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ABSTRACT

ABSTRACT

With the rapid development of computer technologies and calculation
methods, quantum chemical calculations are playing an increasingly
important role in chemical research and materials science. Because of the
diversities and singularities in structures and propeties, nanoclusters which lie
between atoms, molecules and macroscopical systems become an important
object in experimental and theoretical research. Based on density functional
theory (DFT) and photoelectron spectroscopy (PES), this thesis reveals the
structures, bonding patterns, and properties of a series of boron oxide clusters,
metal-doped boron oxide and boron clusters, and hydroborons. The main

contents of this paper are as follows:

1. Small B,0,”" (n=3-5) clusters, metal-doped boron oxides and

hydroborons

Photoelectron spectroscopy and first-principles theory study are
combined to observe the structural and electronic properties and chemical
bonding of B3O3_/0, B;0;H™ and B4O40/" clusters. The global-minimum
structures of B;05;7, B;OsH™, B,0," and their neutrals are identified
through computational structural searches and electronic structure
calculations at the B3LYP and CCSD(T) levels. It is found that B;O5™ adopts
a V-shaped structure, and B;O;H contains an asymmetric OB-B-OBO
zig-zag chain, where the central B atom has two singly bonded terminals
(OBO and H) as well as one terminal BO. Note that the anionic structures are
very different from those of their neutral counterparts both of which contain a
rhombic B,0, ring. The rhombic B,O; contains a B,O, core with two
terminal boronyl groups bonding to it. While B4O,” is a C; Y-shaped
structure which features a B atom bonded terminally to one OBO unit and
two boronyl groups. Chemical bonding analyses reveal 3c-4e m hyperbonds
in B;O;H™ and 4c-4e o-bonds in B30, B;O;H and B,0,*".

Different from B3;0;”" and B,0," clusters, BsOs" and BsOs species
v
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share nearly the same architecture that consists of a boroxol B;O5 ring and
two terminal BO units, which can be alternatively formulated as B;O3(BO),"
and B;03(BO),, respectively. The BsOs anion cluster possesses a
three-dimensional global-minimum structure, which is characterized with a
tetrahedral B~ center attached by three BO groups and one OBO unit and can
be formulated as B(BO);(OBO)". Bs0s™" are boron oxide analogs of the
organic phenyl cation and phenyl radical, CeHs™, while the BsOs cluster
may be considered as a boron oxide analog of chloromethane or
methylchloride (CHsCl). Obviously, a single charge can change the
global-minimum structures and electronic properties drastically.

A series of lithium and gold alloyed boron oxide clusters including
B,0;7, LiB,057, AuB,0;", LiAuB,05, and their neutrals were investigated by
a joint PES and DFT and molecular orbital (MO) theory study. The electronic
and structural properties and chemical bonding of these clusters were
analyzed. The electron affinities (EAs) of B,0;, LiB,O;, AuB,0Os, and
LiAuB,0; are measured from the PES spectra to be 1.45 = 0.08, 4.25 + 0.08,
6.05 + 0.08, and 2.40 + 0.08 eV, respectively. Structural searches using the
Coalescence Kick (CK) and Basin Hopping (BH) methods lead to
establishment of the global-minimum cluster structures: B,O;  is bent,
whereas the three LiB,0O; ", AuB,05, and LiAuB,0;  alloy clusters are linear
or quasi-linear with a metal center inserted between the BO and OBO
subunits. Chemical bonding analyses reveal interesting features in these
species, such as charge transfer complexes, covalent gold, hyperhalogen, and
three-center four-electron (3c-4e) m hyperbonds. The concerted experimental
and computational data hint the possibility to alter and fine-tune the
properties of the boron oxide systems via alloying, which may result in novel,
tailored electronic properties and chemical reactivities.

Systematical DFT investigations on planar Dy, BagHs, Dy B,sHg”", and
C,;, BogHg which are the smallest hydroboron clusters composed of a double
chain (DC) framework with a twin-hexagonal hole at the center help to model

the nucleation and growth processes of mono-layer boron sheets (MLBSs).
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Such clusters are expected to serve as the building blocks of stable #y/14, #7215,
N3n4s Mars, Mans MLBSs with twin-hexagonal holes (THHs) and further
indicate the H/BO isolobal analogy. Detailed canonical molecular orbital
(CMO), nucleus independent chemical shift (NICS), electron localization
function (ELF), and adaptive natural density partitioning (AdNDP) analyses
indicate that they are overall aromatic in nature and analogous to D,;, C;¢Hy,,

and D,;, C¢H4*" in m bonding, respectively.
2. From planar B,,0;, (n<5) to tubular B,,0,, (n>6) clusters

Based on extensive theoretical calculations, we present herein the
possibility of tubular B,,0,, (n26) clusters which can be rolled up from the
one dimensional (BO), chain and contain new bonding elements that are
different from most reported traditional boron oxides. These tubular B,,0,,
clusters do not contain any terminal B=O bonds. The energy of planar B;,0O,,
and tube one are nearly degenerate. While for B;,0,, the double-ring tube is
more stable than the planar one reported in literature. The calculated IR,
Raman and UV-Vis spectra of these tubes are simulated which could

facilitate their forthcoming experimental characterizations.

3. Exohedral Saturn-like metalloborospherenes Li,&B;;, Lis&Bs', and
Lig&B3¢"

Based on extensive first-principles theory calculations, we present
the possibility of the cage-like charge-transfer complexes Lis&Bjq,
Lis&Bss", and Lig&B;s . Meanwhile, the structures of cage-like Dy
Li»&[Ca@Bss], Cay Liz&[Ca@Bss]", and Ds;, Lis&[Ca@Bs4]” with an
endohedral Ca®" are also predicted. As typical exohedral charge-transfer
complexes, D, Lis&B34, Cs, Lis&Bsg', and T, Lig&B;¢~" possess 44
delocalized 3c-2e ¢ bonds and 12 delocalized Sc-2e m bonds evenly
distributed on the cage surface, matching the s+n double delocalization
bonding pattern of the borospherene family perfectly. The vibrational

frequencies and electron detachment energies of the concerned species

VII



WEGPRERS W SRR T A

are computationally predicted to facilitate their experimental

characterizations.
4. From Quasi-Planar Bs to Penta-Ring Tubular Ca©Bs

Based upon extensive first-principles theory calculations, we present
herein the possibility of doping the quasi-planar C,, Bs¢ with an
alkaline-carth metal to produce the penta-ring tubular Ca©Bs¢ which is the
most stable isomer of the system obtained and can be viewed as the embryo
of metal-doped (4,0) boron a-nanotube Ca©BNT 4. CaOBNT 4, can be
constructed by rolling up the most stable boron a-sheet. Detailed bonding
analyses show that the highly stable planar C,, Bs¢ is the boron analog of
circumbiphenyl (Cs;gHje) in m-bonding, while the C,, Ca©Bs4 possesses a
perfect delocalized n system over the o-skeleton on the tube surface. Metal
dopants  encapsulated in  cage-like  borospherenes to  form
metalloborospherenes, inserted in planar borophenes to form
metalloborophenes, or wrapped up in boron nanotubes to form metal-doped
boron nanotubes may effectively enhance the chemical stabilities and tune

the transport properties of the boron nanostructures.

Key words: Boron-oxide clusters; First-principles theory calculations;

Photoelectron spectroscopy; Electronic structure; Aromaticity

VIII



F—Ha BAERNBRALE

F—BS MRERNARSE



PEFK ARG S BT




il

5%
E—8 §is

ENABRPARKRE TR, WMEAEFEOMEMRMER . A0SR 5
BT S HEE R, R EY A RREMESRA R BB RN LTEH.
TR SR ERE! Y. MASEME. HEURETRESTURFASE S
EHHE ML BT RE. FRRABRPHAIE, SRR AN
S AR OB SRR AL T BB .

1.1 {R4EFRLAR R

1.1.1 #EA#%: FE. EREREH

Anderson FH & 1E# & & 78 S35 5o i R A0 RHe E BAPS2T), BL7E 20 42
80 R, MALBEBOLRE KBRS FHESFRA T AL EE S B
BN, IR By MHRESIETREMERINKE, HERRRELMLSE DR
FHMIEC, 1992 4, La Placa S AR T B, =2-52)f Rt @C7. Rifg, Fitk
B AN e I BR T T A ) G5 A R BT

Hi

Dyg Byo-

B 1.1 PEREE-B A,

Fig. 1.1 Borospherene: B4u[n],

M 2001 2, FERA RHEEMEEEL N EFAEE (Photoelectron Spectroscopy,
PES)S KR EBRTHHEMHEEAHAT KENPAEFWMEAME B, (n=3-25, 27-29, 30,
35-40)> 712198 e A b, TRIRERAETWMEARE, HF n=38 HEFTER
AEFEAE . XNTHE B, AEME, A FEEBAEEERELE By IFHFER By
EEHR/K PRI RBRIGEMNEN . thoh, —L3E0 HMB AT T =R
RISRAIFFTE. KR HUESEPA B 7P EEFI#% Bo' 7€ Bi 2l Bys' Z (B HMRIFEIREH .
2014 £, ARBAAEMPKRE. BERFLUREBEKRESE, SELETROENE

3



WK HIRAA 1 5 BRI BT

—HREERITHE, HRIEE T 2WEHIBENTIRIF) B 1 By LR 1.1)122,
ZEV RIS RTR, & 48 M= 2 AU 44N, BUxEN
o+ AR BRI . 2015 &, RAIXEAMERIT FHMERE Byo . By'k By,
BNAE S By A RBER D, @ o, MrLhomesRZH
RN REH T HREEREENER . Pk 457 mo E % & S amEsE,
BARAZHPOLRET#(me-2e, m>2).

CEV BSG Dﬁh C24H12

B 1.2 (a) Bys AR 52 3% B89 CyoHyp: (b) Byg MAR 5 231 & 8 CogHpol'> 2,
Fig. 1.2 (a) The optimized structure of B35, as compared to Cy,H),. (b) The optimized structure of B,

as compared to C;.;Hu['g‘ 21,

TR, KEBFER T R %S 7% FF 5 58 PAHs) B E L &AL
W, —EERE/ALWERBTHERTTBAEALUE. BF nTFHHEAR
B¢’ By'» Bios Bu s Biz AR By BISET LB ER K (CeHe) TN KIS T 13,
Bis” By LK By AR ZE(CioHs)s B(CiaHio)FIFE(CreHi) M P, A
BRSALHILRAKAETFE By LWRAE —AMANAHILANEEMETFE By U4 5
53 IETE(CoHp) B H(CrHp) ERR S ST AGRMMEGE 12 2, 4%
IEFTRIE f BN 2T E 048 Bos WA MRS BIBRE R BRI =Mk CoHs P Bao K TH

4



F—8 WE

BRI 5 e B HoAt A 5 % B2 F 32 75 %8 (CsHa) . BELR W, k2T R#E R~ LK
WESE, BEREADEELERNRXR. AMUntk, FFEFREMLDEL, WE
fE AT LME R TH B R AR SR E S T .
1.1.2 HEBEHSHWARE

ST a-Bia, B-Bios, T-192 LUK y-Bos "R &E —+HE A B, AU,
EWMEIEER R, gk, gk Img k% bR a s — +HEE
() B1z BT NFEIBK AT AT il % — 4, TR AT BETE Ak 5 2 RARG B2 BT 2845 . 2016
EH], PRIBEYIRHE AT R S R E AN SE E Y 5T B K 5L 50 = Mannix £54) 5
I ST H AR T ZEAR AR Ag(111)R T A ARETTREIE0, 37 AT A AT B 4%
RILEER 7=1/5 WIE, MEZANFE-EHEERBEN=ATHRRLEH. X
B BAHEN B TRARERHANAL, BRAERE/E—PLRIIE.

)

A bt A Ay
Phetes e % m\‘?ﬁr:‘ N B4
‘}“}Q PR Rl
" \ ] T, AL A
$ 25 s:ieieie
i Y e W . .
W 3 SR EHEN [P
3 D] [
(1 (1) M=
= LAl A L] PRONPSRPSNRS [ B
o S ko] e brrd RS
% R -, )
i e [ ! L s,
~:¥ 2 : : s My "y :
BIAE g e g |4 3 e e P - T 5 ‘:
ey T s » . )= ] LT& bk RS T 3
: - ; ot o . Dy e,
LR Y R ¥ CerenesPielieie:lee e
(3) Msns (4) Mam (3) Mam2 (4) Nano (5) Meas

13 £5-pmame g,

Fig. 1.3 A series of monolayer boron sheets?®?.

sesh, BREBEHETE-HRENERITEORALRM FTREFE. A,
BT ETFEMALASMHEMRALEYE, 2RFEEERNATM=ALNRFS
BAEREGER 8, sE 0 2 A LA W= AR H BRI LR B R TR
BEM=AFMANLHARBCHBBTAE, HPANARARNEER fw. TR
(o R ER=ATVHE R RPB AR THE R R SWETHZ). Zak
1 1 B LB ALIR B ol 2 (710) o B2 (1s) " LA K B SRR /LT AL

5



B G KERELE A S BRI L

TR pana TEPVR nons MBS E R EM BRI — MR R . 2013 4, AR
B Bl LB 2R R G, TTA T BIE 132400010997215)« Nans(nna®nana’)
BB nansmn@mans)fE A BRI B AR e TG AR E AR R A= 0 — oA (&
1.3, BriiRm, XLl E e aE T — R — Tl EEEE . P s
WE 1 PBE0 /KF F Lol EF25E 6 meV, & B 3l 1L IRE R M E 159 nas
5 pnd A naps BEXMAG7SIARALE, %R E IR T DMAG 7S AT FLIRE
EREREWA TR EZRNREREA.

Boustani 5 AT 20 #42 90 SRR TR T #5E MIR BT AUKE , HRT AR
MK A LB AR E B R4 B S ek 53, 2004 &, Ciuparu %5 AdT
BCl; 55 H, 7 Mg-MCM-41 BIfELIER FRRER8 3 nm BTIGVPKE . &R
S 210 em™ ALAIFRIGT T B R S5 M B0 SR R AR SR R, 2010 £,
Liu % NBE#AERGER T KELNIUHOK B AT 10-40 nm 2 (71 % BER 40K

.
(-

1.2 SRR EITE R ERL

TEARBRARS 71, REHS5EEKEREENELS. N 19 #H 50 F
RITtE, FATIGEROMAEE %2, THE2SMIERRMTAL. 1RIE 1959 FE3%
THE B0; HISEIR LR, BRI E kT BO MW EAMIHRAR AT,
BO EFAEBMEREH SR LTARIFAEP. 1988 4, B LIEHMNEESZEAL
Mh B3] T SARFE THARE, MBITARZHBENTEEL I BO, ZATRERE=
A BO #ITPY, 1989 R @L e TR LIRS T FEM A LYINEE,
H 5N H HC(CNYHEAT T HeEL. Bk E (Borony ) F i A 2 (R 2R B =8, &
e MR R LU L E &Y, BO ZHAMED M EAE AFaEm . WM
FERSHREL RO ASYHIEGHK, BORLHAEERETZMEA. 5 N1
FORE FLARSEAT, KB 2 A — A IETE PSS BB 9T 40088
1.2.1 HEHEE

R BO WL T ST 1997 £ R 4EDY, RWEF 2007 F, Bied, F
B, Lai-Sheng Wang SR B0 L S B PES HURGE &0k G A FH a3 il AL 1 7%
Kt AT R T, MAITE CHIE T A4S B=0 —#11 BO 4K, FHta T ik
Fhhegh & i TR, RGN E SR TR T RFIME LY. &R B(BO), .
SEF =M BBO); . 4 B=B =& i#f14 #[0B-B=B-BO) "Ll & — 4t B4BO),

6



F—E WS

(n=1-3)AE Y (& 1.4). F4 Drummond REAEZEETAHFEHEHESF
EEE S EEETIR T BO, x=1-7, y=1-3)RFIMEFAZE. 2009 4, Nguyen
R4 7 CCSD(T)aug-cc-pVnZ (n=D, T, Q, S)EWKF FH AT BLO, (x=1-4, y=0-3)
F 51 b ik A AR R B TR LT AN B F M LA R R 122 ). Truong Ba Tai 2
AT 2010 FEGTM TR FHE ELH BiOm (=5-10, m=1-2)FHFHERHHE
F, HRERR T XELEHMRRE .

-/L‘\.

D.;, B(BO), D;;, B(BO);~ D.;, B5(BO),*
Cy BA(BO)- Dy B,(BO),” Cs, By(BO)s™

B 1.4 B(BO),". BBO);"» B0, iA& B(BO), (n=1-3)84 544 6163,
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H 2 AR IR ER I N B SR RS 2400, %77 TT LLRRIE HF J7 i 805 740
KAEETIERIRE . AT IEEAMKEILLL HF FEARS, A£—EEE L% °HF 7iE
R, BT ER R, ik HF JNEIE2 MRk et B REARR T . A
gk, BT MP TR RS M, BEUE NS RER T R R Sk
o

ORI NECOP R H BT AL R R AR T, T 20 14 50 4R
FritzCoester /1 Hermann Kiimmel 3. 54 C1 S £ASMEERME, CC
HIEHETHIBN, SINTHRER T, AMHEER CLEFF RIS AR KN —
B . Tk, CCRILIKHHI H P EREUTHS FE 2.0,
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TR ARK RS 5 R ERT AL

Y =exp(1+ T +T,)¥,
@2.1)

T A, B RS W AR E —FM R AP CCSD J7i#%(CCSD
HEPpEHEMCEBR), FRNNTREHEF CCSD ELAI LIARFSEER.
X F % = A EREMILA COSD(T) 7PN EREHAITHH . AR ERLZER
J7iE5 CCSD JiELL K #a R CCSD(TY AL &, AMMBRIRE RIVAT S
FERAERPITE, ZhHEETHEN KA EGER R, BUER A IHEIRE
hEE X BT A FRIREAE T P, RATRT LR S MO RS AR A
R, BEEERETHES BT St B T S VR B 2 0l G

2.2 BEZRIER

I

™

ERATEHRBICHE ML, FETRERED AT EBRRIKEREMm#T
W FIFRHNEREMEEHE LMt A, 7E Hohenber 1 Kohn & 5EikE
BT A EHEE"!, Kohn 1 Sham T 1965 5] A —% K-S #lil, KHEEZ R+
TEA S E LR, RS EHTAEE. 21T KS (Kohn-Sham)IZ AR FR, H
HEETAEE G HF iR A ARANERER, TRZAET R AR IR RE
Fk. KS HREPIRRIENA:

E=E;+E+E, +E; +E.
(2.2)
R ME B KRR TEE. BT, BTHIFR. ZHRZRAERZ B,
Hoep Ay 37 B FIAR K72 B 20 B PR AL By TS M URT A AR R T B B RIS,
AT RAA A RRA R KA —ENE R, KS FREIREEILT LR EEZ
BB (DFT)P 0,

MTLHZBANERZEEAGEENERE, CRTERRESARBERZSE,
RAASINBERER, AW LS ERE R E S e k. R RIET, B
TR AR GO HPURTE, AMELAELKEENERN XEETEEK
FEVRIF 02 M. ESEBRIFSER, FRATITE AR BTt 24 & 8 K/ AR At 92 i 4 5
Sk BRI R, BEEAIE T RN L RBDHIE . R B E TR RN, Xt
FHRE UL RSk R RA BILYP F4kiz %, 3t + & B A& 160 B ik R A
PBEO 77110, T %t T 4 JB 5 1 B 48 A1 5 U SR ) MPW 1P W91 J7 sl O Ik 475

EAR DFT F A A TSR TH R, RTX AR 2N pTE
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FoE HRPAMERTTE

2, BONEREATTETT R — FOVSMKEITNEEL, DFT fE S A A
HA UG RFEHBER.

23 SARXHERNERREFRESRRGE

23.1 £RRNEERUREHMRUENEAR
2.3.1.1 £RARPNEHIRR

DRI A B RE R, MERXERKXRFENA . /TR, XTF— 0
ARG, WENSHHEENE. ERSTERIIFP, FERBRNAHEAERE, R
1T ANFRB BT AL AR A ] UG BIBRME A, W F— M RmE%Ems, BEE
THERELZFHA, BINGRERIZXFGEMTRERCH—EH, BIFRE
RET LKA — N T MR E5 . TR THBERD AR, ROTEXE S,
BN TERFHARZHNER, ZXHFESE, TARABRAIRZRERFERSES

Embedded Genetic Algorithm procedure (GEGA, - THEBAEE ), GXYZ (ET %
- BRI Coalescence-Kick (CK)'"745 (0785, 181X F8 /75 Gaussian % %
MEXEFESERBERRERRDEL. IXTREFEREZMER, SHNG
Basin-hopping (BH, 324§ RI&IEZHA Metropolis #E lIH 45 4)!'°%1%) Minima-hopping
(MH, 42 J12 AR s LB 45 )M Stochastic Surface Walking (SSW,
BAe_E B S50 M0 Simulated Annealing(BLH1E )11, Ao, W FHIE
URERBBHHIMEE RN, XA CK FRkHEE. SITHRARANEES 2
B A 2 A BH A0 MH 4558 F xf KA GE k1T 345
23.1.2 EHMIILERETE
ARIHFAEHRATE, XN T HERAEREFGINEN, RATEKXA Gaussian
REFFIEEG &R E B EX R R WS WHTIL, FHTEREmE, AmiE
M EWERARN ERBRENEWRTREEN. BT RET X st AL
MR e T A SE AR 2 0 & RN R . AR AL BT 218 8 opt, F BRI IE
AR TR, AMRIE—E R KF TARE Lrfe A s Fiik
Pigshtg, WS ER SRR RSP FRHTHET H (Freq), HAMATHER M,
A AT AR E R AT A3 45 # 2 B Re T PO AR /D I 2 8 R el S . R SRR
B A BN RENANEFE N IEE, RARZE ARG . k2, IREVERE
—APEELZNIUE, WSANRNZENERRE AN S, e, BditH
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SR AR 5 A R AT BT

IMEAG B ML AN ANEL S OGS 68 7T LUIE bRl ) 3R M S U 45 SR el 40 S B T
TtE% . ARFEEENE, N+ 1T, B2 RamEit 8Ll kit
BT, RATENE EORFTEH B K T
2.32 IEMN4SFHIE(CMO)SHT LR B A BRFIENBO)ST
2.3.2.1 IENSFHIB(CMO)5 4

REBEREEN, ST —ATRENEN, SRR T HEARZE MR e L
Rl EEE . R THUEMMEE AR R T ERREBAE, Bl
HUEA AR TRATE M T — D0 F N REFFE. /£ Gaussian 09 27,
AT L 76 B8 12 54 1% B “pop=allorbitals™ - 817 K B 5| & 5/ — M4 FHE D
ZREFHTIIR. R LA T H R R chk sl 3R fehk SERIAILAG R4 T4
A, MIEINEH#E N PIETEFZEMETE.
2322 BAEIUENBO)SIH

H1 Lowdin if 814052 1 , Weinhold il Reed 5 A 3#t— 35 41 R $7 1ty NBO 3R i (114119)
TR A E AR FEREZANRFZMER, BRI T o FRE S
MAR, —HESEXULBHANVRFHIFH S FHRRE. £AERHITHES,
I AT BARABIUENBO) T, AIARRPUEMEA. BT AR BT EBENGE
HEBHCRFENEBRTFRNE R,
233 SFRNEMDER

ETMKHEN CP2K £ — K FEII#RAT, S AR5 T Max Planck B 52
LT 2000 FREH—IF FLE AR FITE , Il ETH M UZH B R K440
#-F DFT 9 CP2K B TR R-& M & FEBGL(GPW)LL R Z RT3, R rIxt
FARMERBATITH. AR BT CP2K BIFHT &Y. UARAERARAE AR
FFz—. CP2K FIN FAARERERS, AMUAT AR AT — R REA . - Fak ek Rk
R RIS, AL T AR R FREER A, B R R ILILE MR A &
WEMHIFMEMEZETFR . KL30H, WATEBAVEE 73 5] 9. 200K, 400K, 600K
A1 800K, FFIX JL/ANEIE XS BTt 7o i & B A 1 I B SR BE AT AU, 33t — 20 WAt R 45
mte e, MFEeEmns, LA EFRA4EA P S : Maximum Bond Length
Deviation (MAXD, & K# /w25 18)#! Root Mean Square Deviation (RMSD, 771
RZEE).
234 BECHBEREEX S (AINDP)RE R T

EMCHE B 4% X 47 (Adaptive Natural Density Partitioning, fij5 4 AdNDP)!®!
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F_F BRBAMER L

BikiESE, @Ak R. ZREFRNATHEAZ. £BE%E. £81&
MR ERE DA R E NS SUR, VR TR St =M R, RN R
WAt R AR R B R I K .

AdNDP J7iELA n H0e 2 S F(ne-2e)E 2T — M0 TR T4H, K nArel
M1 2y FRRE T B, XREFESE TG RE M 5 AT (I B-1 A 2c-2e £2)
PAK AR B B8 ne-2e . BRI AANDP F2)7 810 H748 O] LA T = B ik
EMATHES BARPESTERZE, 7L R I H A R 0 € B e
HEE. EofidiES, ERRNREAZR TN EEEENRE W, RARERTFI
e . RRERXMEENEMLE, KREMRIATAF(1c-2e ), RERMR
BT B FHIE R, SR 2c-2e BEHS ne-2e B(n MR TFEE). JAREM
SE—MERLY, HAMHNMEEERMG. BAESHIEPRESE - AN RBHII:
T AT FTRIN &R, A A HIWX ME RAB IR ? W T IXAN A A PR R
WE, — M RBELSE S S THENNBO T4 R, KEFW— N EWFLERA
RESRTY, RISTESVIIERED, B n B/ABIKMELNZRD 94, ST 287 HRe
BV, EEHLEAEON). BN L, SEEBEET 2.00 o, HEEWEEH
R, BAXFHBEEAARGEN. 5—MIERES M EAITEHE
NGB ZEER B, 8 AR ERBAT B ST, ERYE 2 T HUIEA NBO srAfrés R
WERNETZEBE, BRI AEAFZE. EiRESTREES,
R R EE RS — AN SR M. ER AINDP HiE A XN ST FR, Bas
RGN FESZT I RNEN T, RS RZTEEIT e &, FE5BF
SE 35 R #(Electron Localization Function, {854 ELF)AJ4E RAS & M AR IR T
W FLAR R AT AR

2.4 JHFREESEIINE 777

/5 % D % BB 30N 5 2 Photoelectron Spectroscopy (PES, Yt E T g1
RO & 8 ARG AR b AT M EDC T 3hee, EMAIARMARART. 4
THEERANRE TEMETE SR St TRENBRITERIEE. XNTE
TE4rF, PES WAFHNMETESARRTHETEESR, AMTE—SHBRHSF
MIERERAE B MERA—TRBUNEIAR, SLH-TIER] R EARENE B (RANG
e REF ABARR RS, EH R EREREZ T 20~30 A f—# )= rDE
T)e HMELRED, EeotTFREMBHBEFERT, It AMENAEREL BT
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HESUKE R S AR S EH 5

ERBOET e RAEKIT, YR TERITEEPEFEEETEGE 2.3).

M +hv >M+e”

EKE =hv-EBE

2.3)

AP MM SRR F ST REXNMHAET, ARt FIEE, ¢ AREMH
fItE-F, EKE F1 EBE 4> 0B A2 ot T BIsh BE LA R &S 568 . £ PES K3
SR, B@dMERTEREMAE TS —E B RBOCARF T AR R T K
BRSBTS

A ERA R ST A R AR T RERE, RS EIRACFERL PES
i, FELWAERIL, NMMARLRE. R H AN E R+ A0
RIS, FEMINZERIMERMER . Res0hE RERKIGEE RO ERZE
Beib ¥t S R E 2 MR R it .

BrHERANEFRESEMERAE IR TFENTHEMNEEZE, &
WIS H R BT #E 6645 Adiabatic Detachment Energy (ADE, @33 B 88)
A Vertical Detachment Energy (VDE, FEHFIERE). H ADE AAE FEELEMN
REES S TESSMMEEEZE, M VDE URRHEFEESHNRE 524541
TS FRR SRR ZIE, R TRER:

ADE=E[A"]-E[A]
VDE =E[A"]-E[A"]
249
R 24 1, E[ATAME THESEHNERE, EAETHENE r&REtiESsT
AL ERERMRE: EAVIRKRETIHHHE FERETHEES THRSRE.
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F_8 W-A. W-ERAEEEEAMEARES BO/H/Au FEE LU

F_Hy -2, M-S RELEBINEIRS BO/H/Au FiEHE
Qs
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5= B;0," 1 B,O;H" BE 94 MR w7

#EH=F B,0,"#1 B,0;HY B Mt R 5

3.1 5|5

BT E A st T LR S EMERBAEZER, TR RS IR R
BERFAE LR W R 25 407, s 254 1), TS T 52 1 05 A0 AT e o 12 E S 062 o8
82 USIOIR 30 {0 1 10066 O OB KB, NHRAARREE =R
BOYE X FWHME M FLEMMME T AH BEEH P, Bipit g RR
B303(BO); Hl#%2 —1~F1H Day 4514, 3 B AT LA E (E - EHLE IR M3 A . 2013
FH) TR THE R Y B(BO), /& BeHy HITIE 4.

HTMRsE 71, AMAEDRMERRPERT KRERZ T 08, 60 FHE
ZHEHR R T = LI B F(3c-2e) B-H-B . 2013 FHIFILHHEEBE, By(BO),
F1) B-B-B-B/H AR T T .0 — B F(4e-2e)8 ™). SRS, S FE LR
bR B EE U PO R0, B T 2 BB U P sz e 018 g pr o i
=JEF HBO 4b, TR PR THE SN TR ER L.

AERMFALRARFEETFREMERTEAS ST ERIT B0 M
B:;O;H IR R S5 R Fl s T4 M DA RAL 2 A EE . RISTRR 52 T BTN K 4. i
BERRYIFET B;0s M B;OsH (192 Rt/ 5 M N 1 o M B 3 R R A
Ao (hFEHRESITEREA BO;H B &~ 3c-de n B, B;0; M B;0;H 5 4c-de o
&,

32 MARFGE

3.2.1 B FEAENE

ASLITEG AT R A E oh e Y. B305 1 ByOsH B3 F Hl#5did Nd: YAG
Bt (Continuum Surelite 11-10) FE5t B0s #E M ELTM A . B;0H BIFEMERIET
ELR R ABOCIREHR T K FUR RE PR E KD F . S48 B;0s #
B;O:H MM B FEEOL B X 55 —% Nd: YAG BOLBARBEKIFHREME
YRR 4 7o BB e B T 2 R 2 FE T AR OO LB AT RE B 047 B305 A0
BiOsH & FRIBAZARAL M T Bi'. Cs™. Cu F Au I TR IE .
322 WHE A

B B2 BRI 7P BT 1T 5. 383d Coalescence Kick (CK)F2 (135136
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TE PR BRR L K 5 RO R AT 5T

% B30."H BsOsHY M2 Bk NEMET MR, RINBUT TERER. WS
7E B3LYP KFUS PlsR gt B Rk T k. TEF B GHAEA N
aug-cc-pVTZIP8 P, ZEFRERG KT F AT TS 8 AT 13 2E S B8 T A BT S50
AR RBEER FRIENRNEE. AT #— SRR E R AR a8 B I
N e SRR B GE(ADEs) F1 E A | B 68(VDEs), K A11E T B3LYP AR 1T
T A cesSDMMO M, IE 43T 5T (CMOs) 2 Bt B T 2 73 1 T o 1y 1 24,
EAREHENBOY T SR B I R IA T 7. B it 85T Gaussian 09 # {443,
[]43]$Im°

3.3 LERMTTiE

331 SLI4ER

266 nm

BOH

B,0

193 nm

BO,

Relative Photoelectron Intensity

B,OH

00 05 10 15 20 25 3.0 35 40 45 50 55 6.0
Electron Binding Energy (eV)

B 3.1 /266 nm % 193 nm F B30y 5 B:O;H B &6y & -F 4k, B4Rt T B:05 5 B;OH
FS@A-L L
Fig. 3.1 Photoelectron spectra of the B;Os;™ and B;Os;H™ clusters at 266 nm and 193 nm. The peaks

contributed by B;0; and B;O;H ™ are labeled.

7£ 266 #1293 nm Ya T"Ae & T B30 1 B;O;H PR FRIFE A6 T REE dnpd 3.1
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# =% B;0," I B,O,HY FiF ML M R 7

Fir. B B MIMHEAECB, 19.9%; ''B, 80.1%)1E 4, LRI B0
("'B;03)#1 B:O;H™ ("°B''B,0sHY). FME 3.1 e ERHE B30y #1 B3OsH 9

193 nm [ EE~1.7 eV LB A N IEIE, FERTE 420 eV 4087 —MRR B8R
U . AT AOUE VA THTF BaOsIT TTRK, M /53 2 ByOs HITTER . & 266 nm HIi B,
B;O;H 1R 58 HL B 55 4r 3%, 11 B3Os IIEIRES. T 4E 532 nm T A3 B;OsH™
fMCE TR A6, BUILEE T B;OsH 7E 532 nm FHIMCHETFAEE, WA 3.2 k.
B;0;H 7E 532 nm F A6 2 7E 82 amu T & W& (B RIE 2 €, (LA % B305 BT HR-
f£.532nm T, B 3.1 o B;O;sH A FEIE T LA bf st 2y B 1ok, P RBNERE U] LU
ik 0.16 eV (~1290 cm™)H1 0.17 eV (~1370 cm™). M 532 nm HIHRBH 2 FHE g 55
— A FI B e 8 W] L) 78 31 BsOsH B9 25 ADE M VDE 43529 1.50=0.08 F11.66+0.08 V.
ReRlH, ADE R A 3.2 1 532 nm FA4E) 0-0 H#e155], M 3.1 & 266 nm FRY
Je AT LA 3 BsOsH BRI §EH] VDE. X F B30 %1% ADE fl VDE, AJ M 193
nm Yo, HMASH8: 3.94+0.08 F1 4.20£0.08 eV (B 3.1). fA AILHG ADEs
# VDEs %] T%&—.

S

8303H_
532 nm

Relative Photoelectron Intensity

¥ ¥ ¥ T ] ' v 1 ] l 1 L) ¥ I l i I 1 ) l I 1

0.0 0.5 1.0 15 2.0
Electron Binding Energy (eV)

B 3.2 £532nm T B;O;H A& L e F A, 2AANKETo#a0daaizEdn,
Fig. 3.2 Photoelectron spectra of and the B;OsH™ cluster at 532 nm. The vertical lines represent the

resolved vibrational structures.
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332 BERRER
® /; ®
N o/. > 90 ®
1A (Cx, 'A) 1B (C.. 'A") 1C (C.. 1A 1D (Ca. 'Ay)
0.00 +0.54 eV +124eV +131eV
® ]
o o 90 ®._ 0 @
' 0 2 1 ~
B:0; [+] o9 -8, .3 o 0 - 9 @® ® a.
1a(Cx. “A)) 1b(C,, *A") lc (Cg, A" 1d (Cx. “B2)
0.00 +0.44 eV +0.87eV +1.02eV
2 O
.99
2A(Cs; 2A") 2B (Cax, 2 bleX (ot ’?D (Cs A"
0.00 +0.04 e\-‘ + 055 e\ +0.62 eV
@
e @9
® ~ _a® 4 0
BOH v @ @9 9O H-.,“ma @ U ‘3 o
o [
2a (Cx, ‘A7) 2b (C,, A" 2¢ (Cq, 1A) 2d (C., 'AY)
0.00 +0.67 eV +0.70 eV +0.74 eV

A 3.3 CCSD(T)/B3LYP/aug-cc-pVTZ K-FF B;0;™ 5 B,0:H™ M4 th L Ak 5E & H A4k,

Fig. 3.3 Typical low-lying isomers of B30, and B;OsH™ clusters. Their relative energies are shown

at the CCSD(T)//B3LYP/aug-cc-pVTZ level.

BsO:" #1 B:O:H I B TH M AT WA KEE R W67 8 &
CCSD(T)//B3LYP/aug-cc-pVTZ 7K FHIAEXT BE & 51 T B 3.3. B;0; 1 B;OsH A E F /)
ke E R WIAK T EE ADEs ¥ VDEs (5T % 3.1, # 50 EB#TH . 14,
#A1ZT B3LYP 1 TD-B3LYP HIS#E . T B %8 2 1) B;05 M B;O;H KISt BT A
315 193nm AISCIS 3T X LL(B 3.4). FEREROGHE S, E— A ikigR7E BILYP
XFi+# i VDE {8, 2 5 AE ERACENIERTE TD-BILYP KFERMWETHET

SR PR . BT ERIDEE R FIETFWHM)E A 0.1 eV,
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F=F B0,"F B,OH BIERI AR T 7

A& 3.1 #id B1O; 4o B;OsH A €T f8 #£43 ] 67 5 45 ADEs #» VDEs, 4 B3LYP/aug-cc-pVTZ #=
CCSD(T)/aug-cc-PVTZ i K- F ey 45t 73t 1k,
Table 3.1 Experimental adiabatic detachment energies (ADEs) and vertical detachment energies (VDEs)
of B;O5™ and B3;O3;H™ obtained from their photoelectron spectra, and the comparison to the theoretical

calculations at the B3LYP/aug-cc-pVTZ and CCSD(T)/aug-cc-PVTZ levels of theory.

AE B3LYP CCSD(T) Exptl.
CCSD(T) ADE VDE ADE VDE ADE VDE
B:0;~ 1A 0.00 399 406 4.08 412  3.94=0.08 4.20+0.08
1B 0.54 264 453 252 495
1C 1.24 1.77 225 182 226
1D 1.31 452 454 520 522
B;OsH™ 2A 0.00 163 194 144 1.73 1.50+0.08 1.66+0.08
2B 0.04 096 125 071 097
2C 0.55 1.66 190 147 1.67
2D 0.62 0.71 353 0.82 342

Isomers

333 2ERNEY

B3O;” (1A, A 33)M1& Atk E—4 V I OB-B-BO #R&5#, HP BIE
TEWANEMHEEBO) R TM— O R FHHE. B0 BH G M HMEARBTE
F AL EH S CCSD(TYKFE BT HIEAE VDE A 4.12eV, SR EEY & IR IF
(4.20 eV, £ 3.1). BE_-PRHE B0y (IB)EH C, WFREALETEN A, 7
CCSD(T)K-FEL 1A BEES 0.54eV. R IBWEE V LM, RE2ET—4 BO
HILEE O BF5F0 B ETARE. T 1B SRR, RLAUHERIZEHE
LR AT, FL L, 1B 15115 VDE 5495 eV, &M TLiE@
0.75 eV).

HERMATLERNNEMIAGRER 1 eVES, BIE1C L 1AREER 1.24
eV, EEE—EL B0, FAI—4 i BO #5L, H BO #7tiEd B-B ## 5 B,0,
HHIE, £ CCSD(TYKFTF 1C i VDE 4 226 eV, TmZELIMMEE. FHAH
1D th & BRI EHREE R 1.31 eV, BH G MFRMEM 1D AR5 1A LUK 1B #H1LL,
HE R H %R 0B £7T, O BiEER =1 O0FRF. 1D 1iH5 VDE 522V,
ZAEWECHE 1.02 eV SAERE, 94 1B, 1C F1 1D AT LA BER M 5
HAR, AT LLE R VDEs #:%.
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MRESR AR S BRI R

(@)B,0,”+B,OH" Bo-
193 nm 83
B,OH
%‘ (b) B,O,” Simulated
c
2
£
2
©
0
04
Illll|l'llillllIl|l'l(ll'|l’|lllll]ll|l|llll!lllllll'l[lllI]Il'l
(c)B,O,H " Simulated
lll'"llIIlllll"llll[ll[]"'l‘lllllll'llllllllllflllll]]l']]’lm

00 05 1.0 15 20 25 30 35 40 45 50 55 6.0
Electron Binding Energy (eV)

B 3.4 B;05" 5 B;O;H B89 KRB Ae s b £ i 69 0L k. B & F &K K B3Oy 5 B3O;H B £ 5236 7
M &) VDE.
Fig. 3.4 Comparison between the experimental photoelectron spectra and the simulated spectra of the
most stable isomers of B;O;™ and B;O3H™. The blue vertical lines are the theoretical simulated spectral

lines of B303™ and B;OsH™ clusters.

Fk, BATAAN 1A BERHWRBILH, WK 3.4b Fim, SH4& 1A (04
AL 5 193 nm KK BV EHMRIT. EMS N, 4.4-63 eV BE A LR D
1A 774, FlBIE, i Bs0; (1a, B 33)MERW/IENS B0 AR, Fik
la £5£ 15 B;05 KB = MR MEAC)HELL, BB —A 2 B,0, It F—4 3% BO
L. 5 B0 I TR, FP 1k VR Gy, 9 B3O; (1d) b & Rt/ NS AL E S 1.02 eV,
Rk, HRFH—AETAULEZENER VRBEHAA T 1)FSERLEHAC 1 12)1)
rEt.
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B=% B,0," 0 B,O,H" B4 ot R 5t

B;O;H WM& RtR/INEHIQ2A, B 3.3)8&— A 3EXFRE OB-B-OBO &, %4 #+
— 45 BO. —/Mii OBO fl— 1 H EFEHETHIE B BT, 2A BIXFREMBTFH
SR C 1 2A", TE8 5 CCSD(T)KFTF 2A HIEZE VDE K 1.73 &V, %ES5TR
EHYIAKBREF(1.66 eV, K 3.1). FH1K 2Bt 2A 6B 0.04 eV, EEIHEFE
MATRENE, XHNMEHTTUIAARERELN. B2, 2B BIFH VDE X 0.97V,
ZESERBE.66 eV)EERK, FE, £ 2B UHHR. Sk 2B 25—
T B0, UTER, BHFHEA B 4 5EE— H REFHM—/ BO £H. 2B #
KRBT ESHA C 71 2B,

Sk 2C 2D e 2A 2B 0.55 F1 0.62 eV, —HHATLIE T B THHL
Bk, 2C — OH MFEA> BO ZEHEE T H8 B. 2D £HF—/ B0, T, H
—AHF B EE—A H EFH—4 BO Bt. M52, 2A RELR PRSI ML,
2A HEAIEE(E 3.4.0)5 193 nm BB AEVENRETF. F# B;0:H )
TD-B3LYP /KF#)it 5 VDEs 454 6.07. 6.12. 6.28 1 6.29 eV. #itikhR Kk
HIBERR(~4.1 V)R T MR HIfE B;OH QoM B% B TR 14

(-00.86) (=0.049)

[1.29
1.74

3 lt)_!(h‘*-@l‘zz
. (0.78) m_m"
(-0.90) (-0.90)  (-0.90)
B:05 BaO,H™

(-0.87)

. (-0.84)
1.40 1.40 120 )

2 141 X 1.40
i 168 . 118, iy

o
i it .il "U.
(-0L.O8)(0.95) ./Iu 77 (0.77)(-0.74)

(-0.87) (-0.84)

B304 B;0;H

(0.96) (0.75) 10.77) (-0.74)

A 3.5 B3LYP/aug-cc-pVTZ K -FF B3O; -+ B305. BsOsH ¥AR ByO:H 694 B Hes st K (B
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Fig. 3.5 Bond distances (black numbers, in A) and Natural charge distributions (red numbers in the
parentheses) of the global minima of B30;5", B30s, B3O;H, and B30;H at the B3LYP/aug-cc-pVTZ

level of theory.
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Fig. 3.6 Canonical molecular orbitals (CMOs) of the most stable isomers of B3;057, B303, BsO:H, and
B3O;H.
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Fig. 3.7 Schematic Lewis presentations for the global minimum structures of B;O;’m and B3O3H_"0.
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Electron Binding Energy (eV)
B 4.1 B,O, B 4% £(a) 532 nm (2.331 V). (b) 355 nm (3.496 eV) -5 (c) 266 nm (4.661 V)49 £ & F
fbit, 2ARRKToHGRGEA,
Fig. 4.1. Photoelectron spectra of the B4O4 anion cluster at (a) 532 nm (2.331 eV), (b) 355 nm (3.496

eV), and (c) 266 nm (4.661 eV). The vertical lines represent the resolved vibrational structures.

4 4.1 B3LYP/aug-cc-pVTZ. OVGF A& % & CCSD(T)//B3LYP/aug-cc-pVT K -FF B,O, H 3£ 3¢
# ADEs 4o VDEs ({h, 75 %80 S {h 17 b,
Table 4.1 Experimental adiabatic and vertical detachment energies (ADEs and VDEs; in eV) from the
photoelectron spectra of B4O4, as compared to those calculated at the B3LYP/aug-cc-pVTZ, outer

valence Green’s function (OVGF), and single-point CCSD(T)//B3LYP/aug-cc-pVTZ levels.
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re state F
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B0, (1,|X 'A" | 264 |281° | 276 |3.04 |286 |257 |284
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B.04 (2, X' 'Ag | 1.42° | 148 |1.81 191 |1.48 |1.43 |149
"Bay) *Bru 6.67 | 737 7.14

‘HETHARGETFELE,
boghiz £:420.10eV,

©EhiR £:£0.08eV,
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>
C. (A) C, (A) C, (A) C, (CA)
+46.81 +48.98 +50.63 +62.20

[ 4.2 B3LYP/aug-cc-pVTZ K -F F B,O, ¢4kt & F R R A fnstfb ¥, taxtfe 842 %
kcal/mol, F]E 3|t 15 keal/mol ¥A P & F 4K £ CCSD(T)//B3LYP/aug-cc-pVTZ K -F TF &40 33 fE
F(HA).
Fig. 4.2 Low-lying isomers of B4O, at the B3LYP/aug-cc-pVTZ level. Their relative energies in
kcal/mol are indicated. Also shown are the relative energies at the single-point

CCSD(T)//B3LYP/aug-cc-pVTZ level (in italic) for isomers within 15 kcal/mol.

433 BPERMLIE RAIXTEE
B 4.1 % BOs BEIEM BT, #HAHTHTEUER, FBETREDEEE
HFF. & 4.1 5H T B3LYP. OVGF fl# &5 CCSD(T)/KF F 3Lk 53t ADEs 1
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VDEs ${ERIM L. B8, 4541502 MASSTRIEEMAHRLT.

o
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& 4.3 B3LYP/aug-cc-pVTZ K -F T B4O, 691K 5 & F A4 R S 4a 2t fE ¥, 4n =t fE ¥ 43 H kcal/mol,

Bl B+ 3] i 15 keal/mol ¥A P & F 6 /& CCSD(T)//B3LYP/aug-cc-pVTZ K -F T &9 40 3% fk # (4H4K).
Fig. 4.3 Low-lying isomers of B4Oy at the B3LYP/aug-cc-pVTZ level. Their relative energies in
kcal/mol are indicated. Also shown are the relative energies at the single-point

CCSD(T)//B3LYP/aug-cc-pVTZ level (in italic) for isomers within 15 kcal/mol.
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1C, B:0, (PA") 2 D2, B«O4™ (*By)
0.00 (0.00) +8.50 (+8.08)
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1.201_1.674 1.404
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& 4.4 B3LYP/aug-cc-pVTZ K-FF B0, (1 4= 3)#5 & B 45 A B AR & 69 1K 4L & F AR Q2 4o
4), Jiniz /& B3LYP/aug-cc-pVTZ F= CCSD(T)//B3LYP/aug-cc-pVTZ ($H4K) K F T 1A keal/mol #
Pttt E. RREEHA, 102 P BAOBMETTHS, BEKLAB, 2E&KX 0.
Fig. 4.4 Optimized global-minimum structures of B4O,; " (1 and 3) and their low-lying isomers (2 and
4) at the B3LYP/aug-cc-pVTZ level. Relative energies (in kcal/mol) are shown at the
B3LYP/aug-cc-pVTZ and CCSD(T)//B3LYP/aug-cc-pVTZ (in italic) levels. Bond distances (in A) are

labeled. All B and O atoms are labeled numerically in 1 and 2. The B atom is in blue and O is in red.
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Fig. 4.5 Energy levels of the frontier molecular orbitals of (a) B4O4 (1, C;) and (b) B4O4 (2, D).
Orbital pictures of the SOMO and LUMO and the energy gap between them are indicated. “SOMO”

stands for the singly occupied molecular orbital.
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Fig. 4.6 Natural charge distribution of the global minima and relevant structures for B4O,™ (a, b)and

B404 (C, d).
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1 sk 18 7 BRI B2 8K 3c-1e BBB nfUE (E 4.5), XN T 2386
§1 VDE fH4~2.8 eV [ X . MR, 2 PRIFSMETEZESATHA B T, &XH
Ao ARG ERRBAFE, B AR K VDE $({8 )3~1.5 eV (X'#7). Eit,
AR, FAMETIEET Y REMNRELL 13 eV, NS 1N
B.Os FIE T & R/ H(E 4.4). 1-4 f NBO HBH 457 B4 (H 4.6)5FE 78
B L PIE(SOMO)— 2. X TH A MEETE 3 M e ] LUE L & # e SR EUE
HRREHIEMHOMOs M LUMOs)IRERRIE M, 7 CCSD(T)/K-FiZAEFMEN~5.6
eV, RA\PHEMFEBESE. MLz T, Y BHFH4A% 4 # HOMO-LUMO #EfZ K
BN K 4.3 eV (CCSD(T)ZKF).

HEBMZ, Y B C(W)HZER Dy QARG EEAFRMEARE. T A0 FlE,
EQBENET ADE 5 VDE ({4, IR T BA B3 i 1 Sd s R 8 17 A 1
ZH7A k. 7E CCSD(TYKTFF(FE 4.1), 1 12 FEHBES 5S4 027 F1 0.06 ¢V, XL
HESELHMEHETE: X017 eV, X'H R 0.06 eV, EHEFRY C, B4Oy
PR AT AR, 10 Doy BaOs RIFRRIMERSE. LA LTS L4 MSRE — B, #—
LR T BAT M BL 4R

EHRME 2 MY BEM L ELRAE T BOs BT B ER THREE S
M, #EXTREEHEIA 8 keal/mol HI45H 2 RSRE NI U2 M B o] LLARE . A THEX Fh
AR TFFRR, it & ERANE 3EETHLEN Y BHRERS, fiHFE
BorSaFRMESEK TEL B TRESZIHEFEN 2, —BEHET 2N, H
F1i2MEKRKIAER, 2 BEETEIRNEY 1.
43.5Y B C, B,O," A%

WS & T OBO Sl /KXW M IT. LM 19, OBO 11/ BO &3k
MERE, KESHIR 123 F1.29A. ELEHM 44, OBO 4y BO EIIANR, KEF
ZAR1A 121 #1133 A, fE 1 F1 4 PESER) BO B2 A A =5, MRKMEBIKE
AT B=0 WM B (~1.28A) . R #8190 T oo R M 340 £ 2987~ /1 B=0.
B=0 #1 B-O #J LR 25179 1.26. 1.35 f1 1.48 A, [Ht, {URIEEKEINT, 1504 F
OBO /) BO & 1] LA A& B=O =8 B=0 X
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F£E BO M HAFMERAELRFT

{a) Cs BsOy (1)
1% 3¢c-1e B-B-B n-bond three lone pairs on O 2% 2c-2e B-B o-bonds
ON=093 |e| ON = 1.97-1.98 || ON=1.97-1.98 |g|
5> 2¢-2e B-O o-bonds B 2c~2e B-O n-bonds
ON =1.98-2.00 |e| ON = 1.94-2.00 |e|
{b) Dar BaO4 (3)
four lone pairs on O 6> 2¢c-2e B-O o-bonds 2% 2c-2e B-B o-bonds
ON=1.97-1.99 |e] ON = 1.96-1.99 |e| ON = 1.99 |e|
4% 2c-2e B-0 =-bonds 1% 2c-2e 0-0 a-bond 1% 4c-2e n-bond
ON = 1.98-1.99 |e| ON =2.00 |e| ON =199 |e|

B 4.7 (a) B4Os” (1, C5)5(b) B4O4 (3, D)%) AINDP a4t #8 X, HHirizh b4B44.
Fig. 4.7 AANDP bonding patterns for (a) BsO4 (1, C;) and (b) B4O;4 (3, D5). The occupation numbers

(ONs) are shown.

WERBHSTIFFU LBKAE, E47aFEMT 16 AINDP @&, £
A NBO #3HTHI3E &, AINDP R T —/MFH I ne-2e &, nEHIN—FBANHT
FIRTHI%E. AINDP MUE R T LRI 5 T IR RO BT 2c-2¢ ),
E B85 T B/ mil ik - i = 5 #8(B3-05 1 B2-06). 55 78] B #1219 # 42 (B4-B3.
B4-B2 #1 B4-08)LA X 3c-1e BBB #. £T OBO H#£ILH 48, AJINDP 4 it
BT B1-O7T =8, 5EMRBKEEMEYE.

1+ Bl 1 08 FB Rk A2k, AINDP H3L i8R H RS B1-08 nEfl—3¢
o (B 4.7.a PE_ITHR), A, B1-08 ZAH“=@ MMM BKIFIYE., —
&M, BO Z@ABKMNRME 1.21-124 A Zid. ATREXAEE, BE S
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FIEHF) CMO kiMiR B1-08 o, L |, iZBHAMNAMETZER 08 & 2s FTHL
1B A TTHR(88%), F1 O5. 06 F1 O7 & O f 2s PR EE-FHKLU(E B TR H1 A 88%.
91%F1 93%), tHEtZi%L, B1-O8“c & #TF O M 2s Ixf -7 H B1-08 Mi%EEM
&,

XD,

HOMO-10 (a') HOMO-2 (a") HOMO-T (a') HOMO-11 (a") HOMO-12 (a')

® @ (©)
N-'—“ .0.
]

HOMO-14 (a) HOMO-1 (by) HOMO-10 (ba,)

4.8 ER 5T HE(CMOYF BT ) KRB AE : (a) BOy (1)P 490 E 3o4e nA24k; (b) B4O,
(1)F &) B-O ¥4k; (c) BsO, (2)F 84 £ /5 dc—de nék (o 44).
Fig. 4.8 Key bonding elements as revealed from the canonical molecular orbital‘ (CMO) analyses: (a)
dual 3c—4¢ hypervalent © bonds in B4O4 (1). (b) The B-O single bond in B4O4 (1). (c) Rhombic
4c—4e 7 bond (o-bond) in B4O4™ (2).

NTHREER 1+ OBO HITHImE, £E 48.a PRATEH THMEMHUE.
AMJUETIRT OBO IR, HOMO-14(K 4.8.b)% B1-08 A RMTTH, ERTE
Xt B4-08 B85 STaR(L T A Wiberg $#4%). HOMO-10 5t F B1-07 of#. O 9
2p, FFHIERIH A 18F] T HOMO-2 F1 HOMO-11. 81 & T ER BB/ 0 F.0 0 2p,
BRFPEZTIR 61%M 15%FRMIERNE, MEELR—NMEEKRBHIE.
HOMO-2 1 HOMO-11 F2p—* 3c-4e nili$#, 55 XeF, 8L FHF 18 {{] 3c-4e o R
(o). oRE—FBERL AR HEHEHNR. FRNE, WER p. T 3c-de
niE, MEERcR. ¥, HOMO-7 f#l HOMO-12 HABHRT py HA EH—A4
3c-de B, HF HOMO-7 EER 07 (46%)HIF#R, HOMO-12 B— /TR
#HiE. RE OBO KU/ CMOs H O HITTER™ EA 4, EHZEN]S XeF, 3 FHF
& 3c-de o MBRRAIMHLIERLR] OBO HIXUE 3c-de niBil . 1% E 3c-4e i 5 B1-07
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SUE B0 HENERHTERIIR

cEILFAM K B1=07 =M B1=08 W#. FTULMIH, FE 49 5L T 1/
A% 5 B4 4 o

0\\\8
\ 0
O: /1
; 0=B—§| /B—B=0:
B \es
VAN
.o/’B E\\o. ¢
(@) Cs BsO4 (1) (b) Dan B4O4 (3)

Fig. 4.9 Schematic Lewis presentation of the global-minimum structures in different charge states: (a)

BiO4 (1, Cy), (b) B4Os (3, Dap).

NBO Xf 1 41 B1=07. B1=08 il B4-08 Z [ ARt — 5 7 247 sprEs,
BT BO BMRALA T, B=O =81 Wiberg BHLEEKT 3.0. B1=07. B1=08 Al
B4-08 [ Wiberg 4 i E A, 43514 1.69, 1.05 #1 0.71. T 1 T HIERIERT Wiberg
SRR 1.75/1.76.

4.3.6 %R Dy, B4OLHIfR

2014 5, o BBEIZETE do-de niB MBS TEM E AR IR T kM. —p o2
RAE—ANETL B0, B P O — A BENREN— AR RIS, A2
ATERAESAR T LSRN F R E AT #EATII . B0 PES Jeildh #5319 X x
RgEw 2| 4.1), SZMHENKFIHEER 3 2ENETHERBRNGHE. 4%
Yo, S5H 3 WTLUEIE RS 2 LA BT Rl FIY B0, BEIUJER T 2 F 3 1%, 44
Ja I & B (B 4.2). 2 A3 AURBRAR ARG, B 4.7.b 24 3 Y AINDP
STAER: TUX O 2s BT HLF. PG B=O =4, P4 B-B H LI RER 8 T
IS B-O #42,

3 PRI B E TR TS B0, T AR B 2c-2e O-O ndE Al 4c-2e niR
(B 4.7b PEATHOR), HTEEERBRMATE I, SZAHNNHES TR
4.8.c, HUESE Ly AINDP Jp#frst AL tkk, HOMO-10 EEHIE B0, ¥ O
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[ 2p, ¥ B ) 2p, R FHIEHI TR, —ETR T ST LB BELE . HOMO-1 £
R O /) 2p, BT HUIE R R HEEHUE(06: 50%,07: 50%). H ik, HOMO-10 F1
HOMO-1 12 it/ AE @A &, B 49b P LI 7 3 HHELLE 5 Ei4H.
BRI, 2 M3NKRT LR EEREINES o I THR, —M4dcdeo
IR TP R T B b B T IR A R IS O 19 2p KT EE T R — N B IR TE 4 R
BRI R RS, KRR R AT LUE RS E RS TR R

4.4 KB

T 4 B AR 2 A 7 R A 1 2 R TETE XA R R 0 U . AR SRR A
ST FIER AL ST A T B0 HiE. Libhtk B0y 2 FE T B.O4 HIfE
(1-4), TEH Y B C, EMFIZEI Dy 451 . C, B4O4 F Dy, B4O4 #£ PES SEE L7y,
L C A RMNEMAE. ik Dy G C BIrEBESHER, —FMBETE
SRS H 1.42 0 2.64 eV ALEESNTIRR T 1 4 FI0E 3c-de ofBBELAR 2 503
HIZEI dc-de o .

46



SEARE BO ARG AR A

BERE B0 BIEMEIAMMERAR

5.1 5|§

E AR FRAFERE TR, MERF LS, IEFE R E 1,
M T3 5 B R R 254 5 s TR DL R el 57 15 1820220 g
KRB R HZR T #5635 2 3155 12 (PAHs)TE W RO E AR . 6n
¥ K% Bs® « Bo v Brow Buv Bip LUK B Bl o] LU 1 & H M2 A1,
Bis> . By LUK By 4 BIRZE. BAGEMRLE S, i, BEAESHRE N
BRREEAE . PR R R A AN ER 5T D3y BeOs 2 S TEE SR (B303Hs)
FARI AN - BeOg B 7% B —> B30; 3 B4 CeHe F1 B30sH; fnpk S5 0 R

EdE—EER, BERKIAT NENMEER, R\ THHREBOA AL
JR W /N5 KD T f S L e T A% P e 8 TR A g 5 e {1 64 66, 68 71, B4, 12112, 1500511 2 g
FHfEs, EWMEAHEEE LT OWAKS, E A% LSS %
FAARX D . SR ETRHZMEE B:0s™ . B0 LR LHRIRIE BsOg "
bedc, B B/O BRI E, BsOs ™ HBIARMBME, MHEIIHNERRNSHES
FRRBIE R RN AT, X F AT LME N E SR B i 2R ok 3 W U %
B=0. OBO. B;O; X LLK BB BZEMAELW S S, G RE— R ZW
EFrES- AR N S -GN A

RELAVX BsOs "V HHT T MM SIS RN TEMITE, HUIRN T RENS
R4 R NSRRI B . ROV A4S R BsOs F1 BsOs A JLT A
RIS ESE, ZHHEE — B:0; AFBE N BO TLIL, % B LR A 4 B;03(BO),”
1, Ca, 'ADFI B303(BO), (2, Cayy *Ar)e BsOs' Al BsOs RERIMABFH5HKH
(CHs™ B E R % . BOs B THIMEE Z BB/, HPINmEEN
BrLERE =/ BO £ 0F— OBO #[]. BsOs A LAZKIR A B(BO);(OBO)™ (3, C,,
'A"), ZEEHT LA T, B(BO), 1 LA—4 OBO BT EH—/ BO HrifiAH. mF
BO/H W& ARMUME L X #1513 OBO #ITHIFFTE, BsOs (3, G, 'ANAILLNAR E&
H o B R SU(CHSCX M B B15% . @ ik P8 0479 b 2 7 U E L]
ESENSFRIXRKR. FRZERRAKFERT BsOs" (1). BsOs )71 BsOs™ (3)
HILLAMIRYR WIS LA K BsOs™ )Mt il FRET, LANAARRLIGH IRt b2
%, ABEMHANET KT B0, R5(n=1-6), FEE T HSLSHE LY
LM% B BT 7T
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52 ¥ A5E

%t BsOs Y- HfE R4 Rk /NG R AE W BT MBS (DFT) /% T it Coalescence
Kick (CK)"**PIRERTH, RREBAFERNETT ARNFEIRRR, 2546
B3LYP/aug-cc-pVTZ K FIBINHE s B FAARET T k. ZRBEMNERAFEFiHE
TRXEEWHMEUHEXLEMRREIENRINEL . XARNMSHNER 40
kcal/mol WHIKAE B & FJ7E B3LYP K FHRUBRK LM EHMER E#T
CCSD(T)! e 5345 . AANDP!''f CMO 4MFIREM S FHIREER, AR
FHBENBO)AMT R BE HRE T BF A Wiberg #4%. #£ TD-B3LYP 7K F!5)
HH T BT BsOs M BT AL T A, AFEFA T BsOs" ML 4P . ANDP
i+ #5831 AINDP BB, HEFHHE KA Gaussian 09 2R,

oy L

C,.(A) C, (A) C, ('A) C, ('A)
0.00 +16.42 +21.03 +227%
(0.00) (+12.75) {+15.21) (+27.43)
C, ('A} C. (A) C,('A) C,('A)
+2678 +28.84 +30.69 +30.96
(+27.30) (+25.89) (+27.31) (+32.70)
C. ('A) C, ('A) C, ('A) C, (A)
+33.41 +35.86 +39.56 +40.19

(+26.24) (+3359) (+45 89)

& 5.1 B3LYP/aug-cc-pVTZ K -FTF BsOs a9kt & F AR A 4astfb &, st E 4%
kcal/mol, F&+ 5| 40 keal/mol ¥A P F#) 4k & CCSD(T)/B3LYP/aug-cc-pVTZ K-F T d4a 3t k¥
(K)o
Fig. 5.1 Low-lying isomers of BsOs" at the B3LYP/aug-cc-pVTZ level. Their relative energies in
kcal/mol are indicated. Also shown are the relative energies at the single-point
CCSD(T)//B3LYP/aug-cc-pVTZ level (in italic) for isomers within 40 kcal/mol.
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% 5.1 B3LYP/aug-cc-pVTZ K-F BsOs™" a4 42 ithbast fe # Aot sh 3 .

Table 5.1 Relative energies and vibrational frequencies of all relevant structures for BsOs"”"" clusters at

the B3LYP/aug-cc-pVTZ level.”

Charge state cation neutral anion
Relative | % o o : : S *
energy I:}/’. I::I/ .,/:\.‘ .»’}‘. f\f
(kcal/mol) 0.00 0.00 75.31 0.00 29.92
Frequency 77 (ay) 79 (by) 68 (@") |103(a) 136 (by)
(cm™)P 79 (by) 81 (ay) 86 (a) |192(a) 153 (by)
284 (by) 152 (by) 132 (@) |433(a) 347 (by)
418 (ay) 263 (by) 143 (a") | 435 (a") 451 (ar)
472 (by) 368 (b1) 192 (") | 494 (a) 497 (by)
509 (by) 444 (a;) 358 (a") |520(a") 681 (by)
550 (a1) 498 (b)) 381 (a) |525(@") 697 (b1)
660 (by) 596 (a)) 387 () |532(a") 727 (b)
736 (a1) 694 (b)) 473 (@) | 578 (a) 756 (a;)
884 (by) 702 (by) 496 (a") | 821 (a') 885 (a1)
1017 (ay) 1096 (a;) 523 (@") |1187(a) 1144 (a;)
1178 (a1) 1196 (a1) 529 (") [1926(a") |1239(by)
1337 (by) 1199 (by) 843 (a") |[1926(a") | 1408 (a))
1840 (by) 1350 (a1) 1308 (a") | 1941 (a') 1970 (by)
1367 (b2) 1907 (a") | 2043 (a') 1971 (a;)
2026 (by) 1942 (a')
2027 (@) | 1987 (@)
2046 ()

e EFMAET CHCl B aibidfi i g,

AL AT 3 RAKT 5.0 49 E,
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Re i o e od ;&

C,.(A) C, (A) C, (A) C, ()
0.00 +1821 +3195 +36.72
(0.00) (+15.45) (+35.31) {(+42 15)
C,(-'A'] C, (FA) C(A) C, (“A)
+38.28 +41.42 +41.76 +44 23
(+39.13)

C, ('A) C. (A) C, (A7) C, (A)

+48.14 +49.32 +50.39 +51.78
C, (A" C, ("A) C, (B) C, ("A)
+53.53 +54.61 +55 53 +57.51

C (A) C, (A) C, (A) C, ¢A)

+58 90 +61.24 +65.12 +66.94

}

L e

C, (A) C, (A) c, (8) C, (A"
+71.05 #7207 +7212 +75.31

A 5.2 B3LYP/aug-cc-pVTZ K -F F BsOs 69 & A6 & F A A L Aast i &, saxd fe & #42  keal/mol,
Fl & % & 40 kcal/mol ¥A A H#14k &£ CCSD(T)//B3LYP/aug-cc-pVTZ K-F T &4 487 fk & (5H4K).
Fig. 5.2 Low-lying isomers of BsOs at the B3LYP/aug-cc-pVTZ level. Their relative energies in
kcal/mol are indicated. Also shown are the relative energies at the single-point

CCSD(T)//B3LYP/aug-cc-pVTZ level (in italic) for isomers within 40 kcal/mol.
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FRE B0 EEMAFERBT R

Lo B

c, (A) C, (A) c, (A) C, (A)

0.00 +564 +1380 +13.66
(0.00) (+1.87) (+12.35) (+11.93

PR S
e
%o 3
>
c, (a) C, ('A) C (A) C, (A)
+15.55 +24 55 +24.80 +29.44
(+16.95 (+18.28) (+26.23) (+25.66)
)
e
Ll (‘\
] d\.

C ('4) G, (A) C (A1) C,(A)

+29.85 +28.92 +30 55 +3238
(+27.68) (+25.58) (+27.30) (+28.63)
C, ('A) C (A C, ('A) C, ('A)
+36 .87 +41.55 +44.70 +47 47

(+34.99

¢ o °

: f

I’I‘J '/’\ﬂ_‘
2 9 3
C, ('A) c. ('A) G, (A) C, ('A)
+47.70 +47.70 +48 78 +55.21

B 5.3 B3LYP/aug-cc-pVTZ K-FTF BsOs 691k e & F Ak A St dasdfe &, aatib #8425
kcal/mol, FE)& %]t 40 kcal/mol VA A F#) 4k & CCSD(T)/B3LYP/aug-cc-pVTZ K-F Tty 483t it &
(#H4).
Fig. 5.3 Low-lying isomers of BsOs~ at the B3LYP/aug-cc-pVTZ level. Their relative energies in
kcal/mol are indicated. Also shown are the relative energies at the single-point
CCSD(T)//B3LYP/aug-cc-pVTZ level (in italic) for isomers within 40 kcal/mol.
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5.3 &RMiTie
53.1 BHMEIERSEFE

Cav CeHs (*A1)

(f)

1.80

0

3C, B<Os5 ('A) Csv CHsCI (‘As)
B 5.4 B3LYP/aug-cc-pVTZ K-FTF BsOs™" (1-3)80 4 B8 2 A B 5 2 403k 89 CeHs ™ Ao
CHiCl. #k#4h A, E&KAB, £&K£0, RERAC, ZRAKRAH.
Fig. 5.4 Optimized global-minimum structures of BsOs"""" (1-3) at the B3LYP/aug-cc-pVTZ level, as
compared to those of C¢Hs ™" and CH5Cl. Bond distances (in A) are indicated. The B atom is in blue, O

in red, C in thick gray, and H in light gray.

@i CK BAEX BOs HMMAERBRNEHMBETRE, ZFE
B3LYP/aug-cc-pVTZ /KPR GE B 7 MR EAT T 04k, SHNE 5.1-53. [
B X AR & H X fE 8 40 kca/mol W M) 1K B & & # # 17
CCSD(T)/B3LYP/aug-cc-pVTZ St H . BsOs" MEEH XL MMM GEE SR
FMEFITE 5.1. £RHT/NEH BsOs" (1, Cy, 'A)FI BsOs (2, Cay, *A1)TE B3LYP /K
SEFHE-ARUEREED 16 kcal/mol, FEH A CCSD(MAKFETFREELD 12
kcal/mol (B 5.4).
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$RE BO, " HEMEHAERET A

BsOs A FRIMA A m AN ER 2 —E(B 5.3). BsOs™ (3, C,, 'A") (B 5.4) 5
BN EEMERHE(Co, 'Ar), R BILYP KFE TR NEHNEERS
#] 6 kcal/mol, 7EE 5 CCSD(T)ZKFERA 2 keal/mol. %A1, BT XFEALEH, KT
RHUERRERZEDE 12 keal/mol (B 5.3), T WAHZS HHFHEC,, 'ADNT
BsOs FiEFM s /& — MREEMLEH.

HOMO-9 (a,) HOMO-10 (b.) HOMO-13 (b,) SOMO (a,)

@

HOMO-1 (a,) HOMO-2 (b.) HOMO-4 (b,) SOMO (a,)

B 5.5 Cy, BsOs(a)5 Cy, CeHs (b) no-F il Y pbdk,
Fig. 5.5 Comparison of the © molecular orbitals of C;, BsOs (a) and C,, C¢Hs (b).

BsOs"""(1-3)# B3LYP /KFHE&RIR/NEMSRKIITE 54 &, ANZEZE
7 T X LR T RS AL . BsOs  FSEA B 1 (Coy, "ADFI 2 (Cay,
2A)), ZEBAE— B0 FHFEA M BO ZF(E 5.1, 52 M 54), 51752 %
ML, ¥ BB f1 BO AI LAE{ER B-B 858 B=0 =#&. A, M 132, B;0;¥
T BOEEEEARR. f£2%, FIEMBOBKHAE(1.37-1.38 ), SR TEFRE
RIZNTCH, BRETE 1%, B;0;¥ 4 BO BKTENYE . MIEFH BO #K(1.374)
FEENKK BOEE1.48 AU KB ESHEM BOER(1.28 A), H 1.28 A K
BT MR B=0 AR EY. AT, 1 FRANTREHEAHA . 7 CeHs F CeHs
FRERRERLE, — N ERTREL G HE 54.4).

Wil TR, =4 C,BsOs G)RA TR RNLRMNENI(E 5.4.0), KU
fRZALR B R TERE =4 BO ZF#—1 OBO #Jt. BIB2. B1B3 #1 B1B4 (1.69
AR #TE B-B #4, % BO ZEFALIAAR B=0 =%#. OBO £+ # BO @K
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HAHE: 123 71 1.29A, —HBKESHIEE B=0 1 B=0 B KE. R¥ BI-05
FIEEE AT — 2R PRA51 AHNKE, ERFUMEHEBKANE 2. A5
F C,Bs0s"(3)7 LLEIL7E T, B(BO)s H#J B-B cBFHA—/ 0 FEF B,

5.3.2 B;05(BO), ™ EI#E

HOMO-8 (a,) HOMO-9 (b,) HOMO-12 (b,)

1

HOMO (a,) HOMO-1 (b)) HOMO-4 (b.)

4

] 4

B 5.6 (a) C3, BsOs' (1)5(b) Cy, CeHs' n-F il &5k,
Fig. 5.6 Comparison of the 1 canonical molecular orbitals (CMOs) of (a) Cs, BsOs” (1) and (b) Cy,
CeHs'".

B& T 170 B;O; SR Z 4h, BsOs™ M4 RR/NGEH 1 A 2 FEEAE(E 5.4). B
—NEHEFARZSI, ZEREFERIVEHER. 1 MREZHELUMOZERT 2
K 5 EHIESOMO, B 5.5), 12 hHHE CMOs AE—— X R KR. KFTA
%1, DsyBgOgB#E Ds; B3OsH; FH) B3Os FE— P AEAKR, HAu@id O 2p JIxTH
FHBREAN LB, XEET BO MEARBEEENARTNE. HaTH
FOR 1 A2 RIXFRRLMFTHIGIF. BAKE, 1 M2 53 5XEMEFESXEHE
(CHs ™R 5.4). B 5.6a#RT 1 =An#iE, FHEE 5.6b % CHs M4
AT, —EMXERA T EMNEFHELE. BsOs i CHs AR FHE,
B&E ant2 RFE/REN  SEAMRATTE T 150 2 5 B30, ML ZE AL (NICS)
&, 1702 FrhRE NICS(0)/NICS(1)E 4 5l A-5.12/-3.06 #1-1.29/-2.61 ppm. FiH
NICS ¥ 54 &P Fi—8. AL, NICS0)F NICS(1)4 5l R+ RfH R
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FhE B0 HIEMS M FAF T

-17.47/-11.97 and -11.19/-10.91 ppm.

+1.502
Cz BsOs* ('Aq)
(b) -0.747

+0.986
CxBsOs (A1)
(c) -0.901

C:Bs0s ('A)

B 57 2BM 454 B0 (138 AR LS H.

Fig. 5.7 Natural charge distribution of the global minima for BsOs""" (1-3).

2 i) SOMO(H 5.5)EZRIET B:0s K Bl J&F. EWR, % SOMO $id
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5.8.a f7R, 1 B30; 17 Wiberg BEIEHE A, 451%: 092, 0.70 F1 1.17, H
FEERATELMERBOBE, XL Wiberg BES5BK—H(E 5.4). RITINHIE
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MASE UL AHERREBT 1 & Bl FOH5RIEEERE(E 5.7.2). Bl FLHIFE
TR IR 5] 05 1 06 # 2p BF, Miii%5E B106 1 B10S o4k 58 5 1 K 55
B306 1 B205 offI58E . S, CeHs M CeHs' TH R E T AFERIFLE(E 5.4
F15.8). 1 12 hHEHETHH(E 5785 B-0 BIIMAEFR B 44514 B +0.7
F+1.0 |eJF0 O ~0.6 £-0.9 |e|, iX% BT EIE 5 2 I 7K BeOs I FE A X s i — 3",

(a) (c)
0.92
0.70
117 1.58
1C2,BsOs" ('Ay) Cav CeHs™ ('Ay)
(b)
0.90
0.82
0.83

2 C2, BsOs (A1)

B 5.8 (a) BsOs' (1)42(b) BsOs (2)5(c) CeHs #(d) CeHs #9 Wiberg #4869 rkdt, EBFHAAE TP
# B AH C' PO FRANARK T K TH .
Fig. 5.8 Wiberg bond indices for (a) BsOs" (1) and (b) BsOs(2), as compared to those of (c) C¢Hs and
(d) C¢Hs. The B* or C* center in the cationic clusters results in unevenness of bond distances in the

hexagonal cores.

AdNDP 77 n i 2 B F(ne-2e)BEIMH — M FRIEFLEH, Hdnalld
M1 B FRHREET S, IHRERE THEERNE M0 SR (PO BT 2c-2¢ )
FJC xS R o F 4 RS B A R A AR S A B3 ne-2e 8 .BsOs™ (1)) AANDP
HR(E 5.9.29TF: 4 0 LA 2s/2p FAXTEF. E ¥k BO £IGH B=0 =Ll
K—/~B-B B4, £ B;0; HHiLH 18 MIEBRT, HFAA 2c-2e B-0O ofdt 12
MrETF, FTH 6 METFUERERBEENRE 5.9.2, F=1T), XHRBETH
BRAAR/RAMNHFHE CMO #Hi—2(B 5.6.2). B 5.10 FFIHT 1 K8E 5 Hi4E
H, RPABEAREESNME, 25 1 ALK REERINE 5.10b Fik.
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FHE B0, AEMEHMMERTA

five lone pairs on O Bx2¢-2e B-O o-bonds 2x2c-2e B-B o-bonds
ON=1.90-1.99|e| ON=1.92-2.00]e| ON=1.98|e|

“or® o’

4x2¢-2e B-O m-bonds
(b) ’E Z

ON=1.96-1.99]e|
four lone pairs on O 6x2c-2e B-O o-bonds 3x2¢-2e B-B g-bonds
ON=1.97-1.98|e| ON=1.98-2.00]e| ON=1.94-1,95|¢|

3xBe-2e m-bonds
ON=2.00|e|

10x%2c-2e B-O m-bonds
ON=1.93-2.00]e|

B 5.9 (2) BsOs (1, C2,) 5(b) BsOs™ (3, C,)89 AINDP mist#2 X, Hifizh s484h,
Fig. 5.9 AANDP bonding patterns for (a) BsOs" (1, Cz,) and (b) BsOs™ (3, C,). The occupation numbers

(ONs) are shown.
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&O
J’B
. .. . ‘O 5 0" ‘0
O%B 0 BZ %BxB/O\‘B/B/ﬁ ]|3
| | 0O O 0% B "N,
A S S A
(@) Cyy 8505+ (1) (b) Cz, B5Os5 (2) (c) Cs BsOs™ (3)

@ 5.10 £ B#L) 44(2) BsOs' (1, Cp) (b) BsOs (2, Co,) 5 (c) BsOs™ (3, C)#y 5% B A4 A,
Fig. 5.10 Schematic Lewis presentations of the global-minimum structures in different charge states: (a)

BsOs" (1, C2), (b) BsOs (2, Cz,), and (¢) BsOs™ (3, Cy).

5.3.3 MUmE{& BsOs BAR FHEI%E

HOMO (a,) HOMOC-1 (b,) HOMO-10 (b,)

HOMO-14 (a ) HOMO-15 (a,) HOMO-17 (a.)

A 5.11 BsOs” (3)4ER] 5 F 3l (CMO)FF BT X RBAE: NF ScdenABRURERB ¢
&5 OBO #7449 B-O $£4,
Fig. 5.11 Key bonding elements for the anion global-minimum BsOs~ (3) structure as revealed from the
canonical molecular orbital analyses, including the dual 3c—4e hypervalent = bonds and the B-O single
bond that links the central B atom and the OBO unit.

SPHR(CHClL, B 54N ZRMATFIWARR, BRRE¥RAESHMERHAY
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3 7 OBO ML CHIAEXT #R A BO 848 1.23 1129 A. 1 5.10.c FToR, TkabE
R MUY B=0 =8, MRKEFNELE—/ B=0 W#E. %3+ 0BO #
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[AFBAETE py TR DT — 1 3c-de nifiE, H A HOMO-1 EERIEF 07 (22%)H1
05 (19%)J 5k, 1M HOMO-15 B2 — M Ea 1R EE. XFARIE/AERASRE
T 3 [JE 3c-de miE . LA, HOMO-10 03 B6-07 . AR, WE 3c-4de
niHE Y B6-07 oL FA R T 3 11 B6=07 =4 B6=05 X, XEEMEMN SRS
HEK—3(1.23/1.29 A). NBO 45 R%K 5 OBO H#ItH BO (1) Wiberg &%
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.
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Fig. 5.12 Calculated infrared (IR) absorption spectra (in cm‘l) for the BsO5"" (1-3) global-minimum

structures.
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WHRET B E O MALEE M — AP B FES MR —xI B, ATEENE &R ST
ffa e .
5.3.4 BsOs ™ B SEAURENF AR TR

BsOs " (A AR AT SRR a0 P 5.12 IR, %56 AT A4 S SE AR R I 14
B . RERF2LANRUIERISEREIRES, FRET BsOs™ (DEZA TR R ILIE: 1840
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Binding Energy (eV)

[ 5.13 A F TD-B3LYP #3849 BsOs 3)e9i k€ Fhbi¥. Friniz e AR MEPHAKMNES
Fig. 5.13 Simulated photoelectron spectrum of the anion global-minimum, BsOs (3), on the basis of
TD-B3LYP calculations. The labelled states are the ground state and excited states of the

corresponding tetrahedral neutral species.

Czv BOs™ ('A)

& 5.14 B3LYP/aug-cc-pVTZ K-FTF BsOs &9 F —AMKAEE F 44K C5 BsOs o K E{LH A B
REFhint, ARLFLLEHelB Ul e Fihizh, BEKEB, £&K%& 0.
Fig. 5.14 Optimized structure of the second lowest-lying C;, BsOs  isomer at the
B3LYP/aug-cc-pVTZ level. The bond distance (in A, number in black) and natural charge distribution

(in |e|, number in red) are indicated. The B atom is in blue and O in red.

N FREI% (PES) 2 RIEBA B 7 HIEAIH M FE .3 7£ B3LYP M CCSD(T)# Sk
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FTHESLERMNEE R EEE(ADE/VDE)S 54 6.28/6.77 eV 1 6.42/7.19 eV. @it
TD-B3LYP i+ T E & KA VDEs, 3 ] PES #ti & 5.13, *iEXRHETH
EREAIETE AR, BRT 3MNREE.

HOMO-1 (a,) HOMO-13 (b,)

five lone pairs on O 7x2¢c-2e B-O o-bonds 3x2¢-2e B-B o-bonds
ON=1.97-1.99]¢e| ON=1.95-2.00]e| ON=1.97-1.99e|

28 o4

6x2¢c-2e B-O m-bonds

ON=1.99|e|
1%2¢-2e m-bond 1x2¢-2e Tr-bond
ON=1.99|e| ON=1.96]e|

B 515 #F-AMEREEFMIK Cyy BsOs 9L sk, (a)% M dcden & (o 4): (b)AINDP st
A, HiriE bE1E.
Fig. 5.15 Chemical bonding in the second lowest-lying C,, BsOs~ anion isomer. (a) The rhombic 4c—4e
= bond (o-bond). (b) The AANDP bonding pattern. The occupation numbers (ONs) are shown.

BsOs B — MRS MM F A Coy (A1) (B 5.3), %L HIE CCSD(T)E S KFAL L
LRG3 BEEEA 2 keal/mol. ZZ MBI —NEEF B0, % =/ % B=0O
BT, HEKMEREH A 5.14 fi/k. HOMO-1/HOMO-13 A AR T 2
7% B20, % K dc-de nfE( 5.15.a). HOMO-13 £52£ 5185, HOMO-1 &A/F L&
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FERANRE/RBIENAE, NTEREWHAB. C\ (A HOMO $UE Ei%
fENUECAL B A Bl R TIELIE“B™F L B5E XA B MiHH 5 R85 4+0.06 e,
RIEANFFHEB/NERFH B 0, %5 FHHE B R T HIHER H+0.65/+0.79/+0.86
lel £ B3LYP /KF, %4> F#) VDE BN 6.54 eV, KT E&RR/ANEHM 3 K.

5.3.5 B,0, (n=1-6)RFI £ 15K

25
20 -
15 +

10 H

Cohesive energy (eV)

A 5.16 B3LYP K-+ F B,0, (n=1-6)P &/~ BO $ L4 &4k, H 7k Tt med & B4,
Fig. 5.16 Calculated cohesive energy per BO group for the B, O, (n=1-6) clusters at the B3LYP level,
as a function of cluster size n. The optimized global-minimum structures are shown. The cohesive

energy is evaluated with respect to n B=O groups.
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B 6.1 @1(BO), & (1)# # A i BUIRF 4K B, Op Al 3R (n=6-12, 21, 42, 2-10).
Fig. 6.1 Double-ring tubular B,,04, clusters (n=6-12, 21, 42, 2-10) rolled up from the (BO), chain.
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EESCRRIRIE R F IS5 #9758 € (B 6.2). X T BgOsy “FHLAMHLEREMIRE 1.54 eV,
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(N B0,

0.00 +6.06

(9)B..0

42742

(h) B0,

0.00

M 6.2 4 PBE0/6-311+G*K-F T -F &40 & 4K B0y (n=6-12, 21, 42) A 3R &9 £2 ) A B A8 3 fiE
¥, BERAMAT, LeREXART.
Fig. 6.2 Optimized planar and tubular structures of B,,05, (n=6-12, 21, 42) with their relative
energy in eV at the PBE0/6-311+G* level. The B atom is in blue and O in red.
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ye oo TRee Mb ey

Ds.-. A\g Ci'A Cy'A
+0.31 +0.89 4-1 19
(D 00} {+0.34} {+0.88}
[0.00) [+0.58) [+0.86]
0.00 +0.52 +0.73
C,'A C,'A C,'A C,'A
+1.24 +1.29 +1.44 +1.45
C,! Ci'A C,'A C,'A
+1 63 +2.36 +243 +2.55
Day Ay C,'A C,'A Cy ‘A
+2.56 +2.67 +2.87 +2.93
C, A C,'A C,'A
+2.95 +3.04 +3 0? +3.24
C,'A C,'A Can ‘A c'
+3.32 +3.41 +3.64 +3.84

B 6.3 PBE0/6-311+G* K- F B0y, #91K L& F ik, AArfeFH41A eV, RN T 1eV At
44 £ TPSSh6-311+G* (#£.355). B3LYP/6-311+G* ¥4 & CCSD(T)//PBE0/6-311+G* ($+4R) K ¥ i
it . BEREAMRT, LERXART.
Fig. 6.3 Optimized alternative low-lying structures of B;,0,,, with their relative energy in eV at
PBE0/6-311+G*. Also shown are the relative energies at the TPSSh/6-311+G* (in curly brackets),
B3LYP/6-311+G* (in square brackets) and single-point CCSD(T)//PBE0/6-311+G* (in italic) levels

within 1 eV. The B atom is in blue and O in red.
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KFETFREES 0.31 eV, H—PKRMT De B12012 )AIFEE M. 7E TPSSH 1 B3LYP
KETF, E-AGHLLE—NEHEERES R 034 1 0.58 eV. 2015 4 CERATIRIE
KPR IR EREHMEER 2.56 eV. A#ARE, BnOnNE/mtRNEHER S
4 B,O, (n=1-6)F1#% L & LART PRl B E H A R KI4F1E. B12O1n HHI BO 28
AE—EIN, FAEZaipriRkENMERESRE MK B=0 #.
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o : ./. o cmrmemm =TT n=42
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FHR)ESRRITIL. BARFEEEXA: [EBnOn)-2nEBO))/2n.

Fig. 6.4 Calculated cohesive energies per BO group as a function of the cluster size 2n for both the
tubular (real circles) and planar (open circles) B;,0,, (n=4, 5, 6...42) clusters, as compared with that of
the 3D BO crystal (dashed horizontal line). The cohesive energies are evaluated with respect to
[E(B2:020)-2nE(BO)]/2n.
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FAE WFH B0, (n<S)FIE R B,,0,, (n26)5-5 = juEf%

6.3.2 BRI EM S

ATHAFHSERGHHTZSF KR, BITEE T BuOm m24)HEMLE S REE
6.4). EFLELHERREREMNESMME, TEHELSNRTHAHNSESREH
Lo 5 BuOxn (n24)FFERBMLAR, M BgOs Fl ByOy HIE RS ML SR KR
R, ZEHEEREKESR . BxO0xn. B0 BynOs LUK BuOss HIZEEHESHIA 4.49.
4.51.4.58 71 4.61 eV, bb4t, TATEUHE T ERRTH BiooOioos HEEHEN 4.61eV,
ZHERT BuOw LS, RUIMERTHENNESZ, BREAKNLESHHBAEET
F, FEEREE T EEIRE K =4 BO BIERZ A 6E4.65 eV, 3 F 1 BOan
() FEHMGEERE £ n KT S MIRHE, A S REEH BETERLEH, 812 5<n<6
MEHE, FEMEREHNEERBELAZR.

(a) B12012 (2, Den)

X

12x1¢c-2e O 24x2c-2e B-O o-bonds  6x2c-2e B-B o-bonds  12x3c-2e B-O-B m-bonds
ON=1.93 |e| ON=1.98 |g| ON=1.83 [e| ON=199 ||

(b) (BO), chain (1)

2x1c-2e O 4x2c-2e B-O o-bonds  2x2c-2e B-Bo-bonds  2x3c¢-2e B-O-B m-bonds
ON=1.93 |g| ON=1.98 |g| ON=1.95 |e] ON=1.98 |¢g|

B 6.5 (a) B120)2 %9 AINDP s &% &; (b)—4:(BO), &84 SSAINDP miét#% X, Hiriz i & 3B44.
Fig. 6.5 AANDP bonding patterns of B;>0;; (a) with the occupation numbers (ONs) indicated. The

bonding patterns of the 1D (BO), chain (b) based on SSAdNDP analysis are presented for comparison.

6.3.3 BRI

AdNDP J7iERTBA n 0 2 - F(ne-2e)BE2MH— M0 FHIEFEW, Kb nw
DI 1 B FHEET S, XFREETHAENSHE SR (P BT 2c-2e
) FLEMGRETFHRRNTEEERE AL RK B nc-2e . AINDP 7447
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MESKARGH S RRHTH R

25 R EE B RATE 1 #h 22 AR BN AR B2nO2n (n26) B KR FRSE 14 - B 6.5.2 4 B12012 ) AINDP
RBAFER, 84 0 LHA XX ETF, LM BeOs Fl T BeOs Fr—3t 12 Xf
B-O off, 6 XEBEM BsOs 11 B-B 52, KR 24 BT 12 X 3c-2¢ B-O-B
Bigntd, XEERAT B0 MBFHEME. XARBEXREERTREER M
B3O (n>6) 7%, A 6.6 TR A B14O1s (3, Dip)M1 B16016 (4, Den) I BRI, . — 488
§ ) SSAINDP REBHEA R THE 6.5b, XEERAEEXEMMRBER 3. O M
Xt #F. B-O ot . B-B o1 B-O-B nfl. & RitE— 5% T RSN KA
2z R SR

(a) B14O1s (3, D7s)

14x1c-2e O 28x2¢-2e B-O o-bonds 7x2c-2e B-B o-bonds  14x3¢-2e B-O-B 1r-bonds
ON=1.93 |e| ON=1.99 |e| ON=1.94 |g| ON=1.99 |e|
(b) B1sO16 (4, Dap)

16x1c-2e O 32x2c-2e B-O o-bonds 8x2c-2e B-B o-bonds  16x3c-2e B-O-B m-bonds
ON=1.93 |e] ON=1.99 |g| ON=1.95 |e| ON=1.99 |e|

B 6.6 B14014 (D7) (3)#= B 14016 (Ds)89 AINDP st 42 X, Hinizth 54844,
Fig. 6.6 ADNDP bonding patterns of B14014 (D7) (a) and B,4046 (Dss) (b) with their occupation
numbers (ONs) indicated.

6.3.4 KBS

B 6.7 BT A B12O1 KIZLAM, RIS FNEEIMERUEIE, XETRDEE AT AR LR
RIERESE . X TFE 6.7.2 PHRHN R L, HPBHERET, BT 7E 1308 cm™
R i, ZIEFR LT BeOgs M T BeOs H 4 #) BO 14593 . B 6.7.b F7E 395 #
546 cm™ AL BB R E T HOERIRED, 1K F 395 cm™ FIEF 1059 cm™ &K B1,0),
# BO #1 BB f1#R3h. B 6.7.c FT/nA BioOn FISESMRWOLTE, 7E 210, 243 1 349
ik ab TR Wi 43 B A8 F B12012 F M HOMO %] LUMO+2. HOMO-1 #| LUMO+1 BL K%
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FEANE MV BpOo (n<5)E EIR B0 (n26)M-8 — L HI#%

HOMO F] LUMO KB B THK.
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B 6.7 & PBE0/6-311+G*AF T Dg, ByOr; 89(a)4 58, (b)di & Fo(c) ¥ ShE 3,
Fig. 6.7 Simulated (a) IR, (b) Raman and (c) UV-Vis spectra of Dg;, B120;2 (1) at the PBE0/6-311+G*

level.
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6.4 KB/

AERAFSTRI T — R H0 A th—4E(BO), B854 M AATE R BanO2 (n26)12]
. XEERFB R A SE B=0, HF BO BILEREEEMN. &M st
FREFHNRENH e EEA . AT ERR T BuOw BIFRA T H A =457
PRZEF) AT I R ZE7E BigOro Z A H R AKX RIS =4 A BIR R
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BLE £EHLAWABEE LB,0,Y . AuB,0;" # LiAuB,0,""

E+E SREIBIMEFE LiB,0,"". AuB,0," H LiAuB,0;""

7.1 518

MERRESECR &R, £ E0 50 48], £ETIRHESETMGE, B¥ER
B s AR R R, KT BRI E 2 AR RIBT FAT AR A
IR, KE@E L SEW BT BARS & 1WA B0 T 00 F1 5% 00 45t g
PERIL S BB 5T, %R TT S B T TR Ak S T A i 535, 81 120183 3 e s
ff] B=O =@Mt F SWA Ak R AWM MEEDPC, BO k5 ON UE
CN/CO thZ 4T, Hrf CN LUK CN7/CO 43745 BO UL & BO %5 4fr.

B,0; 1 B F1 O BIEAMAE S B A+3 F1-2, IXBMIGMBZZH BTN BR
ZBOB 8 AR e, A RN FRT T B0s BH“V RIZEH, H
O T AUERES BO BT, @ RN M B,Os M FILAE KL 13.3 eV,
KT B0 B TEARSURETFESRIMADRD. AZENEELBHFREE
(PES), EEZRERODFDMSFHIEMO)ERIIA T — RIEMNE S SR
Flf%: B2Os « LiB,03™. AuByOs « LiAuB,Os FE f1AHNL (¥ o 1t (2] % (¥ B2 1 A 45 44
R A R AL s . X LB H R ] LU AT HE BN R & B PO s
B R8I SR EATR S5 4 . 181T PES BTill43 7 B,0;. LiB,03\ AuB,0; A1 LiAuB,0s
M TG 78 1.45£0.08. 4.25+0.08. 6.05+0.08 F1 2.40+0.08 eV. #id
Coalescence Kick (CK)#1 Basin Hopping (BH)#HTHEMIERMNMER] T &Rtk /N
Ho BoOs /2 V REEH, LiB,0s M1 AuB,05” RHELRAILEH, LiAuB,O3 M.
hEE TR T X 0 — B RERT . LiB0s" . AuB,0;"
LiAuB,0;" ) OBO # L& = LI F(3c-de) . BHBRE T AN
LiBy0; 2 R — MR, T AuB,0s B T A F RS b TR g £ U319,
X gt R T 8 5 2 &8 UL R AR S TR R (W] e

MTHHEAFEME, BEBRENERR/EN—BEURTZIEFREMTS.
TR AR R R R TN, HEE - 5T, STk R, XA
AMEREMRRMETEF TEAMBENER., CHHRDHFN S TWAILK
BCONS!"™ ek LiBeBCNOF! 1ML 4 i SR Hh NaMgAISiPSCI'™®, (82
R ARG SR, AREF, RAINEAT ZJ0. =J0R Tk ZaTLd
WL SCES PES. 45#948% . DFT LUK MO BipiHERME. HaTM AT T
HEFREREEBKNERTA.
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72 ARFBE

721 FXBFHEE

A SIB SE A T REE S B e kY. EMe & SR B S 7 R Et
Nd: YAG #5t#% (Continuum Surelite 1I-10) S AWLIBO (2:1)£f ¥4, ¥
HEEA B T RSO X, 55 —H Nd: YAG #2889 532 nm # 266 nm (4
FRAEEAE LM BT SE B RO B 7 BRI OO0 BB 48 00 B T AT RE B i
A, £XRIRES, HERM T Au A B A SR R IR A 7 Bt s
Tk,
722 WWHAE

FH KU PO BH'S 4 BN RTER#ITEBEER. X B0 M
LiB,O3™ £ MPWIPW91/6-31G /K ¥ ¥ &, T * AuB,0; F LiAuB,05;” I 7F
MPWI1PW91/LanL2DZ K-FHE 2 . RSG5 B0; # LiB0s fIaI+ MK Ak E R # 17
MPWI1PW9I1/6-311+G** /KA, *F AuB,O5; F1 LiAuB,0; HIET 1+ 4N 5 #4944 N 7E
MPWI1PW91/AwStuttgart/B,0,Li/6-311+G** KT Ak . XFT B RS ] H 80 FAME
REE S HIATE MPWIPWOL JVEMLAL ML MR ERE 134T CcoSD(TY!MO M i 4
(CCSD(T)/MPW1PWO1). AR K LB TE RIS KF T AT T k. AT
MPWI1PW91/Au/Stuttgart/B,0,Li/6-311+G** LA L B /i CCSD(T)/KFiHE THFES
B, FIESRA OVGE AU PO 4T T 8. BrA A A IRE B (NRT) R 2 il
HARBENBOYFHT 5], AP T H IR A Gaussian 09 FEFP),

7.3 FERMTTS

7.3.1 X FREIELER

7.1 3IH T B,05™+ LiB,0s™ AuB,05 1 LiAuB,05 7E 193 nm T #] PES Y.
M PES #(#77 Hh 15 2 i) 31X £ B 55 1 7% 1 48 24 R B8 B2 (ADEs) 0 3 B 215 §&(VDEs) %I T
7.1, B0y 7E 193 nm (i B AR SR RE RN 222 eV I X wWHEEER R
HET 5.9eV 9 A # (B 7.1.a). BT ByOs R4 FIIRENREMFEM, X R, 6
BT 7.2 ZHH T B,Os ££ 266 nm B PES Jtif. T B-O-B fI% f R RSN L &
EHEARK BN, XERINETES P B TRDHFER, #& ADE @it fF X
MR S B MR A RS E N A2 IR o, MM FZB8 ADE
79 1.45£0.08 eV,
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BT 2REBWEFE LB,0," . AuB,0,Y #l LiAuB,0;""

(a) 8203'

i
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LAN B L S (L A S AL R A N B SONL AL BNNL L N B B

(b) LiB05” X

W

M, 5
|!TIII|II‘VY'TIIll‘llll!’!

(©) AuBO3” X

.

oo A P RADSAIAA,
L T ] LN B ) T LI 1 T ¥ T LR T 1 1 1 T
i | 1 1 i I

(d) LiAUBQOg,_ A

0

B 7.1 (a) B,O5 + (b) LiB,05™. (c) AuB,05 5(d) LiAuB,05 /& 193 nm TF #9 8 & F k%,
Fig. 7.1 Photoelectron spectra of (a) B,Os™, (b) LiB;037, (¢) AuB;0; , and (d) LiAuB,0;™ clusters

X
/
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Binding Energy (eV)

recorded at 193 nm photon energy.
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B 7.2 B,0; £ 266 nm T &3 & € F £k % .

Fig. 7.2 Photoelectron spectra of B;O;™ clusters recorded with 266 nm photons.
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0.00 +2.81 +4 46 +4.92 +33.22
{0.00} {+0.28) {+2.48) {+5.18} {+32.12)
" o ’
@ ; [+ ; ® o D
Ca (°B2) C. CA) C. (A) C. CA) C. CA)
+51.06 +135.09 +142.07 +167.12 +168.18

B 7.3 MPWIPW91 7 & T B0 #9 3T +AMKAE & AR R L tast fE &, BB 5] s AT ZAMKRE & 7
#i4k 4 CCSD(TY/MPWIPWO1 K F Féy4ast it &, #axtfe®$42% keal/mol.
Fig. 7.3 Optimized geometries of top ten low-lying isomers of B,05", along with their relative energies
in kcal/mol at MPW1PW91. Also shown are the relative energies at the { CCSD(T)/MPW1PW91}

level for top five low-lying isomers.

LiB,0; ] PES ik R — /N0 TE 4.43 eV AAMIBARAEIE(E 7.1.b). AuB,05
fIEiE FIRE R RARM X i, 3 ADE ${E>9 6.17 eV (& 7.1.c). LiAuB,05 Kt EIE
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. BEE £REBAMEEHAS LiB,0" . AuB,0," 1 LiAuB,0,%

REERKE P OTE 2.68 eV B X HHBER R EAFLE 6.13 eV AT, £ 3.0-5.0eV
B H — & T XA W8 FRERE EFES(E 7.1.d). 3 F LiB,03 " AuB,05”
A LiAuB,0; HIEZS ADEs 4 5IME H X #WHIFF a4 41T, X4 ADEs {8 Rt 2
A RL ) b 44 I B F) EAs.

]
]
P90 I 929 5 H»9%0 ° /. [ RPN 6"
9
C..('E") C., ('Z*) C,. ('Ay) C,('A) C, ('A)
0.00 +1.43 +24.98 +40.53 +43.30
{0.00} {+1.98) {+29.44) {+48.16) {+51.49)
s L ]
@ 29, .
L o _ @, 9.
. P L "J 9 [ @ J_..—Q 29
LAS ® o o 09 =
]
C, (‘A C.('A) C.('A) C,('A) C,('A)
+44.08 +49 .68 +51.81 +52.12 +53.30

B 7.4 MPWI1PW91 7% & F LiB,Os 8987+ /MASE & F 4k R S A8 st fE &, BBt 7] ki 3T AAMKAE £
£ CCSD(TY/MPWIPWI1 K-F Fédaxt st ¥, 4asthie®$£42% keal/mol.
Fig. 7.4 Optimized geometries of top ten low-lying isomers of LiB,0s", along with their relative
energies in kcal/mol at MPW1PW91. Also shown are the relative energies at the
{CCSD(T)//MPW1PW91} level for top five low-lying isomers.

7.3.2B,05 v LiB,05"\ AuB,0; # LiAuB,0; BALEHIRTRE

KEH CK LR BH £2RR/NEWEERBET B0 . LiB0s . AuB,05
LiAuB,Oy M K Bt E F M (B 7376) . B MM M X 6t B &
MPW1PW91/Aw/Stuttgart/B,0,Li/6-311+G** /K FALEE] . [EIR X & B4 ZFTHAME
REE F AT A CCSD(T)/MPWI1PW91/Aw/Stuttgart/B,0,Li/6-311+G**i+ 5. f&
HZ, 3F ByOs7E 5 keal/mol WH UM FHILH: oy (1, %A1 Cs CA') Cs CA")
LA Cay CAr) (B 7.3). LiB,057E 5 keal/mol A B AR RHMLEM: Co 2, 'THEL
B Con (‘T (B 7.4). FI#E, AuB,0577E 5 keal/mol IR BN E 4 RHI%EH: C, (3, 'A)
AR Cay (‘T (B 7.5). XFF LiAuB,05, HARRANEM Coy @, *TH AT LUMRIFHIX
ST, REEBENREELERR/NEHREERIT 8 keal/mol (B 7.6). XLEAETF
& RR/ANE A BARRL R P IR 7.6 PEIH, FRTERSIRE T 2K,
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A 7.5 MPWIPWO1 7k T AuB,0; 89 AT+ AMKAE & AR R L Anst b ¥, Bl 7] AT AN RE
¥ F 4R A CCSD(T)Y/MPWIPWO1 K- T éhdaxt st ¥, Aastse &84 % kcal/mol.

Fig. 7.5 Optimized geometries of top ten low-lying isomers of AuB,0;", along with their relative

energies in kcal/mol at MPW1PW91. Also shown are the relative energies at

the{CCSD(T)//MPW1PW91} level for top five low-lying isomers.
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A 7.6 MPWI1PW91 7 & T LiAuB,0s 8937+ MK e F A4k R L dasthb &, B 5]t AT 24K
it ¥ R R E CCSD(TY/MPWIPWO1 K-FTFéytaxtfe &, 4astfe € %43 H kcal/mol.

Fig. 7.6 Optimized geometries of top ten low-lying isomers of LiAuB,0;", along with their relative

energies in kcal/mol at MPW1PW91. Also shown are the relative energies at

the{CCSD(T)//MPW1PW91} level for top five low-lying isomers.
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BLE &RiIEAWMEARS LiB,0,". AuB,0,% fl LiAuB,0,*"

45 “ﬁ@ b w.\
4 A= 9 X .
1883 ‘ﬂ' J‘

1Cx B:00 (FA) 5 Ca B,0s ('A)

1.753 1.825 1679 1281 1232

1 24i 1.781 I?-ZTZ i1-741l 1.2{MI ' I '

2., LiB0y ('Y) 6 C., LiB;0; ('1")

422
2107 1.259 _1.252

2. !5
210 4976 a-23 1212 1.889
o 99 02 -J 9090

3 C,AuB;0y ('AY) 7 C.. AuB0; (")
2.052 1.235I 1803 _ 1.735 1274 1.239| 1959 _1.213_ 1881 _ 1690 _1.279 1.233
4C., LAUB,Oy (5" 8 C., LiAuB,0; ('5")

A 7.7 MPWI1PW91/Au/Stuttgart/B,0,Li/6-311+G* K F F B,05™ (1, Cy, 2A1)+ LiB305™ (2, Coms 'T)-
AuB,05™ (3, Cs, 'A" )AR LiAUB;05™ (4, Cr, LA R AR AR & P tE 4540, BPinth THK, &
#e 4% H) 2 3§ i$ Coalescence Kick #= Basin Hopping £ 5 * #%]. E& K% B, &Kk 0, ¥
EREAL, #EKK Au.
Fig. 7.7 (a) Global-minimum structures at the MPW1PW91/Au/Stuttgart/B,0,Li/6-311+G** level for
B,05™ (1, Cay, *A1), LiB305™ (2, Cay ‘T, AuB;05™ (3, C, 'A" ), and LiAuB,05™ (4, Con, 2" clusters.
(b) Their corresponding neutral structures (5-8). Bond distances (in A) are labeled. The structures are
obtained via the Coalescence Kick and Basin Hopping global-minimum searches. B is in blue, O in red,

Li in purple, and Au in yellow.

XNTFEHME BOy (DA KK R E ML H LiB0s(2). AuB,057(3)
LiAuB,0; (4) LA MM b4 # TS, BO 1 OBO RHLHHE L. BKA4HN
1.22-1.25 F11.27/1.24 A(B 7.3-7.6). BO F# T £ BF B=0 =@ MM H 2, 0BO
FRITAIEXNHRE, HPEKHN 124 A MBENBEMBRENEBKMEE, mRKA
127 A KB ELI R E RS K— o, XLHRATXERO =%, £3F4
i, B-Au g s Rl g, HKEHHN 1.98 12.05 A, X FHHH#% S-8 5, BO.
OBO Ll (O)BAu FHITIRFHIZAI K . M B0 BER— HE-F 2 B,0s, SFHRE
T, H B-B BKEFEK. thiHh, 5Z MR AuB,05” QML E, 1% AuB,0;
(HATRERLEN.
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51 5 R RHIE BT 5T

% 7.1 MPW1PW91/Aw/Stuttgart/B,0O,Li/6-311+G**,

# & CCSD(T)¥A & OVGF & -FF B,05.

LiB,05 « AuB;0; %0 LiAuB,0; Bl 32 #t ADEs #» VDEs $({£ 548 2 2 b 3 {H ey bk 4%,
Table 7.1 Experimental adiabatic and vertical detachment energies (ADEs and VDEs) of B,O5,
LiB,0s5, AuB;0s, and LiAuB,0j clusters, as compared to those calculated at the
MPWI1PWI1/Au/Stuttgart/B,0,Li/6-3 1 1+G**, single-point CCSD(T), and the outer
valence Green’s function (OVGF) levels®.
Species Feature | Final | Exptl Theor
state | ADE*® | VDE® | ADE? VDE? VDE
(OVGFY*
B.,0; X 'A, 145 |22 0.78 (0.40) |2.79(2.24) | 2.36
A ’B, ~59 5.92(5.97) | 6.32
LiB,Os~ | X 7 1425 4.43 425(4.19) |4.39(4.30) | 4.38
AuB,0;” | X A" 1 6.05 6.17 6.01(6.16) | 6.04(6.16) | 6.50
LiAuB,0; | X 'St 240 2.68 2.51(2.27) [2.62(2.38) |2.60
A T 6.13 6.08 (5.77) | 6.49
AR ELAEN eV,
$3hi%£: £0.08eV.
CFMEZNET EA,
¢ MPW1PW91/AW/Stuttgart/B,0,Li/6-311+G** %= # & CCSINT) (4H#K)K-FFTa4 £ %5 ADEs 4

VDEs.

© OVGF/Aw/Stuttgart/B,0,Li/6-311+G** K -F F &3+ H- 4%
T, 0-0

7.3.3 BILHERMKEESE
B203 N L1B203 N AUB203 %U L1AuB203 E]/]ﬁq?} ﬁﬁ %f MPWIPWO1,

HoRAIRTEE

c THFME T P R ILITSE
WHRTRE, PR ADE TIAARKREL RS FEA40 LR,

L)

CCSD(T)LL K OVGF /KFTHEANFIERBUEMX LI FX 7.1 F. F LiB,05 -

AuB,05 #! LiAuB,05 T &, MPWIPWO1 J7i:it H B FIHIE A& VDEs IRZETE 0.1 eV
2, EXT B0y, REHILF 0.6eV. FLLZ T, OVGF it 519 B,Os
LiB,0; 1 LiAuB,0; % — VDEs 5L I8 H L EURE ZTE 0.1 eV 2, AN LXF AuB,0s7,

84




$£LE £EBAMERE LB,0," . AuB,0,° I LiAuB,0,%"

WEST 0.3 eV, X1 B0; #l LiAuB,Os FIBUL NS, 7 MPWIPW91 5V MHY
PUE 5L EMILRZELE 0.1 eV Z A, T OVGF HERREE 04 eV A HI,
X+ HAiiE A s, MPWIPWIL Atk OVGF FiG& .

ZF LiB,0s . AuB,0s 1 LiAuB,0s fZ #4 ADEs(Hl & 14 B #% #) EAs),
MPWI1PWI1 kit EHUE 5 EREUEV S HREF . iTE TS B,05 # ADE(0.78 eV)
T SRR (1.452£0.08)KIR 2, MATARNRXAEF ETEEZ B TM B0s # B0s M0
REMZASERI(E 7.7). ZBOB FIE M 1 117 84.7°78 )y 5 H11) 139.8°,

% 12 A FMH CBy0O; Coy LiBOy KAR Coy AuB,05 & DFT ¥A R OVGF K- T 49 ADEs
#= VDEs #(18.5 48 &2 & B A 69 b4

Table 7.2 Calculated one-clectron detachment energies (ADEs and VDES) of the second lowest-lying

isomers of C; B,O3 ", C.y LiB,03, and C., AuB,0; anions at DFT and the Outer Valence

Green’s Function (OVGF) levels, as compared to the corresponding experimental values.

Experimental® Theoretical
Species  Feature Final state ADE® VDE ADE! VDE! OVGF*
B0 X ‘A’ 145" 222 0.66 (0.39) 2.18(1.73) 1.92
A A ~5.9 5.81(5.81) 6.21
LiB,05 X 2y 425  4.43 B 557(5.37) 5.53
AuB,0;” X %y 6.05  6.17 6.00 (6.12) 6.38(6.13) 6.53

TR R R LA eV,

LR E: +£0.08eV.

P E R E T EAR.

¢ MPWIPW91/AwStuttgart/B,0,Li/6-31 [+G**F= & & CCSD(T) ($45)K -+ F 4§ ADEs #o VDEs.

¢ OVGF/Au/Stuttgart/B,0,Li/6-311+G** R -FFehit £ R " F 0 & F 5] b it 6h X eh LT 54
Fib, 0-0 TR TL%, Ai324) ADE TIAARKERLFE T FAHRA LR,

& C, LiB,Os” ([O=B-Li-O=B=0]")} &84 ¥ 1+ 43 /e 2 4k L it f2 P 42 &, A 2L /F A 5| L ADE
18,

# 7.1 FERFIF R CCSD(T)IHE T30 ADEs ! VDEs #{H 5 MPW1PW91 75
B EHE 3. X T B0y 7E CCSD(TY/KF T3 AYEAS VDE B 5L BEY &5
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RIF AT CCSD(T)/KF T8 #) LiAuB,0s HIZZ VDE 5EHHIEAZEL 03 V.
BAME, TRVESERUTELERN—BHMHRBE TRIVFHENAEFS5HEMNG
MRS AUk, RIVETHE T 1-3 fEBBEIENRAERELERMEGE
7.2).

7.3.4 BRI Z RIS

WP o' Y3 99 &3

SOMO(a,) HOMO-1(b,) HOMO-2(b,) HOMO-3(a,) HOMO-4(a,)

W9 ot B 3 M

HOMO-5(b,) HOMO-6(a,) HOMO-7(b,) HOMO-8(a,) HOMO-9(b,)

oo @0 9.

HOMO-10(a,) HOMO-11(b,) HOMO-12(a,)

B 7.8 C,, B,Oy 89 4-F it .

Fig. 7.8 Pictures of molecular orbitals for ground-state structures of C,, B;05 .

ZEIRATEHE 1-8 F# BO. OBO LA X (0)BAu £ 8. 1 #1 5 FT¥GHT BO
SR, BEIINRKM 1325 140 A. Bt4F, 2. 4. 6718 FHI LIO BEE TH.
BTFRKEK,3 517 P AuO 8355 . IEN 4> FHIEMOs) (B 7.8-7.11)F1 AINDP
e R 7.12)M 7L EFINT, B E R ERTER(E 7.12)LL R NRT B E 53R (R
7.3-7.6)EiEE T LA E4MEC. U ERF A ITERENF FIHARNEHTER. £2R%
INGEFE 1-4 BORIALZE R RT LUEE B 7.13 R A9ER 5 BT A MR TR H 3R
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B+E £RBLWAFE LB,0,". AuB,0,° F LiAuB,0,%"

.é.. ese a6 ‘3“ 20 3@ s.. 0se e. 0se
HOMO(s)  HOMO-1(x)  HOMO-1(x)  HOMO-2(r) HOMO-2'(x)
>0 as 20 a‘ sos0d) MQIe PJPi-
HOMO-3(r) HOMO-3(x) HOMO-4(s)  HOMO-5(c)  HOMO-6(c)
e g o2 ogPe Q) @0

HOMO-7(c) HOMO-8(c) HOMO-9(o)

m ?.g Cnr.\- LiBZOa_'ég ﬁ%&it ]

Fig. 7.9 Pictures of molecular orbitals for ground-state structures of C,, LiB,0,".

»%9 P L% gWe gue

HOMO(a") HOMO-1(a’) HOMO-2(a’) HOMO-3(a’) HOMO-4(a")

@ B PO 2B S

HOMO-5(a") HOMO-6(a") HOMO-7(a") HOMO-8(a") HOMO-9(a’)

(&da J‘ Qﬁﬁ‘ “&‘J' ..J‘”'

HOMO-10(a") HOMO-11(a") HOMO-12(a') HOMO-13(a’) HOMO-14(a")

.0‘.:3 330.. oo VW

HOMO-15(a") HOMO-16(a’) HOMO-17(a’)

B 7.10 C; AuB,0; #94--F 3ri .
Fig. 7.10 Pictures of molecular orbitals for ground-state structures of C; AuB,0; .
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ESKARGEH S RBIHEH A

o P 3@ @D Foeeor

SOMO(o) HOMO-1(c)  HOMO-2(x)  HOMO-2(r)  HOMO-3(5)

GJo--cc %&‘ao‘oo “aaoao JO.JQ ooo-'

HOMO-3'(38) HOMO-4(x) HOMO-4'(n) HOMO-5(x) HOMO-5'(n)
aa.:&» aaoao a‘.‘. J’M"" 2 o A9
HOMO-6(c) HOMO-7(x) HOMO-T7'(x) HOMO-8(s) HOMO-9(o)

.-.)\»..-o' J-J.-)‘O e ed' ,.aa.oo

HOMO-10(c) HOMO-11(c) HOMO-12(c) HOMO-13(c)

B 7.11 C,, LiAuB,05 ¢4 9 -F i .
Fig. 7.11 Pictures of molecular orbitals for ground-state structures of C,, LiAuB,0;".

(a} C;. B0
~ L L]
‘@ N o0
L ]
four lone pairs on O 1x2c-1e B-B o-bond 4x2¢-2e B-O a-bonds 4x2c-2e B-O =-bonds
ON= 1.74-1.96 |e| ON=0.93 e ON= 1.97-2.00 e| ON= 1.97-2.00 Je|
(b) C.., LiB;O,
¢ 000 ¢-0 -2 @00
a lone pair on B three lone pairson O 3x2c-2e B-O o-bonds 6x2c-2e B-O =-bonds
ON= 197 |e| ON= 1.95-1.97 |e| ON=1.98-2.00 |e| ON= 1.96-2.00 |e|
(¢) C; AuB,0,y
-
% @ .0 Q@ M oG
three lone pairs on O 1x2¢-2e B-Au o-bond 3x2¢-2¢ B-O o-bonds 6x2¢c-2e B-O n-bonds
ON= 1.89-1.98 |e| ON=1.989 |e| ON=2.00 je| ON= 1.96-2.00 je|
(d) C.. LiAuB,0,
L R L & I IRESREN RY BN et &
single electron on Au three lone pairs on O 1x2¢-2e B-Aua-bond  3x2c-2e B-0 o-bonds 6x2c-2e B-O =-bonds
ON= 1.00 je] ON= 1.95-1.97 |e| ON= 1.97 |a| ON=2.00 je| ON= 1.96-2.00 |e|

M 7.12 (2) ByOs™ (1, Cay, A< (b) LiB;05™ (2, Cury, 'T)(c) AuB,05™ (3, C, 'A")¥A A (d) LiAuB,05™ (4,
Cuvy =789 AANDP s % X, #47h T S484d.
Fig. 7.12 AANDP bonding patterns for the anion global-minimum structures: (a) B;Os™ (1, Ca, 2A1), (b)
LiB;0s (2, Cany 'Z%), () AUB,05” (3, Cy, 'A’), and (d) LiAuB,05™ (4, C.y, *). The occupation

numbers (ONs) are indicated.



#£tE £RBLAWMEEE LB,0,"". AuB,0,% F LiAuB,0,*"

AdNDP 5L, n F0 2 HF(ne-2e)BEME — N FRIBETFEME, HP nalbd
M1 B FRERETEE, XFEREETHANE R SR BT/ 2c-2¢ )
PR AEZ S B, ne-2e 8. HALLT By0s, ByOs FHISMIE T 448 2c-1e BB o (H
7.12.2). EZERARBTA)SHHEGMEHELIIER, HFES5E 7.1.a iRl X
H—3. AINDP /34 REHA T B0; KIAEE: P B=0 =8 . @ O M aiEH
RPN BO S, TS O B 2p X EEFLAK =0 LZ B/ O 2s AN HF.

AdNDP 74 REFHR T LiB,0s™ (2)F#) B=0 =%, 7 OBO FH LI HE
ZEBO#®, WMBUREN O LEF XX EF(E 7.12b), LiEFERAESHER
FRMIEMEE, NRT HEE R E40, B Li-O @AM FREKR 74), %48
ZH T Li'5[0BOI Z A BEFHK. OBO THILPBRKIENIR, KELHHN 1.27
124 A,

£ 73 Cy,B05 CADM A RERZ DB UFRTFRAH.

Tables 7.3 Natural resonance theory (NRT) bond orders and atomic valencies of C;, B,O; (ZAI).

- 3"‘. Natural Bond Order Natural Atomic Valency
0;-B; B,-0; B,-By 0, B, 0O;
t 2.90 1.02 0.47 2.90 4.39 2.03
NRT
c 0.90 0.37 0.43 0.90 1.70 0.74
i 2.00 0.65 0.04 2.00 2.69 1.29

£ 7.4 C,, LiB,0s (‘£ § A2 bS8 R TFILAH.

Tables 7.4 Natural resonance theory (NRT) bond orders and atomic valencies of C.,, LiB;05~ (2N

¢ 2000 Natural Bond Order Natural Atomic Valency

Bi- | O | Liz- | O4 | Bs- B, O, | Lis O4 Bs Og
0, Lis O4 Bs O¢

t 3.00 | 0.01 | 0.01 | 1.80 | 2.19 | 3.00 | 3.01 | 0.02 | 1.81 | 4.00 | 2.19
c 0.76 | 0.00 | 0.00 | 0.59 | 0.80 | 0.76 | 0.76 | 0.00 | 0.59 | 1.40 | 0.80
i 224 | 0.01 | 001 | 1.21 | 1.39 | 2.24 | 225 | 0.02 | 1.22 | 2.60 | 1.39

NRT
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SR HIBE S T

#7.5C,AuB0; (A) #) A RJERER BB RTFREM.
Tables 7.5 Natural resonance theory (NRT) bond orders and atomic valencies of C; AuB,05™ ('A’).

0s 2 %oy Natural Bond Order Natural Atomic Valency

O;- | Ba- | Aus- | Oy~ | Bs- | O Ba | Auz | O4 Bs Og
B, Aus 04 Bs Os

t 295 | 1.00 | 006 | 1.75 | 222 | 295 | 3.97 | 1.06 | 1.82 | 3.99 | 2.22
o 1.07 | 0.79 | 0.00 | 0.56 | 0.81 | 1.07 | 1.86 | 0.79 | 0.56 | 1.38 | 0.81
i 1.88 | 0.21 [ 0.06 | 1.19 | 1.41 | 1.88 | 2.11 | 0.27 | 1.26 | 2.6]1 | 1.4]

NRT

# 7.6 Coy LIAUB,05” (SHth g AL RER BB AR T AH.

Tables 7.6 Natural resonance theory (NRT) bond orders (a) and atomic valencies (b) of C., LiAuB,0;"

ésh.
& 20 4000 Natural Bond Order (a)
Aul—B;: B2-03 03-Li4 Li4-05 05-86 B(,-O;.r
t 1.05 2.94 0.01 0.01 1.78 2.21
NRT
c 0.57 0.87 0.00 0.00 0.58 0.81
i 0.48 2.07 0.01 0.01 1.20 1.40
920 0000 Natural Atomic Valency (b)
Al.l; Bz 03 Li4 05 86 07
t 1.05 399 | 295 001 | 1.79 | 4.00 | 2.21
NRT
c 037 1.45 | 0.87 | 0.00 | 0.58 | 1.40 | 0.81
i 0.48 2.54 | 208 | 0.01 [ 1.21 | 2.60 | 1.40

AuB,0; Q)M ATE B=0 =8 . 0BO THTHH=E BO . B-Au 2K
&40 i o T T (B 7.12.c). 3 BEF/MEX 4T OBAu F1[OBO] & T.
MOs &7~ Au 5 O Z[E A FM{EMA, AT AINDP 73+ 8B BEMERAMNER. 3/
4 B A B-Auci®, Hb Au AAET&AEPBONRE KL £, K
BO. OBO. (O)BAu &L\ K O X B FFET LiAuB,05 ()& 7.12.d). 4 F Au b
BH—ANESM T . AINDP RIFRELEM O...Li...O#.
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BLE £BEIWEEE LiB,0," . AuB0,” 1 LiAuB,0,""

73.5 BIZMIBESBRFEMNXER

B,0;5™. LiB;0s3 . AuB,0; #l LiAuB,O5 #J PES LRV 15 A T il el &
&SN UREME AR ET. i, F71a9, B0y 8 X M A i)
ADE HIZEAXN M Tt B.Os B G EHIEHOMO)S &K 2 HIE (LUMO) K AEfH
(~4.2 eV). LiAuB,0; FIAMIR A HOMO-LUMO fEbRIM~3.6 eV(E 7.1.d). #HIR,
LiB,O; 1 AuB,05” FL45 & #1558 1) ADE &, F W THR &R miE 5 R A
etk

a C .
@ o () 0. 9
/B{-3->B~ —Au"" SBsq.
10258 S0 :0=B 0:
(b) (d)
L X ] @ *e e .0 e e @ [ ¥ 3 e L X ]
SBE= O Ljoreee O0=B=0 «Au—B=0Q--Li-~O=B=0

B 7.13 (a) B:05” (1, Cay, *A1)+ (b) LiB205™ (2, Cony 'Z)- (€) AUB305™ (3, C, 'A)KAA (d) LiAUB,O5
4, Coy, SHWS5 B3 E, AP I Fh THRTEF, L4UR =4,

Fig. 7.13 Schematic Lewis presentation for the global-minimum structures: (a) B,O; (1, Cy,, 2A]), ()}
LiB,05™ (2, Cay, 'Z7), (€) AuB,0;™ (3, Cs, 'A’), and (d) LiAuB;0;5™ (4, Caoy, “E"). Lone-pairs, single
bonds, and triple bonds are labeled. The dashed line in (a) represents a two-center one-electron bond
and the dotted lines in (b), (c), and (d) indicate ionic interactions. Charge transfer from Li to OBO is
shown in (b) and (d). The locations of the extra charge in anions are shown in red color according to

their HOMOs.

IXFEH LT AR AT LUBS T 20 THUER & BAR R (B 7.8-7.11). 1 40
SMEHLTFE BB JE], 1 2-4 SREISMEL TS0 A1 BOL OBO A1 AuBO T8t b. & 7.14
PR T 1-4 SN A 5-8 PEABA S LK MOs 5t & —3. F3 L,
2-4 W SR YUE S 55 BO™. BOy LA AuBO [IFERIXT M. 2-4 {58 — VDEs 47
P 443, 6.17 1 2.68 eV, ZHESSMHFH BO. BOy LA AuBO [FiRMIE—
VDEs (2.51.4.46 1 1.51eV)iEig!6"-32.3 th(O)BAu (13t #r E AT &5 2 #11 4 o Li*/[OBOT
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MRS E R G5 R RHER 7

Mg EIERAAR ERE T 2-4 PRE SEE AT E M B XA BT UL B
W IL{E&RITABEIRAER VDE 8 EA EHHSE Y.

-0.8729
-0.8967
-0.9213 N -0. 7707‘0 —t‘
i @ ) 12190 @
(a) B.Osy (*Ay) (e) B20a ('As)
-1.1942 -1.1292 -0.9584 =1.0077 =-1.1767 -0.9139
0.2354 0.9055 1.1409 1.0349 0.9072 1.1561
(b) LiB;Oy™ (L") (f) LiB20; (")
-1.0621
05875 0.1755 15«3 08000  -0.5600
e & &3 09 J 000
."" -0.7671 0.3502 1.1680
(c) AuB.O; ('A’) (9) AuB:0; (L")
0.5669 0.9055 1.1440 ’ 0.7414 0.9080 1.1540
-0.4460 -1.0820 -1.1388 -0.9495 0.2432 -0.9568 -1.1692 -0.9205
(d) LiAuB.Os (") (h) LiAuB;0; ("'t")

B 7.14 %% By0y. LiB,05+ AuB,0; ¥AR LiAuB,0; (a—d)f=18 & ¥ P 4] (e-h)t B R L7 o
$ -]
Fig. 7.14 Natural charge distribution of optimized ground-state structures of B,O5 ", LiB,O5 ", AuB,0;~

and LiAuB,0; (a—d) and their neutral structures (e-h).

7.3.6 BEEDH
AuB,05™f] PES Y& R 14 AuB,0; Itk # EA {E(6.05+0.08 eV), i%{H NS4
HfEfSFRAERKR®MN EA B2 —. TEHEMELLR, BHEE EAs 9%
FERABENUMMEZXE. IXNAPRFEEER EAs FTTE(CL: 3.61 eV).
EAs EH T RN BB E T LLIRE Gutsev F1 Boldyrev # H KA R KRt
(195-196] | 214 415} S0 £ LiB,Os RB R EFKIKHI B —H R A, THIEA B} 4.25 eV(F 7.1).
M EEESERENESZZNENEE TN YR . BN EEBEHERE
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#t%Tm £EBLEAWEARESE LiB,0," . AuB,0,° 1 LiAuB,0,%"

FEHE xR BILE = ) EA . BO BB 1K Z(EA: 4.46+0.03 eV)#k [ 72 B SR M) B8 pg 2
(98201 77 B EA {H 34 6.9 eV (BRI E DT, 124 M1k, 38 HE IR
F17 Cu(BO,), Al Au(BOy)y, EAI1HI EA 451N 5.07+0.08 I 5.7+0.1 V3202,
AEH TR E AuB,0; [ EA {24 6.05£0.08 eV. RE AuB,0; R&— BO,
HERWERT, EREH EA HLCRENB SR BO, BHEWE R T
% Cu(BOy), 1 Au(BO2), #Y EA HE R . EMREXMERNATREEZHAT CuBO,),
AN Au(BO2); iR & HIEHUE R A Cw/Au FIFFHE, 1M AuB,Os MR & SR LB F 8 H
T BO, A THIT, %P X OBAu £ M-F o — i E Tk,

7.3.7 3c-4e nifB

£ LiB,05™. AuB,05 1 LiAuB,0;  F#EE T ER OBO 8T, 2-4 f1 6-8
T BO IR EIL, Hrb 2-4 TIEXFRE BO EK R 1.26-1.28 A, 1 6-8 FAEXT
FRETBO $81K91.23-1.25 A (B 7.7). XA X T B #1 0 I 4240 0.78 511 0.75 A,
CABAE AR IS £ 15 3 B=O W MK ERRN 1.35 A, LT LAfESD, 2-4 F0 6-8
T BO BKEA=EHMRE.

EERMNEAESHTT LiB,0s $ OBO Y AMRE. EFTE K MOs F(H 7.9),
HOMO-7/HOMO-8 /& OBO # O 17 2s % Ki-F, HOMO—4/HOMO-5 £ EZHTF O
9 2ps EFHIER TR B-O o, O M 2p, HFHIEMNASERT
HOMO-3"F1 HOMO-1', H W HI#E £ 72 ni#iniE, miEEEA LR REHNHE,
AR FRAREHuE, HFHEAD 0 AN 2p, BETHIEMTTERN 33%F 59% (B
7.15.a). A t, HOMO-3'#1 HOMO-1'%£ py 7T AL AL T —~ 3c-de nifi i, 1288 5 XeF,
B FHF 8 3c-de o HBE (0Bl ofdf—Frila s 5 ihamna, 5
M7E FHF #, F ) p R FHUES H B 1s B FHUIEH S RIE RN REIE S
HE(E 7.15.b), HAP RS FHIER AN T p B FRIEHABRGE BN 48%). LiBy0s”
' HOMO-3"f1 HOMO-1'fE py 77 [T BT 3c-4e nitB iS5 FHF oA L, K287
FR—IHIE, MEE RcHIE. FFE, HOMO-3 fl HOMO-1 HAEM T OBO
p: /7 IRl L FH— 3c-de niB . FEUL, LiB,OsTHI B .05 O ZE =7 (ps, py 1 po)
LhE, RNE Sc-de niB HH A B AR /NER. MR XeF, B FHF P AFEX
B 3c-de . WEIEERZ, OBO nE AR L& & B, S EHERTEH NRT
Y (R 7.4-7.6).
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(a} L|8203 b} HF2
33 -39 WD
HOMO-1 (n) HOMO-1* (x) HOMO-1 (5,")
oo@B ol JI
HOMO-3 (n) HOMO-3' (=) HOMO-3 (")

B 7.15 LiBy05™ (2, Cav, 'Z)F IR E = b S & F(3c-de) n ABBE(a) 55 HF, F o B4yt iL,
Fig. 7.15 (a) Dual three-center four-electron (3c-4¢) m hyperbonds in LiB205™ (2, Cwy, 'ZY), as

compared to (b) the 3c-4e o hyperbond in HF; .

FERAKR, B 3c-4e OBO niBRARET THA BO 48, BEKFEN
AN EFRETIERN O I EF. 544 0 2p X BT, XE 3c-4e niHAR
RTMERZFEMREBRELE, XFENBEENRETAARNIEEHE. OBOFEA L
BHEARERMB EEAIMTES O KRR . BATNA 3c-4e niB BRI EHZK+
EEE S EENER, XENETTUY RBEINGS.L. ARLOFMAFOH BO I,
W EHRIE B;0; 3 LA RIS E TR E A%,

7.4 FENDG

FERMNART —RIEMNEBZOWERE: B0y . LiB0s . AuB,0;5
LiAuB,O; HJH F G MR AE LA R AL 28 . Bt B FREEFER) B2Os. LiBy0s.
AuB,0;3 1 LiAuB,0; # 14 F % #) BT3RS R84 54 1.45£0.08. 4.25+0.08. 6.05+0.08
F12.40+£0.08 eV, WA EERREMEEME TRXE T, =M TERNER
/g, B,0s 2 VA, T LiB,0s™. AuB,0; # LiAuB,0; 244 BO 1 OBO F
BUNARRE RSN, SRNERLERERABLLERE A RNEWMARAZN
MR REE, DIBARREHBLA B B PR E R .
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FNIAHALIARIE A Ama RO B AR = AR Z 51 B 4 0T R 7 4 S
B MR T 32 L) . 2 AR IE 80 B LSL ST FLIF (IHHS) Ko 2 (710) YA
o T2 (1) LA B B XU A NILTEALIF (THHs) Y 714 T E PO s MR R B 88
£ HAEEBUL(TE PBEO K FPEANEFHHEETE 6 meV PN — Tl v BT Wk 4
BEAENTE, BEBBEETT EE 15@e®nns) « nas(ina®nn)
143321 ®nans)TE NIRRT Z MLBs LA A EREFE KERIIMERAR. /£
PA— TR RRE A, RS TR H A ST —— aMZEERE . fEA nas
5 pnd A E, naps B BMITHRA/SUTEFLN, RIS 7 WA 7S AL
T ERR T B L2 0 P 7 T BT ARS O EE AR R A A
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CioHyo ABILL, IXFF IS 32 B A FL A A LR HHs) ) 5 E B Fr (MLBS) 844 2 5
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A 8.1 BygHs, BagHs™ 5 BygHe 42 BILYP/6-3114G** K -F F #1 A& 6 ¥ F 44k, 3472 WX keal/mol
oR FCA L bl ik A
Fig. 8.1 B3LYP/6-311+G** geometries of the five lowest-lying isomers of BysHg, BogHs>* and BygHg

obtained, with relative energies (E, in kcal/mol) indicated.
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FNE SRR AILILAR ByeH: ™ 5 BygH, HfE
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A 8.2 14128 VAR 433 ME (APiFRET Hang VAR 433 B ERE),

Fig. 8.2 n4ns and 774733 boron sheets (The unit cell of 74 and #7433 boron sheets has been marked).
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AT O BB G ANIAHFLFR STERFE By R, ZEHR nues
N2is~ Manas Nans BNF nass BB Bag 7E B3LYP/6-311+G**/KF T RA AM# A,
AT L PR ANE B = 4 Bogo HBHIR, 3T Doy Bos M1 AT SALTT LA 2R
SUIR7H) Doy BygHg (12), ZEEHIMRTF T Doy Bos MFEMEU R X FRME, HiZEHM7E
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AT REHESTHEE 14 Pl TH 2a 1 3a EK.

. .:a:a‘. bav ‘a c‘a‘c'; R
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8.3 BygHg #£ B3LYP/6-311+G** K-F F oy F 4k, H#47iE A keal/mol A #4169 4a3t ik 44,
Fig. 8.3 Optimized isomers of BysHg at B3LYP/6-311+G** (relative energies are in kcal/mol).
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CiByts('A)  C.ByHg™(A) C,ByH"('A)  C.ByHg*"('A) C,ByH*'('A)
+115.01 +117.39 +125.29 +127.16 +131.83

M 8.4 BygHy ' 4 B3LYP/6-311+G**K-F F#y Fdlitk, #4721 keal/mol % #4369 4a5t fb 14,

Fig. 8.4 Optimized isomers of ByHs’" at B3LYP/6-311+G** (relative energies are in kcal/mol).

SERFTH 1a 1 2a HRE BAERARNEH . 1a LB AN =4 ALH 1b 5 5E
4.22 keal/mol, HLHABKEEE FHETREZE 2 30.33 keal/mol( L& 8.3). 2a tLEE—A
=AM RERRE 60.51 kcal/mol, HHLHEMEFRE=AHNLEHEE 70.93
keal/mol (L& 8.4). A, ByHs 158 [U/ML3E B-B MR+ 8 %A B-B Hrai
FH4k 1d th 1a BEE & 36.20 keal/mol, ZHELKH T B-B iR EREBMEAR T
FIXRIER. BATRM 3a tEA— ML ESLEWEE 4 23i em” BI/NES, WHE
SURE] C; ByHg (3a', LEHIH LA 8.5). 3a'bL 3a ALK 0.29 keal/mol, ZALEE
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HARME.

a4 s s » 4. 23 9. B =
‘afulede  cefelile 33-33 Fa=ata®s QNN " avenel
o oo : : :" "‘1,3 L i e S a P = W
e e e, e e, -3 35 & Rl e B
LOe SE LBE a0 J L "‘J ‘_‘__::.,..a, s 9
Cmstﬂs(lAg) C,B,H,('A) C B,sHs(lA ) CsB:GHG{IA') C,B,H,(A)
0.00 -0.29 +8.66 +15.48 +17.43
" - - “: " " “‘. - @ “ J
& @ a9 “a — 3 a
PatuRatatgt ParuRete’ e SeN e Lo ped
a i - : " - F]
> ‘:o‘::a‘a‘ ‘_:::o‘u‘af = : - :" L 2 0‘0‘0'-!‘* * ‘J# 99
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C,BH('A) C,B;Hy('A) C, B gHq('A) C,B,sHe('A) C.BHq( 'A)
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C,B,Hg('A) C.ByHy('A) C,B;Hq('A) D;B,H ('A)) ¢ B:sHé(lA)
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& 8.5 BygHg £ B3LYP/6-311+G** K -FTF &9 FHdk, Ff4577E vd keal/mol 3 # 4z éh4axt ik B4,
Fig. 8.5 Optimized isomers of BysHg at B3LYP/6-311+G** (relative energies are in kcal/mol).

EMHN, l1a. 2a 0 3a AFARMEHRE: B8 BB UHESE, BELHF
REETENEEWAFMLBSIIR2Z £ K THHs (LE 8.2). REXENE, BT
BT A AR X PRI PR, 1a. 2a F1 3a FEJ B-B BKLH niss 5 nens MEFHIRK
(1.67-1.70 A)BA KK ESN(FE 1.58A 0 1.83A Zjd). {8 1a. 2a 1 3a 1/ B-B
T KR 1.67 A, ZKEREHE nass 5 nens T2 FAHRAIE(1.68 A1,
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BT AWMU AN LA FLIR R BygHs™™ 5 ByH, HIf%

JE B RTERATT TR UE BEE BosHg (1a). BosHy™' (22) LA BagHs (32) 2 £ B/
gir), ERNEERREREEFHESUEIANEHERBRRTEREE NN
45 ¥ . ByHg (1a)F1 ByHes (3a2) 7 OVGF/6-311+G** /K 7 #9 38 T 1k g LA M £
B3LYP/6-311+G**/K-F 1+ Fr 18 # HOMO-LUMO feB(ES) T3 8.1 &, ZiHHEE
REATHTFHFREMSE. ALk, ByxHy (a)E#HE %A HOMO-LUMO #ERE(1.86
eV).

% 8.1 Dy BogHy, Doy, BogHy™ 55 Cyy BogHy 89 NICS 348124 B HOMO-LUMO #£ 1, Dy, ByHg 4o Cy,
BysHs £ B3LYP/6-31 1++G*¥*K-F T a4 & -F1iLht, Fot7h 7 523tk D,y CigHyy A Dy, CioHg
B B K-F T 89 48 52 A (NICS 20485 A1 4 £ 49T F @ F [NICS4(0)[#=-F & 1A &L [NICS,,(1)]49

18).
Table 8.1 Calculated NICSzz/ppm and HOMO-LUMO energy gaps (AE,p/eV) of Dy, BagHs, Dy
Bzéng' and C3, By¢Hg, ionization potentials (IP/eV) of Dy, BygHgand Cy;, BygHg at BILYP/6-311+G**,

compared with D, C¢H ), and D, C oHjg at the same theoretical level.

NICSzz(0)  NICSzz(1) AEgqp IP

DyBxHs  a 47.6 23.1 1.17 6.28
b -42.6 233
D ByHz®  a -15.5 -333 1.86 -
b -88.6 -60.6
CnBxHs a -12.0 -32.3 1.51 7.33
b -87.9 -59.6
DunCigHis  a 62.6 472 1.72 6.91
b -20.8 422
Do CigHis™  a -29.2 -30.8 1.86 -
b -90.0 -49.6
Dy CioHy  a -13.4 -29.1 4.75 7.97

b -82.7 -42.6
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832 MBREAMEEMY

VYR AINDP ZHHTiEMih 20 7 X &H 845 FRInflo RN . W 8.6 FTix,
ByHs (1a)8 8 N FHUE R DA E, —HAFILHF+H 0 B-B HFEHAIFEAN
H0 B F(6c-2¢) nfE, —H NS ERGAH BN U AR B B R BN P L
—HF(5c-2e) ni. FHEHL, 2a 0 3a (-EANEERS FHE RS NRA, —HAFT
4+ F 0 B-B R — A =90 T (12¢-2¢) 88, —HANTERGAREAY
AL B B 2R A AP0 — BT (5c-2¢) nit. AINDP S #7%K 8] 1a fl2a 5 —
AR FE ST C2 i — .0~ F(2c-2¢) B-B offii, ZotExt TRFIHA
AUFHAREHREE, MEEEX N o, WAMEKLSEREFIRENEEH
KA TEFLIRB S 1d. 1a 1 2a FHEE 26 o EANEHENENBFRM =P L=
BF(3c-2¢)i. T 3a, H 2c-2e BB offff LA K 22 4 3c-2e B-B o 1a LI K 2a
HEM, FENXIETEREEER-H WAMMENALE: 1a f 2a PEXNMIE
i) 4 4~ 3c-2¢ B-B oM 2 4* 2c-2¢ B-H o F &N 3a TR LF 2c-2e oBRFF
BB T B ) 4c-2e o (B 8.7).

i «:3: 3300 B CID

1a :o,_a Hy HOMO (b,) HOMO-1 (b,)  HOMO-2 (b,) HOMO-5 (s) HOMO-6(b,) HOMO-12(b,) HOMO-14 (b)) HOMO-17 (b,)
G aig 33220 S S (12 &I B
4 iD CHy) HOMO (b, ) HOMO-1{b,)  HOMO-2 (b,) HOMO-3{a) HOMO-B(b ) HOMO-T (b,) HOMO-11 (b, )  HOMO-13 (b, )
wieele 1 Q:O‘ w ‘:. 5 ‘;“:' N0 2
‘:-‘»'-c‘. ’ J - 3 3, . s ;
L P A A W 4 A . pe i
2a (0, BH) HOMO (b,)  HOMO-1(b,) HOMO-4 (a) HOMO-5(b,) HOMO-11(b,)  HOMO-13(b,) HOMO-16 (b}
s, i 5
541 oy 3B ' ’ Q
e 0 _a >
40 %' 39
- - -
3a (c,, B,H) HOMO-1(b)  HOMO-3 (b) uom (a,) HOMO—T (a) Ho«o-w rb,; HOMO-14 ®,) HDMO-ﬂ' ()
5 (DL CHM HOMD (6,)  HOMO-1 (b} HOMO-2 (a) HOMO<(b,)  HOMO-T(b,) HOMO-10(a) HOMO- mn,,\

A 8.6 Doy, BygHg (13). Dy, BagHs™" (2a)Fe Coy, BasHs (32) A A 5 Z e 8 Dy, CigHya(4)#7 Doy
C|5H142+(5)é11 E4En .lf}:f_gblin
Fig. 8.6 Occupied 1 MOs of Dy, BysHs (1), Doy ByeHs™" (2a2), and Cy By¢Hg (3a), compared with that

of Dy, Ci6Hi4 (4), and Dy, C1eHys™* (5).
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BNE E AR A ILIAN ByH"™' 5 ByeH, BIfE

Bx2c-2¢ B-H o-bonds. 1x2¢-2¢ B 20%3¢-2¢ 0-bONDS BxSe-2e & 2ufic-2e n-bonds
ON = 1.92-1.93 jo] ON = 1.80-1.87 ja] ON = 1.90-1.91 j&

inZe-2e & 26x3c-2¢ o-bonds 1512¢-2e & Ex5c-20 n-bonds.
ON = 1.81-1.97 |& ON =1.83-1.96 jo|

B [
Bn2c-2w B-H o-bonds. & 2ndc-Ze o-bonds 1%12c-20 & 625¢-28 n-Donds
ON = 1.83-1.95 |¢| ON = 1.80-1.97 jef ON =1.80-1.96 jo|
8x2c-2e C-H 0-bonds 1=gc-2e C-C o-bonds dxZe-2e & 1=Bc-2e T-bonds
ON = 1.98 |0 ON = 1.87-1.68 |o] ON = 1.75-1.83 ja|

12x2¢-2¢ C-H o-bonds 15x2c-2e C-C o-bonds Gu2c-20 & 1=6c-2e n-bonds
ON = 1.87-1.98 |e| ON = 1.98-1.00 Jo| ON = 1.58-1.96 jo|

M 8.7 1a. 2a. 3a AR B ) RIF K A L4h 4 40 5 69 AANDP 474 R, “ON"RA S 4&4l, K&
B 5K 4% 2c-2eB-Bo 4, & &M KK 4c-2¢ B-Bokt, 2ao3a ¥4 12c-2¢ B-B 4 H3x £
it B-B #féy b & K&,
Fig. 8.7 AANDP analyses of 1a, 2a, 3a, and their bicyclic hydrocarbon counterparts 4 and 5. “ON”
denotes the occupation number, blue cycle dots denote the 2¢c-2e B-B o bonds, and green rectangles
denote the 4c-2e B-B o bonds. Note that the 12c-2e B-B-bonds of 2a and 3a are delocalized in the

central regions across the B—B bridge.

% 8.2 # B3LYP/6-311+G**KF T Cy, ByHs+ Ca BagHgs Dy BagHy” 4o Doy, BygHg # H A~ B3 = A
4 & 5 4k & NICS ¥A R NICS,, 4&(ppm).
Table 8.2 Calculated NICS and NICS_, values (ppm) at the geometrical center of each B; triangle in Cy,
BasHs, Ca BagHg, Doy B;g.H,;2+ and D.;, BygHg at BALYP/6-311+G**,
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FEGOK ARG S R R BT AL

NICS®@)  NICSn(0) NICS1)  NICS(l)
a 44 -12.0 114 333
b 242 -87.9 223 -59.6
¢ 266 -62.5 -20.9 -39.9
d 290 78.1 233 547
e 267 -53.2 173 -35.0
) 9 f 281 -56.3 -19.0 -38.7
* 9
. : ‘.: ‘: o & 38 827 254 -53.5
o, D49 n 250 -39.4 -16.7 -30.6
" ".',::._'_“'aj i":ﬁbf“" 245 463 122 -20.6
s 3 i 237 49.1 ATT -36.5
Can BasH kK -269 -56.0 -17.5 -36.4
1 -193 -34.8 115 -183
m  -207 -35.3 -14.1 253
n -308 742 224 -50.7
o 249 -57.2 -20.5 -38.5
a 42 -11.0 94 246
b -238 -854 252 -67.9
23 ¢ -259 -56.8 28.1 -52.7
‘e :.. : ..: @ 4 296 -76.6 315 -69.3
Ll 2 ¢ 270 -52.9 -24.6 -44.6
PonPd ki Perd
Onie e £ =290 -57.0 -26.9 494
v g -370 -81.7 -32.5 -66.9
C3 BagHs h  -245 -38.8 -20.3 -29.0
i 246 -44.9 -17.8 24.1
i 241 -50.2 242 -45.1
kK -269 57.1 23.1 437
I -199 -36.1 -18.2 284
m  -208 -36.5 -20.8 -34.5




SB\E AR /ATEILFR ByHs"™ 5 BagH Bl

n  -306 -72.6 31.1 -66.3
o 255 -55.2 273 -50.1
N % a 45 -15.6 -11.0 -33.2
i a: a: 3. b 314 -88.5 -22.9 -60.6
o ¥T.%9 405 829 221 -50.4
S : ° :1 ,;',;',f::“id‘ s d 307 -56.7 -17.4 -33.9
s ; e 325 61.6 182 35.6
Dan BogHs™" f  -389 -80.1 -22.0 -49.1
g 224 382 -14.5 25.9
h  -241 -45.0 -12.3 -20.5
i 289 -57.5 -18.9 -39.7

P e a 136 476 6.7 23.1
*a : 2 0 : o’ b 235 426 141 233
ol E "0 ¢ 269 -40.5 8.9 114
. :-‘i }:g-'f‘q *o g as2 315 -10.0 114

v e  -20.8 213 5.1 3.0
Day BagHs f 139 49 2.8 232

g -178 132 6.5 0.0
h  -335 -69.2 192 42.1
i -40.0 -82.5 -26.7 -64.6

WA R FEOX L FHInflc M B &Y, XMZARENZHASEME
BanHm MU B.Hy RIIMHEREML. ELF 5 NICS 4 REFFLL LR
AdINDP IR . N3k 8.8 FT/R, ELFs RX L FrhEBaMcWAHEIER, 3F
52 5 ANDP I ITERYIE. FEEMR, X5 T ELF, (0.85-0.88)F1 ELF,
(0.76-0.78) LA & 351 ELF, (0.81-0.83)# KT 0.70, KRR LS FHRIERSEFIHE.
NICS,, [ R R HIMFE 2 T H75 F . I3 8.1 MK 8.2 FR, BogHs®" (22)F1 BygHe

105



TR PR FRSS 5 AR AE BT 5L

Ba)) 4 FFEMF LA E. Be SUHARE FLALE L RS B3 A0
B/ NICS(0) NICS()&E N TiE, RAT A FRISHEMHURLERGELE. AR,
ByHz (1a)ZE 4 FFEHFOLUEREN=AEN P LAEEELF R NICS,0)F
NICS(1){E. RERF 16 MNEEaH F(4n, n=4)] BygHs (a)tt BE 14 N HignE T
BER EHEKR /RN (4n+2, n=3)H BysHs>" (2a)F1 BysHg (32)1 5 F 155, BRA]
HEWX LA FIEL Bn ol SFH EREMERMAAEE S Y. EBHNL,
N% 8.1 Fiz, BysHs™ (2a)F1 BasHs (32)f NICS,, AT 5 &M Ci6H 42 H1 CoHg 48
EE#l.

1a (D, B, H,)

2h T26° 8

ELF_=0.81
2a (D,, B,,H,>)
ELF,=0.85 ELF, =0.81
3a (C,, B, H)
ELF,=0.78 ELF_=0.83

M 8.8 1a. 2a VAR 3a tyo-Fon-ELFs £ X, B8 &% T ELF# ELF, 8948 AR € N&5-F 3544,

Fig. 8.8 ¢- and n-ELFs of 1a, 2a, and 3a with the estimated values.

8.3.3 WIS HMERENTAXTEE

XEA BRGNS HARN M BREMIBTI L. WLAEHRGE, 8T
HAENEBET/EE RELESC)EW. ME Y P E S THEREKY
o TR 285 (AT & B9 B-B HRER 4M) - IX B0 A BRI JL AT K RTEZ ATHRIE A BygHe™ A ByoHy
FHAFE. NEFEHRY, W 8.6 Fin, BiHs (1a)i) G EEn s FHIES Dy
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CieHig (BB A ——WRX £, SHER, ByHs™ (22)F1 ByHs (3a)5 XA HY)
Dy, CisHis™ GYBEF MBI N KR. B 8.7 2T 1a-3a U LEZX N HHKE L
#)(4, S)F) AANDP B0 EATRInp B AR AL, EE XA T ot i AR .
1a-3a T E A5 40 A E XUEE (0 B4R 3c-2e Bl 4c-2e ofit, ARSI R &AM
2¢c-2e ot

X Fhn+oXUE BIRAT LOB MBI A s e 71 . B ARBPTENBOY I T R AEIX L8
PR T3 R B RB RN T 3.98 A1 4.23 Z1A], 15 B b 43 A7 75 XUk A 55 38
gL BAMEMI S T3 Bl R KRR B, WHEE finto UE B IR
RAENWE . BRENTAEREMZESHEMIREZTEAINEES, 25
BEA BisHe™ 1 ByoHy LLAAFEWI LR Doy Bagls A FE IR L2 UM 22 70 (E
8.2).

8.4 KE/NG

RERMNETFEEZREBRHA TSN FE Dy BeHs (1a). Dy
BycHs™ (2a)F1 Cay, BagHs (32), ‘EATFI{E F EXUHBA 7S U FLIR(THHs) AR E I E R0
ME L. 418 CMO. NICS. ELF UL AANDP & EA10 2 /5 FMHUR
5 Dy CigHig (4)F1 Dy, CreHus™ (5) nE B AR ML . 1 B 8T8 REB BRI LS
), XSGR E BT R B2y 17 I RIE S 91T MLBs ARUKHIEE . RoKiX
LI A A AR AE SAE T I SE R A RS R B S ik S It R L S ) 5%
S B BARAOR R .
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BAE SR T ERES BB Lix&Bse. Lis&kBs, F1 Liy&B;s™"

%h% 5"‘?%3?.1??%%%6%%% Li4&Bj6s Li5&B36+$ﬂ
Lig&Bis

9.1 5|5

ERRAR S ARG TR, BAEEENLE, TR HIEW S FiE2HR
PRHIER S 2 RO B TR FT 3 5 (me-2e). 22 HP 0 P AL 14 R IR 7 AT Bl ST T
HEFEREIE B, " (n=3-25, 27, 30, 35-38) 1/ i FEgE! " 1319208, 281 o st RR b v
V0 Bsg A NE n FEM, MASEHCpuH)MUN, 2007 G, BLEE Ceo
R 20 DRARTEAB R T Byo, ZEE MR — MEH M I BERI 2T B #5224, sk,
ZIEMERITHRASLMENREMWLLE, By AT &-575454. 2014 £, @&
SRR AR T FARG A RIL T 5 N W E EE Dy Bao s BIIERIE. 2015 4,
TATRBARE T o FHWERE C/C By Pl 205, BT RKES MHEBEIHHE,
PIERI KR AN FHE C By G B SRR IRIE .. XBEMIAE, A A TR
Big v Baos Ba"BAK B R T AR A BA%E n b R UG A S+ 440
B LR MRNEE(BDCs), 1A AF M-S ANBRARSRE-Lid LR, .
ngtn=6, HH(3,3). (2,4). (1, 5F0, 6)5r FIF N F n=39. 40. 41 Fl 42, L0
X SR IG H iR P Nk, XEELEMHER LR o M o R, BEXRIN
n+8 X IR = OB R T o (8 3c-2e o) LR B TE R B BHI 12X SHOH BT
7 (12 me-2e n)i.

16 Doy Bay 1 G5/Cy By RIMZ ST, MIRRIG IR E RN P, % T IR
WK, B TAEETRE T 58— W M@By (M=Ca, St)f1 M M@Byo (M=Be,
Me)& BRI, 205, KT Doy Bao M FEMANEATE LT AP, Dy By
FIAT AR B0 A M@Bag (M=Sc, Y, La)BI L HT AP, BT Dag Bao (04> T3
SR TP IILL R Bao fif UM B IO ER 0 TR 14 4 44408 3T 7T Bg® 0 Bag MU F
HR AR — SR TAEAR T OUE, ATRUBE TR E TREH Ca@Bss F1 Ca@Bay'
(2202211 0 ] i B0 o A LA Cp Bog ™" B UMY, S22 H BT AT R I A 4]
T Doy Bao B R ANIER . € Boy P AE ML ENBRALEMEMIFE S
ELATHALF T, HH(ne, n)y=(1, 2). 2T E 81 IRE ERIG S, BT — 4
LW R E B NUTALIRRE . BARBE —NEAE R G R E T RTEER I R ik
fIR 5 B R & H 7NIARALE, Bl(ng, ny)=(6, 0)? BUH B EBHXE— N TELL 5|
N R A L AR T A EORR S ORI ? X B A 4% 0 o 7E R8I 2 S0 06 7 T £ R AR AE
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e

ETREBEME-MEEITHE, KFLRAPFAT %R Lia&Bss (2)- Lis&Bss  (3)H
Lis&Bse™ M. 1ENMAHIME D THE T EY), KELMBMAE LR Bt (1)
o AN ENARFLEIITE LA+ AR E TR . X RERE, TRk
W F 5 K3 Bse" s HH(ne, n7)=(6, 0). 1E 9k RN EBICRMAE, St
FRYERY Dos Lis&Bsg (2) Cay Lis&Bss™ (31 Ty Lis&Bas™" (4)EH 44 X 5538, 3c-2e o 82
A2 X EIE Sc-2e o B, XESEI SN T2 F R H 50 5 004 S TIERIE F 01
otm XSRS AR SN o BEAMNA BB T LT XSS AR O PR Bh 413 LA J FL R e DA

9.2 I HE

HTHIMTIE. FRMEIR Bse 454, FLHERT KEH LiBsen LisBss
R LigBss™ §1 54016, FEREX L3 THIH9 DFT-PBEO 14, KEfy Ml 152
BRIFABIL 24 BEERMEH. 2 EXHERAEER R/ DFT-PBE0/6-311+G*
KFUSHAT T a8 thAk, RIS RHX L M BT 7. X 24 WAL R EE
RING 4 CCSD(T)/PBEV/6-311G* /K17 7 8 154, @it CP2K 2712221 4y
AT 2-4 15 F A MD)EERL. AINDP 1 CMO 4387 R S0 i =, a4
BIEHTNBO)MIREBI R FHAHL . AINDP 1HEiEit AINDP 2 5L,

CCSD(T)H sa it H it MOLPRO 15 L8, HeE & itEI5% M Gaussian 09 725
[143]

9.3 FFRFVTHE

9.3.1 GHMRE

ZHIRERDCHE TR ST P R B Bys 2 — N EA Co MR h RGBSR
—ANAALFRIHEF 85 . SizAEFmes bk, LA ERERET Co B MIAE
BEERRS(FE PBE0 KF T & 2.84 e V)P, PRAHEBIEDTER, 5 Doy Ba AL,
ST Con Bag BRI w4 o3 TR 38 R B BRI B o+ T B AU, S SRR 43 3
A ER S TSR Bys™ (DE—ANSESE T, SFRVEHIZE TR 10 B 4 N85 4,
HEE M A TRER AR F LA AT T 25 /s 9.1). Bse™ (D)FIRF AT B R & A\ Lk
HE )\ LE = AR AR B £ty AU EREM . B T T PR ECHERER,
Bss'™ (DELARRI ARG ML B 7E PBEO /KF F & 4.19 eV(B 92). HTRE T,
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BAE SERTERERBERE Li&B;yg Lis&By T Lig&Bse™

Bss" (1), BAIBIAT A Li' RESFRAME TSI BT . S AHSHE,
AENAEAES Li'ETFRFEsE Dy Lu&Bss (27 PBE0 KFE5=FEIK Cu
LisOBsg JLF %A E(E 9.3), FAXBEEIUNLE 0.17 eV. AT F AR HH b — & fH
SRERAR, RIVEMATHWEARRBTRELERRN CCSDT)HE#ITIHE, &3
RHIEIR Dop Lis&Bss Q)L 5 ZFHFHI=IFEIK Con Lu&Bss fEEIRE 0.10 eV. F ik,
Day Lis&B3s Q)R FTE B BIH LisBss FRIBEMLENM. U4 Li R FRA WP NEE
fE By BN EF AN AFHIFAME L. 7 PBE0 K FEA Li KB EREN 3.27eV.
IXFE Lis&B3s QXM T —MEZN L ERIMEE &Y, Kb wEN B MEREZ S
FRIE PO Li' OB 78 5 - Lis&Bsg (2)F 9 By  BERIB L AT S ERAL A - E(84
)=F(44 =f+6 NAKE)HV(36 Tm)-2. 1EAR Lis&Bss Q)WL E FHE, 4N
LimAZNBE=MREERME C, Liu&Bys UEEF I AH L= EEEN
L' NGB EEETE CCSD(T)/KF4rHILL 2 /& 0.04 eV 1 0.21 eV. W& 9.3 AT
7N, LiyBse7E 1.6 eV Z ARG EABRBE RGN, ETHFE Co By BEIHIAE
SFHER R AR 2 HED 1.63 eV,

1ThBs" ('A) 2 DanLis8Bs ('Ag) 3 Cy Lis&B3s" (‘A1) 4 T Lis&B3s>* ('Ay)

B 9.1 PBE0/6-3114G*KFF T, Bss" (1)« Dy Lis&Bss (2)s Cay Lis&Bss™ (3)5 Th Lis&Bss>* (4)4Y
4,
Fig. 9.1 Optimized structures of Ty Bss* (1), Dy Lis&Bss (2), Cay Lis&Bss™ (3), and T, Lig&Bs¢>* (4) at

the PBE0/6-311+G* level.
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TR SUKEIRS 5 B RHE T 5T

SAYAVAY 2
/NN NN\

D,,('A)
+2.16

B 9.2 PBE0/6-311+G*K-FTF By #98L & Fiigtk, Aastfe 89842 eV,

Fig. 9.2 Typical isomers of Bss'™ at the PBE0/6-311+G* level. The relative energies are indicated in eV.

BAMHAARARAGIAN—AREFH LITFAEFIT UL ERNEBMERERET
K. NP 9.4 ¥ 9.5 B, B 523 Bas AL M B R R MM Cyy Lis&Bse” (3)F Ty, Lig&Bss®
@OS5HERMETURIFHX ST, BEMNNGEECRTRERME. FELAEE
DU Lit BT A —A Li'#I5ME Lis&Bss' B)RA Coy Wk, MEZETREA
AANEN LiFAB THISME Th Lie&Bs™ (4)EATENETEHGE LNALLE
TRERFIRHE & — LiN). LisBis' B N RMER R LE—A Li' BREE N EE
#H L't G Lu&[Li@Bse]', HEEEE CCSD(T)/KFLL Lis&Bss™ (3)EEER 0.39
eV(E 9.4). FIF, BAFE—NPLAE LM METES LR ERE—4 Li*
(] LieBse” HI5E — N FHIME Cyy Lis&[Li@B36)* 7E M % /K F L Lis&Bss®" (4)BEE T 0.72
eV(E 9.5). HEERMFEFEENRAFREMTRKTIM4,
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AVAVARY
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WESKERA S R R

+1.94

TR
/ " / i V. NN
. Y, \‘,\f \./ \
e e S
\'{?""_ )_\—:‘E,J
L .

C,('A)
+205

M 9.3 PBE0/6-311+G*K-F T LisBys #9K At B F A4k, faxtfe B H42 % eV, ARBETTIILT A
CCSD(T)//PBE0/6-311+G* K- F #4axf ke ¥ .
Fig. 9.3 Low-lying isomers of LisBss at the PBE0/6-311+G* level. Their relative
energies are indicated in eV. Also shown are the relative energies at the single-point

CCSD(T)//PBE0/6-311+G* (in bracket).
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C,('A) C,('A)
+1.66 183

c,(A) €, (A
+203 +205

—— /)‘
A P, 1

P o—-—"\ e A £

‘z— 7' i \" PAYAY ﬂ o
WA WAV . ( VAVATA"Y
SR G

e

C,(A) C,('A)
+223 +2.23
: ",_‘? .\l Z%
L% R,
(" - -.-_9
— .--tf P e 0
C,(A) C,08) C,(A) C,(A)
+227 +2.30 +237 +2.42

B 9.4 PBE0/6-311+G*K-F T LisBse 00K fb ¥ F 4k, st fe E#42h eV, AIHIE5FI T A
CCSD(T)//PBE0/6-3114+G*K-F T dy 43T % .
Fig. 9.4 Low-lying isomers of LisBss" at the PBE0/6-311+G* level. Their relative energies are
indicated in eV. Also shown are the relative energies at the single-point CCSD(T)// PBE0/6-311+G* (in

bracket).

932 REMIH

Lis&Bss (2). Lis&Bss" (3)F Lic&Bss™" (MBI EHEIFTh FEAM—E 8T
SHAMpERNA. 2 THESTRBAFEEN 2. 3 M 4 £ PBE0 KFAF KK
HOMO-LUMO FEBR, 43514 2.98. 3.12 1 3.21 V(& 9.6), iXE{E 5 C; B+ Doy Baos
Ci Bar*~ Cy Boa™ H I Coo TE /KT T BT B AR 24 (5 B4 2.89. 3.13. 3.16. 3.24
$13.02 eV)225: 38 9L SR EANMEIE T XA E S RIERIB L 2R e . ARE
AR RT 2. 34 NERETFHBER, S MEESNERTFRE—/H
FEIBRETH Bsg #%, 2. 3 14 PEIHE BRER 259 qui=+0.83. +0.86. +0.89 |e]
1 qp3e=-3.32. -3.30. -3.34e|.
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BNE SERLERERMERSE Li&By Lis&B;e F Lig&B;e™

c,('a) C,('A) C,('A) C,('A)

| 9.5 PBE0/6-311+G* K F T LigBss” #9 kA& FA 4k, il #$4ah eV, AMHBTTIIHT
4 CCSD(T)//PBE0/6-311+G* K £ F éh4asffb & .
Fig. 9.5 Low-lying isomers of LigBss>" at the PBE0/6-311+G* level. Their relative energies are
indicated in eV. Also shown are the relative energies at the single-point CCSD(T)//PBE0/6-311+G* (in
bracket).
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WK RS 1 5 AR R BT 5T

F\
-2 LUMO (b,) ‘?

-4 4 298 eV

Loy TR —
L

-6 -
312eV
[ ; .
(= k-
HOMO (a.) @ LUMO (1)

Orbital energy order (eV)
[0 4]
1

321eV

-10 4 f" a
il ———HOMO (8, *

A24 -

th .

B 9.6 PBE0/6-311+G* A F T Dy, Lis&Bss (2).Cay Lis&Bss' (3)5 T}, Lis&Bs¢’’ (4)89 7T 5 49 F ik .
Fig. 9.6 Frontier molecular orbital of D, Lis&Bsg (2), Cay Lis&Bss" (3), and T}, Lig&Bss”* (4) at the
PBE0/6-311+G* level.

KBH S FEFFMRRY Dy Lis&Bss (2)- Cay Lis&Bs™ (3)H1 T, Lis&Bss™ (4)
200K TEERE, HHTRRERMSD)TH14 0.06 A 0.07AF10.07A, &K
BEKREMAXD)H 514 0.20 A, 0.23 A F10.27 A (LE 9.7-9.9). 2. 3 f1 4 7E 600K
WBA B NEHBEE), SATITE 800 K FIRT{R, Do Lis&Bss QI T A ENAHIL
RGN B0 9.7). SZHtk, EXMEET, C Lis&Bss
(3)H T, Lig&Bss™* (HHRF N EREN . RELERH—PRAMBERMN LGB TH
B EETHBE SR EHE.
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& 9.7 Dy, Liy&Bsg (2)4E(a) 200 K- (b) 400 K. (c) 600 K #=(d) 800 K F 30 ps A 84 2F5h A £ HE 4L,
3 % 1k £ RMSD)fe & K {2451 £ (MAXD)# 242 4 A,

Fig. 9.7 Born-Oppenheimer molecular dynamics simulations of Dy, Lis&Bsg (2) at (a) 200 K, (b) 400 K,

(c) 600 K and (d) 800 K for 30 ps, respectively. The root-mean-square-deviation (RMSD) and

maximum bond length deviation (MAXD) values (on average) are indicated in A,
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8 9.8 C;, Lis&Bss" (3)4£(a) 200 K. (b) 400 K. (c) 600 K #=(d) 800 K TF 30 ps A ¢4 % F 50 /) F 4 $ik,
3 % 484k £ RMSD)F= & X 1248 1% £ (MAXD)#) #4325 A,
Fig. 9.8 Born-Oppenheimer molecular dynamics simulations of C;, Lis&B3s' (3) at (a) 200 K, (b) 400
K, (c) 600 K and (d) 800 K for 30 ps, respectively. The root-mean-square-deviation (RMSD) and
maximum bond length deviation (MAXD) values (on average) are indicated in A.
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Fig. 9.9 Born-Oppenheimer molecular dynamics simulations of 7 Lig&B3g™" (4) at (a) 200 K, (b) 400

K, (c) 600 K and (d) 800 K for 30 ps, respectively. The root-mean-square-deviation (RMSD) and

maximum bond length deviation (MAXD) values (on average) are indicated in A.
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(a)@

36x3¢-2e o-bonds Bx6c-2e o-bonds 12x5¢-2e T-bonds
ON=1.83-1.98|¢| ON=1.82]e| ON=1.91|e|

(b) g
36x3c-2e o-bonds Bx6c-2e o-bonds 12x5¢-2e m-bonds
ON=1.82-1.97|e| ON=1.73|e| ON=1.87-1.90/e|

36x3¢c-2e o-bonds 8x6c-2e o-bonds 12x5c-2e T-bonds
ON=1.82-1.97|e| ON=1.72-1.75|e| ON=1.88-1.89|¢e|
(d) g
36x3¢-2e o-bonds Bx6¢c-2e o-bonds 12x5¢c-2e m-bonds
ON=1.88-1.95|e| ON=1.73]e| ON=1.89/e|

B 9.10 (@) T4 Bss* (1) (b) Dy, Lis&B3 (2)~ (€) Cay Lis&Bss" (3)5(d) Ty Lig&Bse’" (4)%9 AINDP £,

#ix X,

Fig. 9.10 AdNDP bonding patterns of (a) Tj Bss* (1), (b) Dy, Lis&Bs¢ (2), (¢) Cay Lis&Bs6" (3), and (d)

T Lis&Bss™" (4).

9.3.3 RBMEEMS

40K AINDP TR T 1-4 LAWK o+n B REE R . WE 9.10 FiR,
Ty Bis™ (B SN ATESE T RER 36 1 Bs ZAHI 36 X 3c-2e o BLUAKE 84
ALERI SN B FH=/ATH 8 6c-2ec i, T 6c2ec BHITERTE B, =HH
BIRER. B, X8 o BATLUEMUEER 44 1> 3c-2ec B, HIETREEN B; =
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BNAE MEALERE B Li,&Bss. Lis&Bse A Lig&Bss

THE—Xf 3c-2e o . FR 24 MIBHETLLI12 X Sc-2en T30 T 12 FHHAE
AR AEE b, X BERY ot OB IS BRI SRR (1 A AL AR ST e &5 1) R
SEFEZ M Doy Lis&Bsg (2)« Cay Lis&Bss™ (3)LAI Ty, LigkBas®* (4)EBEH 36 Xt 3c-2e o
B, 8 Xt 6c-2¢ ¢ TN 12 Xf Sc-2e m §f . IXEEH 4~6 NTHIE 25 1 Li AR W AR B AT AN
Bss" (DFRAI BB, AT Ba® (q=n-40)Z 5/ B i ad FR i AU ER AR «
XF BB R BT X SN RN =R A, HXEEFFON
NICS H{H (4 514-35.9. -42.8. -44.0 F1-45.2 ppm)tHiE ] TR RIS F M, L EFHF
P HIBME S 5145 CoBsg®« C3Bsg™s G Bsg v Dag Bags Ci Bay H1 C Bao? MBI E A AR

315 [22:23, 38, 220)
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{2} IR Spectra (b} Raman Spectra

B 9.11 PBE0/6-311+G*K-F T Dy, Lis&Bs, (2). Ca, Lis&Bse™ (3)5 Ty, Lis&Bsg’ " (4)894% $il(a)#x 5h
A2(b)42 & Kk, 5 T, Bae' (189485 kit 173tk
Fig. 9.11 Simulated (a) IR and (b) Raman spectra of D, Li;&B3s (2), Cs, Lis&Bsg™ (3), and T,

Lig&Bs¢>" (4) compared with that of T, Bss' (1) at the PBE0/6-311+G* level.
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9.3.4 RIS IIERN

AN NBEAEES M REER T HE AW RREFTFAENERF
B. [ 9.11 iRy 1-4 AL IR &, 2. 3504 46K T T Ba™ (1D7E 1179 em™ (1)
#1815 e (t,)AEHIPIA IR I . Lis&Bsg (2)7E 86 cm™ (bsy)Ab A3 IR TRUCIE | Lis&Bse"
(3)7E 357 ecm™ (bo) R AR UTIE LL K Th, Lis&Bse™ (4)7E 324 em™ (t,)HIRILE S B i 15
JA B a5 R IR T 2Z B P EI 3R 3N . 2-4 ORI 8RN 1 L BB EFARMUE, T, Bse™
(1)7E 1127 cm™ () 811 cm™ (t) BIEETE 2-4 3R %, REMREAFREIEE 9.11.b).
2-4 PIRT 650 em™ A = B FEIX LE PR A% o T B 2 AR IR FROIRED . Ty Bas™ ()7E
205 em™” (e 459 cm” (ag R AIR BIEHB RN EERL L B PR IR AL
A"(RBMs). 2-4 FEAL 1 BN EB K RBMs.,

3 1
B, B,
iﬂ%
e |l s
Lis&Bss (D, “Bsy)
3
B,
-l
o
w
'A
g
-
v
||l--|||l||||||l|||1|r| T
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Binding Energy (eV)

B 9.12 Dy, Lis&B3¢ 9 PES # #l £ i# .

Fig. 9.12 Simulated PES spectrum of Dy, Liy&Bag .

9.3.5 KE-TFEEIEIELL
i 5T, LRETFRIEPES)S M LHEE B AL & RIS AHE
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FNE HEXLERERMWERIE Li&Bg. Lis&Bss # Lig&B;e™

FERAE SIM . EH TD-DFT &Y, BATEALT Da Liu&Bss # PES Hi(E
9.12). MERT4I, Dy Lis&Bss 5 E4RIE /) Doy Bao IV A A B BRI, Dy,
Lis&Bss BA B KAEPR(1.64 eV), HENE—TFE(AYHE - RIECBZ A
AEPR{E . Lis&Bse 7 PBEO K FHIESHAMEEFEAERIX, ADE M VDE 4515
1.48 F11.54 eV, XLHIE 5 Doy By #itL, KELH 0.9 eV. PES HikhH T AE
AR ARG E T BELRH R Liu&Bss V#1758 %.

5 Li,8(Ca@Bus] (Do, 'A;) 6 Lis&[Ca@B]’ (Co, 'A1) 7 Lis&{Ca@Bsg*” (D2, 'Ag)

M 9.13 PBE0/6-311+G* K+ F Dy, Li,&[Ca@Bsg] (5)» Cy, Liz&[Ca@Bss]" (6)5 Doy Lis&[Ca@
Bsg]” (44,
Fig. 9.13 Optimized structures of Dy, Li,&[Ca@B34] (5), Cz, Lis&[Ca@B34]" (6), and Dy, Liy&[Ca@
335]2* (7) at the PBE0/6-311+G* level.

9.3.6 AHRFIMNESRIEBRNIIKE

AEHEMNEHAATHPOLEEAR CZHRADKESR 24 A Li'MI%ER Dy
Li&[Ca@Bs6] (5)« Cav Lis&[Ca@Bss]" (6)LA K Dy, Lis&[Ca@Bs6l* (7) (B 9.13). 1
Ca@Bss #1 Ca@Bso ™, #5IRE FHHIEI A IR BN 7R A M8 EMERIE Bag®
1 Byo” 202U, 71 2-4 K0, N&R 57T HEHRN orn WEBAREBER, EIIAE
AEERHRIIEESBE AV A5 HE RRY By (1)TT/E AR Lis&Bss
1 Ca&[Ca@Bse) =4 da A R I EE AR S 5T,

9.4 AEGE

ABERETREMNE-MHREETHE, RIWATHEXLEREBETFEREEY Dy,
Lis&B3ss (2)« Cay Lis&Bss' (3)LAK Ty Lis&Bss™ (4), 3 #1 T EAVKIL 5 BB .
BB &M T ER Dy Li&[Ca@Big] (5)« Ca Liz&[Ca@Bss]” (6) LA B2 Dy
Lis&[Ca@Bs)** (NI . Dop Lis&Bss (2)« Cay Lis&Bss (3)LAK Tj, Lic&Bss™ (4)%
EMRER RS HMREEN, K 4 AEFREXNHENS BWERE. £Xm
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FAE AT Bse 5 ILFER CaCBs AT A

F+E HEFE Bss SHEIMEIR CaOBss IR
10.1 31§

AXFTRE G, BT BB e, TCIRTE 2 T A 47 T 2 A o B R 4 ) T
WEHOHE T (me-2e). L ZE 140, @i EIRFILIOH AL SEV AT
B S IS B, (r=3-25, 27, 30, 35-38) £ Hy Vo4 £ oo b ey 1S 13 18210
TR REE A EENDBILRCUETE oy Bys P2NAR LR A Co 19 Cyy
Co©Bys~ PP 5 iy FREIE SEIG B R2 0 T TU B B4R AN B BB oM - T . 7R Lt
SFHE T, DRNMERF R ER 2c-2¢ o B, T 5 E) A1 S0 R ME I B R
mec-2e o B n BIEETE . NI B=4%T, 2POBMEWENEE. &
T HRAE H BERI% (W E B00%) Daa Bao * P C3/Cy Bag” P K& € Bag IR B O
BT HH RN me-2e oBlini (m>3). WH M@By (M=Ca, SHM4ME M@Bayg
(M=Be, Mp)& B E A I B0k FHOE B fe e 41 . B R RIERKFE TN
FANFAHE C By F G B T RMENG R A B R AP 8T M i+ 28
BCE I S BT LB R R E IERG TR E TR, W0 Li&[Ca@Bse] ™ 47 Ty Bas' -
Ca@Bs7 HH9 C, B3 29 Ca@Bsg 21 M@Bs3s (M=Sc, Y, T h (1 €, Bsg® LK
Ca@Bso 1] C3/Cy By #RWT LAFEARE T2k L% FHASE 19— M TGAEIR(DR) B,
(n=16-25)"2 48R TR R HEE T B~ A EE T BINEK. 2016 4, LW
1 Dgg Co©Bs £— MR 16 MALEEIWE &0, ZE4&N#—PR\ETTES
J& Rl B % S BOM A 5% b N Z (D) FE B =4 OD)E FHIS ML IEIR AT £ F
Z RIEILKF(DFT) T, =FERAR) Bsn (0=8-32)WRBAZF LM, — &
AN L) A 7S IU AL B TIR(PRYE R o-Bgs 7 DFT /KT FHGE R R H ik &
B Mg R, €5 AEFEE MU ERMABRERLERES
EARIREERE M IRE. W ZAERFAE UL NN & B E 540 T 8T
S YT 9T AT o B AR S 560 T A S B BE R 25 BE R A oK 5 5. 200 ) R 2 4R B TR
TSR AR 4 ST AN AE KN E MR R E (S

RFRBOE—MEEITE, KERINFRT HFE Bse (A-DIL K81 5 %%
A-1 BEMARERBTHBE S5 CaOBs (B-1). ZH AW INAREBIEMHNHo-
P4 K CaOBNT(4,0) (C-D)HIREAS, Hrh CaOBNT(4,0) (C-1)7] i o- Tl 2 3 iy 17 114
B0 PEAN R 43 T HUIE S AT e BIHEE 1 Cyy Bsg (A-DEUREEE 305 CasH e 4L, B
B EMMERTEME. AR Cp Ca¥OBs B-)NE FERAAGRLULEES
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MEPUKERS 1S R R

EFREMAMBERGTEEN R R MR T XERAEMLII. RELL
BB TFRIEUMNRR LB RIERESE.

10.2 Big5E

0.00 +1.05 +1.06
(b)

B-1 Ca®Bs (Cyy, 'Ay) B-2 Ca®Bs (Dap, 'Asg) B-3 CadBs (C,, 'A’)
0.00 +1.18 +1.71

B 10.1 PBE0/6-3114G* K F F Bss (a)5 CaBsg (b8 AT =AML ¥ 4k, Jastfb B84 4 eV,
Fig. 10.1 Optimized structures of the three lowest-lying isomers of Bse (a) and CaBs; (b), with their

relative energies indicated in eV at PBE0/6-311+G* level.

BT ERIRE R Bss K FEABREMPVF TIREB T — L CaBse HIG 1 FIRER
THERRBHEREN, RINUETEEHEZANMTIDER Bss HI%E TIRIIERE 4
t, AR SR E-WERRNFRE LM ALHKILRN LHE
o-Bss (A-2). 2 J5%H Gaussian 09 525 PInfiX te{i Ak & F M4 7E PBE0/6-311+G*7K
SPE005, TSl 4 4ty A4 FOSRE H , Miinima Hopping TEFEU M8 2 8 5 500 BAL
R A REILL CaOBS56 (B-1)EEREMLE M . #FE Cyy Bss (A-DFMHFEIR Cyy
CaOBse (B-1) KIS il AINDP 543 #7718 3| . AINDP 753 2 8% 5 i @ 2 ip
fIFRRE, BIEZHOBHEET(me2e, m>3)EAYY, HFEE C Bss MAKEIR Cy
CaOBse )% H T AELEL TD-DFT-PBEO/ M H 5T, @t EMBRE-HE
BENERa-MPKE CaOBNT(4,0) (C-1)7E PBE /KF Filit VASP 8 P20 47
Tk, tesh, BAVHE T CaCBse (B-1)F Dyy Bsg™ & T H 3 ) NICSPUE i &
IR E S &
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F1F HEFE Bss 5 HhFER CaOBs TR

10.3 &Rt

10.3.1 L5HBHE

AT FLMAR Bsg R . T 10.1 A& 102 fion, £ PBEO0 KFF, Zai#
W BB RANENANLHARGAETE Co Bss (A-1) P AH =ANGHILA
HI#EFE C) Bss (A-2)FF AR E AN EMNAHIARI A ER Con 0-Bss (A-3)5)
HFESE 1.05eV 1 1.06 eV, HEMRAERF KL Bss A-DHIRREZEDE 1.19eV, &
FREBE/NZHEZHWERTERE C Bse (A-THN HIEHLIE K18 BB N 28
R C1 Bss (A-9) PULL Bs (A-1)EEE 4 517 1.78 eV M1 2.64 eV, LA AT /NETF, 7
PBEO 7KF F , 5 Bsg (A-1)ZEUAIHETFT Cyy Bss™ - 5a-Bsg (A-3)KAU KT FLIFEAR Dy
0-Bs” Fa5E 1.07 eV.

e XA

“:t':b VATAVAVAYAY, ‘?Yl

e "

A9 C, A A-10C;, 'A A11D;, 'A
+2.64 +3.35 +4.09
e s N ” ‘\;_"‘ -~
~ - Bl e i G, |
W IARIAC ATy VG« @
Lot ‘-._\ i ._" t_‘ s '-._\'_‘ o A
b L7 g 0 — ._\ u "=_=,\ VaY,
‘.-\.\_‘ “‘-._.""--H‘ t._1_‘1 - " !:_\_- ‘--‘ '.-
"‘-\.'2;-1 = = e
e
A13C, ‘A A14C, A A15C,, ‘A A-16C;, ‘A
+4.72 +4.89 +5.08 +6.16

10.2 PBE0/6-311+G* K FTF Bss 091K AL & F A1k, AAxTiE&E 42 H eV,
Fig. 10.2 Optimized low-lying isomers of Bs¢. Their relative energies are indicated in eV at

PBE0/6-311+G* level.
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B 10.3 PBE0/6-311+G* K FF CaBss #9IKFEE F 4R, MR LN eV,
Fig. 10.3 Optimized low-lying isomers of CaBss. Their relative energies are indicated in eV at
PBE0/6-311+G* level.
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B E MEFE By S RHEAR CaCBs, HITF R

[ 10.4 PBEO/Sr/stuttgart/B/6-311+G* K+ F SrBss 91K At ¥ F 491k, stk 845 H eV,
Fig. 10.4 Optimized low-lying isomers of SrBss. Their relative energies are indicated in eV at

PBEO0/Sr/stuttgart/B/6-311+G*level.

B S AN—AMERTFRAME K REVB T 1, 2D #EFE Gy Bs (A-1)F) 3D FLFR
R Cyy CaCBss (B-1)RA T HREIM A M. A 10.1 FE 103 FiR, Z3D 4
HAH /MU EH HESFEFATEHAN. CaCBss B-1)EE— 1 5a-Bse (A-3)FAL
HIJLPSEE M A ER Coy 0-Bss A4S . MBS —NFEE, CaOBss B-HRFEAE
BESHNUANNAHAFREHEEZRAWHNEERN TR E, IENEHERS
B," (q=n-40, n=36-42)F BRI S MEAR AP 2,38 149, 20.2506] | 0, CaOBsg (B-1)LL4S R
FALT O HIZE T o-Bss (A-3)H Dy, CaCBsg (B-2)F1ZET Cy, Bss (A-1)fTH 7 22 HIHE
SFH C; CaBse (B-3)7 52 1.18 eV 1 1.71 eV. HERAERAFE. EREZER
ZHIE L CaOBsg (B-1)EEEZEDHE 1.82 eV. T Bsg (A-NHIABEBIIIRIE S,
Ca@Bss (B-6)F1%T Bss (A-9)f C; Ca@Bss (B-13)AE B 43 5tk B-1 5 1.87 eV #1229
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eV. WkE AR ERERY CaOBss (B-1)E B ML RE—MRIEE M
EAREEF . £ PBEO /KF, Cy CaOBss (B-1)EA B MEN 38.51 e BIFT I RESA, 1%
ST BB S A, BRIFEREIR C, CaOBss (B-4). EEET SR ICALAIE
L 1, Cay Ca©Bsg (B-1)H1 C; Ca©Bs¢ (B-4) 2 [E]HREE Z{L N 0.01 V. 45T DFT-PBEO
ZERRIHERRTE, £ L30T Cyy CaOBsg (B-1)F11 C; Ca©Bsg (B-4) 1] At UM [F] () 45 ¥ 12 7E
CaCBss (B-1)Z LA E IR CaBse HISF KRB, H 4% RFE8 F IR mE
OB i BeshIfgE. 7€ PBEO /K°F, XI T StBsg tREB R MM 2D FHF 3D RIf
EREMEHEZE 10.4 FT7R).

L £ TR N
e dah by *‘W%’ v:x’;f*;'_?if*w?w’}““
A licucucadi i i

800 K_RMSD=0.18 A {on average) .

RMSDIA
°
MAXDYA

) ‘ {
jjj’t,,n* ;%. Wi A Wl

RIMSDIA
MAXD/A

1 10.5 C,, Ca©Bss #£(a) 600 K. (b) 800 K Fo(c) 1000 K TF 30 ps A 49 5~F 5h ) 4 L,
Fig. 10.5 Born-Oppenheimer molecular dynamics simulations of Cy, Ca©Bsg at (a) 600 K, (b) 800 K

and (c) 1000 K for 30 ps using the software suite CP2K.
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F1E MV H Bss 5 LHEIR CaOBs N

103.2 REMSH

BEAR BT R IR EIR Coy CaOBsg (B-1)H1 Cy, SrBse H1 Ca F1 Sr i 814 43 5
J9+1.83 F1+1.85 |e], i B =& A BT H9 40 53 54 Ca[Ar]4s®73d%% F1 Sr[Kr]5s"%4d%%,
AR, ZERRLEAARMETEBEEY Cy CaOBss” (B-D)H Cyy S©7EBse” s
HAWt & BAERMA ns’ B FA RN T o-Bss B XN E AW FEEL @ M
(M=Ca, SHFI LA F a-Bse” LA HIA 2B A EATRE TR Ma-Bsg TRik 2| &8
M 85n—d RSt E ARk et fE A

KEH T30 F 53R 8] CaOBs, (B-1)7E 600 K F1 800 K Frfifase,
¥HRERZERMSD)E A 0.18 A, BARBEKKREMAXD)ZH N 1.10 A 1.13 A (W
10.5). REAEZN HFRENEED, BERa-Bss LA L B DR ESEHTL, A
& CaCBss (B-1)F ISR TIALETMS B HHIPOAIE . B/ 1R,
Ca©Bss (B-1)7E 1000 K 73185258, 3 RMSD #1 MAXD 4514 0.19 £1 1.14 A, %45
Rit— LR T CaCOBse (B-1)i12) /1554 E .

1033 BB EMEST

I Coy Bse (A-DAY@EEAEN EEZRT) T F A REER. WE 106

1 AANDP TR BT, Ca Bse (A-1) B A 24 XT3 7R 1 2¢-2e EH o 48,
G 7SLTEFLI ) 3c-2e Bt o B LLR 29 XIIRFRPAIH 4c-2e B o 2.
X o ERT LA ANUE, SRy HEDFRE) 6 X 4c-2e n M 23 Sc-2e n . 25
% % A NANHILRAMAGANERILRAFEL 12c20 n BELAK, Kh & i HE
BN TN S 3 56c-2e n . HI, Cy Bss (A-1)EIEMABELFHASBIEIL
78 R F A RN —MEEEA G PR 2 RS E&EE R Gy Bs (A-1)
5 Cygllis M5 Fr-tR R R —— XN KR (E 10.6). HIELRT R, Gy Bsg (A-DRIES
A1E S ZH BRSNS B KT 5%

THE IR CaCBse (B-NAT BB EINA B B —L . W& 10.7 Fi7R, CaCBse
(B-1)8, & B8 T W 2 5400 R F T A 24 X 2¢-2e o SEOX LB TR AT B E R IL 57 24
N Bs ZAE L) 24 XF 3c-2e o 8). H1[E] 40 4 B; = AT 40 X 3c-2e o §# DL AR
SSTCIHF N RBEN By 25 LT 4 3 4c-2e o . ZREMIE, AU EMBANEKR
AEE 68 Mo . HRN 34 M A TFEREo-H 4 LA — ek B8k
. WG 16 XIIE)HRIEE T Wk 4 4> Byg XA T B ITHT Sc-2e n B —XTBHEH D
Bos T ITZ I AN NIATEFLIA N 32¢-2¢ 8. HUEAT R, Ca©Bse (B-1)i44E S5HI3k
WEFAY o+n SRR B R . Dy a-Bsg™ EH 5 Cyp CaOBss (B-DA [ (o FInpkiE
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ALK HRES 1 5 R ETT A

BR(E 10.7), E—PRUTHERTFHFEA 4s BT B ERo-Bss AR B TR, X
PRI F BT R R 3D B EM. FBY, Cy CaCBsg (B-1)F1 Dy o-Bsg™ B TR
) NICS #{E 475 7-44.6 F1-46.0 ppm, FEHNIERR T RAVRTT M.

(8) Cz Beg () Dav CraHus
24x2¢-2e o-bonds Bx4¢-2e a-bonds
29.4¢-2e o-bonds 16:2¢c-2e o-bonds  49.2¢-2e oc-bonds 8x2¢-2e n-bonds
J243c-26 cebonds 2xbic-20.2 bonds ON=1.98 je| ON=195-1.99 Je| ON=1.76 |e|

ON=1.74-1.94 e ON=1.82-1.88 jo|

= . o,
C1ame fatgRioiss
ap e O 5 R e
N 6x12¢-2¢ =-bonds 6x6¢-2¢ =-bonds

ON= 1.65-1.87j8|

5x56c-28 a-bonds 5x38c-2e 1-bonds
ON=2.00 e| ON=2.00 |g|

B 10.6 Cy, Bss (A-1) (a)5 Dy, CigHjg (b)89 AANDP s 842 £ 49 bL 3L,
Fig. 10.6 AdNDP bonding patterns of Cs, Bss (A-1) (a) compared with that of the D, circumbiphenyl
C38H16 (b)'

(a) Cay CaSBme () Dar Baa™

24x2c-Zec-bonds  40x3c-2e o-bonds  4xdc-2e o-bonds 24x2c-2e o-bonds  40x3c-2e o-bonds  4x4c-2e o-bonds
ON=1.76-1.84 je| ON=1.74-1.96 |e| ON=1.78 |e| ON=1.80-1.85 |e| ON=1.74-1.96 |e| ON=1.78 |¢|

16x5¢c-2e =-bonds 1x32c-2e =-bond 16x5¢-2e =-bonds 1x32¢c-2e z-bond
ON=1.72-1.80e| ON=1.77 |¢| ON=1.77-182 |e| ON=1.78 |¢]

10.7 C4y Ca©Bsg (a)55 Dy Bss® (b)#9 AINDP & 8b4% X 4 1L 3k,
Fig. 10.7 AINDP bonding patterns of Cy, CaOBs6 () compared with that of Dy, Bsg®~ (b).
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B 10.8 PBE0/6-311+G* K+ T C;, CaCBss (B-1)i0# i fr sMa)5 2 2(b) L%, # 5 Dy Bs #9480
2 AT,
Fig. 10.8 Simulated IR (a) and Raman (b) spectra of C;, Ca©Bss (B-1) compared with that of the bared

PR tubular Dy, Bss> at PBE0/6-311+G* level.

103.4 MRS IEREN

44 10.8 /3 C4y, CaCBsg (B-1)HIELHMFIHL SR, FF15 Daw Bse™ HIFHRL 1
1T, LME ARSI RIER S %, Dy, Bsg® 7 1249 cm™ (az)s 1117 cm™ (az)-
1025 cm™ (e))F 866 cm™ (agy) b ) E BLLAMEFE Cyy CaCBsg (B-1)HETHIRFF. FIEE,
Dyy Bsg™ #E 1248 em™ (a1)+ 1013 cm™ (a1,)+ 897 cm™ (aig)+ 806 cm™ (e,)#1 386 cm™ (ayy)
Kb EEYT BUETE Cyy CaOBsg (B-1)F K IBFEFE « Cgy CaOBsg (B-1)7E 232 em™ (ay) LA J%
Duj, Bss® 7E 242 em™ (a1 Rk (IRPIR IR Bh F9 20 1 12 [ ME MR AR B0 R 30" (RBMs), %3R3
B T K R LRI & B O o-g0K
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Fig. 10.10 Optimized geometries (a and c) and band structures (b and d) of CaOBNT 4 o) with P4 (C4)
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indicated.
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