amount of water into the closed reac-
cal graphené, hexagonal boron nitridé, transition metal tion system. Further, boronic acid based COFs are of spe-
dichalcogenides,silicene# germanené, phosphorené,and  cial interest due to their ability to form lamellar eutectteuc-
even hafnium honeycomb layefsThey usually have atom- tures2?2 As is well known, the electronic properties of 2D
ically thin and robust structures and unique electronigpro COFs could be predictably tuned by controlling a few of de-
erties, so they have generated immense interests for many grees of freedon? such as the branch chains, radical cations,
merging fields®:® Generally, all of them belong to inorganic morphologies, and dopants. For example, when the dopantc
nanomaterials. By comparison, covalent organic frameworksuch as 4 and tetracyanoquinodimethane diffusive into the
s (COFs), composed entirely of light chemical elements andetrathiafulvalene-based COFs, the redox reactions mappe
originally shown in 2005, are with tunable structural motif which facilitate the cross-layer delocalization of tefiaful-
s but low intrinsic conductivity:-*2 Structurally similar to  valene radical cations to generate higher conductivityigis h
graphene, they are constructed in place of carbon atoms withs 0.28 S m*.23
small organic molecule$™'* Furthermore, because of their 1, yhig study, nine different kinds of boroxine-linked COF-
r-stacked columns which can drive the electronic interastio ¢ \vith various lengths of pheny! rings, namely benzene-n
between the nearest neighbor sheets and furtherly provide(ﬁzlwg)l are taken into consideration. And then, we have
path for charge carriers migratid,they are the PIOMISING  systematically calculated their band structures. In tisnity
molecular semiconductors in the photovoltaic devige! of the Fermi level, the bands are very flat and show narrow-
However, the mechanical exfoliation of bulk COFS 10 ayy3nq characteristics. From the analysis of the frontiermol
monolayer is practically very difficult due to the limitedes ar orpital distribution and aromaticity theory, this igimly
of COFs. Therefore, 2D COFs are experimentally fabricatyecqse of the delocalizedconjugated electrons around the
ed via the bottom-up preparative technique. For instancepneny rings. Strains are often applied to tune the eleetron
ic properties of graphene-like sheéfs?® Moreover, Meunier
Hebei Key Lab of Optic-Electronic Information and Materials, College of et al. studied the effect of the hydrostatic strain on the-ele
Physics Science and Technology, Hebel University, Baoding 071002, R onic properties of benzene-1, but the investigations tha o

China . . -
* E-mail:swang2008@hotmail.com er boroxine-linked COFs are lackéd Thereforeab-initio s-
* E-mail:jlwang@hbu.edu.cn train energy calculations within the harmonic elastic defa-
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isolated from its periodic images.

3 RESULTSAND DISCUSSIONS

The atomic structures of 2D boroxine-linked COFs are shown
in Fig. 1 (a). They are ideally honeycomb-like structurethwi

six boroxine rings locating at the vertices of the hexagonal
cell and show the P&mmc symmetryt© 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
Fig. 1 (Color online). Atomic configurations of 2D boroxine-lircke electronic properties can be tuned by changing the benzen:

COFs (a). The parallelogram shows the unit cell. The ovalsrme  fiNg “bridges”. Here, a series of 2D boroxine-linked COFs ar _
that various benzene rings can be connected between tweibero  taken into consideration and named after benzene-n accoru-

rings (b). The lengths (n) of benzene rings increase fromto=5L ing to the number (n) of benzene rings connected between -
For all the atomic structures discussed in this paper, bisrshown wo boroxine rings. Firstly, the equilibrium lattice consts
in green, oxygen in orange, carbon in yellow, and hydrogebsilie. (an) are obtained by a least-squaresvid the total energies

(E[an]) after every geometry is fully optimized as a function

] ) ) ) of the lattice constants. The equilibrium lattice consgaat
tion range are applied to benzene-n with Rsland the strain-  ¢p,qvn in Table |. are 15.11. 22.66. 30.26. 37.84. and 45.42
induced electronic structure changes and the Young’s moduk for n=1. 2 3 4. and 5 r’especti\’/ely. For benzene-1. the

lus are given. The results show that all these boroxineetink |5ttice constant is consistent with the previously caledae-
COFs are semiconductors with the controllable band gaps, dg ¢ (15.1738) 22 but slightly less than the experimental value

pending on the rational chemical design and the applied sr15 4204).19 |n general, our results are consistent with the

train. Furthermore, their band gaps increase ”lonOtonOUS|¥xperimentally measured pore siZ8sTable | also shows the
and steadily with the strain in the range of [-1.0, 220}while

concrete geometry parameters in detail. In all 2D boroxine-
for benzene-1, an asymmetry tunable band gap occurs. The\eq COFs, the boroxine ring is slightly different frometh

tensile_ strain makes th_e band gap decrease from 3._55 to 3_'%%nzene fing. On one hand, the O-B bonds (RABare less

eV while the pand gapis robust under the compressive straif,an c-C bonds (1.4A) in the benzene ring as those insid-
The paper is organized as follows. In Sec. II, the compus of graphene. On the other hand, the boroxine ring is not >

tational detall_s are briefly introduced. In Sec. lll, we gnes perfect hexagon and the angléBOB) is about 121 which

our self-consistently calculated flat bands, Young's moslul g ¢onsistent with the previous resufsThis is because that

and the changes of the band gaps. The paper ends with Sgfe glectronegativity of oxygen elements is stronger agceth

IV where a short conclusion is given. are a lone pair of electrons mostly localized around oxyger
atoms. Consequently, in comparison with benzene rings, the
2 CALCULATIONAL Details boroxine rings have very little aromatic charact&ts® For
benzene-1 and benzene-2 boroxine-linked COFs, the baroxin
The electronic properties of the systems shown in Fig. 1 arand benzene rings are in a plane (see Supporting Informaticn
characterizedia ab-initio calculations in the framework of Figs. S1 and S4). Furthermore, when all the benzene rings
density functional theory® as implemented in the SIESTA are in a plane, benzene-n tn3) boroxine-linked COFs are
package?’ The generalized gradient approximation is appliedmetastable (see Supporting Information Fig. S6). In aoldjti
for the exchange-correlation potential by using the Perdewthe torsion of the phenylene groups is very complex, especia
Burke-Ernzerhof functionad® A linear combination of a s- ly for boroxine-linked COFs with an even number of benzene
tandard double zeta basis plus the polarization for desgrib rings connected between the boroxine rings. This is becausc
all valence electrons and norm-conserving pseudopotsfitia the dihedral angle between the phenylene groupS#& (see
for the atomic core are employed. Integrationinside of tts¢ fi Supporting Information Table Sl). Therefore, only the @lan
Brillouin zone is sampled on 1@ 10 x 1 Monkhorst-Pack geometries are taken into consideration in this study.
meshgrids:® The real-space grid cutoff energy is 300 Ry and  Once the equilibrium structures are determined, it is read:/
a Fermi-Dirac distribution function with an electronic teer-  to investigate the ground-state properties of 2D boroxine-
ature of 20 meV is used to populate the energy levels. Théinked COFs. For benzene-1, the band structure and derfsity o
appropriate vacuum region (270) is chosen in the direction states are calculated and shown in Fig. 2. In the (a) parel, th
normal to the surface which is much larger than the interlayeband structure is plotted along a high symmetry k-direction
spacing of graphite (3.3&),31 so each sheet can be laterally I'-K-M-T, in the first Brillouin zone. Although it has a simi-
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potential as the unique reference point, the reductioneif th

band gaps mainly owes to the increase of the ionization po-
lar topological structure to graphene, the electronic progs  tential (or the valance-band maximum), although the ebeetr
are completely different® The latter presents a Dirac cone, ic affinity (or the conduction-band minimum) also increases
while the former shows some flatbands over the whole Bril-From the panel (b) of Fig. 3, when n increases from 1 to 9,
louin zone. Inspection of the density of states (Fig. 2(b)) r the ionization potential increases from -6.02 to -4.40 ed an
veals that 2D boroxine-linked COF with a benzene ring astain the electronic affinity only increases from -2.52 to -2.35 eV
a band gap of 3.50 eV, which is consistent with the previ- That is, the increase of ionization potential (1.62 eV) is te
ously calculated value (3.55 eV¥.In the vicinity of the Fermi  times than that of electronic affinity (0.17 eV). In the failo
level, the valence and conduction bands can not well dispersng, the reason will be discussed by analyzing the local den-
over the whole Brillouin zone, so the enlarged views of fron-Sity of states. With increasing the benzene length, there is
tier orbital energies are redrawn to clearly distinguishdis-  another difference in the frontier orbitals, as shown in. Fig
persion relation and shown in Figs. 2(c,d). It is found that4. The first and second HOMO do not hybridize together but
the top of valence bands and the bottom of conduction bandsplit apart from each other because a benzene ring is connect
are at the same position bf The band widths for the highest ed between the boroxine ring and another benzene ring whic:,
occupied molecular orbitals (HOMO) and lowest unoccupiedurther breaks the hexagonal symmetry, as shown in Fig. 11
molecular orbitals (LUMO) are just only 7.4 meV and~ By contrast, the band widths of HOMO increase while they
6.7 meV, respectively. Moreover, the torsion of the pheimgr  decrease for LUMO. Finally, the LUMO becomes a fully flat
around C-B bonds does not change the bandwidths of frontidpand over the whole Brillouin zone.
orbitals except for the band gap (see Supporting Informatio  In order to elucidate the intrinsic characteristics of i@t
Fig. S3). Generally, 2D benzene-1 boroxine-linked COF ex-
hibits the direct band-gap semiconductor.

5251 (@ ‘ I B N R
As the above-mentioned material design, a set of related :
structures are constructed by adding extra phenyl rings int
the hexagonal sides. As shown in Fig. 3(a), all 2D boroxine-
linked COFs exhibit the semiconducting characteristicd an
the band gaps will decrease with increasing the branch size :
(n). For example, the band gap reduces to 2.05 eV when the r K ™M T r K M T
phenyl rings reach 9. According to our calculated restis, t Fig. 4 (Color online). The enlarged views of HOMO (a) and
band gap of benzene-9 is mostly saturated. Using the vacuunyYMO (b) of benzene-2 boroxine-linked COF under zero strain

530 -2.35

-2.40

Energy (eV)
Enérgy (eV)

245 [

1-8 |3



Physical Chemistry Chemical Physics Page 4 of 19

® d& . - ‘ & 3 y = 3.6 P e
"'. J "" e 1 ’yf’ Kf’kf' ™ benzene—l\
B < T Pag ?" | benzene-2— ]
’ ¥ ! .' ,‘ 32 benzene-3--=-- .
e o,
".;' S benzene-4
benzene-5
. . e 2
arta W = 28]
(a) (b) ] T
24 pu=t"
v a Ll t -3 P
( A .” ? ‘f‘f’v v\?’\” JIEO. 8-
«’:r LAWY YL o) S
Y ~.. f’ -1 -0.5 0 0.5 1 15 2
‘A,» ‘.i; Strain (A)
—_— :“:.: Fig. 6 (Color online). The band gaps of 2D boroxine-linked COFs
f"" q AR (n=1, 2, 3, 4, and 5.) as a function of hydrostatic strai)s (
© h 4 @ &
Fig. 5(Color online). The local density of states are shown. For
benzene-1, they are integrated between two given eneri€2y, the unfilled orbitals with 4 nodes, which is agreement with th
-6.010] eV (a) and [-2.520, -2.511] eV (b), respectivelyr Fo local density of states shown in Figs. 5(b, d).
benzene-2, they are integrated between two given energid], Inspired by the previous results of the strained 2D material

-5.250] eV (c) and [-2.460, -2.440] eV (d), respectivelyetenergy g 3738 the following section, we will discuss the variation-
ranges which are chosen 1o calculate the local density tfsstae s of the electronic properties under hydrostatic strainthén
slightly larger than the shaded areas shown in Figs. 2(mdij¢e, range of [-1.0, 2.0]3\. The hydrostatic strains are imposed by
b). scaling the lattice constants,jas = (a— ap), where g and a
are the equilibrium and stretched lattice constants, ctisge
ly. Under every strain, the COFs are fully relaxed (not only

ic properties, we further give the spatial distributionfoéfo-  in-plane but also out-of-plane degrees of freedom) unél th
cal density of states near the Fermi level. Figs. 5(a,b) showesidual maximum forces are less than 0.014\And then,

the local density of states for the frontier orbitals of beme-  the electron properties for every equilibrium geometrycade

1. They are integrated between two given energies [_602pulated and shown in F|g 6. For all 2D boroxine-linked COF-
-6.010] eV for HOMO and [-2.520, -2.511] eV for LUMO, S they are still semiconductors and their band gaps canrbe co
respectively. Like graphene, the frontier orbitals maiaty ~ tinuously modulated by the hydrostatic strains in the rasfge
tribute to the delocalized—conjugated electrons. However, [-1.0, 2.0]A. More interestingly, for benzene-1, the band gap
the boroxine ring possesses little aromaticity and can fiot e continuously decreases, while it will monotonously insea
fectively serve as an electron-transferring bridge. Ttoeee ~ for benzene-n (& 2) boroxine-linked COFs.

the conduction and valence bands near the Fermi level show Specifically, there is an asymmetry adjustment of the band
the flat-band characteristics. Accordingto the aromatied-  gap for benzene-1 under the hydrostatic strain. In othedsyor

ry, LUMO’s electron density is not identical to that of HOMO: the band gap is robust under the compressive strain (the ney
the former partly localizes at the nodes while the latteris p

marily distributed along the phenyl chains. Thus, the cleang

in chain lengths significantly affect the features of theizan ~ Table2 The band gap, electronic affinity, and ionization poteritial
tion potential and only slightly alter the electronic affjniFor units of eV for 2D boroxine-linked COFs with a series of baree
benzene-2, the local density of states are shown in Figs. 5(§Sngs (cj)ftgnff;erentl Ientgth ({‘) uzngi the compressive straff(-1.0

d) and the ranges of two given energies are [-5.321, -5.260] e ) and the tensile straire )
and [-2.460, -2.440] eV, respectively. The panel (c) is a rep
resentative 2-node system according to the aromaticatyheo
Two highest occupied bands of benzene-2 should localize ip
the same energy range as those of benzene-1 (Fig. 2(c)), H
two C-C bonds along the benzene ring direction get shortep
(Fig. 11) which makes two highest occupied bands split off
At last, the cyclic nature of benzene restricts againstrtavi
an odd number of nodes. Thus, the valence bands are mairll

n | bandgap | electronic affinity| ionization potential
-1.0 20 -1.0 2.0 -1.0 2.0
3.49 3.07( -2.33 -2.55 | -5.82 -5.62
2.69 298 -2.34 -2.56 | -5.03 -5.54
239 2.71f -2.32 251 | -4.71 -5.22
223 254 -231 -2.48 | -4.54 -5.01
2.14 241 -2.31 -2.45 | -4.45 -4.86

[
N+

Tor & w
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Strain (A)

Fig. 7 (Color online). The energies of electronic affinity (EA, €V)  the strain in the range of [-1.0, 2.8] This is because that their

and ionization potential (IP, eV) of a series of 2D boroxiiméed electron densities partly localize at the B-C bondg)@hich
COFs as a function of hydrostatic straig3. (

er part of the LUMO's electron densities distributes arotimed

mainly contribute to the strains, as shown in Fig. 11. The oth

C-C bonds (B) in the benzene rings. Moreover, these bond-

ative value), while the tensile strain (the positive valud)) s jinearly increase which further makes the electronic iffin
make the band gap reduced3.07 eV under the tensile strain gecrease. On the other hand, the ionization potential asere

(€' = 2.0A), as shown in Table Il. When the length of phenyl es with the tensile strain, which directly induces the baag g

chains is equal or greater than 2, regardless of the compregs grop. From the down panels of Fig. 8, the valence band-

sive or tensile strains in the range of [-1.0, 2A0]the band g haye different features under different types of straBs,

gaps will continuously and monotonously increase. For exthe local density of states of HOMO for strained benzene-:
ample, the band gap increases from 2.69 eV<(-1.0A) t0  re calculated and shown in Fig. 9. In comparison with the
2.98 eV €' = 2.0A) for benzene-2. No matter of the length of |5¢a| density of states, the HOMO's electron densities show
benzene rings, the increase of their band gaps is nearlrline zero nodes under the compressive strain while they show 2 n
as a function o€ and the accommodative amplitude of their gges under the tensile strain. Therefore, HOMO is dependenr
band gaps is about 0.3 eV. Further, it is a worthy question t¢)n the C-C bonds under the compressive strain, while it is de-
explore: how the valence and conduction bands shift with thendent on the Aangle under the tensile strain. Furthermore,
strains. Fig. 7 shows the energies of the electronic affaniy  HoMO will shift to the Fermi level with the enhancement of
ionization potential with respect to the hydrostatic stsaiFor  _glectrons induced by the bond length decreasing as well 23

2D boroxine-linked COFs except for benzene-1, the eleetronyhe A, angle increasing.
ic affinity and ionization potential will decrease at the gam
time whether the hydrostatic strain is compressive or kensi
For benzene-4, the ionization potential and electronioiaffi v

2 - [ ] p ® \

monotonicalloy decrease from -4.54 e¥* (= -10.0A) to -5.01 J ’ i ci ! » o Lo

eV (¢! = 2.0A) and from -2.31 eV £° = -1.0A) to -2.48 eV "Q"“’ r ;1 ‘
'v'

(et = 2.0,&), respectively. In short, the increase of their band P&

gaps can be mainly attributed to the drop of valence bands. e=-05A . c=05A

In comparison with all other COFs investigated in this P
manuscript, the electronic affinity and ionization potahtif ¢ ’Y\
benzene-1 vary differently with the hydrostatic strain efids (a) o (b)

fore, the band structures of benzene-1 under some given &ig. 9 (Color online). The local density of states for the strained
trains are shown in Fig. 8. From the upper panels, it is foundenzene-1 are shown. (a) Fer=-0.54, itis integrated between
that the LUMO’s characteristics are the same. Still, for thethe given energies [-6.086 -5.886] eV. (b) Bbi= 0.5A, it is
electronic affinity, it firstly decreases and then increasigs ~ integrated between the given energies [-6.166, -6.066] eV.

1-8 |5
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Fig. 11 (Color online). Schematic illustration of the bond lengths
Fig. 10 (Color online). Schematic illustration of the strain eriesg and bond angles as a function of straias @ll the bonds and
as a function of strains§. The data are self-consistently calculated angles are marked in Fig. 1. Panels (a, ¢, ) and (b, d, f) tetbe
points and the lines are fitted with the least-square method. benzene-1 and benzene-2, respectively.

modulus?® are calculatedia the equatiory?® = aZES/agZ_ come softer and softer with increasing the length of phenyl
Since their total energies account for their lattice camsta rings due to the weaker C-C bondss(B-ig. 11(b)) between
(an), the strain energies {E can be expressed as a func- Phenylrings. In comparison with graphene, the Young's mod-
tion of only the macroscopic deformation gradies}, (i.e.,  ulus of 2D boroxine-linked COFs are one order smaller than
Es= E(g) — E(a) _ E(ao)’ name|y’ the total energies ata giv- that of graphene (340 N Tﬁ) This can be attributed to the
en hydrostatic strainej minus those at zero strain. The strain Porous properties and the weaker C-B bondg (Hg. 11(a,
energies as a function of hydrostatic strains are showngn Fi b)) connected between the boroxine and benzene fihgs.

10. The variation of the total energies with the hydrostaticCompared boroxine-linked COFs witagraphyne, although
strains show a nearly parabolic behavior and do not exhibiPoth of them are the porous structure, 2D boroxine-linked
discontinuous changes in the range of [-1.0, AOThatisto ~ COFs are much softer and the Young's modulus are just onz
say, 2D boroxine-linked COFs sustain original atomic config fifth of that of y-graphyne sheet( 162 N m *)“® due to a
urations and mechanical stabilities. Obviously, 2D bamexi ~combination of boroxine ring strain and the lability of the B
linked COFs could keep stable in a more large strain rang&® bonds?’

than graphene andgraphyne?®*3especially under the com-
pressive strains which induce the wrinkling instabilit{sse
Supporting Information Fig. S10).

Like graphene, the thickness of a monolayer boroxine-The electronic properties and Young’s modulus of a new kind
linked COF could be assumed as 0.34 nm. The Young's modusf two-dimensional materials, boroxine-linked covalemt o
lus are obtained by using the least-squares method and showanic frameworks, are studied under the uniform compres-
in Table. 1ll, which are 40.70, 30.76, 24.03, 19.71, and 26.8 sjye/tensile strains within density functional theory. iBgto
N m~* for benzene-1, -2, -3, -4, and -5 boroxine-linked COF-{he m-conjugated electrons around the phenyl rings, the sys-
s, respectively. Itis found that 2D boroxine-linked COFs be 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 compeessiv
strains which implicates that strain engineering of itsices

4 Conclusions

Table 3 The fitted parameters (E= ax €2 +b x £ +c) are
calculated by using the least-squares method.

a (eVAY) b (eVIA) c (eV) is only viable with the application of tensile strain butfuifilt
benzene-} 2.54+0.05] -0.17+0.07 { 0.20+ 0.05 with the compressive strain. Wherpn2, all of them are semi-
benzene-2 1.92:0.02| -0.18+0.03 | 0.09+0.02 conductors with the controllable band gaps, depending en th
benzene-3 1.50+0.01) -0.05+0.02 | 0.05+0.01 phenyl chain and the applied strain. Furthermore, theidban
benzene-4 1.23+0.01| -0.02+0.01 | 0.04+0.01 gaps increase steadily and monotonously with increasiag th
benzene-§ 1.05+0.01] +0.02+0.01) 0.02+ 0.01 strain in the range of [-1.0, 2.0§. Therefore, the electronic

6 | 1-8 T
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properties can be readily engineered by applying moderate 23
trains. In addition, the torsion of phenyl rings plays an anp
tant role in the electronic properties of benzene-n bom@xin
linked COFs when n> 3 (see Supporting Information Figs.
S3, S5, S7 and S9), but it is very complex - especially wheng
n is even. At last, boroxine-linked COFs are much softer tharpz
graphene as well ag-graphyne and more stable in a larger

strain range. 28
29
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Table 1 The lattice constants &), bond lengths &), angles (), and dihedral angle$) of the
free-standing 2D boroxine-linked COFs as a function of thenyl lengths (n).

n| a, |oB BC CC cC|/BOB s0BO|/C-ccC /c-cB-O
T 15.11] 1.38 155 141 144 12106 11899 — 173
2| 2266|138 155 1.39 1.4412090 119.1§ 0.17 0.35
3|3026|1.38 155 1.38 1.44121.01 119.01 0.10 0.28
43784138 155 1.39 1.4]121.05 11904 0.00 0.05
5|4542|1.38 154 139 1.4112095 11899 0.04 0.24

1 Two carbon-carbon bond lengths in the benzene rings alanditaction of benzene

rings.

2 The other four carbon-carbon bond lengths in the benzens ercept 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 boroxige rin

8|
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