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ABSTRACT

ABSTRACT

Recently, the research of the boron-rich hydride clusters and all-boron
graphene have been attracted significant attention. However, the number
of the boron-rich hydrides is limited and the bonding patterns of all boron
a-sheet are still unclear. In this paper, using the density functional theory
and wave function theory, we investigated a series of perfect planar or
quasi-planar boron-rich hydride clusters, including their geometrical
structures, electronic structures, the bonding nature and the
thermodynamic stabilities. In addition, The bonding nature of all-boron
a-sheet was analyzed using the AANDP approach. The main contents and

conclusions of this paper are as follows:

1. m-Aromatic Bi¢Hs: A Neutral Boron Hydride Analogue of
Naphthalene

Systematic ab inito calculations are carried out in this work to
investigate the geometrical and electronic structures of B,¢Hg neutral and
its anion B;gHg. The quasi-planar C,, Bi¢Hg (1A1) with 10 delocalized
p-electrons proves to be the neutral boron hydride analogue of
naphthalene (D, CoHg). This m-aromatic neutral may be obtained from
the experimentally known p-antiaromatic C,, B¢ (Sergeeva et al., J. Am.
Chem. Soc. 130:7244, 2008) upon hydrogenation at the six corner
positions and is expected to be undistinguishable from a perfect planar
Dy, BigHg in experiments. Detailed adaptive natural density partitioning
(AdNDP) analyses clearly reveal the bonding pattern of B;gHg and the
calculated nucleus independent chemical shifts (NICS) strongly support
its global m-aromaticity. C,, B16}16‘(2B2) anion with one extra electron
appears to have a similar quasi-planar structure with even a less severe
out-of-plane distortion. Ultraviolet (UV) absorption spectrum of B;¢Hg
and photoelectron spectroscopy (PES) spectrum of Bj¢Hg are simulated

to facilitate their spectroscopic characterizations.

2. Perfectly Planar Concentric n-Aromatic B;sH3', B;sH,, BisHs', and

111
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BisHe": Inorganic Analogues of [10] Annulene

Based upon extensive density functional theory and wave function
theory investigations, we predict the existence of the perfectly planar
concentric m-aromatic Dsy BigHs', Doy BigHa, Cay BigHs', and Dgy BisHe™
which are the smallest boron hydride clusters composed of a hybrid of the
triangular and hexagonal motifs with a hexagonal hole at the center.
These partially hydrogenated B;g clusters, tentatively referred to as
borannulenes in this work, prove to possess [10]annulene character with
10 delocalized n-electrons. Detailed adaptive natural density partitioning
(AdNDP) analyses unravel the bonding patterns of the 7 plus ¢ doubly
aromatic D3, BigH;™ and C,, B;gH;s" and the & aromatic and ¢ antiaromatic
D,y BigHs, and Dg, B,sHe**. Borannulenes prove to possess negative
nucleus-independent chemical shifts (NICS,,) comparable with that of
[10] annulene and huge negative anisotropies of the magnetic
susceptibility (AMS) much bigger than the latter. The slightly non-planar
C, BigH; (which is essentially the same as D3, BgH;") with a high first
vertical detachment energy of 3.71 eV and the perfectly planar D, BsHy
neutral with a huge first excitation energy of 1.89 eV are predicted to be

the most possible borannulenes to be targeted in future experiments.
3. The Nature of Bonding Patterns in All Boron Graphene a-Sheet
Boron, the neighbor of carbon in the Periodic Table, could be the next

clement to form the 2D-materials similar to graphene. From the
theoretical calculations, the most stable planar all-boron graphene is the
so-called a-sheet. Detailed adaptive natural density partitioning (AdNDP)
analysis reveals the different bonding patterns of the a-sheet. On every
filled hexagon borons, there are three 3c-2e o-bonds (bordering upon the
holes), three 4c-2e o-bonds (at the junction of two filled hexagons) and
one 7c-2e m-bond. Besides, the hexagon holes serve as scavengers of
extra electrons from the filled hexagons; which leads to a 6¢-2e n-bond
over the hexagon hole. Negative NICS,, values suggest that every filled

hexagon and every hexagon holes in the a-sheet are local m-aromatic.

v



ABSTRACT

Unlike the graphene which contains 2¢c-2e C-C o-bonds, the a-sheet has
no localized 2c-2e B-B c-interactions. Novel delocalized 7/c-bond and
special 6¢c-2e m-bond served as scavengers enrich our understanding of
chemical bonding in general. It is expected that the presented bonding
picture could be an advance toward rational design of future all-boron

nanomaterials.

Key words: Boron-rich hydride clusters; Aromaticity; Ab initio
calculations; Density functional theory; Geometrical structures;
Electronic structures; NICS; AJNDP
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o

MR A BT A RREEAAZNHE WY B Hn T A=K: m=n K
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T ARBIHEEAR:

L B—EFERRBRTHXRMAE, SEMEEMELY, EWMHEaLy,
SEMRA B TS

2. BB T ARSI, FETE I ERAIE R

3. B=FEWAITR T BisHe M BieHe I KA R  tH H R PIHEFH Cyy
BigHs CADREATFTEBMKERMARBRBENGSEH, %O TR EERRE
T X ConBis FIAM AT IMEEA . FUES TR ZSTHRA L Dan CioHs K41
MSABEE, 25 EHER. AINDP 4R EM, CoBisHs (ADE
B 5 4c-2e Bl ARG THSEEEARREX —BRKE. b, KA
BT CovBigHs (‘A1) = TR K B0 0A Al 1A AL B K NICS 8, 251 fINICS
KU T ERHREFTEEST. X Do CioHs M Cyy BigHe n-n HEFR L2 AR
BAF—ANAEIER T CovBigHs £ Don CroHs ZERIEMLDIF ML BJE, &
& E T 23 CyyBicHs 1 ADE 5 VDE {EH %17 PES 1K, HEWLLA
KR EXRRE] BioHe 1R4E— @ MBIRSTHE .

4. VTR A E BT A B U R BigHy's BugHy, BigHs A1 BygHe™ %
BEWMENDNSHRRBA TS T REMHA . Wang FAMNHREHAEE By
& Coy MARHERI =AU, 128 BioHe Bl BieHs BT BBRBAVRES
I Cyv Bis AN ATIALEINE /S B 2] Dan SRR BigHs, BB HHHFR
fI1Z 3R D3y BisHe (N2 RPN G, EA W 3D WA EAR I C, BisHe 525E « BisHs
FHEEHARE, BARBREANEE SASBIHEERNFELEME? £
ZIEEANBET —RFISERFHEB RO 5F Dsy BisHss Doy BisHy 1 Cyy
BisHs', X4 THERMNFERHEPIRBENEN. ZERINGHERAT
X5 F %5 T 585 P R0 AU Den BisH™ » Basin Hoppig %45
RWZSTRHERBNGER . EMHTER BisHy, BisHs, BisHs Al BigHe™ 4>
¥, A 5[10]annulene Dyo, CioHio AL 5 ANES IR = HE, #R B Dyon CioHio
RSB R, FRAEX ST 444 borannulenes. AANDP 434745 R AL
borannulenes #FE & 5 4 18c2e B = &, WA TEMIMN o FHEELRR,
borannulenes %4>F# AINDP BB HTX A RET o BHE . ff NICS
K AMS {EHUEB T borannulenes &7 FPE{A R . borannulenes £ #[10]annulene
Dion CroHio R EE R XZ, CioHio HA BB borannulenes —HE AT LIS E 77



BMEEAYN S RBE DR

72, T EEATR BN AT = 8 TR NI T FLIR S SUT0 F iy 555 F 1 7L XA
2489,

5. SE AL EER A ANDP 2% B 1220 Tl 2 ) 5 85 € 200 2K A B4 o-sheet
BT T BAVIIE B2 LA A L T TU s 80K 2D BAREEH,
WRIE A B R R AR m R R X ERAHAL, PO R BREERA T4
R _EREREMILE. EER, THEXAWMEARENSHERE, HP
BIENHJE a-sheet. a-sheet %5 borannulenes KL= MAERANLE M
AT, XIAK Den BisHs™ 5 a-sheet HEIEH BTN B-B K 1.67A,
BT ATRATTIIA 9 Dy BigHe™ 7T BAYE 4 a-sheet {145 # % 7T . M borannulenes /] AJNDP
AERPZHER, BAIX o-sheet KA B VTERM T H A o1
AR BIR: o-sheet FHTNUEMBR/NUR 53 HFFEE Tc-2e F 6¢c-2e
B n . AR AU B S I 4c-2e i o B HETNLE
AR = AT X B 3c-2e B3k o . B RIH RETHRA B KT HEL T
HIRHIRME, X a-sheet BLBA A AH B T HESZ SR BE— P RMEK
f&o

6. EANEREHTBE T AR ABTNEELRHRE T T2 ITET
pai)i:3zc



i g

FoE BRI H A X

1925 “EH1 1926 4, Y3 2 FK #g A2 (W, Heisenberg) FEE 2 i2(E. Schrodinger)
HBREILTHEMENEMBEIN ¥, REERTHFNEE, RNtk RER 40
TN SRR FE R TR . B FHERNART %07 gk pt
AUFERBEH—TI¥R . BRANBRRHETFHEER 1927 445 35(0 Burrau)
Xt Hy B F UL R FISE FURES- #8458 (W, Heitler) F3EE %403 (F. London) Xt
H, 3 T HE. @N\TZERR, BETU¥XBERINEFI ZNAN—#H
B k.

21 B HREAR TR R

ETWERBHETHERE, BARTF. 2 TRRENBEHE., AT
G, R, O TRAEAERS. K2R, SFE%. Wik, BTam
REig, #MERTHIMEINEY . YK FREF IR SR
RRMTIERER EER, METEINBETUEITE RN CERE, &
FUFECERANEF AR AR AR EEERFR.

2.1.1 BEEiR

1926 47, BEEI%(E. Schridingen i th T BT H2EhHA S, B iR
HETD, grm AR T ENEAE, SR TARERTILEWR
B L, XL R A B BT RSO A B IR ¥ i B B A
BB TRRERT IR NEABH R, CERT H2 A ST A HE —
A Fema E2 M A S H A ERTREHET, TRATHERS, fig
B ERFRE R, RO R AR T S R R

B R T

Hly)=Ey) @1

b, HRARNWREWER (Hamilionian Operator) , ¥ B RES

MREHES, EENERRLELFAARAFNESR, E RENKRLTE

Y THRERTE. B TAEITH— SR TSR R MR #R T
RLEVEE RE S T FER R R EEZHTHRT, HTZRURZZ HHEE
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EMmAtNSHEREETA

YERITT g S T AR IT 2 MR . N — M ERTHR, RERETNE TS
WRTFHRMEMBTRISIEE. BN, KREEAXN:

}}=_ #2 #2 V12 Z,Z, &2
> 2M, - 2m Z ; IZ;] - (22)
pr g BARMEFE, i, jHERBETF, MAF p MNETFEHEE, m AETR
B. APHFLI, F-ARKNFIEE, B_MARB TR, F=MAER
BXRTHRGIGE, BNRAERRFRELFE, &5 —SHRRRHMHFEE. X
REFRMI(au))E, 2T BREWELA:

ZPZ‘I
——Z M, Z'—Vz Z} Zry Z—qu_ 2.3)

j<i = p<q

BESTECERMT ZHTARYE S FEFNERNE, B THEE

W 7 A — AN R B — R R AR . BEREET, LHRTERD

R, UETNRAXEREIHENETERATERFRE! BT%E

NTZERNTAE, REELZFER, KB TRENELE. 2 7HEE

FEYEBRR BT EAFEARIELRE™ & B B EER: ()R
QBRI B E-RAEHEL: GEEER, XA TFEM.

B ANEAE U R BREARXT BN, R RAFAEAX PR EE S T T A
AT RN TR REBRETFERBETHAERT, X ETrRER
b NTRTRER, TSRS —FUFRERTHN, B2, X
TEESRMETENER, WREZEMAMBRNMEET .

BIANEAKEPREKIEY, XHEES)5HTFESEEMN, HRAKE—
RABEEM. HTRFNETERLZARERMZENEK, HRIE5hHE R ZE5
EHTANEES 2 £ BRERTHIHET, REKNMLEREMNELR,
BT RREREH CNESRSE L 5ZUENECHEEN. £ T, 274
LT RUR TR RS 3 2 AN AL .

BEAERT R PUBEIE B RRE B TR, BHEAR P A B T ATE
GBS SR ERTZETREREYEMB TR BSFEE), Frl i
LT HEshFtE R TR e B TR P E MG . PUERMRESR, BEXRT



FoF ERERATE S

EORMAE N AR T IS PR AR BB R B R BSR4 5K N AN FRARH
MR, 9 TFHEEU—FEE., MENEURERREH, KEFENEE
BB KIRRELAWR, A8 KRR K.

212 WLk

MKELT5#(ab intio) 2 N THEBIREW AR R =MERIH &, 783t
HFAMANNEAYHEER: RTFRZ. EWEFE b BTHEE m 8
e, MEBEMBKERSH.

2.1.2.1 Hartree-Fock /i 12

REMRPIKEEZTR HF ik, BETULEABTAENEREL, &
BE4cEMERYE, AEPENEBRBCCHERT ER
Hartree-Fock-Rothaan(HFR) /7 %2, F] HIG BI5 AR R UL S PR RIS
THEMER, #MEIERMHXER. ZHFERAKERWT.

Z(Fw -£5,),=0 (v=1---mi=1---,m)
IE‘W =h, +G,,
G,, =Y. [2uv|ic)~(uo| AV)IR,
P, =§:?:c:c,1
’ (2.4)
H, F, h, G737l Fock /%, Hamilton sEFFFIEB FHEFHERE. kP A%
BEHERE, S AEBHEEC,

HF SRR TROMUE TR E LR, RERE—MEHEE
HFE, UMEEMEIRR Fock MEE(ERANTERIEBHERESGRF, WA
Hamilton FEFF A& 46H) Fock FEFE). HfEas Fock FEREAT LKA E —RHH KA
MEAEMAERE C, i C IS EEERE, i P AT LU H 38 — R 5L/ Fock
HPE, oo » MR T %, BEEMSRMBHERNEEEERE RN ZEHNEE
RN BERIFER L, XHRBET HFR FRENE, hBXREBHITHEEHE
ANBREZEERYE, TUHERRENREYER. X TAREAR, NES—
BIENRAHEF, TIEMAA Fock X AU Fx, —4 Fy), XHMEREGR
MFERMAERAGH. HF BIpER R ERBRERNEFMALE T MR,

FENKEHFAENMEERE: —RHEAMNBIRE, BRAKEN, ARAE
HTREERSHERKR, N RHNSEBTHEUZTERR, XREEE

9



EHMEAMNG A RREETR

RFHBEATE, B—MRBAFEM, FFEBASHLER W REETHXEE
RE, WHRPIEIELUERKIRE. BT HXMASMIERTHRMEZNHIL
T2 AR WA & W A EIRIE.

2.1.2.2 ZH4HIRE 2 (Many-Body Perturbation Theory)

LARHAR RO 2t B THh %K Moller #1 Plesset 7F 1934 FER HE T4
TFREERNEFHENE TS A B FETRINCL[IL RN ERE,
A RAKEERIAFEB R AR, XEF AT DN R I R 7 AT A R R
— % — % (N3] Hartree-Fock fE & L RIITRIE.

Hamilton B4} 3 K o] i 8 20 ML TR 53«

Av-py A =% H=H, +V @.5)
# )\ JRJF Hamilon &, BEERERE L HA:

H=H,+AV E=E,+AE+XE,- ¥Y=Y,+A¥,+ ¥,
A FRARBEEHE—R, BB—RIAT:

Ho¥y = Eg¥y  Ho¥) + V¥ = E¥, + E¥, E; = [WoVWodr

H¥, + V¥, = qu'z-+ EY, -;-Ez‘}’o E, = [¥,V¥dr .
KRS DI RBE SR, — RN LT

WREATHEER, =2 F , ZHRERIRES TREBRE. KT
Hartree-Fock 7558, HMEA, TEEARSEREITIIRI TR E I
B, BRI NEREW T

aya ab\yab abeyyabe
V1 =2a¥ + Yap Vi + Yag Vi + (2.6)
ia ijab ijkabc

T X T RE R BB IE A -

Ey = Eo+ B, = [WH ¥ d7+ [¥,V¥,d7
[I\{JO"\,‘P;de]2 (2.7)

Eypy=Eup +E, = Egp + [P, V¥,dT = By —
isgasbEq T E, —E,—E;



BoE HRHMAE T

FEHIE LT Hartree-Fock MAEER AT MP1 fE&, Bl Hartree-Fock A8 BX5HS
F| MP A — R . TAEXRETHELANE AR, B MP2 R
%T Hartree-Fock REE N L K BERKIE, XML IE R A% Hartree-Fock 3 i
BORPE R B — B OE AEXE— R, REXHKATFIR 5 Hartree-Fock
BEREHIBRIAETE, ANAR LR, K ab BREWEHE, §j BH5FEHE.

WAL T SN RE R KD —BUH, BT RFEARNGR, FHMMIT
HORMERMRN, X—FEEAMIR T & G AT R M BRI . ik
FiEU HF TREARA, %3 HF FENREK, XFNA HF 7 ERaER Tt
BPAR, WMIAERBIHEFTEAR, ST ERARRTFLE. 55, Bk
AHERRS RN, XERBRNAEELECHRRE, FHEM-EHRE =R
wWH, BEGTEAR, ZHEREBAR LRRXS, BERNOUR T EFREL
FTARZ, Fil—BER F 4P Eik.

2.1.2.3 #A#EI735(Coupled Cluster Method)

Fritz Coester Fl Hermann Kiimmel T _F1th42 50 4EAR$2 H A8 &% 5 H:(cO)¢"
LSRR Yo T RIUE T I TARDCRN, £ B AT TH X ARSI . A%
FENATRETFHR, EHELETUNEENHTRTFER. SASHEER
(CDHE, BEMGTERMNBTHXMAE, SIAMXER T ; M Cl B+
R ASREIE AL, T EARBRER S BENBIFNER, HE&
BERCERTHIBNMER. BF ClEFR PR A HEMLE
MAEMEMARENZ Y, BE=ZEBRU LMATLHEBIRE, FIULRERX.
RXERSH Cl BALKSEREBHERZ —, FANEEIERES CI BAREEX
M—BHRRE, SAAXERITRES T X AMR A

Weesp = €xpl + 'i‘l + Tz o (2.8)

AP RE T FAAEMXEN RBRBMM TR, BREFT K/, disk
AT, 3% T R BRI TE R — BT, CCSD Tk RA KD —Bitk.

BRMNSEERNBEHEFEL CCSD, MRAE KM _%KHK, &F
CCSD(T), ‘ER7E CCSD KRl LIB=ZACRAMMMK T RGm L. TR
MKELJT T & A RARK BRI R LA, 765 IBARRAE T IR 2
REREIN, BEEHERERERN.



Bl BRI e

2.1.3 FEE RERDFT)

F RFYS R ¥ 18 (Density Functional Theory, DFT)/&7E Hatree-Fock AL 2R
bR T AR RARKAE NI E . SAKETEARRE, EEEZR
FFAEAARAT M A R B R, T H AT # B T BRI A L AR
SHEH N MRFHEETHER, BEREE AN MEREN ARTH, 8MET
AE=ZAFEEE), METEENE=ATEMNERE. LU, EHRKXEATE
EEEZRBNKE T EHRAM T EE RS

20 42 60 4548, Hohenberg-Kohn 5 BRI 147753 DFT FiME L.
DFT MR M EREE: —&NTHFHR—ENITHR, HESRENZET
HEMZHR, INEERFETHTFEAZRNAE: CB _HUERNBETER
SR F A& E[pl MB/ME, XAHEREMIFHBET —ANZ2EE . 1965 F,
Kohn 1 Sham & T Kohn-Sham 47#2"", %75 F2FI L d FHIEMHELR K
BRI EENS, HAMANANTHMLLEIS, TR T BT
$ ERAHBZ —MIAREEEREREOFT) .

HEZRTHETRAEEARA:
E=E;+E+E,+Eyc (29

e Er RETHIHE, Exge RETSRMERRTIG, E RETZHNELHF
fE, Exc AR #H-HXHE. AT =D15 Hartree-Fock HiZE5e2—H, A8 THTHRE
MRS . Ene M E;RERERMECIERA, aTLLEERE], T Er M Bxc A8,
A FREREE N RT R BRI, AHRAEZRPIINEEHETRRE
HHiRAC i — L. Bk, DFT FiEMoRRYE T W B HEm T AT iz
BR Ex[PJFIAHICEZ B& Ec[P].

¥k EEAH S(Slater), X(Xalpha), B(Becke 88). X E RAHE
VWN(Vosko-Wilk-Nusair 1980) , VWN V(Functional V from the VWNS80)
LYP(Lee-Yang-Parr), PL(Perdew Local); P86(Perdew 86), PW91(Perdew-Wangs
1991gradient-corrected), PBE(Perdew-Burke-Ernzerhof), BLYP(Becke-Lee-Yang-Parr)
%. H, BILYP RAUZBAMXEERZ RPLEMANZR:

Epgie = Eipa +Co(Eie — Eipg) + €y AEgeg + Epyys + o (Epyp — Epgys) - (2.10)

12



FoE EREMAUETE

DFT WHIMEHETHEAMERED, MHHESKTEREMIRT
PR B MK 7R % . DFT i B3LYP HFERARI EER BN
Hiz R,

2.2 SRBICHR M EERF R RSk

2.2.1 Gaussian03 B¢

Gaussian03""L& H AT AAMI SRS B R KB, ERARAT EHBLER. %8
PPk JURM22 248 John Pople AARERMBIRHI AL =+ B ER K AIE 1
wWH 5, 1E Gaussian 70, 76, 80, 82, 86, 88, 90, 92, 94, K 98 fHERL I
T 2003 FEXHEHNBRFRA. Bal K4 ZH T WEE. ¥R
MHZHFRS . SRR EE B MARE A GaussView, SHBEEE
KETHE T BT AZE Windows & Linux &F£1817. HET, Gaussian03 25
BERT CA Dy — LR P A, Wl LAATE R KR E SO RT £ AN
B KEIEE. KRICHFTHE - TEE LA Gaussian03 FE/F 2R

2.2.1.1 SRR EEES T

SHIRENES, BTt R B R R AR e S BT, SR
" LA e RAL G R A HEEE LIRS, EABRHAERIERM L,
Xt EL BT Rk N H AR RS B R AT 18 BB 45 4 .

XA R R R BRATHRGE SRR 15 50 SR HHAT T H B R AT RS RE A EX 2y, B EX
WHLERAZ G, FrA REETERRAOp) S R M (Freq), BEIRL
G5F Ja B oAt B 23 BT — AR A P AR R A R R 4
2.2.1.2 $uUEAT

PUBRMMHEERREEERNEHMEHR, JUEMTTUERRINIT#
SRR RAERN . 7E Gaussian 03 FEFFH, BB .chk S0, FIH
GaussView K477 LUE H 7378 H 50 BRI, A ITTE i W ERHIE BT R 44 F
FIRFZ BRI PUEAEAEMA . 55507 LUB IR 55 S0 (*.chk) AT DA H 8018 1
FRESME, FETZANPEAEERNFENERAT.
2.2.1.3 PG FHERABIEFRTHERNTE

EHETESEURE - ANBTFEAFUES THERET, HETFRERTH
RREZRTZRRBREEZERRZ AT B 5 KA 2 A8 R i B Bk 18 4%

13



BEMBEAY S AR

Z [ 4 4 3 55 % (Adiabatic Detachment Energy, ADE)H 3 H R & ik (Vertical
Detachment Energy, VDE).

AP R BT RBRNTER: BB TFESEE - R TR
HRELHEENGR LA B (ADE) . TURIFIE T /LASHAZE
HEH—ANRETHHEENRENNEEREMR (VDE) « R&EXWT:

ADE=En-Epa
VDE=E{s1-Eag
2.11)
AP, AREAETFRRELEN: A RREAETESSHNERLE, XHPH
STHATRAN EM AP HRESH: ARBERNE TESSHNEM L, X
RS FHTRSHHE, BHANETESSH—RNPHESHRE.

2.2.1.4 HFEERAE

EEMEREGRBEMN—AEERE, —BRi, FEERWRERN
FEN, RZIMR. BT H RS FHRER RS, S LA, BT H¢4n2)
Hiickel #IU. AL22 34 AeBHIE . REAINE, A0 EEM R Hickel(d4n+2)
FR B B9 H ) NICS(BE LA 2E AL #B) o

Hiickel(dn+2) NS, & @nt2) A n BFHSTRA BN, P a il
FHIAFURER S FHN. ZRNEBY XS FERTER, FREPIFIE
BHERR L. SHRETEHRERUR—LELHARRALEDHE.

PEAE RN LR IR NICS #3782 1996 4 Schleyer AR, %
HERE TR BRI E . BEEER, EXPORER L1 A BT
B (WA ATE) , 4 NICS REBRKI A S EME, IEEBRAN A RS
&, 0 MHEARIEFEM. NICS HEN—MERRNZHER, THHHHE
ANEERF BT

2.2.2 AANDP BFF

AdINDP(Adaptive Natural Density Partitioning ) #2 /¥ & B Zubarev
Boldyrev!™ Bt R T & tH AR ST AR PAFBERO TR, RIVB LKL
EEE ARV RBMTEF TR B FHEA M RER T E BRI —
2, AINDP DL n 0 2 P8 (nc-2e) RICKR BT Hm M 1 BHERST SR

14



BT HREMAEITE

THH). AINDP BB R F R & Lewis #(1c-2e M 2c-2¢ 8, A HIAELHKHE
T ANBETFHN RO ETR), XS5 FEHEARSEEBRSHBRNE
. WNX—RXKE, AINDP BFEAY RN SHFTR T RN ERE
MBS EMAT T e Btk . WA Lk, AINDP BEFEXETHEBEHENL T
PUEBATRRE R — AR EH AL 7 vE. BAR AINDP AT CAZE S F 3 A0 e R
ERAW A RIS FHERR T EFYE, BTN —FEREB ARG R AT
o B F B A ) € BARFALE .

AdANDP & — &4k E?ﬁ@ﬁlﬁmatural Bonding Analysis, NBO)Z#T &7,
HE VR NBO SR FMT BREF. HEERUMTET ARETHIENAO)
M— R H R AER . AR RES, n BFNEEERERSUREE
77 AR T BE PSR TS E BT TE. R IRRERR
B S PR SO 2.00(e] (B S IEHBIERE), BAXMETLRL IBERN, T
ERXANTTHRER MR IUEHRNEEERPNEERSED, RERELITREO+H)
RTEREEMR. HEIWFTH nc-2e BEMEN FHE LG BRIMIZHE ZER
MR BRI, Bk, AJNDP 4347 MY AEIR S8 5 Wi o 2 (6 B T 903t L7 A0
RO T RE 1c-2e fl 2c-2¢ BT EK), M HEKRASFEHNR S EEBS
HERANERETE. HIrHESERTH AINDP BF FERRMTOTFHIEE
TR R

JLRIf) AANDP ST R

AdNDP ¥ BRICEBEARS T DHTIAR. RAENENSEES TS
ABEFRE R FEF A 2008 FHIFR LK, CL7E Boldyrev M4
F1LS Wang REAMES THEPRR ZRAH ., THEA H % AINDP B
BEMSIER.

WHE 2.1 fizs, XA AINDP RBF @S B ME NS FHS FEAH
B, A EHE 6 4 ON = 1.98|e|f) 2c-2e C-H o 8, 6 1> ON = 1.99je|f] 2¢c-2¢
C-C & o BLLK 3/~ ON =2.00|e|i] 6c-2¢ B4 n &.

XX

CéHs Dy("Asp)

15



EWmEADNLHERRIETIT

¢

6%2c-2e C-C o-bonds 6%2c-2e C-H o-bonds
ON=1.99|e]| ON=1.98]e|

“ <

[}
6¢-2e n-bonds
ON=2.00]e|

2.1 AdNDP FEJF 43T CHe 43 F 1) 0 K n A SRR
Fig. 2.1 o-Bonding and n-bonding pattern for C¢Hg according to AGNDP
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F=F n HENEBH: PHEFEBIMLY

%Eﬁ .4 %ﬁﬂ B16H6: FP'HE%%H%‘-HQ

31 3|

IEHAER, Wang FARARRIERLHE FRUEPES) S RABL G WA,
FSFE T /MBI Bon = 3-19)0 12 4 5 g g S R P IS E 45
H, HBHRANEIER T X LR ARERE LY P T L R3] 5 R s
FREFHE R Y], AEB AR R T R SRR Mt R R,
EL#: Ds B, Da By, Can Bio, Cov By Ml Cs, By #85 Dgy CeHs K48, £ 6n AT
(75 FHEAAR: C1 Bis Rl Do Big” MR 101 F5EHE AR Dow CioHs B‘J?@M%: Byo™
BAAERTRNN o 5EN, 5H8% Da CoHp R F UM R TSR XE5FH
FHEtE. FEE(R T E A FRE T LUH 4n+2 Hickel S #1310 3E3R fE(TRE)®),
BABCTALZE R (NICS) ™ 56 ST R Bt S 4E B X ¥ AINDP J7 07 5. 881 ——19
FEEMER. MITMIARYA, oM o WEBRLRE /MG AEE WA
EMRNEERR. B K ERHFER, X/METHAENA B AT
RELEMN TR —BE R XNEH, SHHEMARERAIE RN
HArAb 2 R R — AT BUR. X B, BT B:-H = 1:1 8 &M, SHBERL
TABERURMFTRRE BH, MM =ik 58, BEELYHHETH B, 7
AT SR E T B WAL SRR N EMBE Ly NE 255 B, FE
%, #ltw: B:Hy(H:B=1:3.5), B;Auy(Au:B=1:3.5)" 2L FPHEH. BT,
Szwacki % A LVEZ C3y B A B, EH 6 MM EMEBRI5EFE TN Dy
BB ™, % T SREMERE 6 MR n BT HTLAB A4 K borozene. IR
%, S.-D.Li % ABEMBIAEH —+HEAEZERE M BB T2 C,B1Bs
% borozene F&5E 34.6kcal/mol™, H:B =1:2 i borozene (LR RFR MM 5
borozene A A& Bi:Bu(n=1-4)# & FHEM . Z LR, EEWHEND DY
ME LK~ EEN RN AR —BEBRENTFEHEH, ETHER, &
TR E MRS DT T RBE RV H . ERFEN CanBis KA ATIAL
EmEENERNEE —MFFR P HERELY CoBieHs, HHEMAERH: +
PEAEFTE Cyy BigHs(H:B #1:2.7)5 Dy CioHs KL, BH 10 MBI o BT %5
TRBACAILERE N 5I5F M D CioHs KU H HEMEHY . X EWBE Y
MBS H Bt — PR SR R E.



EMAEAn SRR

3.2 B b

LRI ERAATEER CK (Coalescence Kick)F2 R Ml &AL &
HRHAT. ATRBRUBTIEETS Bis S RWAEAT. FUMEANRATHAL
HBTIMEEMN, |21 CK BRIFRB I Fig.3.1 PR ERE R 7
. SHE SRS R BIEE— B 2 AL SRR 247 R A % B2 R 9 B3LYPP* AN
X3LYPPH, XEF TS RRNB BN G RAEEEE, WERSETHABME
Bl 85T RV TAHERT S AR AL B B AR AR A MP2 77150 3
TT RN RREEREE, &8 BILYP 1 MP2 FiEMMRILE R, #—8
%Al CCSD(T) ( coupled cluster method with triple excitations)®>®7) BE4T 8 s B+t
., DB, B CCSD(T)RHA 6-3114G(d, p)st, HAHEFEAER
6-311++G(3df, p). 1EiL CMO(Fig.3.2)f1 AINDP(Fig.3.3)7 47 T X EE LM
AR . 7E MP2/6-311++G(d,p)7KF 53 BT T [BieHela B4R [CroHglo XUAE
F[B16He], MAKHY - 5548 B /E 86 (Fig.3.4). I H TD-B3LYP HFiEREHHSF
ME— R TEREMAETHEERTRHER, FHERT AN EINRK
(UV)(Fig.3.5)F1 . F B5(PES)(Fig3.6)i B T #—HWIF CoyBigHe" B 1 55
Zt%, F Gauge-independent Atomic Orbital 77 =P (GIAO)HE T CayBieHe A
B =0 0A & 1A frE ) NICS R Z #i77 f #1438 NICS' Y SRA
Continuous Set of Gauge Transformations(CSGT) & T B 1HI % 7 F B
AMS {H(Table 3.1). i HE#1#H Gaussian03 F2FF.

? A,
1.Cy, ByeHs ('Ay) 2.Dy, BigHs ('Ap) 3.C, BigHs ('A)
0.0(0.0) +9.6(+9.6) +34(3.2)

@ ¥
: 3 2
L“f{gf ’ /f ol < :\;j‘
TR S P9
@ ] 4 -
4.C, BisHe (°B) 5.Dy; BigHs (*Bsp) 6.C, BieHs (A)
0.0(0.0) +8.5(+8.8) 13.4(+4.6)

B 3.1 B,gHe(1-3)R1 B;Hg (4-6)FMERE B AURIL G IR E I, LR ENIFE CCSDT/B3LYP K Fit H A MiH
xTaEE, EFES N CCSD(TY/MP2 K TR BEE, AN EEEMRFEAA: keal/mol.

Fig.3.1 Optimized structures of the three lowest-lying isomers of By¢Hs neutral (1-3) and B,¢Hg anion (4-6), with
their relative energies at CCSDT/B3LYP and CCSD(T)//MP2 (in parentheses) indicated in kcal/mol.
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=% n HEM BiHe PHRRMEALY

w386 Do WE Y8 B sk

Cyy BigHg HOMO(b,) HOMO-1(ay) HOMO-2(b,) HOMO-3(a;) HOMO-9(b,) HOMO-12(a,)
Y VaFaYay-ral g I Y g ) - '
C,y BisHg LUMO(b,) HOMO(a,) HOMO-1(b,) HOMO-2(a;) HOMO-8(b,) HOMO-11(a;)
fé;%’:&i*:‘,( i
P A J& e i : < ‘d w
Do BigHe LUMO(b,,) HOMO(a,) HOMO-1(b;y) HOMO-2(bs,) HOMO-7(b,g) HOMO-10(bsy)
ks .
A Sl S8 es 8y 89 s
- 2 - J/ & “
Do CioHg LUMO(bzg) HOMO(a,) HOMO-Z(blg) HOMO-1(bsy) HOMO—S(bzg) HOMO-7(bs,)

B 3.2 Dy BygHs, Caoy BigHs & Coy BigHe 55 Dyy, CioHg, m 53 FELEXT LE

Fig.3.2 Pictures of the 1-MOs of Dy, BygH, C,y By¢Hs, and Cy, B,gHg compared with that of Dy, C;oHs,

3.3 &R
33.1 GHERIFEEH

KEKFHAEERY, HFHE Co BieHs (1, 'ANRITR Mk BRI E K
g1, HEEETE CCSD(T)/B3LYP /K EE 584 F1H Do AR IEMIZH 2.
R FELOIRR Cy SEFRMEMI S5 3 53 BIMK 9.6 R 3.4 keal/mol. P E=ANGHTE
CCSD(T)//MP2 KRR XTBEE S CCSD(T)/B3LYP FitH 4 RIEHE IR
(9.6 M1 3.2 keal/mol)(Fig. 3.1). #EETE 4 Coy BisHe(1, 'Ar) AT BIXT Con By FIAA
AMBEAT 6H EALMAR], ZEHWHPANBEAER B BRBE S T FEY
0.48A. T2V DawBisHs(2, 'ATE B3LYP K L RHF—A-450cm™ KB,
R EEALEH, HBRLESUSEA CoyBieHe(1, 'Ar)( Cay BisHs Fil Doy BigHs
ERSH EAHERDERN). EBERRLZ, DaBisHs(2)7E MP2/6-311++G(3df,
p)/KF EREIEMR/D, (BEREHK CCSD(T)/MP2 #H X Z7R Dy BisHe(2)H
CovBieHe(1)AEE = 9.6kcal/mol, XFHILZR AT §ER 7 ¥ LI ZE RSN, Hibk
1A A Dan Bi6Hs(2)H1 Cay BieHe(1)E LR KT LRI R TN X HIf . 7EfGH
HItE R AT BATEVEE], Don BisHe(2)H Coy BisHs(1)-RH HH R ISR
BisHe BH 591 Coy BieHs BUUMIHEF TS, R Coy NFRMER, ZEWINE
ANBEALE M B B E ST FHEN 0.35A. 7 Fig.3.1 F&ATATLUEER], Cy
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EWAEAYNSHRRENTIT

Bi6Hs (4)7E CCSD(T)7KY-_L H Don B16Hs (5)F1 C; BigHs (5)EFRE 8.5 M 3.4
kcal/mol, 5+t BisHe FIEHLEALL,

AT HESMERAX TSR EERE M, RAIZE CCSD(T)/B3LYP K&
EHET Bi6(Can) + 3Hz = BisHo(Con) R LI IS RE . T HE R BRZ RN
HEALEE AE = 47 keal/mol B & F W% /KF T Bi2(Cav) + 3Hz = Bi2He(Dan) K1 F3
S 4LAE AE = 44 kcal/mol(F 5% B1oHs I CERIRIE , 7£ X3LYP 7K-F T B12(Cav) + 3Hz
= B1oHg(Dan) I F S AL BE AE = 50 keal/mol).

(@)

é ~ I s
5\‘4’»’ ,’g/‘(&/’l 74 R g w2 b 2 » &
¢ e W BN ogese
Py o g 8,
¢ *

6 x 2c-2e B-H o-bonds 3
o PR Ao o AR >
ON=1.94-1.96 lel T A
R = » ¥ g8
B . .'/‘."Q"
. SIS . O N S b
. » Qx«f’ < :,,'*,,';o asey - &
" . .

8 x 2c-2e B-B o-bonds
ON=1.77-1.80 lel

& e g
L

Bc-2e o-bonds ON=1.85-1.94 lel  4¢-2¢ o-bonds ON=1.82 lel

u\‘\.’

S
b’.‘
/b
any, 2@ ,
('n)si
o.u Py

4c-2e n-bonds ON=1.71-1.76 lel

Q: 9 WD L e
° b8 ¥ Wy « ¥-%»
‘ ¥ UQ ¥
6 x 2c-2¢ B-H o-bonds . . ~
ON=1.92-1.98 lel e" AT 2 0
. EoEo8y %
. . ’/)'l‘t‘ ’loib 3 o
(R o S L | P e %
w (Q,,..» ...‘-’.
s & ¥l ok, A

8 x 2c-2e B-B o-bonds
ON=1.74-1.78 lel 3¢-2¢ o-bonds ON=1.85-1.93 18] 4c-2e o-bonds ON=1.78 lel

Ac-.;.e x-bonds 0N=1.70-1‘8x1 lsl
B 3.3 C,, BygHe(1) (2)F1 Dy, By6He(2) (b)I AANDP L2 TCHE RS th: ENIHAH 6 4 2¢-2¢ B-H of, 8 1~ 2¢0-2¢
B-Bof#, 64 3c-2ecit, 2/ 4c-2ecf, 54 4c-2eni@
Fig.3.3 Comparison of the bonding elements revealed at AANDP for Cy, B 6He(1) (a) and D2, B16He(2) (b). Both
isomers contain six 2c-2e B-H o-bonds superimposed on a single molecular framework, eight 2c-2e¢ B-B
o-bonds superimposed on a single molecular framework, six 3c-2¢ 6-bonds, two 4c-2e c-bonds, and five

4c-2e w-bonds, with almost the same occupation numbers for the corresponding bonds.
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REF a EM Bt THRFWALY

3.3.2 CMO $Liti 2 AANDP Bt

BieHe FIFIH IR B FHAEF M = $U8 59 . 7 Fig3.2 PRATTLUEHE
3|: ¥ FHE K Cov BigHs (1)(HOMO(a;), HOMO-1(b1), HOMO-2(a1), HOMO-8(by)
& HOMO-11(a))) F1 5 3£ F T f1 Dow BigHs (2)(HOMO(a,), HOMO-1(byy)
HOMO-2(b3,), HOMO-7(b2g) % HOMO-10(b3,))#8-E A HA5 Don CroHs UM
BIE, B4, BigHs I 5 ANEE n UES “2REZEY” Doy Bid I n LB HIEE
AL, Hik, BigHe TBOAMETAZMENY. HHEENE, EHE 8 MER
n BT RFEFE Con Bis M AL EMEE B EEE 10 MEE a BTFH
HEMAEY Co BigHs, Can Big MIIE &5 3 -LUMO(a)(4t L F Dy Big”
-HOMO(a,)) B G A Cov BigHs K153 n-HOMO(2y), BBt 2 RS2 FH
BieHs A X AT RF5E Con Bis S FHEMEWINARE. BN, 4%
£ Co BigHg HOMO(a,) LI BN B FERIMNBB T EFHEK Dn
BieHs* (‘A)(Dn BigHe™ M & BKE Dy BieHo) EME MK —1LY), %L HRE
B3LYP 1 MP2 KF L3 ik &

5
04
-5

104

Energy (Kcal/mof)

154

204

-25

d(A)

B 34 Cy BiHe Dy, CioHs 1 Dy CoHo S84 FATHRANE MM = IV TRAA[B 6Hgly» [CiroHgl, FI[CoHgl, B
ViiEl m-n FHAREAE P SRS ikl BE d LM BEEMRE, 76 MP2/6-311+G(dp)K FFENIFH
FEHFEALE 3.6,3.8, F13.8 A I & 4k BISE & 685 B %-22.10, -5.58, and -1.92 keal/mol

Fig.3.4 Potential energy curves of C,, B\gHs, D4, CioHsg, and Dg, C¢Hg dimers versus the center-to-center distance
between the monomers, with the association energies of -22.10, -5.58, and -1.92 kcal/mol at the
equilibrium distances of 3.6, 3.8, and 3.8 A at MP2/6-311++G(d,p), respectively.

FEMLEM . F4, PUEDHTEE 7% FH Do BigHe™ 55 Con Bis K81, 287 8x
MTIHRRFSEHER. 7 Figl32 FRITEMLUER, Cy BisHs HS L HH—A
BT HHE T 5 Coy BigHsn-LUMO(b)ST R n [ 85118 HOMO(by). - BR Cyy
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BRSNS RBEETIA

BigHs HI3E — B AEHL Con Bis FIEEL IBIBE AE = 3.39 eV /h—2Pl, % Cy Byg
MR BEALE B R EMEJERABE T FE Co BigHa (Dan Bis” M HT
1K), XA Con BisP' Al Doy BieHe IR 8n FE T4k RUEE T 2 T 52 & FHE R -
Do BigHy EF25E 40.9kcal/mol.

W41 AINDP 247 7] ABAHI A9 R BieHs B9 o A1 o SR AR, @il
Fig.3.3 a RATATLLE 2, 7E Coy BieHs 1, NMATIAL B A 6 M B-H o #(ON
=1.94-1.96le]); BN THEFE 8 N EIH B-B o B(ON=1.77-1.80je)); Bk o
B> A, —HKE 64 3c2e o B(ON =1.85-1.94l¢)), —HKRZ 2/ 4c2ec i
(ON = 1.82|e|); BASFH LAAAE 5 NEBN 4c-2e n #E(ON = 1.71-1.76/e|).
A NBEIBIIRE, Dan BigHe i) AANDP 534745 R W LA Coy BigHe —— R A, B
xF R R R BEE R Fig.3.3 b). B5 M, Cu BisHs(1)F D2y BigHe(2)
FHEF MR R PRRIE, RIE57 i BT HHYE 4n+2 Hickel #1
W, BATATLAAINTH BieHs 2 n-F EHR o-REBFHNER. 16 MFE 40 15
EHEHUMER o HT(12 4 3c-2¢ BFH 4 4 4c-2e BTF)RFE BigHs BRH
KERBRAEFE, B 10 NEE o BFRFEFEAF O T 1)L SR
B LIER . EBEENE, RETEHRENLR o-RFEMST Do Lis®
RIEEEN o- RIS E, FHE, M Fig33 FRITTUERZR o-RF5FH BieHs
RIS Bs ZA X6 4 3c-2e BYRIBA Bs F B XK 4 4c-2¢ ) thEFAE
Eo-BHEEFEH.

¥ @31

(462)
W (507)

(361)

» (428
;’_

S\

300 4&0 500 ' 6(I]0
Excitation Energy (nm)

B 3.5 TD-B3LYP 7K T, Ca, BigHs (1)7E 300-600 nm i (%% SM B B0 B
Fig.3.5 Calculated UV absorption spectrum of C,, BgHg (1) neutral at TD-B3LYP in the wavelength range
between 300-600 nm.
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R=F n HEW BiHe: FHEEBAMLY

£ K BigHs FIEETH A% Con B1s BV A T AINDP [I%F EE M Hr ik A JEH %
XK. AINDP T8RN, ConBisSMEHELEE 12 4 2c-2¢ 6 B-B #; 6 1 3c-2e
SR 2 A 4e-2e 85 BieHe T B WAL BERFREFIEFEHEL 4 D dc2en i
DHBERESTKHEETH 4 MIISERALE, BERTESSELARE, Ca
Bis 2 o Ml a WERFSFHMC. YENERFBFHS T Cu Bis AN AT E
MESHR, ST EKELRS FHEWN 44 2c-2¢ B-B &, REESTHOM
B B BRALTEHB—A dc-2e n i, BAHE Co BisHs(1)F! DonBisHs(2)BE N X

2> (520
5 (527

(.68

4.32)
(485
o (5.98)

.
n” '

W (6.10)
o (6D

:a-—_}- @m
N %—_d‘ 3.96)
'%—f (4.64)

U

Binding Energy (eV)

B 3.6 B3LYP/6-311++G(3dfp)K T, C,, BisHy (4)f7 PES #iitl i
Fig.6 Calculated PES spectrum of C,, B;¢Hs™ (4) anion obtained at B3LYP/6-311++G(3df,p) in the energy range
between 0~7 eV.

HTF Con Bis ) -5 EHAER . 6H EALLLUG Con Bis BTG 4 /4 B-B o 44T
THISH— AN ERERRE, A B X 4 4 B-B BHFERN 1.57A K3
1.75A, TIE%LE Bis ARKIAIK 8 4 B-B BIEREEE RN 1.60A 4. M4,
BUEFR AINDP SHT#HER T, 553 FH Do BieHs? (8 BisHg 2> —%t n-HOMO
M) o Ml a NERFTEMN, 5 Cu B4,

3.3.3 NICS 5 X PES % Bl #iil

7 HITE Cov BisHe(1)F! Doy BigHe(2)EEA 4T LA 00 0A F1 1A £ B 3HEB
Z|H) NICS EH BB KM FE, 7€ Table 3.1 FERATTLUF B ENIN NICSO)F
NICS(1)7E-21 £-30ppm Z[8], Z %751 L) NICS 4> & NICS(0)F1 NICS (1)1l
FE-48 F-70 Z [A], X EHEER T HER T Co BieHo(1)F Doy BieHe(2) n- % B
Ao 535k, Table 3.1 HHIBHRIERH, Co BisHs(1)F! Doy, BisHs(2)IIA™ NICS
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BN BB

EEHEMZERAHRT MEEE R —, BRILZA, BATES Coy BigHe(1)F Doy
BicHe(2)#4T T 2 TH K NICS 5 (Y BieHs WHRMEFEN =M X BRI HH
NICS,, fH), T H4 R ER BisHs W H RN =AH X NICS EHH B HE, #
—HUEM T Coy BisHe(1)H Do BisHe(Q)EB R 2R n- 75 FHEAA R . Table 3.1 H1, &
MEPFIH T HXAERN AMSPYE [ B REILZE anisotropy of magnetic
susceptibilty){H, $iHI AMS IR A RK— N EREIR. £ CSGT K¥F L
Cav BisHs(1)H) AMS {8 4-297.1 cgs ppm, £ 7#(-65.0 cgs ppm)ITU{E % ; 25(-126.1
cgs ppm)FI BT L ; (-181.4 cgs ppm)f 1.5 5%, HELE U BisHs RF LR, ZE,
A Con Bis EIRHIPLHEYE

£ 3.1 7E B3LYP/6-311++G(3df,p)7KF L+ C,, BigHs (1)F1 Dy, BigHe (2)5 T JLIT .0 NICS {H & AMS,
3 5 % K- T B173 naphthalene (Dg, C1oHg) A1 benzene (Dg, CoHo) I #IAT X L.

Table 3.1 Calculated NICS values (ppm) at the geometrical centers and AMS values of Cy, By¢Hg (1) and Dy,

Bi6Hg (2) compared with that of naphthalene (Dg, CyoHg) and benzene (Dg, C¢He) at B3LYP/6-3114++G(3df,p).

NICS(O) NICS,(0) NICS(1) NICS,(1) AMS  ADE VDE
Cp ByHs ~288  —672 -212  -491 ~279.1 232249  2.77QI7)
Du BigHe =295  —669 -220  -486 3034 - -
Dm CioHs  —400  —82.1 176  -422 —1261 - -
Den CeHs  —77  —163 -100 =300 —65.0 - -

The ADE and VDE values of C,, B;cHg™ (4) at BALYP and CCSD(T)/B3LYP (in parentheses) are also
tabulated in the last two columns

KEHEZERDERFFEE nn FEEFBHEIER N . Coy BigHs B 5FAF
B LT B R ARBLER e B8, BTUL Cay BieHe MUK IRI B S 1% 4776 3 55 [CroHis ], MAE K
B n SSHEAVER 51 ZER%H MP2/6-311++G(d, p)/KF L, BAISHHET
[CsHgl2s [CioHs]o F[BisHslz IRk n-n S5HHEAERJ1. M Fig 3.4 P RATAILLE
WifE 2, U E=ANSEN n-n 554 EAE R D RE AR BAE LR, (22([B16He)
RPN RATEPEALE d = 3.6AA— K JLAT 0B 55— gk LR 0 i
FE )AL 4 & B8 H-22.10 keal/mol, R [CioHsl 7E d = 3.8A 4-& HE(-5.58 keal/mol)K
415%, R[CeHelo7E d=3.8A Y 11 f%.

BJG, BRIATEAERLT Cyy BisHs(1) K SR M0 B UV (Fig.3.5)F1 Cay BigHe (4)
BT R 1% B PES(Fig.3.6). Cav BieHe(1)H = MEAER I BE T (R AR XT AT 2
BEX), HHIR—EIE 370nm ('B)FFIAF5H 4620m ('By), 507nm ('By). £
B3LYP KT, Cu BicHs (EFREMEERMEAE VDE = 2.77 eV N T
Fig.3.6 M —M& X('A))), ZHFBAE ADE=2.52 eV, #£ CCSD(T)/B3LYP 7K
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F=F  FHEN BiHe THAR@ELLY

F L2 ADE=249 ¢V, VDE=277eV, 5B3LYP FHERIEEWE. £
B3LYP /KFF, PES iERE ik X 5E /M ACB), 3.64 eV)Z AL
BEEN 0.87eV, W Fig3.6. XA-FHEE PES MBRIN LUSESAI LR P RIZ]
BicHe B —EHIHEFE X,

3.4 RBE

AR, RIEL ZHEREWRT 2D o-FHEHEFHREMELY
BigHeo BIAKRM, 7 n-RITHEME Con Bis AN AL BT INE AN G T
#ET Cov BigHe» Coy BigHs 55 Don BieHs ZE 2R KF L AT BER LM AKX 531
AJNDP H1 NICS 5347 275, Cav BigHe 15 Do BigHe #R n-75 FHER o- R 5 H 1A
53F . TE Con Big NN AT B IS B FI2EL Coy BigHs IAEFE Cov BigHe» 1%
5}¥ ) ADE K VDE ¥ Cy Bis ] ADE & VDE fH2/h—2  FERFHRIAKI L,
Cyv BigHs RIZ4 N IR E B o5 FHREWMENY, WiZLEWH
MRAEE— S EEWE AR E Y,
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%ugﬁ E'éiﬁrﬁ]’[‘a‘n% n %ﬁﬁwiwm—“—Blg}h.y Blgm, BmHsﬂiﬂ B]SH62+

¥NE FRRONHF - AEEES LY
BisHy', BisHy, BygHs #1 BygHg™"

41 31

WRE AR SHRMESR, 2 MR PSR E T TR WHE SREDH R EER,
I ERAE R R BB 2R TAEE M2 00 . R4 TRIE
“HEAEHER B, SHARME: EH4EKR, Wang FAU>SSE 8
WGSBS A M7 EIE S T ORI B, (0 = 3-19) 8 2 FHEREHEF T
£, 1 Bao' B & 4 1 VT BUSL AR B S5 405 B - Wang 25 A BB SXAERA, D Bs™,
Dsn By, Con Bio, Cov Bu 1 Cy B2 #85 Den CeHs 1L, £ 6n B FMFEHHAA R
3 C1Bis™™, Do Big™ 1" Cou Biy 'R 101 355 1A R Dan CioHs 1K1
Bio "Y1 Csy Bis A AIF N n 5BV, 5K Den CosHy BB HALHI BT
21, BIERK Ko Sr FHEMOs) XA RMEHARENREEZXEEN
M. REBIRERY, K8 B, MREMNASEFRIES T+, AL
AT A AR —E M RN AT/ sE 2 RS EN. ExE /R
MR 454 R Ae e YE R W U R L 2 T A B R AT AT [41 4% 44, 89, 991010,
S ZHERRA Ba AT 101 AL SRR BH, =4S, fEEAM
ETX B, ABEHATAR B/ TS B MELERRNEMIMANYE BRH B,
MIFEtE. BHy (H:B =1:3.5) 1L K& & MAMH LY BAwL ™, BH, (o =1-3)%
(E R 5E X FRISH. BT, Szwacki ZAM7E Cy, B, M 6 ML E MEUS
B 21523 FIH Day BoHe(H:B =1:2), %5 FEHERMUAH 6 MEHE n T HIL4H
#7454 borozene. IR, BATREH IR HIHFFIEH borozene X2 FEB A
i, 5T HEAERBREH BB IR C; BB borozene FixE 34.6
kecal/mol, HULRMEASLLK WM ENE 1 E] borozene. AFENTH, HAIXS Dion
CioHio KU 107 BT R 5 E MY BisH, AT T REMFFT . KERIMK
HERUWHERY, H:B<1:3 1 Dy BisHs', DanBisHss Cay BisHs' & Dgy BigHg™"
#RRSESRTH R LA GH, KB 5 R 10 MR o B 7% 2 4n+2 Hickel
75 EEM N #1[10] annulene Dyon CroHio 848U 4 B A1 14y 4 5 [10]borannulenes.
550 FMBIN CayBis 2= AR AR, borannulenes 2 i = FEFIA T
FLIAAZ AT B Rl L ER 514, 1X 5 B AT T B B33 e £ A BB 9% a-sheet™" "
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ERRALDN S HEBERTR

PHRAMBL. RATIAKN, F5FHE borannulenes AR F ) 10 A n L F R 584 BIRAE
ANTEHFM+ZTESRZ . P4 AINDPT 5 8 10210y ip 4k GUBIR T
borannulenes {4 % ¥ 7 8 & o S M BRI ; NICS "8+ 845 B29E B, borannulenes
HBERER o FEEAR HRAETFHEFHERR TS FRBUR e E T
H UG SER F4 R borannulenes $# 4t — & B B IKHE .

4.2 B H*k

SEHIR AL RR AT SRR 25 BE 2 BB 1Y B3LYPP* 2153k, 480 6-311G(d,p).
ARETERE, NEENKEREREEE S BILYP B U SETHE
H ceSD(T)P> ¥IF Xt BE & . X BisHn H:B < 1:3 FI R MAB R AN LR,
CK™)(Coalescence Kick)F2JF#% & 1 Basin Hopping £ AR ML & 175 AT,
ATHERHEEER TS B! A Big V& RH A AIE AL BT A
S4TAE, CKU'® ™K Basin Hopping FRF IR I KB 25 Dan BisHs» Don
BisHs» Cay BisHs'#1 Dg, BisHe? (R Fig4.1)ERRE %5 #, H 4P, Basin Hopping
HREKY Dey BisHe” RIERNLBWR/INER. AT #H —PRIEBsH, HB<1:3
AR« &Y, B GIAO FE'"HHE T %A REA B =ZAMEAN-F/LAS
£ 0A K 1A fLE ) NICS M Z #J5 Fff)5> B NICS,: KA CSGT #HE T EA
M5 R RIAL 2 . [CeHel, WA [CioHs)o SUAFI[B1sHa]o BUAH - S54H ELAE
FAfEZE MP2/6-311++G(d,p)K T Li#t4T. BB THEE R FIE RN ES T8
F—HTEARRRA TD-BILYP AYEKHE, 7EBhEal ERERIAERIIGH T (PES)
FEINRIB(UV)(Fig.4.5) i B . A& ZhHTH 7 E3948H Gaussian03 FFPY, EM
4+ FELIE(CMO)FI ANDP F g I 1 Molekel 5.4 V1752,

4.3 &R
4.3.1 GHIEBEEHE

BAI LAER 5 R M Bis FFEEH, Fig4.1 FBR T Bis A AMMET KRR R
FI1K(B1s-1 #1 Big-2). Cay Bis(D)R 5 BIIEN Cy Bis KM E=ZALEH. &
CCSD(T)//B3LYP FAHST &% Cav B1s(1)/ 30.9 keal/mol # Cey B1s(2)2 HH =1
TR RN TE AT BRI EH , Cov Bi1s(2) BB 20 T F T4 0.53A HILIA
NIUFAL FEASTFRILAROALE. BATT, B Ce BisR)AFFHERR
HAEER, %D F Bt R KB URH AN OATHERTOME. &
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HEUE FHEFROIEE ¢ 5 EEWEMD—B,Hy, BjsHy, BigHs il BjgH

Fig.4.1 FRATER LURI—ASREIHE -

5% Bis HHAT H:B < 1:3 IS4,

i, 132IRREE MIEMY KT & SR AR R Cov Bis(2)H R XU L5 14T
E Coy BisMME=FEEH, bR YN B #4T H:B < 1:3 SR RET Rk
REREAR. REAZHET BisHy, M Co BisQ)ENAEIMAEFH Cyy

(@)
4. P 2
AA A2 4 r-a
A 4
jf;\'i, /}\‘/’4\’«"\ “' )—’4 J"*A r(~4
-’:\3\‘/}25) KAAA A A A &bk,
BVay- ¥ <~,<—J-4—; ~dAA A »fJ( ,z—rr do ki
J‘J—rj PRvas e )»rrd 4—.)—r4
1.C5, Bis (‘A1) 5CiBisHs ('A)  7.CBigHe ('A) 9.CiBisHs"('A) 11 Dy BisHe™ CA)
0.00 0.00 0.00 0.00 0.00
d f 1
A4 1 -+, . A
o T 5, ARt Sy e Y
L5 ~A A < > :{(J\ = #\: 14 K th
Sd 7 AR > R P AR SR b <
#FT {r‘r‘l 5L JJA' s /‘\ )‘\g\‘fa‘* f"/
2.CoBis(A1)  4.Coy BisH, (‘A)) 6.D3 BisHy ('Ap)  8.Du Bisti ('Ap)  10. CoyBisHs™ (A1) 12.D3 BisHe™ (Ayg)
+30.9(+35.4) -10.7(-16.3) (-16.5) -33.8(-42.0) (48.9) -59.7(-66.0)
(b)
4 , b atn
P as . i / >
Fevary £ P b L
g o 54 > % &‘ ia < 0 ‘ “q
S | g S s
Ya¥ay JJ(‘i) SO /(‘:,; T P /4 Jf‘z.ﬁ §= Y J\
13.Cz BigHy (Az) 14.CBisH;CA)  15.GBisHy ('A) 16D Bisti (Byy)  17.C,BisHsCA) 18054 BisHs('Asg)

4.1 (a) Big(1,2), B1sH(3,4), BigH3'(5,6), B1sHy(7,8), BigHs'(9,10)F1 BigHe™' (11,12) /K BE B AR
WEHAREURENE CCSD(T)/B3LYP M B3LYP(RHES A EUH) KT FHARM REE,
FAXTBEE HAL 4 keal/mol; (b) B3LYP /KFF BigH, (13), BigHi(14), BigHs(15), BisHs(16),
B1sHs(17)F1 Dy B1sHe(18) I E IR B

Fig.4.1 (a) Two low-lying isomers of B;5(1,2), B1sHa(3,4), BisH3(5,6), B1sHa(7.8), B1sHs'(9,10),
and B;gHs”*(11,12) with relative energies indicated in kcal/mol at CCSD(T)/B3LYP and B3LYP
(in parentheses). (b) Lowest-lying isomers obtained for BjgH,(13), BisHs(14), BysHs(15),
B1sH, (16), B1sHs(17), and B,sHe(18) at B3LYP.

BisHy(4)B M Csy B1s(1)#3 2] CsB1sHa(3)58 5 10.7 keal/mol, BigHy HIR&E R
&5 CoyBisHy(4)KAUKIHETFH 4 H Coy BisHy (13)(i% 5 T £ BB ER Cyy
BisHa(4)/h—8). t#4 BisH; MBRIRE &M EH BMEK CBisH(14). B—4
SEFR T [0 XA 45 #9 B X FRYE () Dan BasHy (6), %45 A= M MBIRM C
B1sH3(6)%35€ 7.2 kcal/mol. fHARERE IR, DanBisHy (6)RHE =M/ EHIN=
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Wrig s gk, HRREMEBRINHETE CBisHs (1S)H /ST LI B /T
SUEE L] 0.16A. 418 AINDP B3 HT 278 Dan BisHs (6) 1 Cq
BisHy (158 & A HAI M REEAMIEE BHE I ON HiE{E, s, RNA=H
WHE T XBEANE BN A ERE NN R EHIEEEIEBILYP THX
£ /2-0.04kcal/mol, MP2 I %-0.96 kcal/mol, CCSD(T)/B3LYP F&Z&+0.37 kcal/
mol), HMEATIAN DayBisHs(6) F! CsBisHy (15) RSB FWK, 7E
P Dsp BisHs (6)/2 BisHs HIRFN T4 . B—ANEIESEX LR P HEERFE
borannulene & & MM EMEHE Doy BisHa(8), Z&HIHLE=AMEK Ci(7)
BisHs B5E 33.8 keal/mol. BigHy HIFEA ) Do BisHs (16)5 Do BisHa(8)2E 1L,
KAZETHEREENREBKEK L, CyBisHs (10 R 5EXFELEW, B
fE Cs BisHs(1 )M B A B AR . Doy BisHa) M E R FAAIE MR F BisHe>'(12)
REMRENEEANEMIREN De £, X4 B-B FHRKH 1.67A%
Fa g A A B4 a-sheet HHE LA Doy BisHe  HIZ IR FIAHZ ) B-B P98
), B-H&K% 1.18 A. Basin Hopping &% ¥ Dg, BisHe (12)Z KR M AF
WhgERg . MUL BB S FITe P RATME, X Bis #H4T HB < 1:3 FIELA R
KIS NN AL — N L= AWEBIATCILASMIREE REAER . X5
BERERZEMT BH,, By EASHRETEK Co MHENSH, {5 BHY
BREEMHR L TEER Co MBI SRR A E B H, IS MAR
) BsAu, ). 5 Dey BisHe (1) A, R HEAETH Dsq BisHe(18)7E
CCSDT/B3LYP 7KF F b IR B AR AR L5 D3 BisHe £ERE R HE R 29.5
kcal/mol, WA BisHm 7 H:B = 1:3 B R4 T B 2D-3D W& MEAR.

4.3.2 CMO 3% 5% AANDP Rt 4 #r

E 4T 3B (CMO) 437 7T LLFE Bh R A1 EEf# borannulenes HIFHITE XA E
Y. 7E Fig.4.2 AT BLE B, 553 FIE K Dap BisHs (6), Dan BisHa(8), Cov BigHs'(10)
A Den BigHe™*(12)#84 # 5[10]annulene Dyon CioHio KA 5 A B35 n $3E . il 40
Dsn BisHs (6)1 5 4~ B8,z i (HOMO-1(e"), HOMO-6(e YA HOMO-8(a, ))HEF )
%3 F[10]annulene Dion CioHio ) 5 /MBS, 1 HLIEHOMO(e24), HOMO-1(e1u)H!
HOMO-4(az,); &I FRIEHT Do BisHa(8) BRI R T B IF4E, (HIL 5 ANEE n $UE
(HOMO-1(b3,), HOMO-2(a,), HOMO-7(b,g), HOMO-8(b1,), ! HOMO-12(bs)) 5
[10}annulene Digy CioHio B9 5 N EIR n FUEHAFEX —— X NK K. &l Fig4.2
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BT Fig FOXF x5 EEBEAUY—BsHy, BisHy BigHs A BigHe™"

BAVERTLAE i, #EFTH Coy B1s(2) n 311E 5 borannulenes F1[10]annulene 1L,
T L ER CMO 4347, FATATBAAH borannulenes [ 10 4> n B F & B I8AE
borannulenes i &R WIS Z 8], X5HRHHEIH 1 44 R Den
CsHg([6]annulene)F1 Dyon CioHio([10]annulene) 2 X HIH], 0T EFR.

Cow—C

— ” Ne
/ \ / \
C C c c
\C C/ \!: Cl
Ne—”
8——B—B8
[6]annulene [10]annulene Borannulenes

HOMO(e,,) HOMO-2(b;) HOMO(e,,)

7 m ; i i . F "
HOMO-1(ey,) HOMO-7(b,g) HOMO-7(b,) HOMO-4(e,,)
HOMO-1(eyy) HOMO—G(E:') HOMO-X(blg) HOMO-8(a,) HOMO-4(E:|E)
HOMO-4(a,,) HOMO—S(a{) HOMO-12(bs,) HOMO-11(b,) HOMO-6(a,,)
D10h C]OHlO D3h BIEH3-(6) D2h BISH4(8) CZV B18H5+(10) D6h B18H62+(12)

F 4.2 53V Dy, BigHs (6), Doy BisHu(8), oy BysHs (1)1 D, BisHe* (12)R53535, 1§15 Doy CioHlyo A
Cov Bis(2) B8 m SUHAIRYLE.

Fig.4.2 Delocalized n-CMOs of the perfectly planar D3, B1gH;'(6), Doy, BigHy(8), Ca, Bi1sHs'(10), and Dg,
B1gH¢?(12) compared with that of [10]annulene (D;o, C1oH,0) and Ce, B1g(2).

W ERFRIRIHKRZ, FHE 5 EH borannulenes A REFLE EREFRIBEM,
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BN S REEEDIR

JEH Dap B1sHy (6)F1 Doy, B1gHa(8)FI BE7E 238 = B WM 2 E & B H K « A R AN
F3R[10]annulene HIEFEFH FHEA R, SR, AZFHH borannulenes #F
REIEMHR/NEHHBRFBRMETRIEES M.

(@) D3y, BigHs™

ik ) 2 ’ > ;'
sk X P o . ; ; ; :
b 4 ‘ °‘ o . W X
. b % ; k :
.:J:‘ B0 e, ‘v‘ o o, ,,p,?‘&‘f,n,
b “ 4 ° v
3x2c2eB-H 6x202¢ B-H 12x3c-2¢ B-B 3x4c2eB-B
o-bonds ON= 194 o-bonds ON=192¢ o-bonds ON= 1 89-1.97}¢’ o-bonds ON=1.88'¢,

(b) D2y BygHy

o 1
e X > 4 s o
‘:ﬂv v.;'. Rl 4 'v'\;f?;r‘.’
R %o, 2 %000
By b §
‘“"o‘b‘ 60w %e & ‘&,e,,
4x2c2¢ B-H 4x2c-2¢ B-B 14x3c2¢ B-B 2x4c2¢B-B
o-bonds ON=1.93i¢ o-bonds ON=193/¢ o-bonds ON= 181-197i¢,  o-bopds ON= 1.87j¢!
(c) Cay BygHs"
2v D18tls
< N
‘ Ob‘ﬂ G’ﬂ’ﬂ
ESE N RSt h A g Togc P .
‘~ B x. bt T4 ‘,v‘ ‘uf’
» e o ® ol o
& » 2. .8 B
.“,;;*‘l‘ N e v W > ",OY
Sx202¢ B-H 2x202¢ BB 16x3c2¢ BB 4c2¢B-B
o-boods ON=191-193¢| c-bonds ON=191/¢| o-bonds ON=1.82-197fe o-bonds ON=1.83/¢
2+
(d) Den B1sHe
A 2B
@:-29
l'n A»
.v‘e’.
6x2c-2¢ B-H 18x3c2¢B-B
o-bonds ON* 1.90¢] o-bonds ON= 1 80-1.96¢

4.3 Dy, B1sH3(6) (2), Doy B1sHa(8) (b), Cay BisHs'(10) (c), and Dgy BigHe™*(12) (d)ff) AINDP
o-BEA .
Fig.4.3 o-bonding patterns of D3, BysH3(6) (a), Doy BigHa(8) (b), Cav BisHs (10) (c), and Dgp
BisHe>'(12) (d) at AANDP.

A AINDP 234745 2 #87R T borannulenes AR n & o BUEBAT. 247
5B B5R, borannulenes A& ¥ KB EHWEH 5 /M5 Fig4.2  n-CMO AR
FEBLA 18c-2e B n 8. M Fig.4.3 RATATLAE i, H R F 4B AR 32 borannu-
lenes AR & 41 o BEH RAEZM . DanBisHs (6)F 3 N #E% ON = 1.94fe|
) 2c-2¢e B-H o &, 6 5% ON = 1.92/e|f] 2c-2¢ B-Bo &, 12 M H#EH ON=
1.89-1.97)¢|f¥ 3c-2e o &, 3 M #EHL ON = 1.88e|f] 4c-2e o B 5 N HITEH ON =
2.00je|f] 18c-2e w4, MEIHAE TH H 1F D BisHs (6)(10 MR n 2T, 24
AN 3c2ec TR 6/ 4c2ec TR nto NEFEMN . FRMBEM C,
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HE SERRALKE 1 B EEWEY—BsHy, By, BisHs Al BjgHs™

BisH3 (15)F & 55 D3y B1sHs (6)4H [ i U R Ak 3 B i) 9545 ON, Xt —
SHUEBA T CsBisHs'(15)F1 D3y BisHs (6)7EA R _E R MR FMk. 5836 FH Cay
BisHs (10)F 17 N o 8 S M B o 8, R nro NEFHFHMSF. P
52T Do BisHa8)F 4 4~ 2c-2e B-H o &, 4/~ 2c-2e B-B o &, 144 3c-2e
B o B, 2N dc-2e B o RIS AN 18c-2e nfE, NI HL T 3B L& Don B1sHa(8)
B FENM o REBFMER. BXRUN Dan BisHe (12)H /A MNE ) 2c-2¢
B-Ho &, 184 3c-2¢ B3 o M 54 18c-2e B n @, R HE UM o KT
H¥E4ER . X borannulenes ff] AINDP i EATR LR — N EEBHBE, &
—MNRER ST T SHEMHEAMIGERX P 2c-2e B-B o 8, Diy BisHi(6), Dan
BisHy(8), Cav BigHs'(10)71 D, BigHg>*(12) ] 2c-2¢ B-B o @IKK K 6, 4, 2, 0,
THRR, ARPEERc BKKELZGHK 15, 16, 17, 18). ERF S
$THF 14 2¢c-2e B-B 6 F 3 borannulenes #M 4 B, 178 LAY 7K B/ LA WA 75T
FHKRT, ZXMIER Cov Bis(2)RHEFE 45 HIT borannulenes #2755 % FHI%S
BMAFTE. FAESABNEBHER, XUTERENLER o RFEFHEST
Doy Lis FH -5 35 %M, 7F Fig4.3 ' borannulenes A% B; = AKX HK(3c-2e
)M By X R (4c-2e BYMBN ZFEE R o-H 5 FM. 4n+2 Hickel HLR
BRYIBGINA TRAAISFHER, 33T KL borannulenes )2 7 MARA HLEK
FoHL4rF 4n+2 Hiickel BRI AT LA 23 BIBMSL R F F 407 o B e 2 MO 45 4 B3
A BRI B w/o- B 5 FE.

4.3.3 NICS 5 5 PES # El#ifil

NICS M AMS(#- [ LA )T A —PAEBI T borannulenes AR K14

J& - EEA . 4 AI7E borannulenes & & A2 T JLA 0 0A 1 1A £i7

B SRE T8 NICS(0)(A-6 F-31 ppm)F1 NICS(1)(-28 F-42 ppm)# & F1E (5
- 75 %t Den CeHo & Dion CroHio 52 /] NICS, {H¥IA, W Table 4.1), FMR T
T T borannulenes & & &2 784 B; =A A NICS &, BRI FREZ 5/,
K #t borannulenes # R4 )F n-FHHE. fl AMS RIS FERH AR —NEE
a4 1981, Table 4.1 FA'T7T LA% 2 Dsy BisHs > Doy BisHa, Coy BisHs' & Dgy BisHg*
#HEAF KK AMS fiff, #KIKA-518.0, 450.5, -433.0, -403.0 cgs-ppm, ZE/DR
Den CeHg AMS {H(-69.8 cgs-ppm)#& 5.7 £, Dion CioHi0 AMS {E(-215.7 cgs-ppm)Ff]
1.8 %, borozene D3, Bi2Hg AMS {E(-208.2 cgs-ppm)f] 1.9 f&.

33



EBEAYR G RBEEA

P/ Den CeHg B Dion CroHio SRARTATHER T R 1926 = BR VA 1A R[CoHs)2 B
[CioHiol> F BB AKBI FF4ESE n-n S5AHEAEF 77, DonB1sHa(8)5 Dion CroHio B 4
A n BFEE KA » 30, EHXUEBsHs], T RPN #8445 Day BisHa(8)
Z IR P AFAEE 5[CroHiok KUK nn SFAHEAEA . 7E MP2/6-311++G(d,p)
K B RKE[CsHelzs [CioHiolz F[BisHal, £ KM MITTAHEAER J1, HLH
TR REMZ, W Figd.d Fion. ML E=AXUER nn SHBER T EGER
AL HEe g, B &AM HARR R FEREE d 7% 3.8A(N—A 1A
JUET LB R — Bk LA O R E) . FEBRAME, [BisHi: 7E 3.8A M4&E
fit -23.41 kcal/mol, 2} 52 [CioHi0]2(-5.58 kcal/mol) i IU £% % F1[CsHegla(-1.92
kcal/mol)ff] 12 £5.

& 4.1 7 B3LYP/6-311G(d,p)’KE FK#, borannulenes fJ NICS./ppm, AMS/cgs-ppm
HOMO-LUMO gaps (AEg,/eV), Dy, B1gH, I B B ¥ IP(e V)L F 3K FIBE EA(eV) A R AH

KA HFH ADE M VDE 1. 35T D, CHg B Dyon CroHio FIARR (B LAFERT ELAT .
Table 4.1 Calculated NICS,./ppm, AMS/cgs-ppm, and HOMO-LUMO energy gaps (AEgy/eV) of
borannulenes, ionization potentials (IP/eV) and electron affinities (EA/eV) of Dy, BigHy,
and adiabatic (ADE/eV) and vertical detachment energies (VDE/eV) of the concerned
anions at B3LYP/6-311G(d,p). The corresponding values calculated for benzene and

NICS(0) NICS(1) AMS AEg,, IP EA/ADE VDE

D3y BysHy 305 414 -518.0 2.42 — 353 3.t
Dy, BisHy 6.6 -283 -450.5 3.00 827 232" 236"
Cyy BisHs' -14.1 -30.9 -433.0 2.96 — — —
D BigHs™  -202 s -403.0 3.08 — — —
Diow CioHio -39.1 -374 -215.7 445 — —_ —
Dg, CeH -142 2838 -69.8 6.72 — — —

Notes: "ADE and VDE values correspond to the slightly distorted C; B1gH3™ and.
®ADE and VDE value of Dy, BysHy.

naphthalene are tabulated for comparison.

BiE, BANHET HET BiHs #l BisH TR E UL TS T Bisty
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$E VE O x5 EEBENY—BiHy, BisHss BisHs H BisHe™”

ISR EE. 7F CsBisHs (FERTH AT T, BRATELIEH CBisHy 5583 F1H Can
BisHs 7E A 5% _b 2 A R ) FA45) i) PES BERLE Bl (Fig.4.5() P RATTULEE], C
BisHs B —MNHBAKNEEBRTREAE VDE=3.71eV, X5 B;gHy i nto WNE
FEERFRRZAYEH. PHE5EETFHE DaBisty FRARHER P=8.27eV,

BRAI TSR ABE EA = 2.32 eV Al 38 ) HOMO-LUMO Gap 3.00 eV(Table 4.1).

CH, '\
04 Cyotly ‘-“\

e

e

//' //
54 L] e
5 B, H, 4 g /
i
104 i
|
4 | p]
L) &
204 Vo

1\// Byt

E(keal/mol)

T T ] T T T
3 4 3 6 7 8
d4A)

44 Dg, Ctgs Dion CioHio 1 Doy BigHy FAKTPAT ERRTYL B2 = B3 6 XUE[CeHelos
[CroH1o]z FI[B1sHu], S AKIE] n-n S5AHEAE I B B4R IRIEE 0 AL AOSRE MIZR A
Fig.4.4 Potential energy curves of a [B,sH,], dimer versus the center-to-center distances (d) between
two parallel Dy BigHy monomers, compared with that of benzene (Dg, CeéHe) and

[10]annu]ene (D]()h C]()H]()) dimers.

(@) (b)
ATYA
1 2l *
’Kf\,-(é& . AA ) ‘/
=lls e Dy BygHy
C,BH/S i | w
‘A
3
«~
o 1 2 3 4 5 6 7 6 1 2 3 4 5 6 1
Binding energy (eV) Binding Energy (eV)

B 4.5 TD-B3LYP 7K F F L D3y BigHs (a)Fl Dy, BigHy (b) L FREHE B
Fig.4.5 Simulated PES spectra of the planar D3, BigH; (a) and Doy, BigH, ' (b) at TD-B3LYP.

EEAUIEH MR LE TD-B3LYP FP#t Dy BsHy R EHIE —BAKREE = 1.89 eV,
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ERMALDNSHREELIT

% Fig4.50)F AT LUE HAET D BisHd(16)KIEE A TR EHE VDE = 2.36
eV(5 1tk Do BigHy 9 EA {8 2.32 eV ¥ #21f), 5k PES P E MRS
ZANEZ RIFIIEIEE A 1.86 eV(55 1 Don BisHa HIE—BUKBE 1.89 eV FFEWIR).
FAIPUARE K Dan BisHs 1 Do BisHa & borannnulens H1 54 7T BEAE AR T
Cyv Bis AT A EMMABE . M T ik E(PES)MTRI A LGSR E&
FREAE S AR R E] Day BisHs & Dan BisHy B — @ B2 TE F/EA

4.4 BE

AT, BAVENKE ab initio B /KF LT B]— &R 563 FHFL
SR 7-35 B 5> F Dan BigHy's Dan BisHss Coy BisHs™ & Dey BisHe™', FpiX—25
¥4y 78 %& 5[10]annulene A F B IR o B1F 5B AL -4 FHOE, HHIEK
I3 EA 14744 borannulenes. borannulenes 2/ =AFERIANILELZR
REEE AT O EWMEAY, FNTE B T2 MR &4 8%
a-sheet F1 A 18 7] LAFE 25 borannulenes FU 1) = F ML AL R EE.
B xR MBS B TR MASLHESHTEIH=AFEIN
T B 45 9L I T 42 R borannulenes. FRFFSMHSUR T REH AP LW BE A A= AE 4l
M RERTE AL, X {#78 borannulenes T 4 i V34 45 #9 B2 o 3% A SR ¥ v 4R
M= BERMEEY . PIPRBERFRER, AR EEmn-Bo EH!SM
4y 8 554 BUR, borannulenes F -H R F£ A LA#8 35 borannulenes KA 58 3% F
T [0y XK 2549 D Big(BO)s» Don Bis(BO)s» Cay B1s(BO)s's Den Bis(BO)s™ o %
XEEETHEFONRA o FEEHEWREADHN SWMEADARZHER
LB, ATLAEBIRATELF b T @3 EMEEE— 2 F-BO BUL-H)X /MK
B P e MO RS e R A R, AT AT DA A SR THEEE AR A RHR LA N A B
Wk
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BHE 2WEL Ba-sheet REERIHT

FHE 2WEAE o-sheet HBER

51 3l

B R BN TC IR AR A SR — 4 54K, 2004 4E Novoselov 2 A Ik o
HBANERPSEHARG. ARFEHEHEIRETAHANTALAE, HARAA
B LA RENBRR ISR ZEE R TEE R 2310 em™ BT 200000
em?V-s), S EREECKT 0.5-1 TPa)RIFEH K% H(1-5 Nm ™M),
TR B T IX S BR A SR 18 0 BB e A Bk s 7 22 0% 5 T v e
IR A HHE .

WERBRTS SR, BT - IMNEEURERRUTAEERE _4ER
MR T b, KA B MB, 7E1E 40 K A #H B M@ S M,B,
2 B P SR = R E AR /S o ALR LT . BB Z R Mg i, BRTE
M,B, PR FEHTHE A —MEs, IEFHCERNETHA—. 48R
A1t a DABR B R TR sp” 244k, ATLATEAR 3 4 2c-2¢ o RRAR ISR
KABBERTEHE, BEXKEERTERHE, AT OANUEMNER A AES
S5 AH ) a-sheet(Fig.5.1())" > & B R B W R E _AMELS.
AR KA B LR —HE PTG ER 2c-2e o BENRER, MEER
o-sheet 1 B-B Z [HFR 2 BRI REER, X EFERBLUIREEHIE? IR

) v
I I
< (@S
el s LAY
-~ \ (‘ > -
PN L
[> <0» <] L
AN T ADd .
\ /l‘li, gll“\ (]
ol AN
eI OISR
- >
AN LAY
SIS >
I
ERKPKS L
AN ~

— N

B 5.1 ()2 W0 B a-sheet HIJLITEH. (b) a-sheet SHIMIRBER: Bl 3c2e 0 BE
FTERIER), B 4c-2e o REHXE), HE « RABX).

Fig. 5.1 (a) Geometric structure of the all-boron a-sheet. (b) The proposed bonding pattern for the

all-boron a-sheet: 3c-2e o-bonds(solid triangles), 4c-2e 6-bonds (solid rhombi) and

delocalized n-bonds(circles).
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EMEEADN SRR EETIT

T a-sheet RBBRZ FTRITEZ—/ &, FIBF AL, BERAET—K
BT TR AT LA 4T PR = A R R, A IR — MR R AT X
a-sheet RHH BEHRFHLREEN . 7T UER B TTEM BT R 4k
AMERET, BRIOFTERNSFHBAZARZMH R GRME o-sheet 45
MO EE R TE TS BB a-sheet, tHEER YD BRI SRS
FTAT LB BE BN TE PR = 4R R B RERE, R BT BUEE AR E] o-sheet BY
A MR FF At DA IR B A AR B AT 4 BRI T 10 Fig.5.2, Fig.5.3 1 Fig.5.4
TR B =N BT BRI IE S T 5 R U a-sheet Z5 140 BRI

5.2 A%

¥IEHEM o-sheet TR R B £ OB IR MnE, R XHZIGR — 40 2
KRR BATEESEMRNREER, FHBRAI1ER AINDPPRERFEN B
oM TR, ZEFMNITRES CEXNHEXNRMAR, ANSEES T, €B
SERE RS S AR R U4 18.46.80.102 123, DAl T & FRAMT, SEERUE R
AANDP ST 7EE R VR R I HE BT .

AdNDP £ NBO 27y BREFFES 2, TR TR B X 407 45 RIS EE
AeBTZHEW, KEPXHTETBK AINDP 447 F27E B3LYP/6-31G /K
SE BT BT B BB JLMR KR EHN 1.67A(a-sheet ) B-B “FEIRK A
1.67AP% 51y, B3LYP/6-311++G(d)7KF LR E L a-sheet FLIA/SIUFEFEHIEN
W L H 0-2A BLE I NICS ... A E 0 B4 14139 R F§ AANDP Fl Gaussian 0317
2, ST AL RIR A Molekel 5.4 24l

5.3 &R

BAVFBIE — 0T H BREF /NI By ¥ IT(Fig.5.2(a)), BATIEREN
+1 MEREREI, EF B, WL FRER T U EH RS H RN,
BTG R ER, %A BHEAN B ZABXEE A —A ON=1.98|e|#] 3c-2¢ o,
BADF LB —/NREERN Tc-2¢ nBE(ON=2.00c)). B, MIL&BAERN
ST BB LA APREE RIS . £E0FREE ], RATE B, AT E INEAE
B7He' DA BRAR 35 BB AT 0 2007 45 RV, Xt BoHe A BRI SRR, BR T3 m
A/ 2c-2e B-H o4h, BHe'5 B, MR BAFIE 5 2 AHBU(Fig.5.2(b)), XU HIE
FLfRT FE AR AR R BRI = A A A R
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ON=1.98 lel ON=2.00 lel
b .
ey o PO
" @%@ 9 Z 3
e e £ o e - e
et Og® : ,
L
B,H.* 6 x 2c-2e 6 x 3¢c-2e 7c-2e
(DW*A1 ) B-H o-bonds o-bonds n-bond
¢ ON=1.96 lel ON=1.98 lel ON=2.00 lel

B 5.2 (a)B," i BLHIJLIT 454, 6 4 3c-2e oBEAIIAN Tc-2e nfEE (b) B;He F BIKIJLIISEH, 6
A 2c-2e B-H o, 61 3c-2e cBFIA Tc-2e niEo
Fig. 5. 2(a) Geometric structure of the B,"’ fragment, six 3c-2e o-bonds, and one 7c-2e n-bond. (b)
Geometric structure of the B;Hg" fragment, six 2c-2e B-H c-bonds superimposed on a single
framework, six 3c-2e 6-bonds superimposed on a single framework, and one 7c-2e n-bond.
7E a-sheet ', HMARANUFS HHFE=MEF/NDLFEM =R/ LR
A, RN, SMEARAUEN B; ZARREAHESARE: 5HKER
NUEERH=/AKX; SARALHEASH=AKX. TLRESHERIXHE=
£ DX AR T N R AN R Y
BIANRBRIOBIEA THA S HHET /S U A B = /A KSR
5 B, xR K AR X B, BT A B B, JLAMIEN Fig 5.3@)FT .
AINDP TR ETREHSHNERALEHBSXERALATHORE
ON=1.88e|f] 4c-2e of, HR/K=AFEXIFIH 3c-2e o (ON=1.80-1.97|e|), $t5t,
FEFANHEFE /S TTH A RATE AT LUK B — 4> ON=1.97|e|f] 7c-2¢ BigintE. R, A
TRWAEHTSTEROEN, RITTENEBEATE BpH,™ BRMET
ADNDP 7+ #7(Fig.5.3(b)). T4 REH, 5 BHe KL, BT EH AWML ESM
T—/> ON=1.94l|i{] B-H o LAsh, HARBAE By M4 REA LSRN
(BRI BNAE S ON LHAMERN).
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o8 o8 12 x 2¢c-2¢e 18 x 3¢c-28 3 x 4c-2e
N B-H o-bonds o-bonds o-bonds
B.H,,* ON=1.94 lel ON=1.84-1.98 lel ON=1.89 lel
(D, 'A)

. s
-8

vaoo. IR S R
s

F I O T
4 X 7c-29 - bonds ON-1 .56 Ie;! o
B 5.3(a) B¢ KB IIJLAISH, 18 4 3c-2¢ o, 3 4 4c-2e oAIAMNETT/STTIF LM Te-2e
ni (b) BpHy ™ F BRI LA S5H, 12 4> 2c-2e B-H of#,18 4 3c-2e offt, 3 4 4c-2e o
4 Tc-2e n
Fig. 5.3 (a) Geometric structure of the B,"'® fragment, eighteen 3c-2e o-bonds (inside of
peripheral triangles) superimposed on a single framework, three 4c-2e c-bonds (inside of
rhombus motifs) superimposed on a single framework, and four 7c-2e m-bonds located on
filled hexagons. (b) Geometric structure of the ByH;," fragment, twelve 2c-2e B-H o-bonds,
eighteen 3c-2e o-bonds superimposed on a single framework, three 4c-2e o-bonds
superimposed on a single framework, and four 7c-2e n-bonds.
BRIUE =FH BB BRI a-sheet FEFFIEE — LIS MFLFNL
., LHEMMTRAZSHBER AL ERLAHNRE, Ba5FNLHH
A B; ZAFRRARZIEWG? ALRALE ELHAFHREEG? 5T R
B ERF R, BN BRRMNBIMEZRF A TR &R
By 'S(Fig.5.4). AINDP MTERKRH, Zh BTN S POLRASH=FfE
KIREAEAEE — 1 ON=1.85-1.97|¢|(f] 3c-2¢ (k£ VL FLIFAX B SEH B, 47
GREFEW), SEMISHERASUHAHERLTEHI—H 4c2e of
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(ON=1.87le|, 5 B, " M4 EREM, XHRIET By 4 RIERM), &
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IEWMTBUARIREE, X iZA BT RITRA—FF g T E—LFEATH L

] 6¢c-2e TiE(ON=1.72Je])-

,,15 24 x 3c-2e 6 X 4c-2e 6c-2e
o-bonds o-bonds n-bond
(Dsh’ 1) ON=1.85-1.97 lel ON=1.87 lel ON=1.72 lal
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OOCGOD

QOGQO
OC0.0

5.4 a-sheet F By FBHIJLITS, 24 1 3c-2e o, 6 4 dc-2e o, 1M 6c-2e nERA
61N Tc-2e nt
Fig. 5.4 Geometric structure of the Bs,''® fragment of the a-sheet, twenty-four 3c-2e G-bonds

(inside of peripheral triangles and triangles bordering upon the hole) superimposed on a

single framework, six 4c-2e 6-bonds (inside of rhombus motifs) superimposed on a single

framework, one 6c-2e n-bond located on the hexagon hole, and six 7c-2e n-bonds located
on filled hexagons.

U E=AA BB RAIEET o-sheet HTH I BRI BB AL
B SARAUHRASH=/AKX, BMEFTRANLARELN, BAMEFNGE
PLR AL NIATE I RRAFAE . BT RMNBEA BREWTTEZT BIREN, %L L5
PrEERETT LY REVBAN TR a-sheet LF . Bk, FATATLALHIH &
5.1(0)FT7N a-sheet RBEASEE . EHETRANTLUER, EFMER TR
F, SAFANUHHEBH= AR BB LI 3c-2e of, SHAETNBHH
BEEALMAFLE 4c-2e o, BANK ELRI 1A Te2e nilE. HHTEILAL, BAIR
RBER, fLAAUHERnBFIATIR? HRBIER, RITAFIAfEEXTE
TN By BIUHH T B BAT T, NATBRE LT RIEGEMEREAN
BB LR 61 3c-2e cHLF(3 4 3c-2e o), 3 4> 4c-2e oFEF(3x2x172, 34
SEEIRFNDILEN 4c-2e o8 2 M F(—A Te-2e nih), Hit 1148
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Fi H—FEE, BUIBER/NLH B EN a-sheet B, HHEEMBETH
HRAZRE 12 M(1x3+6x3x1/2=1, A4 B BRF R —EMEFEE 9N
Ty, 0B BFURMELHNATG ART), EREFAT UL/ N
HFHHBRS SHEAANUERBNETFRS 1, BEHH—NET LI
a7 NBASREPRITTUEES, SMARANTHE=ARAANLETEE,
HREREMARANDHTUERL S BN —DE TN S ES 5HASHA
RANAHEANTLASNDEAR 13 METF), RNBIERREANFLFEEEN
ANEFNDTEFT RS, HSAN LA EFBE 2 M F(1/3%6=2), XIERR UZE
LIRANBE LRI 6c-2¢ nBRIRBEFTE. o-sheet ST ILFANUERIEN BT

“4k” AR HE AN LS R, XERVFEERZ o-sheet fERER L
REHER_EMENE=ATEWERCHEERRA. BREENE, BAEG
RS ) 2¢-2¢ C-C BIRoBAF MR, o-sheet FAFLEEEM B-B o . [[
i, DA EAIARINERRETEN SRR A R4 2.00|, FEEH
THXRBE ST A .

BAVIEEER » BEFBRR S FHEAROREREFE. B TH-FPHEA
HFEANHRILIRADTEAL K -5 F Y, RATEE BILYP/6-311+G K ¥ L3¢
Bao™¢ H B b AR AL MFLIAN AR 15 0-2A 435It 5 T NICS . {E(Table
5.1). S5HFER, 7E B3LYP/6-311++G" FHE T #3F n-75 5 Den CoHs AHRM I
NICS.. 3t 55 Bag™ 16 T8 45 AT X 4347 . 7 Table 5.1 PRATAI AR, 7E By '®
AT BRFLIANG T L7 i NICS,, {8 L X B 5 NICS, (HEE /i —&, Lk
NICS, i E {5 F] a-sheet FTEEE B Te-2e n B 6¢c-2e n BEFHAE T a-sheet F75
UTEERRA R n-5 F .

% 5.1 X NICS, (ppm)it &
Table 5.1 Calculated NICS,, values(ppm)

RAA Filled hexagon” Hexagon hole” Benzene”
0.0 — —51.5 —14.5
0.2 —-100.4 -53.0 -16.3
0.4 ~75.3 -56.9 -20.6
0.6 —-70.8 —61.7 -252
0.8 -66.3 -66.1 -28.3
1.0 —60.8 ~68.9 -29.2
1.2 —55.2 -69.9 -28.2
14 —49.9 -69.0 -26.0
1.6 —45.2 -66.8 —-23.2
1.8 -41.0 —-63.6 -20.2
2.0 -37.3 -59.8 —17.4

“ Distance from the hexagon centre. ” Calculated at B3LYP;
6-311+G*, “ Caleulated at BALYP/6-311++G**.
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54 ZigEe

BAE, AT LURERMMERE N4 B BTFRI sp” ALTER 2c-2e Eifo
B _ g R PHNESMERE EARGFERS . BAA T B b = faim
BEREGHWERE FETRE, NMEA—EHENRTFIAEMERS, WRKE
SOREHP 2c-2¢ BV BFHBEIERTRIWHA BN o B LA N
T SBEANGEHERE LA et . AEREEE T R HS = AERE R
- — 4 R (B ER A TTH, TR ERREEH. B TET
DM ERNSFTIANREER —BE=A—8WE. 5%, =kits)
=RAEEBEE —/ 3c-2e o, EXHHBRALBLHETFHLRESLT
fiott L, HAL=AKXTEN B RFHHE 6 1 B; ZALHHE, ALEA, B
7 R BETTIR 3x(1/6)=12 ML FAT=/AK, XHNEEN=AFREEEEE 1.5
PRFAE— o) RE, RIVETUMBEIHEELS=AMENREER:
BMARATH L 6 1 dc-2e cB(GAHMEFANTTHPILER 4c-2¢ o)F 6
AnHIE, ERXMRENGHERBRAGHEN, HAiZEHNmETHNcHETF
BEHER 0.5, XA RTERAER M T H I E S R WA AR T gyll> 1416 181,
gk, MR ERATTT MR o-sheet 7E45H) HBUE SLRAIA = M — 411
JREEAMF . 7E a-sheet T ERMoBLBHMER BT “R4E” 1 6c-2¢ nilL
FRERAMAE T BRI ESUE BRI RB AT LU 45 B 2 g ki et
REE—EmHEIEM.
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BAE BE5RE

FAE REERE
6.1 XEL®

AN FERRAFEZRBERMNKFLE, XA SR 8 AN B AL
BATEAM, B3] —LF KT 58T aE-FHE MM A%R, JFxpeiee
SRS R, BREt. REIRE. #OEREN. FEEARGELE RS
HAITRGRF . F+ H R AINDP IEFPXf Boha E ARG 4% o AT BB A LT
Mr. EEERWT:

1. = 5EH BiHe: THREWMALY

7€ B3LYP. MP2 #1 CCSD(T)7KF_L %t BisHe F1 BigHe LA LM M
REBRHEHT T RENERTIR. Bis WEREMEERETFEK CaBy,, £HF
§AEE r BTHRFEEARR, RAITCULEHAERERLSMERIANAWE
MEEREER 10 MEE n BFRIFEHLEY Co BigHs, FALTH BieHs AL
AR ANF R FH CnBis WFFHNEY . KEWTHERY Co BieHs RRAVFTH
RIIMBRIBELEH . ARAFETHIHESRER Cy BisHs 558 %FH Doy BieHs
ESLRAKFE ETHER THMAK 23 (9. CMO T4 REH, Cov BigHs 15 AN E
R FUETEFR £ 5 Dow CroHs MBS IR n $UEE 2K, BEEATIAN Co BieHe
RENPHERZY. EAK AINDP 26T S B AL 2 AL B (NICS ) # — 25
IEBAT BiHs M) n £ A5 EFMM o HFFHAF. Coy BisHs 25 Cov BigHs K
HIKEF TS K, BHEWREEER C) BieHs B —15. X Cpy BigHs RSMNK
K UV)RIBIE T Cyv BieHe YEHL T AEIS(PES) KIS BUN B R I Se R EH R 4L
—EMERRAKIE.

4. FHERFOIEF 7-F5FHEMEAY—B1sHs, BisHy, BisHs Rl BysHe™

EFI EMEEERERSHREER, BRITEREE —RFB=AERS
7% B SR Z A T B B /N ) B 7SS T AL B 5 35 S THD R XU B WA AL )
Hi#% Dn BisHs™, Don BisHa, CovBisHs Rl Dy BisH™ o X — RFIAKE A 5[10]
#4%([10]annulene)f F M BSIR = B8 F 3 B AU EE o - THE, HE
Hiickel(4n+2)75 FHE AR, H L EAIIEX —RFE P14 4 borannulenes. Basin
Hopping &R %KY, 58%FH DenBisHe BARM SRR MR . TERT
EHHER B  MRREEWER LA G RN =R FHEHEW, % Bis
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BATER A MBS ESE W L RAET =R B BN TALF RO XA I . 5L
RHETTRER, RN Cov Bis FISMA Br TERINERT KA KENW AFH— AT
WA, AR BENESTT S AMAAZENSE B-B o B, Hil2iney
KT AR5k E B LT 585 PR, X— A0 H AINDP 27 gt
B-B ERE MR /DKAE W . 409 AINDP 2745 R B 7R, D BisHy Hl Coy BisHs'
£ otn WEFSFMAR: D BisHy A Dy BisHe™ 2 n 5 EME, o RITFHAER.
FSX ) NICS,, K & 17 A BiAL R (AMS) T 45 &KW, borannulenes #.BF f 1)
NICS, Fl AMS i, XiE—BHRT BRI o FEUER. BHEELRER
PLA BRI R Cs BigHy (B 58 35 W1 D3y BisHy B BIAWIAZ) A1 Doy BisHa 73 A1 R
ABRAME—EERTHEAE 3.71eV ME—BUR A 1.8%V. WiZEREMNS
BT AT LU — P E B E AR R R
3. WA BIF a-sheet FRAR T

BB AT E R SOR Rk T AR SRS, 2T —
NEETRERELTFRBARE - EEREMM TR KEERTARNARE
EAWRA BHRA hEA AU IR/ SBT3 MR o-sheet 45,
X H AINDP F2/F % a-sheet KA B TTEUBRALBRRAR, 25 RETR,
EERANUFEAN SIFNLAEN B; ZABXEEG 1 3c2ec @ &
PN EFE NS AR TFAE 1 A 4c-2e o BB A NUE LFEE 1 A Te-2e
n 8, MFLANGE EMAFELE 1 4 6c-2e n . FLIFANUTE LW = 7 IR ?
B RS R E TR, SO B R BRTHAL 11(6 4 3c-2e
o, 34 4c2e oL T, 24 Te-2e nfLF), (BRWIFIE By i BAER a-sheet KI5
B R &RBL BB B THEN 2(FEHAA B BT R ET, Fi
B BT UFTERESHMET, SMETFHER 1x3+6x3x1/2=12), FrUAERER
RANUFEHE — IS TR HRE LR EES . 7 a-sheet FEMHTENL
T =AU AR, 2 RS MERSUE T LEERSSH— M2
ABRMMLRANLHENFENAETE 13 AETF), TEMNMUFXBANE
FENGEAR, RS FLIRIESTNERSNLELBE 2 R (1/3%6=2).
FR BTN ETRARILFANGENET A UR HBB KBS BT 4R
a-sheet BLIRESE . HHERH, 7E By PRIANLEAER UL LH 024 #
B U NICS . 18, #7184 a-sheet 4549 U {3 B FLIRA L TE R 78 /8 4 #8
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AXHANEEARNFTZEWIME NG BT F R v R R
P RS BRI L E MW A LY RE— 2 AL BN A S EEEKFE
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LERPEHEE, EEARSEMENDHARCRAIRS, BXTEW
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RE, EIEENEFRAZED B3, Bis BATH A S E T IR EIHFHMERN S
WERFE P EESHER. XESEEWLE R EREE —ENE
X

2B ES WA LR EE, F-BO/-Au BUX borannulenes Bl RI-H, XFTH
f] B1s(BO)(n < )P E A BisAus(n < 6)l & HFE# T RA R RAR KT
281, CASRERZE B4 borannulenes & R A MUK S MR AE S iR, BE
—FEEAMI ST cAENT

3.8 2004 FELR FRBHAREZE, FXTEH _-EERREHEHAPIAS]
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